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Impact of leaching on chloride ingress profiles in concrete
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Abstract To investigate the effect of leaching on

chloride ingress profiles in concrete and mortar, we

exposed concrete and mortar specimens for 90 and

180 days to two different exposure solutions: 3%

NaCl, and 3%NaCl with KOH added to limit leaching.

The solutions were replaced weekly. After exposure,

we determined total chloride profiles to investigate the

chloride ingress, and portlandite profiles to assess the

extent of leaching. The results showed that leaching

during exposure greatly affects the chloride ingress

profiles in mortar and concrete. We found that

leaching leads to considerably higher maximum total

chloride content and deeper chloride penetration into

the concrete than in the specimens where leaching was

limited.We recommend therefore that leaching should

be taken into account in standard laboratory testing

and that more mechanistic service life models should

be used to take into account the impact of leaching.

Keywords Chloride ingress � Service life
prediction � Leaching � Concrete � Portlandite

1 Introduction

Today’s society calls for sustainable structures with

low carbon footprints, limited use of natural resources,

and the resilience to withstand mechanical, chemical

and environmental impacts. One of the most common

deterioration mechanisms in reinforced concrete

structures is corrosion of the reinforcement steel. In

concrete structures exposed to a marine environment

or de-icing salts, reinforcement corrosion is generally

induced by chlorides penetrating the concrete cover

and enabling pitting corrosion as they reach a critical

content at the steel surface. Concrete covers must be

resistant to chloride penetration and we need to

improve our understanding of the mechanisms

involved, if we are to design sustainable reinforced

concrete structures with a reliable service life.

To assess how far chlorides have penetrated the

concrete cover, chloride profiles are determined by
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giving the total chloride content in the concrete (e.g. as

wt% of concrete powder) as a function of the depth

from the exposed surface. The total chloride content

comprises chlorides present in the pore solution,

commonly referred to as free chlorides, and chlorides

that interact with the cement hydrates, referred to as

bound chlorides [1–9]. The bound chlorides can be

either chemically bound in chloride-containing AFm

phases, such as Friedel’s salt or Kuzel’s salt, or

physically bound by accumulating in the diffusive

layer of the C–S–H phase [7, 10, 11].

Service life prediction models are used to assess

how long it will take for the chlorides to reach a critical

content at the reinforcement. The most commonly

used models for chloride ingress prediction are based

on Fick’s 2nd law of diffusion, e.g. fibBulletin 34 [12].

In these models, the error function solution of Fick’s

2nd law is fitted to a measured chloride profile. This

approach solely considers the ingress of chlorides; the

potential influence of other ions present in sea water,

such as sodium, sulphate and magnesium, or of ions

leached from the pore solution, such as calcium or

potassium, is not considered.

In previous studies on chloride ingress in field-

exposed concrete submerged in sea water, the chloride

profiles exhibited a bell-like shape [13, 14]. This

entails that the chloride content is lower at the surface

than it is slightly deeper into the concrete. Such a bell-

like shape or ‘‘peaking-behaviour’’ in total chloride

profiles has commonly been attributed to the wetting

and drying of the concrete, where the capillary suction

of chloride-containing exposure solutions leads to an

accumulation of chlorides near the surface, whereas

exposure to wind and precipitation may wash out

chlorides at the surface [15]. This is not a valid

explanation for the peaking-behaviour in submerged

concrete where no wetting and drying takes place.

Others have attributed the peaking-behaviour in

concrete submerged in sea water to the presence of

sulphate ions, which compete with chloride ions in

binding to the solids [3, 16, 17]. In a recent study,

however, similar peaking behaviour was observed for

mortars submerged in a NaCl solution as for mortars

submerged in sea water [13]. Therefore, the additional

ions in sea water do not explain the peaking behaviour

in submerged concrete. This led to the hypothesis that

leaching might provoke the peaking-behaviour by

affecting the chloride-binding capacity in the concrete

near the exposed surface. This would make leaching

the main explanation for what in engineering practice

has been referred to as age-dependent chloride surface

content. This age-dependent chloride surface content

is not understood and, if considered at all, is fitted with

empirically determined coefficients [18] that lead to

large deviations in the predicted service life of

reinforced concrete structures.

To investigate the impact of leaching on chloride

binding, we previously designed a set of experiments

in which cement paste was artificially leached using

HCl and subsequent changes in its chloride-binding

capacity were measured [19]. We observed that a

slight reduction in the pH (down to 12) led to an

increase in the chloride-binding capacity of the paste,

whereas a severe decrease in the pH (down to 9) led to

a drastic reduction in its chloride-binding capacity

[19]. This led to the hypothesis that gradual leaching

during exposure of concrete to a NaCl solution or sea

water would lead to an increase in chloride binding

with time and consequently to an increased total

chloride content in the concrete. This would move the

chloride ingress profiles to higher total chloride values

with time. At the concrete surface, the leaching could

be so advanced that it causes the dissolution of the

hydration phases that bind chlorides. This would then

cause a drastic reduction in chloride binding and

therefore a reduced total chloride content in the

outermost section of the sample. The combined effects

of moderate and advanced leaching could explain the

so-called ‘‘peaking-behaviour’’ in the chloride profiles

in submerged concrete.

