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ABSTRACT

In this work, the applicability of Laser-Induced Breakdown Spectroscopy (LIBS) for the analysis of chloride
diffusion in mortar and concrete has been studied. The high resolution of this technique allows it to obtain a
mapping of the chloride ions distribution in these materials upon being exposed to salted environments, thus
providing an image of how chlorides diffuse inside them. The technique has been applied to mortar samples
submerged in a salt-saturated solution for 3, 9, and 30 months. It has been demonstrated that the penetration
profiles fit reasonably well Fick’s second law in a modified version. The apparent diffusion coefficients for these
samples were obtained (Dsmonths = (5.94 £ 0.05) x 10713 mz/s; Domonths = (3.6 £ 0.6) x 10713 mz/s; D30months =
(2.1 £0.8) x 10713 m?%/ s). These results are in the range of the values found in other similar studies. The study of
the evolution of these parameters over time revealed an age-factor @ = 0.449 + 0.006. Finally, LIBS was also
applied to a concrete sample submitted to a long-period (60 months) immersion in the salt-saturated solution,
giving similar good results (Deomonths = (1.81 £ 0.03) x 10713 m?/s), which demonstrates its suitability for the

study of chloride diffusion in this type of material.

1. Introduction

The concrete industry is currently one of the engines of the economy
worldwide, playing an outstanding role in the growth of modern soci-
eties and economies. Concrete is the most widely used construction
material in the world. Its affordability, flexibility, and energy efficiency
make concrete an obvious choice as construction material for infra-
structure, including hospitals, schools, public buildings, and transport
infrastructure. The global concrete market is estimated to grow from
USD 792.2 billion in 2021 to reach up USD 1,374.2 billion in 2028 [1].
Guaranteeing the structural safety and durability of concrete buildings
and infrastructure is of vital importance, and so is monitoring the con-
crete quality by detecting damages and determining their origin.

Long-term durability depends directly on the capacity of structures
to resist the attack of the elements that cause their deterioration. These
elements vary greatly depending on the location of the structures and
their use. Structures located near the sea are particularly exposed to the
action of chloride ions, which are one of the most harmful elements
causing the degradation of reinforced concrete structures [2,3]. Either
during the manufacturing process or by later exposure to external agents
(including pollution, marine environments, or de-icing salts), can these
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ions make it into the concrete. In reinforced concrete structures, chloride
ions cause corrosion of reinforcing steel bars (rebars) through an elec-
trochemical process that degrades (and ultimately destroys) the
passivation layer protecting them [4-6].

Different mechanisms might cause the penetration of chloride ions
into the matrix of concrete and mortar, including permeation (driven by
a pressure gradient), absorption (driven by a moisture gradient), and
diffusion (due to a concentration gradient). Permeation is a rare process
in mortar and concrete, and absorption usually has an effect mainly on
the surface layer, thus being usually diffusion the most outstanding
mechanism bringing chloride ions to a significant depth in these
materials.

When studying chloride diffusion in mortar and concrete, it must be
considered that ions are moving through an inhomogeneous matrix
containing a multitude of both solid and liquid components. It is a
porous structure where diffusion takes place mostly through the pore
and where a set of processes also affecting chloride transport occur in
parallel. The pore structure greatly influences the rate of chloride
penetration, and this structure depends on factors such as the water-
cement ratio, the inclusion of additives in the mixture, or the hydra-
tion degree of the material [7,8]. Another process having an impact on
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chloride ion penetration is the binding capacity of these ions, which
partially react with the cement creating chemical bonds and eventually
affecting the diffusion coefficient [9,10]. All this means that when we
talk about the diffusion coefficient of chloride in mortar and concrete,
we are referring to an effective diffusion coefficient that accounts for all
these mechanisms ruling chloride transport.

