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Abstract

The pH of the concrete pore solution plays a vital role in protecting the reinforcing steel from corrosion. Here, we present results from embeddable pH
sensors that permit the continuous, in-situ monitoring of the pH in the concrete pore solution. These are potentiometric sensors, based on thermally-
oxidized iridium/iridium oxide (IrO,) electrodes. We propose an iterative calculation algorithm taking into account diffusion potentials arising from pH
changes, thus permitting the reliable, non-destructive determination of the pore solution pH over time. This calculation algorithm forms an essential part
of the method using IrO, electrodes. Mortar samples were exposed to accelerated carbonation and the pH was monitored at different depths over time.
Comparative tests were also performed using thymolphthalein pH-indicator. The results from the pH sensors give insight in the carbonation process, and
can, in contrast to thermodynamic modelling and titration experiments, provide insight in kinetic processes such as transport and phases
transformations. It was found that the front at which the pH is decreased from initially 13-14 down to 12.5 can be significantly ahead of the common
carbonation front corresponding to pH 9-10. This has major implications for laboratory testing and engineering practice.
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1 Introduction

Reinforced concrete is the most common building material
used in civil engineering. Durability of this material can,
however, be compromised due to the corrosion of
reinforcement steel. In fact, in many countries this is
considered the most important degradation mechanism for
reinforced concrete structures [1].

The pH of the concrete pore solution is in the range pH 13-
14 due to the alkalinity provided by the dissolved sodium
and potassium oxides present in Portland cement [2, 3]. At
these high pH values, reinforcing steel is protected from
corrosion by a thin oxide layer, i.e., the passive layer,
spontaneously formed on the steel surface [4]. However, the
reaction of CO, from the atmosphere with the alkaline
components in the concrete pore solution and the Ca(OH),
(Portlandite) in the cement paste, decreases the pH to levels
below 9 [4, 5]. As a result, when the carbonation front
reaches the steel, it may be depassivated and in presence of
oxygen and moisture, reinforcement corrosion starts. This is
known as carbonation-induced corrosion [4].

As carbonation-induced corrosion is accompanied by a
decrease in the alkalinity of the concrete pore solution,
knowledge of the pH in concrete is essential. Common
methods to determine the pH in concrete are destructive, do

not provide continuous information over time and have
limited spatial resolution [6, 7]. The most established
method in practice is based on spraying an indicator solution
[8], such as phenolphthalein or thymolphthalein, on a freshly
exposed concrete surface. This test indicates the depth of
carbonation, which is defined as the depth at which the pH
gradient meets the indicator’s characteristic pH. Typically,
the carbonation front is understood as the front at which the
pH drops below pH 9 or 10. The indicator spray test does not
give any information about the pH distribution behind and in
front of the “carbonation front”. Thus, this method does not
indicate a decrease in pH from the initial value (typically pH
13-14) until pH 9-10 is reached. Only recently, by using
several indicators, the spatial distribution of pH levels
between pH 13.5 and 11 was mapped [9]. However, this
approach is laborious. Other methods to determine the pH
of concrete are pore solution expression or crushing
concrete samples and exposing them to a leaching agent [6,
7]. While these approaches may provide more accurate
results than indicator tests, they are time consuming and
present difficulties at low moisture levels as well as in the
presence of sharp pH gradients, where limitations regarding
the minimum sample volume needed render the application
of these methods impossible.

Embedded, non-destructive pH sensors in concrete,
however, would allow the permanent monitoring of pH over
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time [10, 11]. Different sensors have been developed for this
purpose; among them, fibre-optic sensors and metal oxide
potentiometric sensors emerge as the most promising [7].
Fibre optic sensors have low price, general chemical stability,
good spatial resolution (depending on the size of the sensor,
usually in the range of a few mm) and good accuracy (usually
0.1-0.6 pH wunits) [7]. However, they present severe
limitations for applications in concrete including short life
spans, narrow pH-range that can accurately be measured
(e.g., the reported results are usually within a range of 2 pH
units), leaching of the dye used in this type of sensors, and
chemical instability at high pH values. Moreover, few studies
exist where the pH>13 has been measured [7].

