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1.  Introduction 1 

To evaluate the hygrothermal performance of building envelopes with a liquid water supply, such as 2 

rain, condensation, and groundwater, it is important to understand the water transfer characteristics of 3 

porous building materials with high water content. Particularly, the risks of moisture-related problems, 4 

such as frost damage and salt weathering, are highly dependent on the water content in high-water-5 

content regions (Fagerlund, 1977; Feng, et al., 2019) or on the evaporation rates from materials (Rirsch 6 

& Zhang, 2010). 7 

Liquid-water transfer and accumulation in porous building materials is not a single-phase 8 

phenomenon, as it is affected by the air present in the pore space (Hall, 1977). Porous building 9 

materials reach capillary saturation rather than complete saturation after free water absorption (Künzel, 10 

1995). This is most likely because the air remaining in the pores prevents complete water absorption, 11 

and after the material reaches capillary saturation, the diffusion and dissolution of air in the pore space 12 

are attributed to changes in the water content of the material (Janssen, et al., 2015; Fagerlund, 1994). 13 

Such influences of air have been mentioned in the literature regarding material property 14 

measurements. Vacuum saturation tests are commonly conducted to determine the open porosity of a 15 

material with pore air rapidly evacuated by a vacuum (Roels, et al., 2004; Feng, et al., 2020). Further, 16 

during one-dimensional water absorption tests, small holes are often made on the covering material 17 

on the opposite side of the water absorption surface to allow air evacuation while preventing vapor 18 

evaporation (Feng, et al., 2015; Feng, et al., 2020). Furthermore, the effects of air pressure on the 19 

moisture transfer and retention properties were examined from the viewpoint of the altitude at which 20 

the measurements were conducted (Zhou, et al., 2022). 21 

Among these, Janssen et al. (2015) conducted water absorption tests at a reduced air pressure. Their 22 

results indicated that water absorption at reduced pressure increased significantly compared to that 23 

under atmospheric pressure. Their study provides strong evidence that the influence of air on water 24 

transfer in a material cannot be ignored in a high-water-content region, although the data were limited 25 

in terms of the employed materials and time evolution.  26 

The air entrapment effects have also been discussed regarding the sealing or surface coating of 27 

materials as they can prevent air movement through the surfaces. Descamps (1997) and Fukui et al. 28 

(2018) examined the moisture profiles in a sealed material and showed that water transfer is 29 

significantly reduced owing to the rising air pressure when sealing the material prevents air from 30 

escaping through most of the surfaces. The air pressure increase owing to the low air permeability of 31 

the surface sealing is also considered to influence the results of the water absorption tests and cause 32 

inter-laboratory errors (Roels, et al., 2004). Iba and Hokoi (2009) demonstrated that the surface coating 33 

of roof tiles entrapped air in the specimen during the measurement of water permeability, which could 34 

be underestimated.  35 



 
 
 
 
 
 

Many studies have examined the two-phase flow of air and water in soil physics through 36 

experiments and numerical simulations (Vachaud, et al., 1974; Green, et al., 1970; Wang, et al., 1998). 37 

However, detailed investigations into porous building materials have only been performed under the 38 

aforementioned limited conditions, that is, when a material is sealed, except on the water-absorbing 39 

surface, or when the material has a low-permeability surface finish.  40 

Therefore, to understand the effects of air entrapment on water transfer in high-water-saturation 41 

regions under common water uptake conditions, we further examined the water transfer characteristics 42 

corresponding to extremely small air entrapment effects. First, water absorption tests were conducted 43 

using several porous building materials, such as bricks, autoclaved aerated concrete (AAC), and 44 

calcium silicate board (CS), at reduced air pressures in a vacuum desiccator to compare the time 45 

evolution of water absorption with significantly small air entrapment effects with those at atmospheric 46 

pressure. Additionally, the water content profiles were compared at atmospheric and low air pressures 47 

using the gamma-ray attenuation method. Finally, simultaneous water and air transfer calculations 48 

were conducted to confirm the effects of air entrapment on water uptake. 49 

 50 

2.  Experimental investigation of the water-uptake characteristics at extremely low air pressure 51 

2.1. Methods 52 

2.1.1. Water absorption of three building materials 53 

Figure 1 shows a comparison of the pore volume distributions of the three types of materials employed 54 

in this study: bricks, AAC, and CS. The bottom surfaces of the specimens were 40–50 × 60 mm. The 55 

height was 100 mm for the brick and CS specimens and 50 mm for AAC, considering the slow 56 

absorption of the latter. The sides of the specimens were sealed with modified silicone adhesive and 57 

aluminum foil. Most of the tests were conducted under ordinary conditions, except for the surrounding 58 

air pressure. The top surface of the specimens was not sealed to ensure no air entrapment on the top 59 

surface. All specimens were air-dried before testing. 60 

 61 

[insert Figure 1] 62 

 63 

For the brick and CS materials, two specimens were prepared: one for testing at atmospheric 64 

pressure and one for testing at reduced air pressure. Before the tests, it was confirmed that the 65 

absorption rates of the two specimens were similar at atmospheric pressure. In tests using AAC, which 66 

has relatively low absorption rates, multiple specimens were used for both atmospheric and low-air-67 

pressure conditions to confirm the differences among specimens. Three specimens were prepared for 68 

testing at atmospheric pressure, while four specimens were prepared for testing at reduced air pressure.  69 