Different prediction models for chloride ion diffusion have been
developed, which analyze parameters such as the chloride binding effect
[11], coupling effects of coarse aggregate and steel reinforcement [12],
the compressive load applied to materials [13,14], and other features
applying different diffusion acceleration conditions [15,16]. Most of
these studies use a chemical method (Mohr method) to determine the
chloride ion concentration in the samples. Occasionally, the analysis of
the samples has been carried out by electrochemical methods such as
impedance spectroscopy (IS), X-ray fluorescence (XRF), or energy-
dispersive X-ray analysis (EDX). All these techniques are typically
rated as destructive, as well as slow, and with poor spatial resolution. To
address these drawbacks, in this work, we have shown that LIBS is a
solid alternative to studying the chloride ion diffusion in the matrix of
mortars and concrete. Moreover, it enables to carry out of quick and
highly spatial resolved analyses, causing practically no damage to the
sample, which could even be performed in situ if needed, so avoiding the
transport of samples to the laboratory.

LIBS is an atomic emission spectroscopy technique that uses a high-
energy laser to irradiate the surface of the sample under analysis. As a
result, ablation occurs, and a part of the sample is vaporized. Electrons
from the surface are accelerated by the action of the laser (due to the
inverse bremsstrahlung effect), which triggers a set of collisional pro-
cesses that eventually ignite a plasma containing sample species in an
excited state. Shortly after the laser pulse ceases, this transient plasma
extinguishes and excited species in it relax to their ground state while
emitting optical radiation with wavelengths characteristic of each
element present in the plasma.

LIBS technology is currently a well-established technique that allows
the performing of a high number of elemental determinations regardless
of the aggregation state of the sample [17-19]. Analysis can be per-
formed in different ways, including a sole pulse or multiple pulses [20],
either using a single laser or working with a double laser system
[21-26]. Another advantage of using LIBS is the possibility of imple-
menting it together with other techniques such as Spark Discharge (SD-
LIBS), Molecular Laser-Induced Fluorescence (LIBS-MLIF), or Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS-
LIBS) [27-30]. The fields of application of LIBS greatly vary due to its
ability to carry out fast and non-destructive analysis [31-33]. Thus, LIBS
systems have been used in the study of archaeological samples, explo-
sives analysis, environmental studies, forensic sciences, food industry,
analysis of residues and nuclear waste, metallurgy, and mineral ore
analysis [34-46], just to mention a few.

LIBS was first used for the analysis and diagnosis of building mate-
rials in the last decade of the 20th century. Its applications in this field
include the determination of the distribution of salt in building materials
through the study of sodium lines, the study of penetration in the
carbonation process, and especially, the analysis of sulfates and chlo-
rides in concrete [47-54], among others. The ability of this technique to
perform surface mappings with high spatial resolution makes it a
powerful tool for the study of the diffusion mechanism of chloride ions
within the cement matrix in mortar and concrete, as we will show in this
work.

In previous work, an optimized experimental set-up based on LIBS
for the determination of chloride ion content in mortar samples was
developed [55]. Optimization of all instrumental parameters, as well as
environmental factors such as pressure and composition of the gas inside
the chamber, was carefully carried out. In the present work, we inves-
tigated the use of LIBS as an alternative method to the study of chloride
ion diffusion in the cement matrix of building materials by studying the
chloride ion penetration in a set of samples previously submerged in
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seawater. To the best of the author$ knowledge, there are not previous
works using LIBS for this application. Thus, this study reveals for the first
time the possibility of LIBS being used to perform chloride diffusion
studies in construction materials and to determine the aging of these
materials in salted environments.

Two different types of samples were analyzed, on the one hand,
several mortar specimens subjected to multidirectional Cl™ penetration
for various periods of time, and also a concrete sample subjected to
unidirectional Cl™ penetration for a fixed period of time. After the im-
mersion period, the samples were sliced crosswise and analyzed using
LIBS, performing surface mapping at different sample depths. Thus, a set
of penetration profiles were obtained and from them, details about the
diffusion of liquid in the samples during their immersion were eluci-
dated. Let us remark that the main aim of this work is to demonstrate the
suitability of LIBS to obtain chloride ion diffusion parameters, rather
than make a comprehensive study on chloride ion diffusion phenome-
non in mortar and concrete samples.