Concerning potentiometric sensors, Iridium/Iridium oxide
(Ir0,) electrodes showed promising results in aqueous
solution [12-15] in terms of high stability in a broad pH
range, accuracy, and insensitivity to the oxygen content.
Moreover, the size of the sensors is relatively small, i.e., wire
diameters are <1mm, and thus permit high spatial resolution
for the application in concrete. However, only a few studies
regarding the use of IrO, embedded in mortar or concrete
have been made [16, 17]. Despite the promising results in
the reported works, the pH values measured were always
above pH 11.5 and no data regarding the pH evolution while
cement paste is carbonated was presented.

In this work, we report the pH response of IrO, electrodes
embedded at different depths in mortar samples that were
exposed to accelerated carbonation. These sensors allowed
monitoring the pH of the pore solution continuously while
the cement paste was carbonated. Comparative tests were
also conducted using thymolphthalein pH-indicator. The
findings have major implications for research and practice.

2  Materials and methods
2.1 pH determination with thymolphthalein
pH-indicator

Mortar cubes (4 x 4 x 4 cm’) were produced with mix
proportions cement/water/sand 1: 0.5: 2 with CEM | 52.5
and sand size <1 mm. They were cured for one week at
95%RH and 21°C. After one week of exposure to laboratory
conditions (ca. 50%RH and 21°C), all the surfaces (except
one) were painted with an epoxy-resin. The samples were
then placed in a carbonation chamber (65%RH, 21 °C and 4%
CO,) so one-dimensional carbonation occurred though the
non-coated surface.

Mortar cubes were taken from the carbonation chamber
after different exposure times and split perpendicular to the
surface of CO, ingress. The carbonation depth was then
determined by means of the indicator spray test. For that,
thymolphthalein solution was prepared by dissolving 0.04 gr
of thymolphthalein in 50 mL of 95% ethanol, diluted to 100
mL of deionized water. The prepared thymolphthalein
solution was sprayed on the two freshly broken mortar
surfaces so the depth at pH 9-10 was determined [8]. The
carbonation depth was determined from the average of 8
measurements of the depth of color change (4
measurements for each exposed surface).

22 pH monitoring with embedded
iridium/iridium oxide (IrO,) electrodes

2.2.1 Iridium/iridium oxide (IrO,) electrodes

Thermally oxidized iridium wires were produced based on
the procedure reported in [12, 18, 19]. After production, the
IrO, electrodes were conditioned in alkaline solution (pH
13.5 - pH 9) for 2-6 months and then individually calibrated
in solution of pH values ranging from 13.5 to 9, as
recommended in [20]. The potential response to pH of the
produced IrO, electrodes can be written as:

Eyvo, = Efyo, — b pH (1)

where Elorox is the electrode standard potential and b the
potential-pH (E-pH) slope. Note that each electrode’s
standard potential and E-pH slope was obtained from
separate individual pre-calibration. More details regarding
the production protocol, conditioning and potential
response are given in Ref. [20].

Each IrO, electrode was mounted inside a rigid stainless steel
tube (ca. 5 cm long and 2 mm in diameter), leaving only
approx. 5 mm length of the IrO, electrode protruding from
the steel tube (Fig. 1). This ensures accurate positioning of
the pH-sensor at the desired cover depth. The stainless steel
tube and the IrO, wire were electrically isolated with a Teflon
tube (ca. 6 cm long and 1 mm in diameter) slightly longer
than the steel tube. Front and back ends were sealed with an
epoxy resin. Epoxy resin had also been applied, after
production, to the tip of the IrO, electrode because it was
suspected that some adherence problems of the oxide layer
could happen on the edges [20].

teflon tube

steel tube

IrO, electrode (= @ 0.5mm)

epoxy coating

Figure 1. Schematic representation of IrO, sensors embedded in
mortar. The pH sensitive part (IrO, electrode) is mounted in a
stainless steel tube (outer diameter approx. 2 mm) to enable
accurate positioning in the mortar/concrete. A Teflon tube
electrically separates the steel and the IrO,. The ends are coated
with an epoxy resin for sealing purposes.

