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Abstract

With the increasing number of existing buildings, the implementation of durability-
preserving repair procedures is becoming increasingly important. The chemical re-
alkalization (CRA) enables the protection of reinforced concrete structures exposed to
carbonation by maintaining or restoring the alkalinity in the concrete through the appli-
cation of an alkaline mortar, such as hybrid alkali-activated binders (HAABs). However,
the process of CRA is still insufficiently understood, which means that the requirements
for the repair mortars can only be roughly formulated. This paper therefore investigates
the process of CRA using laser-induced breakdown spectroscopy (LIBS). Based on the
quantitative results of potassium transport in the composite system, a time-dependent
attenuation factor can be determined that allows for the adaptation of Fick’s second law of
diffusion previously used to predict CRA. The attenuation factor provides further insight
into the course of potassium transport, which, based on the results, never follows an ideal
diffusion process. Adjusting the diffusion law allows for an improved prediction of the
maximum achievable re-alkalization depth depending on the repair mortar, where a potas-
sium content of, e.g., 2.3 wt% leads to a complete re-alkalization of 16 mm. The present
study demonstrates the potential of LIBS to quantitatively represent CRA for the first time
thus providing new insights into potassium transport and the dynamics of the process.

Keywords: carbonation; chemical re-alkalization; corrosion; durability; alternative binders

1. Introduction

The steel reinforcement of concrete buildings often suffers from carbonation-induced
corrosion which can reduce the durability of existing structures creating a need for options
to counteract corrosion or carbonation of concrete. The focus is primarily on options
preserving the existing building structures in order to promote the sustainability of the
construction sector and to minimize repair costs.

The protection of the steel reinforcement against carbonation-induced corrosion can be
achieved by different methods which include the replacement of the carbonated concrete
as well as the application of an alkaline mortar onto the carbonated concrete to restore a
pH > 9 within the concrete by the diffusion of the alkaline components from the mortar
into the underlying concrete. The latter is referred to as chemical re-alkalization (CRA)
which acts as a principle to maintain or rebuild the alkalinity of the concrete [1,2]. As an
alternative to Portland cement-based repair mortars (RMs), other materials for chemical
re-alkalization such as highly alkaline hydrogels and various alkaline solutions have been
tested in the past [3,4]. Even though these materials represent a CO,-reduced alternative
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to cements, they do not offer any additional protection against re-carbonation. There are
different results regarding the resistance of the re-alkalized concrete to re-carbonation,
when there is no additional protection against carbonation given by the re-alkalization
material itself. In contrast, Mukhin was able to demonstrate a pH value of 10 ten years after
re-alkalization using an alkaline solution without any additionally applied carbonation
protection on the re-alkalized concrete [5]. On the other hand, this is contradicted by the
fact that the evidence of re-alkalization using the phenolphthalein test on a fracture surface
of re-alkalized concrete fades again after a short time upon contact with the atmosphere [6].
This would mean rapid re-carbonation of the re-alkalized area.

Still, the use of alternative re-alkalization materials to Portland cement-based mortars
offers the opportunity to redefine the performance of repair materials. Basis for the applica-
tion of new materials to restore the alkalinity in the carbonated concrete is the fundamental
understanding of the main processes during the chemical re-alkalization.

A first investigation regarding the transport processes during the re-alkalization pro-
cess was conducted by Merkel resulting in the assumption that the chemical re-alkalization
can be divided into two different phases, the suction phase and the diffusion phase [7]. This
differentiation is based on the rate the re-alkalization depth increases with over time. In
the suction phase, Merkel observed a rapid, nearly linear progression of the re-alkalization
depth within the first day after different cement-based repair mortars were applied on the
concrete surface. During this phase, the re-alkalization is said to be primarily driven by
the piggyback transport of the alkalis from the mortar into the concrete, due to a moisture
gradient between the fresh mortar and the more or less dry concrete. Therefore, the extent
of the re-alkalization is strongly influenced by the moisture present in the near-surface
of the concrete. After one day, the re-alkalization rate changed into a non-linear progress
which, according to Merkel, is mainly controlled by the ambient humidity. This transition
is assumed to be due to the hardening of the repair mortar as well as the saturation of
the pore structure of the concrete during the suction phase, resulting in a diffusion-based
transport of the alkalis within the diffusion phase.

A variation in the re-alkalization rate was also observed by Glawe et al. using hybrid
alkali-activated binders (HA ABs) as the re-alkalization material [6]. These HA ABs consist
of a combination of ordinary Portland cement (OPC) and calcined clay which additionally
were alkali-activated by a potassium hydroxide solution. In case of the investigation by
Glawe et al., the carbonated concrete was pre-wetted before the re-alkalization mortar was
applied, leading to a wet concrete in the near-surface area [6]. A water-filled pore structure
of the concrete results in a strong decrease in the capillary suction of the concrete from
which it can be deduced that the high re-alkalization rate in the first day after application of
the mortar is not exclusively due to the suction-based absorbency of the concrete. Still, the
substrate concrete and more precisely the water-to-binder ratio (w/b) is shown to have an
influence on the re-alkalization rate as it directly influences the porosity of the concrete [8].
A higher w/b therefore results in a coarser structure which leads to more pathways for
fluids to be transported through the concrete. By comparing the data from Reus et al. and
Glawe et al., the influence of the w/b of the concrete becomes clear as the HAABs show
similar or even higher re-alkalization rates although the alkaline solutions provide more
moisture for the alkali transport into the concrete (compare Figure 1) [3,6,7,9,10].

However, in the first approach Merkel and Réus et al. described the transport pro-
cesses during the chemical re-alkalization using the root-time-law (compare Equation (1))
assuming a steady decrease in alkali ingress [3]. This decrease is assumed to be higher
than the progression of time. The course of the re-alkalization therefore only differs de-
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pendent on the used re-alkalization material. The different re-alkalization materials are
characterized by the re-alkalization coefficient kcra.

dcra = kera -Vt 1)
Different re-alkalization materials on substrate concrete (SB) (values taken from the literature)
Cement-based mortars Alkaline solutions Hybrid alkali-activated mortars
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Figure 1. Summary of the progression of the CRA over time using different substrate concretes based
on the literature [3,6,7,9,10].

Réus et al. used the re-alkalization coefficient, which is normally given in mm /%>,
to compare different alkaline solutions regarding their sufficiency as a re-alkalization ma-
terial [3]. The comparison showed the highest re-alkalization coefficient for a potassium
hydroxide solution. Also, Glawe et al. could correlate an increased re-alkalization rate
with a higher amount of potassium hydroxide in the repair mortar [6]. However, it has
to be taken into account that the calculation of the coefficient is based on the assumption
that there are no different phases within the chemical re-alkalization and that the differ-
ent re-alkalization materials have an unlimited alkali depot. These assumptions stand
in contrast to the differentiation of the different phases during re-alkalization made by
Merkel and result in an underestimation of the achieved re-alkalization depth during the
suction phase and an overestimation of the maximum re-alkalization depth of the different
re-alkalization materials.

To fully understand the different phases of the chemical re-alkalization, further insight
into the alkali transport and the changes in the alkali concentration of the repair mortar as
well as the concrete is needed.

