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Abstract 16 

Concrete exposed to cyclic wetting and drying in salty water conditions is thought to be subjected 17 

to an accelerated ingress of chloride from the outside environment, and prone to a worsening 18 

deterioration process inside. Additionally, there is an osmotic effect on salty water flow in porous 19 

concrete. However, so far, a fully profound understanding of the coupled cyclic wetting-drying 20 

and osmosis effects on the chloride movement in concrete is still limited. This paper reports on a 21 

comprehensive study on the topic. A series of experimental tests was conducted initially for the 22 

vapour-water sorption isotherm (VWSI) of normal concrete of different porosity and chloride 23 

content. Thereafter, a novel mathematical model was proposed and validated to characterise the 24 

effect of chloride salt on the vapour absorption and water retention behaviour of concrete. Finally, 25 

the proposed characteristic model was implemented in a numerical model to simulate chloride 26 

ingress in concrete in tidal zones. The vapour-water sorption isotherm model successfully provides 27 

an effective tool to quantify the coupled influence of cyclic wetting-drying and osmosis on chloride 28 

transportation in concrete. 29 

 30 
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 32 

1. Introduction 33 

Chloride plays an important role in the rebar corrosion of reinforced concrete structures serving in 34 

saline environments. The time taken for chloride from the outside environment to reach the surface 35 

of reinforcement in concrete structures to a critical amount decisively influences the total life span 36 

of these structures. Predicting and making an assessment on chloride transport in concrete has been 37 

a topical research since the end of last century [1-5]. Since then it has been widely recognised that 38 

chloride ingress in concrete from external saline environments is mainly driven by pore water 39 

infiltration and chloride diffusion [6.7]. Meanwhile, there are many factors which have direct 40 

influences on these two major mechanisms, such as temperature, carbonation and the local 41 

electrochemical potential gradient [3,8,9]. In addition, it has been noted that structures exposed to 42 

cyclic wetting and drying conditions are subject to accelerated chloride penetration under the 43 

entangled effects of diffusion and convection mechanisms [10-12]. 44 

Computer modelling has become an effective tool adopted for the appraisal of the service condition 45 

of concrete structures exposed to saline environments. There are a large number of publications 46 

on the topic. Typically, the proposed models can be classified into two types. Type 1 uses Fick’s 47 

second law, which adopts an apparent diffusion coefficient to take account of the various 48 

influences [13,14]. Type 2 explicitly describes the coupled pore water convection and chloride 49 

diffusion mechanisms using a water infiltration model together with Fick’s law [15]. The 50 

environmental and the material factors, which link to the two transport mechanisms, can be 51 

specified in the modelling [16] (for example, the influence of cylic wetting and drying conditions 52 

[17-19], the effect of the electrical double layer at the pore surfaces [20], the osmotic effect [21], 53 

and the effect of double-porosity in concrete [22]). 54 

The cyclic wetting-drying and the osmotic effect together have a combined effect on both the 55 

chloride diffusion and the pore water infiltration in concrete. However, so far, understanding and 56 

quantifying the two coupled mechanisms are still limited [13,23]. Considering the two mechanisms 57 

together with other factors, such as the pore structure of concrete [24-26], are reported upon even 58 

less. Thus far, more systemic studies, from experiments to mathematic characterization, are still 59 

required to evaluate these coupled mechanisms accurately aiming to provide a reliable tool for the 60 

assessment of concrete durability exposed to chloride attack. As an effort to contribute to this 61 

purpose, this paper initially reports on an experiment regarding the vapour-water absorption 62 
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isotherm of Portland cement concrete of different chloride content and porosity. Thereafter, a novel 63 

characteristics’ model based on the fundamental physics of vapour-water absorption is proposed 64 

and validated using the experimental data. Finally, as a demonstration of a practical application, 65 

the model is implemented to simulate chloride ingress in concrete in a region exposed to tidal 66 

splash. 67 

 68 

2. Experiment 69 

2.1 Mix Design and Concrete Specimens 70 

Locally produced Portland limestone cement, CEM II/A-LL conforming to the British standard 71 

BS EN 197-1: 2011, was used for the concrete mixes at 390 kg/m3. Natural sand of the maximum 72 

size of 4.75 mm and a relative density of 2.47 was used for the fine aggregate at 580 kg/m3. The 73 

coarse aggregate was limestone of 10 mm maximum size and 2.49 specific gravity and used at 74 

