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Abstract 16 

Moisture and ionic transport under non-saturated condition is an important, but poorly 17 

understood transport phenomena particularly for mature systems containing supplementary 18 

cementitious materials. This paper investigates the moisture and chloride profiles of 3-year 19 

old mortars containing Portland cement (OPC), slag and silica fume (SF) after long-term (30-20 

48 months) wick action exposure in 1.09M NaCl solution. Moisture profiles were measured 21 

with 1H NMR relaxometry and chloride profiles with microXRF. The measured profiles were 22 
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discussed in relation to moisture dependent material properties such as chloride diffusion 23 

coefficients, moisture diffusion coefficients, and desorption isotherms. Results show that the 24 

combination of different cementitious materials, e.g. the cementitious binder, is the key factor 25 

affecting chloride penetration depth. The cementitious binder also strongly affects chloride 26 

diffusion coefficient, moisture diffusion coefficient and chloride binding properties, which are 27 

all important parameters for the prediction of chloride ingress.  28 

 29 

Keywords: 30 

 31 

Transport properties (C); Durability (C); Chloride (D); Microstructure (B); Long-Term 32 

Performance (C). 33 

 34 

1 Introduction 35 

 36 

Transport of moisture and ionic species are closely related to degradation of concrete 37 

structures [1]. These topics have been widely investigated under saturated conditions. But in 38 

many applications, the deterioration process occur under unsaturated conditions, where the 39 

transport of ions and moisture are coupled. However, unsaturated transport is rarely studied 40 

experimentally, partly because of the complex moisture dependency and difficulties in 41 

decoupling ionic transport from moisture transport. Fundamental understanding of this is 42 

absolutely critical, for example in advancing service-life prediction models for structures in 43 

realistic exposure environments.  44 

 45 



A method to study the interaction between moisture and ion transport is through wick action 46 

experiments  [2]. Wick action is the transport of a solution (ionic solution or pure water) 47 

through a material, where one surface of the material is in direct contact with the solution and 48 

the opposite surface is exposed to a drying environment. If the relative humidity (RH) on the 49 

dry side is constant, the rate of absorption on the wet side will be similar to the rate of 50 

evaporation on the dry side when steady-state conditions are reached. If the experiment is 51 

performed with pure water, the moisture profile will hereafter be constant, and be dependent 52 

on the moisture diffusion coefficient and moisture sorption properties of the material.  53 

 54 

Commonly in wick action experiments, the water contains ionic species which are transported 55 

with the moisture through the material. The ionic species will penetrate and precipitate either 56 

within the specimen, or at the surface of the specimen exposed to a drying environment, 57 

depending on the composition of the material and of the environmental conditions. In these 58 

cases, there is convective transport of ions with moisture transport, but also pure diffusive 59 

transport due to gradients in ionic concentration. Therefore, both the moisture diffusion 60 

coefficient and ion diffusion coefficient are important material properties for prediction of the 61 

ion profile through a structure [3]. The convective transport of ions with moisture transport is 62 

often regarded as the governing transport mechanism in cementitious materials, and pure ionic 63 

diffusion is assumed to be of minor importance [3-5]. This assumption has shown to be 64 

efficient for prediction of ion profiles for materials with a clear convective moisture transport 65 

and a moisture dependency in moisture transport [3]. However, the approach has limited 66 

abilities to predict the ion distribution for denser materials with limited or no moisture 67 

dependency in moisture transport, such as cementitious materials at low water to binder ratio 68 

(w/b) or containing supplementary cementitious materials (SCMs) [6]. The interaction and 69 



binding of the ionic species with the solid phases in cementitious materials, and the RH on the 70 

dry side of the specimen, will also affect the ion profile [2]. 71 

 72 

Tuutti [7] made an early investigation of wick-action in cementitious materials. He discussed 73 

chloride concentration profiles in relation to w/b and drying condition for mortars with OPC 74 

and slag. It was concluded that ion transport in slag blends is less sensitive to w/b than 75 

mortars with OPC. Buenfeld et al [2] made another early investigation of OPC mortars after 9 76 

months wick action exposure. They included modeling of the obtained chloride profiles from 77 

measured material properties. However, the modeling was based on ion transport only with 78 

liquid moisture transport and does not take into account the diffusive ion transport and the 79 

moisture dependency of the chloride diffusion coefficient. This approach produced reasonable 80 

prediction of ion transport for OPC mortars with high w/b. But for denser materials with little 81 

or no liquid moisture transport, the diffusive ion transport and its moisture dependency need 82 

to be considered for accurate prediction of the ion profile. A more recent model [4] includes 83 

the diffusive transport of ionic species, but the ion diffusion coefficient was related to 84 

tortuosity of the liquid phase, which is problematic when modeling dense materials. In 85 

Baroghel-Bouny et al [3], the measured ion profiles from wick action experiment by Francy 86 

