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Abstract

Moisture and ionic transport under non-saturated condition is an important, but poorly
understood transport phenomena particularly for mature systems containing supplementary
cementitious materials. This paper investigates the moisture and chloride profiles of 3-year
old mortars containing Portland cement (OPC), slag and silica fume (SF) after long-term (30-
48 months) wick action exposure in 1.09M NaCl solution. Moisture profiles were measured

with *H NMR relaxometry and chloride profiles with microXRF. The measured profiles were
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discussed in relation to moisture dependent material properties such as chloride diffusion
coefficients, moisture diffusion coefficients, and desorption isotherms. Results show that the
combination of different cementitious materials, e.g. the cementitious binder, is the key factor
affecting chloride penetration depth. The cementitious binder also strongly affects chloride
diffusion coefficient, moisture diffusion coefficient and chloride binding properties, which are

all important parameters for the prediction of chloride ingress.

Keywords:

Transport properties (C); Durability (C); Chloride (D); Microstructure (B); Long-Term

Performance (C).

1 Introduction

Transport of moisture and ionic species are closely related to degradation of concrete
structures [1]. These topics have been widely investigated under saturated conditions. But in
many applications, the deterioration process occur under unsaturated conditions, where the
transport of ions and moisture are coupled. However, unsaturated transport is rarely studied
experimentally, partly because of the complex moisture dependency and difficulties in
decoupling ionic transport from moisture transport. Fundamental understanding of this is
absolutely critical, for example in advancing service-life prediction models for structures in

realistic exposure environments.



46

47

48

49

50

o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

A method to study the interaction between moisture and ion transport is through wick action
experiments [2]. Wick action is the transport of a solution (ionic solution or pure water)
through a material, where one surface of the material is in direct contact with the solution and
the opposite surface is exposed to a drying environment. If the relative humidity (RH) on the
dry side is constant, the rate of absorption on the wet side will be similar to the rate of
evaporation on the dry side when steady-state conditions are reached. If the experiment is
performed with pure water, the moisture profile will hereafter be constant, and be dependent

on the moisture diffusion coefficient and moisture sorption properties of the material.

Commonly in wick action experiments, the water contains ionic species which are transported
with the moisture through the material. The ionic species will penetrate and precipitate either
within the specimen, or at the surface of the specimen exposed to a drying environment,
depending on the composition of the material and of the environmental conditions. In these
cases, there is convective transport of ions with moisture transport, but also pure diffusive
transport due to gradients in ionic concentration. Therefore, both the moisture diffusion
coefficient and ion diffusion coefficient are important material properties for prediction of the
ion profile through a structure [3]. The convective transport of ions with moisture transport is
often regarded as the governing transport mechanism in cementitious materials, and pure ionic
diffusion is assumed to be of minor importance [3-5]. This assumption has shown to be
efficient for prediction of ion profiles for materials with a clear convective moisture transport
and a moisture dependency in moisture transport [3]. However, the approach has limited
abilities to predict the ion distribution for denser materials with limited or no moisture
dependency in moisture transport, such as cementitious materials at low water to binder ratio

(w/b) or containing supplementary cementitious materials (SCMs) [6]. The interaction and
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binding of the ionic species with the solid phases in cementitious materials, and the RH on the

dry side of the specimen, will also affect the ion profile [2].

Tuutti [7] made an early investigation of wick-action in cementitious materials. He discussed
chloride concentration profiles in relation to w/b and drying condition for mortars with OPC
and slag. It was concluded that ion transport in slag blends is less sensitive to w/b than
mortars with OPC. Buenfeld et al [2] made another early investigation of OPC mortars after 9
months wick action exposure. They included modeling of the obtained chloride profiles from
measured material properties. However, the modeling was based on ion transport only with
liquid moisture transport and does not take into account the diffusive ion transport and the
moisture dependency of the chloride diffusion coefficient. This approach produced reasonable
prediction of ion transport for OPC mortars with high w/b. But for denser materials with little
or no liquid moisture transport, the diffusive ion transport and its moisture dependency need
to be considered for accurate prediction of the ion profile. A more recent model [4] includes
the diffusive transport of ionic species, but the ion diffusion coefficient was related to
tortuosity of the liquid phase, which is problematic when modeling dense materials. In
Baroghel-Bouny et al [3], the measured ion profiles from wick action experiment by Francy
[5] were predicted through a model that relates ion diffusion coefficient to the degree of
saturation of the material. It was concluded that an accurate assessment of diffusive ion
transport is crucial to achieve an accurate prediction of ion distribution in cases where liquid
moisture transport is low. However, such data are rare. The need for more experimental
research on unsaturated transport has been highlighted in a recent review [8], and in particular