Therefore, this paper aims to illustrate the alkali transport during the chemical re-
alkalization using laser-induced breakdown spectroscopy (LIBS) which allows a quantifica-
tion of the different components participating in the re-alkalization process. The advantages
of LIBS over traditional methods to study the CRA are given in Table 1. Further, the alkali
depletion of the re-alkalization material is analyzed to determine the material-specific, max-
imum expected re-alkalization depth in a specific amount of time. Using the collected data,
a model is developed that takes into account the systematic deviation of the re-alkalization
process from an ideal diffusion-based process using an attenuation factor.
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Table 1. Comparison of LIBS with traditional analyses method for chemical re-alkalization.

g S
Measured . Sample § :é Advantages of LIBS
Method Variable Resolution Preparation T‘g g over This Method
o &
. Elemental
LIBS (Laser-induced breakdown Sawed and dry
spectroscopy) [11] concentra- Up to 100 um surface X -
tions

LIBS gives quantitative

Visual oH In mm range element profiles instead

Chemical indicator spray (e.g., thresh(l)jl d (depends on Fresh fracture X of single pH threshold

Phenolphthalein) [12] front aggregate surface front; avoids dye
size) kinetics and influence
of timing.
. . . ~100 to
Optical pH 1mag1pg/ pH maps or 500 um Sawed, clean LIBS measures elements
fluorescent imaging . . X directly; no dyes
profiles (depending surface
[13] . . needed.
on pixel size)
Pore solution LIBS enables spatial
expression Pressing out X solution; no influence of
P[14] Fluid samples 3 sample sample' preparation (e.g.,
measured Con}posmon No spatial high pressure)
using ion o pore resolution Crushing,
Cold-Water  chromatography solution sieving of sample LIBS avoids deviations
extraction and leaching of X through leaching;

[15] powder, filtering provides in situ profiles.

of fluid

2. Materials and Methods

The investigation of the CRA is based on the analysis of the penetration behavior of
alkaline components from a repair layer in the form of a mortar into the substrate concrete.
In this study, a concrete based on CEM I 32.5 R cement was used, while the mortar was
made from a mixture of metakaolin and CEM I 52.5 R cement. The oxide composition of

the different materials is given in Table 2.

Table 2. Oxide composition of the used binders.

Component Unit CEM132,5R CEMI525R Metakaolin
SiO, 20.88 20.21 60.97
Al,O3 5.61 5.61 35.01
Fe;O3 2.53 2.15 1.26
MnO 0.057 0.06 0.00
TiO, 0.333 0.33 1.63
P,05 0.113 0.28 0.04
CaO wt% 64.62 64.46 0.24
MgO 1.61 1.57 0.13
K,;O 0.90 1.00 0.51
Na,O 0.12 0.11 0.06
SO3 2.78 3.85 0.04
Sum 99.55 99.63 99.92
LOI 1.97 2.60 1.03
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2.1. Preparation of the Concrete

To investigate the penetration behavior of alkalis from the repair material into the
concrete substrate, cylindrical samples were first prepared from a concrete class A2 ac-
cording to TR IH [16]. This concrete class with a maximum grain size of 16 mm and very
high w/b ratio of 0.89 is intended to represent particularly porous concretes susceptible
to carbonation.

In the first step, cylindrical samples of the A2 concrete with a diameter of 100 mm
and a height of 200 mm and 300 mm, respectively, were produced using steel formworks.
The concrete mixture is given in Table 3. The cylinders were stored under PE-foil for 48 h
and were taken out of the formworks afterwards. Next, the concrete disks were stored in
water up to a concrete age of 7 days. At a concrete age of 7 days, each of the cylinders was
then cut into 5 disks with a height of 55 mm. One front side was sandblasted to achieve a
mean roughness (Rz) depth of 10 mm which ensures a sufficient bond between mortar and
substrate concrete in the later process. For further hydration, the disks were then stored
at 100% relative humidity (RH) for additional 21 days. After overall 28 days of hydration,
the disks were stored at 23 °C and 55% RH as preparation for the following drying process
which was started at a concrete age of 35 days. For curing, the concrete disks were stored in
a chamber at 60 °C for 21 days until mass constancy. By drying the concrete disks, the aim
was to accelerate the subsequent artificial carbonation, since the concrete moisture content
has a significant influence on the carbonation rate [17]. Before transferring the concrete
disks into the carbonation chamber, the lateral surfaces as well as the non-sandblasted
surface was sealed in two layers using a 2-component epoxy resin. The application of the
two layers was carried out with a delay of 24 h. Finally, the dried and sealed concrete disks
were stored in the carbonation chamber at 1 Vol.-% CO, at 20 °C and 65% RH for 15 weeks.

Table 3. Mixtures of the investigated substrate concrete and the repair mortars.

50C 0.5 50C 0.5 50C0.5  50C2.3 50C 2.3
A2 Concrete  Ref. 50C KOH KOH-WG WG KOH KOH-WG
Cement Type - CEMI325R CEM1525R
Cement 180.00 491.75 225.26 223.00 222.70 222.39 212.35 210.68
Metakaolin - - 225.26 223.00 222.70 222.39 212.35 210.68
Aggregates
0.0-0.25 (quartz - 376.98 355.47 341.19 340.73 340.26 324.90 32234
powder)
0.1-2.0 e/ 841.06 1098.28 996.1 996.82 995.45 994.11 949.20 941.72
2.0-8.0 &/ 680.87 - - - - - - -
8.0-16.0 480.61 - - - - - - -
Water 160.20 287.18 263.11 255.83 255.18 254.53 221.52 218.20
KOH,y (50%) - - - 2230 11.13 - 127.41 63.20
Potassium Waterglass
(silicate modulus = 1.0) } B B B 14.84 2963 B 8421
w/b 0.89 0.58
Potassium in fresh - 0.18 0.14 0.50 0.50 0.50 23 23
mortar (calculated)
Potassium in fresh
cement paste wt% - 0.52 0.40 1.46 1.45 1.44 6.08 593

(calculated)

After the carbonation process, the disks were prepared for the application of the differ-
ent repair materials. For the application, the disks were put into 3D-printed formworks
which exceeded the heights of the disks for 20 mm to allow the application of a repair layer
of 20 mm thickness. According to [2], a repair layer of 20 mm minimum should be applied
to ensure a full chemical re-alkalization of the carbonation depth of up to 40 mm. How-
ever, the layer thickness can be adapted according to the exposure class of the carbonated
concrete component.
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Mortar

Concrete

2.2. Pre-Wetting of the Concrete

Before the repair layer was applied on top of the concrete, the sandblasted surface of
the concrete disk was pre-wetted twice with a brush at intervals of ten minutes. This method
was chosen because it was qualitatively observed in a preliminary test that excessive pre-
wetting counteracts the initial suction phase within the chemical re-alkalization. The test
was intended to investigate an approach for simplified substrate preparation for CRA.

For the preliminary test, one concrete disk was pre-wetted by storage under water for
24 h and one disk was pre-wetted by brushing with water in two layers while a third disk
was not pre-wetted. On top of each disk, a repair mortar was applied as a 20 mm thick layer
which was enriched with the fluorescent substance Uranine [18]. After the application, the
disks were stored under damp cloth for 24 h. Afterwards, each of the composite systems
was split and the resulting cross-sectional area was photographed under UV light.

The result is given in Figure 2. The Uranine enables the qualitative visualization of the
moisture penetration from the repair layer into the concrete dependent on the pre-wetting
method. It is clearly shown that the pre-wetting procedure of water storage leads to a low
penetration of the moisture from the repair layer into the concrete compared to the pre-
wetting by brushing. Interestingly, the brushing results in a similar penetration of moisture
into the concrete as the non-pre-wetted concrete disks shows. However, pre-wetting of
the concrete is essential to prevent excessive capillary suction of the concrete during the
first hours after application as this can lead to weak bond behavior between repair layer
and concrete and to a deviating w/b of the repair mortar near to the bonding area [19].
To ensure that the brushing is able to pre-wet the concrete in the near-surface area, an
additional disk was pre-wetted with an Uranine solution, split and photographed under
UV light. The result shows that the brushed solution penetrates into the near-surface area
of the concrete and is assumed to act as a barrier against excessive capillary suction within
the first hours after application of the repair layer.