The tests were conducted in a laboratory where the temperature was controlled at 23 °C using an 70 

air conditioner. The first series of tests was conducted at atmospheric pressure, and the second series 71 



 
 
 
 
 
 

was conducted in a desiccator, in which the air pressure was reduced using a vacuum pump. 72 

Considering that the humidity in the desiccator could be higher than that of the air in the laboratory 73 

because of evaporation from the water reservoir and the high airtightness of the desiccator, the 74 

humidity conditions and water absorption in the desiccator at atmospheric pressure were assessed 75 

before the tests. It was confirmed that the humidity in the desiccator was in the hygroscopic region 76 

and did not significantly influence water absorption for at least several hours (see Appendix A). The 77 

pump speed was 7 L/min and the air pressure in the desiccator was maintained at 2–4 kPa. We avoided 78 

using lower pressures to prevent the water from boiling in the reservoir. After the air pressure in the 79 

desiccator was reduced, water uptake tests were performed by pouring water into the reservoir.  80 

Water was absorbed from the bottom surfaces of the specimens, whereas the top surfaces were 81 

exposed to air in the laboratory or desiccator. During the tests at atmospheric pressure, water uptake 82 

was intermittently measured several times to weigh the specimens. Weighting was done within 30 s. 83 

During the tests at low pressure, the specimens were weighed only once for each test to prevent them 84 

from being exposed to atmospheric pressure during water absorption. 85 

The experimental procedure involved the following steps. First, an air-dried specimen was placed 86 

in the desiccator and the pressure inside the desiccator was reduced using a pump. Next, water was 87 

poured into a reservoir in the desiccator until the water came into contact with the bottom of the 88 

specimen. After a certain period of time from the start of the water uptake, the pressure in the 89 

desiccator was restored to the atmospheric pressure, and the specimen was removed from the 90 

desiccator and weighted to obtain the water content. Then, the brick and CS specimens were oven-91 

dried for preparation for the next test. For the AAC specimens, this step was skipped as multiple 92 

samples were prepared for the tests. Finally, the tests were repeated from an air-dry state, and the water 93 

content at different elapsed times was determined to examine the water absorption evolution. 94 

 95 

2.1.2. Water content profile during water uptake 96 

To obtain more detailed information on the effects of air entrapment on water uptake, water content 97 

distribution measurements were conducted at extremely low air pressures using a gamma-ray 98 

attenuation method. The same bricks were used as described in the previous section. The specimen 99 

dimensions, sealing conditions, and initial conditions were also the same. Two specimens were 100 

prepared: one was used for the experiment at low air pressure and the other was used at atmospheric 101 

pressure for comparison.  102 

Figure 2 shows a schematic of the experimental setup. In this study, we used the same gamma-ray 103 

apparatus as that used in a previous study (Fukui, et al., 2018; Iba, et al., 2023). The air-dried 104 

specimens were placed in a vacuum desiccator between the gamma-ray radiator and detector. The 105 

radiator and detector could be moved simultaneously in the vertical direction and the water content 106 

profile in the height direction of the specimens was obtained at 10-mm intervals. The data were 107 



 
 
 
 
 
 

acquired approximately every 10 min at each measurement point. The gamma-ray measurements at 108 

atmospheric pressure were continued for 1.5 h because of equipment restrictions. 109 

 110 

[insert Figure 2] 111 

 112 

After passing through the specimen and desiccator, the gamma-ray intensity N (cps) can be 113 

expressed as follows (Nielsen, 1972):  114 

 ( )0 exp m m m l l m b b b d d dN N d w d d dθ ρ µ θ ρ θ ρ= − + + +   , (1) 115 

where N0 is the gamma-ray intensity at the radiator (cps), d is the thickness (m), θ is the mass 116 

attenuation coefficient of the gamma rays for liquid water (m2/kg), w is the water content (kg/m3), 117 

and ρ is the density (kg/m3). The subscripts b, d, l, and m represent the moisture barrier (epoxy 118 

