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Abstract. When a porous material is near capillary saturation, entrapped air is expected to affect 

water transfer through the pores. Based on the results of water absorption tests at reduced air 

pressure, Janssen et al. (Energy Procedia, 2015) demonstrated that air entrapment prevents water 

absorption above capillary saturation. In this study, to understand the air entrapment effects on 

water transfer in the high-water-saturation region, we further examined the water transfer 

characteristics corresponding to extremely small air entrapment effects. First, using three 

common porous building materials, water uptake experiments were conducted at low air pressure 

near vacuum (several kilopascals), and the time evolution of the water absorption was measured. 

The results show that low air pressure accelerates water uptake by brick and aerated concrete 

specimens, whereas the water uptake by calcium silicate board specimens is not significantly 

affected. These differences among the materials are discussed from the viewpoint of the pore 

structure. Furthermore, the results of simultaneous water and air transfer calculations confirm 

that air entrapment and pressure development in the pores can significantly reduce the rate of 

water uptake and the water content that a material can reach after capillary absorption. 

1.  Introduction 

To evaluate the hygrothermal performance of building envelopes with water supply, such as rain and 

ground water, it is important to understand the water transfer characteristics of porous building materials 

at high water saturation. In particular, the risks of moisture-relevant problems, such as frost damage, 

highly depend on the water content in the high-water content region [1].  

After free water absorption, porous building materials reach capillary saturation rather than complete 

saturation. This is most probably because the air remaining in the pores prevents water absorption. 

Janssen et al. [2] conducted water absorption tests at reduced air pressure. Their results indicated that 

water absorption at the reduced pressure increased significantly compared to water absorption under 

atmospheric pressure. Therefore, the influence of air on the water transfer in a material cannot be ignored 

in a high-water-saturation region. 

While two-phase flow is a common problem in soil physics (e.g., [3]), air transfer in porous building 

materials is only considered under extreme conditions. For example, most material surfaces are sealed 

for moisture proof which also prevents air movement through the surfaces. In the literature, it has been 

shown that air that cannot escape from material surfaces affects water absorption when a material is 

sealed, except on the water-absorbing surface or when the material has a low permeable surface finish 

[4, 5, 6].  
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To understand the air entrapment effects on water transfer in the high-water saturation region under 

common water uptake conditions, we further examined the water transfer characteristics corresponding 

to extremely small air entrapment effects in this study. First, water absorption tests were conducted using 

several types of porous building materials, namely bricks, autoclaved aerated concrete (AAC), and a 

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

of water absorption with significantly small air entrapment effects with that at the atmospheric pressure. 

Furthermore, simultaneous water and air transfer calculations were conducted to confirm the effects of 

air entrapment on water uptake. 

2.  Water absorption tests at extremely low air pressure 

2.1.  Methods 

Figure 1 compares the pore volume distributions of the three types of materials employed: bricks, AAC, 

and CS. The bottom surfaces of the specimens had a size of 40 or 50 mm × 60 mm. The height was 100 

mm for the brick and CS specimens but 50 mm for AAC, considering its slow absorption. The sides of 

the specimens were sealed with epoxy resin and aluminum foil. Note that the tests were conducted under 

ordinal conditions, except for the surrounding air pressure; the specimens had no additional sealing on 

the top surface or finish layers. The specimens were air dried before the tests. 

 

  
(a)                                                                            (b) 

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

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

 

For the brick and CS, two specimens were prepared: one for the test at atmospheric pressure and the 

other for the tests at reduced air pressure. Before the tests, we confirmed that the absorption rates of the 

two specimens at atmospheric pressure were similar. Tests using AAC, which has relatively low 

absorption rates, were conducted using multiple specimens under both atmospheric and low-pressure 

conditions to confirm the differences among the specimens. Three specimens for the atmospheric 

pressure and four specimens for the reduced air pressure were prepared.  

The tests were conducted in a laboratory at a temperature of 23 °C. The first series of tests was 

conducted at atmospheric pressure. The second series was conducted in a desiccator in which the air 

pressure was reduced using a vacuum pump. The pumping speed of the pump was 7 L/min, which 

maintained the air pressure in the desiccator at several kilopascals. We avoided using a lower pressure 

to prevent the boiling of water in the reservoir. After reducing the air pressure in the desiccator, water 

uptake tests were performed by pouring water into the reservoir.  

