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A
ABSTRACT

Chloride binding plays a major role with respect to chloride ingress. On one hand, engineering
models often rely on “apparent” diffusion coefficients, which account for both the diffusion of
chlorides in the pore solution and chloride binding. On the other hand, mechanistic models intend
to consider the two phenomena separately. However, the inputs to model chloride binding are

quite complex to acquire, because they require dedicated experiments that are usually only
conducted for research purposes.

\ el

In this paper, an approach is proposed to estimate binding parameters from chloride ingress
profiles. First, the effective diffusion coefficient is measured with a chloride migration test. Then,
a chloride profile from a diffusion test is fitted with a model where transport of free chlorides
follows Fick’s second law, and free and bound chlorides are linked by a Freundlich equation.
Finally, the surface concentration and the Freundlich parameters are adjusted to obtain the best
possible fit. The derived Freundlich parameters are fairly close to the ones measured in dedicated
chloride binding experiments. A case study applying this approach to concrete elements exposed
to seawater in a Danish harbour is also presented.

Key words: Chloride, diffusion, binding, modelling

1. INTRODUCTION

Chloride ingress is a great concern for reinforced concrete structures exposed to salt, due to the
risk of chloride-induced corrosion of the rebars. For this reason, the design service life is often
calculated based on chloride ingress predictions [1].

Two phenomena play a major role in chloride ingress:

1) Diffusion: Chloride ions diffuse from the exposed surface via the pore solution. A simple
model to describe chloride diffusion is Fick’s second law [2]. More complex models, based
on the Poisson-Nernst-Planck equation [3], account for multi-species diffusion in the pore
solution.

2) Binding: Cement hydrates, particularly AFm, C-S-H, and C-A-S-H, can bind chloride
chemically or physically [4]. A common way to describe chloride binding is by the Freundlich
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isotherm, which expresses a relationship between free and bound chlorides at a given
temperature [5].

A simple engineering model consists in assuming that the total chloride content — equal to the sum
of free and bound chlorides — follows Fick’s second law. In this case, the diffusion coefficient is
called “apparent”, because it is a lumped parameter that characterises both the diffusion of free
chlorides and chloride binding [6]. Such approach is represented by Equation (1), where ¢ is the
total chloride content, x is the depth from the surface, ¢ the exposure duration, and Dapp the
apparent chloride diffusion coefficient.

dc d%c
a_tt = Dapp W; (1)

The contribution of diffusion and binding can also be accounted for separately, via a mechanistic
model. In this case, the free chloride content follows Fick’s second law with an “effective”
diffusion coefficient, Detr. For this approach, there has to be a link between the free (cf) and bound
(cv) chloride contents, and in this paper it is assumed that this link is represented by a Freundlich
isotherm. This is shown in Equations (2a-2c), where a and g are empirical parameters, usually
determined by curve fitting.

dc d%c

f _ f
3t = Dengr 2
ey =a-ct (2b)
Ct = Cr + ¢y (20)

In previous studies, Jensen et al. [7,8] introduced a chloride ingress model based on Equations
(2a-2c¢). The chloride profile is computed by discretising the governing equations, implying that
the entire profile is calculated for each time step. Previous work [9] using Jensen’s model showed
that the difference between apparent and effective diffusion coefficients is significantly more
pronounced for diffusion tests than for migration tests. Moreover, it was shown that the
coefficients from migration tests correspond fairly well with the effective coefficient from
diffusion tests. In other words, Dmapp = Dmeft = Dadetr, Where the subscripts m and d refer to
migration and diffusion, respectively. This is illustrated in Figure 1, which shows that Dqcfr
determined after 4 weeks of curing + 8 weeks of chloride exposure falls in between Dy, determined
at the beginning and in the end of the diffusion experiment, both for the apparent and effective
coefficient.
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Figure 1 — D determined after 4 weeks of curing + 8 weeks of chloride exposure, and Dy,
determined at the beginning and in the end of the chloride exposure period [9]. Left: Apparent
coefficient from migration test, Dm,qpp. Right: Effective coefficient, Dm e The three sets of points
correspond to different cementitious binders, identical to those in the present paper.

In summary, chloride binding is a crucial phenomenon to account for in chloride ingress
modelling. However, determining chloride binding parameters requires complex and lengthy
experiments, which are not routinely done in material testing, unlike migration and diffusion tests.
Therefore, this paper addresses the following question: Is it possible to derive information about
the binding properties of a binder, without performing dedicated binding isotherm experiments?
To do so, the outcomes of migration and diffusion tests were combined with modelling using
“Jensen’s model”. Experimental data published previously are used to illustrate the proposed
analysis. Several chloride binding models have been proposed over the years, e.g., linear,
Freundlich, Langmuir or Poisson-Nernst-Planck [3,10]. In this work, it was decided to select one
model, namely Freundlich. However, the approach presented in this paper may be adapted to other
chloride binding models. Finally, since the binder composition has a strong influence on the
chloride binding isotherms [8,11], three binders were considered: A pure Portland cement, and
two ternary blends with calcined smectitic clay and limestone. Subsequently, field data from a
Danish marine exposure site are used as a case study.