2. Material and method

A schematic of the experimental set-up used in this work is shown in
Fig. 1. It consisted of a 532 nm Nd:YAG pulsed laser of 320 mJ (gener-
ating radiation pulses 10 ns long at a 10 Hz repetition rate), and an
optical lens system focusing the laser pulses into a vacuum chamber
hosting the sample in a helium atmosphere. The light emitted by the
sample upon laser irradiation was focused by another set of lenses onto
the detection system, consisting of a spectrograph equipped with a
grating of 1200 lines/mm and an intensified CCD, operating in
conjunction with a digital delay generator (DDG).

The flow of gas through the chamber and the pressure inside it were
controlled and kept within the optimal range obtained through cali-
bration [55].

For the determination of the chloride ion content of the samples, the
atomic line Cl I 837.60 nm was used [47-52,54]. Among Cl I lines
detected, Cl I 837.60 nm was intense enough, was not overlapped with
others, and did not experiment from self-absorption, which motivated its
choice to measure the amount of chloride ion present in the sample.
However, due to fluctuations between measurements (originated by
little variations in the laser intensity, among other causes), when
working with accumulations of measurements it is not possible to
directly relate the intensity of the Cl I line to the concentration of
chloride ions. This makes it necessary to relate the Cl I 837.60 nm line to
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Fig. 1. Experimental set-up for LIBS analysis of samples.
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another one serving as a reference, which remains constant and inde-
pendent of the chloride ion concentration. It is also essential that the
reference line is located close to the chlorine atomic line so that both
lines can be covered within a single wavelength measurement window
so that both can be measured at the same laser shot. All these re-
quirements are fulfilled by Ca I 849.80 nm line, since this line intensity
is characteristic of the type of cement used in the fabrication of the
samples and is close enough to the Cl I line (Fig. 2). Thus, the chloride
ion content of the sample will be determined by the ratio between the
areas of the lines Cl I 837.60 nm and Ca II 849.80 nm [55].

2.1. Preparation of samples

For the study of the chloride ion diffusion, a set of mortar specimens
of dimensions 40x40x160 mm® were prepared as described in EN
196-1:2005 standard [56]. This procedure entails the use of Portland
CEM42.5R/SR cement (Table 1) and CEN standardized sand (grain size
range of 0.08-2.00 mm). The resulting specimens were submerged in a
saturated solution of sea salt for different periods of time (Table 2). The
immersion was made by keeping the specimens completely exposed
through all their faces so that the penetration of chloride ions took place
from all directions (Fig. 3-A). Subsequently, the specimens were sliced
perpendicular to their long axis into eight equal fragments 20 mm thick
each, using a diamond blade cutter (Fig. 4-A), and the central fragments
were used to perform the LIBS analysis. These fragments were dusted
with dry air to avoid the removal of chlorides by washing.

For the study of the diffusion of chloride ions in concrete, a cylin-
drical specimen 150 mm in diameter and 300 mm in height was used. It
was manufactured following the procedure described in EN 12390-
2:2019 standard [57], using the same cement as utilized for mortar
sample preparation, and a maximum thick aggregate size of 40 mm. This
concrete specimen was covered with epoxy resin to protect it from
chloride ion penetration, leaving only its upper face uncovered, and it
was immersed in a saturated solution of sea salt for sixty months (Fig. 3-
B). After this time, the sample was vertically sliced into two equal parts
using a diamond blade cutter. A fragment of dimensions 40x40x20 mm?
(similar to the mortar samples) was extracted from the top of one of
these parts, so that one of the sides corresponds to the face of the original
specimen exposed to the salt solution (Fig. 4-B), and was submitted to
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Table 1
Composition of Portland CEM I 42.5R/SR cement.
Cement characteristics Usual Standard
Components Clinker (%) 95 95-100
Limestone (L) (%) 5 -
Setting regulator, “plaster” (%) 6 -
Volatile ashes (V) (%) - -
Pozzolana (P) (%) - -
Steel slag (S) (%) - -
Chemical Chlorides (C17) (%) 0.01 0.10 max.
Sulfur trioxide (SO3) (%) 3.4 4 max.
Loss by calcination (%) 3.1 5 max.
Insoluble residue (%) 0.8 5 max.
Physical Blaine specific surface area (cm?/g) 3800 -
Le Chatelier expansion (mm) 1
Setting start time (minutes) 130 60 min.
End time of setting 170 -
Mechanical 1 day compression (MPa) 18 -
2 days compression (MPa) 31 20 min.
7 days compression (MPa) 41 -
28 days compression (MPa) 57 42-62
Additional Heat of hydration (J/g) 300
C3A 3 5 max.
C3A + C4AF 17 22 max.
Table 2

Immersion time of mortar samples in salt water.