1125 kg/m3. The mix of concrete followed the British standard, BS 1881-125:2013. 75 

 76 

Four different chloride contents were prepared by adding NaCl in the mix water, they were 0, 1.5, 77 

3 and 4.5% of the cement mass, respectively. Three different water to cement ratios (w/c) of 0.4, 78 

0.5 and 0.6 were used for all these NaCl mixes. All the cast concrete samples were cured for 28 79 

days by submerging in the water of the same chloride content as that used for their mixes. This 80 

fully saturated curing method aims for an even distribution of chloride in the concrete samples 81 

and, therefore, makes the test results more reliable. For each NaCl mix and w/c, three specimens 82 

were prepared for individual specific property measuring, and the final result took the average of 83 

the triplicate measurements. 84 

 85 

2.2 Vapour-Water Sorption Isotherm 86 

After 28 days, all the cured saturated samples were weighed in their surface dry states. Thereafter, 87 

they were put in environmental chambers with three controlled relative humidity (RH) values, 88 

which were 35%, 60% and 80%, respectively. These samples were kept in the chambers at a 89 

controlled temperature of 21C for enough time until no weight change was observed (less than 90 

0.001g). Then the equilibrium water content for each of the RH controlled conditions was 91 

measured using the weighing method on an electrical scale of an accuracy of 0.001g. The results 92 

presented the vapour-water sorption isotherm or the vapour absorption and water retention 93 
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characteristics of the concrete samples. Fig. 1 compares the measured equilibrium of (a) the pore 94 

water content, and (b) the calculated corresponding pore water saturation (the ratio of unsaturated 95 

pore water content to the fully saturated water content) in these concrete samples when exposed to 96 

different environmental humidities. Table 1 presents the measured porosity of the concrete samples 97 

using different w/c ratios. It can be seen that for the hardened concrete of a specific porosity, when 98 

exposed to a certain environmental humidity, the higher the chloride salt content, the higher the 99 

pore water content and the pore water saturation degree. The trend is particularly highlighted in 100 

the lower middle range of the pore water saturation of 0.2~0.5 as shown in Fig. 1(b). This 101 

phenomena can be explained by the enhanced capillary condensation in this range under high salt 102 

content in both pore water and the solid matrix of concrete.  103 

 104 

Table 1. Measured average concrete porosity vs w/c 105 

w/c 0.4 0.5 0.6 

Porosity 0.16 0.19 0.21 

 106 

 107 

(a) Water content vs RH 108 
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 109 

(b) Pore water saturation vs RH 110 

Figure 1. Concrete water retention characteristics under different NaCl contents 111 

 112 

Fig. 2 replots the data in Fig. 1 to compare the effect of porosity under the condition of the same 113 

chloride salt contents. It can be seen that the influence of the porosity on the vapour absorption 114 

and water retention characteristics is much less than that of the salt content. The porosity effect is 115 

particularly obvious at a low water saturation degree less than 0.2. In the range, it can be seen that, 116 

under the same environmental humidity, the lower the porosity the higher the water saturation, and 117 

the trend is further enhanced by a high NaCl content. This can be explained by the fact that the 118 

lower the porosity the higher the percentage of small pores. A large number of small pores 119 

increases both the total pore surface area and the water capillary condensation inside them. 120 

 121 
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 122 

Figure 2. The effect of porosity on water retention characteristics 123 

 124 

2.3 Chloride Binding Isotherm 125 

At the end, all the samples of added NaCl were measured for their actual total and free chloride 126 

contents after the submerged curing, respectively. Three cylindrical cores of the size 12 mm × 100 127 

mm (diameter × length) evenly distributed along the central line of a cubic sample (100 mm × 100 128 

mm × 100 mm) were taken from each mix sample and crushed into powder. The powder of the 129 

three cylindrical cores were mixed together to represent the sample of each mixture. The test 130 

followed the method specified in the standards [27,28]. Fig. 3 shows the measured free and total 131 

chloride contents in terms of dry concrete weights of samples (using concrete weight rather than 132 

cement weight is considered to be more convenient for in-situ practice). Four extra data in the 133 

cases of w/c = 0.4 & 0.5 were obtained from the other samples prepared in another study [29]. It 134 

can be seen that the measured free and total chlorides in the range of chloride contents present a 135 