2. MATERIALS AND METHODS

All laboratory work on paste samples is reported in detail in [9]. However, for the sake of
completeness of the present paper, the main elements are summarized in the following. This
allows understanding of the background of the data used for modelling.
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2.1 Materials

A Portland cement (PC) and two Portland composite cements (PCC) manufactured from the same
clinker were used. In PCCs, the clinker was substituted with a “low-grade” calcined smectitic clay
(CC) and a limestone filler (LL) in the following proportions:

e PCC35: 65 wt.% PC, 17.5 wt.% CC, 17.5 wt.% LL
e PCC50: 50 wt.% PC, 33.3 wt.% CC, 16.7 wt.% LL.

Table 1 shows the chemical composition of the cements as determined by X-Ray Fluorescence
(XRF) and Quantitative X-Ray Diffraction (QXRD). QXRD performed on PC gave the following
mineralogical composition (wt.%): C3S: 64, C2S: 12, C3A: 5 and C4AF: 9. The composition of the
reactive part of CC was derived from a mass balance calculation combining XRF and QXRD
results, where the non-reacting crystalline phases were subtracted from the total amount of each
compound. The non-reactive phases were quartz (Si02, 7.0 wt.%), hematite (Fe2O3, 0.6 wt.%),
paragonite (HoNaAl3Siz012, 2.0 wt.%) and rutile (TiO2, 0.4 wt.%). Calcite (CaCOs3, 5.6 wt.%),
Anhydrite (CaSQOs4, 0.5 wt.%) and smectite (H4Al4K1012S12, 6.1 wt.%) were also found by XRD
but considered as reactive.

Table I — Chemical composition of the materials (in wt. %) measured by XRF. For CC, “Reactive”
refers to the part of the material that is assumed to be available for reaction. It was calculated by
subtracting the content of assumed inert crystalline phases (quartz, hematite, paragonite and
rutile) from the total chemical composition.

Oxide PC CC LL
Total Reactive

SiO 19.2 49.0 41.2 2.0
ALO; 52 17.3 14.8 0.4
Fe,03 3.7 9.7 7.9 0.1
MgO 1.0 2.5 2.5 0.3
CaO 63.4 10.1 10.1 54.2
Na,O 0.33 0.81 0.69 0.03
K>0O 0.38 2.66 0.56 0.06
TiO2 0.2 1.0 0.0 <0.1
P20s 0.3 0.2 0.0 0.1
SO3 3.1 1.0 1.0 0.1
LOI 3.2 4.9 4.9 42.5
Sum 100.1 99.7 83.7 100.0
dso [um] 14 16 - 4

23



Nordic Concrete Research — Publ. No. NCR 73 — ISSUE 2/ 2025 — Article 2, pp. 19-39

Paste with w/b = 0.45 was prepared, paste cylinders (922 mm, length approx. 110 mm) were cast,
and they were sealed cured for 28 days at 20°C. Such w/b was chosen to obtain similar flow values
for the different mixtures, while using reasonable amounts of superplasticizer (MasterGlenium
SKY 851).

2.2 Methods

Migration

Chloride migration was performed according to a version of NT BUILD 492 [12] modified to test
smaller paste specimens instead of the @100 mm concrete specimens assumed in the test standard.
50 mm long pieces of paste were cut and vacuum saturated with a saturated calcium hydroxide
solution for 18 = 1 h. Two specimens were tested together in the migration setup, and two setups
ran in parallel. In the setup, each specimen had its own anolyte, 20 m{ of a 0.3 M NaOH solution,
and the two specimens in the same box shared the same catholyte, 7 £ of a 10 wt.% NaCl solution.
Since paste samples were used, Appendix 2 in NT BUILD 492 [12] could not be used to choose
the voltage and the test duration. Instead, results from a previous study using the same setup [13]
were used to select appropriate settings to obtain a chloride penetration depth of around 25 mm
during a 24 h migration period. The following voltages were applied: 14 V for PC and 30 V for
PCC35 and PCC50.

After the migration period, the specimens were split longitudinally into two halves, and a 0.1 M
AgNOs solution was sprayed onto the broken surfaces to identify the chloride penetration front.
The average of two measurements was taken as the penetration depth.