2.2.2 Set-up and measurement procedure

Three rectangular mortar prisms (5 x 7.5 x 7.5 cm’) with
embedded IrO, sensors were produced (Fig. 2). In total, six
IrO, sensors were embedded at different cover depths of 4,
5, 6, 10, 15 and 20 mm (2 sensors in each sample). The IrO,
sensors were embedded in different mortar samples to
increase the reliability of the results, which could be
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impaired by the variability in mortar properties, e.g.
microstructure, at the different locations. Different cover
depths were chosen to obtain pH profiles. The mortar mix
proportions were the same as indicated in section 2.1. One
hour after the mortar prisms (with the embedded IrO,
sensors) were cast, another 2.5 cm thick mortar layer with
an embedded Ag/AgCl ion-selective electrode was cast on
top of the previous samples. This match-cast part contained
4% of admixed chlorides by weight of cement to ensure that
the Ag/AgCl electrode exhibits a stable potential [21] and
thus could serve as internal reference electrode. The
distance between the IrO, sensor embedded at “depth 2”
(Fig. 2) and the Ag/AgCl electrode was always higher than 4
cm. Thus, it was not expected that significant amounts of
chlorides would reach the IrO, sensors within the time of the
current experiments.

The mortar prisms were cured for one week at 95%RH and
21°C. Subsequently, they were exposed for one week to
laboratory conditions (ca. 50%RH and 21°C). Afterwards, all
the surfaces (except one) were painted with an epoxy-resin
and the samples were then placed in a carbonation chamber
(65%RH, 21°C and 4% CO,) so one- dimensional carbonation
occurred though the non-coated surface (Fig. 2).

The potential of the internal reference electrode (Ag/AgCl
ISE) was periodically checked with an Ag/AgCl/sat. KCl
external reference electrode that was inserted in the upper
opening (“hole for contact with external RE” in Fig. 2). A drop
of simulated pore solution (0.15 mol-L* NaOH 0.2 mol-L*
KOH and sat. Ca(OH),) was used to establish electrolytic
contact between the reference electrode and the mortar
surface. The liquid junction potential was estimated to ca. 5
mV and the measured potential was corrected accordingly
[22]. Between measurements, the upper opening was closed
with a rubber plug to avoid carbonation of the mortar
located in the hole. The main features of the set-up are
shown in Fig. 2.

The potential of the embedded IrO, sensors was
continuously measured (with a time interval of 1 hour)
versus the embedded reference electrode (Ag/AgCl ISE) with
a Campbell data logger with 1MQ input impedance, which
was connected to a computer for data acquisition. When the
calculated pH (see section 2.2.3) at a certain selected sensor
location was pH=9.7, the sample was split perpendicular to
the surface of CO, ingress and thymolphthalein indicator
solution (see section 2.1) was sprayed on both freshly
broken surfaces. The carbonation depth was determined
from the average of 10 measurements of the depth of color
change (5 measurements for each exposed surface).

2.2.3 Algorithm for pH determination

In concrete, diffusion potentials can be present due to
internal concentration gradients, such as differences in pH or
chloride concentration [22-24]. In this work, diffusion
potentials were established between the internal reference
electrode and IrO, sensors due to differences in chloride
concentration (as the mortar with embedded Ag/AgCl ISE
contains chlorides, see section 2.2.2) and due to pH
gradients (due to the progressive carbonation of the cement

paste). Diffusion potentials thus varied as the pH of the pore
solution changed due to carbonation. The potential
measured Eeasured fOr €ach IrO, sensor is:

Emeasured = Elrox(pH) + Ediffusion(pH) - EAg/AgCl ISE (2)

where Epgnga st is the potential of the Ag/AgCl ISE internal
reference electrode [21].