reasonable linear relationship. These fitting results show that the higher the w/c the higher the 136 

slope of the fitting linear trend. It means that the bound chloride content in the concrete of higher 137 

porosity decreases.  138 

 139 
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 140 

Figure 3. The relationship between the free and total chloride content 141 

 142 

3. Vapour-Water Sorption Characterisation 143 

The vapour-water sorption isotherm (VWSI) is an important property of concrete which plays an 144 

essential role in the modelling and analysis of moisture transport in concrete [30], and in the 145 

information for pore size distribution [31-33]. Although salty ions in concrete have a proven 146 

influence on the VWSI of concrete, so far, specific research on the topic is still limited. 147 

Particularly, more profound work is still necessary in order to provide a reliable mathematical 148 

characterisation model to quantify the influence. A previous research has suggested that the water 149 

retention in unsaturated porous materials is driven by the vapour absorption of the pore surface 150 

and the water condensation in pore voids due to the physical-chemical interfacial forces at pore 151 

surfaces [34]. This fundamental understanding generates an analytic mathematical model for the 152 

VWSI of hardened concrete as shown below [35,36]:  153 

 154 

 𝑆𝑐 = 𝜆 [
1

𝛽
−

1

𝛼
+

1

𝛼
𝑒𝛼𝑆𝑤 −

1

𝛽
𝑒𝛽(1−𝑆𝑤)]     (1), 155 

 156 

where Sc is capillary suction of unsaturated concrete, Sw is the pore water saturation in concrete, 157 

and ,  and  are three interfacial physical-chemical parameters decided by material nature, pore 158 

structure and the interfacial forces at pore surfaces [34-36]. For engineering convenience purposes,  159 

it is suggested that Eq. (1) be simplified into the form of Eq. (2) below, where 𝑓0 = 𝜆(
1

𝛽
−

1

𝛼
) and 160 
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the single parameter P0 is adopted to reflect the coupled effect of the 
𝜆

𝛼
 , a term related to the water 161 

phase in filled pores and 
𝜆


 , a term related to the vapour phase in co-existing empty pores [35]. 162 

 163 

 𝑆𝑐 = 𝑓0 + 𝑃0[𝑒𝛼𝑆𝑤 − 𝑒𝛽(1−𝑆𝑤)]      (2). 164 

 165 

The simplified form of Eq. (2) has been not only successfully used for concrete VWSI modelling 166 

[35] but has also been applied to other physical properties of other porous materials, such as soils 167 

[36-38]. This paper revises Eq. (2) using an exponential weighing function to reflect the osmotic 168 

effect of chloride on the water suction capacity of concrete. The proposed model takes the form of 169 

Eq. (3) below: 170 

 171 

 𝑆𝑐 = 𝑒𝛾𝐶𝑙[𝑓0 + 𝑃0(𝑒𝛼𝑆𝑤 − 𝑒𝛽(1−𝑆𝑤))]     (3), 172 

 173 

where Cl is the chloride content, and  is a constant parameter determined by fitting Eq. (3) to 174 

experimental measurement. 175 

 176 

To use Eqs. (2) and (3) to characterise the experimental data in Fig. 1, we need to work out the 177 

concrete suction at different water contents. Under equilibrium with environmental moisture, 178 

concrete suction can be evaluated in terms of the moisture relative humidity [39], i.e.: 179 

 180 

 𝑆𝑐 = |𝑅𝑇𝑙𝑛(𝑅𝐻)/𝑉𝑤|        (4), 181 

 182 

where R is gas constant, T is the temperature in Kelvin, RH is relative humidity and Vw is the molar 183 

volume of water.  184 

 185 

Fig. 4 is a replot of the data in Fig. 1(b) by replacing the RH using Sc in terms of Eq. (4), assuming 186 

a temperature of 21°C, and Vw = 18.0310-6 m3/mole. The modelling curves are the results of using 187 

Eq. (2) to fit the experimental data. The fitting was conducted using MATLAB. The modelling 188 

results show that Eq. (2) well represents the vapour absorption and the water retention 189 
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characteristics, i.e. the VWSI of concrete under certain chloride salt contents and porosity 190 

conditions. The fitting curves in the cases of w/c = 0.5 and 0.6 do not reach the experimental data 191 

of the full saturation condition Sw = 1. This may be explained as being due to microcracks in the 192 

concrete samples, where pore water subjects a very small suction [33]. The fitting tool is beyond 193 

its lowest accuracy at such low suction values. A further research is ongoing to address this issue. 194 