[5] were predicted through a model that relates ion diffusion coefficient to the degree of 87 

saturation of the material. It was concluded that an accurate assessment of diffusive ion 88 

transport is crucial to achieve an accurate prediction of ion distribution in cases where liquid 89 

moisture transport is low. However, such data are rare. The need for more experimental 90 

research on unsaturated transport has been highlighted in a recent review [8], and in particular 91 

the effect of SCMs on transport properties. 92 

 93 



In two recent publications by Olsson et al [9] and Olsson et al [6], the moisture dependency of 94 

ion diffusion and moisture transport properties for mortars with slag or silica fume (SF) were 95 

investigated. In this paper, measured moisture and chloride ion profiles after wick-action 96 

exposure of the same mortars are presented. The profiles are discussed and related to w/b, 97 

cementitious binder, drying conditions, and material transport properties such as ion diffusion 98 

coefficient, moisture diffusion coefficient and desorption isotherm of the mortars. The overall 99 

aim is to enhance the understanding of key parameters influencing non-saturated chloride 100 

transport under wick action in cementitious materials containing SCMs.  101 

 102 

2 Materials 103 

 104 

In this study, four binders and two w/b were investigated. The investigated binders were 105 

ordinary Portland cement CEM I 42.5N (OPC), OPC with 5% silica fume (SF), and OPC with 106 

40% or 70% ground granulated blast furnace slag (slag), respectively (all by mass). These 107 

binders were used to produce mortars with siliceous sand (CEN-Standard Sand according to 108 

EN 196-1) of particle sizes 0-2 mm, at w/b 0.38 and 0.53. To get similar initial capillary 109 

volume in all systems, the exact w/b was calculated to obtain equivalent volume of paste in 110 

relation to the volume of water for all mortar mixes. This gave a slight variation in w/b due to 111 

differences in density between the OPC, SF and slag. A small amount of plasticizer (~ 1 112 

kg/m3) was used in the w/b 0.38 mortars to improve workability. The composition of mortars 113 

and binders are given in Table 1 and Table 2, respectively.  114 

 115 

The mortars were batched in a pan mixer and cast as blocks (600 x 250 x 250 mm3) in wood 116 

molds, and compacted with a vibrating rod. The blocks were demolded after 24 h and put into 117 



sealed containers with a limited amount of tap water for wet curing. The blocks were 118 

immersed in approximately 1 cm of water to limit the amount of water to minimize leaching. 119 

Cores of 94 mm diameter were drilled horizontally using a diamond corer through the blocks 120 

at the age of 7 days. The cores were immediately placed back into their holes in the blocks for 121 

further wet curing. The reason for keeping the samples in their blocks was to limit direct 122 

exposure to water and therefore leaching. After three years of curing, the cores were cut into 123 

discs with thickness of 35 mm and again placed back into their blocks. The material used in 124 

this study was taken from the same blocks as those in previous studies [6, 9, 10], and was 125 

therefore expected to have similar properties. However, the difference in age between studies 126 

will affect the properties. 127 

 128 

3 Methods 129 

 130 

3.1 Wick-action exposure 131 

 132 

In the wick-action experiment, disc specimens were exposed to 1.09 M (6% by mass) sodium 133 

chloride solution on one flat end of the disc, and to air at controlled relative humidity (RH) on 134 

the opposite end. Two RHs were used, 33% and 75%,  which were generated by using 135 

saturated salt solutions of magnesium chloride (33% RH) and sodium chloride (75% RH) 136 

[11]. The air was circulated with a fan and the RH was regularly validated with RH sensors. 137 

The experiment was performed in sealed boxes at a temperature of 20 ºC ±0.5 ºC, and with a 138 

carbon dioxide absorbent to avoid carbonation of the material.  139 

 140 



The exposure to 1.09 M NaCl solution was carried out by mounting the flat end with a glass 141 

cup of similar diameter as the disc specimen, viz. 95 mm. The glass cups were filled with 142 

NaCl solution and the edge sealed with butyl tape to prevent side leakage. The cups were 143 

placed upside down in sealed boxes so that the NaCl solution was in contact with the top flat 144 

surface of the disc specimen.  The specimens for wick-action exposure were taken from the 145 

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

 147 

3.2 Chloride profiles from microXRF  148 

 149 

The specimens were exposed to wick-action for 30 months prior to ion profile determination. 150 

The weight of the cups was determined regularly to ensure that a steady-state flux was 151 

achieved during the exposure period. At the end of the exposure period, the glass cups were 152 

removed, and the specimens were split along the diameter with a wedge split. This method 153 

was considered to have the least risk of affecting the ion distribution on the analyzed surface. 154 

The two halves were assembled back together, wrapped in plastic sheets to prevent drying and 155 

stored for one to two weeks prior to micro X-ray fluorescence (microXRF) analysis. The 156 

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

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

comparison between profiles. 159 

 160 

Chloride profiles were measured using an Orbis PC energy-dispersive microXRF system by 161 

Edax-Ametek. The microXRF is equipped with an 80 mm2 Si(Li) detector with Be window 162 

for analysis of Na to U, and a motorised stage with 5 ± 2 µm minimum step size. Analysis 163 

