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Reinforcement steel embedded in six different concrete mixes was exposed to chloride by wetting/drying
cycles. Various parameters were continuously monitored during more than 1 year. Cement replacement
with fly ash had beneficial long-term effects regarding chloride penetration resistance. Concerning corro-
sion performance, by far the most dominant influencing parameter was the steel/concrete interface since
corrosion initiated on the lower side of the rebar (with respect to casting direction) regardless of binder
type and w/b ratio. In many cases, after the first signs of depassivation, a marked increase in chloride con-
tent was required to prevent repassivation and to enable stable pit growth.
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1. Introduction

Penetration of chloride from seawater or de-icing salts into
concrete and the associated risk for reinforcement corrosion is
in many countries regarded as the most important degradation
mechanism for reinforced concrete infrastructure. From an engi-
neering viewpoint, the service life is usually divided into an initi-
ation phase and a propagation phase [1]. The initiation phase
describes chloride ingress and is terminated by depassivation of
the reinforcement, which then marks the beginning of the propa-
gation stage.

Chloride induced corrosion of reinforcement in concrete has
over several decades been extensively studied under field and lab-
oratory conditions, particularly regarding the so-called critical
chloride content or chloride threshold value (both terms have in
this paper the same meaning) [2,3]. This value corresponds to
the chloride content measured at the rebar depth at the transition
from initiation stage to propagation stage, i.e. the chloride content
associated with depassivation of the reinforcement. It is affected by
numerous interrelated parameters, among them properties of the
steel/concrete interface, pore solution chemistry and the steel po-
tential. These variables are in turn affected by concrete character-
istics such as the water/binder ratio (w/b) or binder type. The
performance of a structure exposed to chlorides is, however, not
ll rights reserved.
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only determined by the critical chloride content, but depends also
on the thickness and quality of the concrete cover. The denser the
concrete, the more time will pass until the critical chloride content
is reached at the steel surface. Also this can be controlled by mix
design, e.g. by varying w/b ratio and binder type. Finally, the corro-
sion rate during propagation is affected by concrete parameters as
well. In some cases, e.g. when using pozzolanic materials such as
fly ash, the microstructure might be denser and thus more penetra-
tion-resistant while at the same time the pH in the pore solution is
decreased, which negatively affects the chloride threshold value
[4]. Holistic assessment of concrete mixes regarding durability
should thus involve characterisation of the penetration resistance
against chlorides, measurement of the critical chloride content
and the parameters that govern the degradation rate during the
propagation stage.

In this work, a common setup based on chloride ingress by
wetting/drying cycles was used to study the initiation stage of
chloride induced reinforcement corrosion in several concrete
mixes. Portland cement (PC) and sulphate resistant (SR) cement
as well as these binders in combination with fly ash (FA) were
investigated. The chloride concentration in the pore solution,
the electrical concrete resistivity as well as several electrochem-
ical parameters of the embedded reinforcement steel were
non-destructively and continuously monitored. This allows char-
acterising the performance of the studied concrete mixes regard-
ing their resistance towards chloride induced reinforcement
corrosion.

http://dx.doi.org/10.1016/j.corsci.2011.01.025
mailto:ueli.angst@ntnu.no
http://dx.doi.org/10.1016/j.corsci.2011.01.025
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci


Fig. 1. Specimen geometry and embedded rebars and sensors (dimensions in mm). Chloride ingress from bottom side (WE) after curing.

Table 1
Nominal mix proportions (calculated by assuming 1.5 vol.% air).

Mix label PC-04 PC-06 PC-05 SR-05 PCFA-05 SRFA-05

Binder 100% PC 100% PC 100% PC 100% SR 100% PCFA 80% SR + 20% FA
w/b 0.4 0.6 0.5 0.5 0.5 0.5
Water (kg/m3) 196 230 215 216 211 211
Binder (kg/m3) 490 383 430 432 422 337 + 84
Aggregates 0–8 (kg/m3) 1707 1707 1707 1707 1707 1707
Superplasticizer (% by cement weight) 1.3a 0.25a 0.8a 0.9a 1.0b 0.7a

a Glenium 151 (BASF Norway).
b Mighty 150 (Kao Industrial Thailand).

Table 2
Properties of used cements and pozzolanas (according to supplier).

Portland
cement
(PC)

Sulphate
resistant
cement (SR)

Fly ash
cement
(PCFA)

Fly ash (FA)

EN 197-1 CEM I
52.5 N

CEM I 42.5 R CEM II/A-V
42.5 N

–

Blaine
fineness
(m2/kg)

360 440 370 390

C3A 6% 0.5% – –
Na2O

equivalent
0.55% 0.53% 0.48%a 2.59%

Chloride
content

<0.08% <0.08% <0.09%

Remarks – – 79.2% PC +
20.8%FA

Class F
SiO2 = 54.4%
Al2O3 = 22.0%
Fe2O3 = 5.8%
CaO = 4.8%
K2O = 2.2%
Na2O = 1.2%

a Alkali content in clinker.

1452 U.M. Angst et al. / Corrosion Science 53 (2011) 1451–1464
2. Experimental

2.1. Materials and specimens

Concrete specimens with two embedded rebars (Ø 8 mm) of or-
dinary reinforcing steel (B500C, ribbed) and one stainless steel bar
(type 1.4301/304L) were cast with dimensions given in Fig. 1. The
steel was used in as-received condition. To avoid boundary effects,
the ends of the rebars were shielded by a similar system as the one
described by Lambert et al. [5,6]: A coating of abrasion-resistant
cement paste (made by mixing Portland cement and a styrene-
butadiene co-polymer emulsion in a ratio of 3:2 by volume) was
applied to the end parts of the rebars and, after 1 d of hardening,
masked with a heat-shrink tube in order to prevent access of chlo-
ride ions. The exposed length between the end shielding was 7 cm
and the rebar area thus ca. 17.6 cm2. Visual inspection after termi-
nating the experiments confirmed that the two-layer system was
suitable to avoid crevice corrosion under the heat-shrink tube.
Since the rebar on the sample side later exposed to chloride in-
gress (lower side in Fig. 1) was the working electrode of primary
interest it was denoted WE; the upper rebar was referred to as
UR and the stainless steel bar that was used as counter electrode
for polarisation experiments was denoted CE (Fig. 1). Note that
casting was performed with the specimen upside down with re-
spect to Fig. 1.
For monitoring purposes, each sample was instrumented with a
manganese dioxide reference electrode (Force Technology, ERE 20)
as well as six combined chloride/resistivity sensors [7] (three on



Table 3
Properties of fresh and hardened concretes.