 195 

 196 

(a) w/c = 0.4 197 
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 198 

(b) w/c = 0.5 199 

 200 

(c) w/c = 0.6 201 

Figure 4. The modelled VWSI curves at certain chloride contents 202 

 203 

Fig. 5 shows the results using Eq. (3) to fit all the experimental data in each specific w/c cases in 204 

Fig. 4. All the data in each w/c case stands for a surface in the space of suction (Sc), pore water 205 
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saturation (Sw) and chloride content, where Cl/CW is the chloride content (Cl) in terms of the dry 206 

concrete weight (CW) under a certain NaCl addition. The obtained characterisation surface 207 

obtained using Eq. (3) to fit these experimental data well represents the VWIS in the whole range 208 

of both the water and chloride contents except at a fully dry state. The fully dry state was excluded 209 

when undertaking the surface fitting because it is hard to identify the starting point at a fully dry 210 

state. Table 2 lists the corresponsive fitting parameter data obtained. The RMSE (root-mean-square 211 

error) and the R-squared are defined as: 212 

 213 

𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖−f𝑖)2𝑛

𝑖=1

𝑛
        (5), 214 

𝑅 − 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 = √1 −
∑ (𝑦𝑖−f𝑖)2𝑛

𝑖=1

∑ (𝑦𝑖−𝑦𝑖̅)2𝑛
𝑖=1

      (6), 215 

 216 

where 𝑦𝑖̅ is the average of all the experimental data yi, n is the total number of the experimental 217 

data, fi is the modelling value from the data fitting. The lower the RMSE value the better the 218 

modelling. Meanwhile, a value of R-squared closer to 1 indicates that the model has almost all the 219 

variability of the response data around its mean. 220 

 221 

Table 2. The obtained fitting parameters in Eq. (3) for the results in Fig. 4 222 

w/c  f0 P0   RMSE R-square 

0.4 0.9104 390.9 391.9 -25.76 -1.23 8.789 0.9811 

0.5 0.3661 163.4 163.5 -11.96 -0.2762 7.777 0.9871 

0.6 0.1867 137.9 137.8 -9.438 -0.2945 8.022 0.9862 

 223 
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 224 

                   Modelled VWSI surface                             The projection on Sc-Sw plane 225 

(a) w/c = 0.4 226 

 227 

 228 

                   Modelled VWSI surface                                 The projection on Sc-Sw plane 229 

 230 

(b) w/c = 0.5 231 

 232 
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 233 

                   Modelled VWSI surface                                 The projection on Sc-Sw plane 234 

(c) w/c = 0.6 235 

Figure 5. VWSI in 3D Sc-Sw-Cl/CW space 236 

 237 

The projection angle, which reflects the effect of Cl, is to make the projection of the VWSI surface 238 

on the Sc-Sw plane (or in  the axis of Cl/CW) close to a single curve. It can be seen that the higher 239 

the w/c the lower the projection angle, thus demonstrating the fact that the osmotic effect of the 240 

salt content on VWSI becomes less when concrete porosity increases. 241 

 242 

4. Modelling Chloride Ingress in Tidal Zones 243 

4.1. Modelling chloride transportation in unsaturated concrete 244 

This paper incorporates Eq. (3) into a process model for chloride ingress in concrete. In terms of 245 

the ionic concentration in pore water, the governing equations for the ions’ transport in concrete 246 

pore solution can be expressed as [3,40]:  247 

 248 

 𝜏
𝜕

𝜕𝑡
(𝐶𝑖 + 𝑆𝑖) = 𝑧𝑖𝛻 [𝐷𝑖 (

𝐹

𝑅𝑇
𝛻) 𝐶𝑖] + 𝛻(𝐷𝑖𝛻(𝐶𝑖)) − 𝜏𝛻(𝐶𝑖𝑣)   (7), 249 

 
𝐹

𝑅𝑇
𝛻 = −

𝜏𝐼

𝐹𝜀
+∑ 𝑧𝑖𝐷𝑖𝛻𝐶𝑖

𝑛
𝑖

∑ 𝑧𝑖
2𝐷𝑖𝐶𝑖

𝑛
𝑖

       (8). 250 

 251 



 
Journal: Construction and Building Materials - JCBM_119074 (April 2020) 