Sample Time Submerged
MM1-00-5 (BLANK) Not submerged
MM2-03-5 3 months
MM3-09-5 9 months
MM4-30-5 30 months

the LIBS analysis for the study of chloride penetration.

2.2. LIBS parameters

In previous work, optimization of LIBS measurements was performed
[55]. Thus, the best gas pressure and composition conditions for the
plasma creation leading to more reliable LIBS results were identified. In
the present work, measurements were taken under those (optimized)
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Fig. 2. Typical spectrum showing Cl I 837.60 nm and Ca II 849.80 nm lines.
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Fig. 4. Slicing procedure of mortar and concrete samples.

experimental conditions. In this way, a helium atmosphere was kept
inside the vacuum chamber (with a continuous helium flow) under a
pressure of 1000 mbar. A delay of 700 ns between the laser pulse and
spectra acquisition was set. The window opening time for the iCCD was
10 ps and 20 accumulations per measurement were taken.

2.3. Analysis and data processing
All samples were analyzed immediately after being sliced, so that the

chemical composition of the areas of interest was preserved at all times,
avoiding their exposure to external agents, and keeping them isolated
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until the moment of analysis. LIBS analysis was performed all over the
entire surface of the sliced section of the sample, with a spatial resolu-
tion of 1.2 mm. Thus, the 40 x 40 mm? surface to be examined was
covered by a grid of 33 x 33 cells, providing a result of 70 measure-
ments/cm?> (Fig. 5).

The calibration procedure previously done [55], establishing the
relationship between the ratio of peak areas I(Cl)/I(Ca) obtained from
LIBS analysis and the concentration of chloride ion present in the sam-
ples (eq. (1)) was used:

1(CI)/1(Ca) =7.31 0 107° +13.69 0 107 o %Cl" )}

Fig. 5. Grid of 33x33 cells for the surface analysis of the samples.
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This calibration procedure was validated by comparison with results
from chemical analysis according to the method described in the EN
196-2:2013 standard [58].

Let us remark that, since the Ca II line depends on the composition of
the cement used in the manufacture of the specimens, this calibration
curve (eq. (1) can only be applied to samples composed of cement with
similar calcium proportions. For the analysis of samples made with other
types of cement, a new calibration would be necessary (Fig. 6).

3. Results
3.1. LIBS analysis of the submerged mortar samples

Results from the surface analysis show the chloride ion distribution
in the samples. Thus, the ion penetration profiles and their variation
with depth are shown in detail in Fig. 7. The black dots correspond to
regions where the siliceous phase predominates (free from chloride
ions), whereas parts with high chloride ion concentration correspond to
zones where penetration is favored. As shown, chloride ions distribute
with higher concentrations on the superficial zones of the sample and
progressively advance towards the center, which becomes gradually
more populated with chloride ions as the immersion time increases.

Averaged values of chloride ions were obtained from the 1089 sur-
face measurements corresponding to 33 x 33 grids. The averaged con-
centrations obtained from LIBS analysis for the different mortar samples
are gathered in Table 3.

Regarding the influence of the immersion periods, it can be seen in
Fig. 8 that a remarkable increase in the average concentration of chlo-
ride ions takes place during the first stages of immersion, which grad-
ually slows down as the immersion time increases until reaching a
maximum limit for very long immersion periods.

These results allow us to get some details about the diffusion of C1~
ions through mortar samples, considering that this process is governed
by the Fick’s laws. Indeed, the change in the concentration of ions over
time ruled by Fick’s second law given by the following expression:

#e
ox?

ac

== @

where D is the effective diffusion coefficient, C is the concentration of
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chloride ion and x is the variable position. Considering a constant
chloride concentration at the exposed surface, and a constant diffusion
coefficient the analytic solution to (eq. (2) is:

Cii = Cog+ (Cmo — szo)erf< 3

X
/%)
where C,_o is the ion chloride concentration at the surface and C—g is
the initial concentration, and erf the error function. From it, the effective
diffusion coefficient of chloride ion in a material can be calculated by
measuring the concentration at different depths [8-15,59-66].

