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A B S T R A C T   

Mortar specimens were exposed to either a 3% NaCl solution or a 3% NaCl+KOH solution for up to 180 days. 
Exposure to the NaCl solution provoked much more leaching than the NaCl+KOH exposure. Leaching strongly 
impacted the chloride ingress profiles. The extended leaching led to a maximum total chloride content almost 
three times higher and a deeper chloride penetration than exposure with limited leaching after 180 days. The 
higher maximum chloride content seems to be linked to the enhanced binding capacity of the C-S-H and AFm 
phases upon moderate leaching as determined by SEM-EDS. The total chloride profile appears to be governed by 
multi-ion transport and the interaction of chloride with the hydration phases. Service life prediction and per-
formance testing both rely on total chloride profiles and therefore ought to take these interactions into account.   

1. Introduction 

Reinforced concrete is a commonly used construction material for 
infrastructure exposed to sea water or de-icing salts, such as harbours, 
tunnels and bridges. One of the main degradation mechanisms for these 
reinforced concrete structures is chloride-induced corrosion of the steel 
reinforcement. The design life of these structures is therefore often 
determined by the time it takes for chlorides to penetrate through the 
concrete cover and reach a critical chloride content at the steel surface, 
which enables pitting corrosion of the reinforcement steel. 

1.1. Total chloride profiles 

To determine how far chlorides have penetrated into the concrete, 
chloride ingress profiles are obtained. These profiles give the total 
chloride content in the concrete as a function of depth below the exposed 
surface. Such total chloride profiles can be obtained from both existing 
structures to predict their remaining service life, and from laboratory- 

exposed specimens to predict the durability performance of a given 
cement or concrete. 

For engineering purposes, chloride ingress is often predicted using 
Fick's 2nd law, which considers non-steady-state diffusion as the gov-
erning transport mechanism [1,2]. The validity of using Fick's 2nd law of 
diffusion as a model has been debated previously [3,4]. The apparent 
diffusion coefficient and surface concentration are determined by fitting 
the error function solution of Fick's 2nd law to measured total chloride 
profiles. The fib [1] deals with the potential impact of convection in 
concrete exposed to drying and wetting, which causes rapid ingress and 
accumulation of chloride in the outer surface, by subtracting a so-called 
convention zone from the cover depth. A seeming time dependency of 
the apparent diffusion coefficient is handled using a so-called ageing 
exponent, while an observed time dependency of the surface concen-
tration is neglected. By applying the error function solution of Fick's 2nd 
law, one fails to take into account the interaction between the solids and 
the sea water or de-icing salts, among other things. In this study, we will 
show that chloride profiles are strongly dependent on the exposure 
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conditions and the interaction between the chlorides and solids, which 
should therefore be taken into account in more mechanistic chloride 
ingress models. 

When considering the total chloride profiles, one should note that 
only a small part of the total chloride content in concrete is present as 
free chlorides dissolved in the pore solution [5,6]. Most of the chlorides 
are bound chlorides, which are either chemically bound in chloride- 
containing AFm phases or physically bound by the C-S-H. 

1.2. Cl-binding in AFm 

The two main chloride-containing AFm phases are Friedel's salt 
(3CaO⋅Al2O3⋅CaCl2⋅10H2O) and Kuzel's salt (3CaO⋅Al2O3⋅0.5CaSO4 
⋅0.5CaCl2⋅11H2O). A solid solution with Friedel's salt and mono-
carbonate or hydroxy AFm as end members has also been reported 
previously [7–12]. The chloride content of this solid solution depends on 
the chloride concentration and the pH in the solution [7,13]. Kuzel's salt, 
however, has been observed to be unstable in the presence of even small 
amounts of carbonate [7]. Moreover, only limited solid solutions of 
Kuzel's salt and either monosulphate or Friedel's salt have been reported 
[7]. 

1.3. Cl-binding in C-S-H 

In addition to chemical binding in AFm phases, chlorides can also be 
bound physically by accumulating in the diffuse layer of the C-S-H as 
explained by the electric double layer theory [14]. The physical binding 
of chlorides in C-S-H for example can be demonstrated by comparing 
hydrated cement paste exposed to CaCl2 and NaCl solutions. The chlo-
ride binding in cement paste exposed to CaCl2 can be as much as three 
times greater than in paste exposed to NaCl solutions with the same 
chloride concentration [15–22]. Part of the increase observed for 
exposure to CaCl2 may be due to increased chloride binding in AFm, but 
a large part can be attributed to physical binding in C-S-H [17]. CaCl2 
leads to an increase in the calcium concentration and a decrease in the 
pH of the pore solution [15–22]. The increase in the calcium concen-
tration causes the originally negative surface charge of the C-S-H to be 
overcompensated by the accumulation of divalent calcium ions in the 
Stern layer of the C-S-H, turning its charge positive [23]. This, in addi-
tion to the reduced competition with the hydroxyl ions [24] due to the 
lowering of the pH, results in the accumulation of chloride anions in the 
diffuse layer of the C-S-H, which explains the much greater chloride 
binding in hydrated cement paste exposed to CaCl2 than in paste 
exposed to NaCl [20]. 

It should be noted that compounds forming between calcium chlo-
ride and calcium hydroxide, such as CaCl2⋅3Ca(OH)2⋅12H2O and 
CaCl2⋅Ca(OH)2⋅H2O, might also contribute to the chloride uptake in 
solids [25–29]. 

1.4. Impact of exposure 

In previous laboratory and field studies on mortar and concrete 
specimens exposed to chloride ingress by diffusion, we observed a cor-
relation between the total chloride profiles and the extent of leaching 
determined with portlandite or potassium profiles [6,30]. Extended 
leaching at the exposed surface of the mortar and concrete specimens led 
to a reduced total chloride content at the exposed surface. Slightly 
deeper into the specimen, moderate leaching seemed to lead to an in-
crease in the total chloride content. Since most of the chlorides are 
bound, our hypothesis is that these observed changes in the total chlo-
ride content upon leaching are related to changes in chloride-binding 
capacity. 

To investigate the impact of leaching on chloride binding, a closed 
system experimental set-up was used in recent studies [13,31]. Finely 
ground hydrated cement paste was left to equilibrate with a range of 
chloride-containing exposure solutions in which the pH was adjusted 

with HCl to simulate leaching [13,31]. It was shown that, when the pH 
in the exposure solution decreased from approx. 13.5 to approx. 12, the 
chloride-binding of the cement paste more than doubled [13,31]. This 
observation bears similarity to the exposure to CaCl2 mentioned earlier 
[15–20]. On the one hand, the increased chloride binding was attributed 
to an increase in the amount and a change in the composition of the AFm 
phases [13,32]. It was shown that, with the pH decreasing from 13.5 to 
approx. 12, the Cl/Al ratio in the AFm phases increased from approx. 0.4 
to the ideal composition of Friedel's salt, which has a Cl/Al ratio of 1. On 
the other hand, decreasing pH also enhances the physical binding of 
chlorides by C-S-H, because there is less competition with hydroxyl ions 
for the accumulation in the diffuse layer of the C-S-H phase [33] and the 
surface charge of the C-S-H is more positive due to leaching [34]. 
Moreover, it was shown that, when the pH drops below 11, the amount 
of chloride bound by the cement paste decreases due to the dissolution of 
the chloride-binding hydration phases [13]. At pH levels around 9.5, 
chloride binding in the paste dropped to negligible levels. These findings 
indicate that leaching has a major impact on chloride binding and can 
therefore strongly affect the total chloride profiles. 

1.5. Experimental approach in this study 

To demonstrate the impact of leaching on chloride ingress profiles, 
we designed an experimental laboratory set-up for chloride ingress in 
mortar by diffusion, using two exposure solutions with different pH 
values and thus creating different leaching conditions. 

For the mortar specimens which were to be exposed to severe 
leaching conditions, we chose a 3% NaCl solution in compliance with a 
standard performance test for chloride resistance of concrete, such as EN 
12390-11 [35]. The pure NaCl solution was expected to show a pH value 
of around 7. The neutral pH of the NaCl solution would contrast with the 
high pH of the pore solution of the mortar specimens and cause leaching 
of among others calcium and alkalis such as potassium as well as hy-
droxyl anions from the exposed specimens into the exposure solution 
during the time of exposure. To enhance the leaching even more, the 
exposure solution was replaced weekly with a freshly made solution. 

Parallel mortar specimens were exposed to a solution with the same 
chloride concentration but chosen to minimize leaching. The best way to 
limit leaching during exposure is to mimic the pore solution composition 
in the exposure solution composition. In other words, the exposure so-
lution should have a high pH and contain calcium, alkalis, and other 
elements in similar concentrations to those in the pore solution of the 
cement paste. Instead of recreating the entire complex pore solution, we 
simplified matters by adding KOH to the NaCl exposure solution to 
match the potassium concentration of the pore solution of a cement 
paste. In the rest of this paper, we will refer to this exposure solution as 
NaCl+KOH. It has the same chloride concentration as the NaCl exposure 
solution, but limits the leaching of potassium from the specimens. The 
added KOH also raises the pH of the exposure solution to approx. 13.2. 
This high pH in the exposure solution limits the solubility of calcium and 
therefore also limits the leaching of calcium from the specimens. The 
NaCl+KOH solution was also replaced every week to maintain the same 
chloride load as with the NaCl exposure. 

In a previous study [36] using the same exposure set-up and similar 
specimens, leaching was observed to have a strong impact on the total 
chloride profiles after half a year of exposure. The maximum total 
chloride content of the specimens with limited leaching was approx. 1/3 
of the maximum in the parallel specimens exposed to a pure NaCl so-
lution, and the chloride ingress depth was reduced by approx. 40% [36]. 
This showed that the pH of the exposure solution, i.e., the leaching 
conditions during the exposure, had played a significant role in deter-
mining the shape of the total chloride profile and consequently the 
apparent chloride resistance [36]. 

In the current study, our aim was to link the changes in the total 
chloride profiles with changes in the hydration phases. We wanted to 
find out whether the chloride binding in the diffusion-exposed mortar 

A. Machner et al.                                                                                                                                                                                                                               



Cement and Concrete Research 153 (2022) 106691

3

specimens would show a similar pH dependency as those observed by 
Hemstad et al. in the closed simplified systems on cement paste [13]. 

Total chloride profiles were obtained from mortar specimens 
exposed to the two solutions, NaCl and NaCl+KOH. Portlandite and 
potassium profiles were determined from the same specimens as in-
dicators for the degree of leaching. This would enable us to establish a 
correlation between chloride ingress and leaching depth. In addition, 
polished sections from the outermost 3 cm from the exposed surface of 
the mortar specimens were investigated with SEM-EDS to obtain infor-
mation on their C-S-H and AFm composition and any changes in 
composition as a function of depth below the exposed surface. Our hy-
pothesis was that the shape of the total chloride profiles would be 
strongly affected by the interaction between the chlorides and the solids, 
i.e., the chloride binding. We also provide an outlook on how these 
findings would affect service life prediction models and the testing of 
concrete in reinforced concrete structures exposed to chloride ingress. 