- Ag/AgCI ISE (internal RE)

_—hale for contact with
external RE

_mortar with
-~ chlorides

Figure 2. lllustration of the mortar samples used to monitor
carbonation propagation with embedded IrO, sensors. All the
surfaces were coated with epoxy resin with the exception of the
surface of CO, ingress. Each sample contained 2 IrO, sensors at

different depths. A chloride containing layer of mortar with an
embedded Ag/AgCl electrode was used to provide an embedded
reference electrode (see text for explanation).

The diffusion potential Eguion Was calculated with the
Henderson equation as described elsewhere [25]. For the
calculation, the mobility of chloride and hydroxide ions was
taken from the data reported in aqueous solution [25]. The
concentration of hydroxide ions was related to the pH
through the activity coefficient, obtained from the reported
values in aqueous solution [26]. More information on the
diffusion potentials in concrete and its evaluation can be
found in literature [22-24, 27, 28].

Due to the interdependence of pH, Ep.q (pH) and
Egitrusion (PH) (Eq. (2)), no closed solution can be given and
an iterative calculation procedure (Fig. 3) was used. In this
calculation, Ejyo, (pH) was initially calculated assuming that
Egiffusion(®H) = 0. The pH was then determined from the
calibration curve of the IrO, electrode (Eg. (1)).
Subsequently, Egisrusion(PH) was calculated with this pH
value and Ej,q, (pH) was re-calculated according to Eq. (2).
This procedure was repeated until the pH difference
between two consecutive iterations became < 0.1.

Note that the pH at the Ag/AgCl ISE pHag/agai st (PHag/agcl 15E =
13.5) was obtained from the first measurement (assuming
that the pH of the pore solution was initially homogeneous
for all the sample) when the mortar sample was placed in
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the carbonation chamber, i.e., <1 hour in the carbonation
chamber.

pH

yes

Calibration curve IrO,: | pH, Criterion no

E-> pH lpHi=pH,|<0.1

\_ Eyox (PH)= Ergasured = Estrusion (PH) + Eagingen —I

Edsitusion (PHi, PHagiageiise)

Initial conditions
Emeasuted

Egitusion (PH) = 0 (initial assumption)

Figure 3. Representation of the iterative calculation procedure used
to determine the pH of the pore solution with embedded IrO,
sensors as the mortar sample carbonates. The parameters changed
in each iteration are indicated in red. The calculated pH in each
iteration (pH,) is specifically indicated in the diagram.

As an example, the calculated diffusion potential as a
function of the pH for the IrO, sensor embedded at 15 mm
cover depth is shown in Fig. 4.
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Figure 4. Example of calculated diffusion potential as a function of
pH for the IrO, sensor embedded at 15 mm cover depth.

The diffusion potential increases as the pH gradient
(between IrO, sensor and embedded reference electrode
Ag/AgCl ISE) increases, reaching potentials up to ca. 100 mV
(Fig. 4). Considering a theoretical E-pH slope of -0.059 V/pH
for the IrO, electrode, it can be deduced that relying on the
experimentally measured potential without corrections, the
real pH decrease from 13.5 to 9 would only be registered as
a drop of ca. 2 pH units. Thus, taking into account diffusion
potentials in the calculation procedure forms an essential
part of the pH measurement methodology in mortar or
concrete.