(@) (b) (d)
Pre—wettmg l?y water No pre-wetting Pre.—we.ttmg by Pre.—we.ttmg by
immersion brushing in 2-layers  brushing in 2-layers
24 h after mortar application Without mortar

Figure 2. Results of the preliminary test to determine the influence of the pre-wetting method on the
suction phase using repair mortars enriched with fluorescent Uranine.

2.3. Application of the Repair Mortar

Before the application of the repair mortars, the concrete disks were put into 3D-
printed formworks and were pre-wetted using the brushing method.

The mixtures of the repair mortars are given in Table 3. Except for the reference
mixture (OPC), for all mortars, a substitution rate of 50 wt% was used which corresponds
to the mixtures used in [6]. As activation solutions, a 50% potassium solution (KOH) was
used as well as potassium water glass (KWG) with a silicate modulus of 1.0. The values
of 0.5 and 2.3 correspond to the calculated potassium solution in the fresh mortar. The
mortars were mixed by first homogenizing the dry components consisting of Metakaolin
and a CEM I 52.5 R and the wet components of water, KOH and KWG separately. The
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values for w/b were calculated by including the solid content of the activator solution to
the proportion of the binder and were set to 0.58 for all mixtures. For homogenizing the
wet components, the water and the activator solution were put in the mixing bowl and
were mixed for 10 s. Before adding the dry components, the cement, metakaolin and sand
were homogenized using a wood spatula. The dry components were then added to the
mixing bowl followed by a mixing process of 2 min.

After mixing, each mortar was applied on five concrete disks with a layer thickness
of 20 mm. After the application, the composite systems were stored under damp cloths
and PE-Foil for 24 h. Afterwards, the composite systems were taken out of the formwork
and put into an irrigation system, except for one sample per variation, which was directly
analyzed. The remaining four samples per variation were exposed to cyclic watering for
1 h with a delay of 23 h for 90 days in total.

2.4. Analysis of the CRA

After the application of the mortar, the composite systems were stored in the irrigation
system as described above. Except from the first sample, which was directly analyzed
one day after the mortar application, the remaining samples were analyzed at 7, 28 and
90 days of cyclic watering, respectively. The analyses were conducted using the two
indicator solutions Phenolphthalein and Mordant Orange 1 as described in [6]. Further, the
samples were investigated using laser-induced-breakdown-spectroscopy (LIBS) after 1, 7,
28 and 90 days. The combination of both techniques is supposed to give insight into the
alkali transport during the CRA as function of time and enables the correlation of the pH
indicators with the quantified potassium concentration by LIBS in the cross-sectional area
of the composite systems.

To enable the implementation of both analysis techniques on one sample, the com-
posite systems were cut in half using a saw which enables dry sawing by simultaneously
monitoring the temperature of the saw blade. By this, a maximum temperature of 50 °C
was maintained to minimize heat-related changes within the sample. When sawing, care
was also taken to ensure that the sawing process was carried out from the direction of the
concrete towards the applied mortar in order to avoid additional mortar material being
introduced into the concrete.

2.4.1. Indicator Tests

The indicator tests were conducted at five different times to analyze the progression
of the re-alkalization depth (dcra) over time. As Glawe et al. characterized the indicator
Mordant Orange 1 as a less time-sensitive alternative for Phenolphthalein, both indicators
were used in the present study [6]. The characteristics of the indicators is given in Table 4.

Table 4. Characteristics of the indicator solutions.

Name Color Change Composition Chemical Formula
Phenolphthalein Colorless—magenta 1 g indicator powder, 70 mL ethanol, CooH1404
Mordant Orange 1 light yellow—brown 30 mL demineralized water C13H9N305

The indicators were both applied on the cross-sectional area of one half of the sawn
composite system which enable a direct comparison of the displayed dcra. The values for
dcra were obtained by measuring the thickness of the previously carbonated area that has
been colored as a result of the spraying of the indicator, indicating an increase in the pH
of the concrete in this area of at least above 9. Although the phenolphthalein test usually
indicates a clear turning point, there may still be deviations from the actual pH profile in
the samples, which can be determined using optical pH methods, for example [13]. The
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transition range of the indicator in particular can lead to an underestimation of the CRA
as a result of flat pH profiles, as weak coloring occurs in this range. At the same time,
interactions between the indicator and the sample can lead to leaching processes, which
cause the pH value to rise in the area close to the surface and thus lead to an overestimation
of the alkalinity [12]. The measurements were carried out using photographs taken 30 s
after spraying the indicator solutions and then processed using the JMicrovision software
(vision 1.3.4). The software enables the measurement of the dcra in each point of the
re-alkalization front and the calculation of dcra of each composite system by averaging all
data points after the different storage times, respectively [20].

In the first approach, an attempt was made to calculate the average of the results of
the two indicators to determine dcrya, in accordance with the studies by Glawe et al. [6].
However, when using Mordant Orange 1, a very slightly visible re-alkalized area was
observed in most cases. Furthermore, the different colors of the re-alkalized zone, as
observed by Glawe et al., could not be detected [6]. Therefore, the dcra values were
determined exclusively based on the results of the indicator phenolphthalein.

Still, the use of Mordant Orange 1 enables the identification of another process resulting
from the cyclical irrigation during storage. With increasing storage time, a lighter-colored
zone became apparent in the near-surface area of the repair mortar. This is assumed to be a
hydroxide-depleted zone, resulting from leaching processes caused by regular irrigation of
the sample. This zone will be referred to as the depleted zone. Some samples exhibited a
depleted zone near the surface of the lateral surfaces. The depletion with increasing storage
time can be explained by the unsealed lateral surfaces of the mortar, which were also in
contact with water during the cyclic irrigation. To exclude the influence of this areas on the
determined re-alkalization depths, a 15 mm edge area was excluded from the evaluation as
shown in Figure 3.

ange 1

Phenolpthalein Mordant Or

o e,
Repair =" ==F Depleted mortar
mortar
d,,, (re-alkalized concrete)
Carbonated concrete
Concrete

Non-carbonated
concrete

Excluded area

Figure 3. Representation of the definition of the different areas displayed by the indicator solutions
Phenolphthalein and Mordant Orange 1.

Based on the values for dcra, the re-alkalization coefficient kcgra was determined
according to the root-time law as described in the Introduction section. Although the
root-time law assumes that there is an infinite alkali buffer within the repair material, which
is demonstrated to not be the case later on, the obtained values allow us to roughly compare
the different repair materials of this study.

2.4.2. Laser-Induced-Breakdown Spectroscopy

In addition to the indicator tests, the second half of each composite system were
analyzed using laser-induced-breakdown-spectroscopy (LIBS) to quantify the potassium
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ingress in the cross-sectional area of the samples. The focus was on the potassium concen-
tration because potassium was assumed to act as the main active constituent for the CRA
using the HAABs of this study which were alkali-activated using a potassium hydroxide
solution and potassium water glass. As LIBS is often used to determine the penetration
of chloride into concrete, a calibration method was developed to quantify the potassium
concentration in the investigated area [11,21].