To put our hypothesis to the test, we designed the

experimental set-up presented in the current study.

The set-up bears similarities to commonly used

laboratory tests for chloride ingress in concrete

[20–24]. Two parallel sets of mortar and concrete

cylinders were submerged in two different exposure

solutions, which were replaced weekly over a period

of 90 and 180 days. The special feature in the set-up

lies in the composition of the exposure solutions. The

first exposure solution is simply a 3% NaCl solution,

which has a chloride concentration similar to sea water

and is commonly applied in conventional laboratory

tests [21, 22, 24]. The second exposure solution also

contains 3% NaCl, but in addition contains KOH in a

concentration aimed at mimicking the KOH concen-

tration in the pore solution of the CEM II/C-M (S-LL)

cement used in this study (150 mMol/L). We used

thermodynamic modelling to predict this. We chose a
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KOH concentration similar to the concentration in the

pore solution to limit leaching in these specimens

during exposure. The high potassium concentration in

the exposure solution prevents potassium leaching

from the pore solution, but more importantly, it also

results in a high pH, which keeps the solubility of

calcium low. This reduced leaching of calcium from

the specimens during exposure and enabled us to

investigate the impact of leaching on the chloride

profiles in the exposed specimens.

After exposure, the mortar and concrete specimens

were profile ground to obtain samples fromwhich total

chloride profiles were determined. To assess the extent

of leaching, we focused on calcium, specifically

portlandite (Ca(OH)2), as this is one of the first

hydration phases to decompose in the event of

leaching [25]. Other hydration phases start to decom-

pose only after most of the portlandite has been

dissolved [26, 27]. Portlandite profiles were deter-

mined on the profile ground mortar and concrete using

thermogravimetric analysis (TGA).

2 Experimental

2.1 Materials and mixture proportions

The experiments in this study were performed on

mortar and concrete specimens containing low-clinker

cement developed within the scope of the EU-funded

EnDurCrete project (www.endurcrete.eu). The

CEM II/C-M(S-LL) cement used in this study con-

tains 50 wt% CEM I 52.5 R, 40 wt% ground granu-

lated blast-furnace slag (GGBFS), and 10 wt%

limestone filler. Table 1 shows the chemical compo-

sition of the cement as determined by XRF. The

cement was designed and produced by Heidelberg

Cement on principles described in Bolte et al. [28].

The European Standardization Committee is currently

working on adding this type of low-clinker cement to

the family of common cements within the scope of EN

197-1 [29].

Table 2 shows the concrete and mortar mixtures

used in this study. The concrete composition was also

developed in the EnDurCrete project, with the inten-

tion to test its functionality under severe operating

conditions at two maritime demonstrator sites [30].

The concrete was proportioned to fulfil the perfor-

mance requirements related to the specificity of the

demonstrator case (type of structure, required rheo-

logical properties of the concrete, structural and

service requirements of the structure). The fine and

coarse aggregates used in this study are the same as

those to be used for the production of the demonstrator

specimens, namely natural limestone/quartz river sand

and intermediate (5/10 mm) and coarse (10/15 mm)

river gravel. Their grading is shown in Table 3.

ViscoCrete 2014 PCE-based superplasticizer intended

for all types of precast applications was used in

combination with a ViscoFlow 26 workability-retain-

ing admixture to achieve a highly fluid concrete of S5

consistency according to EN 206 [31] without signif-

icant workability loss over time and additional

retardation.

The mortar composition was obtained from the

composition developed for the concrete by simply

removing the intermediate and coarse aggregates. The

amount of water was reduced by the amount of water

adsorbed on gravel particles. This means the mortar

and the underlying concrete have slightly different

effective water-to-binder (w/b) ratios. The relative

dosage of superplasticizer and workability-retaining

admixture was kept constant, but the total amount of

admixtures was adjusted, to ensure a similar worka-

bility compared to that of concrete.

Table 1 Chemical compo-

sition [wt%] of the cement

used in this study (CEM II/

C-M(S-LL)) as determined

by XRF, density [g/cm3]

and the Blaine specific sur-

face area [cm2/g]

Oxide [wt%]

LOI 4.36

SiO2 24.18

Al2O3 7.16

TiO2 0.56

MnO 0.10

Fe2O3 1.39

CaO 53.67

MgO 3.23

K2O 0.71

Na2O 0.18

SO3 4.08

P2O5 0.07

Total 99.69

Density [g/cm3] 2.98

Blaine [cm2/g] 5210
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2.2 Test specimen preparation

Mortar and concrete mixtures were prepared in the

laboratory at 23 �C ± 2 �C using a planetary concrete

mixer (Galletti P50) with 50 L capacity. Batches of

40 L were mixed in accordance with the following

procedure: all solid components were mixed for 20 s

at 30 rpm; approximately � 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, followed by mixing for another 10 min at

59 rpm.