3  Results

3.1 Carbonation of concrete measured with
embedded iridium/iridium oxide (IrO,)
sensors

Fig. 5a shows the calculated pH as a function of the square
root of time in the carbonation chamber for six IrO, sensors
embedded at cover depths 4, 5, 6, 10, 15 and 20 mm. Note
that curves with same color correspond to the same mortar
sample. Fig. 5b shows a representative example (IrO, sensor
embedded at depth 6 mm) of the pH decrease from pH=14
down to pH=12 as a function of time in the carbonation
chamber.
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Figure 5. (a) Calculated pH as a function of the square root of time in
the carbonation chamber for six IrO, sensors embedded at cover
depths 4, 5, 6, 10, 15 and 20 mm. The curves with same color
correspond to the same mortar sample (b) Representative example
(IrO, sensor embedded at 6 mm cover depth) showing the decrease
from pH=14 down to pH=12, followed by a fast increase to pH 12.5.

From Fig. 5a, it can be observed that for the sensors
embedded at depths 4, 5 and 6 mm, the pH decreased from
13.5 to ca. 12.5 with a relatively sharp drop. In contrast, the
sensors embedded at higher cover depths (10, 15, and 20
mm) showed a gradual pH decrease. In all cases, the pH
initially decreased from its initial value to ca. pH=12, with a
subsequent increase back to ca. pH 12.5 within a few days
(Fig. 5b) and remained constant at that pH for some time.
Afterwards, the pH rapidly decreased down to pH =9.5, as it
can be observed for the results obtained for the sensors
embedded at 4 and 15 mm cover depths (Fig. 5a).
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3.2 Comparison between pH determined with
embedded IrO, sensors and with pH-
indicator solution

One of the main advantages of the sensors used in this work
is that they permit measuring the pH evolution of the pore
solution continuously. Thus, the time needed to reach a
certain pH (e.g. 12.5) at a given depth during the
carbonation process can be determined — a big advantage
over the traditional indicator spray method. Fig. 6 compares
the relationship between depth and time for pH 12.5 and
pH=9.7 determined with the sensor, together with the
relationship between depth and time for pH 9-10
determined with the indicator. Note that the time to reach
pH 12.5 corresponds to the first drop to this pH value. These
two values were selected because pH 12.5 is a characteristic
value (see Fig. 5) at which the pH remains constant for some
time (at least in Portland cement systems); and because pH
9-10 corresponds to the value detected with help of the
indicator spray test (thymolphthalein). Additionally, from
thermodynamic calculations, pH 9.7 corresponds to the
complete carbonation of Ca(OH), and ettringite and to the
partial decalcification of the C-S-H phase [29, 30]. Note that
both cases can be approximated by a linear relationship
between depth to reach a given pH and the square root of
time.
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Figure 6. Carbonation depth at pH=12.5 and pH=9.7(obtained with
the embedded IrO, sensors) and at pH 9-10 (average of the
individual measurements of the thymolphthalein spraying test,
together with the standard deviation, indicated with the error bars)
as a function of the square root of time in the carbonation chamber.
The linear regression curves for the carbonation front at pH=12.5
and at pH=9-10 (obtained with the pH indicator) are indicated with
dotted lines.

From Fig. 6, it can be seen that the carbonation front
corresponding to pH=12.5, determined with the sensor,
propagates significantly faster than the carbonation front at
pH 9-10, determined with the indicator. Additionally, Fig. 6
shows that the IrO, sensors indicate the carbonation at very
similar times (result from the IrO, sensor embedded at 4 mm
cover depth, which is within the standard deviation of the
indicator spray test) or at earlier times (result from the IrO,
sensor embedded at 15 mm cover depth) compared to the
indicator spray test.

4  Discussion
4.1 pH evolution during carbonation process—
the carbonation mechanism

The studied IrO, sensor permits, for the first time, studying
in-situ the evolution of the pore solution pH during
carbonation of the cement paste (Fig. 5). Our results
revealed several features that are discussed here. First, the
pH drops stepwise, at least at shallow depths, and remains
for a long time on pH approx. 12.5. At higher cover depths,
this drop in pH occurs more gradually. Additionally, the
propagation of the carbonation front associated with pH
12.5, determined with IrO, sensors, seems to be much faster
than the propagation of the front associated with pH 9-10
that is determined with the indicator spray test (Fig. 6).