the effect of SCMs on transport properties.
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In two recent publications by Olsson et al [9] and Olsson et al [6], the moisture dependency of
ion diffusion and moisture transport properties for mortars with slag or silica fume (SF) were
investigated. In this paper, measured moisture and chloride ion profiles after wick-action
exposure of the same mortars are presented. The profiles are discussed and related to w/b,
cementitious binder, drying conditions, and material transport properties such as ion diffusion
coefficient, moisture diffusion coefficient and desorption isotherm of the mortars. The overall
aim is to enhance the understanding of key parameters influencing non-saturated chloride

transport under wick action in cementitious materials containing SCMs.

2  Materials

In this study, four binders and two w/b were investigated. The investigated binders were
ordinary Portland cement CEM | 42.5N (OPC), OPC with 5% silica fume (SF), and OPC with
40% or 70% ground granulated blast furnace slag (slag), respectively (all by mass). These
binders were used to produce mortars with siliceous sand (CEN-Standard Sand according to
EN 196-1) of particle sizes 0-2 mm, at w/b 0.38 and 0.53. To get similar initial capillary
volume in all systems, the exact w/b was calculated to obtain equivalent volume of paste in
relation to the volume of water for all mortar mixes. This gave a slight variation in w/b due to
differences in density between the OPC, SF and slag. A small amount of plasticizer (~ 1
kg/m?®) was used in the w/b 0.38 mortars to improve workability. The composition of mortars

and binders are given in Table 1 and Table 2, respectively.

The mortars were batched in a pan mixer and cast as blocks (600 x 250 x 250 mm?®) in wood

molds, and compacted with a vibrating rod. The blocks were demolded after 24 h and put into
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sealed containers with a limited amount of tap water for wet curing. The blocks were
immersed in approximately 1 cm of water to limit the amount of water to minimize leaching.
Cores of 94 mm diameter were drilled horizontally using a diamond corer through the blocks
at the age of 7 days. The cores were immediately placed back into their holes in the blocks for
further wet curing. The reason for keeping the samples in their blocks was to limit direct
exposure to water and therefore leaching. After three years of curing, the cores were cut into
discs with thickness of 35 mm and again placed back into their blocks. The material used in
this study was taken from the same blocks as those in previous studies [6, 9, 10], and was
therefore expected to have similar properties. However, the difference in age between studies

will affect the properties.

3 Methods

3.1 Wick-action exposure

In the wick-action experiment, disc specimens were exposed to 1.09 M (6% by mass) sodium
chloride solution on one flat end of the disc, and to air at controlled relative humidity (RH) on
the opposite end. Two RHs were used, 33% and 75%, which were generated by using
saturated salt solutions of magnesium chloride (33% RH) and sodium chloride (75% RH)
[11]. The air was circulated with a fan and the RH was regularly validated with RH sensors.
The experiment was performed in sealed boxes at a temperature of 20 °C £0.5 °C, and with a

carbon dioxide absorbent to avoid carbonation of the material.



141  The exposure to 1.09 M NaCl solution was carried out by mounting the flat end with a glass
142  cup of similar diameter as the disc specimen, viz. 95 mm. The glass cups were filled with
143 NaCl solution and the edge sealed with butyl tape to prevent side leakage. The cups were
144  placed upside down in sealed boxes so that the NaCl solution was in contact with the top flat
145  surface of the disc specimen. The specimens for wick-action exposure were taken from the

146  blocks one month after cutting, i.e. at an age of approximately three years.

147

148 3.2 Chloride profiles from microXRF
149

150  The specimens were exposed to wick-action for 30 months prior to ion profile determination.
151  The weight of the cups was determined regularly to ensure that a steady-state flux was

152  achieved during the exposure period. At the end of the exposure period, the glass cups were
153  removed, and the specimens were split along the diameter with a wedge split. This method
154  was considered to have the least risk of affecting the ion distribution on the analyzed surface.
155  The two halves were assembled back together, wrapped in plastic sheets to prevent drying and
156  stored for one to two weeks prior to micro X-ray fluorescence (microXRF) analysis. The

157  effect of surface roughness is investigated in the work of Abdul Wahid [12]. This

158 investigation, in combination with the fact that all samples were analyzed similarly, justifies

159  comparison between profiles.
160

161  Chloride profiles were measured using an Orbis PC energy-dispersive microXRF system by
162  Edax-Ametek. The microXRF is equipped with an 80 mm? Si(Li) detector with Be window
163  for analysis of Na to U, and a motorised stage with 5 + 2 um minimum step size. Analysis