2. Materials and methods 

2.1. Materials 

In this study, we used a novel composite cement developed and 
supplied by HeidelbergCement, in which 43 wt% of the Portland cement 
is replaced with ground granulated blast furnace slag (GGBFS) and 10 wt 
% with fly ash (FA). This composite cement is not included in the current 
version of the EN 197-1 [37], but falls into the category of a CEM VI (S- 
V) in the recently released non-harmonized version of EN 197-5 [38]. 
The chemical composition of the cement, as determined with XRF, is 
given in Table 1. 

2.2. Preparation and exposure of the mortar specimens 

From this composite cement, mortar cylinders were cast in accor-
dance with EN 12390-2 [39] and prepared for exposure in accordance 
with EN 12390-11 [35]. The mortar mix design used in this study was 
developed by HeidelbergCement and Acciona and is given in Table 2. 

The mortars were mixed in a planetary concrete mixer (Galletti P50) 
in batches of 40 L in accordance with the following procedure: all solid 
components were mixed for 20 s at 30 rpm; approximately ¾ of the 
mixing water was then added, followed by mixing for 60 s at 59 rpm; 
finally, the remaining mixing water and admixtures were added, fol-
lowed by mixing for another 10 min at 59 rpm. The admixtures used in 
this study were added in order to achieve an S5 consistency according to 
EN 206 in the fresh state [40]. 

The mortar mixes were cast into cylindrical moulds with a nominal 
height of 20 cm and a nominal diameter of 10 cm. The filled moulds 

were covered with plastic foil and stored in the laboratory. After 1 day, 
the specimens were demoulded and stored at 20 ◦C at 95% RH for 21 
days. After 21 days, the specimens were sealed with plastic foil and kept 
at 20 ◦C for further curing. The specimens were cured for 76 days to 
ensure a sufficiently high degree of reaction of the supplementary 
cementitious materials in the composite cement, i.e. GGBFS and FA. 

After 76 days of curing, a test specimen with a nominal height of 
approx. 75 mm was sawn from each cylinder (see Fig. 1). After cutting, 
all the test specimens were vacuum-saturated with deionized water at 
approx. 2 mbar in a 100 L tank. Max. 24 h after the vacuum saturation, 
the test specimens were dried under laboratory conditions until the 
surfaces appeared dry (approx. 6 h), and all surfaces except the sawn 
surface were coated with epoxy. The epoxy was dried under laboratory 
conditions overnight. The sealed specimens were then immersed in 2 L 
of a calcium hydroxide saturated solution for 18 h to facilitate saturation 
before exposure. 

Two exposure solutions were prepared: a 3% NaCl solution and a 3% 
NaCl+KOH solution. The 3% NaCl solution was prepared by adding 30 g 
of laboratory-grade NaCl to 970 g of deionized water in accordance with 
EN 12390-11 [35]. The 3% NaCl+KOH solution was prepared by dis-
solving 8.416 g of laboratory-grade KOH in 1000 g of deionized water, 
which is equivalent to a 150 mmol/L KOH concentration. Then, 30 g of 
laboratory-grade NaCl was added to 970 g of the KOH solution. It should 
be noted that the KOH concentration was based on a preliminary esti-
mation of the potassium concentration in the pore solution of the hy-
drated cement using thermodynamic modelling. 

For each exposure time and each exposure solution, a set of twin test 
specimens were prepared. The exposure set-up for a set of twin test 
specimens in each exposure solution is schematically illustrated in 
Fig. 2. Half of the sealed and saturated test specimens were immersed in 
the NaCl solution and half were immersed in the NaCl+KOH solution. 
The boxes containing the immersed test specimens were closed to pre-
vent evaporation of the exposure solution. The exposure solutions for all 
test specimens were replaced weekly with fresh exposure solution. For 
all specimens, the same surface-to-exposure solution volume was 
applied (13 mL/cm2), which was kept constant over the whole period of 
exposure. 

Table 1 
Chemical composition of the novel composite 
cement CEM VI (S-V) used in this study as deter-
mined by XRF [wt%]. The CEM VI (S-V) cement 
was developed by HeidelbergCement as part of the 
EnDurCrete project.  

Oxide [wt%] 

SiO2  31.79 
Al2O3  8.36 
TiO2  0.37 
MnO  0.09 
Fe2O3  2.05 
CaO  48.72 
MgO  3.56 
K2O  0.9 
Na2O  0.29 
SO3  2.43 
P2O5  0.09 
LOI  0.79 
Total (1050 ◦C)  99.44  

Table 2 
Mortar mix design used in this study in [kg/m3].   

Mass of components 
[kg/m3] 

Cement CEM VI (S-V)  561.6 
Aggregates Sand (0–4)  1510 
Admixtures Sika ViscoCretea  1.6  

Sika ViscoFlowb  2.3 
Water   241 
w/c ratio   0.43  

a PCE-based superplasticizer. 
b Workability-retaining admixture. 

20
cm cut

sawn
surface

test
specimen

Fig. 1. Sawing the test specimens from each mortar cylinder.  
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2.3. Analyses after exposure 

At each testing time, i.e., after 90 and 180 days of exposure, two twin 
test specimens were taken out of each exposure solution for the prepa-
ration for the various analyses after exposure. 

One of each twin test specimens was profile-ground from its exposed 
surface inwards as shown in Fig. 3. The powder samples obtained from 
various depths below the exposed surface were used to determine the 
portlandite content in each layer by thermogravimetric analysis (TGA), 
to determine their total chloride content by potentiometric titration, and 
to determine their acid-soluble chemical composition by inductively 
coupled plasma mass spectrometry (ICP-MS). 

For TGA, a Mettler Toledo TG/DSC 3+ was used. Approx. 300 mg of 
each powder sample was poured into 600 μL corundum crucibles. The 
weight of the samples was measured, while they were heated from 40 to 
900 ◦C at a heating rate of 10 ◦C/min. During the measurements, the 
measurement cell was purged with 50 mL N2/min. 

The portlandite (CH) content in each sample was determined by the 
weight loss between approx. 400 ◦C (w400) and 550 ◦C (w550) by inte-
grating the derivative weight loss curve and multiplying it by the molar 
mass ratio of portlandite (74 g/mol) and water (18 g/mol), as proposed 
by Lothenbach et al. [41]. The portlandite content was then normalized 
to the dry mortar weight at 550 ◦C, as shown in Eq. (1), and plotted as a 
function of depth below the exposed surface. It should be noted that the 
results for samples in which the carbonate weight loss started before 
550 ◦C were normalized to the sample weight at the temperature just 
before decomposition of the carbonates started. 

CHdry =
w400 − w550

w550
×

74
18

(1)  

The weight loss in the range of approx. 250 ◦C (w250) to 400 ◦C (w400) 
related to the decomposition of AFm was determined by integration [32] 
and normalized to the dry mortar weight at 550 ◦C, as shown in Eq. (2). 
In contrast to the quantification of the portlandite, no quantification of 

sawn surface

sealed box

3%
NaCl

epoxy
sealing

20°Ctwin test
specimens

sealed box

3%
NaCl+KOH

epoxy
sealing

20°Ctwin test
specimens

Fig. 2. Exposure of the mortar test specimens to the 3% NaCl solution (left) or the 3% NaCl+KOH solution (right).  

for
SEM-EDS

sawn/exposed
surface

test specimen

profile-ground
samples

test specimen

twin test 
specimens

sawn/exposed
surface

Fig. 3. Illustration of the position of the sampling by profile-grinding for subsequent chemical analysis (top) and of the samples cut for SEM-EDS analysis (bottom) in 
each set of test specimens. 

A. Machner et al.                                                                                                                                                                                                                               



Cement and Concrete Research 153 (2022) 106691

5

the specific AFm phases was performed. This was because the compo-
sition of the AFm phases was expected to vary within the samples, so 
that their molar mass and crystalline water content would also vary. The 
results are therefore semi-quantitatively presented as a weight loss 
within the relevant temperature interval. 

wt.lossAFm,dry =
w250 − w400

w550
(2)  

It should be noted that, when studying leaching, the mass at 550 ◦C is 
not constant because portlandite (and probably other hydration phases) 
will dissolve during leaching, resulting in an overall loss of material. An 
earlier study [42] made a correction for this loss of material due to 
leaching. However, in this study we did not, because normalization to 
550 ◦C is conservative when studying a decrease in a specific phase since 
a certain percentage of material loss will lead to a relative enrichment of 
the remaining phases in the leached sample. As a result, we might 
slightly underestimate the decrease in portlandite and thereby the extent 
of leaching, causing us also to slightly overestimate the amount of AFm 
phase in the leached sections. 

The portlandite content and weight loss due to AFm decomposition 
were determined as one single measurement for each of the powders 
obtained from the various depths. Consequently, no margin of error was 
determined for these results. However, the reproducibility of these 
quantifications is indicated by the variation in the results obtained from 
the unaffected sections at greater depths in each sample. 

It was not possible to determine carbonate (e.g., CaCO3) profiles with 
TGA in this study, because the aggregates used in the mortar mixes 
contained carbonates. 

For the determination of the total chloride content and for the ICP- 
MS analyses, 5.00 (+/− 0.01) g of each profile ground powder sample 
was weighed in a glass beaker and dried overnight in an aerated oven at 
105 ◦C. After cooling the samples to room temperature in a desiccator, 
they were weighed again and were dissolved in 80 ◦C warm HNO3 (65%, 
diluted 1:10). After 1 h, the dissolved samples were filtered through a 
cellulose syringe filter and filled into two 15 mL centrifuge tubes. 

For the determination of the total chloride content in each profile 
ground powder sample, 1–10 mL (depending on the chloride content) of 
the dissolved and filtered solutions were titrated against a 0.01 mol/L 
AgNO3 solution with a Metrohm 905 Titrando. The results of the total 
chloride content are given [wt%/g mortar dried at 105 ◦C] as calculated 
with Eq. (3): 

Cl content =
VAgNO3∙cAgNO3∙M(Cl)∙VHNO3∙0.001

Vsample∙mmortar,105◦C
∙100% (3)  

where VAgNO3 is the volume of silver nitrate added at the inflection point 
of the titration in [mL], cAgNO3 is the concentration of the silver nitrate 
solution (0.01 mol/L), M(Cl) is the molar mass of chlorine (35.453 g/ 
mol), VHNO3 is the volume of diluted nitric acid used to dissolve the 
ground mortar samples (50 mL), Vsample is the volume of dissolved and 
filtered solution used for the titration (1–10 mL depending on the 
chloride content), and mmortar,105◦C is the mass [g] of the ground mortar 
samples after drying at 105 ◦C. The margin of error was not determined 
for the chloride content in this study. The standard deviation reported 
on similar experiments by De Weerdt et al. [30] of 0.03 wt%/g mortar 
dried at 105 ◦C was therefore used as an indication of the margin of 
error. 