resin and aluminum foil), desiccator (acrylic), liquid water, and material in the dry state, 119 

respectively. Similarly, the gamma-ray intensity Nint (cps) at the start of the experiment can be 120 

expressed as 121 

 ( )0 expint m m m l int m b b b d d dN N d w d d dθ ρ µ θ ρ θ ρ= − + + +   , (2) 122 

where wnt is the initial water content of the specimen (kg/m3). From Equations (1) and (2), the 123 

change in water content from the initial state is expressed as  124 

 
0

1 lnl int
l m

Nw w
d Nµ

 
− = −  

 
. (3) 125 

In this experiment, wint was considered to be zero because the water content of the bricks in the air-126 

dried state was significantly low. 127 

 128 

2.2. Results 129 

2.2.1. Water absorption of the three building materials 130 

Figure 3 shows a comparison of the time evolution of the absorbed water mass at atmospheric and 131 

extremely low air pressures, as well as the average water content of the specimens. The completely 132 

saturated water content (open porosity) of the materials, as determined from the water content at 133 

vacuum saturation or mercury porosimetry, is also shown on the right-hand side. 134 

While no evident changes were observed for the CS specimen at atmospheric and low pressures, 135 

the absorbed water mass at steady state increased at low air pressures for the brick and AAC specimens, 136 



 
 
 
 
 
 

as shown by Janssen et al. (2015). Moreover, the results indicated that the absorption rates of the brick 137 

and AAC specimens increased at low air pressures. The absorption coefficient of the brick became 1.7 138 

times larger at low air pressure. Notably, water absorption as a function of the square root of time 139 

appeared linear, even when the surrounding pressure was reduced. Furthermore, while the water 140 

content of the CS was close to the porosity after capillary absorption, even at atmospheric pressure, 141 

the water content of the brick and AAC was not. The brick specimens reached near-complete saturation 142 

only at a low air pressure. These results indicated the significance of the effects of air entrapment on 143 

water absorption. 144 

It is worth noting that the gradient of the water absorption by AAC against the square root of the 145 

time elapsed from the start of water uptake decreased with time, while the brick and CS specimens 146 

clearly exhibit a linear relationship between the cumulative water absorption and the square root of 147 

elapsed time. It is known that some porous building materials, including AAC, exhibit such non-linear 148 

relationships (Hall 2007; Feng and Janssen 2018). Furthermore, the water absorption kinetics of AAC 149 

at a low air pressure exhibited different characteristics from those of brick and CS, which show linear 150 

relationships at both atmospheric and low air pressures. The absorbed water mass by AAC increased 151 

significantly at an early elapsed time compared with that at atmospheric pressure; however, the 152 

absorption rate was not large in the late stages of water absorption. As air entrapment is considered as 153 

a possible reason for the non-linear water absorption by some types of materials, including AAC, the 154 

water absorption characteristic at low air pressures should be further examined.  155 

 156 

[insert Figure 3] 157 

 158 

2.2.2 Water content profile during water uptake 159 

Figure 4 shows a comparison of the water content profiles at atmospheric and extremely low air 160 

pressures. The results at the four representative measurement points are shown. Note that the air 161 

pressure in the desiccator when using a vacuum pump was approximately 7 kPa, which was slightly 162 

higher than that in the previous subsection because of the limitations of the experimental apparatus. 163 

Based on the figure, the differences between the two pressure conditions are clear; the material reached 164 

a higher water content at low air pressures than at atmospheric pressure. Furthermore, the water 165 

content increase started at an earlier elapsed time at a low air pressure. The water content at low 166 

pressure in the steady state was lower than the average water content observed in the previous 167 

experiment (Fig. 3 (a)), probably because of the relatively high air pressure in this experiment. 168 

Figure 5 shows the water content profiles under the two pressure conditions as a function of the 169 

Boltzmann variable, which is expressed as x / t0.5, where x is the distance from the water absorption 170 

surface (m) and t is time (s). The results at positions 20–80 mm from the water uptake surface are 171 

shown. Considering that gamma-ray measurements could not be conducted accurately near the 172 



 
 
 
 