164  was carried out using a 2 mm spot size at 20 kV beam voltage, 30% dead time, 100s live



165  acquisition time and 25.6 ps time constant. More crucially, the analysis was carried out in an
166  ambient environment (i.e. no vacuum) to prevent drying of the specimen that would otherwise
167  influence the measured profiles. A 25 um aluminium filter was employed to improve the

168  detection of chlorine by removing overlapping rhodium spurious peaks.
169

170  Intotal 20 profiles were measured; one profile for each mortar and wick-action exposure
171  condition (75% or 33% RH), i.e. 16 profiles, and a replicate analysis in 4 cases. The freshly
172 split surface of each specimen was analyzed directly without any polishing or drying of the
173 specimen to avoid re-distribution of chlorides. A spot size of 2 mm was chosen to ensure a
174  substantial volume of analyzed material to obtain representative composition of the mortar.
175  Analysis was carried out starting from the wet face exposed to NaCl, and then at every 2 mm
176  depth increments ending at the dry face. Ten spot measurements were made at each depth
177  increment and the results averaged. A total of 170 spots were analyzed per sample, covering
178  an area of approximately 680 mm?, to construct one profile. For each spot, the measured
179  characteristic X-ray spectrum was processed for background substraction to obtain the net
180 intensity (counts per second) for chlorine, which was then normalized to that of calcium.
181  Further details of the microXRF analysis are given in Marin-Cudraz (2015) [13] and Abdul

182 Wahid (2017) [12].

183

184 3.3 Total chloride content from cut slices
185

186  The specimens were also analyzed to obtain the total chloride content at some selected depths.
187  Chloride content was determined as the mass fraction of total chloride per mass of binder.

188  Slices were cut at the selected depths. The thickness of the slices varied slightly and the exact
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thickness of the slices were measured individually, and are shown in the results. The results
represent single measurements. The slices were then ground to powder and dissolved in nitric
acid with concentrations 0.057 M. Chloride content was measured with an ion-selective
electrode (ISE), and the binder content was calculated from the CaO content determined by
titration. The buffer solution contained 1.6 M KNO3, 1.0 M CH3COOH and 1.0 M

NH4CH3CO..

3.4 Moisture profiles from *H NMR relaxometry

Parallel specimens were exposed to wick-action for 48 months and then analyzed to determine
moisture profiles. At the end of the exposure period, the glass cups were removed, and the wet
surface was covered with a cloth with exposure solution and sealed. The specimens were then

wrapped in plastic sheets and stored up to two months prior to analysis.

Several methods for determination of moisture profiles were evaluated before the selection of
IH NMR relaxometry at TU Miinchen. X-ray absorption measurements and *H NMR
relaxometry at another lab were evaluated, but these attempts did not give sensible results.
Due to lack of specimens, only 10.5 unique profiles were measured and reported here. The
measurements were carried out with an NMR MOUSE PM 25 from Magritek [14]. The
sensitive volume of each measured depth was 30 x 30 x 0.2 mm?®. A motor step of 0.2 mm
was used to a total depth of 9.6 mm from each side of the specimen. The measurements were
also performed to a total depth of 19.6 mm, but the scatter turned out to be too large due to

poor signal-noise ratio, and these results were therefore excluded from the analysis. T»
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measurements with a CPMG sequence (256 scans and 256 echoes) were performed with a

repetition time of 500 ms.

The signal amplitude obtained during the measurements is directly proportional to the total
content of free and physically bound water (the device neither detects water in the form of
vapor nor chemically bound water). However, the proportionality is different depending on
RH and the sensitivity to moisture corresponding to an RH below some 75 % is low. The
signal amplitude decreases slightly with increasing distance from the magnetic field. To
overcome this issue, the results were corrected for the variation of the recorded signal with
depth. The correction factor was calculated from a measurement similar to the measurements
on mortar specimens, but performed on a container with pure water. The measurement was
replicated four times and an average of the four measurements was used for calculation of the
correction factor. The NMR measurements were carried out from both end surfaces of the
specimens to a total depth of 9.6 mm from each end, therefore the center portion ~ 15.8 mm

could not be analyzed.