In the present work, due to Cl™ evaporation near the surface taking
place upon taking out the sample from salted water, Fick’s second law
only applies from a depth xy. Accordingly, (eq. (3) can be rewritten as:

Cor = Crg + (Crg — Cog)erf (;Jgf) 4

The average concentration of Cl™ ions was calculated for each depth
position by integration considering its distance to the surface. A repre-
sentation of this average concentration versus depth for each sample is
shown in Fig. 9 a-c. By fitting these measurements to the theoretical
behavior expressed by (eq. (4), parameters Cy_g, Ci—o, D, and xo of the
mortar samples studied were obtained (see Table 4).

Interestingly, the initial concentration of chloride ions in the sample
C.—p was not cero, indicating that a primary and relatively fast transport
of chloride ions from the surface towards the central zone of the sample
took place at the earlier stages. We tentatively attribute this fact to
adsorption phenomenon which should be playing an outstanding role in
these mortars due to their porosity [7,8,59,66]. In this way, the solution
containing Cl~ ions would have advanced by capillary suction towards
the mortar sample center from all their lateral faces. This process would
have taken place in a short lapse of time (compared to typical diffusion
times), favored by the small size of the sample. In a longer scale of time,
chloride ions diffusion through the matrix of the material would take
place.

On the other hand, the difference in the measured values of xy can be
attributed to the different time intervals that elapsed from the moment
the samples were removed from the saline solution and the moment the
LIBS measurements were made.
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Fig. 6. Calibration curve for I (Cl)/I(Ca) ratio vs Cl~ concentration.
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Fig. 7. Results of LIBS surface analysis on submerged mortar samples.

Table 3
Average %Cl~ of mortar samples in salt water.
Sample Average %Cl~
MM1-00-5 (BLANK) 0.0157
MM2-03-5 2.2093
MM3-09-5 2.8020
MM4-30-5 3.0957
3.5
3.0 s u
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Fig. 8. Average %Cl™ for submerged mortar samples.

Subsequently, we obtained the following apparent diffusion coeffi-
cient values: D3months = (5.94 &+ 0.05) x 10713 mz/s; Domonths = (3.6 +
0.6) x 107'% m?/s; D3gmonths = (2.1 & 0.8) x 1073 m?/s. These values
are in the range of the values found in other similar studies (from 10712
to 1073 m?/s) [10,12-15,59,61,62,65]. Fig. 10 represents these values
over the immersion time, showing that an increase in the exposure time
leads to a decrease in the diffusion coefficient. This time dependency of
the apparent diffusion coefficient values has been reported by other
authors [10,12,59,62,63,65,66] and follows the empirical expression:

D(t) = Dy(to/1)" 5)
being Dy the initial diffusion coefficient after time ty and « the so-called
age-factor of the material [62,63,65]. Different phenomena could be
causing this decreasing of D, including the cement paste hydration and
the porous tightening of the surface in contact with the salt water [65].

In this work, the a measured was 0.449 + 0.006, in good agreement
with the typical values of this parameter [65].

3.2. LIBS analysis of the submerged concrete sample

In the case of the concrete samples, the presence of large areas of
aggregate hinders the homogeneous distribution of chloride ions. After
sixty months of immersion, a large concentration of chloride ions can be
observed in the area in direct contact with seawater, and this concen-
tration decreases towards the interior of the sample (Fig. 11).

The average concentration of Cl™ ions was calculated for each depth
position by integration considering its distance to the exposed upper
surface (Fig. 12). Again, the experimental behavior fits reasonably well
to the theoretical one given by (eq. (4). The parameters Cx—g, Ci—o, D,
and xp obtained in this case are gathered in Table 5.

As expected, C—p value was approximately cero. Indeed, the high
compactness of the concrete made it negligible the initial adsorption
mechanism present in the small mortar samples.