Diffusion

After the 28 days of sealed curing, the approx. 110 mm long paste cylinders were first capillary
saturated by immersion in a saturated calcium hydroxide solution for two days, which was
sufficient to reach constant mass. Then, the paste cylinders were coated with epoxy resin on all
sides and cured for another two days in room conditions. Subsequently, the cylinders were sawn
through the middle to obtain two halves, each approx. 50 mm long. Four specimens, where the
saw-cut surface was the only surface not coated by epoxy, were then placed in a plastic bottle
containing 450 m{ of a 10 wt.% NacCl solution, which was stored at 21 + 2°C and gently shaken
every week. To minimize leaching, the solution was not replaced during the test.

After approx. 8 and 26 weeks of exposure, total chloride profiles were made. Each specimen was
sliced, starting from the chloride-exposed side: 0-2, 2-6, 6-10, 10-14, 14-18, 18-22, 22-26, and
26-30 mm. Each slice was crushed, oven-dried, digested in an HNO3 solution, and titrated with
an automatic potentiometric titrator using 0.1 M AgNOs.

Binding
Cement pastes were cast with PC, PCC35 and PCC50 at w/b = 0.50, without superplasticizer. The
w/b is different from the previous experiments because these samples were originally cast for
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another purpose. The specimens were sealed cured for approx. 1.5 years at 20°C. The different
w/b were accounted for during data analysis [9], therefore no significant impact on the
interpretation is expected.

Care was taken to minimize leaching during chloride exposure through the following procedure.
Paste specimens were crushed into pieces < 2 mm. Artificial pore solutions were prepared by
submerging 120 g of crushed paste into 120 g of demineralised water, for 6 weeks. NaCl solutions
were then prepared at concentrations of 0, 0.125, 0.25, 0.5, 1.0 and 2.0 mol/€, using the artificial
pore solutions as solvents. Then, 20 g of freshly crushed paste was mixed with 10 m{ of such a
NaCl solution for each concentration. The slurries were kept in plastic containers and stored at
20°C for 6 weeks, with regular shaking. Subsequently, the plastic containers were centrifuged at
4000 rpm for 2 min, and 0.5-1 m{ of the supernatant was pipetted. Cl titration was done with an
automated potentiometric titrator.

Field exposure

As part of a previous project (“Gren Beton 11, 2014-2019) [14], concrete elements (2 x 1 x 0.2 m)
were cast and exposed to various conditions, i.e., outdoors close to a highway and submerged in
two Danish harbours. The elements were placed in such a way that approx. 1 m is below the
average waterline, and 1 m is above. Some pictures of the exposure site are shown in Figure 2.

Figure 2 — Field exposure site at Hirtshals. Left: overview. Right: Close-up on a concrete element.

Several mixes contained calcined clay, and one had a binder composition that resembled PCC35,
with 30% PC substitution with a 1.5:1 mix of calcined clay and filler. The mix design is given in
Table 2. The filler was a grey microfiller from Aalborg Portland. The grey microfiller comes from
the bypass system of the kiln after it has been cleaned of alkalis and chlorides. Therefore, it
contains mainly limestone but may also contain small amounts of fly ash and clinker. Both
calcined clay and kiln dust may contain more chloride than PC. However, no chemical analysis
was made to quantify chlorides in the raw materials.
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Table 2 — Mix design (in kg/m’) of the field exposed concrete elements. The coarse aggregates
consisted of three fractions, 5/8, 8/16 and 16/25 mm. *) Grey microfiller.

PC CC Filler* w/b Sand Coarse. Agg

290.0 77.1 514 0.39 620.3 1086.7

For the present paper, data from an element submerged in Hirtshals harbour were used. The field
exposure condition, extraction of cores, and subsequent chemical analysis are described in Ref.
[14]. Even though Ref. [14] only describes handling of samples after 11 months (0.9 years), the
investigation after 4.7 years of exposure was carried out in the same way. Two cores were drilled
from the concrete element, one core from the submerged zone (25 cm from the bottom of the
element) and one core from the splash zone (25 cm from the top of the element). For each extracted
core, a chloride profile was determined by first grinding off material in layers parallel to the
exposed surface of the drilled concrete cores and then performing analysis of the dust. Chloride
content was determined by following a procedure similar to NT BUILD 208 [15]. However, the
chloride contents were measured by potentiometric titration using a Titroline 7000 titrator rather
than Volhard titration.

In addition to the concrete elements, cylinders were also cast to conduct various tests. In particular,
an apparent chloride migration coefficient of 5.0 - 107> m?s was measured according to
NT BUILD 492 [12] for the mix described in Table 2, after approx. 70 days of curing.

2.3 Modelling

Migration

For chloride migration experiments, the apparent diffusion coefficient was calculated based on
the colorimetric method according to Equation (3) [12]. Note that D app is also referred to as the
non-steady-state chloride migration coefficient in the literature.

3)

_0.0239(273 + O)L 00p3g | 273+ O)Lxa
mapp = T~ 2)t Yam o U-2

where:
D app: Apparent diffusion coefficient from migration experiment [1012 m?/s].
U: Absolute value of the applied voltage [V].