It is believed that the observed differences regarding
carbonation propagation at pH 12.5 and at pH 9-10 are due
to differences in the process of carbonation and due to the
measuring method (embedded IrO, sensors vs. pH-indicator
test, described in section 4.2).

In the carbonation process of cement paste, the CO, from
the gas phase is first dissolved in the water film on the pore
wall:

CO, + H,0 = H,CO; 3)
The following equilibrium is then established:
H,CO; (aq) <> H' (aq) + HCO; (aq) <> 2H" + CO5> (4)

The resulting protons react with the OH ions of the pore
solution, leading to the observed initial pH decrease from pH
=13.5 to pH =12.5 (Fig. 5). The products of this early reaction
are soluble Na* or K' carbonates (CO5?), the formation of
which does not hinder further ingress of CO,. However, the
fact that part of the CO, in the gas phase is dissolved in the
water film on the pore walls will lead to a decrease of the
CO, concentration at larger distances from the surface (filter
effect). Replenishment of the CO, concentration in the pores
would then be governed by diffusion processes, resulting in
the vt law (Fig. 6).

During the long time where the pH of the pore solution
remains constant at pH=12.5 (Fig. 5), the CO5> ions react
with the dissolved Ca”" ions forming sparingly soluble CaCO;
(solubility product Ksp=3.36~10’9 at 25°C [26]). As a
consequence, the Ca>* concentration in the pore solution
would decrease but this is compensated by the Ca(OH),
dissolution (Portlandite, solubility product K,,=5.02-10° at
25°C [26]). The possible formation of the CaCO; coating on
the Portlandite crystals [10, 11] can however, act as a barrier
and hinder further Portlandite dissolution. In this regard, it
may also be possible that the dissolution of Ca(OH), may be
partially diffusion-controlled [31]. Thus, the kinetically
limited dissolution of Portlandite, specially under conditions
of accelerated carbonation, may be the reason why the pH
of the pore solution initially decreased down to pH =12
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before it increased and remained constant at pH =12.5 (Fig.
5).

Once all the Ca(OH), is consumed, the pH of the pore
solution decreases down to pH=10. In this case, the reactions
involve other cement phases, e.g. mainly C-S—H [10, 11].
Measurements with the IrO, sensors results, at least, in a
factor of 3 for the time needed to reach pH 9.7 compared to
the time needed to reach pH 12.5 (compare results
regarding the sensors embedded at 4 and 15 mm, Fig. 6). For
the sensors embedded at 5, 6, 10 and 20 mm cover depths,
it can be seen that pH 9.7 has not been reached yet (Fig. 5).
From the above described carbonation mechanism, it is
believed that early carbonation with the first pH decrease
from pH=13.5 to pH=12.5 is mainly governed by the kinetics
of CO, transport into the pore system (diffusion-controlled),
while the second pH decrease from 12.5 to about 9 is
additionally determined by the kinetics of reaction of CO,
with the solid alkali reserve of the cement paste, resulting in
much longer times. In this case, the pH drop is expected to
occur later for higher amounts of Portlandite.

Additionally, it is known that carbonation propagation
becomes slower with time, e.g. due to a densification of the
pore structure over time [4], and possibly due to changes in
cement paste microstructure during carbonation [32], at
least in Portland Cement. This may result into slower
diffusion of CO, and longer times to reach pH 12.5. This
could explain slower and gradual carbonation propagation at
pH=12.5 at larger cover depths (e.g. sensors embedded at
10, 15 and 20 cover depths in Fig. 5) and stepwise and faster
propagation at shallow cover depths (e.g. sensor embedded
at 4, 5 and 6 cover depths in Fig. 5), as observed by Glass et
al. [33] when studying the acid neutralization behavior of
cement paste by adding different amounts of acid stepwise.