PC-04 PC-06 PC-05 SR-05 PCFA-05 SRFA-05

Slump (±20 mm) EN 12350-2 220 180 190 200 230 190
Density (g/l) EN 12350-6 2382 2287 2333 2341 2330 2298
Air content (vol.%) EN 12350-7 4.0 4.5 3.9 4.1 5.7 6.1
Compressive strength at 28 d (MPa)a 80.7 49.4 72.5 73.0 53.7 58.2

a Self-desiccated state.
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each side). These sensors consist of chloride ion selective elec-
trodes (ISE), mounted in stainless steel tubes that allow measure-
ment of the electrical resistance between two tubes and can thus
be used to monitor the concrete resistivity (Fig. 1). The exposed
length of each steel tube is 30 mm (on the back side shielded with
a heat-shrink tube), with an outer diameter of 2.5 mm; the dis-
tance between the tubes is 20 mm. The ISEs allow non-destructive
measurement of the chloride ion activity in the pore solution. Fur-
ther details on the functionality and application of ISEs to concrete
can be found in earlier publications by the present authors [7,8].

Six different concrete mixes were studied with the proportions
given in Table 1. Properties of the used binders are given in Table 2.
Norwegian aggregates (Årdal 0–8 mm, Gneiss) were used, that
have a filler content of 7% by weight (particles < 0.125 mm). Prop-
erties of the fresh concretes are reported in Table 3. In the presence
of fly ash, the air content increased during mixing; in the case of
the commercial fly ash cement (PCFA), another type of superplast-
icizer had to be used in order to minimise the air content. The rel-
atively high slumps of the fresh mixes allowed careful casting and
compaction in order not to harm the sensors installed in the
moulds. The concrete was filled into the moulds in layers and each
compacted on a vibration table during ca. 15 s. A set of three addi-
tional cubes (103 cm3) was cast from each mix (same batch) for
testing the compressive strength at the age of 28 d (Table 3).

For each of the six concrete mixes, four parallel samples (Fig. 1)
were cast in custom-made plywood moulds, demoulded after 1 d,
and sealed in plastic for curing at 20 �C (self-desiccation). Before
casting, all the steel bars, sensors and reference electrodes as well
as a round Teflon bar were fixed in the mould. At the time of
demoulding, the Teflon bar was drawn out of the concrete and a
plastic hose immediately glued into the remaining hole in order
to seal the inner, lateral surfaces of the hole. The upper opening
was closed with a removable rubber plug in order to minimise dry-
ing and carbonation of the concrete inside the hole. This so-called
potential well was later used to insert an external reference elec-
trode and place its tip on the bottom concrete surface of the hole
for additional potential measurements.

At the age of 28 d, the cover of WE was reduced from initially 30
to 10 mm by diamond cutting and grinding (Fig. 1). This ensured a
realistic cover depth during casting, compaction and curing, but
accelerated chloride ingress by reducing the cover and removing
the outer cement skin formed at the mould. The chloride/resistivity
sensors, the tip of the embedded MnO2 reference electrode as well
as the bottom of the potential well were all at the same depth,
namely 10 mm, which is the concrete cover of WE after cutting.
No cracks were visually detected after cutting. The lateral surfaces
of the samples were painted with an epoxy-resin to ensure one-
dimensional transport processes (only top and bottom faces ex-
posed to air or solution).

The six mixes are denoted according to Table 1 and the four par-
allel specimens of each mix are referred to as, for instance, PC-04-1,
i.e. sample #1 of mix PC-04.

2.2. Chloride exposure and measurements

Right after demoulding the samples, all sensor and rebar poten-
tials were measured manually. At the age of 42 d, the samples were
exposed to weekly wetting/drying cycles, in which the sample sur-
face on the side of WE was placed in a chloride solution (prepared
by adding sodium chloride to tap water) during 2 d and exposed to
air (laboratory environment) for 5 d (Fig. 1). The chloride concen-
tration in the exposure solution was varied over time as will be
indicated together with the results.

The set of totally 24 specimens was connected to a data logging
system that allowed continuous and simultaneous measurement
of the following parameters; per specimen:

(a) 8 potentials: WE, UR, and 6 ISEs.
(b) 2 electrical resistances (between two adjacent, parallel

stainless steel tubes on each side).
(c) Linear polarisation resistance (Rp) of WE.

The interval between automatic recordings of these parameters
was initially 6 h, and later increased to 12 h. Potentials were mea-
sured against the embedded MnO2 reference electrode. Occasion-
ally, manual measurements were carried out vs. an external
saturated calomel electrode (SCE) that was temporarily inserted
in the potential well. This allows expressing all potentials vs. SCE
rather than the embedded MnO2 reference electrodes, which have
different potentials from electrode to electrode. To establish con-
tact between concrete and SCE, a thin piece of cloth was placed
on the bottom of the potential well and wetted with a droplet of
0.35 M KOH. Regarding ISE potentials, corrections for liquid junc-
tion potentials at the interface SCE/0.35 M KOH/pore solution were
made and the results converted into chloride ion activity as de-
scribed elsewhere [8]. For the liquid junction potential, a value of
5.5 mV was assumed for Portland and sulphate resistance cement
mixes; in the case of fly ash containing mixes, 3.5 mV was used
owing to the lower pH in the pore solution.

All potentials apart from WE were measured with analogue
voltage logging modules from National Instruments (input imped-
ance 1010 X). Electrical resistance measurements between sensor
steel tubes as well as potential and linear polarisation resistance
measurements of WE were automatically performed by equip-
ment provided by the company Protector AS. The electrical resis-
tances between steel tubes were measured with alternating
current (sinusoidal signal) at a frequency of 1 kHz. The polarisa-
tion resistance (Rp) was determined by cyclic polarisation (step
size 2 mV, scan rate 0.1 mV/s) of WE 10 mV into anodic and
cathodic direction (starting at the corrosion potential). Due to
instrumental limitations of the datalogger, correct polarisation
resistances could only be measured below ca. 30 kX (with the
present steel area this corresponds to ca. 500 kX cm2). The upper
instrumental limit of measurable values is 100 kX (ca. 2 MX cm2),
however, as the resolution in this range is low, Rp values
measured between ca. 30 and 100 kX scatter considerably. Thus,
correct Rp values cannot be measured in the present setup as long
as the rebar is passive. Nevertheless, depassivation detection by
LPR measurements was possible, however with a certain delay,
since the actively corroding area has to reach a state at which it
is able to depress the overall Rp below 30 kX. Occasionally, elec-
trochemical impedance spectroscopy (EIS) and additional linear
polarisation measurements were carried out with a Princeton
Applied Research Parstat 2273 instrument that has a much higher
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resolution and allows correct determination of Rp also in the pas-
sive state.