: Average value of the initial and final temperatures in the anolyte solution [°C].
L: Thickness of the test specimen [mm)].

Xd: Average value of the penetration depth [mm].

t: Test duration [h].
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Diffusion

For diffusion experiments, the chloride profiles were fitted using the model described by Jensen
[7,8]. Jensen’s model is based on a space and time discretisation of equations (2a-2c), where
Jensen considered ¢y in g/g gel and c¢r in mol/l. Thus, to be able to make a chloride balance of the
system, the mass of gel is needed. To this end, Jensen used the classical approach of Powers,
which is however limited to pure PC systems. Therefore, in this study, thermodynamic modelling
with GEMS [16-18] was used. The simulations were made based on the PSI-Nagra [19] and the
Cemdata 18 [20] databases, and the CSHQ [21] model was used. The model used the chemical
compositions of each paste constituent as inputs and returned the phase assemblage at
thermodynamic equilibrium. To account for the different kinetics of hydration, the following
degrees of hydrations for (PC-CC) were used in the diffusion model: PC (90, -), PCC35 (95, 60)
and PCC50 (95, 30). The filler was added as pure calcium carbonate, fully available for reaction.
Finally, the amount of gel was taken equal to the sum of all hydrate phases. More details on the
modelling and the assumptions are presented in [9].

In a previous work [9], the Freundlich parameters, o and S, cf. Equation (2b), were determined
experimentally. Subsequently, these parameters were used as inputs in Jensen’s model. The model
was then fitted on the experimental curves by adjusting the effective diffusion coefficient, Dq.efr,
and the surface concentration, cs, using the least squares method. The first data point at a depth of
1 mm was disregarded in the fitting.

In this work, it is proposed to use Jensen’s model to determine Freundlich chloride binding
parameters. To do so, the diffusion coefficient derived from migration experiments is used as an
input. Moreover, the fitting algorithm was modified to handle more parameters.

24 Data processing

Laboratory tests
Chloride binding experiments are generally carried out for research purposes only, and the
Freundlich parameters are therefore not available for input in chloride ingress models. Here, it is
proposed to combine chloride migration and chloride diffusion tests to estimate the Freundlich
parameters. This is done in two steps:
1) Determine the apparent diffusion coefficient from migration tests, Dmapp, according to
Equation (3).
2) Fit the chloride ingress profile with Jensen’s model, assuming Dmapp = Detr. This
assumption is based on the conclusions of [9]. The parameters to be adjusted are therefore
the surface concentration and the two Freundlich parameters.

In Ref. [9], the effective diffusion coefficients from migration tests, Dm cfr, were also determined.
These coefficients are more complex to obtain than D app, because they require that a chloride
profile of the migration test specimen is made after the migration test. Since these values were
available, the analyses were also made assuming D eff = Defr.
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Field tests

A similar procedure was applied to the field data. Chloride profiles at 0.9 and 4.7 years were fitted
using Jensen’s model, assuming Dmapp = Detr and adjusting the surface concentration and the
Freundlich parameters. Predictions of the 4.7-year profiles were also made based on the
parameters derived from the 0.9-year profiles.

It is well-known that chloride profiles usually exhibit a “peak” a few millimetres from the surface.
Such a peak is likely caused by leaching [22], which is not accounted for in the present paper.
Therefore, all data points between the surface and the top of the peak were disregarded. Moreover,
because the initial chloride content in the concrete was not known, it was decided to use the total
chloride content measured experimentally in the tail of the profiles, i.e., the furthest inwards in
the concrete. The same value of 0.03 g Cl per 100 g of concrete was used throughout the analyses.

Curve fitting

Curve fitting turned out to be challenging due to the limited number of experimental data points.
In particular, the least squares method, which is often used to fit Fick’s law to chloride profiles,
performed poorly when fitting Freundlich parameters. In this respect, a more appropriate approach
was implemented, namely the Basin-hopping technique [23]. Basin-hopping is derived from the
Monte-Carlo technique and is particularly efficient for solving problems with many local minima.
The algorithm starts with a random guess, followed by a local minimization to find a first solution.
Then, another random guess is made to “jump” out of the first local minimum, and the process is
repeated. The second solution is compared to the first one and accepted if (1) it is better or (2) it
helps to escape a local minimum.

In this work, a twofold stopping criterion was applied: (1) 500 iterations maximum or (2) five
iterations in a row without any improvement. Local minimization was made with the L-BFGS-B
algorithm, a quasi-Newton method where the parameters are constrained.

3. RESULTS AND DISCUSSION

3.1 Processing of diffusion curves

Figures 3 and 4 show the experimental ingress curves obtained in the chloride diffusion
experiments, together with the bound and free chlorides as determined by Jensen’s model. In
Figure 3, it was assumed that Defr = Dm app; in Figure 4, it was assumed that Defr = D efr. The same
D, determined after 12 weeks of curing, were used to fit the 12 and 30-week profiles. However,
Figure 1 shows that such approach likely overestimates the average effective diffusion coefficient,
which is somewhere in between D determined after 4 w and 12 w of curing.