The mortar and concrete mixtures were cast in

cylindrical moulds (height: 200 mm, diameter:

100 mm). The moulds were filled and slightly stroked

to ensure proper filling. The cylinders were then

covered with a plastic plate, stored in the laboratory

and demoulded after 1 day, when they were placed in

a humidity chamber (95% RH, 20 �C) for 21 days.

They were then sealed in a plastic foil and kept at

20 �C until reaching an age of 56 days. A total of 8

concrete cylinders and 8 mortar cylinders were cast for

this study (Table 4).

One test specimen was sawn from each cylinder

(Fig. 1 and Table 4). Each test specimen was then

vacuum-saturated with deionized water in a 100 L

tank at an absolute pressure of approx. 2 mbar. 24 h

after vacuum saturation, the specimens were dried

under laboratory conditions until the surfaces

appeared dry (approx. 6 h), and all surfaces of the

test specimens except the sawn surface were sealed

with epoxy. The epoxy-sealed specimens were then

dried overnight under laboratory conditions. Before

exposure, the test specimens were immersed in 2 L of

a calcium hydroxide saturated solution for 18 h. The

whole procedure was performed in accordance with

EN 12390–11 [24].

2.3 Exposure

Half of the concrete and mortar test specimens were

immersed in a 3% NaCl solution and the other half

were immersed in a 3% NaCl ? KOH solution, both

in sealed boxes at 20 �C for 90 or 180 days (see Fig. 1

and Table 4). The exposure solutions were replaced

weekly. The 3% NaCl solution was prepared by

dissolving 30 g of analytical grade NaCl (supplied

by Merck) in 970 g deionized water (max. conductiv-

ity of 0.5 mSm-1) at 20 �C, in accordance with

EN 12390–11 [24]. The 3% NaCl ? KOH solution

was prepared by making the KOH solution first and

then adding the NaCl. The potassium content in the

CEM II/C-M (S-LL) pore solution was modelled

using the Gibbs free energy minimization software

GEMS [32, 33], giving a concentration of 150 mMol/

Table 2 Mix compositions

for the mortar and concrete

tested in this study,

including the effective w/b

ratios

Concrete [kg/m3] Mortar [kg/m3]

CEM II / C-M (S-LL) 360 561.6

Natural sand 0/4 968 1510

Gravel 5/10 390 –

Gravel 10/15 575 –

Superplasticizer 1.91 1.89

Workability-retaining

adm.

2.87 2.83

Water 162 240.7

w/b ratio (effective) 0.45 0.43

Table 3 Particle size distribution of aggregates

Sieve size Total wt% passing

0/4 sand 5/10 gravel 10/15 gravel

31.5 mm 100

16 mm 100 98

8 mm 100 68 18

4 mm 94 1 0.3

2 mm 76 0.3

1 mm 59

500 lm 37

250 lm 15

125 lm 6

63 lm 2
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L after 150 days of hydration. To obtain this KOH

concentration, 8.416 g analytical grade KOH (sup-

plied by Merck) was dissolved in 1000 g deionized

water. After preparing the KOH solution, 30 g NaCl

was dissolved in 970 g of the KOH solution.

2.4 Sample preparation for analysis

Twin specimens were prepared for all samples, so that

after 90 and 180 days 2 concrete and 2 mortar spec-

imens were taken out of each exposure solution. A

2 cm thick slice was sawn from one of the twin

specimens for scanning with the lXRF, while the

other twin specimen was profile ground in accordance

with EN 12390–11 [24] (see Fig. 1 and Table 4). The

test specimens for profile grinding were ground in

several steps up to various depths depending on the

type of exposure solution and exposure time. The

depth of each step was measured to an accuracy of

0.1 mm and was noted. A detailed list of the profile

grinding steps for each specimen can be found in the

Appendix.

Table 4 Overview of number of cylinders and test specimens for lXRF scanning and profile grinding prepared for each sample type,

exposure solution and exposure time

Sample

type

Exposure solution Exposure

time [days]

Number of cylinders/

test specimens

Test specimen for

lXRF scanning

Test specimen for

profile grinding

Mortar 3% NaCl 90 2 * 1

Mortar 3% NaCl 180 2 1 1

Mortar 3% NaCl ? KOH 90 2 * 1

Mortar 3% NaCl ? KOH 180 2 1 1

Concrete 3% NaCl 90 2 * 1

Concrete 3% NaCl 180 2 1 1

Concrete 3% NaCl ? KOH 90 2 * 1

Concrete 3% NaCl ? KOH 180 2 1 1

SUM 16 4 8

* Specimens prepared, results not shown here

Fig. 1 Test specimen preparation, exposure and preparation for analysis
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2.5 lXRF scanning of sawn samples

The lXRF (micro-X-ray fluorescence) scanning of

slices from the test mortar and concrete specimens was

carried out to determine the chloride ingress depth

visually on the samples exposed for 180 days. The

scans were performed using aM4 Tornado lXRF from
Bruker, equipped with an Ag X-ray tube with a spot

size 20 lm, and an SD detector.