4.2 Comparison between pH determined with
embedded IrO, sensors and by means of
pH-indicator solution

From Fig. 6, clear differences can be observed regarding
carbonation propagation measured with the sensor at
pH=12.5 and with the indicator test at pH 9-10. Apart from
differences in the carbonation process (section 4.1), it is
believed that these differences are also due to the
measuring method. We believe that the electrode detects
the pH locally in the pore solution, whereas the indicator
sprayed on a freshly split surface can become blue (pH>9-10)
when not yet fully carbonated Portlandite particles react
with the indicator solution. Thus, the sensor may show a pH
drop earlier than or at the same time as the indicator, but in
principle never later.

Additionally, it should be noted that the differences may also
be due to the accuracy of the method used. The maximum
error for the pH determined with IrO, sensors is <0.5 pH
units [20], whereas the accuracy of the pH indicator is
roughly 1 pH unit and the carbonation front determined
with the indicator on OPC mortar is quite blurry (see the high

standard deviations in Fig. 6), a fact that can be associated to
a transition zone (thickness of about 2 - 3 mm) where CaCO;
and Ca(OH), are coexisting [10, 11].

4.3 Implications and outlook of the obtained
results
4.3.1 Relation to natural carbonation

The relationship between the carbonation depth d and the
square root of time, shown in Fig. 6, can be described with a
linear law, in the form [4]:

d= Kacc, 4% " \/E (5)

where K45 is the carbonation coefficient in the present
accelerated conditions.

For the carbonation front determined with the indicator test
(pH=9-10), K,e4% is equal to approx. 16 mm/yearl/2
(corresponding to 0.81 mm/dayl/z), in agreement with
values reported in the literature for porous concrete [34].
For the carbonation front at pH 12.5 determined with the
sensor, Ky is approx. 31 mm/yearl/2 (corresponding to
1.72 mm/day*?), thus much higher than the results of the
indicator test.

Based on the experimentally determined carbonation
coefficients, an extrapolation to much longer times can be
made. The result is shown in Fig 7a both for the carbonation
front associated with pH 12.5 and the carbonation front
determined with the indicator test at pH 9-10. In Fig. 7b, a
schematic representation of the different carbonation fronts
at pH 12.5 and at pH 9-10 is shown.

From Fig. 7a, it can be seen that for the present
experimental conditions, the carbonation depth at pH=12.5
will reach a cover depth of 15 mm (minimum cover depth for
exposure condition XC3) in about 3 months, whereas it will
take about one year to detect a pH below 10 at the same
cover depth with the indicator spray test. For natural
carbonation in sheltered outdoor conditions, the
carbonation coefficients have been found to be about 6-8
times lower compared to accelerated carbonation with 4%
CO, (for relatively porous Portland cement concrete (w/c =
0.65)) [34]. With lower w/c ratio, this factor increased. As a
first-hand estimate for our case, with a relatively porous
mortar (Portland cement, w/c=0.5, only one week curing),
this factor may be approx. 10. Thus, to reach pH 12.5 at 15
mm, about 23 years would be necessary, whereas this time
would be extended to about 100 years to reach full
carbonation at pH 9-10 (detectable with the indicator spray
test). Denser concrete pore structures and exposure to
unsheltered conditions might significantly increase these
times. Nevertheless, this indicates that after only a few
decades (long before the designed service life), the concrete
is carbonated down to pH 12.5 at cover depths in agreement
with EN 206-1 for XC exposure conditions.
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Figure 7. (a) Carbonation front associated with pH 12.5 (IrO, sensor)
and with pH=9-10 (indicator spray test) from the fitted curves
obtained from accelerated carbonation tests (Fig. 6). The range of
minimum cover depth for XC (carbonation-induced-corrosion) and
for XD (chloride induced corrosion) exposure classes according to EN
206-1 [35] are also indicated in the graph (b) Schematic
representation of the carbonation front in concrete at a certain
point in time.