Corrections for IR drop were made numerically after the mea-
surements: EIS was carried out on selected samples at various ages
Table 4
Potentials of rebar (WE) after casting and before chloride exposure (average and max/min

Ecorr (mV vs. SCE) PC-04 PC-06

At t = 1 d (demoulding) –227 (±18) –279 (±20)
At t = 42 d (before first wetting cycle) –86 (±23) –145 (±30)
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Fig. 2. Ecorr vs. time. The four lines per plot represent the parallel samples per mix. The d
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(AC amplitude 10 mV, frequency range 2 MHz–100 lHz); from the
diameter of the first semi-circle in the complex plane plot, the oh-
mic resistance in the AC current field of the relevant electrode con-
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per mix).
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Ref. [9]. It was found that the ratio Ru/Rtubes, where Rtubes is the elec-
trical resistance between two adjacent, parallel sensor tubes, was
ca. 0.18 ± 0.02 at most ages and independent of mix. This figure
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dashed line shows the level of the stable potential in the passive state; the black dashe
was thus used to estimate Ru for individual mixes and as a function
of time, based on continuous resistance measurements. The diam-
eter of the second semi-circle of electrochemical impedance spec-
tra was taken as the charge-transfer resistance (Rct) which can be
equated to Rp [10]. To obtain the diameter, a circle was fitted to
the data.
2.3. Sampling procedure and visual examination

Once corrosion had reached a stable stage, the specimens were
treated in the following way: From 14 selected samples, two con-
crete prisms (approximately 4 cm � 4 cm � 8.4 cm) were cut and
the bulk resistivity measured in two directions, viz. along and per-
pendicular to the chloride/moisture profile, with steel plates on the
parallel surfaces (contact with tap water, AC measurement with a
commercial LCR meter, f = 1 kHz). No significant differences were
observed between the two directions. Based on these measure-
ments, the cell constant for conversion of electrical resistance be-
tween two adjacent, parallel stainless steel tubes into concrete
resistivity, q, was estimated at g = Rtubes/q = 36 m–1 (±20%). A
numerical simulation with the conductive media application mode
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s along the time axis represent wetting cycles.



Table 5
Time to corrosion and visual examination of rebar (WE).

Mix Specimen tini (d) first sign of
initiation

tstable (d) time to stable
pitting

tsplit (d) time of
splitting

Visual inspection of steel surface (p = depth where corrosion started
on the rebar)

PC-04 #1 –a >447 447 No signs of corrosion
#2 >447 >447 447 –
#3 –a >329 329 Tiny pit on upper side (p = 16 mm)
#4 2 125b 154 Small pit on upper side (p = 18 mm)

PC-06 #1 >300 >300 300 No signs of corrosion
#2 10 41 61 Large pit on upper side (p = 18 mm)
#3 11 13 41 Large pit(s) on upper side (p = 18 mm)
#4 9 49 104 Pits on upper side, two sites (p = 17 mm)

PC-05 #1 >438 >438 438 –
#2 320 372 377 Large pit on upper side (p = 16 mm), tiny pits on lower side (p = 12–

14 mm)
#3 105c >438 438 –
#4 343c >438 438 –

SR-05 #1 >439 >439 439 –
#2 60 147 187 Large pits on upper side (p = 18 mm)
#3 330 331 345 Small pit on upper side (p = 17 mm)
#4 >439 >439 439 –

PCFA-
05

#1 350c >420 420 –

#2 140 185 202 Large pit(s) on upper side (p = 18 mm)
#3 391c >420 420 –
#4 9c >420 420 –

SRFA-
05

#1 >388 >388 388 –

#2 >388 >388 388 –
#3 >388 >388 388 No signs of corrosion
#4 >388 >388 388 –

a Initated and repassivated several times during exposure.
b Stable pitting only during wetting cycles, immediately stopped corroding during drying periods.
c Followed by repassivation.
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Fig. 5. Relationship between Rp and Ecorr during transition from passive to active
state. Data of all samples after depassivation.
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of the software COMSOL [11] yielded a theoretical cell constant
g = 32 m�1. For the conversion g = 34 m�1 was used. Please note
that this conversion of resistance into resistivity is only valid for
drying cycles, since the cell constant is affected when the specimen
is immersed in solution.

The remaining part of the sample was then vertically split along
the embedded rebars for visual examination of steel and concrete
surfaces, particularly the steel/concrete interface. In some samples,
ca. 2 mm thin plates were cut from the immediate vicinity of the
rebar (by dry-cutting) and powdered for chloride analysis. Addi-
tional samples cut from the cover zone allowed determining the
chloride profile. Alternatively, when concrete prisms were sawn
for resistivity measurements, chloride profiles were determined
by grinding 2 mm thick layers from these prisms and collecting
the powder. In each sample, two chloride profiles were measured.
The total chloride content was determined as the acid-soluble
chloride content (5 g concrete powder, 6.5% nitric acid, 30 s stirring
at 80 �C, dissolution time 1–3 h at ambient temperature, chloride
analysis by a spectrophotometric method).

3. Results

3.1. Electrochemical monitoring

Table 4 shows the potentials of WE 1 d after casting and at age
42 d right before starting the first wetting cycle. In all cases, poten-
tials reached�150 to�70 mV vs. SCE and passivity had established
during this period. Figs. 2 and 3 show the steel potentials during
the subsequent wetting/drying exposure of the rebar on the
exposed side (WE) and the upper rebar (UR), respectively. In the
passive state, the potential was generally stable with a tendency
to increase over time for all mixes. This is most pronounced in fly
ash containing mixes and least pronounced in mix PC-06. The
increase occurred independent of exposure to wetting/drying cy-
cles (WE) or constant exposure to dry laboratory environment (UR).

Corrosion onset was apparent from a fall in potential. In this
work, three different cases have been observed. Fig. 4 depicts
examples of these with the relevant fraction of the time-scale for
reasons of clarity:

(a) Sudden drop in potential: In two samples (PC-06-3, SR-05–3),
Ecorr dropped by ca. 200 mV within 1 or 2 d and from then on
stayed on a clearly more negative level than in the passive
state.