The following measurements were conducted using equipment by SECOPTA (Teltow,
Germany), Model: FiberLIBSlab after 1, 7, 28 and 90 days of storing the composite systems
in the irrigation system.

For the calibration to quantify the potassium concentration, calibration mixtures were
prepared that gradually cover the potassium content of the materials to be tested. The
potassium contents were selected based on the uXRF analysis and the calculated potassium
contents of the activator solutions (compare Table 5).

Table 5. Potassium content of the used components.

KWG
CEMI325R CEMI152.5R Metakaolin KOHg,; (50 % o
sol (50 %) (Silicate Modulus = 1.0)
wit%
K 0.75 0.83 0.42 34.84 26.15
The compositions of the calibration mixtures cover a concentration range of 0 to
approximately 5 wt% potassium (compare Figure 4).
ppP y p p g
e
(=)
100 = = e [ ] Components of the g
calibration mixtures 'E' 54
__ 804 _ | B [ ]Added mixing water .g
EN = sxiesd| | [ ]water by solutions © 4+ —
E 0l 59 B R 5
o077 T E=ron,0w) =
g :§§§§§§ 5 B55% Metakaolin 8 31
=] B X S
5 40/ o NCEMI525R 5
9 /7 /CEMI325R ‘ézA
(=%
201 211 H
a
O Ml A s g Iy R gomﬂﬂﬂﬂ
) : = = E OO0 v o x ‘o[u[u‘o[u[a[:[:‘>[
Y 0 ¥ @& & Mmomon o O U SIROI
SR I I S Y5N55 3L
Mixture Name " e
Calibration mixture
(a) (b)

Figure 4. (a) Composition of the calibration mixtures and (b) range of potassium concentrations
(mixtures were sorted in order of the potassium concentration for visualization).

The calibration mixtures were produced by mixing the components in a sealed plastic
bag and let them cure for 7 days. After curing, the mixtures were dried in a beaker glass at
105 °C until constant mass was reached. The dried mixtures were crushed using a mortar
and then ground in a ball mill for 5 min at 400 turns per minute. The mill was cleaned
after each mixture by grinding quartz sand and cleaning with isopropanol. The powder
samples were pressed into tablets using a press with a load of 25 tons. Each tablet was
put into a sealed plastic bag and stored in a container over silica gel beads to prevent
water absorption.

The calibration tablets were measured at each measuring time of the composite systems
to take into account any influences of the measuring equipment. For the measurement, the
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tablets were installed in the LIBS chamber as shown in Figure 5. During the measurement,
each measuring point was burst four times. The first burst was discarded to exclude
any surface anomalies which could have evolved during the storage of the tablets. The
generated spectra of the other three bursts were averaged.

(b)

Figure 5. (a) Installed calibration tablet in the LIBS chamber and (b) magnification of the

measuring field.

For the evaluation of the spectra, a differentiation was made depending on the existing
potassium concentration. For concentrations up to 3 wt% the characteristic potassium
band at 769.896 nm wavelength was analyzed while the quantification of concentrations of
3.0-5.0 wt%, the potassium band at 693.8 nm was analyzed, which is a common procedure
as described in [22].

The described evaluation procedure was also applied on the LIBS measurements of
the composite systems which enables a quantification of the potassium concentration in
wt% relative to the cement content.

To analyze the penetration behavior of potassium in the cross-section of the composite
systems, 2D measurements were generated using the LIBS device. The entire measurement
field extended to 30 mm width and 75 mm length with a resolution of 0.4 mm per measure-
ment point (compare Figure 6). The width of 30 mm was chosen according to the maximum
grain size of the concrete of 16 mm. The measuring field was set individually for each
sample to ensure the highest possible proportion of cement matrix within the measurement
field. At the same time, the LIBS measurements, as well as the indicator evaluation, did not
cover the edge area to exclude any anomalies in the area of the lateral surfaces.

In addition to visualizing the potassium distribution in the cross-section of the samples,
the LIBS data were analyzed to depict depth profiles of potassium concentration following
the extraction of the aggregates [23].

After applying the calibration method on the LIBS Data, the data gives the potas-
sium concentration in wt% relative to the cement. As described above, the potassium
concentration was then averaged for each measuring depth to obtain depth profiles of the
cross-sectional area of each composite system.

The profiles were further evaluated by determining the penetration depth of potassium
at the different measuring times of 1, 7, 28 and 90. For reference, the maximum potassium
content in the carbonated concrete was determined using LIBS on a sample to which no
repair mortar was applied. The maximum potassium content of the carbonated concrete
was determined to be 0.57 wt% relative to the cement. A measured content above this value
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was assigned to potassium ingress as a result of CRA which enables the determination of
the penetration depth of potassium from the repair mortar into the concrete.

LIBS Mean K
measuring field [wt% per cement]
: 8 0 1 2 3 4 5
0
6 10
g 20 =
£ 2
3 30 — £
T4 ¢ 3 =
g 40 @
< o
X @
L 50 =
2 & =
2 60
0 70

Signal cut off due
to edge anomalies

Figure 6. Exemplary representation of the measuring field of the LIBS measurement with excluded
aggregates and the resulting depth profile of the averaged potassium concentration.

Further, the quantified data allows us to calculate a specific diffusion coefficient D(RM)
for potassium depending on the different repair mortar [24,25]. The evaluation is based
on Fick’s second law of diffusion, for which a one-dimensional diffusion in a semi-infinite
medium with a constant surface concentration (compare Equation (2)) is assumed:

X
C(x,t) = Cs - erf (2 D(RM)t) )

The concentration C(x,t) is the concentration of potassium at depth x and time t,
which can both be derived from the LIBS measurements after a storage time of one day.
It is assumed that within the first day after application of the mortar, alkali transport is
dominated by diffusion and the absorption phase only occurs in the first two hours [7]. The
surface concentration Cs was derived from the LIBS measurements at the mortar-concrete
interface. The erf is an error function to describe the potassium diffusion into the concrete
including a decreasing potassium content with increasing depth.

The mortar—concrete interface was determined manually and was set as the surface
of the semi-infinite medium to only take into account the diffusion within the substrate
concrete (see Figure 7).

The final depth of the medium was set by cropping the depth profiles 20 mm in direc-
tion of the concrete starting at the mortar—concrete interface, resulting in only considering
the carbonated concrete and to exclude any other transport processes coming from the
non-carbonated concrete such as the rear-side re-alkalization [3].

The parameters Cs and D(RM) were fitted based on the LIBS data between x = 0 and
x = 20 mm with a non-linear least-squares optimization. For fitting, Cs was initially set
to the maximum measured potassium concentration in the cropped area and D(RM) was
assumed to be in the range of 10-11 to 10-12 m?/s as this represents the range of diffusion
coefficients of ions like Sodium (Na) or Chloride (Cl) in hardened cement paste [24]. The
quality of the fit was evaluated based on the coefficient of determination R?.



Corros. Mater. Degrad. 2025, 6, 43

12 of 27

1.6
14Z —o— (Quantified LIBS data
_ 7 —— Fit
§ 0 D(RM) =2.13x10’m?/s
2
E 0.8 4 R?=0.842
X
H 0.6
X 0.4

T T
8.0 10.0 12.0 14.0 16.0 18.
Measuring depth [mm]

T
4.0 6.0

Storage duration: 1 day
Reapir Mortar: OPC

+20 mm
— Quantified LIBS data

Carbonated
Concrete

K |[wt% per cement]|
-
(=]
Il

T T |
0 10 20 30 40 50 60 70
Measuring depth [mm]

Figure 7. Example of the evaluation process to determine the potassium diffusion coefficient based
on the LIBS depth profiles.