 
 

material surfaces because of the width of the emitted gamma rays (Fukui, et al., 2018), the results at 173 

the positions near the surfaces were excluded. The figure clearly shows that the material can reach a 174 

higher water content at a low air pressure, and the increase in water content starts at a large Boltzmann 175 

variable, that is, a short elapsed time. Notably, Fig. 5 demonstrates that the Boltzmann transformation 176 

is also valid when the surrounding air pressure is reduced (although this is natural based on the fact 177 

that the Boltzmann transformation follows the one-dimensional diffusion theory for one-component 178 

flow (Hall, 1977; Carmeliet, et al., 2004)). Therefore, despite the quantitative differences in the final 179 

water content and absorption rate, the nature of water uptake at ordinary and extremely low air 180 

pressures is the same. 181 

 182 

[insert Figure 4] 183 

[insert Figure 5] 184 

 185 

2.3. Relationship between the pore structure of a material and air entrapment effects 186 

To discuss the differences observed in the water uptake tests between the materials, we compared the 187 

experimental results with the pore structures of the materials. Based on the Young–Laplace equation 188 

and Boyle’s law, Fagerlund (1994) proposed the following equation to predict the extent of air 189 

compression in a spherical pore owing to water uptake: 190 

 
( )1/3 1

0

21
p r
γα α − − =

, (4) 191 

where p0 is the air pressure before compression (Pa), r is the pore radius (m), γ is the surface tension 192 

(N/m2), and α is the ratio of the compressed air volume V/V0. V0 and V are the air volumes before and 193 

after compression, respectively. This equation indicates that the degree of air compression in a pore 194 

depends on its radius or capillary force. In finer pores, a large capillary force compresses the entrapped 195 

air more significantly.  196 

Using this equation, we determined the ratio of compression α at both atmospheric and low air 197 

pressures, as listed in Table 1. These values correspond to the peak radius of the pore volume 198 

distribution (Fig. 1). For AAC, which exhibited two peaks, the peak at the larger pore radius was 199 

selected because it was expected that little air would remain at the peak with a smaller pore radius 200 

after water uptake, owing to the high capillary force (Fagerlund, 1994). CS has smaller pores than the 201 

other materials; therefore, the capillary force in the pores was larger and the absorbed water 202 

significantly compressed the air, even when water uptake occurred at atmospheric pressure. 203 

Consequently, the remaining air volume was predicted to be 7%. Fagerlund (1994) showed that the 204 

effects of air compression in such small pores on water uptake should be small because the compressed 205 

air volume is small and air dissolution is accelerated owing to the high pressure. Conversely, there are 206 



 
 
 
 
 
 

large differences in α at atmospheric and low air pressures for brick and AAC, which explain the 207 

different water-absorption characteristics at different air pressures (Fig. 2). For the brick, α at a low 208 

air pressure was negligibly small, which explains the high water content (near complete saturation) 209 

after water uptake (Fig. 2 (a)). AAC has relatively large pores, so the air is not completely compressed 210 

even at low pressures. Therefore, some air remained in the pores during the water absorption tests at 211 

low air pressure.  212 

 213 

Table 1. Peak pore radius and the ratio of the compressed air volume α related to the air volume 214 

before compression due to water uptake. 215 

 Brick CS AAC 

Peak pore radius (μm) 4.27 0.256 71.8 

α Under atmospheric pressure 0.72 0.07 0.98 

Under extremely low pressure 

(2 kPa) 
0.01 0.00 0.40 

 216 

It is worth noting that the predicted value of α for the brick at atmospheric pressure is considerably 217 

high considering the degree of liquid water saturation (wl divided by the porosity) was 0.76 after 218 

capillary absorption, which means only 24% of the pore volume was occupied by air. Therefore, a 219 

considerable amount of air is expected to escape from the material during water absorption through 220 

the connection of pore spaces. The discussion presented here is under the assumption that air in a 221 

spherical pore is independently compressed due to water absorption. In the future, the significance of 222 

pore connectivity should be examined in more detail (e.g., based on pore network approaches 223 

(Descamps, 1997; Islahuddin and Janssen, 2019)). 224 

 225 

3.  Simultaneous air and water transfer simulations 226 

3.1. Methods 227 

3.1.1. Fundamental equations  228 

We performed calculations corresponding to the water uptake of the bricks, as the difference in the 229 

water absorption at atmospheric and extremely low pressures is clear for the bricks, as presented in 230 

Figure 2 and Table 1. The mass-conservation equations for air and liquid water in a porous material 231 

(Fukui, et al., 2018; Green, et al., 1970) are as follows: 232 
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a a

w pk g
t z z

ρ∂  ∂ ∂  = −  ∂ ∂ ∂   , (5) 233 

 
'l l
P l

w p g
t z z

λ ρ∂  ∂ ∂  = −  ∂ ∂ ∂   , (6) 234 

where g is the gravitational acceleration (m/s2); ka is the air conductivity (kg/(m·s·Pa)); p is the 235 

pressure (Pa); z is the position (m); and λ'p is the water conductivity owing to the water pressure 236 

gradient (kg/(m·s·Pa)). The subscripts a and l denote air and liquid water, respectively. The water 237 

content (mass by volume) w is equal to ρψ, where ψ is the volume fraction (m3/m3). The sum of ψl 238 

and ψa is equal to the material porosity, and the air pressure is calculated based on the ideal gas law.  239 