Detailed scans were obtained from the exposed

surface to approximately 15 mm inwards on each

sawn sample. The distance between the measuring

points was set to 25 lm, with a measuring time of

3 ms/point. The X-ray tube was operated at 50 kV and

600 lA with a vacuum at 20 mbar. The scans

provided a qualitative description of the space-

resolved presence of various elements from the

exposed surface inwards, presented as elemental

maps. Chlorine maps were obtained for all sawn

samples.

2.6 Determination of chloride profiles for profile

ground samples

From each profile ground section, approx. 5 g of

powder was weighed into glass beakers, dried over-

night at 105 �C, and weighed again after drying to

determine the dry weight of each section. The dried

powder was dissolved in 50 mL HNO3 (65%, diluted

1:10), which was heated to 80 �C. The slurry was

filtrated after 1 h. The chloride content in the resulting

filtrate was determined by potentiometric titration

against a 0.01 mol/L AgNO3 solution using a

Metrohm Titrando 905 titrator. The chloride content

as wt% of the ground concrete or mortar sections dried

at 105 �C was calculated using Eq. 1.

Cl% ¼ VAgNO3
� cAgNO3

�M Clð Þ � VHNO3
� 0:001

Vsample � mconcrete=mortar;dried
� 100

ð1Þ

VAgNO3
and cAgNO3

represent the volume [mL] and

concentration of the AgNO3 solution (0.01 mol/L).

M(Cl) is the molar mass of chlorine (35.45 g/mol).

VHNO3
is the volume of diluted HNO3 used to dissolve

the profile ground and dried sample (50 mL). Vsample is

the volume of the dissolved and filtered sample used

for the titration (1–10 mL), and mconcrete/mortar,dried is

the mass of profile ground sample dried at 105 �C.

Single determinations on each section were per-

formed, so no margin of error in the determination of

the total chloride content could be calculated. How-

ever, since the analyses were performed at different

depths from the exposed surface in each specimen, a

gradual change in the total chloride content would be

expected, allowing outliers to be identified. To esti-

mate the margin of error in the determinations of the

chloride content in this study, we used the average

standard deviation values for chloride content mea-

surements reported by De Weerdt et al. [13], who

followed the same experimental procedure as

described in this study. The estimated margin of error

(0.03 wt% Cl of sample dried at 105 �C [13]) is shown

with error bars in Fig. 4.

2.7 Determination of portlandite profiles

on profile ground specimens

To investigate the degree of leaching in the specimens,

portlandite (Ca(OH)2) profiles were obtained from the

profile ground samples using thermogravimetric anal-

ysis (TGA). The TGA measurements were performed

using a Mettler Toledo TGA/DSC 3? on homoge-

nized profile ground samples from each mortar or

concrete specimen. Approximately 300 mg from each

section was poured into 600 lL corundum crucibles.

The samples were heated from 40 �C to 900 �C at a

rate of 10 �C/min, while the oven was purged with

50 mL/min N2. The sample weight was monitored as a

function of the temperature (TG-curves). The decom-

position of portlandite takes place between approxi-

mately 400 �C and 500 �C. The mass loss due to the

decomposition of the portlandite was determined by

integration of the derivative of the TG-curve (DTG) as

described in Lothenbach et al. [34]. The portlandite

content normalized to the dry sample weight was

calculated using Eq. 2, where w400-w500 represents the

mass loss due to the decomposition of portlandite,w550

represents the dry sample weight at 550 �C, and

M(Ca(OH)2) and M(H2O) are the molar masses of

portlandite (74 g/mol) and water (18 g/mol) respec-

tively. It should be noted that, for samples in which the

carbonate weight loss started before 550 �C, the

results were normalized to the sample weight at the

temperature just before decomposition of the carbon-

ates started.
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Ca OHð Þ2 wt%=g dry sample½ �

¼ w400 � w500

w550

�
M Ca OHð Þ2
� �

M H2Oð Þ ð2Þ

In this study, the reduction in the portlandite

content in the concrete or mortar specimens was used

as an indicator for leaching.

It should be noted that when a sample is leached, it

loses mass as solid phases dissolve. In the case of

Eq. 2, this would mean that w550 would decrease due

to leaching. If w550 decreases, we divide the w400-w500

mass difference in Eq. 2 by a smaller number, and

would thereby artificially increase the amount of

Ca(OH)2 expressed as [wt%/g dry sample]. We may

therefore slightly overestimate the portlandite content

in the leached sections. In Machner et al. [26] and

Hemstad et al. [19] a method to compensate for the

mass loss due to leaching is proposed, but this requires

XRF analysis of the sections or ICP-MS analysis of the

acid dissolved sections, which were not available in

the current study.

