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Reinforced concrete (RC) structures in harbors are designed for long life
(50–70 years) and are subjected to chloride-induced corrosion. Diagnosis of
these structures usually relies on inspections which consist of ponding salt in
the concrete cover with semi-destructive testing (SDT). Uncertainties in
inspection result in bad diagnosis, and consequently in bad decisions. This
study aims at developing a methodology for quantifying the uncertainty of
measurements taken on-site where the random properties of concrete play a
role. This assessment was performed through multiple measurements by three
operators from two laboratories on the same cores extracted from a 27-year-old
existing bridge located in Ireland. A total of 566 measurements are available. The
effect of the operator, laboratory, and protocols are highlighted and then
modeled. It is shown that the error of assessment is a function of the chloride
content and follows a student distribution. The standard deviation of this error
reached approximately 15% of the chloride content. This error is further
propagated through the Fick law parameters for measuring its effect on the
diagnosis: a 17% change of the probability of corrosion initiation is shown. This
is the first study of this type with in situ inspections and the work is partly
transferable to other coastal or offshore structures.
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1 Introduction

Harbors play a major socioeconomic role in almost all countries with more than 80%
trade exchange. Furthermore, they often play a key role in military defense in Europe and
all over the world (Boero et al., 2009a; Boero et al., 2009b). Reinforced concrete (RC)
structures in harbors are designed for long lives (50–70 years) in marine environments
which are considered to be aggressive on RC structures. The main degradation
mechanism is chloride-induced corrosion associated with different exposure
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conditions: tidal, splash, and atmospheric, whose boundaries
have been defined by Bourreau et al. (2020).

To prevent any critical failure and optimize the maintenance
of the structures, a diagnosis is usually made several times during
their lifetime. It usually relies on inspections which combine
different techniques, and among them are non-destructive
techniques (NDT) such as half-cell potential, resistivity, and
current density measurements (Torres-Luque et al., 2014;
Lecieux et al., 2015; Lecieux et al., 2019; Fares et al., 2018;
Bourreau et al., 2019; Priou et al., 2019). Condition
assessment should be based on a clear understanding of the
relationship between the measurements and the degradation
levels with the associated levels of uncertainties (Faber, 2002;
Stewart and Val, 2003; Bastidas-Arteaga and Schoefs, 2012;
Bastidas-Arteaga and Schoefs, 2015; Rakotovao Ravahatra
et al., 2019). A concrete structure made of the same concrete
presents variability, especially when dealing with transfer
properties such as chloride diffusion (Othmen et al., 2018).
The result is a requirement to propose methods into
investigating the spatial variability and optimizing the
positional measurements (O’Connor and Kenshel, 2013;
Schoefs et al., 2016; Oumouni and Schoefs, 2021). The
diagnosis concerning chloride profiles usually relies on semi-
destructive testing (SDT), in which the goal is often to pond salt
on the concrete surface. The technique comprises several steps
which include: i) the drilling of a core, ii) cutting it up into
lengths, iii) crushing, and finally iv) carrying out a chemical test.
Even if this assessment relies on a complex method, there is no
commercial sensor with proved implementation and efficiency
on site (Torres-Luque et al., 2014; Jin et al., 2020; Biondi et al.,
2021; Watanabe et al., 2021). Additionally, other methods such as
resistivity also demonstrate limitations in terms of error and
require correction of the data (e.g., due to the effect of saturation
degree and temperature) (Lecieux et al., 2015; Bonnet &
Balayssac, 2018; Bourreau et al., 2019). SDT has been used in
a large number of studies for materials tested in laboratories since
the 1990s (Dhir et al., 1990). Tests on existing structures are far
less frequent: Othmen et al. (2018) reviewed 10 published studies
from 2004 to 2016 with only 3 concerning more than
30 measurements. However, none of these investigated the
uncertainty of measurements. Articles dealing with epistemic
uncertainties of chloride measurement have either i) not
considered uncertainty of assessment (Hamidane et al., 2020)
or ii) have been based on data for a model material created in the
laboratory (Hunkeler et al., 2000; Schoefs et al., 2022). It is noted
that this method requires high human involvement, and its
multiple steps lead to significant uncertainties even for a
model material (Bonnet et al., 2020). Hinrichs (2012) reported
that the standard deviation of the error of measurement could
reach 0.01% of the chloride mass fraction referred to as the mass
of cement. Hunkeler et al. (2000) pointed out that the
reproducibility standard deviation depends on the absolute
amount of chlorides, but no values are given for on-site
assessment. Uncertainty in measurement can lead to bad
management decisions (Hinrichs, 2012; Sheils et al., 2012): the
uncertainty of measurement is thus a key input in maintenance
optimization. Uncertainty of measurement in maritime
conditions includes

- expertise and tiredness level of the operator (Schoefs et al.,
2012),

- protocols for on-site inspection (Schoefs et al., 2009), and
- processes of measurement in laboratories (Bonnet et al.,
2020).