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



acquisition time and 25.6 µs time constant. More crucially, the analysis was carried out in an 165 

ambient environment (i.e. no vacuum) to prevent drying of the specimen that would otherwise 166 

influence the measured profiles. A 25 µm aluminium filter was employed to improve the 167 

detection of chlorine by removing overlapping rhodium spurious peaks.  168 

 169 

In total 20 profiles were measured; one profile for each mortar and wick-action exposure 170 

condition (75% or 33% RH), i.e. 16 profiles, and a replicate analysis in 4 cases. The freshly 171 

split surface of each specimen was analyzed directly without any polishing or drying of the 172 

specimen to avoid re-distribution of chlorides. A spot size of 2 mm was chosen to ensure a 173 

substantial volume of analyzed material to obtain representative composition of the mortar. 174 

Analysis was carried out starting from the wet face exposed to NaCl, and then at every 2 mm 175 

depth increments ending at the dry face. Ten spot measurements were made at each depth 176 

increment and the results averaged. A total of 170 spots were analyzed per sample, covering 177 

an area of approximately 680 mm2, to construct one profile. For each spot, the measured 178 

characteristic X-ray spectrum was processed for background substraction to obtain the net 179 

intensity (counts per second) for chlorine, which was then normalized to that of calcium. 180 

Further details of the microXRF analysis are given in Marin-Cudraz (2015) [13] and Abdul 181 

Wahid (2017) [12].  182 

 183 

3.3 Total chloride content from cut slices 184 

 185 

The specimens were also analyzed to obtain the total chloride content at some selected depths. 186 

Chloride content was determined as the mass fraction of total chloride per mass of binder. 187 

Slices were cut at the selected depths. The thickness of the slices varied slightly and the exact 188 



thickness of the slices were measured individually, and are shown in the results. The results 189 

represent single measurements. The slices were then ground to powder and dissolved in nitric 190 

acid with concentrations 0.057 M. Chloride content was measured with an ion-selective 191 

electrode (ISE), and the binder content was calculated from the CaO content determined by 192 

titration. The buffer solution contained 1.6 M KNO3, 1.0 M CH3COOH and 1.0 M 193 

NH4CH3CO2. 194 

 195 

3.4 Moisture profiles from 1H NMR relaxometry 196 

 197 

Parallel specimens were exposed to wick-action for 48 months and then analyzed to determine 198 

moisture profiles. At the end of the exposure period, the glass cups were removed, and the wet 199 

surface was covered with a cloth with exposure solution and sealed. The specimens were then 200 

wrapped in plastic sheets and stored up to two months prior to analysis.  201 

 202 

Several methods for determination of moisture profiles were evaluated before the selection of 203 

1H NMR relaxometry at TU München. X-ray absorption measurements and 1H NMR 204 

relaxometry at another lab were evaluated, but these attempts did not give sensible results. 205 

Due to lack of specimens, only 10.5 unique profiles were measured and reported here. The 206 

measurements were carried out with an NMR MOUSE PM 25 from Magritek [14]. The 207 

sensitive volume of each measured depth was 30 x 30 x 0.2 mm3. A motor step of 0.2 mm 208 

was used to a total depth of 9.6 mm from each side of the specimen. The measurements were 209 

also performed to a total depth of 19.6 mm, but the scatter turned out to be too large due to 210 

poor signal-noise ratio, and these results were therefore excluded from the analysis. T2 211 



measurements with a CPMG sequence (256 scans and 256 echoes) were performed with a 212 

repetition time of 500 ms. 213 

 214 

The signal amplitude obtained during the measurements is directly proportional to the total 215 

content of free and physically bound water (the device neither detects water in the form of 216 

vapor nor chemically bound water). However, the proportionality is different depending on 217 

RH and the sensitivity to moisture corresponding to an RH below some 75 % is low. The 218 

signal amplitude decreases slightly with increasing distance from the magnetic field. To 219 

overcome this issue, the results were corrected for the variation of the recorded signal with 220 

depth. The correction factor was calculated from a measurement similar to the measurements 221 

on mortar specimens, but performed on a container with pure water. The measurement was 222 

replicated four times and an average of the four measurements was used for calculation of the 223 

correction factor. The NMR measurements were carried out from both end surfaces of the 224 

specimens to a total depth of 9.6 mm from each end, therefore the center portion ~ 15.8 mm 225 

could not be analyzed.  226 

 227 

Another correction applied to the results was the removal of positions not completely inside 228 

the specimens due to surface roughness and wrapping in cling film during the measurement. 229 

At motor position 0 mm from the wet side of the specimens, the first four positions had very 230 

low intensity compared to subsequent positions. Therefore, the first four data points were 231 

regarded as measurements in air and were excluded from the data analysis. On the dry side of 232 

the specimens however, it was more difficult to judge which position is the first value 233 

completely within the specimen due to the low RH. Therefore, the same number of points as 234 

on the wet side, i.e. the first four positions, was removed from the results from the dry side. In 235 



addition, it has to be kept in mind that magnetic and paramagnetic compounds inside the 236 

material can lead to a shift in the measured signal. Therefore, the water content is slightly 237 

overestimated for cementitious materials. Due to the high Al2O3 content, this effect is even 238 

more pronounced for the binders with slag. To take this into account calibration measurements 239 

are necessary to obtain fully quantitative results [15]. 240 

 241 

4 Results and Discussion  242 

 243 

4.1 Chloride profiles  244 

 245 

Fig. 1 a)-d) shows the measured chloride content profiles determined with microXRF. Note 246 

that the results are expressed as total Cl/Ca ratio and different scales were used on the vertical 247 

axis for clarity. Error bars represent +/- one standard error of the average. Major differences in 248 

chloride profiles can be identified between the four binders. Fig. 1 a) shows that for the 249 

control OPC mortars, chlorides have penetrated through the specimen thickness and in some 250 

cases, have begun to accumulate near the surface exposed to low RH. Details of the chloride 251 

profiles close to the surface at 35mm in Fig. 1 a) are shown in Fig. 2. It can be seen that OPC 252 