 
1

a a dp R Tρ− = , (7) 240 

where Rd is the gas constant (J/(kg·K)) and T is the temperature (K). 241 

 242 

3.1.2. Calculation conditions  243 

The calculations were conducted one-dimensionally along the specimen height, that is, along the water 244 

uptake direction. Equations (5) and (6) were discretized using the finite-difference method. The 245 

discretization for time and space was conducted using forward and central differences, respectively, 246 

and the time and space steps were 1 mm and 5 × 10-6 s, respectively. The initial conditions for humidity 247 

in the material were set to 28%, which was the average humidity in the laboratory during the water 248 

uptake test at atmospheric pressure. The initial air pressure in the material was the atmospheric 249 

pressure (105 Pa). On the water absorption surface, the capillary pressure was set to −0.1 kPa and no 250 

air flow was considered. Values slightly below 0 kPa were used for the capillary pressure to avoid 251 

calculation errors. The air pressure on the surface exposed to air was set to atmospheric pressure. 252 

Vapor transfer was considered using the Robin boundary condition with an air humidity of 28% and 253 

the vapor transfer coefficient between the material surface and air was set to 4.16 × 10-8 (kg/(m2·s·Pa)). 254 

The calculation was conducted under isothermal conditions and the material and air temperature was 255 

set to 23 °C. 256 

 257 

3.1.3. Calculation cases 258 

We performed the calculations as listed in Table 2. Calculations for Cases 1 and 2 were performed to 259 

validate the material properties and correspond to the water uptake tests at atmospheric and extremely 260 

low air pressures, respectively. Material properties are commonly measured at atmospheric pressure 261 



 
 
 
 
 
 

and include implicit air entrapment effects, although these effects are ignored in most cases. Therefore, 262 

we used two sets of properties corresponding to atmospheric pressure and extremely low pressure for 263 

Cases 1 and 2, respectively. The calculation in Case 1 was based on an ordinary liquid water transfer 264 

calculation using the material properties corresponding to atmospheric pressure. Conversely, Case 3 265 

was based on material properties, excluding the implicit air entrapment effects; however, it considered 266 

air transfer in the material instead, which also corresponded to water uptake at atmospheric pressure. 267 

Case 2, which corresponded to the water uptake tests at an extremely low air pressure, was also a water 268 

transfer calculation, as in Case 1, and the air transfer in the material was ignored because air 269 

compression was expected to be significant, as listed in Table 1. 270 

 271 

Table 2. Calculation conditions. 272 

 Fundamental equations Air pressure to which 

the material properties 

correspond 

Reproduced water absorption 

experiment 

Case 1 Liquid water transfer 

(Equation (6)) 

Atmospheric pressure Experiment at atmospheric 

pressure 

Case 2 Liquid water transfer 

(Equation (6)) 

Extremely low pressure Experiment at extremely low 

pressure 

Case 3 Air and liquid water transfer 

(Equations (5) and (6)) 

Extremely low pressure Experiment at atmospheric 

pressure 

 273 

3.2. Material properties at atmospheric and extremely low air pressures.  274 

3.2.1. Discussion on moisture transfer and retention characteristics with and without air 275 

entrapment effects 276 

Based on the comparison of the water content profiles at different pressures (Figs. 4 and 5), the water 277 

transfer characteristics were qualitatively similar; particularly, the water content can be expressed as 278 

a single-value function of the Boltzmann variable in both cases. Thus, one-dimensional diffusion 279 

theory can be applied to these two cases.  280 

Pressure plate measurement results used to derive the water retention curve are often obtained using 281 

initially vacuum-saturated specimens. Therefore, air entrapment effects were not included in the 282 

results. In the literature, the desorption curves from complete and capillary saturation were found to 283 

be similar below a certain humidity (Feng & Janssen, 2021), whereas they were different near 284 

saturation. When the pressure of the entrapped air developed in the pore space, the equilibrium 285 

relationship between the air and liquid water changed; the capillary pressure was higher than when 286 

assuming that the air pressure was maintained at atmospheric pressure (Fukui, et al., 2018). For the 287 



 
 
 
 
 
 

employed bricks, the air pressure increased by approximately 39 kPa when compressed until the 288 

volume decreased to 72% (Table 1). Such a capillary pressure shift owing to pore air pressure build-289 

up as a material approaches capillary saturation can be a reasonable explanation for the differences in 290 

the water retention curve from complete and capillary saturation in a high-water-content region. 291 

 292 

3.2.2. Material properties used in the calculations. 293 

For the calculations, a water retention curve, moisture diffusivity, and air conductivity were necessary. 294 