2.5. Adaptation of the Diffusion Model to Predict dcra

In order to calculate the possible maximum re-alkalization depth of each material, a
simplified model was applied assuming the re-alkalization process to follow an adapted
square-root-time law (Equation (3)) which is commonly applied to model unidirectional
diffusion processes in semi-infinite media [24,26]:

dcra(t) = B */D(RM) =t ®)

where dcgra (t) corresponds to the re-alkalization depth at time t, which depends on the
diffusion coefficient D(RM). To consider the deviation of the re-alkalization process from an
ideal Fickian (diffusion-based) behavior, as it was already observed by Glawe et al. [6,27],
an empirical attenuation factor 3 is introduced. While 3 represents the difference between
measured dcra and values which were calculated based on diffusion-based progression of
the re-alkalization exclusively, a value of 1 would indicate a purely diffusion-based CRA.
Values above 1 indicate that the measured values of dcra at a given time are higher than
the calculated values. This means that the CRA progresses faster compared to diffusion-
based transport through, e.g., capillary suction. In comparison, values below 1 represent
an attenuated diffusion-based CRA, where the measured values are below the calculated
values for dcra. Therefore, the factor can be used to take into account binding of alkalis or
alkali depletion of the repair mortar. The factor can be calculated based on the measured
values for dcra (Equation (4)).

dcra(t)

D(RM) x* t @

B =

As the processes, which cause the deviation between the re-alkalization process
and a diffusions-based process, may change over time, 3 represents a time-dependent
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factor. Therefore, the evolution of the attenuation factor was fitted using a power law
(Equation (5)).
B(t) =axt? @)

The attenuation factor at each time can be calculated by fitting a which corresponds to
the starting value at t =1 and b describing how 3 decreases over time.

To determine [3(t), only values for dcra (measured and calculated) after 1, 7 and
28 days were used to test the transferability of the results to longer re-alkalization periods
such as 90 and 180 days. Finally, the calculation of the re-alkalization depth based on the
diffusion coefficient D(RM) and the attenuation factor 3(t), which are both specific for each
re-alkalization material and concrete, was carried out using Equation (6).

b+0.5
dcra(t) = ax /D(RM) * t (6)

3. Results
3.1. Potassium Penetration over Time

The quantification of the LIBS measurements enables the visualization of potassium
transport over time during the CRA. The different depth profiles are given in Figure 8
and show the mean potassium concentration of each measuring depth at the different
measuring times of all composite systems. The progression of the potassium penetration
shows a dependency on the applied repair material and therefore on the present potassium
concentration of the material. In accordance with the different compositions of the mortars,
the mortars with high potassium content in Figure 8f,g show the strongest increase in
concentration within the concrete. It is striking that in some cases after just one day of
storage in the irrigation system, the potassium concentration in the concrete is higher
than in the mortar itself. This phenomenon becomes more pronounced up to day 28 and
results in a sudden increase in the potassium concentration at the transition from mortar
to concrete, which is on average about at 20 mm. The potassium-enriched area in the
concrete adjacent to the mortar—concrete interface is characterized by a steep slope that
decreases over time, indicating further penetration of potassium into the concrete. As the
penetration depth progresses further over time, potassium continues to accumulate in the
re-alkalized area while the repair layer gets depleted. In case of the repair material 50C
0.5 KOH KWG and 50C 2.3 KOH, the accumulation of potassium in the re-alkalized area
results in exceeding the calibration range of the LIBS measurements.

Repair mortar: OPC Repair mortar: 50C

Tg_ 1 r ration T9‘ ' Storage duration
g8 degra in days £ 8 dcga in days
=7 I =7 — 0
5 6 7 = 6 7
25 28 551 28
T4 90 T4 90
=31 Maximum K =31 Maximum K
M i N .
o 21 in concrete o 2 in concrete
(3} (3}
o 714 o 1]

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Measuring depth [mm)] Measuring depth [mm]
(a) (b)

Figure 8. Cont.
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Figure 8. Quantitative depth profiles showing the mean potassium concentration of the different
composite systems after different storage duration and the corresponding values for dcra and the
maximum potassium concentration in the substrate concrete. (a) OPC. (b) 50C. (c) 50C 0.5 KOH.
(d) 50C 0.5 KOH KWG. (e) 50C 0.5 KWG. (f) 50C 2.3 KOH and (g) 50C 2.3 KOH KWG.

The temporal development of the potassium concentration in the concrete suggests
that the alkalis are bound in the concrete, causing the alkali concentration in the pore
solution of the concrete to continually decrease [28,29]. This results in a continuous release
of dissolved potassium from the mortar into the concrete, even beyond concentration
equilibrium. Further, after 28 days, no further accumulation in the bonding zone between
mortar and concrete can be observed but a more even potassium distribution in the re-
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alkalized area. However, the concentration ratio measured using LIBS refers to the entire
material and provides a mixed result of dissolved and bound potassium. A statement about
the concentration ratio of dissolved potassium in the mortar and the concrete cannot be
made based on these results.

Within the storage duration of 90 days, only the repair mortars with the highest
potassium concentration enable full re-alkalization in case of a carbonation depth of 16 mm.
However, the repair mortars with medium potassium concentration (0.5) show similar
penetration depth, but with lower concentration at the re-alkalization front as well as the
overall concentration within the re-alkalized area.

Based on the measured data during the 90-day study period, no uniform concentration
distribution could be observed in the composite systems. It would be interesting to see
to what extent a uniform potassium concentration is established and to what extent the
concentrations in mortar and concrete differ over time.

3.2. Correlation of Indicator Tests and LIBS

The progression of the re-alkalization depth over time is given in Figure 9 and shows
that only the materials with high potassium concentration are capable of a steady increase
in the re-alkalization depth resulting in full re-alkalization. In case of fully re-alkalized
concrete, the value for dcra was set to 16 mm as this represents the carbonation depth of
the substrate concrete.

20 .
Repair mortars
— - 0OPC
. ——
16 - a >0C

Carbonation depth of the concrete - 50C 0.5 KOH
1 - —®—50C 0.5 KOH-KWG

—®—50C 0.5 KWG
50C 2.3 KOH
—8—50C 2.3 KOH-KWG

Re-alkalization time [d*®]

Figure 9. Evolution of the re-alkalization depth dcra over time with linear regression to calculate the
re-alkalization coefficient kcga -

Based on the data, the re-alkalization coefficient kcra was calculated by applying a
linear regression on the data. The results are given in Table 6. In case of the 50C and the 50C
0.5 KOH KWG mixture, the linear fit results in a weak measure of certainty accompanied
by a low value for kcgra.

Table 6. Results of the calculation of the re-alkalization coefficient kcrs including the measure

of certainty.
OPC 50C 50C 0.5 50C 0.5 KOH 50C 0.5 50C 2.3 50C 2.3 KOH
KOH KWG KWG KOH KWG
kcra mm/+/d 0.453 0.066 0.464 0.324 0.691 1.432 1.457
R? - 0.77 0.11 0.72 0.31 0.92 0.81 091
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Referring to the different phases of the CRA, most of the repair materials show a
maximum re-alkalization depth dominated by the suction phase. During the first 24 h after
application of the mortar, approximately 50% of the final re-alkalization depth is reached.
Even though the LIBS profiles show a steadily increasing penetration depth of the alkalis of
all composite systems, the concentration is not sufficient to detect a successful CRA using
the indicator. However, the composite systems with high potassium concentration show
the highest potassium penetration depth while showing full re-alkalization. By looking at
the different activator solutions, a generalized influence of the solution on the potassium
penetration behavior cannot be formulated.