These Freundlich parameters determined with an “indirect” method are presented in Table 3,
together with the ones from “direct” binding isotherms. A graphical representation of the
corresponding Freundlich isotherms is presented in Figure 5, together with the experimental data
points.
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Figure 3 — Bound, and free chloride profiles obtained with Jensen’s model (shaded areas)
assuming Dey = Dp,app, and experimental total chloride profiles (black solid line). For PC, the
point closest to the surface was disregarded in the fitting. RMSE = root mean square error.
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Figure 4 — Bound, and free chloride profiles obtained with Jensen’s model (shaded areas)
assuming Dey = Duef; and experimental total chloride profiles (black solid line). For PC, the
point closest to the surface was disregarded in the fitting. RMSE = root mean square error.
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Table 3 — Freundlich parameters, o.and f, determined experimentally (direct) and by curve fitting
(indirect) of chloride profiles after 12 and 30 weeks. Indirect determinations were made using
apparent and effective diffusion coefficients derived from migration experiments after 12 weeks
of curing.

Binder Direct Indirect — Curve fitting
Binding isotherm Type D 12 weeks 30 weeks
10712 m%/s
a P [ : f a
PC 6.5 0.87 Apparent  13.0 7.3 0.49 6.8 0.65
Effective 16.0 8.9 0.40 8.3 0.67
PCC35 123 0.45 Apparent 8.3 8.1 0.92 14.1 0.75
Effective 8.9 9.1 0.92 15.3 0.73
PCC50 12.3 0.40 Apparent 4.8 5.8 0.44 11.9 0.71
Effective 7.3 10.2 0.74 18.8 0.80
30 Bound CI [mg/g hydrate]
30w eff
25 | — ]
20 | I - -
- 30w app
b | ,//x i 4;_@:1;; Direct
10 | T i f{f//"/:;;__ff“" L ,/-/sc'if;i;j’/’ “ ow eff
5 ~ :;‘://x x/,,/”/'/ b S 12w app
0 % I L I el I 1 1 ” I I
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Equilibrium CI concentration [mol/]

Figure 5 — Chloride binding isotherms drawn with the Freundlich parameters from Table 3. The
red crosses represent experimental data on which the “Direct” curves were fitted.

Figures 3 and 4 show that the modelled profiles are in agreement with the experimental data for
all binders and exposure times. Overall, the Freundlich parameters derived from curve fitting of
the 30-week data lead to binding isotherms that are fairly close to those measured in dedicated
experiments for PC and PCC35, represented by the red crosses in Figure 5. For PCC50, the results
significantly differ whether D app Or Dmesr 1 used. This is due to the fact that PCC50 has the
smallest values for Dy, for the largest absolute differences between apparent and effective, and
between 12 w and 30 weeks. Such phenomenon may be linked to the degree of reaction of the
calcined clay. For a given binder, a fixed degree of reaction was assumed, independent of the
curing time. However, the degree of reaction would likely increase between 12 and 30 weeks,
implying more hydrates and thus more chlorides being bound. Consequently, the microstructure
of the paste would also be refined, which could explain the significant drop of the diffusion
coefficient.

The Freundlich parameters determined from the 12-week data result in binding isotherms that
tend to be below the other curves, which means less binding. This could be expected because these
31
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samples had less maturity, which was not accounted for when estimating the amount of hydrate
by thermodynamic modelling. It should be noted that the Freundlich equation does not exactly
match the trend given by the experimental points for PCC. The Freundlich equation results in a
curve with a soft bend, whereas the experimental data suggest a sharp bend at an equilibrium CI
concentration of approx. 0.1 mol/€, and at higher equilibrium concentrations, the relation between
free and bound chlorides seems to be almost linear. The Freundlich isotherm is an empirical
relationship; possibly other empirical relationships may fit data better, but it is outside the scope
of the present paper to investigate other chloride binding models. However, the approach
presented here is not specific to Freundlich isotherms, so it may be adapted to other chloride
binding models.

As mentioned in the legend of Figures 3 and 4, for PC, the points closest to the surface were
disregarded as they did not seem to fit with the overall shape of the profile. For comparison,
Figure 6 presents the profiles obtained by including these points in the fitting. Such additions
result in a lower fitting quality, as shown by the larger RMSE. Moreover, the £ parameters above
1 imply that the corresponding binding isotherms are convex, which does not correspond to the
concave shape observed experimentally.