Single determinations of the portlandite content

were performed on each section, so no margin of error

in the portlandite content determination could be

calculated for each section. However, since the

analyses were performed at different depths from the

exposed surface in each specimen, a gradual change in

the portlandite content would be expected, allowing

outliers to be identified. In order to estimate the margin

of error in the portlandite quantification in this study,

we calculated the standard deviations of the port-

landite content in the sections that show the back-

ground level in each specimen. The standard

deviations calculated for the various samples ranged

between 0.01 and 0.04 wt% Ca(OH)2/g of dry sample,

which are values similar to previously reported

standard deviations obtained for portlandite profiles

determined using TGA [35]. These values are shown

with error bars in Fig. 2.

3 Results

3.1 Portlandite profiles from TGA

Figure 2(a) and (b) show the portlandite (Ca(OH)2)

content in the various profile ground sections as a

function of the depth from the exposed surface for the

mortar and concrete specimens respectively. The

depth values correspond to the centre of each profile

grinding step. A selection of DTG-curves and the

tabulated results of the portlandite quantification can

be found in the Appendix.

The sections analysed show a near constant port-

landite content at greater depths. These values repre-

sent the background portlandite content of the

unaltered sections. The background level is indepen-

dent of the exposure solution. The portlandite back-

ground level for the concrete (ca. 0.6 wt%) is

considerably lower than for the mortar (ca. 1.2

wt%). This is expected because concrete contains less

cement relative to the total mass than mortar does (see

Table 2).

The specimens exposed to the NaCl solution show a

clear decrease in portlandite content in the sections

closer to the exposed surface until no portlandite is

present in the outermost section of these specimens.

The portlandite content in the specimens exposed to

the NaCl ? KOH solution also decreases towards the

exposed surface, but to a considerably lesser degree

than the specimens exposed to the NaCl solution. This

indicates that, for both mortar and concrete specimens,

our experimental set-up promoted leaching in the case

of exposure to the NaCl solution and limited leaching

in the case of exposure to the NaCl ? KOH solution.

With time, portlandite continued to leach from all

the specimens that were exposed to the NaCl solution,

but this was especially clear in the case of the concrete

specimens. In contrast, the leaching of portlandite in

both mortar and concrete specimens exposed to the

NaCl ? KOH solution seemed to stagnate in the

period from 90 to 180 days of exposure.

It should be noted that the mortar and concrete

specimens might have been exposed to some slight

surface carbonation during the sample preparation,

specifically during the drying of the epoxy coating.

This might lead to a reduction in the portlandite

content in the outermost section as also observed in

[13], prior to exposure. During the submerged expo-

sure, carbonation progresses very slowly, and will

therefore not affect the portlandite profiles, within the

investigated time range.

3.2 Chlorine maps from lXRF scanning

Figure 3 shows chlorine maps obtained by lXRF
scanning of sawn samples from the mortar and

concrete specimens exposed for 180 days to the NaCl
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solution (left) and the NaCl ? KOH solution (right).

In Fig. 3, the bottom of the maps represents the surface

exposed to the chloride solutions. The results pre-

sented give a qualitative illustration of the ingress of

the chloride from the exposed surface inwards. The

level of chloride detected in the area close to the

exposed surface is much higher in the case of exposure

to the NaCl solution than in the case of exposure to the

NaCl ? KOH solution for both mortar and concrete.

This indicates a higher chloride ingress in the spec-

imens exposed to NaCl solution than in those exposed

to NaCl ? KOH solution, even though both solutions

have a similar chloride concentration.

3.3 Total chloride profiles

Figure 4 presents the total chloride content as a

function of the depth from the exposed surface for

all the specimens as determined by potentiometric

titration. The depth values of the data points

correspond to the centre of each profile-grinding step.

The results of each determination are also tabulated in

the Appendix.

The specimens exposed to the NaCl solution

showed as much as three times higher chloride content

than the corresponding specimens exposed to the

NaCl ? KOH solution. The total chloride content

after exposure to the NaCl solution also seemed to

increase with time, whereas it remained largely

unchanged in the case of NaCl ? KOH exposure for

90 and 180 days. As expected, the mortar specimens

showed a higher chloride content than the correspond-

ing concrete specimens in all cases. This is because

mortar has a higher cement content than concrete (see

Table 2), which gives mortar specimens a higher

chloride-binding capacity than concrete specimens in

terms of wt% per g sample. It should also be noted that

the chloride content of the outermost section of the

specimens exposed to the NaCl solution showed a

lower chloride content than the sections slightly
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Fig. 2 Portlandite

(Ca(OH)2) profiles obtained

from TGA for (a)mortar and

(b) concrete specimens

exposed to NaCl (solid

lines) and NaCl ? KOH

(dashed lines) for 90 days

(filled symbols) and

180 days (hollow symbols)

Fig. 3 Chlorine heat maps from lXRF scans for sawn mortar

and concrete samples exposed to NaCl (left) or NaCl ? KOH

(right) for 180 days. The bottom surface was exposed to the

chloride solutions in all sawn samples. Dark blue indicates low

levels of chlorine, while red indicates high levels
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deeper in. This phenomenon is commonly referred to

as ‘‘peaking behaviour’’. The only exception from this

is the concrete specimen exposed for only 90 days to

the NaCl solution.