For the ICP-MS measurements, the dissolved and filtered solutions 
were diluted approx. 1:20 and analysed with a Thermo Scientific 
Element 2 ICP-MS. The concentrations of sodium and potassium (celement) 
were measured in each sample [mg/L]. The element content was then 
normalized to the weight of each sample dried at 105 ◦C (mmortar,105◦C) 
and given [wt%/g mortar dried at 105 ◦C] as shown in Eq. (4): 

Element content =
celement × VHNO3

106 × mmortar,105◦C
∙100% (4)  

From the other twin test specimen, a small section of approx. 3 cm × 3 
cm × 1 cm was cut out aligned to the exposed surface of each test 
specimen as shown in Fig. 3. The small blocks were epoxy impregnated, 
polished and carbon-coated for SEM-EDS analysis. The samples were 
analysed using a Hitachi S-3400 N scanning electron microscope (SEM) 
equipped with an energy dispersive spectrometer (EDS) from Oxford 
Instruments. SEM-EDS analyses of the matrix were performed with an 
acceleration voltage of 15 keV and a working distance of 10 mm. BSE 
images and elemental maps at a magnification of x1k were obtained 
along the exposed surfaces. Moreover, frames at x1.7k magnification 
were investigated with a minimum of 20 point-analyses of the matrix, 
representing the intermixed hydration phase assemblage at different 
depths below the exposed surface. The results of the point analyses were 
used for two different types of dot-plots. When the data of various ele-
ments are plotted over an independent element, in this case magnesium, 
the slopes of the resulting linear trend lines allow the determination of 
elemental ratios, e.g., Cl/Si, Na/Cl or K/Cl in a specific phase. The re-
sults were also plotted in graphs indicating the ideal compositions of 
various hydration phases, which allows the determination of the type of 
AFm phase intermixed in the matrix, or the Ca/Si ratio of the C-S-H [43]. 
It should be noted that the epoxy used for the preparation of the polished 
sections contained chlorine. Moreover, during sample preparation of the 
polished sections, ions from the pore solution can precipitate and might 
therefore be included in the EDS analysis of the cement paste. Both these 
effects should be kept in mind while interpreting the EDS results, even 
though we did not observe precipitated NaCl crystals in voids. 

For the thermodynamic modelling of the changes in the phase 
assemblage upon exposure to the NaCl or the NaCl+KOH solution, we 
used the Gibbs free energy minimization software GEM-Selektor v.3 
(GEMS3) [44–47]. The thermodynamic data from the PSI-GEMS data-
base was expanded with a cement-specific database (CEMDATA 18) 
[48,49], which includes solubility products and solids relevant for 
cementitious materials. In addition, the CSHQ model proposed by Kulik 
was used to model the C-S-H phase in these systems [50]. 

The modelling approach used in this study is similar to the ap-
proaches described elsewhere [51,52]. We focused on the cement paste 
because we assume the sand in the mortar to be inert. Hydrated cement 
paste was modelled to be in equilibrium with increasing amounts of 
either the NaCl or the NaCl+KOH solution. We simulated the conditions 
in the mortar towards the exposed surface by increasing the amount of 
chloride solution with which the hydrated binder is in contact. However, 
in these models, transport is not taken into account, and thermodynamic 
equilibrium is assumed. This means that these models are neither time- 
nor space-resolved. 

The cement paste consisted of 45 g of mixing water and 100 g of the 
CEM VI (S-V) composite cement, containing 47 wt% CEM I, 43 wt% 
GGBFS, and 10 wt% FA. The reaction degrees of the CEM I, the GGBFS, 
and the FA were assumed to be 90%, 60% and 20% respectively, rep-
resenting 154 days of hydration. Unexposed cement paste and its com-
ponents have been fully characterized in a hydration study reported by 
EnDurCrete [53,54]. 

The composition of the NaCl and NaCl+KOH exposure solutions 
were defined as described in the experimental programme as 30 g NaCl 
in 970 g H2O and an additional 8.416 g KOH in the case of the 
NaCl+KOH solution. 

The formation of the following phases was blocked in the software: 
gibbsite, kaolinite, graphite, dolomite, thaumasite, iron carbonates 
(incl. siderite), hematite, magnetite, goethite, pyrite, troilite, sulphur, 
and quartz. This was done in order to prevent the prediction of phases 
whose formation is thermodynamically possible, but kinetically impos-
sible in the laboratory conditions applied in the experiments (tempera-
ture, pressure). 
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3. Results 

3.1. Thermodynamic modelling 

Fig. 4 shows the modelled phase assemblage of the hydrated CEM VI 
(S-V) binder upon exposure to a) the NaCl or b) the NaCl+KOH solution 
and the pH of the liquid phase. The experimental set-up is simulated by 
exposing a hydrated cement paste to increasing amounts of exposure 
solution. 

Fig. 4 shows the mass of the predicted solid phases. The phase 
assemblage before exposure (no solution added) is the same for both 
simulations and consists of unreacted Portland cement, GGBFS, fly ash, 
and various hydration phases, such as C-S-H, CH, ettringite, mono-
sulphate, hemicarbonate, hydrotalcite, and a siliceous hydrogarnet (Si- 
hydrogarnet). One can observe that the phases start to change when the 
binder is exposed to more than 0.01 L exposure solution per 100 g of 
binder, irrespective of which exposure solution. Upon exposure to larger 
amounts of the chloride solutions, Kuzel's salt and later Friedel's salt are 
predicted to form at the expense of monosulphate. This transformation 
in AFm phases is commonly observed upon chloride exposure [7]. It 
should be noted that, due to a lack of thermodynamic data, the chloride 
binding by hydrotalcite was not taken into account in the modelling, 
even though hydrotalcite is able to bind considerable amounts of chlo-
ride [21]. At high volumes of added NaCl solution, the formation of large 
quantities of M-S-H and zeolites was predicted by the model. However, 
these phases were not observed experimentally. This could be explained 
in two ways. On the one hand, the formation of specific phases can be 
kinetically hindered and they might therefore not be detected experi-
mentally. On the other hand, the modelling routine applied here does 
not exactly represent the experimental conditions. In the laboratory, the 
exposure solutions were replaced weekly, which causes the removal of 
ions from the system whereas the modelling represents the equilibrium 
in a closed system. 

In the case of NaCl exposure, the cement paste starts to dissolve 
considerably and lose mass from the point when the binder is exposed to 
more than 10 L solution per 100 g binder, whereas in the case of NaCl +
KOH, the weight loss is more gradual and a large reduction in mass is 
only observed after 100 L of exposure solution. It can also be seen that 
less NaCl solution is required to dissolve and leach out portlandite (CH) 
and C-S-H than with the NaCl+KOH solution. So, the thermodynamic 
model confirms that the addition of KOH to the exposure solution 
(NaCl+KOH) reduces the leaching load compared to the pure NaCl so-
lution. This can be explained by the difference in the pH between both 
predictions. Fig. 4 shows that the pH of the liquid phase first slightly 

increases upon addition of both exposure solution. This slight increase in 
pH upon the addition of NaCl solution has been observed and explained 
previously in [15]. In the case of NaCl exposure, the pH starts to drop 
when the volume of the exposure solution surpasses approx. 0.1 L, and 
reaches down to approx. 11 at high volumes of NaCl exposure solution. 
In the case of NaCl+KOH exposure, the pH remains above 13 indepen-
dent of the volume of exposure solution. It should be noted that the 
model predicts one liquid phase comprising both the pore solution and 
exposure solution in equilibrium with the phase assemblage of the hy-
drated cement paste. However, one cannot directly link the modelled pH 
of the liquid phase to the pH of the pore solution in the investigated 
mortar samples as the model does not account for transport nor for 
exchanging of the exposure solution. 
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Fig. 4. Modelled phase assemblage [g/100 g composite cement] plotted as a function of added exposure solution [L] per 100 g of composite cement for the hydrated 
CEM VI (S-V) binder with a w/c ratio of 0.45 at 20 ◦C exposed to increasing amounts of a) the NaCl solution and b) the NaCl+KOH solution. In addition, the pH value 
of the liquid phase predicted by the modelling is indicated for both exposure scenarios. 

Fig. 5. Total chloride profiles for the mortar specimens exposed to NaCl or 
NaCl+KOH solution for 90 or 180 days, given as the total chloride content [wt 
% of mortar dried at 105 ◦C] as a function of depth below the exposed surface 
determined using potentiometric titration. 
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3.2. Total chloride profiles 

Fig. 5 shows the total chloride content of the mortar specimens 
exposed to the NaCl and the NaCl+KOH solution for 90 or 180 days as a 
function of depth below the exposed surface. Chlorides have penetrated 
into all the mortar specimens, but there are differences in the total 
chloride content and the chloride ingress depth with time. 

The specimens exposed to the NaCl solution show about double or 
triple the maximum total chloride contents (0.5 wt% and 0.9 wt% after 
90 and 180 days respectively) compared to the specimens exposed to the 
NaCl+KOH solution (0.3 wt% after both exposure times). 

The total chloride content and the chloride ingress depth increased in 
the NaCl specimens over time from 90 to 180 days of exposure. After 
180 days, the total chloride profile of the NaCl specimens shows typical 
peaking behaviour, in that the outermost section shows a lower total 
chloride content than the section slightly deeper in. This peaking shape 
is commonly observed in total chloride profiles after long-term exposure 
to chloride-containing solutions or sea water [6,30,55,56]. 

For the specimens exposed to the NaCl+KOH solution, the total 
chloride profile obtained after 90 days of exposure is very similar to the 
total chloride profile obtained after 180 days of exposure. 

These results illustrate that the two different exposure solutions used 
in this study have very different impacts on the total chloride profiles 
obtained after 90 and 180 days of exposure. 

3.3. TGA results 

3.3.1. DTG curves 
Fig. 6 shows the derivative thermogravimetric (DTG) curves in the 

temperature range of 250–500 ◦C obtained on powders from various 
depths below the exposed surface of the mortar specimens exposed to 
the NaCl solution (Fig. 6 a) and NaCl+KOH solution (Fig. 6 b) for 180 
days. The temperature ranges for the decomposition of AFm phases and 
portlandite (CH) are indicated in Fig. 6. 

In both specimens, the portlandite content decreases towards the 

exposed surface. In the NaCl exposed specimen, the portlandite peak 
even disappears in the outermost section. 

The weight loss peaks in the AFm region seem to increase towards 
the exposed surface for both specimens. Note that, with decreasing 
depth below the exposed surface, the peak in the temperature range of 
AFm decomposition shifts towards lower temperatures and shows a 
double peak for both exposures. The single peak in the unaffected sec-
tions (e.g. 25 mm) has been associated with hydrotalcite or carbonate 
AFm [21,41]. The double peak has been related to the decomposition of 
chloride-containing AFm phases [13,21,32]. 

3.3.2. Portlandite profiles and AFm weight loss profiles 
Fig. 7 shows the portlandite content determined by TGA in the 

mortar specimens exposed to the NaCl and NaCl+KOH solutions as a 
function of depth below the exposed surface after 90 days and 180 days 
of exposure. 