6 Chloride content [g/100 g paste] 5 Chloride content [g/100 g paste]
PC-12w PC-30w
c,=24 51 c,=25
a=32 a=0.2
B=1.20 4 B =2.66
RMSE = 0.20 RMSE = 0.27

3 —
2 —
1 —
0 | . | O 1 1 Py Py
0 10 20 30 40 0 10 20 30 40
Distance [mm] Distance [mm]

Figure 6 — Bound and free chloride profiles obtained with Jensen’s model (shaded areas)
assuming Deyy = Dmapp, and experimental total chloride profiles (black solid lines). Contrary to
Figure 3, the point closest to the surface was included in the fitting. RMSE = root mean square
error.

Based on these observations, it is suggested to disregard the points closest to the surface in the
fitting, if these points do not reasonably match the overall trend. Such behaviour is only observed
with PC, and the cause is unexplained.
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3.2 Case study with field data

The same methodology was applied to field data. It should be underlined that the field samples
were not made with the exact same binders and w/b, so they cannot be used as a proper test of the
model. However, the following intends to verify whether the proposed method leads to the
expected order of size for the results.

Figure 7 presents the results from the model, together with the experimental data for two different
ages, 0.9 and 4.7 years, and two exposure locations, submerged and splash zone. The outputs from
the fitting are presented in Table 4. As mentioned previously, the diffusion coefficient was kept
constant at 5.0 -+ 107'? m?/s, corresponding to the apparent diffusion coefficient measured on
concrete cylinders cast from the same batch with chloride migration, D app.
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Figure 7 — Comparison between Jensen’s model (shaded areas) and experimental total chloride
profiles (black solid lines) from the field exposure site at Hirshals. The dark grey horizontal stripe
corresponds to the initial chloride content. The diffusion coefficient was kept constant at
5.0 - 102 m?/s. In the lower row, the 4.7 year-profiles were predicted using the outputs of the
fitting at 0.9 years. RMSE = root mean square error.
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Table 4 — Fitted parameters obtained with Jensen’s model on field data.

Parameter Submerged zone Splash zone
0.9 years 4.7 years 0.9 years 4.7 years
Der [10712 m/s?] 5.0 5.0 5.0 5.0
¢s [g/100 g paste] 13.7 8.8 15.1 8.0
a 12.0 20.5 10.1 17.9
p 0.53 0.29 0.62 0.47

The modelled profiles at 0.9 years are in agreement with the experimental data, for both locations.
However, using the parameters determined at 0.9 years to predict the 4.7-year profiles results in
overestimating chloride ingress. Fitting the 4.7-year profiles leads to larger o and smaller f values,
which implies more binding and, therefore, less ingress. It should be mentioned that the same
diffusion coefficient was used. Therefore, the potential refinement and depercolation of the
microstructure between 0.9 and 4.7 years was not accounted for and may cause the overestimation.
The shape of the binding isotherms based on the Freundlich parameters from Table 4 is shown in
Figure 8. Since the binder used for the field specimens differs from PCC35, it is difficult to
evaluate the accuracy of the o and f parameters shown in Table 4. However, comparing the 0.9-
year data in the field with the 30-week (0.6-year) data in the laboratory for PCC35 shows that

both a and S have comparable orders of size.

5 Bound CI [mg/g hydrate]

Submerged Splash
20 4.7 years |
4.7 years
15 r
0.9 years

10 0.9 years

5

0 1 1 1

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Figure 8: Chloride binding isotherms based on the parameters from Table 4.

Even though the RMSE is relatively low for the 4.7-year fitted data, the modelled profile for the
submerged location shows a sharp concave drop around 27 mm, which differs from the more
linear or slightly convex profiles in the other cases. Such behaviour might be a consequence of
fewer data points included in the fitting — 7 points versus 8 or 9 for the others.

Equilibrium CI concentration [mol/{]
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4. APPLICABILITY AND RESEARCH NEEDS
4.1 Applicability

The approach presented in this paper allows the determination of Freundlich chloride binding
parameters, without performing dedicated chloride binding experiments. The approach is based
on the results of two standard test procedures, which are routinely conducted in material testing
laboratories: Chloride migration and chloride diffusion. By combining the outcomes of both tests,
one can not only determine the diffusion coefficient, but also chloride binding parameters, which
affect chloride ingress and therefore its prediction [6]. In other words, one extra information can
be derived from already used tests, without additional laboratory work. Thus, it will avoid chloride
binding isotherm experiments, which require time to equilibrate — 6 weeks is this study — and
special measures against leaching which requires extra material as explained in Section 2.2.

This work could also be used when documenting new binders. As an example, the Danish standard
DS 206 requires conducting NT BUILD 492 (chloride migration) on samples cured for up to 180
days to document new binders. The derived diffusion coefficients are then compared to those of
“well-known” binders, to qualify the new binder for a certain exposure class. In this respect, one
could consider including chloride binding parameters in the comparison, to make a more realistic
comparison between binders.