4.3.2 Implication on corrosion of the reinforcement

The significantly shorter time for the concrete to be
carbonated down to pH 12.5 (from initially about 13.5) than
down to pH 9-10 has implications for the corrosion of the
embedded reinforcing steel bars. The indicator test used in
condition assessment of structures [36] with a colour change
in the range of pH 9-10 is usually believed to confirm that
the reinforcement is still in alkaline concrete (tacitly assumed
as about 13.5 in OCP concrete). However, the level of
alkalinity may play a crucial role in the presence of even low
amounts of chloride, where a difference between pH 13.5
and 12.5 can be decisive. Based on the critical ratio of
chloride and hydroxide ions needed to trigger corrosion, as
proposed by Hausmann [5] (CI'/OH = 0.6), a pH of about
13.5 corresponds to a critical chloride concentration for
corrosion initiation of about 0.2 mol-L™. At pH 12.5, on the
other hand, the tolerable chloride concentration is one order
of magnitude lower, that is only about 0.02 mol-L. This
value might be reached due to chlorides in the raw materials
or as free chloride content when 0.4% total chloride ions by
weight of cement are present as is apparent from various
studies investigating chloride binding in concrete [37, 38].
Thus, chloride-induced corrosion of the reinforcement in
structures exposed to carbonation might occur at much
lower chloride concentrations than usually considered for
“uncarbonated” concrete. However, this situation is usually
not studied in laboratory testing of chloride induced

corrosion; due to the comparatively short durations of
testing, the pH at the steel surface may still be above 13.

4.3.3 Outlook: study of blended cements

Another possible application of the pH sensors presented in
this work could be the study of the kinetics of carbonation of
blended cements. In these cements, the Portlandite content
(Ca(OH), phase) is lower due to the substitution of the
clinker by SCMs. While this may have only a small influence
on the pH of the pore solution [3], the pH buffer capacity
around pH=12.5 may be significantly impaired, e.g., the time
during which the system exhibits constant pH=12.5 is
expected to strongly depend on the type of binder used. Our
sensors permit directly characterizing this by measuring the
time during which a certain system resists a decrease in pH
below 12.5. In contrast to titration methods or
thermodynamic modeling, our sensors, being embedded at
different depths, permit assessing the combined effects of
transport of CO, through the increasingly carbonated and
thus microstructurally affected cover as well as the kinetics
of the carbonation reactions in a given real system. This is
expected to increase considerably the practice-relevance of
the results.

5 Conclusions

In this work, we used embedded IrO, sensors to
continuously monitor in-situ the pH in mortar specimens
subjected to accelerated carbonation. To this aim, we
suggested an iterative calculation algorithm that takes into
diffusion potentials and thus permits determining the pH at
any depth; this algorithm forms an essential part of the pH
measuring method.

The main implications from the obtained results are:

e The shape of the pH vs time curve upon carbonation
was found to exhibit a number of characteristic features
including a pH decrease in steps, with the pH remaining
on certain levels for different amounts of times, and a
dependency on the cover depth. These pH vs time
measurements can give substantial insight in to the
process of carbonation.

e The stepwise decrease was found in agreement with
literature data, e.g. from “titration tests” or
thermodynamic modeling. In contrast to these
approaches, however, the used pH sensors also permit
considering time-dependent processes, such as CO,
transport or the kinetics of phase transformations in the
cement paste.

e We suggest that the measurement of the time during
which the pH of the pore solution remains constant at
pH 12.5 while cement paste carbonates may present a
novel means to characterize blended cements (with
lower Porlandite content);

® The carbonation front at pH 12.5 is much ahead of the
front at pH 9-10, which is the carbonation front usually
determined with common indicator spray tests. At pH
12.5, the risk of chloride-induced corrosion greatly
increases, but this situation is usually not detected in
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the field and rarely studied in laboratory testing. The
possibility to monitor pH evolution over time under field
conditions has major implications for the durability of
reinforced concrete structures.
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