0.53 – 33% RH showed the highest chloride accumulation near the dry surface, followed by 253 

OPC 0.53 – 75% RH. In contrast, OPC 0.38 showed relatively less accumulation of chloride. 254 

Therefore, the amount of chloride ingress and accumulation increased with increase in w/b 255 

and drying severity, as expected. However, the very high levels measured in the first 12 mm 256 

of OPC 0.53 – 75% RH was unusual and probably due to side leakage caused by failure of the 257 

butyl tape. 258 

 259 



For mortars containing slag or silica fume, Fig. 1 b)-d) show that their chloride concentrations 260 

and penetration depths are much smaller compared to the control OPC mortar, and that no 261 

significant accumulation of chlorides have started near the face exposed to lower RH. Overall, 262 

the 70% slag mortar was more resistant to chloride ingress compared to the 40% slag and 5% 263 

SF mortars on the basis of penetration depth. Samples with slag also showed higher chloride 264 

content at the exposed surface, due to the effect of chloride binding that increases in SCMs 265 

that contain high alumina content. The chloride content dropped quickly with depth because 266 

of the high resistance to chloride ingress. Mortars with lower w/b tended to show marginally 267 

less chloride penetration, but this was not observed consistently. Therefore, it seems that w/b 268 

has a relatively smaller influence on chloride ingress in wick action than the type of binder in 269 

mature blended mortars, probably because of the extensive SCM reaction that densifies the 270 

pore structure. Furthermore, the profiles for 70% slag 0.38 at 33% RH and 75% RH displayed 271 

an anomaly in that a small increase in chloride intensity was observed after the first minimum 272 

at 15 mm, which is likely caused by an experimental error. 273 

 274 

A number of replicate chloride analyses were carried out. Generally, these show reasonably 275 

good agreement for example OPC 0.38 – 33% RH and 40% Slag 0.38 – 33% RH. However, 276 

other samples such as 5% SF 0.38 – 33% RH and 70% Slag 0.38 – 33% RH showed slightly 277 

larger variation between replicates. This could be due to the fact that the microXRF analyses 278 

were carried out under ambient pressure and on fractured sample as-is without further 279 

treatment, which are non-optimal conditions. Analyses in vacuum and on flat polished surface 280 

will improve signal-to-noise ratio and produce more repeatable results, but re-distribution of 281 

chlorides is likely to occur during sample pre-drying and grinding. Another possible reason is 282 

the presence of imperfections and compaction voids in the specimens, which also exist in real 283 

concrete structures. For example, it has been shown that empty air voids act as insulators for 284 



moisture transport while water-filled air voids act as conductors, and a difference of 1% air 285 

content can alter transport by 14% in total [16]. This difference should affect ion transport 286 

similarly. Furthermore, microcracks can form during drying and sample coring. It has been 287 

shown in recent experimental and numerical studies that these microcracks have a significant 288 

influence on transport processes [17, 18].   289 

 290 

The results from this study suggest that for specimens that have been well-cured prior to 291 

exposure to chloride wick action, the differences in binder type between specimens induce a 292 

larger effect on chloride penetration than the investigated w/b (0.53, 0.38) and the RH (75%, 293 

33%) on the dry side of specimen. Significant differences in chloride penetration depth can be 294 

identified between the different binders and therefore, it can be concluded that the 295 

cementitious binder is the major factor affecting chloride transport in unsaturated condition 296 

during wick-action exposure.  297 

 298 

4.2 Chloride profiles related to material properties 299 

 300 

The chloride profiles can also be discussed in terms of other material properties, such as 301 

moisture diffusion coefficient, desorption isotherm, chloride diffusion coefficient, and 302 

chloride binding capacity. Two recent publications [6, 9] investigated material properties for 303 

the same mortars as in this study. Fig. 3 a)-b) is taken from [6] and shows the moisture 304 

dependency of the moisture diffusion coefficient. The measurements were performed at an 305 

age of two years. The moisture diffusion coefficient is constant at low RH for all mortars. At 306 

higher RH, the OPC and 5% SF 0.53 mortars show a clear moisture dependency in the 307 

moisture diffusion coefficient, whereas the others do not. In the interval where the moisture 308 



diffusion coefficient is constant, the mortars with higher w/b have larger moisture transport. 309 

Fig. 4 is also taken from [6] and shows the desorption isotherms for the mortars in this study. 310 