In Bonnet et al. (2020) andHunkeler et al. (2000), the quantification
of the error of measurement was performed on laboratory specimens
made with a normalized mortar and exposed to a fixed well-known
quantity of chlorides. It is thus not directly transferable to concrete
structures because the material is not the same, it was built in the
laboratory, and the chloride contamination was performed under
laboratory conditions. Moreover, the effect of chloride content on
the error cannot be investigated, and there are no gradients of
chlorides vs. depth for analyzing the effect on diffusion properties.
Hence, the purpose of this study is to provide for this quantification of
uncertainty. To reach this objective, measurements taken on an actual
bridge in Ireland were used, whose concrete cores were extracted in
order to conduct the study on chloride profiles (O’Connor andKenshel,
2013). A total of 263 measurements of chlorides were available, thus
facilitating performance of a comprehensive statistical analysis. The
onsite cores were analyzed by two laboratories: one in Ireland and one
in France. Moreover, two operators made the measurements in France.
As a result it is possible to quantify the role of the operator and the
protocol employed. Moreover, the scatter in the chloride content
facilitates the analysis of the dependence of the uncertainty to the
level of contamination. Finally, the impact on the parameters of Fick law
and on the diagnosis was analyzed.

Section 2 depicts the protocol, the location of measurements,
and the transnational measurements. Section 3 presents the data and
quantities of interests: i.e., i) the chloride content for decision at the
date of inspection and ii) the parameters of the Fick equation as
calculated from these profiles. In Section 4, the quantification and
modeling of uncertainties are evaluated and modeled. Section 5
analyzes the effect of the error of measurement on the diagnosis of
the bridge. This article finishes with some concluding remarks
presented in Section 6.

2 Presentation of structure and
transnational measurements

This section presents the Ferrycarrig Bridge, the structure on
which concrete cores were extracted in order to conduct a study on
chloride profiles, the experimental program for obtaining these
different measurements, and the laboratories involved. Most of
the information concerning the presentation of the bridge and
the experimental program for obtaining the chloride profiles was
collected in the PhD thesis of Kenshel (2009).

2.1 Presentation of RC structure: Ferrycarrig
Bridge

Since chloride profile data for RC marine structures are quite
scarce due to the cost of obtaining them, or due to the accessibility or
inaccessibility of these structures, the present study is conducted on
the chloride profile data obtained from concrete cores extracted
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from the Ferrycarrig Bridge cross girders during its rehabilitation
in 2007.

The Ferrycarrig Bridge (Figure 1), built in 1980, is an RC bridge
located in the atmospheric marine environment of southeastern
Ireland on the N11 Wexford–Dublin Primary National Road
passing over the River Slaney. Situated 3.5 km from the nearest
main coastline, the bridge consists of eight spans of precast and
prestressed girders with a cast-in-place RC fill. The reinforcement
cover for the RC beams ranges from 22 to 63 mm with an average
cover of 48 mm and a water/cement ratio of approximately 0.44% by
weight (Kenshel, 2009). In addition, the spans are supported by
intermediate piers with abutments at both ends. The bridge is
continuous on all piers except the central pier where an
expansion joint has been provided for the deck. It is 15.8-m wide
and its eight spans are regularly spaced at 15.7 m, which gives it a
total length of 125.6 m. The bridge piers consist of two separate
concrete walls, topped by transverse RC beams on which the bridge
deck rests. These beams are 1.2 m deep, 1 m wide, and 15.24 m long.

In order to assess its condition state, this bridge was inspected twice
in 2002 and 2004 without coring. From this diagnosis,
instrumentation and rehabilitation of various elements of the
bridge were carried out in 2007. It was during these
rehabilitation works that the cores were extracted from the cross
beams of seven piers Pi (Figure 1).

2.2 Location of measurements

During the rehabilitation of the Ferrycarrig Bridge, five 50-mm
diameter concrete cores were extracted from each of the North (N)
and South (S) faces of the first seven transverse girders of the bridge,
shown in Figure 1 (see O’Connor and Kenshel, 2013 for details). It
should be noted that the cores extracted from the different faces of
the different girders of each of the seven piers were not equidistant.
Indeed, due to operational difficulties at the site, the cores could not
be drilled at the same distance along the girders (Kenshel, 2009). The

FIGURE 1
Photograph of the Ferrycarrig Bridge (piers #1 to #7 locations) (Kenshel, 2009, pp. 116).

FIGURE 2
Cores symbolizing system (Kenshel, 2009, pp. 117).
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distances between the core’s locations, their relative locations to both
ends of the spans and the beam soffits, are shown in Figure 2. Note
that the distance is at least 1.2 m, which is sufficient distance to
ensure that cores are statistically independent when considering
chloride content (Schoefs et al., 2022). For more details on the exact
location of each core for each face of the different girders see
Appendix B of Kenshel’s (2009) thesis. In order to identify the
different cores and their location, the following numbering has been
adopted: PiNj and PiSj, where P is the pier, i is the pier number, N is
the north face, S is the south face, and j is the core number. Once
extracted, the cores were sealed in plastic bags and sent to the
laboratory of Trinity College Dublin (TCD) for processing and
chemical analysis. Some cores that were damaged were excluded. Of
the 70 cores, only 45 were treated, which included cores from the
different faces of piers: P2, P3, P4, P7, and the five cores from the
south face of pier P1 (P1S). These cores were then subjected to an
extensive experimental program in accordance with the European
standards in order to determine the chloride profiles.