Another correction applied to the results was the removal of positions not completely inside
the specimens due to surface roughness and wrapping in cling film during the measurement.
At motor position 0 mm from the wet side of the specimens, the first four positions had very
low intensity compared to subsequent positions. Therefore, the first four data points were
regarded as measurements in air and were excluded from the data analysis. On the dry side of
the specimens however, it was more difficult to judge which position is the first value
completely within the specimen due to the low RH. Therefore, the same number of points as

on the wet side, i.e. the first four positions, was removed from the results from the dry side. In
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addition, it has to be kept in mind that magnetic and paramagnetic compounds inside the
material can lead to a shift in the measured signal. Therefore, the water content is slightly
overestimated for cementitious materials. Due to the high Al>Oz content, this effect is even
more pronounced for the binders with slag. To take this into account calibration measurements

are necessary to obtain fully quantitative results [15].

4  Results and Discussion

4.1 Chloride profiles

Fig. 1 a)-d) shows the measured chloride content profiles determined with microXRF. Note
that the results are expressed as total Cl/Ca ratio and different scales were used on the vertical
axis for clarity. Error bars represent +/- one standard error of the average. Major differences in
chloride profiles can be identified between the four binders. Fig. 1 a) shows that for the
control OPC mortars, chlorides have penetrated through the specimen thickness and in some
cases, have begun to accumulate near the surface exposed to low RH. Details of the chloride
profiles close to the surface at 35mm in Fig. 1 a) are shown in Fig. 2. It can be seen that OPC
0.53 — 33% RH showed the highest chloride accumulation near the dry surface, followed by
OPC 0.53 — 75% RH. In contrast, OPC 0.38 showed relatively less accumulation of chloride.
Therefore, the amount of chloride ingress and accumulation increased with increase in w/b
and drying severity, as expected. However, the very high levels measured in the first 12 mm
of OPC 0.53 — 75% RH was unusual and probably due to side leakage caused by failure of the

butyl tape.
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For mortars containing slag or silica fume, Fig. 1 b)-d) show that their chloride concentrations
and penetration depths are much smaller compared to the control OPC mortar, and that no
significant accumulation of chlorides have started near the face exposed to lower RH. Overall,
the 70% slag mortar was more resistant to chloride ingress compared to the 40% slag and 5%
SF mortars on the basis of penetration depth. Samples with slag also showed higher chloride
content at the exposed surface, due to the effect of chloride binding that increases in SCMs
that contain high alumina content. The chloride content dropped quickly with depth because
of the high resistance to chloride ingress. Mortars with lower w/b tended to show marginally
less chloride penetration, but this was not observed consistently. Therefore, it seems that w/b
has a relatively smaller influence on chloride ingress in wick action than the type of binder in
mature blended mortars, probably because of the extensive SCM reaction that densifies the
pore structure. Furthermore, the profiles for 70% slag 0.38 at 33% RH and 75% RH displayed
an anomaly in that a small increase in chloride intensity was observed after the first minimum

at 15 mm, which is likely caused by an experimental error.

A number of replicate chloride analyses were carried out. Generally, these show reasonably
good agreement for example OPC 0.38 — 33% RH and 40% Slag 0.38 — 33% RH. However,
other samples such as 5% SF 0.38 — 33% RH and 70% Slag 0.38 — 33% RH showed slightly
larger variation between replicates. This could be due to the fact that the microXRF analyses
were carried out under ambient pressure and on fractured sample as-is without further
treatment, which are non-optimal conditions. Analyses in vacuum and on flat polished surface
will improve signal-to-noise ratio and produce more repeatable results, but re-distribution of
chlorides is likely to occur during sample pre-drying and grinding. Another possible reason is
the presence of imperfections and compaction voids in the specimens, which also exist in real

concrete structures. For example, it has been shown that empty air voids act as insulators for
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moisture transport while water-filled air voids act as conductors, and a difference of 1% air
content can alter transport by 14% in total [16]. This difference should affect ion transport
similarly. Furthermore, microcracks can form during drying and sample coring. It has been
shown in recent experimental and numerical studies that these microcracks have a significant

influence on transport processes [17, 18].

The results from this study suggest that for specimens that have been well-cured prior to
exposure to chloride wick action, the differences in binder type between specimens induce a
larger effect on chloride penetration than the investigated w/b (0.53, 0.38) and the RH (75%,
33%) on the dry side of specimen. Significant differences in chloride penetration depth can be
identified between the different binders and therefore, it can be concluded that the
cementitious binder is the major factor affecting chloride transport in unsaturated condition

during wick-action exposure.