(b) Slow potential decrease: Ecorr diminishes moderately, viz. by a
few tens of millivolts with respect to the passive level, and
only after 3–9 more wetting/drying cycles, a drop to clearly
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lower potentials occurs. In this study, this depassivation
behaviour was observed in samples PC-06-2, PC-06-4, PC-
05-2, SR-05-2, and PCFA-05-2.

(c) Depassivation/repassivation: Fig. 4c shows an example of
depassivation followed by repassivation. In some samples,
the rebar depassivated once more several wetting/drying
cycles later, i.e. at a higher chloride concentration, or some-
times remained passive for several months or even the rest
of the exposure procedure. Such depassivation/repassivation
events were observed in samples PC-04-1, PC-04-3, PC-04-4,
PC-05-3, PC-05-4, PCFA-05-1, PCFA-05-3, and PCFA-05-4.

For each sample, Table 5 gives the time, tini, at which the first
signs of corrosion initiation were observed by electrochemical
measurements, viz. a tendency towards falling potential. The time
t (d)
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Fig. 6. Electrical resistance and resistivity of the different mixes vs. time. One curve per co
lower border of the graphs indicate wetting, the space between the dashes drying. The
at which the potential dropped to clearly more negative potentials
(by 200–300 mV) was here termed tstable, assuming that by then
stable pitting is likely to continue without further wetting cycles.
The samples were then observed during some further weeks and
split for visual inspection and analysis of acid-soluble chloride at
tsplit. The respective values are also given in Table 5. While in case
(a) with a sudden potential drop, the difference between tini and
tstable is small (Fig. 4a), in case (b) with samples exhibiting a slow
potential decrease, considerable amount of time might pass from
tini to tstable. In the example shown in Fig. 4b, ca. 9 wetting/drying
cycles were required to depassivate WE; without further chloride
ingress, the sample had a tendency to repassivate (as apparent
from the long drying cycle up to ca. 80 d).

Depassivation could also be detected by the automatic LPR
measurements since Rp essentially followed the potential decrease.
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This can be seen from the plots on the right hand side in Fig. 4.
However, owing to the inaccuracy of the measurements in the pas-
sive state (compare Section 2.2) and the associated scatter of Rp

(Fig. 4), identification of tini and tstable is more difficult. Occasional
measurements with the potentiostat, both EIS and LPR, confirmed
that in the passive state Rct and Rp, respectively, were clearly higher
than after the observed fall in potential. Fig. 5 shows that more
negative potentials are associated with lower polarisation resis-
tances. Thus, in this work, no other effects than depassivation of
WE were responsible for decreasing Ecorr.

Please note that in Figs. 2 and 3 (and also subsequent graphs of
monitoring results) as well as in Table 5, t = 0 corresponds to the
beginning of exposure to chloride and not to sample age. At t = 0,
the samples had already been cured for 42 d. Regarding exposure
cycles, it might be noted that they were in general comparable
(Fig. 2); the only difference was that the chloride concentration
during the first wetting cycles was higher in PC-06 and PC-04 than
in the other series. It might in this context be worth mentioning,
that the specimens appear to be particularly vulnerable at young
ages (although young here means >42 d): In both series, 3 out of
4 samples depassivated during the first wetting cycles (Ecorr 200–
300 mV lower than in passive state), where comparatively high
exposure concentrations were used. All of the PC-04 samples, how-
ever, recovered and two of them even remained passive for the rest
of the experiments.
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3.2. Monitoring concrete resistivity

Fig. 6 shows the electrical concrete resistance measured be-
tween the steel tubes as well as the concrete resistivity (obtained
by using the cell constant g = 34 m�1). The highest concrete resis-
tivities were reached by fly ash containing mixes. In the absence of
fly ash, the resistivity increased with decreasing w/c ratio, with a
remarkable increase from PC-06 to PC-05. In all mixes, including
PC-06, the measured resistance increased continuously with time
during at least 250 d (i.e. to an age of >�300 d when including
the curing period before chloride exposure). This increase with
time can reasonably be described by a

ffiffi
t
p

-law, as indicated by
the fitted curves (long dashes) in Fig. 6. The periodic fluctuations
in Fig. 6 reflect the wetting/drying cycles.

For some reason, the resistivities obtained from the four indi-
vidual samples scatter much less in series PC-04, PC-05, and PC-
06 than in SR-05, PCFA-05, and SRFA-05. For instance, in series
PCFA-05 and SRFA-05, the resistance in one or two samples is ca.
20–30% lower than in the parallel samples. While for PCFA-05, this
individual behaviour could be explained by the differences in mea-
sured cell constants g (Section 2.3), this was not possible for the
other mixes.
3.3. Monitoring the free chloride content

Fig. 7 shows six embedded ISEs in a concrete sample vs. time as
well as conversion into chloride ion activity in the pore solution.
Specimen PC-05-2 is shown as an example, but the other samples
gave essentially the same results. The effect of wetting/drying cy-
cles is clearly visible. Also the scatter between the six sensors
embedded in this sample is apparent: Right before splitting, the
values range from 1.1 to 1.8 mol/l. Fig. 8 depicts the mean values
of ISEs within each mix; in the beginning, 4 � 6 = 24 values were
available per mix, but at later stages, whenever a specimen was re-
moved for visual examination and sampling, the mean value was
calculated from the remaining ISEs. Fig. 8b shows the free chlorides
in the pore solution at two selected points in time. At an early
stage, t = 60 d, only in series PC-06, a relatively high chloride con-
centration was present at 10 mm depth. Further wetting/drying cy-
cles were able to raise the chloride ion activity in the pore solution
considerably in all mixes. While the overall scatter in Portland ce-
ment samples approximates the scatter within the individual con-
crete specimens, particularly in series SR-05 and SRFA-05, the rate
of chloride uptake differed from sample to sample. It is noticeable
that those samples with a faster increase in chloride concentration
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also had a lower concrete resistivity than the other parallel sam-
ples (compare Fig. 6).
3.4. Visual examination

As apparent from Table 5, during more than 1 year of chloride
exposure, stable corrosion initiated in only 8 out of 24 specimens.
After splitting the specimens and removing the rebar (WE), corro-
sion was clearly visible in those cases where the electrochemical
measurements had indicated depassivation, and no signs of corro-
sion were found when checked in the other samples. In case of
corrosion, red rust was found on both the steel and the concrete
at the steel/concrete interface (Fig. 9). In general, one or a few pits
were observed within a small area (a few mm2), while the rest of
the rebar did not show any signs of corrosion. Sometimes, the cor-
rosion products had spread out up to 1 cm away from the pit.
With one exception (PC-05-2), pitting always exclusively initiated
on the back side of the rebar (with respect to the direction of chlo-
ride ingress). In sample PC-05-2, some tiny pits were also found
on the front side of the rebar; however, since the corrosion spot
was larger on the back side, it can reasonably be assumed that pit-
ting first started on the back side as in the other depassivated
samples.