The modelling contains two parts: (1) a space and time discretisation of the governing equations
of chloride ingress, and (2) thermodynamic modelling, e.g., with GEMS. While (1) is relatively
straightforward, (2) requires the use of a dedicated software, which may limit its use to
experienced users. However, thermodynamic modelling gives the possibility to virtually model
any system, so that the binder composition and the w/b can be accounted for. It should be
emphasised that the thermodynamic model itself should be validated before being used in a
chloride ingress model.

4.2 Research needs

This paper is a first attempt to determine chloride binding parameters without performing separate
experiments on this. However, more investigations could strengthen the approach and its
applicability.

Even though different binders were studied, extending the experimental matrix to more binders
would allow a better quantitative assessment of the accuracy of the method. Such matrix could
include traditional supplementary cementitious materials (SCMs) like fly ash, silica fume and
blast furnace slag, which have been used in concrete structures exposed to chlorides. In this way,
it may be possible to have long-term field data to validate the approach. Emerging SCMs could
also be included, to assess the applicability of the method to less-known systems — in particular
with respect to thermodynamic modelling. Finally, the w/b may also be relevant as a variable in a
parametric study.
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Another parameter of interest would be the curing time before conducting chloride migration and
diffusion tests. It was observed that the diffusion coefficient for PCC50 dropped significantly —
around 50%, between 12 and 30 weeks [9]. PCC50 also shows the largest scatter among the
different curves in Figure 5, which may be linked to ongoing hydration between the two durations.
Ideally, the tests should be conducted on samples in which the constituents have reached a degree
of reaction close to their maximum potential.

The work presented here assumes chloride binding to follow a Freundlich isotherm. However,
other models may better represent chloride binding [3,24], which could be tested. The model
would have to be adapted by changing the governing equation of chloride binding, Equation (2b),
but the approach remains valid. Such investigations do not require more experimental work, so
that multiple models could be tested on the systems mentioned in the previous paragraph.

Finally, testing more systems and processing the results with different chloride binding models
would constitute a database that could then be analysed with respect to current regulations on
binders for example. It could be investigated if having the extra knowledge of chloride binding
parameters would lead to different choices when qualifying a binder for a certain use.

5. CONCLUSIONS

Chloride ingress was modelled with a mechanistic model considering Fick’s second law and a
Freundlich relationship between free and bound chlorides. The focus was on estimating the
Freundlich parameters from chloride profiles, without actually performing dedicated chloride
binding experiments. This study intended to introduce a suitable approach, and present examples
of application. The following conclusions can be drawn:

e Three cementitious systems were tested: Pure Portland cement, and ternary blends with 35
and 50% clinker replacement with calcined clay and limestone. For these systems, it was
possible to estimate Freundlich parameters by fitting chloride diffusion profiles, provided
that the effective diffusion coefficient is used as an input. The effective diffusion
coefficient can, e.g., be derived from a relatively simple migration experiment.

e Such an approach relies on two standard tests that are routinely conducted: Chloride
migration and chloride diffusion. Therefore, no extra laboratory work is required
compared to what is done today.

e The approach seems applicable to natural chloride exposure, but a more comprehensive
study is needed to determine a clear protocol.

e The quality and the number of experimental data points are important for the fitting.

37



Nordic Concrete Research — Publ. No. NCR 73 — ISSUE 2/ 2025 — Article 2, pp. 19-39

ACKNOWLEDGEMENTS

This work was carried out as part of the Calliste project, financed by Innovation Fund Denmark.
The financial support is greatly acknowledged.

REFERENCES

1.

10.

11.

12.

Angst U M: “Challenges and opportunities in corrosion of steel in concrete”. Mater Struct,
51 (2018) 4. https://doi.org/10.1617/s11527-017-1131-6.

Sergi G, Yu S W & Page C L: “Diffusion of chloride and hydroxyl ions in cementitious
materials exposed to a saline environment”. Magazine of Concrete Research, 44 (1992)
63—69. https://doi.org/10.1680/macr.1992.44.158.63.

Chatterji S: “Transportation of ions through cement based materials. Part 1 fundamental
equations and basic measurement techniques”. Cem Concr Res, 24 (1994) 907-912.
https://doi.org/10.1016/0008-8846(94)90010-8.

Yuan Q, Shi C, De Schutter G, Audenaert K & Deng D: “Chloride binding of cement-based
materials subjected to external chloride environment — A review”. Constr Build Mater, 23
(2009) 1-13. https://doi.org/10.1016/j.conbuildmat.2008.02.004.

Luping T & Nilsson L-O: “Chloride binding capacity and binding isotherms of OPC pastes
and mortars”. Cem Concr Res, 23 (1993) 247-253. https://doi.org/10.1016/0008-
8846(93)90089-R.

De Weerdt K, Wilson W, Machner A & Georget F: “Chloride profiles — What do they tell
us and how should they be wused?”. Cem Concr Res, 173 (2023) 107287.
https://doi.org/10.1016/j.cemconres.2023.107287.