To directly compare the results of the indicator tests and the LIBS measurements, the
penetration depth of potassium within the carbonated area was determined using the LIBS
data. A limit of 0.57 wt% was assumed as the reference value for the concrete, so the
depth at which the value in the concrete exceeded this limit was taken as the potassium
penetration depth. The limit value represents the maximum potassium concentration of
the concrete which was determined by measuring a carbonated concrete sample without
an applied repair layer. In this observation, the area outside the carbonated area in the
concrete was excluded because redistribution of alkalis may have already occurred at the
carbonation front as a result of carbonation [30]. This means that penetration depths of
potassium to depths outside the carbonated area were excluded from consideration.

The correlation of the data (compare Figure 10) shows that the penetration depth of
potassium is in any case higher than the determined re-alkalization depth. However, there
is no direct correlation of the parameters given by a weak measure of certainty (R = 0.385).
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Figure 10. Correlation of dcrs and the penetration depth of potassium where K > 0.57 wt% (corre-
sponds to the maximum potassium concentration of the substrate concrete).

While this correlation was applied to the totality of the measured values, Figure 11
shows the potassium concentrations at dcra related to the individual materials. Only at low
potassium concentrations in materials without potassium water glass content, an approxi-
mately uniform value of the potassium concentration at dcra is given. The assumption
of a concrete-specific critical potassium content for detecting CRA using Phenolphthalein
cannot be confirmed based on the data.

On the one hand, the irrigation of the repair layer causes leaching in the near-surface
area and, on the other hand, the mortar near the bonding zone is depleted of alkalis due to
CRA. This occurs to an extent that the mortar loses its alkalinity to such an extent that it
falls below the indicator limit of Mordant Orange 1 (compare Figure 12).
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Figure 12. Visualization of the bi-directional alkaline loss of the repair layer as a result of leaching
and CRA.

3.3. Parametrization of the Investigation Results

The results regarding the progression of the CRA and the correlation of the LIBS data
with the indicator test results all point out that the connection of the potassium penetration
and the CRA is non-linear. Especially the observation that the potassium concentration
within the concrete increases over time leading to a depletion of the repair mortar as well
as the formation of a potassium concentration plateau in the re-alkalized area indicate that
the influence of alkali transport in the concrete on the re-alkalization process is decisive for
the evolution of dcgra.

To include this influence into the model to predict dcra at a specific time, the diffusion
coefficient of potassium in the concrete was calculated based on the LIBS data which were
obtained one day after the repair mortars were applied. The resulting diffusion coefficient
of the different repair materials are given in Table 7.
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Table 7. Fitted diffusion coefficients and surface concentrations of the different composite systems
based on the LIBS data obtained after one day.

OPC  50C 50C 0.5 50C 0.5 50C 0.5 50C 2.3 50C 2.3 KOH
KOH KOH KWG KWG KOH KWG
D(RM) m?2/s-10710 2.13 0.82 1.91 3.37 3.37 5.68 2.55
Cs wit% 1.25 1.87 3.38 3.83 3.83 6.40 6.31
R? - 0.84 0.90 0.97 0.90 0.90 0.84 0.94

In most cases, the diffusion coefficient shows a good linear correlation with the re-
alkalization coefficient which was calculated as described in [28] (see Figure 13). However,
formulations with combined alkaline activation with potassium hydroxide and potassium
silicate are outliers. At high potassium concentrations in the mortar (2.3), this leads to
excessive re-alkalization compared to diffusion, while at lower potassium concentrations
in the mortar (0.5), diffusion proceeds faster than re-alkalization. It is assumed that the
interaction of the activators causes a reaction that influences the diffusion of potassium.
In contrast to that, the calculation of dcra based on D(RM) using the root-time law of
Equation (1) and replacing kcra with the correlation formula in Figure 13 results in an
unrealistic overestimation of the achieved re-alkalization depth (see Appendix A Figure A1).
As Glawe et al. mentioned, also the calculation including the re-alkalization coefficient
to adapt Fick’s second law results in an underestimation of the re-alkalization during the
suction phase but an overestimation of the long-term performance of the repair material as
kcra is obtained by a linear regression of the measured re-alkalization depth [6].
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Figure 13. Correlation of the specific diffusion coefficient and the re-alkalization coefficient with
linear regression excluding outliers (50C 2.3 KOH KWG, 50C 0.5 KOH KWG).

Furthermore, a good correlation between D(RM) and kcgra is only present if mixtures
with potassium water glass are excluded. To counteract this overestimation, the attenuation
factor 3 was introduced, which no longer assumes an exclusively diffusion-based re-
alkalization, but takes into account other influences such as the following:

e  Alkali binding in the concrete;
e  Structural changes in the mortar;
e  Alkali depletion of the repair material.

This allows the attenuation factor to be applied to different materials, as the calculation
takes into account the influences of the respective material.

The results of the calculation of 3 are given in Figure 14 for 1, 7 and 28 days of
re-alkalization. The consideration of the attenuation factor at each measuring time com-
pared to the calculation of just one attenuation factor for each material, provides further
information about the influences on the process of CRA.
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Figure 14. Evolution and fitting of the attenuation factors of the different materials over time.

The calculated values for f show that the investigated material can lead to a re-
alkalization which progresses faster than a diffusion-based progress when the potassium
concentration is 2.3 wt%, while a potassium concentration of 0.5 wt% or lower within the
repair material results in a re-alkalization process which is slower compared to a diffusion-
based process. However, regardless of the material, the re-alkalization process develops into
a strongly decelerated diffusion process, which is defined by values of 3 > 1. At potassium
concentrations of < 0.5, the attenuation factors are equalized after just 7 days. This means
that the re-alkalization using these materials differs from an exclusively diffusion-based
process to the same extend.

By fitting the attenuation factors of the different materials over time, the deviation of
the CRA from the diffusion-based curve can be fully accounted for. The data could be best
fitted using a power function given in Equation (5). The results of the fitted data can be
found in Table 8.

Table 8. Results of fitting the power equation (Equation (5)) to the attenuation factors of the
different materials.

OPC 50C 50C 0.5 50C 0.5 50C 0.5 50C 2.3 50C 2.3
KOH KOH KWG KWG KOH KOH KWG
a 0.392 0.507 0.781 0.773 0.398 1.078 1.165
b —-0202 —0.435 —0.445 —0.462 —0.261 —0.361 —0.308
R? 0.99 0.98 0.98 0.99 0.93 0.99 0.99

3.4. Prediction of dcra

Using the fitted data, the re-alkalization depth of the different materials was calculated.
The results in comparison to the measured data for dcra using Phenolphthalein are given
in Figure 15. Furthermore, the dcra was calculated for additional measuring times to test
the extent to which forecasts for the further course of re-alkalization are possible using the
measured values from 1, 7 and 28 days.
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Figure 15. Comparison of the calculated and measured values for dcga.

Overall, the measured and calculated values show good agreement. Although the
calculation of the attenuation function (3(t) was based on only three measured values of the
re-alkalization depth, the prediction of re-alkalization depths for re-alkalization periods of
28 days and longer still shows a reliable agreement between the data (compare Figure 16).
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Figure 16. Correlation of the measured re-alkalization depths and the re-alkalization depth calculated
using kcra compared to the calculation using the attenuation factor f3.