The chloride ingress depth was also considerably

greater in the specimens exposed to the NaCl solution

than for those exposed to the NaCl ? KOH solution,

and it increased with time, whereas the ingress seemed

to stagnate in the specimens exposed to NaCl ? KOH.

4 Discussion

4.1 Correlation of leaching depth and chloride

ingress depth

Figure 5 compares the chloride profiles (see Fig. 4)

and the portlandite (Ca(OH)2) profiles (see Fig. 2)

determined on the same profile ground sections of

mortar or concrete specimens exposed to NaCl or

NaCl ? KOH solutions for 90 and 180 days. The

results from Figs. 4 and 2 are combined in Fig. 5 to

illustrate the correlation between chloride ingress and

leaching. The portlandite content is considered as an

inverse indicator of the extent of leaching, i.e. the

greater the decrease in portlandite content, the higher

the degree of leaching.

In the mortar and concrete specimens exposed to

the NaCl solution (solid lines), the depths at which we

observed a decrease in the portlandite content corre-

spond to the depths at which we observed chloride

ingress after both 90 and 180 days of exposure.

However, in the specimens exposed to NaCl ? KOH

(dashed lines), this correlation between the depth of

chloride ingress and leaching was not as clear, as

chlorides seem to penetrate slightly deeper than the

leached depth. The findings indicate that leaching and

chloride ingress are related: limiting leaching can limit

chloride ingress, and promoting leaching can promote

chloride ingress. However, there is no unique corre-

lation between the chloride ingress depth and the

leaching depth.

Exactly how leaching affects chloride ingress depth

needs further investigation. As part of the EnDurCrete

project, we plan to explain this by simulating chloride

ingress in a multi-ion model that includes various

ingress mechanisms and takes leaching into account

[36].

4.2 Impact of leaching on the total chloride

content

The total chloride content seems to be related to the

extent of leaching. The portlandite content of speci-

mens exposed to the NaCl solution was considerably

reduced towards the exposed surface, indicating

advanced leaching. In these leached sections, we

measured higher total chloride contents (see Fig. 5). In

the case of NaCl ? KOH exposure, the portlandite

levels decreased to a much smaller extent towards the

exposed surface, indicating limited leaching. These

specimens had considerably lower total chloride
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specimens were exposed to NaCl (solid lines) or NaCl ? KOH

(dashed lines) for 90 days (filled symbols) and 180 days (hollow

symbols)
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contents than the more leached specimens exposed to

the NaCl solution.

We attribute the approx. 3 times higher chloride

content in the more severely leached specimens to an

increased binding capacity of the cement paste upon

leaching. A recent study [19] demonstrated that

chloride binding increases when the pH in the

exposure solution in equilibrium with the solids is

reduced from 13 to 12. The increased binding capacity

was attributed to an increased uptake of chlorides by

AFm phases as well as adsorption onto the C–S–H. A

correlation between chloride-binding capacity and the

pH of the exposure solution has already been postu-

lated previously [2, 6, 17, 37, 38]. However, Hemstad

et al. [19] found that when the pH of the exposure

solution in equilibrium with the solids drops below 12,

the chloride-binding capacity of the paste drastically

decreases because the hydrates binding the chlorides

start to decompose. The point where the pH of the pore

solution drops below 12/12.5 is commonly related to

the point where all portlandite has been dissolved,

because portlandite acts as a pH buffer to maintain a

pH of approx. 12.5 in the pore solution. This explains

the observed reduction in the total chloride content in

the outermost section of the specimens exposed to

NaCl, because this section no longer contained any

portlandite and was therefore heavily leached and had

lost part of its binding capacity. This might cause the

‘‘peaking-behaviour’’ in specimens exposed to the

NaCl solution.

It should be noted that composite cements contain-

ing various SCMs create pore solutions with different

pH values and buffer capacities, due to differences in

the amount of alkalis or portlandite present in the

hydrated binders. The concept described here might

therefore vary depending on the buffer capacity of the

binders investigated. Further research is needed to

verify this concept with different binders.

Note too that in the specimens exposed to the NaCl

solution, the total chloride content close to the exposed

surface increased with time. This has also been

observed in field samples, and in some cases has been

described as a time-dependent surface concentration

[18]. Based on the findings presented in this paper, we
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Fig. 5 Comparison of
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specimens (a and b) and
concrete specimens (c and
d) exposed to NaCl (solid

lines) and NaCl ? KOH

(dashed lines), for 90 days

(filled symbols) and

180 days (hollow symbols)
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can attribute this time-dependent increase to an

increase in leaching with time. Figure 2 shows a

decrease in the portlandite content from 90 to

180 days in the sections to a depth of as much as

10 mm, which indicates advanced leaching and

therefore an increase in the chloride-binding capacity

of the hydration phases with time.