Regarding the concrete at the interface, macropores (air voids)
were usually present with diameters up to several millimetres
Fig. 9. Example of steel/concrete interface after splitting and removing WE
(specimen PC-05-2) showing entrapped air voids and corrosion products (red rust).
Unit of ruler = cm. (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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(Fig. 9). The location of corrosion onset did, however, never coin-
cide with the location of macropores. Another striking observation
made in all split samples, regardless of whether corrosion started
or not, is that the concrete in contact with the front side of the re-
bar was whitish; the other side of the rebar had a darker grey col-
our (Fig. 9). Remember that during casting, the specimens were
placed up-side-down (casting direction identical with direction
of chloride ingress, Fig. 1), and thus the side exhibiting the white
surface was on top of the rebar during casting. In addition, it was
in many cases observed that concrete adhered well to the steel sur-
face on the side that was up during casting, whereas on the lower
side, no concrete stuck to the rebar.
3.5. Chloride profiles

Chloride ion activities in the pore solution at depth d = 10 mm
were continuously measured with the embedded ISEs; acid-solu-
ble chloride contents, here assumed as total chloride contents,
were measured at various depths in the end (tsplit). Fig. 10 shows
chloride profiles of different mixes obtained after exposure time-
s P 388 d (with the exception of PC-06-1 that was split at
t = 300 d). Mean values were plotted from all measured profiles
within a mix, with the exception of series SR-05 and SRFA-05,
where samples that have been identified to behave differently
were plotted separately (compare monitoring of resistivity and
free chlorides). All profiles apart from PC-04 and PC-06 have a
maximum at 3–4 mm. The chloride contents are lower in mix
PC-04 than in PC-05 (at comparable ages), and clearly higher in
PC-06 even at a younger age (ca. 5 months earlier); no significant
differences are observed between PC-05 and SR-05. It is interesting
to compare fly ash containing mixes with those produced from
pure Portland or SR cement (w/b = 0.5): In the outermost millime-
tres (0–10 mm), the total chloride content is higher in FA contain-
ing mixes, but at depths > 10 mm, the chloride content is lower
(Fig. 10b). The chloride profile is thus steeper in the case of FA.

In this paper, the measured chloride concentrations are termed
as follows:

astable
Cl;10 , chloride ion activity in the pore solution (mol/l) at tstable at

d = 10 mm.
asplit

Cl;10, chloride ion activity in the pore solution (mol/l) at tsplit at
d = 10 mm.
csplit

t;x , total chloride content (% by binder weight) at tsplit at depth
d = x (in mm).
csplit

t;p , total chloride content (% by binder weight) at tsplit at d = p,
where p is the depth at which corrosion was visually detected
(compare Table 5).
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The acid-soluble chloride contents were measured after corro-
sion initiation and thus slightly overestimate the critical chloride
content. Since the free chloride ion activity in the pore solution is
known at all times, back calculation is possible and total chloride
contents at tstable can be estimated. This has been done as explained
in detail in Appendix A. Of particular interest is the following
variable:

cstable
t;p , total chloride content (% by binder weight) at tstable at

depth d = p.

Fig. 11 shows total and free chlorides at relevant depths and
points in time. Front and back sides of the rebar were considered
separately. Symbol � stands for the chloride content associated
with corrosion onset, i.e. it can be regarded as the critical chloride
content (at depth p). In many cases, however, corrosion did not
start and thus the measured chloride contents indicate that the
chloride threshold is at least as high (triangles pointing upwards
in Fig. 11).
4. Discussion

4.1. Depassivation detection by electrochemical measurements

In the passive state, the potentials of both WE and UR ranged
from �200 to �70 mV vs. SCE before and after starting exposure
to chloride (Table 4, Figs. 2 and 3), which is in agreement with val-
ues observed in field structures exposed to the atmosphere [12,13].
The observed continuous asymptotic potential increase is most
likely owing to passive layer growth (thickening and transforma-
tion regarding composition and oxidation state) and the associated
reduction in passive current density [14–16]. In the presence of fly
ash, an additional possible reason contributing to the raise in
potential is the decrease in pH over time that occurs owing to
the pozzolanic reaction [4,17,18].

Figs. 2 and 4 show that the shape of potential vs. time curves
during transition from clearly passive to clearly active condition
can be very different. It is evident that detection of depassivation
is not always straightforward. In this work, two distinct points in
time, tini and tstable, have been identified and three different cases
were distinguished with examples shown in Fig. 4: (a) sudden drop
in potential, (b) slow potential decrease, and (c) depassivation/
repassivation. Whereas in case (a) stable conditions for corrosion
propagation are achieved fast (within 1 or 2 d), significantly more
time is required in case (b). A corrosion spot is obviously formed
(tini) that is only capable of polarising the rebar slightly into the
negative direction and depress the overall Rp of WE to an extent
outside the measurement resolution of the used datalogger. Only
after more time has passed (and further exposure to wetting/dry-
ing cycles and thus chloride ingress has taken place), the active
area becomes able to polarise the complete rebar by several hun-
dreds of millivolts (tstable). Case (c) describes specimens that
repassivated after a pronounced potential decrease and then re-
mained passive for up to 1 year of further chloride exposure.
Apparently, the chloride concentration at tini can be sufficiently
high to initiate pitting, but might not necessarily be able to sustain
stable pit growth.

Thus, under the present conditions (non-polarised steel, cyclic
wetting/drying), transition from clearly passive to clearly active
takes place in many cases over a long period of time, and also over
a range of chloride concentrations rather than a single value. As an
example, the chloride ion activity at the embedded ISEs in sample
SR-05-2 rose from 0.25 mol/l at tini to 0.55 mol/l at tstable; in sample
PC-05-2 from 1.1 mol/l to 1.4 mol/l. Also other authors have
pointed out that depassivation must be considered as a period of
time during which the process from initial pit formation until sta-
ble corrosion takes place, rather than an instant event [19].
Although tini is closer to depassivation (i.e. nucleation of one or sev-
eral pits) than tstable, it is from an engineering viewpoint not rele-
vant for describing corrosion-onset and measuring the critical
chloride content. Regarding practice, corrosion-onset might be de-
fined by the time at which stable pit growth is possible, i.e. tstable.