Compared to the large differences in moisture transport between the mortars, the moisture 311 

content shown by the desorption isotherms is of similar order of magnitude. However, large 312 

differences can be found by comparing specific RH intervals, e.g. from 80% to 97% RH. In 313 

this RH interval, the moisture content of 70% slag 0.38 increased by only 8 kg/m3 whereas 314 

OPC 0.38 increased by 29 kg/m3. The measurements were performed at an age of four years.  315 

 316 

Fig. 5 is taken from [9] and shows the moisture dependency of the chloride diffusion 317 

coefficient. All mortars show a clear moisture dependency in chloride diffusion. The mature 318 

slag mortars have the lowest chloride diffusion while the OPC mortars the highest. These 319 

measurements were performed at an age of about one year. The properties of the mortars 320 

shown in Fig. 3 a)-b), Fig. 4 and Fig. 5 can be related to their performance in wick-action 321 

experiment from this study. 322 

 323 

Fig. 6 shows the total chloride content measured with profile grinding. The total chloride 324 

content at 0 mm gives an indication of the chloride binding potential of the different binders 325 

when in contact with the NaCl-solution. The 70% slag mortar has the highest total chloride 326 

content followed by the 40% slag and 5% SF, while the OPC mortars has the lowest total 327 

chloride content. It should be pointed out that these results are consistent with the chloride 328 

profiles obtained from microXRF in Fig. 1 c)-d) where the 70% slag and 40% slag mortars 329 

showed the highest surface chloride content and steepest chloride gradient near the surface 330 

region. The same applies for the 5% SF mortar as shown in Fig. 1 b) where the surface 331 



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

of chloride binding is expected to be smaller. 333 

 334 

From the material properties discussed above in this section, it can be concluded that the OPC 335 

mortars are expected to have the largest chloride penetration depths, which agrees with the 336 

measured chloride profiles in Fig. 1. The OPC mortars have the highest chloride diffusion 337 

coefficient in all RH intervals, and also the highest moisture diffusion coefficient in the RH 338 

interval 100% to 70% RH. They also have a clear convective moisture transport in this RH 339 

interval that will accelerate chloride penetration. These mortars also have the lowest total 340 

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

higher penetration rate.  342 

 343 

The results in Fig. 1 also show that the mortars with 5% SF binder have the second largest 344 

chloride penetration depths, followed by the mortars with 40% slag and 70% slag. This order 345 

of penetration depths agrees well with the total chloride content shown in Fig. 6, which 346 

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

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

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

 350 

The correlation between chloride profiles to other material properties is not as clear as the 351 

correlation to chloride binding capacity. It seems that the chloride penetration depths do not 352 

show strong correlations to neither the chloride diffusion coefficient nor the moisture 353 

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

appears to be larger than that between binders. All mortars at w/b 0.38 except OPC have 355 



similar chloride diffusion coefficient of approximately 0.8 ∙ 10-12 m2/s at 100% RH. These 356 

mortars also share similar chloride diffusion coefficient at lower RH. This observation is also 357 

valid for w/b 0.53, but here the chloride diffusion coefficient is around 1.3 ∙ 10-12 m2/s at 358 

100% RH. Similarly, there appears no obvious relation between chloride penetration depth 359 

and moisture content. However, it needs to be kept in mind that these material properties and 360 

the chloride profiles were measured at different ages. 361 

 362 

Fig. 3 suggests that w/b ratio has a greater effect on moisture diffusion coefficient compared 363 

to cementitious binder for the slag and the 5% SF mortars. Interestingly, the 5% SF mortar at 364 

w/b 0.53 shows a clear moisture dependency in moisture diffusion coefficient whereas the 365 

mortar at w/b 0.38 does not. The corresponding ion profiles in Fig. 1 b) show that this could 366 

possibly be an important factor. The average chloride penetration for w/b 0.53 is clearly 367 

deeper than that for w/b 0.38. This suggests that the moisture dependency of the moisture 368 

diffusion coefficient could be a key parameter for predicting chloride penetration depth. 369 

However, more replicate measurements would be needed to confirm this.  370 

 371 

In conclusion, it seems that the effect of chloride binding becomes increasingly important 372 

when the moisture diffusion coefficient is low and the total ion transport is dominated by 373 

ionic diffusion. However, the difference in penetration depths between OPC and 5% SF 374 

mortars cannot solely be explained by differences in binding. Here, it seems that the 375 

difference in chloride and moisture diffusion coefficients are of larger importance. A large 376 

moisture dependency of the moisture transport coefficients means that a larger portion of the 377 

ion transport is due to convection, which enables this mechanism to be predominant for the 378 

chloride penetration depth. 379 



 380 

4.3 Moisture profiles 381 

 382 

Fig. 7 a)-g) shows the results from NMR measurements of moisture profiles presented as 383 

intensity of the NMR signal (in arbitrary units). These results are corrected for the decrease in 384 

recorded signal with increasing depth in the sample, using the correction factors shown in Fig. 385 

8 that were obtained using the method described in Section 3.4. Fig. 9 from Rucker-Gramm 386 