In particular, the prediction of the expected maximum re-alkalization depth corre-
sponds to the measured values. Repair mortars with a potassium content of 0.5 wt% and
less show very little or even no re-alkalization progress after a period of 90 days.

Compared to the prediction of the re-alkalization depth using the re-alkalization
coefficient kcra the introduction of the attenuation factor results in a considerably more
realistic prediction of the CRA and highlights the relevance of considering the two phases
of re-alkalization and assuming a non-ideal Fickian process.
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4. Discussion
4.1. Comparison of the Results with Previous Studies

The present investigations confirm the applicability of HAABs as a repair material
for CRA as stated by Glawe et al. [6]. The present study also showed a clear influence of
the potassium content in the repair material on the maximum achievable re-alkalization
depth within 90 days. Interestingly, the materials in the studies by Glawe et al. achieved
a higher re-alkalization depth in both the suction phase and the diffusion phase, despite
significantly stronger pre-wetting of the samples prior to mortar application [6]. This is
therefore not consistent with the preliminary studies on pre-wetting the concrete substrate
in this study, in which a weaker pre-wetting by brushing the concrete surface with water in
two layers should lead to a stronger suction phase. Rather, the suction phase seems to be
responsible for a CRA of 50% regardless of the carbonation depth and moisture content of
the concrete when a HAAB with at least 0.5 wt% potassium is used.

Based on the observations as described in Section 3.2 and considering the results of all
indicator tests at the various measurement times, it becomes clear that the mortars with
medium and low potassium concentrations are almost completely depleted of potassium
after just 28 days of re-alkalization, as evidenced by the light color of the Mordant Orange
1 indicator. Meanwhile, the phenolphthalein indicator continues to show a pH value
above the transition point. Therefore, comparing the indicators is useful for evaluating
repair materials, as the durability of the repair material can be assessed using Mordant
Orange 1, while phenolphthalein can be used to determine the progress of the CRA and the
carbonation resistance of the materials. Therefore, the results of Glawe et al. regarding the
evaluation of Mordant Orange 1 as a better indicator for the assessment of CRA cannot be
confirmed [6]. This may be due to the fact that the samples tested in this study were sawn
samples, whereas previous studies examined broken samples using an indicator. Sawing
the samples causes the samples to dry out in the near-surface area, as they were cleaned
with compressed air after the sawing process. This suggests a stronger interaction between
the indicator and the sample due to suction and leaching effects, which could result in
weaker boundaries of the different areas [12]. However, a combination of both indicators is
still recommended to investigate both the re-alkalization progress and the alteration of the
re-alkalization material.

With regard to the model, the presented determination of the attenuation factor com-
plements existing models such as Merkel’s [7]. Merkel modeled re-alkalization primarily
as a function of the substrate concrete, whose diffusion coefficient was corrected by taking
tortuosity into account. The investigations also identified a dependence of the diffusion
process on the re-alkalization material, which could not be further quantified due to a
lack of values for the diffusion of the relevant alkalis in the concrete. In comparison, the
present investigations using LIBS enable the determination of mortar-dependent diffusion
coefficients of potassium. No adjustment was made for varying substrate concrete, but this
should be the subject of future investigations.

4.2. LIBS for the Analysis of CRA

The present study demonstrates the applicability of laser-induced-breakdown spec-
troscopy to analyze the CRA. Using LIBS, the alkali transport in composite systems can
be quantitively visualized in form of 2D mappings which can be transformed into depth
profiles. Based on the depth profiles, the penetration depth of potassium can be determined
and the potassium content in the range of the re-alkalization depth, which was determined
using indicators. The depth profiles further offer the possibility to determine the potassium
diffusion coefficient for each composite system specifically.
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The correlation of potassium penetration depth and potassium content with the re-
alkalization depth performed in the first approach, showed only very weak systematic
agreement. This can be explained primarily by the fact that potassium values obtained
using LIBS are based on the measurement of the plasma, which includes both the solids
and the pore solution contained therein. In contrast, the indicator results are based only on
the reaction of the indicator with the pore solution of the material.

The correlation of the diffusion coefficient of the different materials with the re-
alkalization coefficient which usually is used to adapt Fick’s second law of diffusion to the
re-alkalization process, a connection of both parameters was determined. However, the
materials that were activated using the potassium solution in combination with potassium
water glass were excluded to obtain a good correlation of the data. The transferability of
the diffusion coefficient to the re-alkalization coefficient appears to be limited dependent
on the applied re-alkalization material.

Although the reason for the deviation in the two mortar mixtures (50C 0.5 KOH
KWG and 50C 2.3 KOH KWG) was not further analyzed, the interaction between the
potassium solution and potassium water glass appears to be the cause of the deviations.
This assumption is particularly supported by the fact that the formulations activated
only with potassium solution or potassium water glass show a good correlation between
the diffusion coefficient and kcgra. It should also be noted that the calculation of the
diffusion coefficient is based on the determined surface concentration, i.e., the potassium
concentration at the interface between concrete and mortar. Since this value (Cg) is a fitted
value, it depends primarily on a good calibration of the LIBS measurements. However,
the measurements, especially at high potassium concentrations, yielded results that were
at the limit of the calibration range, which can distort the depth profile by exaggerating
the potassium concentration at the interface. A surface concentration that is too high
leads to a steeper depth profile and results in a lower diffusion coefficient. In addition to
the overestimation of the potassium content, temporary enrichments of potassium in the
boundary zone can also lead to a steeper depth profile, which does not necessarily reflect
the general diffusion pattern. Overall, the good correlation between D(RM) and kcra can
be explained by the fact that a higher potassium content of the material is associated with
an increased CRA.

In some cases, a reduced potassium content can be measured in the LIBS results in the
mortar area near the concrete boundary. While this was initially classified as a measurement
inaccuracy, the alkali depletion could also be verified using the indicator measurements.
Thus, in addition to the increased potassium release into the concrete, there also appears to
be an overall decrease in the pH value in this area. This contrasts with the alkaline core of
the mortar, which, however, is subject to stress in two directions due to additional leaching.
The extent to which this constant depletion affects the re-alkalization behavior could not be
determined within the test period.

4.3. Application Potential an Limitation of the Prediction Model

Since the CRA comprises the transport of alkalis through a porous material which is
assumed to be a moisture-based process as water in the pores acts as a transport medium for
the alkalis, the transport process usually is approximated using diffusion models. To model
the CRA, Fick’s second law of diffusion usually is adapted by including the re-alkalization
coefficient kcra which is determined by a linear regression of the re-alkalization depth
dcra over the root of time. The value for kcra corresponds to the slope of the regression
line and is given in mm//time and assumes an ideal diffusion process. While previous
research on CRA agrees that the process is non-linear, this is not taken into account in the
root-time law.
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As shown in the present study, this simplified assumption results in an overly simpli-
fied representation of the re-alkalization process and ultimately in an incorrect assessment
of the re-alkalization potential of the different materials. In order to understand the re-
alkalization process more precisely, LIBS measurements were carried out, which, in addition
to the indicator tests, enable the investigation of the CRA over time.

Based on the LIBS measurements and the generated depth profiles, the diffusion
coefficient D(RM) of potassium was determined after a re-alkalization period of one day as
a function of the re-alkalization material. Using the diffusion coefficient, the deviation be-
tween the theoretical re-alkalization depths and the measured values could be determined,
assuming an ideal diffusion process. The resulting systematic error can be incorporated
into the modeling of the re-alkalization process as a time-dependent attenuation factor f3.