2.3 Laboratories involved and methods used
for chloride assessment

After extraction of the cores, the experimental program started
at the TCD laboratory with slicing, crushing, and grinding
operations in order to reduce the different concrete cores into
powder to extract chloride. Once in the TCD laboratory, the
45 selected cores were cut into 8-mm-thick slices using an angle
grinder equipped with a 2-mm diamond blade. The first 5 mm
outside of the cores were removed before being dried in an oven at
105°C for one night according to the recommendation of the
Eurocode (EN 14629). The concrete slices were then crushed
using a manual jaw crusher such that the powder obtained could
pass the 1.18-mm sieve, keeping in accordance with the
recommendations of EN 14629. The powder samples were
therefore obtained for the eight incremental depths of the five
cores extracted per beam face, each weighing between 18 and
25 g and then stored in a sealable plastic bag. For the

determination of the total chloride profiles in the different
samples, a portion of the powders from each sample was
processed by an operator in the TCD laboratory and another in
the Nantes Université laboratory using the acid soluble chloride
method. The two protocols were selected because they both follow
RILEM recommendations (Setzer, 2002; Vennesland et al., 2013)
and are representative of the most widely used methods for salt
ponding in concrete (Othmen et al., 2018).

At TCD, a potentiometric titration was then performed
according to the recommendations of EN 14629 with a vacuum
filtration method that is described below. For each sample
approximately 2.5 g of concrete powder was taken in a beaker to
which was added distilled water and 5 mL of concentrated HNO3

(69%). The mixture was stirred and heated for 30 min. The solution
was then filtered into a volumetric flask. The chloride concentration
of the filtered solutions was determined by potentiometric titration
using an automatic titrator with silver nitrate (AgNO3) as the titrant.
The TCD laboratory forwarded the sample powders to Nantes
Université, where two operators (NU-P and NU-G) also carried
out the same measurements of the total chloride content according
to the acid soluble chloride method at different periods. The
complete process is available in the appendix of Kenshel (2009).
Note that to make sure that the titration apparatus system was
working properly, a calibration was performed by using the
reference method of the Swedish National Testing and Research
Institute (SNTRI)—2 6 0 for acid soluble chloride determination.

However, it should be noted that they followed the procedure
recommended by RILEMTC178 (Setzer, 2002), as done by Bonnet et al.
(2020) and Othmen et al. (2018) and is described below. For each
sample, approximately 5 g of concrete powder was taken in a beaker to
which distilled water and HNO3 were added. The mixture was then
stirred and heated for 30 min. The solution was filtered into a 250 mL
volumetric flask. The chloride concentration of the filtered solution was
determined by potentiometric titration using an automatic titrator with
silver nitrate of molarity 0.05M (AgNO3) as the titrant.

In conclusion, it should be noted that as far as the experimental
program is concerned, the powdering step of the concrete cores was
carried out in the same laboratory (that is, TCD), while the other

FIGURE 3
Example of total chloride profiles after 27 years of exposure showing the heterogeneity of measurements by different operators.
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steps (filtration and titration) were carried out in two transnational
laboratories and by different operators: the operator of TCD in the
laboratory of TCD (in Ireland) and the operators NU-G and NU-P
of Nantes Université (France).

3 Data analysis

The available data was collected in 2007, after 27 years of
exposure. From a semi-destructive assessment of chlorides from
cores, two types of quantities of interest can be studied:

- the chloride content at a given position in the concrete cover,
which is discussed in Section 3.1, and

- the parameters of the model diffusion, from the profile
analysis. The model and data treatment are presented in
Section 3.2.

Table 1 presents details of the data analyzed.

3.1 Chloride content

Following the potentiometric titration of the different concrete beam
samples, various chloride contents were obtained with chloride levels
ranging from 0 to approximately 0.001478 g/g of concrete, considering all
cores and operators. Figure 3—left plot shows the profiles obtained from
the three operators for pier P1 and south exposure, and two sections
(1 and 4). This level is quite low when compared to that obtained on
structures of the same age purely exposed to sea conditions
(0.0025 according to Othmen et al., 2018) in the tidal zone.
Moreover, during a more detailed analysis, it was noted that for the
same position and core, the quantity measured varied according to the
operators [Figure 3—right plot shows one pier with north exposure
(P4N) and two sections (3 and 5)]. This demonstrates the imperfect
nature of chloride measurements in marine structures in RC. However,
according to many authors, these measurements are still one of the best
tools for rational decision support for inspection or maintenance of
marine structures in RC (Bastidas-Arteaga and Schoefs, 2012; Bastidas-
Arteaga and Schoefs, 2015; Tran et al., 2016; Othmen et al., 2018; Bonnet
et al., 2020). Therefore, a more careful analysis of the measurement
discrepancies of the different operators is necessary. The protocols for
obtaining the chloride content being slightly different and operators being
different, a more detailed analysis is carried out. The objective is to
investigate if these deviations are related to the quantity of chloride
measured, the protocol of assessment, or the operator.