The portlandite content decreases towards the exposed surface in all 
specimens. This is expected as calcium ions are leached from the surface 
of the specimens immersed in solutions that are not saturated with 
respect to calcium, leading to the dissolution of portlandite. The speci-
mens exposed to the NaCl solution no longer contain portlandite in the 
outermost sections, while the NaCl+KOH specimens still contain a 
certain amount of portlandite in all sections. 

With exposure time, the portlandite content in the specimens 
exposed to the NaCl solution continues to decrease in the sections down 
to a depth of 12 mm. This trend is not observed for the NaCl+KOH 
specimens, which show similar portlandite profiles after 90 and 180 
days of exposure. The leaching of portlandite is considerably slower with 
exposure to NaCl+KOH than to NaCl, showing as intended that the set- 
up chosen in this study can limit the leaching of calcium. 

The difference in solubility of the portlandite for the two exposure 
solutions can also be demonstrated with thermodynamic modelling. We 
calculated the calcium concentration for a simplified portlandite satu-
rated system in equilibrium with the NaCl and NaCl+KOH solutions. The 
NaCl system resulted in a calcium concentration of about 0.034 mol/L 
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Fig. 6. DTG curves of sections at various depths below the exposed surface for specimens exposed a) to the NaCl solution and b) the NaCl+KOH solution for 180 days 
in the temperature range of AFm and portlandite (CH) decomposition (250–500 ◦C). 
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and a pH of 12.8, whereas the NaCl+KOH system had a calcium con-
centration of 0.007 mol/L at a pH of 13.2. The reduction in dissolution of 
portlandite (Ca(OH)2 (s) ➔ Ca2+ + 2 OH− ) upon increased hydroxyl 
concentration in the KOH system can be ascribed to the common ion 
effect. 

Fig. 8 shows the profiles of the weight loss in the temperature in-
terval related to AFm decomposition as a function of depth below the 
exposed surface. The background weight loss in this region is about 0.10 
wt%. The weight loss relative to the background level increases between 
a depth of 10 mm and the exposed surface for the NaCl exposed spec-
imen, whereas for the NaCl+KOH exposed specimen the weight loss only 
starts to increase from a depth of 5 mm below the exposed surface. There 
is also a considerable difference in the maximum level of the weight loss 
depending on the exposure solution. In the specimen exposed to the 

NaCl solution, the maximum weight loss is as much as 0.50 wt% whereas 
the maximum for the specimen exposed to the NaCl+KOH solution is 
less than half, i.e., 0.20 wt%. Hemstad et al. [13] reported a similar 
increase in AFm weight loss upon moderate leaching of well-hydrated 
paste samples exposed to chlorides. However, such an increase is not 
predicted by the thermodynamic model in this study (see Fig. 4). It is 
possible that the aluminium needed for the formation of additional AFm 
phases could be liberated from the C-A-S-H upon moderate leaching, as 
reported by Baba Ahmadi et al. for calcium-deficient systems [57]. 
Further investigation will be required to elucidate what is causing the 
increase in chloride-containing AFm phases upon leaching. 

It should be noted that the weight loss determined can only be used 
as a semi-quantitative indication, because the total specimen mass in the 
outermost sections could decrease due to leaching, which can lead to a 
relative enrichment of remaining phases, as mentioned in Section 2.3. 
Hence, a decrease in weight loss of a specific phase is not an artefact of 
leaching. On the contrary, leaching would lead to an underestimation of 
the decrease. For example, the decrease observed in the outermost 
section of the specimen exposed to the NaCl solution for 180 days 
compared to the adjacent section deeper in does reflect a real relative 
decrease in the weight loss related to AFm. 

3.4. Sodium and potassium profiles 

Fig. 9 shows the content of sodium (Na) and potassium (K) in the 
various sections of the mortar specimens exposed to the NaCl or 
NaCl+KOH solution for 90 and 180 days as a function of depth below the 
exposed surface. 

Both specimens show an ingress of sodium from the exposed surface, 
i.e., from the exposure solution, into the specimen. The ingress observed 
is higher in the case of the exposure to NaCl+KOH than it is for NaCl. 

The potassium concentration used in the NaCl+KOH exposure so-
lution (150 mmol/L) was based on a rough estimate of the potassium 
concentration in the pore solution of the mortar. However, the potas-
sium content in both the NaCl+KOH and the NaCl exposed specimens 
decreases towards the exposed surface. This indicates leaching of po-
tassium from both specimens into the exposure solution. The potassium 
concentration in the pore solution of the mortar was underestimated in 
the preliminary calculations and must be higher than 150 mmol/L. The 
specimen exposed to the NaCl solution shows a slightly higher degree of 
potassium leaching than the specimen exposed to the NaCl+KOH solu-
tion, as can be expected. 

It should be noted that the sodium and potassium profiles did not 
change significantly between 90 and 180 days. No further ingress of 
sodium or leaching of potassium was observed after 90 days of exposure. 

3.5. Microstructure and elemental maps after exposure 

Fig. 10 shows the BSE images, and silicon (Si), sodium (Na), potas-
sium (K), chlorine (Cl) and calcium (Ca) maps of the two mortar spec-
imens after exposure to a) the NaCl solution and b) the NaCl+KOH 
solution for 180 days. The top side of the image represents the exposed 
surface. 

In both samples, the porosity increases and the calcium content de-
creases towards the exposed surface. There seems to be a clear increase 
in porosity and a decrease in silicon towards the exposed surface only 
with exposure to NaCl+KOH. The specimen exposed to the NaCl solution 
shows a slight increase in porosity and no decrease in silicon towards the 
exposed surface. This difference can be explained by the fact that the 
solubility of silicon increases exponentially with increasing pH above 
pH 8 [58], which affects the solubility of C-S-H at high pH [59,60]. The 
considerably higher pH of the NaCl+KOH solution (approx. pH 13.2, 
according to GEMS calculations) seems therefore to have caused 
leaching of silicon from the outermost sections of the specimen into the 
NaCl+KOH exposure solution. C-S-H represents the largest fraction of 
hydration phases in the cement paste matrix, so leaching of this phase 

Fig. 7. Portlandite profiles for the mortar specimens exposed to the NaCl or the 
NaCl+KOH solution for 90 or 180 days, given as the portlandite content [wt%/ 
g of dry mortar] determined with TGA as a function of depth below the 
exposed surface. 

Fig. 8. Weight loss related to AFm profiles for the mortar specimens exposed to 
the NaCl or the NaCl+KOH solution for 90 or 180 days, given as [wt%/ g of dry 
mortar] determined with TGA as a function of depth below the exposed surface. 
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results in a significant increase in porosity. However, this leaching of C- 
S-H is limited to the outermost 200 μm of the specimen exposed to 
NaCl+KOH. 

The SEM-EDS maps are only semi-quantitative, so this overall 
decrease in specimen mass also leads to a reduction in signal in all other 
elemental maps. For the calcium content in particular, this might at first 
sight seem to contradict the portlandite profiles, which show a higher 
portlandite and thereby also calcium content in the NaCl+KOH speci-
mens than in the NaCl specimens (see Fig. 7). However, the portlandite 
profiles cannot be directly compared to the SEM-EDS maps (Fig. 10), 
because the latter only represent the outermost 1–2 mm of the specimen, 
while the portlandite profiles (Fig. 7) are obtained down to a depth of 25 
mm, where each data point represents the average CH content in each 
section. 

Moreover, the precipitation of a calcium-rich layer on top of the 
exposed surface in the specimen exposed to the NaCl solution can be 
observed in Fig. 10. This layer is assumed to be a calcite layer because no 
portlandite was detected by TGA in the outermost section (see Fig. 7). 
The specimens were stored in Ca(OH)2 saturated water prior to expo-
sure, so a portlandite layer probably formed during exposure and later 
carbonated to CaCO3 during sample preparation. This layer can be 
observed in the case of exposure to the NaCl solution, but not in the case 
of exposure to NaCl+KOH. A simple thermodynamic calculation of a 
CaCO3 saturated system in equilibrium with each of the solutions shows 
that the calcium concentration in the case of NaCl exposure is 0.65 
mmol/L at a pH of approx. 10 compared to a calcium concentration of 
0.70 mmol/L at a pH of 13.1 for the NaCl+KOH exposure. This indicates 
that the degree of undersaturation of carbonates increases slightly with 
increasing pH, which means that, in the case of exposure to the 
NaCl+KOH solution, the carbonate layer might have dissolved more 
than it would with NaCl exposure. However, it should be noted that 
there is still a trace of calcite visible on the NaCl+KOH exposed mortar, 
which could indicate that the calcite surface layer has just fallen off in 
the case of the NaCl+KOH exposed mortar because the surface has 
disintegrated more than the NaCl exposed mortar. 

The chlorine maps in Fig. 10 show a higher maximum chlorine 
content in the specimen exposed to the NaCl solution than in the spec-
imen exposed to the NaCl+KOH solution. Moreover, the chlorine con-
tent measured with EDS is observed to decrease slightly towards the 
exposed surface, similar to the calcium content in both specimens. 

The SEM-EDS maps shown in Fig. 10 also enable us to comment on 
the impact of the preparation of the polished sections on the EDS results. 
As mentioned in the methods section, the epoxy used for the impreg-
nation contains chlorides. This can be seen in Fig. 10 in the slightly 
higher chloride intensities above the exposed surface, which consists 
only of epoxy. A decrease in the intensity of the chloride maps can be 
seen in the outermost 200 μm of the mortar followed by an increase in 
the intensity slightly deeper in. These observations correlate with the 
results of the total chloride profiles and demonstrate that we can use the 
EDS analysis to describe relative differences in the chloride content of 
the paste. 

3.6. Changes in the C-S-H and AFm composition due to chloride exposure 

In the cement paste, chlorides are bound either chemically in AFm 
phases, such as Friedel's salt or Kuzel's salt, or physically by their 
accumulation in the diffusive layer of the C-S-H. We therefore investi-
gated in detail the changes in C-S-H and AFm composition as a function 
of depth below the exposed surface, with SEM-EDS point analyses at 
various depths below the exposed surface in specimens after 180 days of 
exposure. 

3.6.1. Changes in the C-S-H composition 
Fig. 11 shows the Cl/Mg over the Si/Mg ratio of the EDS point an-

alyses performed on the matrix of the mortar specimens exposed to a) 
the NaCl solution and b) the NaCl+KOH solution for 180 days. The re-
sults shown in Fig. 11 were taken at depths of 0.03–20 mm below the 
exposed surfaces, as indicated by the different heat map colours. The 
coloured trend lines indicate the Cl/Si ratio determined for the results of 
each analysed depth, corresponding to the Cl/Si ratio of the C-S-H phase 
at that depth. 

The Cl/Si ratio of the C-S-H in the specimen exposed to the NaCl 
solution is lower at depths of 0.03 mm and 0.3 mm than it is deeper into 
the specimen (at depths of 0.6–4 mm). From 4 mm onwards, the Cl/Si 
ratio decreases again with increasing depth below the exposed surface. 