It should further be noted that leaching also

increases the porosity and permeability of the cement

paste and this will also affect the chloride ingress and

chloride profiles [39]. Upon leaching, the first hydrate

to dissolve is portlandite [26, 27]. The dissolution of

portlandite leads to an increase in porosity. In the case

of our mortar specimens, which had a portlandite

background content of 1.2 wt% per dry sample mass

(1.08 wt% per sample mass at 105 �C), the complete

dissolution of the portlandite would lead to an increase

in pore volume of 0.45 mL per 100 g of sample dried

at 105 �C (taking into account the molar mass of

74 g/mol and molar volume 33 mL/mol of port-

landite). If we assume the worst-case scenario, mean-

ing that this additional porosity was filled with the

same chloride concentration as the exposure solution

(3% NaCl solution with a density of 1.02 g/mL), this

would represent an additional 0.009 wt% chloride per

mass of mortar dried at 105 �C. This means an

increase in the chloride content in the mortar of 3%

compared to the maximum total chloride content

measured for the mortar exposed to NaCl ? KOH

independent of the exposure time (see Fig. 4). The

difference in total chloride content with and without

leaching approximated to a factor of 3 or 300%. This

means that the increase in the total chloride content

upon advanced leaching must have been mainly due to

enhanced chloride-binding caused by leaching.

4.3 Impact on standard laboratory testing

and service life modelling

Together, the chloride ingress depth and the maximum

total chloride content determine the shape of a total

chloride profile. The results in this study demonstrate

that the shape of the total chloride profiles obtained

very much depends on the leaching conditions during

the exposure. As such profiles are used for the

prediction of service life, the leaching conditions

during the exposure of mortar or concrete test

specimens have a considerable impact on such

estimates. From the experimentally obtained data

after 180 days of exposure in this study, we deter-

mined the service life for the mortar and concrete

specimens exposed to the two different solutions in

accordance with Annex B2 in fib Bulletin 34 [12],

assuming a time independent diffusion coefficient, a

critical chloride content of 0.6 wt%/g cement (yield-

ing a critical chloride content of 0.15 wt%/g mortar

dried at 105 �C) as recommended in fib Bulletin 34

[12] and a concrete cover depth of 50 mm in

accordance with Eurocode 2 [40]. A service life of

approx. 10 years was calculated for the specimens

exposed to the NaCl solution, while for the specimens

exposed to the NaCl ? KOH solution a service life of

approx. 60 years was calculated. The detailed descrip-

tion and data on the service life prediction can be

found in the electronic supplementary material for this

paper (see Online Resource 1).

This difference in the predicted service life resulting

from the leaching conditions during exposure becomes

very important when laboratory testing is used to

predict the service life of structures in e.g. marine

conditions. In the laboratory, the leaching conditions

are commonly drastically reduced compared to e.g.

exposure to the sea, which is an unlimited reservoir of

leachate. If neither the leaching conditions during

exposure nor the degree of leaching of the samples after

a given exposure time are taken into account, the service

life or performance determined by empirical models

might be misleading. A sample that under limited

leaching conditions in the lab showed reasonably good

resistance to chloride ingress can fail to withstand

chloride ingress once it is placed out in the sea, where it

is exposed to considerably harsher leaching conditions.

This potential difference in predicted service life

based on the total chloride profiles obtained during

laboratory testing shows the importance of taking

leaching into account during laboratory testing, such

as [20–24]. This can be done by having reproducible

procedures for the test, e.g. sufficiently high ratios

between the volume of the exposure solution and the

exposed surface, and routines for regularly replacing

the exposure solution.

In addition, one might question whether models

that fit ingress profiles to the total chloride content

profiles are a good approach to start with. The total

chloride content is merely a reflection of the potential

of the solids to take up chlorides and, as demonstrated

in this study, is strongly dependent on leaching. One

should see the chloride content as an indicator for how
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far the chlorides have penetrated the concrete, but not

necessarily as the potential for ingress as done by

many models. A good illustration of this is that the

chloride content at the surface of submerged concrete

becomes slightly lower with time than the chloride

content a few mm or cm deeper in – the so-called

‘‘peaking-behaviour’’. This means the total chloride

content at the surface cannot be the driving force for

the ingress. We should focus on ingress depth rather

than on fitting total chloride content profiles [41].

This calls for more mechanistic models such as

[38, 42–49]. If we want to verify chloride ingress using

total chloride content profiles, we need to take account

of the various exposure conditions, interactions

between the solids and chlorides, their dependency

on leaching, binder composition, and time.

5 Conclusions

In order to investigate the effect of leaching on chloride

ingress profiles, concrete and mortar specimens were

exposed for 90 and 180 days to two different exposure

solutions: 3%NaCl, and 3%NaClwith additional KOH

to limit leaching. After exposure, total chloride profiles

were determined, as well as portlandite profiles to

investigate the extent of leaching.

• The experimental setup of the two exposure

solutions enabled us to produce considerably

different extents of leaching with the same chloride

load. The portlandite profiles showed that exposure

to the NaCl solution led to extensive leaching,

whereas with exposure to NaCl ? KOH, leaching

was limited.