Moreover, these measurements are generally used to determine
the parameters of a model for the prediction of the chloride profiles
with time, the objective being to evaluate the corrosion risk. An
analysis of the impacts of the measurement differences on these
parameters is carried out in Sections 4, 5.

3.2 Parameters of Fick model

After having determined the chloride content in the different
cores, a treatment is carried out in order to determine the parameters
of a prediction model. The chloride profiles, with the exception of a

few, show a concentration gradient decreasing rapidly with the
depth of the concrete. The model used for fitting the chloride
profile (chloride content as a function of depth) is usually the
Fick’s model (Mejlbro, 1996). This model is one of the models
that allows calculation of the amount of chloride in the concrete as a
function of time. Unlike other models, it is highly preferred in the
literature for the treatment of chloride profiles from RC structures in
marine environments regardless of the exposure area for its
simplicity and ability to be adapted to different exposure
conditions (Othmen et al., 2018). Moreover, according to
Othmen et al. (2018), concrete can be considered the almost
saturated in the marine environment. This is justified by the fact
that concrete is generally poured in situ, constantly exposed to high
humidity (more than 76% in the present case study) and subjected to
water from splashing and/or rain. Under the assumption of a
homogeneous concrete, constant surface content, and one-
dimensional diffusion in a semi-finite space, the second law of
the Fick’s model is used for the adjustment of the chloride
profiles and is expressed as follows:

C x, t( ) � Ci + Cs − Ci( ).erfc x

2
���
D.t

√( ). (1)

where C(x, t) is the chloride content at a depth xm) and after time t
s); Ci (g/g concrete) is the initial chloride content in the concrete
before exposure; Cs (g/g concrete) is the chloride content at the
surface of the concrete; and D (m2/s) is the apparent diffusion
coefficient of the concrete. The fitting involves monotonic and
strictly decreasing profiles and have therefore been the subject of
pre-processing which is done in an individual way as recommended
by Othmen et al. (2018); all the data, from the surface to the point of
maximum chloride content, are discarded. However, contrary to
this study where Ci is considered as known with a value of 0, it is
rather treated as an additional parameter of the model to be
determined in the present case, as was done by Kenshel (2009).
Indeed, the study conducted by Kenshel (2009) showed that when
Ci is considered to be random (parameters of the model of the
second Fick’s law), a better quality of fit is obtained than when it is
considered to be zero. Selecting outliers is always a delicate task.
Another data processing is used in this study consisting of
discarding each of the values considered as outliers in order to
have profiles conforming to the expected pattern. Here, for
measurements at depth deeper that the point of maximum
chloride content, values are discarded if they did not match the
expected pattern, after fitting: monotonous and are strictly
decreasing along the concrete depth. This may result from
measurement errors, damage to the concrete (crack), or the
quantity of available powder of concrete (the presence of steel
rebars or big aggregates in the slice of concrete). For instance, in
Figure 4, profiles P4N5 and P3S2 experience a value of 0 that is
physically impossible, even if they belong to a continuously
decreasing profile. In Figure 4, profile P2N1 is highly regular.
The data obtained in the literature allow quantifying a
maximum change between one measurement and another one:
first, Bonnet et al. (2020) showed that the maximum error of
measurement in the laboratory is around 7·10–4 (g/g). This order
of magnitude is confirmed in Section 3.3. Second, a profile in a
highly polluted concrete by chlorides experiences a maximum
change between a measurement and another one in the nearest
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point of 10–3 (g Cl−/g) (Othmen et al., 2018; Figure 3). In profile
P2N1, the change exceeds 10–3 and again null values are found, and
as a result, they are discarded.

In some cases, the whole profile is discarded when the evolution
is not decreasing or when having very little data (less than four
points) for the fit. That is the case when the profile experiences slight
changes around a mean value: in Figure 4, for profile P4S4, the
difference between themaximum andminimum values of the profile
is 4·10–5, much less than that of the measurement error. The profile is
thus discarded.

Figure 4 illustrates that the discarded profiles concerned both
laboratories and operators, several piers (P2, P3, and P4), and
exposure zones (north and south). After case-by-case studies,
eight profiles were excluded: four for the TCD operator (P2N1,
P3N2, P4N4, and P4N5) and four for the NU-P operator (P2N1,
P3N2, P4S4, and P4S5).