The moisture diffusivity of the bricks was derived using the ruler method (Evangelides, et al., 2018), 295 

as shown in Fig. 6. The detailed procedures used for this determination are described in Appendix A. 296 

Note that the Boltzmann transformation results shown in Fig. 5 were not used to derive the moisture 297 

diffusivity because the air pressure was relatively large in the experiment and the air entrapment effects 298 

could not be completely neglected.  299 

 300 

[insert Figure 6] 301 

 302 

The water retention curve at an extremely low air pressure (neglecting air entrapment effects) was 303 

determined based on the suction curve found in the literature (Kumaran, 1996) using the following 304 

form: 305 

 ( ) ( )( )
1 4

2 10 3 5 6 10 7exp log exp logl
c c

c cw
c p c c c p c

= +
+ − + −

, (8) 306 

where pc is the capillary pressure (Pa) (= Pa – Pl) and c1–c7 are constants. The values were multiplied 307 

such that the water content at saturation corresponded to that at complete saturation of the employed 308 

material. The function at the atmospheric pressure was then created such that the water content differed 309 

from that at low air pressure only near saturation, as shown in Fig. 7. For the atmospheric-pressure 310 

case: c1 = 95.5; c2 = 8.0; c3 = 5.0; c4 = 263; c5 = 1.5; c6 = 2.8; and c7 = 5.1. For the low-pressure case: 311 

c1 = 93.7; c2 = 8.0; c3 = 5.0; c4 = 258; c5 = 1.1; c6 = 2.3; and c7 = 5.0. Notably, the differences between 312 

the two curves were similar to the measured results for the water retention curves from complete and 313 

capillary saturation, as reported in the literature (Feng & Janssen, 2021). 314 

 315 

[insert Figure 7] 316 

 317 

Finally, the air conductivity is given as a function of water content, as shown in Figure 8, based on 318 

the two sets of measured data (see Appendix C for the measurement procedure). The curve was created 319 



 
 
 
 
 
 

such that the air conductivity at capillary saturation was zero, assuming that air transfer did not take 320 

place above capillary saturation, except for the dissolution and diffusion phenomena.  321 

 322 

[insert Figure 8] 323 

 324 

3.3. Results and discussion 325 

Figure 9 shows a comparison between the calculated and measured water absorption rates, and Fig. 326 

10 shows the calculated water content and air pressure in the material for Case 3. The calculation 327 

results for Case 1 reproduced the results of the water uptake tests at atmospheric pressure. The results 328 

for Case 2 showed that the water diffusivity obtained from the water uptake tests at extremely low air 329 

pressure reproduced the water absorption rate. A comparison between the calculation results for Cases 330 

2 and 3 demonstrates the significance of the effects of air present in the pores; the calculated water 331 

absorption rates decreased and the water content after capillary absorption decreased for Case 3. The 332 

differences between the calculated results for Case 3 and the measured results at atmospheric pressure 333 

can be attributed to uncertainties in the material properties, particularly in the low-pressure case. 334 

According to Fig. 10, the air pressure increase is much slower than the water content increase. As 335 

the air conductivity of a material is high when the water content is low (as shown in Fig. 8), compressed 336 

air may move toward the dry region, and the pressure does not significantly increase during the early 337 

water uptake stages. This could potentially explain why the water transfer in porous building materials 338 

can be regarded as a single-phase phenomenon in most cases. Figure 11 shows the Boltzmann 339 

transformation results based on the calculated water content evolution shown in Fig. 10(a). In general, 340 

the relationship between water content and the Boltzmann variable at different positions coincides 341 

with each other. Therefore, these results also support that the Boltzmann transformation is often 342 

applicable to water uptake processes at ordinal pressures (e.g., Carmeliet, et al., 2004, Fukui, et al. 343 

2021) even though the processes are actually two-phase phenomena.  344 

In contrast, after the water content reaches a certain level, a significant air pressure development is 345 

observed, as shown in Fig. 10(b). This increase in air pressure prevents further water content increase. 346 

Subsequently, water transfer in a material is also limited as the water permeability of a material has a 347 

positive correlation with the water content. Consequently, both the saturated water content and 348 

absorption rates decreased at the atmospheric pressure compared with the low-humidity cases. 349 

 350 

[insert Figure 9] 351 

[insert Figure 10] 352 

[insert Figure 11] 353 

 354 



 
 
 
 
 
 