[19] shows the variation in intensity with moisture content in concrete. This figure was 387 

obtained from calibration measurements on samples conditioned to a series of RH. These 388 

measurements were performed on an OPC mortar with w/b 0.6. The moisture content will 389 

vary between mortars, but the sensitivity of the 1H NMR for moisture in different pore sizes 390 

should be similar. Since the NMR signal is sensitive to the state of the water (1H) within the 391 

pore structure, the recorded signal is not linearly proportional to water content in cementitious 392 

materials because a large portion of the water is present in small pores where its interaction 393 

with the pore wall limits mobility and therefore the signal intensity recorded during NMR 394 

measurements. Fig. 9 shows that only small changes in intensity are recorded for water 395 

present in pores smaller than around 2.5 nm, which represent the pore size filled at 65% RH. 396 

Beyond this value, the recorded intensity increases significantly and has an approximate linear 397 

relationship with increase in moisture content.  398 

 399 

The effect shown in Fig. 9 needs to be kept in mind when analyzing the results in Fig. 7 a)-g). 400 

In all cases, Fig. 7 a)-g) shows very high NMR signal intensity on the wet side in the first 0-3 401 

mm. This is interpreted as free water in large air voids, for example compaction voids, which 402 

have been filled during the long exposure period. After this peak there is a plateau, 403 

representing the moisture content at capillary saturation. In Fig. 7 a), b) and d), this plateau 404 



continues all the way through the sample. This does not seem to agree with what is expected 405 

from the moisture diffusion coefficients in Fig. 3 and the desorption isotherms in Fig. 4 that 406 

suggest that moisture content should decrease from the wet surface to the dry surface. 407 

However, it should be borne in mind that these properties were measured with pure water, 408 

while the moisture distributions in Fig. 7 relate to NaCl in pore solution [20]. For the 409 

specimen in Fig. 7 a), salt and moisture were visually observed on the dry side prior to NMR 410 

analysis. For the specimens in Fig. 7 b) and d), precipitation was not observed on the surface, 411 

but their ion profiles suggest that ions have started to accumulate just beneath the surface. It 412 

should also be noted that the chloride profiles in Fig. 1 were measured 18 months prior to the 413 

moisture profiles. Therefore, chloride ingress would continue to increase during the additional 414 

18 months period and accumulation of chloride close to the dry surface would affect the 415 

moisture distribution obtained from NMR.  416 

 417 

In Fig. 7 c) and e)-g), parts of the specimens show a similar plateau as in Fig. 7 a), b) and d), 418 

indicative of capillary saturation within this region. However, the recorded intensity starts to 419 

decrease towards the surface exposed to lower RH. In the experimental set-up with 75% RH 420 

on the dry side, the recorded intensity can be regarded as proportional to moisture content 421 

since Fig. 9 indicates a linear relationship at the 75-100% RH interval. However, for 422 

specimens with 33% RH on the dry side, the intensity profile is not proportional to moisture 423 

content in the material.  424 

 425 

To visualize the effect of the non-linear relation between intensity and moisture content in the 426 

material, an example is made for one of the mortars, shown in Fig. 11. Here the general 427 

calibration curve shown in Fig. 9 is used in combination with quantitative data from the 428 



desorption isotherm in Fig. 4. The relevant points in Fig. 9 are marked in Fig. 10 and Fig. 11. 429 

From the desorption isotherms for the mortars shown in Fig. 4 and the exposure conditions, 430 

the moisture content in three points is known; at capillary saturation, at 75% and at 33% RH. 431 

These are noted in Fig. 11 with green points circled in black. The aim of Fig. 11 is to visualize 432 

a more realistic shape of the profile in moisture content for the specimens with 33% RH on 433 

the dry side.  434 

 435 

The visualized moisture profile in Fig. 11 is estimated from the measured intensity on the dry 436 

side at 75% RH, I(75%). This intensity is marked on the intensity profile for the specimen 437 

with 33% RH on the dry side. From this point, the profile is fitted to a linear fit to the point on 438 

the y-axis representing the moisture content at 33% RH, w(33%). A difficulty with this 439 

estimation of the moisture profile is that it is very sensitive to the lowest measured point in the 440 

profile with 75% RH, I(75%), on the dry side. A small uncertainty, or shift in I(75%) up or 441 

down, effects the shape of the estimated moisture profile significantly. Therefore it is not 442 

fruitful to analyze the results based on these profiles in more detail. However, it is an 443 

important observation since it explains why the measured intensity on the dry side of 444 

specimens is similar even though the exposure in RH is different, i.e. 33% vs 75% RH. 445 

 446 

4.4 Interaction between moisture profiles and chloride profiles 447 

 448 

The presence of ions in the exposure solution and pore solution complicates the relation 449 

between moisture profiles and microstructural properties. For example, the desorption 450 

isotherms, and thereby the moisture diffusion coefficient with RH as potential, will be 451 

affected by the increased ionic strength of the pore solution when the NaCl-solution is 452 



transported through the specimens. The desorption isotherms will also shift to the left and the 453 

pore structure will be capillary saturated at humidity levels lower than 100% RH.  454 

 455 

The moisture and chloride profiles for OPC mortars can be related to the changes in the 456 

desorption isotherms with chloride concentration. All chloride profiles for OPC mortars in 457 