Subsequently, the values of D, Ci, and Cs were determined by
iteration using the least-square minimization criterion and simplex
optimization algorithm. The discarding of outliers (content and
profile) resulted in an increase of the mean of D and Cs, and a slight
decrease of the Ci parameter, whatever the operator: forD and Cs, an
increase of approximately 4% and 6.4% for the TCD operator and
8% and 9.4% for NU-P was observed, respectively. As a
consequence, the filtering of the outliers did not change the
profiles significantly when looking to the order of magnitudes of
uncertainties.

3.3 Method for quantifying error of
measurement

The analysis of the various profiles of chlorides resulting from
tests of repeatability carried out by the three operators (NU-P, NU-
G, and TCD) of the two different laboratories (NU and TCD) made
it possible to highlight errors of measurement. In order to evaluate
these errors, the data were subdivided into two series. The first series
(series 1) concerned the data of the P1S beam, on which all three
operators (which included those from the same laboratory) made
measurements. Each operator carried out 40 measurements
(Table 1) of the chloride levels between [0 and 7.66]·10–4 g/g of
concrete. The second series (series 2) made up of two operators from
two different laboratories (NU-P and TCD) who measured the data
from beams P1S, P2S, P2N, P3N, P3S, P4S, and P4N, on which both
operators from different laboratories carried out measurements.
Indeed, only these operators worked simultaneously on all these
beams with a total of 263 chloride measurements in all between
[0 and 14.78]·10–4 g/g concrete.

The actual amount of chlorides at each position is not known, so
the nominal value is evaluated according to the procedure used by
Schoefs et al. (2009). This procedure consisted in considering this
nominal value as being equal to the average of the three
measurements made by the different operators at the considered
position Eq. 2. The assumption being that operators or protocols are
not at the origin of a systematic bias. Thus, measurement errors of
each operator are computed according to Eq. 3.

εj,i � Ĉj,i − ∑3
k�1Ĉj,k

3
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where Ĉj,i is the chloride content measured by operator i at position j
(beam, exposure, and depth).

3.3.1 Error of each operator
From the analysis of the different chloride measurements, it was

found that there is heterogeneity between the values measured by the
TCD laboratory and those of the Nantes Université laboratory for
measurements that are supposed to be identical, since these operators
used the same powder samples. Thus, the effect of the protocol and
equipment used in each laboratory is evaluated by statistical analysis.
To do this, series 1 is considered. Indeed, although having less data (40),
this series is the most adapted because it includes the three operators

TABLE 2 Statistical estimators of measurement errors: case of series 1.

Estimator NU-P NU-G TCD

Range of measured chloride levels [g/g concrete] [1.02–7.66]·10–4 [0.91–7.26]·10–4 [0–7.40]·10–4

Mean −4.39·10−6 8.12·10−78 3.58·10−6

Standard deviation 2.48·10−5 3.90·10−5 2.85·10−5

Maximum error of overestimation 7.09·10−5 7.08·10−5 1.22·10−5

Maximum error of underestimation −7.17·10−5 −1.48·10−4 −5.64·10−5

Bias 1.89·10−5 2.55·10−5 1.92·10−5

TABLE 3 Statistical estimators of measurement errors: case of series 2.

Estimator NU-P TCD

Range of measured chloride levels [g/g
concrete]

[1.02–14.39]·
10–4

[0–14.78]·
10–4

Mean −6.94·10−6 6.94·10−6

Standard deviation 6.66·10−5 6.66·10−5

Maximum error of overestimation 1.04·10−4 5.49·10−4

Maximum error of underestimation −5.49·10−4 −1.04·10−4

Bias 3.20·10−5 3.20·10−5

FIGURE 4
Examples of profiles obtained in three beams (P2, P3, and P4), on north and south faces (N/S) for two operators (TCD and NU) with a few outliers
excluded from the analysis (discarded data) and discarded profiles.
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(two from the laboratory of Nantes Université and one from TCD).
Tables 2 shows all the estimates computed for this comparison: range,
mean, standard deviation, maximum, and minimum errors computed
from Eq. 2. Note that the maximum/minimum errors are of the same
order of magnitude as the threshold used to detect outliers in Section
3.2, i.e., 10−3 (g Cl−/g). It appears that there is neither a laboratory that
provides an additional bias nor standard deviation or a wider scatter

when compared to the other. Indeed, the bias and standard deviation of
the TCD operator are between those of the two operators of the Nantes
Université (NU-P and NU-G). Consequently, the measurements are
not influenced by possible laboratory or type of protocol effects.
Therefore, in the rest of the document, the work will only focus on
the case where we have only the two operators: the series 2 for which
263 measurements are available.

FIGURE 5
Plot of the error of measurement as a function of the nominal content for the two laboratories (NU-P and TCD).

FIGURE 6
Evolution of the standard deviation of error of measurement as a function of reference.
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3.3.2 Global error assessment
As previously demonstrated, there is no laboratory effect on the

orders of magnitude for the biases, standard deviations, ranges, and
maximum/minimum errors. Consequently, the global error
statistics are determined by considering only the case of the two
operators: series 2. The averages of the two operators Cnom are
considered as the true values of the chloride content in the concrete,
as it has been shown that there is no additional bias of one operator
when compared to the other (random hazard). Therefore, with two
operators, for one measurement at position j (beam, exposure, and
depth)—Ĉj,i of operator I, the error is computed according to Eq. 3.