4.  Conclusion 355 

To understand the liquid water transfer characteristics of porous building materials in high-water-356 

content regions, the effects of air entrapment must be understood under common water uptake 357 

conditions. Therefore, in this study, the water transfer characteristics at extremely low air pressures 358 

were examined via experiments and simulations. The experiments revealed that low air pressure 359 

increased the water absorption rates and water content after capillary absorption of the brick and 360 

autoclaved aerated concrete specimens, whereas the water uptake by the calcium silicate board 361 

specimens was not significantly affected. The differences among the materials can be attributed to the 362 

differences in the extent of air compression in the pores, which depends on the pore structure of the 363 

material based on Boyle’s law. 364 

The measurement of the water content profile using the gamma-ray attenuation method revealed 365 

that the water transfer characteristics are qualitatively similar at low and atmospheric air pressures, 366 

and one-dimensional water diffusion theory can be applied to water absorption in both cases, at least 367 

by materials following Darcy’s law at ordinary pressure, such as bricks. To some extent, the 368 

simultaneous water and air transfer calculations reproduced the water uptake tests at atmospheric 369 

pressure. Therefore, the effects of air entrapment on the water behavior in a material can be explained 370 

based on Darcy’s and Boyle’s laws and the transfer and retention characteristics discussed in this paper.  371 

The results of this study will help us understand the pure characteristics of water transfer without 372 

air entrapment effects and the interaction between air and liquid water in pores. Furthermore, the 373 

calculated water content and air pressure evolution indicated that air in pores moved toward the dry 374 

region when local water content was not high. Therefore, the pressure does not significantly increase 375 

despite significant air pressure development potentially occurring, which affects water transfer after 376 

the water content reaches a certain level. This supports the general assumption in the building physics 377 

field that treating the liquid water transfer in a material, such as bricks, as a one-component flow is 378 

valid in most cases. Therefore, currently, considering the air behavior in a material does not always 379 

seem necessary in hygrothermal simulations or material property determination. However, the findings 380 

of this study should be further expanded to understand the hygrothermal behavior in high-water-381 

content regions close to and above capillary saturation and achieve more reliable hygrothermal 382 

property measurements.  383 

 384 

Appendix A. Influence of the humidity conditions in a closed desiccator on water absorption 385 

To assess the humidity conditions in the desiccator used for the water absorption tests at low air 386 

pressure and its influence on the water absorption by the specimens, we conducted an additional water 387 

absorption test in a closed desiccator. The measurement procedures were same as those for the water 388 

uptake tests described in Section 2.2.2; however, the pressure in the desiccator was maintained at the 389 

atmospheric pressure. During water absorption, humidity in the desiccator was also recorded. 390 



 
 
 
 
 
 

The measurement results are shown in Fig. A1. In Fig. A1(b), additional measurement results for 391 

the absorbed water mass at atmospheric pressure in the closed desiccator are compared with the other 392 

results shown in Fig. 3(b). It is obvious that the humidity in the desiccator increased after it was closed, 393 

and water absorption started (at 0 s) because of evaporation from the water reservoir and the high air 394 

tightness of the desiccator. However, Fig. A1(b) shows that the results at atmospheric pressure (in the 395 

laboratory) and in the closed desiccator were almost the same at an early elapsed time (see the results 396 

at approximately 150 min (93 s0.5)), and the influence of the humidity increase in the desiccator on the 397 

water absorption was not significant. At a later elapsed time, the water absorption by the specimen in 398 

the closed desiccator was larger than that measured in the laboratory because the specimen absorbed 399 

vapor in the desiccator at the same time as water uptake from the reservoir. Based on these results, the 400 

humidity conditions in the desiccator influenced the test results at a later elapsed time to some extent, 401 

but the impact was not significant on most results presented in this paper as they were measured at a 402 

relatively early elapsed time (several hours). 403 

 404 

[insert Figure A1] 405 

 406 

Appendix B. Moisture diffusivity estimation at atmospheric and extremely low air pressures 407 

In the ruler method (Evangelides et al., 2018), the moisture diffusivity is derived without using the 408 

water content distribution evolution in a material during water uptake. Instead, the Boltzmann variable 409 

λf (m/s0.5) at the wetting front was determined from visual observations. Using λf, parameters a, b, and 410 

c in the following approximate curve for the water content as a function of the Boltzmann variable are 411 

estimated:  412 

 ( ) ( )1tanlw a b cλ λ− = − +  . (B1) 413 

The parameters were determined with the two boundary conditions, that is, wl = 0 at λ = λf and wl = 414 

wsat at λ = 0, where wsat is the saturated water content (kg/m3), and the following relationship regarding 415 

absorption coefficient A (kg/(m2·s0.5)):  416 

 0

capw
A dwλ= ∫ . (B2) 417 

Using Eq. (B1) with the determined values of a, b, and c, the moisture diffusivity Dw (m/s) is derived 418 

from the following equation (Carmeliet et al., 2004): 419 



 
 
 
 
 
 