14 
 

The left-hand-side of Eq. (7) stands for the rate of the local chloride concentration change, where 252 

  is the tortuosity of the pore network, Ci  is the concentration of ionic species i, in concrete pore 253 

water, t is time, Si is the concentration of ionic species in concrete solid phase in terms of the pore 254 

water volume. On the right-hand-side of Eq. (7), the first term stands for the ions’ migration due 255 

to the local electrical interaction between the ions (Eq. (8)), where zi  is the ions’ charge number, 256 

F is the Faraday’s constant, R is gas constant, T is kelvin temperature, Di  is the diffusion 257 

coefficient of ions in pore water,  is the local electrostatic potential in pore water, n is the total 258 

number of ionic species in concrete pore water, I is the electrical current density applied externally 259 

on the concrete, such as in case of cathodic protection. For the following case study in the next 260 

section 4.2, there is no external applied electrical current, i.e. I = 0. The second term stands for the 261 

ions’ diffusion under concentration gradient. The third term stands for the ions’ convection with 262 

the flow of pore water, where v is the superficial velocity of bulk pore water in concrete.  263 

 264 

For unsaturated concrete, to close Eqs. (7) and (8), the pore water velocity, v, is required. Water 265 

flow in porous media is a topic of hydrology. The water flow in pores is driven by two forces, i.e., 266 

the gravity due to elevation and the capillary suction at an unsaturated state. The flow driven by 267 

the latter is called wick action. The first one is proportional to the gradient of the water head, while 268 

the second one is fundamentally linked to the pore water saturation degree and the VWSI. An 269 

unsaturated flow theory [41] was developed by extending the original Darcy's law for a saturated 270 

state to an unsaturated state. The modified Darcy equation takes the form below: 271 

 272 

 𝑣 = −𝐾𝑤∇(𝑝 + 𝜌𝑔𝑧)        (9), 273 

 274 

where v is the superficial velocity of pore water, Kw is hydraulic conductivity, p is the capillary 275 

suction in negative value, and gz is the gravity potential given water density , gravity g and 276 

elevation z. Both Kw and p depend on the water saturation degree. If we neglects the elevation 277 

effect, by substituting a negative value of Sc of Eq. (3) into Eq (9) for p, we obtain: 278 

 279 

 𝑣 = −𝐾𝑤∇(−𝑆𝑐) =  −𝐾𝑤
𝜕(−𝑆𝑐)

𝜕𝑆𝑤
∇𝑆𝑤      (10). 280 

 281 
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Rewriting Eq. (10) into the form below: 282 

 283 

 𝑣 = −𝐷𝑤∇𝑆𝑤         (11), 284 

 285 

where 𝐷𝑤 = 𝐾𝑤
𝜕(−𝑆𝑐)

𝜕𝑆𝑤
= 𝐾𝑤𝑒𝑎𝐶𝑙[−𝑃0(𝛼𝑒𝛼𝑆𝑤 + 𝛽𝑒𝛽(1−𝑆𝑤))]  is called hydraulic diffusivity. In 286 

addition, water flow in concrete also meets the mass conservation, i.e.: 287 

 288 

 
𝑑𝑆𝑤

𝑑𝑡
= −𝛻𝑣         (12). 289 

 290 

Substituting Eq. (11) into Eq. (12), we at last have: 291 

 292 

 
𝑑𝑆𝑤

𝑑𝑡
= 𝛻(𝐷𝑤𝛻𝑆𝑤)        (13). 293 

 294 

Now Eqs. (7), (8), (11) and (13) are closed. They deterministically define ions’ transport in 295 

unsaturated concrete. In the next section, we applied the closed equation system to simulate a 296 

concrete column exposed in a tidal zone. 297 

 298 

4.2. A simulation case study 299 

A 2m high concrete (w/c = 0.4) column with a diameter of 1m stands in salty water of 1m depth. 300 

It is assumed that 0.5 meter above the bulk water surface level is subject to tidal splash. Assuming 301 

that the average environmental humidity is RH = 75%, and referring to the data in Fig. 2, the initial 302 

and boundary conditions are defined as: 303 

1. Sw = 1, h <= 1 m (h is the vertical height along the column),  304 

2. Sw = 0.2, h > 1.5 m, 305 

3. At the concrete surface in a tidal zone (h = 1 ~ 1.5 m), Sw = max(sin(/12t), 0.2) (t is time 306 

in hours), as showed in Fig. 6. 307 

A hydraulic conductivity model for unsaturated flow in hydrology is adopted [39], which is: 308 