εj,i � Ĉj,i − ∑2
k�1Ĉj,k

2
� Ĉj,i − Cnom. (3)

Error estimators are provided in Table 3. Note that the level of
chloride content is quite low when compared with that obtained for
structures of the same age purely exposed to sea conditions, in the
tidal zone (Othmen et al., 2018). This table confirms the absence of a
laboratory effect: the ranges of measured chloride levels are very
similar. Moreover, it appears that the two protocols lead to
approximately the same standard deviation and bias. The
protocol of TCD induces a slight overestimation in comparison
with the one from the Nantes Université. The global distribution of

the error is therefore obtained by grouping the errors of the two
operators (TCD and NU-P) and is the subject of a more detailed
analysis in the following section. When comparing these errors to
those published by Bonnet et al. (2020) on mortars in a laboratory
(standard deviation of 12.10–5 for an average chloride content of
2 10−3) the standard deviation here is 6.7.10–5 for an average chloride
content of 7.10–4. It is of the same order of magnitude but two times
lower. The reason is provided in Section 4.1, where the link between
the chloride content and standard deviation of errors is highlighted.

4 Uncertainty quantification and
modeling

4.1 Uncertainty in chloride assessment

Focus is now placed on the distribution of the error and its
modelling. The first question concerns the dependency of the error
to the nominal level of chloride. This phenomenon is observed for
the on-site resistivity assessment of coastal bridges (Bourreau et al.,
2019) and for the assessment of chloride content for model materials
(Hunkeler et al., 2000). Figure 5 plots the errors of measurement as a
function of the nominal chloride content. The error increases

TABLE 4 Maximum likelihood estimate and parameters of the probability density function for error distribution modeling.

Probability density function MLE Parameter [g/g concrete]

Normal 4309.9 μ = 7.60456.10–13; σ = 6.69402.10–05

t-location scale 4628.27 μ = 2.17982.10–12; σ = 1.62661.10–05; ν = 1.36097

FIGURE 7
Normal and t-location scale pdf used for fitting the distribution of errors.

Frontiers in Built Environment frontiersin.org09

Schoefs et al. 10.3389/fbuil.2023.1130066

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1130066


slightly with the chloride content when it is below 0.0008 [g/g
concrete]. For larger chloride contents, the nominal content is too
low for expanding this analysis.

As a consequence, the standard deviation is modeled as an
increasing function up to a nominal content of 0.008 [g/g concrete]
and is considered a constant for higher values. To this end and in view
of computing the standard deviation accurately, the set of
measurements was divided into six intervals with 46 values each,
which allowed for a good statistical estimate of the standard
deviation. For each of the six intervals, the mean chloride content
and standard deviation of errors were computed. Figure 6 plots the
evolution of the standard deviation with a nominal content up to
0.008 [g/g concrete]. It shows a clear quadratic shape whose equation is
given in Eq. 4. Eq. 5 gives the value to be used for higher chloride
contents. The range of standard deviations [1·10–5 to 1.2·10–4] per kg
Cl−/kg of concrete was lower than the one obtained by Hunkeler et al.
(2000) that ranged between 0.00008 and 0.00010 (kg/kg cement),
i.e., between [1.6·10–5 and 2·10–5] (kg/kg cement) for a concrete
density of 2,320 kg/m3 and cement content of 375 kg/m3) (Kenshel,
2009, p. 45). However, tests by Hunkeler et al. (2000) were carried out
on the materials cast in the laboratory.

σε � 80.71C2
nom + 0.3236Cnom – 3.10−05 forCnom ≤ 0.008 g /g concrete[ ], (4)

σε � 1.2 .10−04 for Cnom > 0.008 g / g concrete[ ], (5)
where σε denotes the standard deviation and Cnom is the nominal
value.

In view of propagating the corresponding uncertainty through
degradation (e.g., diffusion) models in a risk-based inspection
framework, let us now focus on the probabilistic modeling of the
distribution of the error. A normal probability density function (pdf) is
usually suggested but it is shown that this assumption should be tested
before its selection (Schoefs et al., 2009). Table 4 gives the maximum
likelihood estimates (MLEs) and the parameters of the distributions
obtained from the MATLAB Statistics Toolbox for the normal and
t-location scale (Student t-distribution) pdf. Figure 7 plots the
corresponding pdfs with the experimental distribution. Both the
figure and statistical estimate (MLE) show that the t-location scale
pdf is the best candidate. Note that it is also selected for the error of
measurement of marine corrosion (Schoefs et al., 2009).