• The specimens exposed to the NaCl solution also

showed a considerably higher chloride ingress

depth than those exposed to the NaCl ? KOHwith

limited leaching. This indicates that one can

promote chloride ingress by leaching and hinder

chloride ingress by limiting leaching.

• In this study, exposure to the NaCl solution led to

maximum total chloride contents about 3 times

higher than exposure to the NaCl ? KOH solution

even though the chloride load was the same. This

indicates that leaching greatly affects the interac-

tion between solids and chlorides. The enhanced

leaching in the samples exposed to the NaCl

solution might also explain the ‘‘peaking-

behaviour’’ typically observed in long-term

exposed field samples.

• These findings show how important it is to take

leaching into account when performing standard

laboratory testing. Leaching should also be taken

into account in service life prediction, e.g. by the

use of more mechanistic chloride ingress models.

6 Limitations and further research

The impact of leaching during exposure on total

chloride profiles was demonstrated on one Portland

composite cement, which contains ground granulated

blast furnace slag and limestone. Plain Portland

cement, and other composite cements containing

different SCMs, would need to be tested as well to

fully verify the concept demonstrated in this study.

Different SCMs may considerably affect the pH buffer

capacity and the chloride-binding capacity of the

binder, and thereby the total chloride profiles.

In a follow-up study we will investigate the changes

in the phase assemblage and the composition of the

hydration phases (e.g. AFm and C–(A)–S–H) in

mortar samples exposed to NaCl and NaCl ? KOH

for 180 day in detail using a range of experimental

techniques combined with thermodynamic modelling.

The focus of the follow-up study is to document how

chloride binding in the hydration phases changes

under different leaching conditions, and how this

relates to the shape of the total chloride profiles.
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Appendix

See Figs. 6, 7 and Table 5

Fig. 6 Selection of DTG curves from surface, middle and inner sections (average depth of each section is specified between brackets)

of the investigated mortar samples after 90 or 180 days of exposure to either the NaCl or the NaCl ? KOH solution
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Fig. 7 Selection of DTG curves from surface, middle and inner sections (average depth of each section is specified between brackets)

of the investigated concrete samples after 90 or 180 days of exposure to either the NaCl or the NaCl ? KOH solution
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Table 5 Profile grinding steps, portlandite (Ca(OH)2) and chloride (Cl) content for all specimens analysed in this study

NaCl Mortar 90d NaCl Mortar 180d

Start

[mm]

End

[mm]

Average

Depth

[mm]

Ca(OH)2 [wt%/

g dry sample]

Cl cont. [wt%/g

sample 105 �C]
Start

[mm]

End

[mm]

Average

Depth

[mm]

Ca(OH)2
[wt%/g dry

sample]

Cl cont. [wt%/g

sample 105 �C]

0 1.2 0.6 0.00 0.67 0 0.9 0.5 0.00 0.76

1.2 2.9 2.1 0.24 0.77 0.9 2.1 1.5 0.11 0.97

2.9 5.3 4.1 0.67 0.52 2.1 3.1 2.6 0.33 0.90

5.3 8.1 6.7 1.10 0.14 3.1 4.8 4.0 0.55 0.79

8.1 10.1 9.1 1.14 0.03 4.8 6.7 5.8 0.80 0.54

10.1 13.3 11.7 1.09 0.02 6.7 8.8 7.8 1.06 0.22

13.3 15.8 14.6 1.13 0.02 8.8 11.2 10.0 1.24 0.03

15.8 19.4 17.6 1.12 0.02 11.2 14.2 12.7 1.23 0.03

14.2 18.3 16.3 1.21 0.02

18.3 22.6 20.5 1.17 0.02

22.6 26 24.3 1.17 0.02

NaCl Concrete 90d NaCl Concrete 180d

Start

[mm]

End

[mm]

Average

Depth

[mm]

Ca(OH)2 [wt%/

g dry sample]

Cl cont. [wt%/g

sample 105 �C]
Start

[mm]

End

[mm]

Average

Depth

[mm]

Ca(OH)2
[wt%/g dry

sample]

Cl cont. [wt%/g

sample 105 �C]

0 1.1 0.6 0.00 0.51 0 1.3 0.7 0.00 0.57

1.1 2.9 2 0.22 0.44 1.3 2.4 1.9 0.00 0.62

2.9 5.4 4.2 0.47 0.23 2.4 3.2 2.8 0.00 0.56

5.4 8 6.7 0.59 0.06 3.2 4.6 3.9 0.15 0.47

8 10.9 9.5 0.66 0.03 4.6 7.2 5.9 0.35 0.33

10.9 14 12.5 0.62 0.01 7.2 9.4 8.3 0.55 0.13

14 16.3 15.2 0.58 0.02 9.4 12.1 10.8 0.57 0.03

16.3 18.8 17.6 0.57 0.02 12.1 14.8 13.5 0.51 0.03

14.8 18.9 16.9 0.51 0.01

18.9 22.4 20.7 0.46 0.01

22.4 26.4 24.4 0.54 0.01
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