On the other hand, the apparent diffusion coefficient in this case was
Deomonths = (1.81 + 0.03) x 1072 m?/s (see Fig. 10). Although this
value of the diffusion coefficient cannot be compared to previous mortar
ones because the compaction energy used in the manufacture of the
concrete specimens was higher than that used with the mortar (which
also contributes to increasing the material resistance to the diffusion of
elements through it) and the different experimental designs, Fig. 10
shows that it is not long from the time trend found for mortar.

4. Final remarks

Laser-induced breakdown spectroscopy has become a widely used
tool for analysis in numerous applications. Its use for diagnosis of the
degradation state of construction materials, and in particular for the
analysis of chloride concentration, provides several advantages over
other techniques traditionally used. As shown in this work, this tech-
nique allows to obtain a high-resolution mapping of the chloride ions
distribution in these type of materials with minimal sample spoilage.
Both features made LIBS particularly appropriate for the study of chlo-
ride diffusion and corrosion in construction materials being exposed to
salted environments, including mortar and concrete. The suitability of
this technique for this application has been thoughtfully studied for the
first time in this work.

Several mortar samples were subjected to the action of the chloride
ion for different periods of time (3, 9, and 30 months), and the pene-
tration through the material was studied, obtaining a full picture of
chlorides diffusion inside these samples using LIBS.

The chloride ion concentrations at different depths were measured
and from them, the mechanisms governing Cl~ penetration in the
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Fig. 9. Averaged Cl™ concentration (in %) at different distances from the sur-
face for mortar samples.

samples have been elucidated. Thus, the results from this work have
shown that chloride diffusion fits Fick’s second law with an initial
concentration, accounting for a primary and relatively fast transport of
chloride ions from the surface towards the center of the sample taking
place at the earlier stages (likely due to their high porosity). Also, this
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Table 4
Diffusion parameters values for mortar samples.
t (months) Cx—0 (%) Ce-0(%) 2/Dt(mm) Xo(mm)
3 1.97 + 0.04 0.96 £ 0.03 43+05 7.26 £ 0.25
9 2.19 +0.13 1.2+0.3 5.8+ 2.4 11.6 + 1.1
30 23+04 1.2+ 0.9 8+5 14+ 3
6.5
6.0 4 . m  Exp. data for mortar
' ® Exp. data for concrete
5.5 1 '
5.0 4
454
) \
NE 4.0 1 ' «
‘,_,I" 35 ‘_\ D(t) = Do(to/t)
e AN
x 3.0 1 AN
Q ¢
2.5+ AN
204  «=0449+0.006 \'
R® =0.99987 Tl ®
154 T
10 T T T T T
0 400 800 1200 1600 2000

Immersion time (days)

Fig. 10. Dependence of the apparent diffusion coefficient with sample im-
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Fig. 11. Results of LIBS surface analysis on the submerged concrete sample.
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Fig. 12. Averaged Cl~ concentration (in %) at different distances from the
surface for concrete sample.

Table 5

Diffusion parameter values for the concrete sample.
t (months) Cx—o (%) 2\/Dt(mm) Cr—o (%) Xo(mm)
60 4.3 +£0.4 11.8 +£1.2 0.1+0.1 8.2 +£1.10

technique has proved that some evaporation of Cl~ ions took place on
the surface of the sample.

From Fick’s second law, the apparent diffusion coefficient D was
determined for the three mortar samples. The values measured for this
parameter are in the order of 107'% m%/s, agreeing with results found in
similar studies. It was also demonstrated that the immersion time evo-
lution of D follows the empirical t~* dependency, with an age-factor a =
0.449 + 0.006, in good agreement with other authors’ results.

Finally, LIBS was also applied to a concrete sample submitted to a 60-
months-long period of immersion in the salt-saturated solution. The
presence of large aggregates in this sample precluded the homogeneous
distribution of chloride ions. A D in the order of 107 m?/s was
obtained.

In summary, results from this work have shown that LIBS is a
promising technique for the study of chloride ion diffusion in con-
struction materials. A more detailed analysis exploring other experi-
mental conditions (including bigger samples and shorter immersion
times, among others), will be the subject of future work in order to
investigate in more detail how penetration takes place at the earlier
stages.
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