4.2. Role of steel/concrete interface

In this work, corrosion never initiated at the location of air voids
entrapped at the steel/concrete interface. This is not surprising
when considering that owing to the exposure conditions, air voids
never become saturated. The same was found earlier by the pres-
ent authors and discussed in more detail in Ref. [20].

The fact that corrosion almost exclusively started on the back
side of the rebar – and thus on the side with a lower chloride con-
centration – was ascribed to the effect of casting direction [20]:
The steel/concrete interfaces formed on the upper and lower sides
of the rebar during casting exhibit different characteristics. Effects
such as collection of bleeding water and plastic settlement (forma-
tion of a gap) [21,22] or local higher w/b ratio and porosity [23,24]
might weaken the interface on the lower half of the rebar and
present more likely initiation sites than on the opposite side. In
this work, the upper side of the steel (good interface) was closer
to the sample surface in contact with chloride solution (depth
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10–14 mm) than the lower side (bad interface, depth 14–18 mm)
(Fig. 1). Differences in concrete characteristics between these two
sides were visually confirmed by the presence of the observed
whitish surface on the front side of the interfacial concrete after
removing the steel and the fact that concrete adhered well to the
steel on the front side but not on the back side (compare Sec-
tion 3.4). Further experiments are currently carried out to study
the effect of casting direction and the steel/concrete interface in
more detail.

4.3. Determination of the chloride content

In this work, two independent methods have been applied to
determine the chloride content in concrete: ion selective elec-
trodes determined the free chloride concentration in the pore solu-
tion at 10 mm depth (Figs. 7 and 8) and the total (acid soluble)
chloride content was determined by profile cutting/grinding
(Fig. 10).

Ion selective electrodes respond to ions in direct vicinity of their
surfaces (ions that interact with the membrane) and give thus
highly localised results. Possible error sources are geometrical
positioning (not exactly at the same depth) and the presence of dif-
fusion potentials between ISE and reference electrode [25–27]. In
this work, both these effects can however be considered negligible.
If, for instance, the true junction potential deviated from the as-
sumed values (see Section 2.2) by 2–5 mV, which is considered a
realistic error, the corresponding error in chloride ion activity
would be 10–20%. Regarding internal membrane potentials, it
has been shown that these are negligibly small as long as the pH
is high [25,26]. While this is the case in PC-mixes, the measure-
ments in fly ash containing concrete might be associated with a
somewhat larger uncertainty.

Figs. 7 and 8 reveal that the chloride ion activity in the concrete
pore solution varies considerably at the constant depth of 10 mm
(at a certain time). Even when evaluating concrete specimens
separately, the six embedded ISEs scatter by ca. 0.2–1.0 mol/l
(apparent from the individual curves in Fig. 7 and from 10%- to
90%-percentiles in Fig. 8b). Considering that concrete is an inhomo-
geneous material, both on a microscopic as well as on a macro-
scopic level, it is not surprising that chloride ingress occurs in a
non-uniform manner and that thus, the chloride concentration is
not constant at a certain depth. This was also observed by other
researchers [28].

In contrast to the highly localised information provided by ISEs,
procedures for analysis of acid-soluble chlorides in concrete re-
quire a certain minimum amount of concrete powder, typically
3–10 g [29,30], and thus result in an average value over the studied
sample volume (ca. 1–5 cm3). Possible error sources are the ratio
between aggregate and cement paste, which, particularly in small
samples, might not be representative for the bulk concrete. Chlo-
ride contents obtained from concrete powder analysis have thus
a limited spatial resolution. As shown in this work, corrosion does
not necessarily initiate at the highest local chloride concentration.
The reason for this is that other factors such as the conditions at
the interface also determine the location of depassivation. Thus,
the chloride content obtained from concrete powder may either
over- or under-estimate the local critical chloride content.

4.4. Assessing cement types and concrete mixes regarding corrosion
risk

When studying different concrete mixes in the laboratory in
order to assess the risk for corrosion, two mechanisms can be con-
sidered separately for the initiation stage: (1) the resistance of the
concrete against penetration of aggressive species, and (2) the
chloride concentration at the steel surface required to initiate
corrosion. The first point describes mass transport through the
concrete, and the second the critical chloride content, which is a
matter of electrochemistry as well as physical and chemical char-
acteristics of the steel/concrete interfacial zone.

4.4.1. Concrete resistivity and resistance against chloride penetration
Since the exposure conditions for the different mixes were sim-

ilar, the data plotted in Fig. 8 is a measure for the chloride penetra-
tion resistance of the cover concrete. As expected, the chloride ion
activity in the pore solution at 10 mm depth rises significantly fas-
ter at higher w/b ratios. The chloride concentration at for instance
t = 300 d (Fig. 8b) increases in the order w/b = 0.4 < 0.5 < 0.6, where
the difference from w/b = 0.5 to 0.6 is clearly higher (95% confident
lower bound for difference at t = 300 d, here denoted D0.95 =
1.93 mol/l) than from 0.4 to 0.5 (D0.95 = 0.29 mol/l). This is also re-
flected by the slope of the curves in Fig. 8a. Regarding the effect of
binder, SR cement shows a slightly higher increase in free chloride
concentration than PC cement (D0.95 = 0.07 mol/l), which might be
explained by the lower chloride binding capacity of SR cement
[31]. In combination with 20% fly ash, the increase of free chloride
concentration vs. time is decelerated for both Portland and SR ce-
ment. At a younger age (t = 60 d), the relative performances of
the mixes are somewhat different. For instance, PCFA-05 performs
clearly worse than PC-05. Samples PC-06, on the other hand, show
a significantly higher chloride content than the other mixes also at
this age.