In the case of the specimen exposed to the NaCl+KOH solution, the 
highest Cl/Si ratio was determined in the outermost section at a depth of 
0.03 mm. For all depths investigated, the Cl/Si ratio decreased with 
increasing depth below the exposed surface from 0.03–4 mm and seems 
to reach a constant value from 10 mm onwards, reflecting the Cl/Si 

Fig. 9. Elemental profiles of a) sodium (Na), b) potassium (K), for the mortar specimens exposed to the NaCl solution (solid lines) and the NaCl+KOH solution 
(dashed lines) for 90 days (filled squares) or 180 days (hollow squares) given as element content [wt% of mortar dried at 105 ◦C] as a function of depth below the 
exposed surface determined with ICP-MS. 
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background level of the specimen. 
The background level of the Cl/Si ratio is independent of the expo-

sure solution and is about 0.02 for both specimens. Theoretically, one 
might expect the background level of the Cl/Si ratio to approach zero. 
However, low chloride background levels can originate from the cement 
and from the epoxy used to impregnate the SEM-EDS sample. This 
chloride background level is then enlarged as we divide it by the low 
magnesium levels in the volume analysed by EDS. The overall trends 
observed, however, are not affected by this. 

If we compare the maximum Cl/Si ratios obtained, the specimen 
exposed to the NaCl solution shows a considerably higher maximum Cl/ 
Si ratio (about 0.2) than the specimen exposed to the NaCl+KOH solu-
tion (about 0.07), with the exception of the results at a depth of 0.03 mm 
in the NaCl+KOH specimen. 

To investigate the changes in the C-S-H composition that can lead to 
the changes in its Cl/Si ratio, we investigated the Si/Ca ratio of the C-S-H 
at depths from 0.03–20 mm below the exposed surface. Fig. 12 shows 
the results of the Al/Ca over the Si/Ca ratio of the EDS point analyses 
performed on the matrix of the mortar specimens exposed to a) the NaCl 
solution, and b) the NaCl+KOH solution for 180 days. This way of 
plotting allows the determination of the Si/Ca ratio of the C-S-H by 
framing the data clouds between lines reaching to the AFm and CH ideal 
compositions [43]. 

Fig. 12 shows that the Si/Ca ratio does not change much between 
depths of 0.3 mm and 20 mm in either exposure solution. At depths of 
0.3 mm and greater, the Si/Ca ratio determined is the same in both 
specimens. Changes in the Si/Ca ratio of the C-S-H are only observed 
between depths of 0.03 and 0.3 mm. 

The results obtained at a depth of 0.03 mm in the specimen exposed 

to NaCl+KOH are not assumed to be C-S-H. The results show a very high 
scatter and mostly plot close to the ideal composition of portlandite 
(CH), which does not contain any silicon. This can be explained by the 
leaching of silicon from the outermost sections of the specimen exposed 
to the NaCl+KOH solution due to the high pH of this exposure solution, 
as described in 3.5. Taking this information into account, the Cl/Si ratio 
(see Fig. 11 b) determined for the C-S-H at this depth in the specimen 
exposed to the NaCl+KOH solution should be considered as an artefact, 
because the significantly lower silicon content in this data had the 
consequence of artificially increasing the Cl/Si ratio. The results ob-
tained in the specimen exposed to the NaCl solution and the results from 
deeper sections of the specimen exposed to the NaCl+KOH solution, 
however, represent commonly observed C-S-H data clouds. 

While the results shown in Fig. 12 indicate no change in the Si/Ca 
ratio of the C-S-H below a depth of 0.3 mm, the question arises of how 
the Si/Ca ratio of the C-S-H phases is affected by the chloride exposure 
and the type of chloride solution in the outermost sections (0.03–0.3 
mm). Fig. 13 therefore shows the results obtained on the Al/Ca and the 
Si/Ca ratio of the C-S-H at depths of 0.03–0.3 mm. 

For the specimen exposed to the NaCl solution, a clear trend is visible 
from a decalcified C-S-H (high Si/Ca ratio) to a sound C-S-H (medium Si/ 
Ca ratio) with increasing depth below the exposed surface. In the case of 
the specimen exposed to the NaCl+KOH solution, there is no clear trend. 
The results obtained in the outermost section (0.03 mm) plot close to a 
silicon-free composition (e.g., CH) and not to a decalcified C-S-H 
composition. With increasing depth below the exposed surface, the same 
Si/Ca ratio as in the specimen exposed to the NaCl solution was 
measured. 

Fig. 14 shows the Na/Mg over the Si/Mg ratio of the EDS point 

Fig. 10. BSE images, and silicon (Si), sodium (Na), potassium (K), chlorine (Cl) and calcium (Ca) maps of the mortar specimens exposed to a) the NaCl solution or b) 
the NaCl+KOH solution for 180 days. The exposed surface is located at the top of each image, indicated with a solid line in the BSE image. Dashed and dotted lines 
indicate differently leached zones in both BSE images. 
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Fig. 11. Cl/Mg ratio over the Si/Mg ratio for the point analyses of the matrix at depths of 0.03–20 mm below the exposed surface. The lines indicate the Cl/Si ratio of 
the C-S-H phase at the various depths. 
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analyses performed on the matrix of the mortar specimens exposed to a) 
the NaCl solution, and b) the NaCl+KOH solution for 180 days. The 
coloured lines in Fig. 14 indicate the Na/Si ratio of the C-S-H phase at 
the various depths below the exposed surface. 

In the specimen exposed to the NaCl solution, the outermost section 
(0.03 mm) shows a high Na/Si ratio of approx. 0.1. With increasing 
depth from 0.03 mm to 2.0 mm, the Na/Si ratio in the specimen de-
creases. At depths greater than 2.0 mm, the Na/Si ratio seems to oscillate 
around the background level of approx. 0.02, and these variations are 
assumed to be within the margin of error. 

In the specimen exposed to the NaCl+KOH solution, the Na/Si ratio 
of the C-S-H also decreases with increasing depth below the exposed 
surface. The only exception to this is the Na/Si ratio obtained at 0.6 mm, 
which is lower than the Na/Si ratio obtained at a depth of 2.0 mm. Note 
that the data points obtained at a depth of 0.03 mm do not represent C-S- 
H due to leaching of silicon in the outermost sections. The Na/Si ratios 
obtained at depths between 6.0 mm and 20 mm oscillate around the 
same background level as for the specimen exposed to the NaCl solution, 
approx. 0.02. These depths are therefore assumed to represent the 
background Na/Si ratio of the unaffected matrix samples. 

The relatively high Na/Si ratios determined for both specimens in the 
range between 0.6 mm and 4.0 mm were not expected, because sound 
(not de-calcified) C-S-H is reported to adsorb only minor amounts of 
alkalis [30,61], and the Ca/Si ratio of the C-S-H was found to be unaf-
fected at depths greater than 0.3 mm. The higher Na content in the outer 
sections might therefore be due to a higher Na concentration in the pore 
solution. 

Fig. 15 shows the K/Mg over the Si/Mg ratio of the EDS point ana-
lyses performed on the matrix of the mortar specimens exposed to a) the 
NaCl solution, and b) the NaCl+KOH solution for 180 days. The col-
oured lines in Fig. 15 indicate the K/Si ratio of the C-S-H phase at the 

various depths below the exposed surface. 
The highest K/Si ratio can be found in both specimens at the rela-

tively greater depths of approx. 10 to 20 mm. This K/Si ratio describes 
the level of potassium in the unaffected matrix samples and is therefore 
the same in both specimens (approx. 0.04). The K/Si ratio then decreases 
from the background level towards the exposed surface for both speci-
mens. However, it should be noted that the outermost section (at a depth 
of 0.03 mm) in the specimen exposed to the NaCl solution showed a 
considerably higher K/Si ratio (approx. 0.02) than sections even slightly 
below it (approx. 0.01). 

As described for the Na/Si ratio, the high K/Si ratio determined for 
the outermost section in the specimen exposed to the NaCl+KOH solu-
tion is most likely an artefact of the low silicon content measured in this 
section and does not represent C-S-H. 

The lowest K/Si ratios are observed for the specimen exposed to the 
NaCl solution at depths of 0.3 to 4.0 mm (approx. 0.01). The specimen 
exposed to the NaCl+KOH solution showed higher K/Si ratios (approx. 
0.02–0.04) at these depths (0.6 to 4.0 mm). This indicates a lower degree 
of potassium leaching in the case of exposure to the NaCl+KOH solution 
than with the NaCl solution, which is expected and agrees with the ICP- 
MS results (see Fig. 9 b)). 

3.6.2. Changes in the AFm composition 
To determine the type of AFm phases present in the specimens at the 

various depths below the exposed surface, different ways of plotting are 
needed. As a first step, the results at depths from 0.03–20 mm are plotted 
as the S/Ca over the Al/Ca ratio in Fig. 16 a) for the specimen exposed to 
the NaCl solution and in Fig. 16b) for the specimen exposed to the 
NaCl+KOH solution. 

The data points obtained at a depth of 0.03 mm in the specimen 
exposed to the NaCl solution only plot in the proximity of the x-axis 

Fig. 12. Al/Ca ratio over the Si/Ca ratio for the point analyses of the matrix at depths of 0.03–20 mm below the exposed surface. The ideal compositions of 
portlandite (CH), ettringite (AFt) and AFm phases are indicated. The composition of the C-S-H is estimated by framing it with tangents (dashed lines) reaching to the 
AFm and CH compositions. 
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Fig. 13. Al/Ca ratio over the Si/Ca ratio for the point analyses of the matrix at depths of 0.03–0.3 mm below the exposed surface. The ideal compositions of 
portlandite (CH), ettringite (AFt) and AFm phases are indicated. The composition of the C-S-H is estimated by framing it with tangents (dashed lines) reaching to the 
AFm and CH compositions. The tangents shown are fitted to the datapoint at 0.3 mm depth as a guide for the eye. 

Fig. 14. Na/Mg ratio over the Si/Mg ratio for the point analyses of the matrix at depths of 0.03–20 mm below the exposed surface. The lines indicate the Na/Si ratio 
of the C-S-H phase at the various depths. 
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Fig. 15. K/Mg ratio over the Si/Mg ratio for the point analyses of the matrix at depths of 0.03–20 mm below the exposed surface. The lines indicate the K/Si ratio of 
the C-S-H phase at the various depths. 

Fig. 16. S/Ca ratio over the Al/Ca ratio for the point analyses of the matrix at depths of 0.03–20 mm below the exposed surface. The ideal compositions of por-
tlandite (CH), ettringite (AFt), monosulphate (AFm_S), Kuzel's salt (Kuzel), monocarbonate (AFm_C) and Friedel's salt (Fs) are indicated. 
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pointing towards the monocarbonate (AFm_C) or Friedel's salt (Fs) 
composition. With increasing depth below the exposed surface, some of 
the data points obtained from the specimen exposed to the NaCl solution 
still point towards the composition of monocarbonate or Friedel's salt, 
while others plot a line pointing towards the composition of mono-
sulphate (AFm_S). The presence of monosulphate is in agreement with 
the GEMS modelling results of the hydrate phase assemblage in the 
unaffected matrix samples (see Fig. 4). Moreover, ettringite and small 
amounts of hemicarbonate are predicted to form in the GEMS model 
upon hydration of the cement, due to traces of limestone in the binder 
(approx. 0.1 wt%). These phases were also detected experimentally on 
unexposed hydrated paste samples [53](results not shown here), but 
were not detected experimentally by SEM-EDS. This is probably due to 
the small amounts of hemicarbonate present and the difficulty of 
detecting ettringite with EDS [22]. 