Fig. 1 a) and Fig. 2 show a small increase in chloride content from the wet surface at 0 mm to 458 

the surface exposed to lower RH at 35 mm. This increase is also detected in the chloride 459 

profile determined from titration for the OPC mortar shown in Fig. 6. The corresponding 460 

moisture profile in Fig. 7 a) also shows a possible increase in moisture content towards the 461 

surface exposed to lower RH, especially from about 30 to 35 mm, where the highest chloride 462 

concentrations also are found. This suggests that accumulation of salts in large air voids 463 

affects the total moisture content, which may increase above the level of capillary saturation.  464 

 465 

Another observation from Fig. 1 b)-d) is the tendency for the chloride profiles to have a 466 

convex shape. As seen in Fig. 3 a)-b), the mortars with slag and the mortar with 5% SF w/b 467 

0.38 have no moisture dependency in the moisture diffusion coefficient, and a low total 468 

moisture transport in all RH intervals. For these mortars, the governing transport mechanism 469 

for chloride ingress is diffusion. The moisture dependency of the chloride diffusion 470 

coefficients is one factor that contributes to the convex shape of the chloride profiles. It can be 471 

deduced from the moisture distributions (Fig. 7 b) and d)-g)) and the chloride diffusion 472 

coefficients (Fig. 5) that chloride diffusion decreases with depth due to the decrease in 473 

moisture content. Another factor that contributes to the convex shape is the non-linearity of 474 

the chloride binding isotherms [21]. At saturated conditions, it is generally observed that 475 

chloride binding is non-linearly related to chloride concentration in the pore solution, and that 476 



binding capacity decreases with increase in concentration [22, 23]. However, there is a lack of 477 

knowledge on how chloride binding is affected at low moisture content and RH in the pore 478 

structure [24]. If chloride binding in unsaturated condition behaves in a similar way to that in 479 

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

 481 

Coupled transport of ions and moisture is a complex phenomenon that needs further research 482 

in order to be fully clarified. There is a general lack of knowledge on the interaction between 483 

the ions in pore solution and the solid phases at unsaturated conditions, i.e. the ion binding 484 

isotherms at unsaturated conditions. There is also a need for clarification of the interaction 485 

between water activity, degree of saturation and ionic strength, i.e. the sorption isotherms at 486 

different ionic strengths. 487 

 488 

5 Conclusions 489 

 490 

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

follows: 492 

 For plain OPC mortars, chlorides have penetrated through specimen thickness (35 493 

mm) and begun to accumulate near the surface exposed to lower RH. The amount of 494 

chloride ingress and accumulation increased with increase in w/b and drying severity. 495 

Convective transport of ions with moisture transport is the dominant mechanism in 496 

these OPC systems which have larger moisture transport compared to the other 497 

systems in this study.  498 

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

depths and no significant accumulation near the surface exposed to lower RH. Under 500 



the given experimental conditions, mortars with 70% slag gave the highest resistance 501 

to chloride ingress, followed by 40% slag and 5% SF, regardless of w/b and drying 502 

humidity. The 70% slag mortars also showed the greatest chloride binding capacity.  503 

 The chloride diffusion coefficient, moisture diffusion coefficient and chloride binding 504 

properties are important parameters for the prediction of chloride ingress during wick 505 

action exposure. All of these parameters are also strongly related to the cementitious 506 

binder and are moisture dependent in some cases.   507 

 The moisture dependency of the moisture diffusion coefficient is an important factor 508 

influencing chloride penetration in porous materials where ion transport occurs 509 

predominantly by convection. But for denser materials with little or no moisture 510 

transport, such as systems containing SCMs, the limited moisture transport contributes 511 

to the high resistance to chloride ingress. In these systems, the diffusive ion transport 512 

and its moisture dependency needs to be considered for accurate assessment of 513 

chloride penetration. Additionally, the enhanced chloride binding capacity in systems 514 

containing SCMs, is another key factor limiting chloride penetrations depth. 515 

 There is still a lack of knowledge about the interaction between the ions in pore 516 

solution and the solid phases in unsaturated conditions. 517 

 Even though it is outside the scope of this publication, it needs to be pointed out that 518 

quantitative evaluation of moisture content profiles in cementitious materials from 519 

NMR-measurements needs extensive calibration due to the differences in sensitivity to 520 

water in different pore sizes.   521 

 522 

The results presented in this paper constitute valuable data for the development of mass 523 

transport models for cementitious systems containing SCMs in non-saturated conditions. The 524 



results also contribute new understanding of the key parameters influencing chloride 525 

penetration, which can be used for the development of new binders. 526 
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 607 



Table 1 608 

Composition of mortars.  609 

Mortar label OPC 

0.38 

5% SF 

0.38 

40% 

slag 

0.38 

70% 

slag 

0.38 

OPC 

0.53 

5% SF 

0.53 

40% 

slag 

0.53 

70% 

slag 

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/m3) 516 509 308 153 436 427 260 129 