It is well recognised that there exists a relation between resis-
tivity and chloride diffusion, viz. an increase in diffusion coefficient
with lower resistivity, e.g. Refs. [32,33]. Both resistivity and diffu-
sion coefficient are measures of ionic flow through concrete micro-
structure. Moreover, it was also observed that the corrosion rate is
inversely proportional to concrete resistivity [34–38]. Thus, resis-
tivity can be considered as a general parameter for describing per-
formance of reinforced concrete structures subject to chloride
exposure, both regarding the initiation and the propagation stage.
The increase of resistivity with decreasing w/b ratio, apparent from
Fig. 6, has also been reported by other authors [32,36,39,40]. As al-
ready indicated by the data regarding chloride penetration (Fig. 8),
the difference between w/b = 0.6 and 0.5 is larger than between 0.5
and 0.4. This might be explained by the fact that w/b = 0.6 appears
to be beyond the disputed borderline between pastes that can and
pastes that cannot achieve discontinuous capillary porosity
[41,42]. The relation between resistivity and chloride ingress, plot-
ted in Fig. 12, shows that the higher the concrete resistivity of the
cover zone, the lower is the amount of chloride that reaches a cer-
tain depth (here 10 mm) after a given time. This is clearly apparent
for the Portland cement mixes with w/b = 0.4, 0.5 and 0.6. For the
fly ash containing mixes PFCA and SRFA, comparatively high chlo-
ride concentrations are present despite high resistivities, particu-
larly at a young age (Fig. 12a). This can be explained by the slow
cement hydration process [18], allowing chloride ions to penetrate
easily during the first wetting/drying cycles when most of the fly
ash had not yet reacted. At a later age (Fig. 12b), the differences be-
tween mixes with and mixes without fly ash are lower. Taken as
durability parameter, the present results for resistivity (Fig. 6)
are generally in agreement with the monitored chloride ingress
(Figs. 7 and 8): For mixes with high resistivity, comparatively long-
er times are required to reach a certain chloride ion activity at
depth 10 mm.

As apparent from Fig. 6, the resistivity continues increasing
with time, most markedly in the presence of fly ash or at
w/b = 0.4, but slightly also in the mixes with w/b = 0.5 and 0.6. This
might be explained by the progressing refinement of the pore
structure due to continuing cement hydration, and in addition, in
the case of fly ash, the slow pozzolanic reaction [18]. Values up
to three times as high were measured in fly ash containing mixes
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compared with the case of ordinary Portland cement (600 X m vs.
200 X m after ca. 1 year (Fig. 6). The beneficial effect of fly ash, viz.
the potential to significantly raise the resistivity on the long-term,
has also been observed by other researchers [32,33,36]. However,
Figs. 6 and 8 have in addition shown that FA-mixes are particularly
vulnerable at young ages. Note that also in terms of compressive
strength measured at 28 d (Table 3), FA containing mixes perform
worse than the corresponding mixes without FA. Thus, any exper-
imental observations made at young ages are not suitable to pre-
dict the long-term behaviour of mixes containing fly ash.

The beneficial effect of a low w/b ratio on the rate of chloride
ingress is confirmed by the chloride profiles of the total chloride
content (Fig. 10). The observation that steeper profiles are obtained
for fly ash containing mixes is in agreement with results by Polder
[43] from similar experiments. This effect has been explained by
the higher chloride binding capacity of FA concrete [44]. Regarding
durability, this is favourable since it decreases the chloride content
at depths were the reinforcement is usually located in practice. In
this study, however, the total chloride content at depth 10 mm,
where the front side of WE is situated, is similar for mixes with
and without FA (w/b = 0.5). At depth 18 mm (back side of WE),
on the other hand, the FA mixes have lower chloride contents than
the other mixes.
4.4.2. Critical chloride content
Also the chloride concentration associated with corrosion onset

(tstable) is an indicator for assessing the corrosion risk. Despite
rather high chloride contents, in this study stable corrosion estab-
lished only in one third of the samples. In case it did, this occurred
preferably on the back side of the rebar, although the chloride con-
tent on the front side was considerably higher (Fig. 10). Fig. 11a
shows the total chloride content at depth 10 mm (black-filled tri-
angles) and depth 16 mm (open triangles) for all samples. The
black-filled triangles in Fig. 11a can be considered as minimum
values for the critical chloride content on the front side of the rebar
since at these contents corrosion did not initiate. The values scatter
considerably owing to the often large differences in tsplit between
parallel samples (Table 5), but lie generally on high levels ranging
from 0.8% to 3.6% chloride by binder mass. For comparison, thresh-
old values above 3% chloride by binder mass are seldom reported
in the literature [3]. Regarding the back side of the rebar, corrosion
onset is associated with rather low total chloride contents in some
cases, whereas the steel remains in passive condition at clearly
higher values in other samples of the same mix (PC-04, PC-06,
and PCFA-05 in Fig. 11a). These values are however likely to be
misleading since they are based on measurements on powdered
concrete taken from the concerning depth. As discussed above,
the local chloride concentration at the steel/concrete interface
might differ considerably from this average value (also because
the interfacial transition zone around the rebar is likely to offer a
faster penetration path for chlorides to reach the back side of the
steel than in bulk concrete). Nevertheless, it is apparent that the
critical chloride content is different for both rebar sides.

High chloride threshold values obtained in laboratory setups
are usually associated with unrealistically good conditions during
casting (labcrete) compared with practice (realcrete). In this study,
however, large air voids were visually observed on both sides of
the steel/concrete interface (Fig. 9). The high level of threshold val-
ues can thus not be ascribed to defect-free labcrete. Another possi-
ble explanation for unrealistically high critical chloride contents is
the effect of specimen size, viz. an increasing susceptibility to pit-
ting corrosion with increasing exposed steel area. This effect was
observed in experiments dealing with steel immersed in aqueous
solutions [45–47] and the concept was recently developed further
for reinforcement embedded in concrete [48]. From these results,
also the scatter is expected to rise with decreasing specimen size.
In this study, both high levels as well as a high scatter of critical
chloride contents were found. This has also been the case in other
investigations with similar sample sizes, as summarised in Ref. [3].
The fact that a concrete specimen with w/c = 0.6 (PC-06-1) remains
passive even at a high (average) chloride content in the range
3.0–3.6% chloride by cement weight, supports the hypothesis that
coincidence of a local interfacial or metallurgical defect and a
sufficiently high local chloride concentration is required for
depassivation. It is evident that the probability for such a coinci-
dence rises with increasing area of exposed steel. Theoretically,
also other reasons might have been responsible for the distinct
behaviour of sample PC-06-1. However, none of the performed
measurements or experimental observations (e.g. cover concrete
quality (air voids), passive steel potential) indicated that this
specimen differed from the others of series PC-06. It was also sub-
jected to exactly the same experimental treatment as the other
specimens.
4.4.3. Qualitative assessment of concrete mixes
When evaluating the concrete mixes with respect to their sus-

ceptibility to corrosion, particularly the effects of binder and w/b
ratio might be of interest. On a theoretical basis, fly ash is expected
to improve the quality of the steel/concrete interface due to its
effects on the concrete microstructure [18] and is thus thought
to increase the chloride threshold value. Moreover, fly ash im-
proves the chloride binding of the cement paste [31,49,50], but



Table 6
Ranking of the studied concrete mixes regarding corrosion risk.