This factor allows for the consideration of both the potassium concentration at the
interface between mortar and concrete, as well as the penetration behavior of potassium
into the concrete depending on the re-alkalization material. This allows for the increased
alkali transport during the suction phase, which occurs within the first 24 h after mortar
application, to be taken into account.

Subsequent processes such as the binding of alkalis in the carbonated concrete and the
saturation of the concrete, as well as the depletion of the mortar, lead to a decrease in the
re-alkalization rate. This decrease results in an increasing deviation of the re-alkalization
process from an ideal diffusion process, which causes it to deviate further from the previ-
ously applied root-time law over time. If a continuous, infinite re-alkalization is assumed
in the root-time law, the reducing influence of these processes named above is taken into
account when applying the attenuation factor.

Thus, based on the LIBS measurement after one day and the determination of re-
alkalization depths at least three time points within 28 days, a material-specific attenuation
factor can be calculated, which can be used to model the re-alkalization process. This not
only improves the coefficient of determination of the prediction but also requires fewer
values that could theoretically be determined within a quick test in the laboratory. Fur-
thermore, by determining the reduction factor, a systematic deviation of the re-alkalization
process from the ideal diffusion process could be parameterized for the first time.

The materials differ primarily in their initial attenuation factor during the suction
phase, which is influenced not only by the moisture content difference but also by the
concentration difference between mortar and concrete. Over time, the attenuation factor of
the materials decreases in a similar manner, which presumably reflects less of an influence
of the repair mortar than of the concrete, which was the same for all composite systems.
It should be noted that concrete with an extremely high w/b ratio and porosity was
selected in order to accelerate the re-alkalization process. However, the determination of
the attenuation factor can be applied to cement-based concretes with a lower w/b ratio
leading to a lower porosity, as it can be assumed that lower porosity primarily only leads to
a slowdown of the CRA. Other factors affecting the attenuation factor, such as the binding
of alkalis in the concrete and the effects of the repair material, continue to apply. Finally, it
should be noted that according to the present calculations, the re-alkalization process never
follows an ideal diffusion process, which would be characterized by an attenuation factor
of 1.

Nevertheless, the prediction described is only an approximation of the real data, since
the re-alkalization process is underestimated, especially at high potassium concentrations.
This discrepancy may be due to the fact that the present data are based on samples that were
fully re-alkalized at high potassium concentrations within the 90-day measurement period.
Thus, correlation between the calculated and measured data is only possible to a limited
extent, since a precise value for the actual re-alkalization depth cannot be determined
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with complete re-alkalization. In this case, the dcra value was assumed to be equal to the
carbonation depth, which, however, was only determined using a reference sample. Due
to the inhomogeneous structure of concrete, certain deviations in the carbonation depth
within a sample are to be expected [20,30].

5. Conclusions

The present study demonstrates the applicability of LIBS for the quantitative analysis
of CRA to derive the material-specific diffusion coefficient, which can be used to calculate
an attenuation factor that allows an improvement in the predictability of the re-alkalization
process. By comparing the different investigation methods, in addition to the parameteriza-
tion of the results, further insights into the re-alkalization process and the influence of the
different re-alkalization materials could be gained. The main findings can be summarized
as follows:

e  During CRA, potassium accumulation in the concrete exceeds the concentration equi-
librium between concrete and mortar, which indicates binding of potassium in the
carbonated concrete. This enrichment occurs at the expense of the repair mortar, which
becomes depleted of alkalis in the interface to the concrete.

e  Using LIBS measurements, a diffusion coefficient D(RM) can be determined, which
can be used to determine the deviation of the re-alkalization process from a process
based on Fick’s second diffusion law. This deviation can be parameterized as a time-
dependent attenuation factor {3(t).

e By adapting the diffusion law through the attenuation factor, the re-alkalization process
in the suction and diffusion phase can be modeled, so that a comparison of the different
materials with regard to the expected maximum re-alkalization depth is possible. This
is crucial when the alkali concentration in the re-alkalization material is high compared
to cement-based mortars, so as not to underestimate the re-alkalization potential of
these materials.

e  Asaresult of cyclical irrigation, the re-alkalization mortar is subjected to stress in two
directions, which is characterized on the one hand by leaching and on the other hand
by the excessive release of alkalis into the substrate.

e  Although pre-wetting the concrete influences the absorption behavior of the concrete,
this does not directly correlate with the re-alkalization progress during the suction
phase of the CRA. A less pre-wetted substrate concrete does not automatically result
in faster re-alkalization during the suction phase.

6. Outlook

While the present study demonstrates the time-dependent deviation of the CRA from
an ideal diffusion process, which can be taken into account by introducing the attenuation
factor, the validation of this adaptation should be expanded to more material variations
and longer re-alkalization periods. In this context, the alteration effects in the mortar
should be investigated in more detail with regard to their limiting influence on the CRA
and, if necessary, quantified in order to further refine the prediction model. The influence
of the substrate concrete should also be further investigated to determine the influence
of a possible rear-side re-alkalization. For the practical development of CRA, systematic
investigations should be carried out with regard to the pre-wetting of the substrate concrete.
Since the re-alkalization mortar is subjected to stress in two directions, the increased
leaching of alkalis should be counteracted by optimizing the material. In addition, the
influence of carbonation of the repair mortar and its effects on the CRA should also
be investigated.
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Abbreviations

The following abbreviations are used in this manuscript:

CRA Chemical re-alkalization
dCRA Re-alkalization depth
D(RM)  Specific diffusion coefficient for a repair mortar
HAABs Hybrid alkali-activated binders
kCRA Re-alkalization coefficient
KWG Potassium water glass
LIBS Laser-induced-breakdown spectroscopy
orc Ordinary Portland cement
Appendix A
20 Measured
= OPC
= 50C
161 Z ‘ 4 50C 0.5 KOH
_Carbonatlon depth of the concrete 50C 0.5 KOH-KWG
12 50C 0.5 KWG
e 50C 2.3 KOH
£ 1 = 50C 2.3 KOH-KWG
= 8-
< T } Calculated dCRA = kCRA X \[t
| 3¢ B T T e OPC with:
4+ F A bty 50C k=0.0209 x D(RM) - 0.102
| &¥ 50C 0.5 KOH
------ 50C 0.5 KOH-KWG
0w 50C 0.5 KWG
T T T T T T T T T T T T 1 50C 23 KOH

60

—_—
80 100 120 140 160 180

50C 2.3 KOH-KWG
Storage duration [d]

Figure A1l. Comparison of the measured values and the values which were calculated based on
the root-time law using the diffusion coefficient after 1 day to replace the re-alkalization coefficient
(determined after 90 days).
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Table Al. Composition of the LIBS calibration mixtures.

Mix.-No. Name Metakaolin

KWG
(Silicate
Modulus 1.0)

CEMI CEMI KOH,,; Water by Added

325 52.5 (50 %) Solutions Mixing Water

g wit%

Ref-0 100 - - - - 50 0.656
Ref-1 100 - - 3.75 - 1.875 48.125 1.795
Ref-1I 100 - - 7.5 - 3.75 46.25 2921
Ref-1IT 100 - - 11.25 - 5.625 44.375 4.018
Ref-IV 100 - - 15.0 - 7.5 42.5 5.070
37.5-C - 62.5 85.0 - - - 50.0 0.595
25-C - 759 84.0 - - - 50.0 0.633
12.5-C - 87.5 83.0 - - - 50.0 0.667
50-C-0 - 50.0 50.0 - - 50 0.560
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