The results obtained on the specimen exposed to the NaCl+KOH 
solution show similar results to those for the specimen exposed to the 
NaCl solution. The difference between the two specimens is only visible 
in the results obtained at a depth of 0.03 mm in Fig. 16. Some of the data 
points obtained in the outermost section (0.03 mm) in the specimen 
exposed to NaCl+KOH, as with all other data points, plot on a line 
pointing towards the composition of monosulphate, while others plot a 
line towards the composition of monocarbonate or Friedel's salt. 

As Friedel's salt and monocarbonate cannot be distinguished in 
Fig. 16, the same data points are replotted in Fig. 17, but now showing 
the Cl/Ca over the Al/Ca ratio. This way of plotting can distinguish the 
AFm phases by their chloride content. 

For the specimen exposed to the NaCl solution, the results with the 
highest Cl/Ca ratios were obtained at depths of 0.6–4 mm. This agrees 
with the results of the total chloride profiles (see Fig. 5) since the highest 
total chloride content was measured at these depths below the exposed 
surface. The data points from 0.6–4 mm plot on a line pointing towards 

the composition of Friedel's salt. Both at higher and lower depths, the Cl/ 
Ca ratios are lower than those obtained between 0.6 and 4 mm, indi-
cating the presence of AFm phases containing less chloride than Friedel's 
salt (Kuzel's salt) or no chloride (e.g., monosulphate). 

In the case of the specimen exposed to the NaCl+KOH solution, the 
results with the highest Cl/Ca ratios were obtained in the outermost 
section (0.03 mm). This agrees well with the results of total chloride 
profiles (see Fig. 5). The data points at a depth of 0.03 mm plot on a line 
pointing towards the composition of Kuzel's salt. As Kuzel's salt contains 
less chloride per mol than Friedel's salt, this indicates a lower chemically 
bound chloride content in the specimen exposed to the NaCl+KOH so-
lution than in the specimen exposed to the NaCl solution. With 
increasing depth below the exposed surface, the Cl/Ca ratio decreases, 
reaching similar background values to those obtained in the specimen 
exposed to the NaCl solution. 

At depths of 10 mm and below, the data points plot mostly along the 
horizontal axis in Fig. 17, indicating the presence of monosulphate or 
monocarbonate containing very little chloride. This is in agreement with 
the total chloride profiles, which do not show chloride ingress beyond 
10 mm (Fig. 5). 

4. Discussion 

4.1. Impact of leaching on the total chloride content 

To understand why the specimens exposed to the NaCl solution and 
the specimens exposed to NaCl+KOH solution have different total 
chloride profiles, we need to understand the effect of the two exposure 
solutions on the hydration phase assemblage and the microstructure of 
the mortars. 

Fig. 18 shows the total chloride, portlandite, sodium and potassium 
profiles and the EDS elemental ratios determined for C-S-H (Cl/Si, Ca/ 

Fig. 17. Cl/Ca ratio over the Al/Ca ratio for the point analyses of the matrix at depths of 0.03–20 mm below the exposed surface. Black squares indicate the ideal 
compositions of portlandite (CH), Friedel's salt, Kuzel's salt, monosulphate (AFm_S), monocarbonate (AFm_C), and ettringite (AFt). 
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Si) and AFm (Cl/Al) after 180 days of exposure as a function of depth for 
the two exposure solutions. 

The portlandite and potassium profiles measured (see Figs. 7 and 9b) 
were used as indicators for the degree of leaching at the various depths 
below the exposed surface. Fig. 18 shows that the two leaching pa-
rameters are inversely correlated with the total chloride content in the 
mortar specimens. This inverse correlation is clearer for the mortar 
specimen exposed to NaCl solution than for the specimen exposed to the 
NaCl+KOH solution. The highest total chloride content is measured near 
the exposed surface where all the portlandite has leached out and where 
the potassium content is relatively low. Deeper below the exposed sur-
face of the mortar specimen, the total chloride content decreases grad-
ually, whereas the portlandite and potassium contents increase towards 
their background levels. The specimen that was exposed to the 
NaCl+KOH solution shows significantly less leaching of portlandite and 
potassium and a lower total chloride content than the specimen that was 
exposed to the NaCl solution. 

The experimental set-up using the two exposure solutions NaCl and 
NaCl+KOH succeeded in provoking different levels of leaching and a 
considerable difference in the total chloride ingress profiles. 

4.1.1. Increased porosity due to leaching 
Leaching causes the dissolution of portlandite, and potentially other 

hydration phases, in the outer sections of the exposed mortar specimens 
and consequently increases the porosity of these sections. This addi-
tional porosity might be filled with the chloride-containing exposure 
solution and therefore affect the total chloride content determined with 
potentiometric titration in the leached sections. 

The difference in the maximum total chloride content between the 
specimens exposed to the NaCl solution and the NaCl+KOH solution for 
180 days is about 0.7 wt% of chloride per dried mortar (Fig. 5). To verify 
whether this difference can be linked to changes in porosity, we made 
some rough estimates. The detailed calculations are reported as sup-
plementary data to this paper. The free chloride content estimated by 
filling the porosity with exposure solution is approx. 0.11 wt% Cl per 
dried mortar. This means that variations in the free chloride content 
cannot explain the 0.7 wt% difference in total chloride content deter-
mined experimentally for the two exposure conditions. If all the por-
tlandite leached out, this would lead to an increase in porosity, and 
therefore an increase in the free chloride content of only 0.008 wt% dry 

mortar. Even if all the cement paste washed out of the mortar, this would 
only contribute to a chloride content of 0.5 wt% of the fully leached-out 
mortar. So, potential changes in porosity cannot explain the difference 
of 0.7 wt% in total chloride content between the specimens exposed to 
the NaCl solution and the NaCl+KOH solution after 180 days. 

The limited potential contribution to the total chloride content of 
saturating the additional porosity with the exposure solution is also 
supported by the BSE images presented in Fig. 10, which show that, 
while chloride exposure led to a considerable increase in porosity, it was 
only in the outermost 0.50 mm. The difference in chloride content be-
tween the specimens exposed to the two solutions, however, is greatest 
for sections at depths of 1–4 mm, where we do not observe a large dif-
ference in porosity. We can therefore conclude that the difference in the 
maximum chloride content between the specimens exposed to the NaCl 
solution and the NaCl+KOH solution is not solely due to differences in 
porosity caused by leaching, but must rather be due to changes in the 
interactions of the hydration phase assemblage with the two exposure 
solutions. 

4.1.2. Changes in the hydration phase assemblage due to leaching 
There are two possible ways the interaction of the hydration phase 

assemblage with the exposure solution might cause a higher total 
chloride content: the formation of more chloride-containing phases, 
such as Friedel's salt or Kuzel's salt, or an increase in the chloride binding 
of the hydration phases upon moderate leaching, i.e., a decrease in the 
pH of the pore solution. 

Several authors have reported on the effect of pH on the chloride- 
binding capacity of C-S-H and AFm phases like Friedel's salt and 
Kuzel's salt in closed equilibrium systems [7,13,15,22,33,62]. In this 
study, we did not measure the pH in the exposed mortar specimens 
directly, but a decrease in the measured content of portlandite and po-
tassium does indirectly reflect a decrease in the pH of the pore solution. 

4.1.2.1. AFm. In the unaffected mortar at 20 mm depth, monosulphate 
(e.g., 3CaO⋅Al2O3⋅CaSO4⋅12H2O) was found to be the main AFm phase 
(Fig. 16). This was in agreement with the GEMS modelling results, which 
predicted the formation of mainly monosulphate and only small 
amounts of hemicarbonate in the unexposed binder (for 0.01 L solution 
added in Fig. 4). 

Upon exposure to chlorides, the sulphate ions in the monosulphate 
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structure can be replaced with chloride ions, as shown by Balonis et al. 
[7]. For the specimen exposed to NaCl, this resulted in the formation of 
Friedel's salt (3CaO⋅Al2O3⋅CaCl2⋅10H2O) at depths where the chloride 
profile shows the highest total chloride content. In the case of the 
specimen exposed to the NaCl+KOH solution, Kuzel's salt 
(3CaO⋅Al2O3⋅0.5CaSO4⋅0.5CaCl2⋅11H2O) formed at depths showing the 
maximum chloride content (Fig. 17). This results in a Cl/Ca ratio and Cl/ 
Al ratio (Fig. 17 and Fig. 18) of the AFm phase in the case of exposure to 
NaCl solution that is as much as double as high as for the NaCl+KOH 
solution at depths of 0–10 mm. 

The replacement of sulphate ions with chloride ions in AFm phases is 
commonly accompanied by the formation of ettringite [7,63], as also 
predicted by the GEMS model results (see Fig. 4). However, neither the 
formation of ettringite nor an increase in, e.g., the S/Si ratio of the C-S-H 
could be determined in this study for the sections in which Friedel's salt 
or Kuzel's salt were detected (Fig. 16). This might be due to the leaching 
of the sulphate ions into the exposure solution or the difficulty of 
detecting ettringite using SEM-EDS [22]. 

Whether Kuzel's salt or Friedel's salt is formed by the replacement of 
sulphate ions with chloride ions is commonly related to the chloride 
concentration in the pore solution. Friedel's salt represents the phase 
forming at higher chloride concentrations [7,64], as also demonstrated 
by the GEMS model (Fig. 4). The chloride concentration in the pore 
solution at a specific depth will depend on the chloride ingress rate. 
Enhanced leaching in the NaCl mortar seems to lead to a greater chloride 
ingress depth than in the less leached NaCl+KOH mortar. However, the 
impact of leaching on the chloride ingress rate will be investigated in 
more detail in a follow-up study applying a multi-ion transport model. 

In addition to the chloride concentration, the hydroxyl (OH− ) con-
centration in the exposure solution may also play an important role, due 
to the existence of a solid solution between Friedel's salt and hydroxy- 
AFm [7,65]. Since the hydroxyl concentration in the NaCl+KOH solu-
tion is considerably higher than in the NaCl solution, the binding of 
chlorides by the AFm phases might be limited due to the competition of 
chloride with hydroxyl ions for their position in the AFm structure [7]. 
This would lead to less chloride binding by the AFm phase in the case of 
exposure to NaCl+KOH than with NaCl, as illustrated in Fig. 18 by the 
Cl/Al ratios of the AFm phase. Moreover, Hemstad et al. [13] observed 
an increase in the Cl/Al ratio of the solid solution between mono-
carbonate and Friedel's salt with decreasing pH. However, as SEM-EDS 
does not allow the quantification of light elements such as oxygen or 
hydrogen, or their differentiation from carbonate, we were unable to 
differentiate between hydroxyl and carbonate AFm. 