 
( ) 01

2

lw

lw
w

l

dw
D w

w

λ

λ
= −

∂ ∂

∫
. (B3) 420 

Table B1 lists all the necessary parameters to determine Dw using Eqs. (B1)–(B3). To determine λf 421 

at atmospheric pressure, an additional water uptake test including visual observations was conducted. 422 

It is difficult to measure λf at low pressure (in the vacuum desiccator). To apply the value of the 423 

low-pressure case, we first determined the time tsat (s) required for the specimen to reach saturation. 424 

The values were determined to be 882 and 1102 s at atmospheric and low air pressures, respectively, 425 

based on the time evolution of the absorbed water mass, as shown in Fig. B1. Then, we assumed that 426 

the wetting front movement rate was inversely proportional to tsat. This assumption allowed us to 427 

determine λf at a low air pressure, which was found to be 0.00149, based on λf at atmospheric pressure 428 

and tsat (= 0.00120 × (88 / 110)). In addition, A was derived from the water uptake tests, and wsat was 429 

set to the water content at the capillary and complete saturation states for deriving Dw at atmospheric 430 

and extremely low pressures, respectively. 431 

 432 
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 434 

Table B1 Parameters used to estimate the moisture diffusivity at atmospheric and extremely low air 435 

pressures 436 

 Atmospheric pressure Low pressure 

Water absorption coefficient  

A (kg/(m2·s0.5)) 

0.181 0.278 

Saturated water content 

wsat (kg/m3) 

187 246 

Boltzmann variable at the wetting front 

λf (m/s0.5) 

0.00120 0.00149 

Parameters in Eq. (A1) a 253 344 

b 8.25 × 103 4.16 × 103 

c -10.8 -7.1 

 437 

Appendix C. Air conductivity measurement 438 

The air conductivity was determined based on the Cembureau method specified in the RIREM 439 

recommendation (RILEM Technical Committees, 1999). A 50-mm-thick brick specimen with a 83-440 

mm diameter was placed in a permeameter cell, and the flow rate Q (m3/s) of N2 gas through the 441 



 
 
 
 
 
 

specimen was measured (see Fig. 2 in RILEM Technical Committees (1999). Based on the measured 442 

values of Q, the air conductivity was determined as follows: 443 

 ( )
2 atm a

a
i atm

P QLk
A P P

ρ
=

− , (9) 444 

where A is the cross-sectional area of the specimen (m2), L is the specimen thickness (m), and Pi and 445 

Patm are the applied and atmospheric pressures (Pa), respectively. 446 

The measurements were conducted using a specimen in air-dry and wet (after 6 h of water 447 

immersion) states. The RIREM recommendation specifies to start the test from an applied pressure of 448 

150 kPa. However, applying this pressure on the brick specimen caused a large flow rate; therefore, a 449 

lower pressure was applied. The test conditions and results are listed in Table C1. 450 

 451 

Table C1 Conditions and measured flow rates in the tests using the Cembureau method 452 

Sample condition Applied pressure Flow rate 

Air-dry 5 kPa 3.3 × 10-6 m3/s 

Wet 25 kPa 4.3 × 10-6 m3/s 

 453 
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Figure 1. Pore volume distribution of the employed three materials: (a) brick and autoclaved aerated 

concrete (AAC), and (b) calcium silicate board (CS). 

  



 

Figure 2. Experimental setup of water uptake test at the low air pressure using gamma-ray attenuation 

apparatus. 
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Figure 3. Time evolution of the mass of the absorbed water and average water content of the (a) brick, 

(b) autoclaved aerated concrete, and (c) calcium silicate board specimens at atmospheric and 

extremely low pressure. 

 



Figure 4. Water content profile in the brick specimens during water uptake at (a) atmospheric and (b) 

extremely low (9 kPa) air pressures. 

  



 

Figure 5. Comparison of the water content of the brick specimen during water uptake as a function of 

Boltzmann variable at atmospheric and extremely low (9 kPa) air pressures. 

  



 

Figure 6. Water diffusivity for the atmospheric and extremely low air pressure.  

  



 
Figure 7. Water retention curve for the atmospheric and extremely low air pressure. 

  



 
Figure 8. Air conductivity used in the calculation. 

  



 

 
Figure 9. Comparison between the calculated (lines) and measured (markers) water absorption at the 

atmospheric and extremely low air pressure. 

 

  



 

Figure 10. Calculated results of the (a) water content and (b) air pressure in the material. 

  



 

Figure 11. Calculated water content as a function of the Boltzmann variable. 

  



  
Figure A1 (a) Time evolution of the humidity and (b) water absorption by aerated concrete in a closed 

desiccator. 

  



 

Figure B1 Comparison of the water absorption at the atmospheric and extremely low air pressure. 
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