4.2  Chloride profiles related to material properties

The chloride profiles can also be discussed in terms of other material properties, such as
moisture diffusion coefficient, desorption isotherm, chloride diffusion coefficient, and
chloride binding capacity. Two recent publications [6, 9] investigated material properties for
the same mortars as in this study. Fig. 3 a)-b) is taken from [6] and shows the moisture
dependency of the moisture diffusion coefficient. The measurements were performed at an
age of two years. The moisture diffusion coefficient is constant at low RH for all mortars. At
higher RH, the OPC and 5% SF 0.53 mortars show a clear moisture dependency in the

moisture diffusion coefficient, whereas the others do not. In the interval where the moisture
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diffusion coefficient is constant, the mortars with higher w/b have larger moisture transport.
Fig. 4 is also taken from [6] and shows the desorption isotherms for the mortars in this study.
Compared to the large differences in moisture transport between the mortars, the moisture
content shown by the desorption isotherms is of similar order of magnitude. However, large
differences can be found by comparing specific RH intervals, e.g. from 80% to 97% RH. In
this RH interval, the moisture content of 70% slag 0.38 increased by only 8 kg/m?3whereas

OPC 0.38 increased by 29 kg/m?. The measurements were performed at an age of four years.

Fig. 5 is taken from [9] and shows the moisture dependency of the chloride diffusion
coefficient. All mortars show a clear moisture dependency in chloride diffusion. The mature
slag mortars have the lowest chloride diffusion while the OPC mortars the highest. These
measurements were performed at an age of about one year. The properties of the mortars
shown in Fig. 3 a)-b), Fig. 4 and Fig. 5 can be related to their performance in wick-action

experiment from this study.

Fig. 6 shows the total chloride content measured with profile grinding. The total chloride
content at 0 mm gives an indication of the chloride binding potential of the different binders
when in contact with the NaCl-solution. The 70% slag mortar has the highest total chloride
content followed by the 40% slag and 5% SF, while the OPC mortars has the lowest total
chloride content. It should be pointed out that these results are consistent with the chloride
profiles obtained from microXRF in Fig. 1 ¢)-d) where the 70% slag and 40% slag mortars
showed the highest surface chloride content and steepest chloride gradient near the surface

region. The same applies for the 5% SF mortar as shown in Fig. 1 b) where the surface



332  chloride content and gradient are lower compared to the slag mortars, and therefore the impact

333  of chloride binding is expected to be smaller.

334

335  From the material properties discussed above in this section, it can be concluded that the OPC
336  mortars are expected to have the largest chloride penetration depths, which agrees with the
337  measured chloride profiles in Fig. 1. The OPC mortars have the highest chloride diffusion
338  coefficient in all RH intervals, and also the highest moisture diffusion coefficient in the RH
339 interval 100% to 70% RH. They also have a clear convective moisture transport in this RH
340 interval that will accelerate chloride penetration. These mortars also have the lowest total

341  chloride content at the surface, which means the lowest chloride binding, and this enables a

342  higher penetration rate.

343

344  The results in Fig. 1 also show that the mortars with 5% SF binder have the second largest
345  chloride penetration depths, followed by the mortars with 40% slag and 70% slag. This order
346  of penetration depths agrees well with the total chloride content shown in Fig. 6, which

347  provides an indication of the chloride binding capacity for the different binder types. As

348  discussed previously, a larger chloride binding capacity will increase the surface chloride

349  content and retard the chloride ingress to a larger extent.

350

351  The correlation between chloride profiles to other material properties is not as clear as the
352  correlation to chloride binding capacity. It seems that the chloride penetration depths do not
353  show strong correlations to neither the chloride diffusion coefficient nor the moisture

354  diffusion coefficient. From Fig. 5, the variation in chloride diffusion coefficient between w/b

355  appears to be larger than that between binders. All mortars at w/b 0.38 except OPC have
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similar chloride diffusion coefficient of approximately 0.8 - 10712 m?/s at 100% RH. These
mortars also share similar chloride diffusion coefficient at lower RH. This observation is also
valid for w/b 0.53, but here the chloride diffusion coefficient is around 1.3 - 102 m?%/s at
100% RH. Similarly, there appears no obvious relation between chloride penetration depth
and moisture content. However, it needs to be kept in mind that these material properties and

the chloride profiles were measured at different ages.

Fig. 3 suggests that w/b ratio has a greater effect on moisture diffusion coefficient compared
to cementitious binder for the slag and the 5% SF mortars. Interestingly, the 5% SF mortar at
w/b 0.53 shows a clear moisture dependency in moisture diffusion coefficient whereas the
mortar at w/b 0.38 does not. The corresponding ion profiles in Fig. 1 b) show that this could
possibly be an important factor. The average chloride penetration for w/b 0.53 is clearly
deeper than that for w/b 0.38. This suggests that the moisture dependency of the moisture
diffusion coefficient could be a key parameter for predicting chloride penetration depth.

However, more replicate measurements would be needed to confirm this.