Jensen O M: “Chloride ingress in cement paste and mortar measured by Electron Probe
Micro Analysis”. Report R-51, 1998. https://orbit.dtu.dk/en/publications/chloride-ingress-
in-cement-paste-and-mortar-measured-by-electron- (accessed May 1, 2024).

Jensen O M. Hansen P F, Coats A M & Glasser F P: “Chloride ingress in cement paste and
mortar”. Cem Concr Res, 29 (1999) 1497-1504. https://doi.org/10.1016/S0008-
8846(99)00131-3.

Ranger M, Hasholt M T & Jensen O M: “Chloride ingress parameters derived from
migration and diffusion tests for systems with calcined smectitic clay and limestone”. Cem
Concr Res, 194 (2025) 107893. https://doi.org/10.1016/j.cemconres.2025.107893.
Martin-Pérez B, Zibara H, Hooton R D & Thomas M D A: “A study of the effect of chloride
binding on service life predictions”. Cem Concr Res, 30 (2000) 1215-1223.
https://doi.org/10.1016/S0008-8846(00)00339-2.

Thomas M D A, Hooton R D, Scott A & Zibara H: “The effect of supplementary
cementitious materials on chloride binding in hardened cement paste”. Cem Concr Res, 42
(2012) 1-7. https://doi.org/10.1016/j.cemconres.2011.01.001.

NT BUILD 492: “Concrete, mortar and cement-based repair materials: Chloride migration
coefficient from non-steady-state migration experiments”, 1999.

38



13.

14.

15.
16.

17.

18.
19.

20.

21.

22.

23.

24.

Nordic Concrete Research — Publ. No. NCR 73 — ISSUE 2/ 2025 — Article 2, pp. 19-39

Ranger M & Hasholt M T: “Relationship between Chloride Migration, Bulk Electrical
Conductivity and Formation Factor of Blended Cement Pastes”. Nordic Concrete
Research, 69 (2023) 33-53. https://doi.org/10.2478/ncr-2023-0009.

Teknologisk Institute: “Technical report - Field Exposure”. DTI, Taastrup, Denmark, 2019.
https://www.gronbeton.dk/media/8878/2019 felteksponering teknisk rapport.pdf
(accessed February 4, 2025). (In Danish).

NT BUILD 208: “Concrete, hardened: Chloride content by volhard titration”, 1996.
Wagner T, Kulik D A, Hingerl F F & Dmytrieva S V: “Gem-selektor geochemical
modeling package: TSolMod library and data interface for multicomponent phase models”.
Can Mineral, 50 (2012) 1173-1195. https://doi.org/10.3749/canmin.50.5.1173.

Kulik D A, Wagner T, Dmytrieva S V, Kosakowski G, Hingerl F F, Chudnenko K V &
Berner U R: “GEM-Selektor geochemical modeling package: revised algorithm and
GEMS3K numerical kernel for coupled simulation codes”. Comput Geosci, 17 (2013) 1-
24. https://doi.org/10.1007/s10596-012-9310-6.

Paul Scherer Institut: ’"GEM-Selektor v.3”. https://gems.web.psi.ch/.

Thoenen T, Hummel W, Berner U & Curti E: “The PSI/Nagra Chemical Thermodynamic
Database 12/07”. PSI Report, 14-04, 2014.

Lothenbach B, Kulik D A, Matschei T, Balonis M, Baquerizo L, Dilnesa B, Miron G D &
Myers R J: “Cemdatal8: A chemical thermodynamic database for hydrated Portland
cements and alkali-activated materials”. Cem Concr Res, 115 (2019) 472-506.
https://doi.org/10.1016/j.cemconres.2018.04.018.

Kulik D A: “Improving the structural consistency of C-S-H solid solution thermodynamic
models” Cem Concr Res, 41 (2011) 477-495.
https://doi.org/10.1016/j.cemconres.2011.01.012.

Hemstad P, Machner A & De Weerdt K: “The effect of artificial leaching with HCI on
chloride binding in ordinary Portland cement paste”. Cem Concr Res, 130 (2020) 105976.
https://doi.org/10.1016/j.cemconres.2020.105976.

Wales D J & Doye J P K: “Global Optimization by Basin-Hopping and the Lowest Energy
Structures of Lennard-Jones Clusters Containing up to 110 Atoms”. J Phys Chem A, 101
(1997) 5111-5116. https://doi.org/10.1021/jp970984n.

Alhama I & Sanchez-Pérez J F: “Proposal and verification of a new isotherm based on
exponential-asymptotic dependence between free and bound chlorides in reinforced
concrete”. Constr Build Mater, 264 (2020) 120204.
https://www.sciencedirect.com/science/article/pii/S0950061820322091.

39