Ranking criterion Best performance – worst performance

Resistivity (for t > 90 d) PCFA-05/SRFA-05 > PC-04 > PC-05/SR-
05� PC-06

Free chloride ion activity vs. time
(t � 60 d)

PC-04/PC-05/SRFA-05 > SR-05/PCFA-
05� PC-06

Free chloride ion activity vs. time
(t � 300 d)

PC-04/PCFA-05/SRFA-05 > PC-05/SR-
05� PC-06

Time to corrosion (tstable) SRFA-05 > PC-05 > PC-04/PCFA-
05 > SR-05 > PC-06
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on the other hand, it is known to reduce the pH of the pore solution
[4,17,18] and might thus render embedded steel more susceptible
to corrosion. In the literature, contradictory chloride threshold
values have been reported for fly ash: While the authors of Refs.
[51–53] found lower critical chloride contents for fly ash contain-
ing cements, an improved corrosion resistance was reported in
Refs. [54,55]. Regarding sulphate resistant cement, its lower chlo-
ride binding capacity [31] is expected to result in lower chloride
threshold values when expressed in terms of total chlorides. This
was experimentally confirmed in Refs. [6,52]; Alonso et al. [56],
on the other hand, did not find significant differences between
pure Portland cement, SR cement and fly ash containing cement.
In contrast to the influence of binder, the effect of w/b ratio, viz.
increasing threshold values for lower w/b ratios, is well docu-
mented in the literature, e.g. Ref. [57].

The parameters shown in Figs. 6 and 8 as well as the times to
corrosion given in Table 5 provide a basis for a ranking of the stud-
ied concrete mixes with regard to corrosion risk. The relative per-
formances are shown in Table 6. Also in this study, PC-06 performs
worse than the other mixes since only in this series, 3 out of 4 sam-
ples depassivated. Regarding the effect of fly ash, only 1 of the 8 fly
ash containing samples started corrosion. However, the chloride
content on the back side of WE was lower in these samples com-
pared with PC or SR cement samples made with the same w/b ratio
owing to the steeper chloride profiles (Fig. 10). In addition, the
scatter of the results (e.g. Fig. 11) is so high that comparison be-
tween the mixes can only be made with a low level of confidence.
To improve the data, a higher amount of parallel samples would be
required.

In summary, low w/b ratios and fly ash are clearly beneficial on
a long-term basis. Nevertheless, the binder type seems to be a less
dominant factor than the conditions at the steel/concrete interface
(casting direction).

5. Conclusions

From this study, the following major conclusions can be drawn:

(1) Transition from the passive to a clearly active state can
under open circuit conditions occur over a long period of
time rather than a well-defined instant. In addition, it was
observed in many cases that after the first signs of depassi-
vation, a marked increase in chloride content was required
to prevent repassivation and to enable stable pit growth. If
in a laboratory setup, the chloride content is measured at
the very first depassivation event, it might thus be too con-
servative for engineering purposes in practice.

(2) Cement replacement with fly ash has beneficial effects
regarding chloride penetration resistance as well as electri-
cal resistivity of the concrete. The same improvements are
seen when decreasing the w/b ratio. However, fly ash con-
taining mixes are particularly vulnerable to chloride expo-
sure at young ages.
(3) With respect to corrosion performance, by far the most dom-
inant influencing parameter was found to be the steel/con-
crete interface since corrosion almost always exclusively
initiated on the back side of the rebar (with respect to cast-
ing direction and chloride ingress) regardless of binder type
and w/b ratio. On this side, the interface is expected to be
worse owing to plastic settlement and collection of bleeding
water. Considering the direction of chloride ingress, how-
ever, the chloride content is higher on the front side of the
rebar. Thus, corrosion does not necessarily initiate where
the highest chloride content occurs.

(4) The free chloride ion activity in the pore solution varies con-
siderably even at a constant depth. Since common sampling
and analysis techniques such as for acid-soluble chloride
content provide average values over a certain concrete vol-
ume, the critical chloride content might be over- or underes-
timated. Knowledge of the spatial variability of total chloride
contents is required in order to be able to treat this uncer-
tainty statistically.

(5) In many specimens, no corrosion started even at signifi-
cantly higher chloride concentrations than in the corroding
parallel samples. Considering that the local chloride concen-
tration as well as interfacial or metallurgical defects exhibit
spatial variability, this implies that only coincidence of the
latter with a sufficiently high local chloride concentration
leads to depassivation.
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Appendix A

The measured profile of acid-soluble (total) chlorides at time
tsplit was empirically fitted to the following equation:

csplit
t;x ¼ cðx; tsplitÞ ¼ u � erfc

x
m
ffiffi
t
p

split

 !
ðA:1Þ

Here, c(x, tsplit) is the chloride content in mass percent by binder
at depth x (mm) and u and v are fitting parameters. Good solutions
were obtained when u was set equal to the y-intercept of the
extrapolated linear branch of the chloride profile (at x = 0). The
chloride content associated with corrosion onset is here considered
as the chloride content at tstable and depth p according to Table 5,
i.e. cstable

t;p , and can then be estimated with Eq. (A.1) by replacing tsplit

with tstable and for x = p. To check if the estimate is reasonable, cstable
t;10

was also calculated and compared to the value obtained from the
following reasoning: Changes in free chloride ion activity from tsta-

ble to tsplit are known (at 10 mm depth). Under the assumption that
these are reflected in total chloride contents and follow a certain
chloride binding relationship, cstable

t;10 can be estimated. From evalu-
ation of measured free ðasplit

cl;10Þ vs. total ðcsplit
t;10Þ chloride contents, it

was found that chloride binding can reasonably be approximated
by a linear fit with slope m (at least in the range of the relevant
concentrations). Thus,

cstable
t;10 ¼ csplit

t;10 �
asplit

Cl;10 � astable
Cl;10

m
: ðA:2Þ

The values for cstable
t;10 obtained from the described two proce-

dures were in good agreement (difference <20%) for all cases ex-
cept for PC-06-3, that showed a bad error function fit owing to
the steep chloride profile at the relatively short exposure time
(tstable = 13 d).

http://coinweb.no
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It is recognised that these estimations might be uncertain. Nev-
ertheless, considering the large scatter in local chloride content
(indicated by the individual values of the embedded ISEs), any
inaccuracies associated with the error function approach (Eq.
(A.1)) are of minor significance. As the time differences between
tstable and tsplit are in most cases small (with respect to total expo-
sure time), the estimated profile at tstable is not too different from
the measured (and fitted) one at tsplit.
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