In conclusion, it seems that the effect of chloride binding becomes increasingly important
when the moisture diffusion coefficient is low and the total ion transport is dominated by
ionic diffusion. However, the difference in penetration depths between OPC and 5% SF
mortars cannot solely be explained by differences in binding. Here, it seems that the
difference in chloride and moisture diffusion coefficients are of larger importance. A large
moisture dependency of the moisture transport coefficients means that a larger portion of the
ion transport is due to convection, which enables this mechanism to be predominant for the

chloride penetration depth.



380

381
382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

4.3 Moisture profiles

Fig. 7 a)-g) shows the results from NMR measurements of moisture profiles presented as
intensity of the NMR signal (in arbitrary units). These results are corrected for the decrease in
recorded signal with increasing depth in the sample, using the correction factors shown in Fig.
8 that were obtained using the method described in Section 3.4. Fig. 9 from Rucker-Gramm
[19] shows the variation in intensity with moisture content in concrete. This figure was
obtained from calibration measurements on samples conditioned to a series of RH. These
measurements were performed on an OPC mortar with w/b 0.6. The moisture content will
vary between mortars, but the sensitivity of the tH NMR for moisture in different pore sizes
should be similar. Since the NMR signal is sensitive to the state of the water (*H) within the
pore structure, the recorded signal is not linearly proportional to water content in cementitious
materials because a large portion of the water is present in small pores where its interaction
with the pore wall limits mobility and therefore the signal intensity recorded during NMR
measurements. Fig. 9 shows that only small changes in intensity are recorded for water
present in pores smaller than around 2.5 nm, which represent the pore size filled at 65% RH.
Beyond this value, the recorded intensity increases significantly and has an approximate linear

relationship with increase in moisture content.

The effect shown in Fig. 9 needs to be kept in mind when analyzing the results in Fig. 7 a)-g).
In all cases, Fig. 7 a)-g) shows very high NMR signal intensity on the wet side in the first 0-3
mm. This is interpreted as free water in large air voids, for example compaction voids, which
have been filled during the long exposure period. After this peak there is a plateau,

representing the moisture content at capillary saturation. In Fig. 7 a), b) and d), this plateau
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continues all the way through the sample. This does not seem to agree with what is expected
from the moisture diffusion coefficients in Fig. 3 and the desorption isotherms in Fig. 4 that
suggest that moisture content should decrease from the wet surface to the dry surface.
However, it should be borne in mind that these properties were measured with pure water,
while the moisture distributions in Fig. 7 relate to NaCl in pore solution [20]. For the
specimen in Fig. 7 a), salt and moisture were visually observed on the dry side prior to NMR
analysis. For the specimens in Fig. 7 b) and d), precipitation was not observed on the surface,
but their ion profiles suggest that ions have started to accumulate just beneath the surface. It
should also be noted that the chloride profiles in Fig. 1 were measured 18 months prior to the
moisture profiles. Therefore, chloride ingress would continue to increase during the additional
18 months period and accumulation of chloride close to the dry surface would affect the

moisture distribution obtained from NMR.

In Fig. 7 c) and e)-g), parts of the specimens show a similar plateau as in Fig. 7 a), b) and d),
indicative of capillary saturation within this region. However, the recorded intensity starts to
decrease towards the surface exposed to lower RH. In the experimental set-up with 75% RH
on the dry side, the recorded intensity can be regarded as proportional to moisture content
since Fig. 9 indicates a linear relationship at the 75-100% RH interval. However, for
specimens with 33% RH on the dry side, the intensity profile is not proportional to moisture

content in the material.

To visualize the effect of the non-linear relation between intensity and moisture content in the
material, an example is made for one of the mortars, shown in Fig. 11. Here the general

calibration curve shown in Fig. 9 is used in combination with quantitative data from the
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desorption isotherm in Fig. 4. The relevant points in Fig. 9 are marked in Fig. 10 and Fig. 11.
From the desorption isotherms for the mortars shown in Fig. 4 and the exposure conditions,
the moisture content in three points is known; at capillary saturation, at 75% and at 33% RH.
These are noted in Fig. 11 with green points circled in black. The aim of Fig. 11 is to visualize
a more realistic shape of the profile in moisture content for the specimens with 33% RH on

the dry side.