The error is zero-mean with a standard deviation following Eqs
4, 5. Given, these two parameters and knowing that the degree of
freedom is ν = 1.36097 (Table 4), the distribution of errors is
conditioned by the predicted nominal value and follows the
t-location scale pdf. This modeling allows computing the error of

assessment of the chloride content from SDT and the probability of
detection and probability of false alarm. These inputs are required in
risk-based inspection (RBI) (Sørensen and Faber, 2002; Straub and
Faber, 2005) frameworks for analyzing their effects on the
operational expenditure (OPEX) (Sheils et al., 2012) or the multi-
objective index (MOI) (Bastidas-Arteaga and Schoefs, 2015).

4.2 Uncertainty on Fick law parameters

The error of measurement affects the chloride profiles. As a
consequence, the parameters of the Fick law are also affected and the
error propagates with time when using this equation for chloride
prediction. The aim of this section is to analyze this error by treating
the profiles obtained for each operator of series 2. Note that the
profiles are first built by using a nominal profile considering the
mean value of each operator (Cnom in Eq. 3). Then, the parameters of
the fitted Fick law are calculated and compared.

In order to evaluate the impact of measurement uncertainties on
the Fick parameters, D, Cs, and Ci, the statistic properties are
compared. The set (mean, μ; standard deviation, σ; coefficient of
variation, CoV; and distribution law) obtained by TCD and NU-P
are compared to the values obtained using the nominal profile: μnom,
σnom, and CoVnom. First of all, regarding the pdf and according to the
MLE, it is found that the parameters D and Cs follow a LOG-
NORMAL distribution law, which is a consensual selection in the
literature (Othmen et al., 2018; Clerc et al., 2019). It appears that the
pdf of these parameters is not influenced by the measurement errors
and is therefore independent of the operator. In addition, parameter
Ci follows a rather asymmetrical distribution. However, because Ci
is distributed on extremely low orders of magnitude, a good estimate
of the distribution law is not reachable. Furthermore, the scatter of
the distributed values has the same order of magnitude as the
accuracy of the measurement devices, i.e., the standard deviation
computed previously.

Table 5 provides the statistical estimates of the nominal
profile for D, Cs, and Ci. The average values of diffusion
coefficient and chloride content at the surface are,
respectively, 0.686.10–12 m2/s and 0.0063 kg Cl−/kg concrete:
these values are consistent with those obtained from similar
structures, reviewed by Othmen et al. (2018), and ranged in
the intervals [0.27·10–12 to 5.13·10–12] and [0.003–0.013] for D
and Cs, respectively. Note that the chloride measurement error is
reversed when looking at TCD when compared with that of NU-P

TABLE 5 Statistics of the D, Ci, and Cs of the two operators compared to those obtained by considering the average chloride (nominal value).

Operator Parameters of the nominal
profile

TCD NU-P

Chloride measurement error (Eq. 3) [−1.04·10−4 to 5.49·10−4] [−5.4910–4 to 1.04·10−4]
Parameters (μnom; σnom) CoVnom (%μ; %σ) %CoV (%μ; %σ) %CoV

Ci (% Cl−/mass of concrete) (0.011; 0.006) 0,52 (-8%; −71%) −56% (-10%; −35%) −22%

Cs (% Cl−/mass of concrete) (0.163; 0.129) 0,79 (21%; 47%) 33% (-17%; −4%) 12%

D (10–12 m2/s) (0.686; 0.363) 0,53 (0.001%; −9%) −9% (0.4%; −19%) −19%
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because the mean value of measurements from the two operators
is assumed to be the true value. This table also shows a significant
coefficient of variation for Ci and Ds (around 50%) and a high
coefficient of variation for Cs (around 80%) which is consistent
with that reported in the literature (Othmen et al., 2018). The
relative difference between TCD and NU-P values when
compared with the nominal values are also reported in
Table 5. They are computed as follows:

%X � X −Xnom

Xnom
, (6)

where X is μ σ or CoV.
It is seen that the diffusion coefficient is well estimated in mean

by one operator only and the standard deviation is always
underestimated (from 9% to 19%). The concentration of
chlorides at the surface is less estimated (around 20% of error) in
mean and the error on the standard deviation is very significant (up
to 47%). The larger error in the standard deviation concerns the
initial concentration of chlorides (50% in mean but up to 71%).
These errors on the standard deviation lead to a high error on the
lifetime assessment. Focusing on the CoV for each of these
parameters, it can be under- or overestimated and can reach
56%, which is a high value. These results highlight the sensitivity
of the error to the operator and that repeated tests are required for
providing an average value that could be used as a decision support.
This issue is investigated in the next section.

5 Effect on diagnosis at time of
inspection

As seen previously, the measurement errors propagate from the
measurement phase to parameter determination phase of the Fick
model. Thus, the uncertainties in the measurement of chloride levels
in RC marine structures are likely to affect the reliability of their
diagnosis at two levels:

• for the instantaneous diagnosis made on the basis of these
measurements, and

• for future diagnoses based on the numerical prediction models,
which depend on the parameters of the Fick model (D, Cs, or Ci)
determined from the processing of these measurements. Here, we
analyze this at the time when the measurements are performed.