 309 

 𝐾𝑤 = 𝐾𝑠𝑆𝑤
𝑛

         (14), 310 

 311 
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where Ks is saturated hydraulic conductivity. 312 

 313 

 314 

Figure 6. Boundary condition in the tidal zone 315 

 316 

Salty water is assumed to be a solution of 479 mole/m3 NaCl. Four main types of ions in concrete 317 

pore water are taken into account by hypothesis; they are chloride (Cl-), sodium (Na+), potassium 318 

(K+) and hydroxide (OH-). The other parameters and initial data adopted are listed in Table 3 (the 319 

data in Table 3 are based purely on assumption and refer to some information presented in previous 320 

publications [3,40]. However, there is some most recent work [42,43] that can be referred to, which 321 

will help the selected data to be closer to reality).  322 

 323 

Table 3. Parameters and data used in simulation 324 

Eqs. (7) & (8) 

 Cl- Na+ K+ OH- 

Diffusion coefficient, Di 

m2/s 

2.0310-9 1.33410-9 1.95710-9 5.2710-9 

Initial concentration in concrete 

mole/m3 

5 5 490 [OH-] + [Cl-] =  

[Na+] + [K+] 

Tortuosity, τ 2 

Porosity, ε 0.167 
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Bound Chloride 

Mole/m3 

Scl = 0.223 CCl 

In terms of the linear relationship in Fig. 2 

Eq. (14) 

Ks 

(m/s) 

510-16 

n 2 

 325 

 326 

4.3. Modelling results 327 

Fig. 7 shows the water saturation degree and the chloride profile in the symmetric half of the 328 

column at the initial stage and after exposure to tidal splash for one year. It can be seen that cyclic 329 

tidal splash accelerates the chloride ingress into the concrete at the region of the bulk water surface 330 

(y = 1m). Fig. 8 compares the chloride profiles in the column at the bottom underwater (y = 0) and 331 

at the level of the bulk water surface (y = 1m) after 1 year. It can be seen that both splash and 332 

osmotic effects have enhanced the chloride ingress in the tidal region, but water splash is much 333 

more significant than the osmotic action in terms of influence. 334 

 335 

…  336 

      (a) Water saturation                                   (b) Chloride concentration, mole/m3 337 

(a). Initial condition, t = 0 hr 338 

 339 
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…  340 

      (a) Water saturation                                   (b) Chloride concentration, mole/m3 341 

(b). After 1 year, t = 8736 hr 342 

Figure 7. Water saturation and the chloride profile in the concrete column 343 

 344 

    345 

              (a) With osmotic effect                    (b) Without osmotic effect ( = 0 in Eq. (3)) 346 

Figure 8. Comparison of the chloride profile 347 

 348 

Fig. 9 shows the water saturation degree in concrete at the height of the external bulk water surface 349 

level after 1 year’s exposure. It shows that osmotic action has enhanced the water ingress as the 350 

local water saturation in concrete has increased with different degrees, while the highest increase 351 

is at the depth of x = 0.1 m. 352 

 353 
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…  354 

                       (a) With osmotic effect                      (b) Without osmotic effect ( = 0 in Eq. (3)) 355 

Figure 9. The water saturation degree in concrete at the height y = 1m 356 

 357 

5. Conclusions 358 

This paper presents an experimental study of the chloride salt effect on the vapour-water sorption 359 

isotherm of concrete. An effective characteristic model has been proposed and validated using 360 

experimental data. The model has been successfully implemented to simulate chloride ingress in 361 

concrete structures in tidal zones. The following conclusions can be drawn: 362 

1. Chloride salt in concrete will increase the concrete water content or the pore water 363 

saturation degree when exposed to the same environmental humidity due to osmotic 364 

action. 365 

2. The osmotic effect on the vapour-water sorption isotherm can be effectively characterised 366 

using a proposed mathematical model. 367 

3. Chloride ingress in concrete is significantly increased in the underwater region in a tidal 368 

zone. 369 

4. Osmotic action has an influence on chloride diffusion in concrete but has a much lesser 370 

influence on water ingress. 371 
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