The visualized moisture profile in Fig. 11 is estimated from the measured intensity on the dry
side at 75% RH, 1(75%). This intensity is marked on the intensity profile for the specimen
with 33% RH on the dry side. From this point, the profile is fitted to a linear fit to the point on
the y-axis representing the moisture content at 33% RH, w(33%). A difficulty with this
estimation of the moisture profile is that it is very sensitive to the lowest measured point in the
profile with 75% RH, 1(75%), on the dry side. A small uncertainty, or shift in 1(75%) up or
down, effects the shape of the estimated moisture profile significantly. Therefore it is not
fruitful to analyze the results based on these profiles in more detail. However, it is an
important observation since it explains why the measured intensity on the dry side of

specimens is similar even though the exposure in RH is different, i.e. 33% vs 75% RH.

4.4 Interaction between moisture profiles and chloride profiles

The presence of ions in the exposure solution and pore solution complicates the relation
between moisture profiles and microstructural properties. For example, the desorption
isotherms, and thereby the moisture diffusion coefficient with RH as potential, will be

affected by the increased ionic strength of the pore solution when the NaCl-solution is
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transported through the specimens. The desorption isotherms will also shift to the left and the

pore structure will be capillary saturated at humidity levels lower than 100% RH.

The moisture and chloride profiles for OPC mortars can be related to the changes in the
desorption isotherms with chloride concentration. All chloride profiles for OPC mortars in
Fig. 1 a) and Fig. 2 show a small increase in chloride content from the wet surface at 0 mm to
the surface exposed to lower RH at 35 mm. This increase is also detected in the chloride
profile determined from titration for the OPC mortar shown in Fig. 6. The corresponding
moisture profile in Fig. 7 a) also shows a possible increase in moisture content towards the
surface exposed to lower RH, especially from about 30 to 35 mm, where the highest chloride
concentrations also are found. This suggests that accumulation of salts in large air voids

affects the total moisture content, which may increase above the level of capillary saturation.

Another observation from Fig. 1 b)-d) is the tendency for the chloride profiles to have a
convex shape. As seen in Fig. 3 a)-b), the mortars with slag and the mortar with 5% SF w/b
0.38 have no moisture dependency in the moisture diffusion coefficient, and a low total
moisture transport in all RH intervals. For these mortars, the governing transport mechanism
for chloride ingress is diffusion. The moisture dependency of the chloride diffusion
coefficients is one factor that contributes to the convex shape of the chloride profiles. It can be
deduced from the moisture distributions (Fig. 7 b) and d)-g)) and the chloride diffusion
coefficients (Fig. 5) that chloride diffusion decreases with depth due to the decrease in
moisture content. Another factor that contributes to the convex shape is the non-linearity of
the chloride binding isotherms [21]. At saturated conditions, it is generally observed that

chloride binding is non-linearly related to chloride concentration in the pore solution, and that



477  binding capacity decreases with increase in concentration [22, 23]. However, there is a lack of
478  knowledge on how chloride binding is affected at low moisture content and RH in the pore
479  structure [24]. If chloride binding in unsaturated condition behaves in a similar way to that in

480  asaturated system, then this would contribute to the convex shape seen in Fig. 1 b)-d).

481

482  Coupled transport of ions and moisture is a complex phenomenon that needs further research
483  in order to be fully clarified. There is a general lack of knowledge on the interaction between
484  the ions in pore solution and the solid phases at unsaturated conditions, i.e. the ion binding
485  isotherms at unsaturated conditions. There is also a need for clarification of the interaction
486  between water activity, degree of saturation and ionic strength, i.e. the sorption isotherms at

487  different ionic strengths.

488

489 5 Conclusions
490

491  The most important observations in the study of wick action exposure can be summarized as

492  follows:

493 e For plain OPC mortars, chlorides have penetrated through specimen thickness (35
494 mm) and begun to accumulate near the surface exposed to lower RH. The amount of
495 chloride ingress and accumulation increased with increase in w/b and drying severity.
496 Convective transport of ions with moisture transport is the dominant mechanism in
497 these OPC systems which have larger moisture transport compared to the other

498 systems in this study.

499 e In contrast, mortars containing SCMs showed much smaller chloride penetration

500 depths and no significant accumulation near the surface exposed to lower RH. Under
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the given experimental conditions, mortars with 70% slag gave the highest resistance
to chloride ingress, followed by 40% slag and 5% SF, regardless of w/b and drying
humidity. The 70% slag mortars also showed the greatest chloride binding capacity.
The chloride diffusion coefficient, moisture diffusion coefficient and chloride binding
properties are important parameters for the prediction of chloride ingress during wick
action exposure. All of these parameters are also strongly related to the cementitious
binder and are moisture dependent in some cases.