To investigate the impact of leaching on the amount of chloride- 
containing AFm formed, we can compare the portlandite profiles 
(Fig. 7) with the weight loss profiles related to AFm (Fig. 8). The severely 
leached mortar specimen exposed to NaCl shows a maximum weight loss 
related to AFm decomposition more than double as high as the less 
leached specimens exposed to NaCl+KOH. Moreover, the depth of 
portlandite leaching seems to correspond to the depth at which we 
observe an increase in the weight loss related to AFm. 

The increase in the weight loss related to AFm decomposition in the 
leached sections could be partially due to changes in the composition of 
the phases or relative enrichment due to leaching as described in 2.3. 
However, it has been shown that chloride-containing AFm phases such 
as Friedel's salt are more stable at a slightly decreased pH [66] leading to 
the formation of more chloride-AFm due to leaching [13]. This could 
explain why we observe an increase in the weight loss related to AFm in 
the sections in which portlandite is leached. It also aligns with the fact 
that the more leached specimen exposed to NaCl shows higher weight 
loss related to chloride-containing AFm than the less leached 
NaCl+KOH specimen. 

Hemstad et al. [13] observed that extended leaching led to the 
decomposition of chloride-containing AFm phases. This is in line with 
the observed reduction in weight loss related to AFm in the outermost 
section of the mortar specimens exposed to NaCl. 

4.1.2.2. C-S-H. The physical chloride binding by C-S-H is also affected 
by the pH of the exposure solution. The specimens exposed to the NaCl 
solution showed a higher Cl/Si ratio for the C-S-H than the specimens 
exposed to the NaCl+KOH solution (see Fig. 11 and Fig. 18). The only 
exception of this is the Cl/Si ratio measured at the outermost section of 
the specimen exposed to NaCl+KOH, which is assumed to be an artefact 
as explained in chapter 3.6.1. 

Chlorides compete with other anions in the pore solution, e.g., hy-
droxyl ions, for accumulation in the diffuse layer of the C-S-H. With 
decreasing pH, the concentration of hydroxyl ions is reduced and 
therefore the accumulation of chloride ions in the diffuse layer may 
become more favoured than the accumulation of hydroxyl ions [33]. 

In addition, the Ca/Si ratio of the C-S-H phase can be affected by 
leaching [34]. This has been reported to have a strong impact on the 
surface charge of the C-S-H and therefore on the accumulation of cations 
in the Stern layer and anions like chloride in the diffuse layer of the C-S- 
H [67–69]. As the Ca/Si ratio of the C-S-H decreases, more silanol groups 
are deprotonated, which leads to an increase in the negative surface 
charge density of the C-S-H [67,70]. This can then lead to a higher 
overcompensation by divalent cations like calcium in the Stern layer, 
which consequently leads to the accumulation of more chloride ions in 
the diffuse layer of the C-S-H [20,23,24]. Fig. 18 shows that the Ca/Si 
ratio of the C-S-H did not change significantly at depths greater than 0.3 
mm (see also Fig. 12 and Fig. 13). The Ca/Si ratio of the C-S-H cannot 
therefore explain the differences in the total chloride profiles and the Cl/ 
Si ratios determined with SEM-EDS between the specimen exposed to 
NaCl and the specimen exposed to NaCl+KOH down to a depth of 10 mm 
(see Fig. 11 and Fig. 18). 

The de-calcification of the C-S-H in the outermost section (0.03 mm) 
in the specimen exposed to the NaCl solution, however, seems to have 
caused the adsorption of alkalis, as reported in literature for de-calcified 
C-S-H [30,61]. The experimental results in this study show this with the 
high Na/Si ratio (Fig. 14) and K/Si ratio (Fig. 15) determined in the 
section at 0.03 mm in the specimen exposed to the NaCl solution. 

4.1.3. Impact of changes in the phase composition on the total chloride 
content 

The aim of this section is to illustrate with simplified calculations 
how the changes in the phase compositions presented in Fig. 18 
contribute to the total chloride profiles. Assuming that C-S-H and Frie-
del's salt are the only chloride-binding phases, we can obtain an estimate 
of the amount and composition of these phases from the thermodynamic 
modelling results for exposure to 1 L of NaCl (see Fig. 4). We assume a 
constant amount of these phases, which is a simplification because these 
phases can partially decompose near the exposed surface upon advanced 
leaching. The chloride content of the C-S-H is varied according to the 
measured Cl/Si molar ratio and the chloride content in the Friedel's salt 
is varied according to the Cl/Al molar ratio, both as a function of depth 
below the exposed surface. The ideal Cl/Al ratio of Friedel's salt is 1. If 
the molar ratio of the chloride-containing AFm deviates from this ideal 
molar ratio, it should not be called Friedel's salt but rather Kuzel's salt 
and/or a solid solution between Friedel's salt and a carbonate or hy-
droxide AFm phase, e.g., monocarbonate. In the following, however, it is 
referred to as Friedel's salt for the sake of simplicity. 

For the GEMS calculations in this study, we used the CSHQ solid 
solution model [50]. The predicted C-S-H composition contains 8.4 mol 
Si/mol C-S-H and has a molar mass of 1505 g/mol. The thermodynamic 
model predicts the formation of 66 g C-S-H per 100 g of unreacted 
cement, which is equivalent to 16.6 g of C-S-H per 100 g of mortar dried 
at 105 ◦C when taking into account the mortar proportioning (Table 2) 
as well as 26 g of bound water per 100 g cement. This results in a Si 
content in C-S-H of 0.093 mol/100 g mortar dried at 105 ◦C.1 If this is 

1 Si content in C-S-H = (16.6 g C-S-H per 100 g mortar dried at 105 ◦C / 1505 
g/mol C-S-H) ⋅ 8.4 mol Si/mol C-S-H = 0.093 mol/100 g mortar dried at 105 ◦C 
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multiplied by the fitted Cl/Si ratio based on the EDS results and the 
molar mass of chlorine (35.45 g/mol), we obtain the chloride content in 
C-S-H as wt% per mortar dried at 105 ◦C, as illustrated in Fig. 19. 

For Friedel's salt (Fs), we assume the ideal chemical composition 
3CaO⋅Al2O3⋅CaCl2⋅10H2O with a molar mass of 561 g/mol. The model 
predicts the formation of 10 g Fs per 100 g of unreacted cement, or 2.6 g 
per 100 g of mortar dried at 105 ◦C. This results in an aluminium content 
in Fs of 0.0092 mol/100 g mortar dried at 105 ◦C.2 Multiplying this by 
the fitted Cl/Al molar ratio obtained from EDS and the molar mass of 
chlorine, we obtain the chloride content in Fs as wt% per mortar dried at 
105 ◦C, as illustrated in Fig. 19. 

The amount of chloride found in the pore solution in the outermost 
section is simulated by assuming that the pore volume is filled with a 
solution with a chloride concentration similar to the exposure solution. 
In the above section on porosity, this was calculated to be 0.11 wt% Cl in 
mortar dried at 105 ◦C. Deeper into the mortar, the chlorides present in 
the pore solution were gradually reduced to zero at an ingress depth of 
20 mm. 

Fig. 19 compares the measured total chloride profiles with the 
calculated contribution of chlorides in the pore solution, in Friedel's salt, 
and in C-S-H, as described above. Fig. 20 shows the measured Cl/Al and 
Cl/Si molar ratios as a function of depth below the exposed surface (see 
also Fig. 18), as well as fitted curves, which were used for the calcula-
tions described above. The curves were fitted so that the measured and 
calculated total chloride profiles would match both for NaCl exposure 
and for NaCl+KOH. 

The fitted molar ratio curves in Fig. 20 used for the calculations are 
slightly lower than the measured values. This could be due to an over-
estimation of the experimentally determined ratios, which is definitely 
the case for lower chloride contents at greater depths, as mentioned in 
the respective results section. Moreover, the thermodynamic model 
might also overestimate the Friedel's salt content slightly, because no 
correction for the aluminium uptake of the C-S-H was performed, which 
will lead to lower Cl/Al ratios when fitting the total chloride profiles. 

These simplified calculations show that the free chlorides in the pore 
solution contribute with less than 10% of the maximum total chloride 
content. C-S-H seems to contribute most to the chloride binding. The 
chlorides bound by C-S-H stand for almost half of the total chloride 
content. The remaining 30–40% of the total chloride content is bound in 
chloride-containing AFm. This is the case, even though the Cl/Si ratio 
determined is much lower than the Cl/Al ratio (see Fig. 20), because 
considerably more C-S-H is present in the specimens than AFm. 

Based on these calculations, we can conclude that the difference in 
the total chloride content for NaCl exposure and NaCl+KOH exposure in 
our findings is due to differences in the chloride uptake in the hydration 
phases caused by leaching. 

4.2. Impact of leaching on the peaking behaviour 

After 180 days of exposure, the mortar specimen exposed to the NaCl 
solution showed a so-called “peaking behaviour”, which means that the 
total chloride content in the outermost section is slightly lower than in 
the section slightly deeper in (Fig. 5). This peaking of chloride profiles in 
long-term chloride-exposed concrete has been reported previously 
[6,30,55]. 

In specimens not constantly immersed in chloride solution, e.g. 
concrete structures located in the tidal zone or exposed to de-icing salts, 
this peaking behaviour is commonly attributed to drying and wetting 
cycles [1,71,72]. However, it has also been observed in constantly 
submerged specimens, which are assumed to be fully saturated, as in the 
case of this study. The peaking behaviour has also been observed in 
specimens exposed to sea water, but its appearance in specimens 

exposed to NaCl solutions shows that other elements present in sea 
water, such as sulphur or magnesium, are not its sole cause. Instead, 
leaching of the outermost section and the pH-dependent binding ca-
pacity of hydration phases have been proposed as the main reason for 
the observed peaking behaviour [6,13,30]. 

Hemstad et al. reported that a drop of the pH below approx. 11 re-
sults in the dissolution of chloride-binding hydrate phases, such as 
Friedel's salt and C-S-H [13]. This corresponds to the reduced weight loss 
related to the chloride-containing AFm in the outermost section for the 
specimen exposed to the NaCl solution (Fig. 8). When chloride- 
containing hydrates are dissolved, the total chloride profile, which is 
mainly governed by the amount of bound chloride, decreases as well. 

In addition to the amount of chloride-containing AFm phases 
determined by TGA, the SEM-EDS results showed a lower chloride 
content of the C-S-H (Fig. 11) and AFm phases (Fig. 17) for the outer-
most sections than for sections slightly deeper in, as summarized in 
Fig. 18. 

The reason for the lower chloride content in the C-S-H in the 
outermost sections is most likely severe decalcification due to leaching. 
The calcium is leached out of the specimen during the exposure and 
cannot therefore compensate for the negative surface charge of the C-S- 
H by adsorption in the Stern layer. This reduces the accumulation of 
chloride ions in the diffuse layer and leads to a lower Cl/Si ratio in the 
outermost section of the C-S-H, as observed with SEM-EDS (Fig. 10). 