Section 4.2 demonstrates that uncertainties in the prediction phase
may lead to an underestimation or overestimation of the chloride
profile. This can influence the reliability of future diagnostics on which
future inspections and/or maintenance strategies will be based. If
parameters are overestimated, the Fick law may lead to much earlier
maintenance, unnecessary inspection, or repair costs. Of the opposite,
when these parameters are underestimated, it can lead to late inspection,
and long-term maintenance can be more severe and most certainly
curative: changing the reinforcement of the RC that will be more
expensive as predicted.

It is therefore proposed in this section to evaluate the impact of
these uncertainties on instantaneous diagnosis. The probability of
failure Pf according to corrosion initiation limit state (Eq. 7) is
assessed by the procedure suggested by Bonnet et al. (2020).

Pf � P C dc, t( ) < Ccrit( ). (7)
where

• C (dc,t) is the chloride concentration computed through the
Fick law at cover depth dc at time t, and

FIGURE 8
Presentation of the failure zone for average chloride contents.

TABLE 6 Probability of corrosion initiation computed with the parameter of
Fick’s law of the three profiles of the chloride content.

Type of data

Nominal (3) TCD NU-P

Probability of corrosion initiation (Eq. 4) 0.1 0.117 0.107
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• Ccrit is the critical concentration of chloride leading to de-
passivation. In the present study, it is 0.004375 Cl−/g of cement
or 0.00072 g/g of concrete.

Note that Ccrit is modeled as a deterministic parameter. Indeed,
there are in the literature different values for this threshold, varying
according to several parameters, and its assessment is controversial
(Angst et al., 2009). As a consequence, and for focusing only on the
effect of the inspection results, the average value determined by
Kenshel (2009) is used here.

Eq. 4 is used to assess whether themeasurement uncertainties lead to
poor decision-making (inappropriate maintenance or inspection work),
in comparison with an analysis based on the nominal chloride levels in
the concrete, as defined in Section 4.2. Pf is computed on the basis of the
parameters of the Fick’s law computed from the profiles of TCD and
NU-P and considering the average chloride levels.

Figure 8 plots the distribution of frequencies of the chloride content
at the time of inspection and shows the failure region. The distribution
shows an order of magnitudes of the Pf of 0.1, that is four times lower
than the one obtained for structures exposed directly to the marine
environment in the tide zone (Bastidas-Arteaga et al., 2011), that is, in
line with the lower level of chlorides noticed in Section 3.1.

Table 6 gives the probability of failure deduced from the three types
of chloride content for all the measurements in depth; indeed the cover
depth measured on the structure experienced values between 22 and
63 mm as reported by Kenshel (2009, p. 113). It can be seen that the
probability of failure is sensitive to the type of chloride profile and
experiences an increase of 7%–17%. This order of magnitude is
significant when performing a risk-based inspection planning: for
instance, according to the S-shape evolution of the probability of
corrosion initiation obtained by Bastidas-Arteaga et al. (2011) that
can lead to a preventive repair 3–4 years earlier than is necessary.

6 Conclusion

Today, most diagnostics of reinforced concrete structures in the
marine environment are based on semi-destructive testing for the
presence of salt in concrete cores. This multi-step process is
complex, and the measurements are uncertain. Depending on the
level of uncertainty, decisions based on the diagnosis can be affected:
unnecessary repair or failure due to a missed repair. This study
investigated the level of uncertainty for chloride profiles during
on-site measurements by different operators from two laboratories
and its effect on the diagnosis. The main conclusions are

- It is shown that the two protocols used by the operators in two
laboratories do not lead to systematic bias, i.e., over-/
underestimation of the chloride content.

- The error of measurement depends highly on the chloride
content: the more the chloride content, the more the error until
it reaches an asymptotic value.

- An analytical model of the standard deviation is provided.
- The error is shown to follow a t-location scale pdf whose
parameters are provided as functions of the chloride nominal value.

- It is shown that the initial concentration Ci was highly affected
by the use of a single operator, mainly because the initial
chloride content is close to the accuracy of assessment.

- It is recommended that repeated tests with two operators be
used to get the surface concentration of chloride which is a key
parameter for chloride content prediction.

- It is shown that using a single operator leads to overestimation
(approximately 10%) of the probability of corrosion at the time
of inspection. This is very significant, especially when
considering the efforts for getting these data. This result
reinforces the previous recommendations.

Note that the conclusions remain valid mainly for structures
built with a similar concrete in a similar environment (aerial
chloride ingress in littoral areas), with similar range of chloride
content. Because the measurements were carried out on a 27-year-
old structure, the range of chloride content is wide and
representative of a lot of infrastructures. Indeed, it has been
shown that the uncertainty of measurement depends on the level
of chlorides measured.

These results allow performing risk-based inspection in the
presence of uncertainties of measurement according to the
existing frameworks where an ageing model can propagate
uncertainties on the chloride content.
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