The moisture dependency of the moisture diffusion coefficient is an important factor
influencing chloride penetration in porous materials where ion transport occurs
predominantly by convection. But for denser materials with little or no moisture
transport, such as systems containing SCMs, the limited moisture transport contributes
to the high resistance to chloride ingress. In these systems, the diffusive ion transport
and its moisture dependency needs to be considered for accurate assessment of
chloride penetration. Additionally, the enhanced chloride binding capacity in systems
containing SCMs, is another key factor limiting chloride penetrations depth.

There is still a lack of knowledge about the interaction between the ions in pore
solution and the solid phases in unsaturated conditions.

Even though it is outside the scope of this publication, it needs to be pointed out that
quantitative evaluation of moisture content profiles in cementitious materials from
NMR-measurements needs extensive calibration due to the differences in sensitivity to

water in different pore sizes.

The results presented in this paper constitute valuable data for the development of mass

transport models for cementitious systems containing SCMs in non-saturated conditions. The
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results also contribute new understanding of the key parameters influencing chloride

penetration, which can be used for the development of new binders.
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Table 1

Composition of mortars.

Mortar label OPC 5% SF 40% 70% OPC 5% SF 40% 70%
0.38 0.38 slag slag 0.53 0.53 slag slag
0.38 0.38 0.53 0.53
Cement/SCM 100/0 95/5 60/40 30/70 100/0 95/5 60/40 30/70
w/b 0.380 0.381 0.391 0.386 0.530 0.531 0.539 0.545
CEM 1 (kg/md) 516 509 308 153 436 427 260 129
Slag (kg/m?®) - - 206 357 - - 174 302
Silica Fume (kg/md) - 27 - - - 23 - -
Water (kg/m?®) 196 204 198 200 231 239 234 235
Normsand (kg/m?) 1548 1607 1543 1531 1525 1574 1519 1508
Plastisizer (kg/m®) 1.18 1.06 0.94 0.96 - - - -
Density (kg/m?®) 2256 2253 2236 2208 2198 2203 2199 2201
Table 2
Composition of a) OPC b) slag and c¢) SF.
a) b)
Chemical Analysis Mlneral_oglcal Chemical Analysis Mlneralpglcal
XRE Composition - XRE Composition -
XRD/Rietveld analysis XRD/Rietveld analysis
9/100g 0/100g g/100g 0/100g
SiO; 19.88 Alite 66.7 SiO; 36.11 Amorphous 96.7
Al>,O3 4.47 Belite 8.4 Al,Os 9.97 Gypsum 2.3
Fe;0s 3.96 Aluminate 6.2 Fex0s 0.43 Anhydrite 0.2
Cao 63.49 Ferrite 9.6 Cao 42.25 Merwinite 0.8
MgO 1.77 Arcanite 1.6 MgO 7.26
K20 0.86 Free Lime 0.1 K20 0.41
NaO 0.17 Portlandite 0.5 NaO 0.28
TiO; 0.32 Periclase 0.5 TiO; 0.61
Mn,03 0.05 Gypsum 1.2 Mn>03 0.35
P20s 0.22 Hemihydrate 2.2 P20s 0.01
SrO 0.05 Calcite 3.1 SrO 0.07
Cl 0.03 Anhydrite 0.1 BaO 0.08
F <0.1 Cl <0.005
Zn0 0.02 F <0.1
Cry0; 0.01 SO3 3.3
SO3 2.96
c)
Chemical Analysis
XRF
0/100g
SiO; 98.7
Al;,O3 0.3
F6203 0.02
Ca0O 0.15
MgO 0.04
K20 0.3
Na,O 0.09
TiO, 0.39
anos 0.01
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624  Fig. 1. Chloride profiles for a) OPC, b) 5% SF, ¢) 40% slag, and d) 70% slag mortars.

625  Specimens were exposed to NaCl solution at 0 mm and drying at controlled RH (75% or
626  33%) at 35 mm for 30 months prior to measurements. Significant differences in penetration
627  depths were observed between the four binders.

628
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630  Fig. 2. Detail from Fig. 1a showing the chloride profiles for OPC mortars near the drying side
of specimen. Accumulation of chlorides increased with increase in w/b ratio and drying
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Fig. 3. a)-b) Moisture diffusion coefficients for all mortars, Dy, adopted from [6]. Three
mortars have a clear moisture dependency in the moisture diffusion coefficient at RH from
70% to 100% RH. The other five mortars have no moisture dependency in the diffusion
coefficient in this range of RH. This yields large differences in moisture transport. (For
interpretation of the color in this figure, the reader is referred to the web version of this
article.)
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Fig. 4. Desorption isotherms for all mortars adopted from [6]. The amount of moisture is of
the same order of magnitude for all mortars. However looking at specific RH ranges,
differences can be observed e.g. in the RH range from 75% to 97% RH.
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