The decrease in the Cl/Al ratio in the AFm phase in the outermost 
section is probably due to the presence of carbonates at the exposed 
surface (see Fig. 10), most likely due to carbonation during sample 
preparation. Carbonates will result in the formation of monocarbonate 
(3CaO⋅Al2O3⋅CaCO3⋅11H2O), which is more stable upon leaching than 
Friedel's salt as can be seen from the thermodynamic model (Fig. 4), and 
will lead to an overall reduction in the Cl/Al ratio detected with SEM- 
EDS. 

In summary, the decomposition of chloride-containing AFm phases 
and the decrease in the chloride content in AFm and C-S-H in the 
outermost sections can explain the observed peaking behaviour in the 
near-surface region in the total chloride profile. 

4.3. Impact on service life modelling and performance testing 

As mentioned in the introduction, chloride profiles are commonly 
used to predict chloride ingress in concrete over time. Typically, the 
chloride profiles are fitted using a least-mean-square method with the 
error function solution for Fick's 2nd law of diffusion, and an apparent 
diffusion coefficient and a surface concentration are obtained as fitting 
parameters [1,73]. Fig. 21 shows the fitted error function solution of 
Fick's 2nd law for the chloride profiles measured, as well as the fitted 
apparent diffusion coefficient and surface concentration. 

Due to the so-called peaking behaviour (see Section 4.2), the near- 
surface points in the chloride profile often do not fit the error function 
solution and are therefore omitted. The assumption of a constant surface 
concentration, Cs, in the models used by fib and ISO [1,73] is ques-
tionable. The chloride profiles for NaCl exposure in Fig. 5 show that the 
surface concentration nearly doubles between 90 and 180 days of 
exposure, which demonstrates that the surface concentration is not 
necessarily constant in time. However, in the case of NaCl+KOH expo-
sure, we do not observe significant change in the surface concentration 
between 90 and 180 days of exposure. We attribute the variation in the 
surface concentrations with time to continuous “moderate” leaching of 
the outer sections of the mortar, which causes a gradual increase in the 
chloride-binding capacity of the cement paste and a gradually deeper 
location for the maximum chloride concentration over time. Models 
using the error function solution of Fick's 2nd law should take account of 
this time-dependent surface concentration. 

The fib model code is able to account for apparent changes in the 
diffusive properties of the concrete with time by using a so-called ageing 
exponent for the diffusion coefficient [1]. By comparing the fitted 

2 Al content in Fs = (2.6 g Fs per 100 g mortar dried at 105 ◦C / 561 g/mol Fs) 
⋅ 2 mol Al/mol Fs = 0.0092 mol/100 g mortar dried at 105 ◦C 
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apparent diffusion coefficients and surface concentrations in Fig. 21, we 
demonstrate that the evolution over time of the diffusion coefficient and 
surface concentration are exposure-dependent. We will look further into 
this dependency of the diffusion coefficient on leaching in a follow-up 
study with the help of a multi-ion transport model. 

Recently, it has been proposed to model chloride ingress over time 
using a so-called “square root method” [74,75]. The model relies on a 
linear relationship between the ingress depth of a selected “reference” 
total chloride content and the square root of the exposure time. By 
following one given concentration, the impact of pH-dependent binding 
capacity is limited. Furthermore, if one selects a “reference” total chlo-
ride content, which is not or only slightly affected by leaching, one 
would purely focus on the ingress rate. In our case, a potential reference 
concentration could for example be a content of 0.1 wt% mortar (see 
Fig. 5). In the light of our results, the rather simple square root method 
appears to be a promising engineering approach for chloride ingress 
prediction. 

The findings of this study also have an impact on performance testing 

of the chloride ingress resistance of concrete such as [35,76–79]. Per-
formance testing should be valid (relevant) and reliable (repeatable). In 
order to be relevant, the leaching conditions during the performance 
testing should represent the conditions during exposure. In the labora-
tory, the leaching conditions can be relatively mild, because concrete is 
exposed to a limited volume of chloride solution, e.g., in a container or 
by ponding. Whereas in the case of exposure to the sea, for example, the 
concrete is exposed to an unlimited reservoir and therefore to harsh 
leaching. Underrepresenting the leaching conditions during perfor-
mance testing might lead to non-conservative and therefore not relevant 
estimates of the chloride ingress resistance of the concrete. In order for 
the performance tests to be repeatable, leaching needs to be clearly 
described and documented, e.g., by specifying the exposed surface area 
per litre exposure solution and specifying the frequency of renewal of 
the exposure solution. This also illustrates the importance of testing the 
actual concrete in the actual environment and supports the suggestion of 
the establishment of a “birth certificates” as suggested several decades 
ago by Rostam [80] and recently in a fib Bulletin [81]. 

Fig. 19. Measured total chloride content (symbols), and calculated chloride content in Friedel's salt (Fs), C-S-H, and pore solution (cumulative area plots) in wt% of 
mortar dried at 105 ◦C as a function of depth below the exposed surfaces of the mortar specimens exposed to a) the NaCl solution or b) the NaCl+KOH solution for 
180 days. 
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Fig. 20. Measured (symbols) and fitted (lines) molar ratios of Cl/Al and Cl/Si as a function of depth below the exposed surfaces of the mortar specimens exposed to a) 
the NaCl solution or b) the NaCl+KOH solution for 180 days. 
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5. Outlook and further research 

In this study, both exposure solutions used have the same chloride 
concentration. Potential differences in the chloride concentration in the 
pore solution at various depths, causing, e.g., the formation of Friedel's 
salt instead of Kuzel's salt, can therefore only be related to differences in 
the chloride ingress rate between the two exposure solutions. 

Leaching has a strong impact on the chloride ingress rate, because 
electroneutrality needs to be maintained according to the Poisson- 
Nernst-Planck equation [72]. The amount and charge of ions that 
leach from the specimen into the exposure solution therefore affect the 
amount and charge of the ions that are able to penetrate from the 
exposure solution into the specimen. 

Since electroneutrality needs to be maintained, the ingress of chlo-
ride anions is commonly accompanied by leaching of hydroxyl anions 
from the specimen into the exposure solution, which is the case for 
exposure to the NaCl solution. In the case of the specimen that was 
exposed to the NaCl+KOH solution, leaching of hydroxyl ions was 
limited due to the high hydroxyl concentration of the exposure solution. 
Consequently, sodium cations were forced to penetrate the specimens 
together with the chloride anions to maintain the electroneutrality of the 
pore solution. Note that for the NaCl exposure, the sodium cations do not 
follow the chloride ions, because hardly any ingress of sodium cations is 
observed (Figs. 9 a) and 18). The assumption that the sodium ingress is 
related to the chloride ingress in the case of exposure to the NaCl+KOH 
solution is supported by the fact that there is almost no difference in the 
sodium profiles between 90 and 180 days (Fig. 9 a), which is also the 
case for the chloride profiles of these specimens (Fig. 5). 

These complex transport mechanisms will be investigated in more 
detail in another part of this project by applying a multi-ion transport 
model to simulate the transport of chlorides into the specimens exposed 
to the two different leaching conditions applied in this study. 

6. Conclusions 

Exposure of mortar specimens for up to 180 days to a 3% NaCl so-
lution was able to provoke intense leaching, whereas exposure to 3% 
NaCl+KOH led to limited leaching. The extent of leaching strongly 
affected the chloride ingress profiles. After 180 days of exposure, the 
most leached specimens exposed to the NaCl solution showed almost 
three times higher maximum total chloride content and considerably 

higher chloride ingress depth than the less leached specimens exposed to 
the NaCl+KOH solution. 

The purpose of this research was to explain why the chloride ingress 
profiles are that different for the two exposure solutions even though the 
solutions have the same chloride concentration. 

Total chloride profiles are governed by the interaction with hydra-
tion phases. Our calculations show that porosity contributes less than 
10% of the maximum total chloride content and thereby only plays a 
minor role. The Cl-uptake in C-S-H on the other hand accounts for about 
50% and chloride binding by AFm contributes 40%. Their Cl-uptake is 
affected by leaching:  

• The Cl/Si molar ratio of the C-S-H was higher in the case of the NaCl 
exposure solution than for the NaCl+KOH exposure solution. This is 
probably due to the reduced competition with hydroxyl anions for 
accumulation in the diffuse layer in the more leached NaCl specimen.  

• The chloride-binding AFm phase observed for the NaCl exposure was 
Friedel's salt at the maximum total chloride content, whereas Kuzel's 
salt was observed in the case of NaCl+KOH, resulting in a Cl/Al 
molar ratio for the AFm in the NaCl exposure that was twice as high 
as in the NaCl+KOH exposure. 

The maximum total chloride content in the more leached NaCl 
mortar is three times higher than in the less leached NaCl+KOH exposed 
mortar, which is due to the enhanced binding capacity of the C-S-H and 
AFm upon moderate leaching. In the severely leached outermost section 
of the NaCl exposed specimen, the chloride binding is reduced due to 
decalcification of the C-S-H and probably carbonation of the AFm. 
Moreover, some of the chloride-containing AFm phases decomposed in 
the outermost section of the specimen exposed to the NaCl solution. This 
shows that the pH-dependent chloride-binding capacity determines the 
shape of total chloride profiles, including the so-called peaking behav-
iour in the near-surface region in long-term exposed specimens. 

The chloride ingress rate is also clearly affected by leaching. This will 
be further investigated in a follow-up study with the help of a multi-ion 
transport model. 

CRediT authorship contribution statement 

Alisa Machner: conceptualization, methodology, software, formal 
analysis, investigation, writing – original draft, review & editing, 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 10 20 30

Cl
co
nt
en
t[
w
t%

of
m
or
ta
r
dr
ie
d
at
10
5
°C
]

Depth [mm]

NaCl 90d

NaCl 90d �itted

NaCl - 180d

NaCl 180d �itted

Dapp,90d = 1.4 10-12 m2/s

Cs,90d = 0.97%

Dapp,180d = 1.4 10-12 m2/s

Cs,180d = 1.27%

a) NaCl

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 10 20 30

Cl
co
nt
en
t[
w
t%

of
m
or
ta
r
dr
ie
d
at
10
5
°C
]

Depth [mm]

NaCl+KOH - 90d

NaCl+KOH - 90d �itted

NaCl+KOH - 180d

NaCl+KOH - 180d �itted

Dapp,90d =1.3 10-12 m2/s

Cs,90d=0.38%

Dapp,180d =0.7 10-12 m2/s

Cs,180d=0.38%

b) NaCl+KOH

Fig. 21. Fitted error function solution of Fick's 2nd law for the chloride profiles measured for a) exposure to the NaCl and b) the NaCl+KOH solution. The fitted 
diffusion coefficient and surface concentration are listed. We have omitted the outermost points of the chloride profiles during fitting. 

A. Machner et al.                                                                                                                                                                                                                               



Cement and Concrete Research 153 (2022) 106691

21

visualization, supervision, project administration. 
Marie H. Bjørndal: investigation, writing – review & editing. 
Harald Justnes: conceptualization, methodology, writing – review & 

editing. 
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