Slag (kg/m3) - - 206 357 - - 174 302 

Silica Fume (kg/m3) - 27 - - - 23 - - 

Water (kg/m3) 196 204 198 200 231 239 234 235 

Normsand (kg/m3) 1548 1607 1543 1531 1525 1574 1519 1508 

Plastisizer (kg/m3) 1.18 1.06 0.94 0.96 - - - - 

Density (kg/m3) 2256 2253 2236 2208 2198 2203 2199 2201 

 610 

Table 2 611 

Composition of a) OPC b) slag and c) SF.  612 

a)     b) 613 

Chemical Analysis  

XRF 
 

Mineralogical 

Composition - 

XRD/Rietveld analysis 

 Chemical Analysis 

-XRF 
  

Mineralogical 

Composition - 

XRD/Rietveld analysis 

  g/100g     g/100g    g/100g     g/100g 
SiO2 

 

19.88  Alite 66.7  SiO2 36.11  Amorphous 96.7 
Al2O3 4.47  Belite 8.4  Al2O3 9.97  Gypsum 2.3 
Fe2O3 3.96  Aluminate 6.2  Fe2O3 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    

K2O 0.86   Free Lime 0.1  K2O 0.41    

Na2O 0.17   Portlandite 0.5  Na2O 0.28    

TiO2 0.32   Periclase 0.5  TiO2 0.61    

Mn2O3 0.05   Gypsum 1.2 

. 

 Mn2O3 0.35    

P2O5 0.22   Hemihydrate 2.2  P2O5 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    

ZnO 0.02      F <0.1    

Cr2O3 0.01      SO3 3.3       
SO3 2.96             

           
c) 614 

Chemical Analysis  

XRF 

  g/100g 

SiO2 

 

98.7 
Al2O3 0.3 

Fe2O3 0.02 
CaO 0.15 

MgO 0.04 
K2O 0.3 

Na2O 0.09 

TiO2 0.39 
Mn2O3 0.01 



P2O5 0.02 

 615 

a) 616 

  617 

b) 618 

 619 

c) 620 



 621 

d) 622 

 623 

Fig. 1. Chloride profiles for a) OPC, b) 5% SF, c) 40% slag, and d) 70% slag mortars. 624 

Specimens were exposed to NaCl solution at 0 mm and drying at controlled RH (75% or 625 

33%) at 35 mm for 30 months prior to measurements. Significant differences in penetration 626 

depths were observed between the four binders. 627 

 628 



 629 

Fig. 2. Detail from Fig. 1a showing the chloride profiles for OPC mortars near the drying side 630 

of specimen. Accumulation of chlorides increased with increase in w/b ratio and drying 631 

severity. 632 
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 637 

Fig. 3. a)-b) Moisture diffusion coefficients for all mortars, Dv, adopted from [6]. Three 638 

mortars have a clear moisture dependency in the moisture diffusion coefficient at RH from 639 

70% to 100% RH. The other five mortars have no moisture dependency in the diffusion 640 

coefficient in this range of RH. This yields large differences in moisture transport. (For 641 

interpretation of the color in this figure, the reader is referred to the web version of this 642 

article.) 643 

 644 

 645 

Fig. 4. Desorption isotherms for all mortars adopted from [6]. The amount of moisture is of 646 

the same order of magnitude for all mortars. However looking at specific RH ranges, 647 

differences can be observed e.g. in the RH range from 75% to 97% RH. 648 
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 649 

Fig. 5. Chloride diffusion coefficient for all mortars, DCl, adopted from [9]. All mortars show 650 

the same behavior with a clear moisture dependency in the chloride diffusion coefficient. 651 

 652 

 653 

 654 

Fig. 6. Measured total chloride content for selected depth intervals and specimens. The results 655 

represent the average chloride content in the interval on the x-axis. The total chloride content 656 

at 0 mm gives an indication of the difference in chloride binding between the binders. The 657 

total chloride content is shown for all depths for the OPC binder. The profile correlates well 658 

with the same profile measured with microXRF. 659 
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d) 672 
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f) 676 
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g) 678 

 679 

Fig. 7. Moisture profiles for a) OPC 0.38 - 75% RH, b) 5% SF 0.38 - 75% RH, c) 5% SF 0.53 680 

-  33% and 75% RH, d) 40% slag 0.38 - 33% and 75% RH, e) 40% slag 0.53 - 33% and 75% 681 

RH, f) 70% slag 0.38 - 33% and 75% RH, and g) 70% slag 0.53 - 33% and 75% RH. 682 

 683 

 684 

Fig. 8. Correction factor to account for the decrease in measured NMR signal amplitude with 685 

increase in sample depth. The error bars represent standard errors.  686 
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 688 

Fig. 9. Relation between NMR-signal and water content adopted from [14] and based on data 689 

from [18].  690 

 691 

Fig. 10. Interpretation of the measured NMR-signal intensity in terms of moisture content. 692 

The relation between NMR-signal and water content [14] with relevant values marked.  693 
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 697 

Fig. 11. Interpretation of the measured NMR-signal intensity in terms of moisture content. 698 

The results in Fig. 7 h) with an axis for moisture content, and relevant values from Fig. 10 699 

marked. The absolute values in moisture content are taken from Fig. 4. The effect of the non-700 

linear relation between measured NMR-signal intensity and water content is demonstrated. 701 
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