Water was absorbed from the bottom surface of the specimens, while the top surface was exposed to 

air in the laboratory or desiccator. During the tests at atmospheric pressure, the water uptake was 
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intermitted several times to weigh the specimens. During the tests at low pressure, the samples were 

weighed only once for one test to prevent them from being exposed to atmospheric pressure during the 

water absorption, and the tests were repeated from the air-dry state again to obtain the time evolution of 

the water absorption. 

2.2.  Results and discussion 

 

  
(a) 

 

  
(b) 

 

  
(c) 

Figure 2. 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. 
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Figure 2 compares the time evolution of the absorbed water mass at atmospheric pressure and extremely 

low air pressure as well as the average water content of the specimens calculated from it. The completely 

saturated water content of the materials determined from the water content at vacuum saturation or 

mercury porosimetry is also shown in the right side. While no obvious changes were observed for CS at 

atmospheric and low pressures, the absorbed water mass at the steady state increased in the case of low 

air pressure for the brick and AAC specimens, as shown by Janssen et al. [2]. In addition, the results 

showed that the absorption rates of the brick and AAC specimens increased at low air pressures. The 

absorption coefficient of the brick became 1.7 times larger at low air pressure. Furthermore, while the 

water content of the CS was close to the porosity, even at atmospheric pressure, the water content of the 

brick and AAC was not. The brick specimens reached near-complete saturation only at low air pressure. 

These results indicated the significance of the effects of air entrapment on water absorption. 

To discuss the differences between the materials, we compared the experimental results with those 

of the pore structure. Based on the Young Laplace equation and Boyle’s law, Fagerlund [7] proposed 

the following equation to predict the extent of air compression in a spherical pore owing to water uptake. 

 

( )1/3 1

0

2
1

p r


  − − =

 (1) 

Here, p0 is the air pressure before compression (Pa); r is the pore radius (m);  is the surface tension 

(N/m2);  is the ratio of the compressed air volume V/V0, where V0 and V are the air volumes before and 

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

depends on the pore radius or capillary force. In a finer pore, a large capillary force compresses the 

entrapped air more significantly.  

Using this equation, we determined  both at the atmospheric and low air pressures, as listed in table 

1. These values corresponded to the peak radius of the pore volume distribution (figure 1). For AAC, 

which had the two peaks, the peak at the larger pore radius was selected. CS has smaller pores than other 

materials. Therefore, the capillary force in the pores is larger, and the sucked water compresses air 

significantly, even when water uptake occurs at atmospheric pressure. Fagerlund [7] pointed out that the 

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

compressed air volume is small and air dissolution is accelerated owing to the high pressure. Conversely, 

there are large differences in  at atmospheric and low air pressure for the brick and AAC, which can 

be a reason for the different water absorption characteristics at different air pressures (figure 2). For the 

brick,  at a low air pressure is negligibly small, which can be attributed to the high water content near 

complete saturation after water uptake (figure 2 (a)). AAC has relatively large pores, and even at low 

pressure, the air is not completely compressed. Therefore, it is considered that some air remained in the 

pores during the water absorption tests. 

 

Table 1. Peak pore radius and ratio of the compressed air volume  related to the air volume before the 

compression due to water uptake. 

 Brick Calcium silicate board AAC 

Peak pore radius (μm) 4.27 0.256 71.8 

 Under atmospheric pressure 0.72 0.07 0.98 

Under extremely low pressure (2 kPa) 0.01 0.00 0.40 

3.  Simultaneous air and water transfer simulation 

3.1.  Method 

3.1.1.  Fundamental equations. We performed calculations corresponding to the water uptake of the 

bricks, as the difference in the water absorption at the atmospheric and extremely low pressure is clear 
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for the brick according to figure 2 and table 1. The following two equations are the mass conservation 

equations for air and liquid water in a porous material [6]. 

 

a a a a
a

k p
g

t z g z

 


    
= −  

      (2) 

 

'l l l
P l

p
g

t z z


 

     
= −  

      (3) 

Here, g is the gravitational acceleration (m/s2); ka is the coefficient of air permeability (m/s); p is the 

pressure (Pa); t is the time (s); z is the position (m); λ'p is the water conductivity due to the water pressure 

gradient (kg/(m·s·Pa)), and ψ is the volume fraction (m3/m3). The subscripts a and l denote air and liquid 

water, respectively. The sum of ψl and ψa is equal to the material porosity, and the air pressure is 

calculated based on the ideal gas law.  

 
1

a a dp R T− =
, (4) 

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

3.1.2.  Calculation conditions and cases. The calculations were conducted one dimensionally along the 

specimen height. Equations (1) and (2) were discretized using the finite difference method. The 

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

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

of humidity and air pressure in the material were set to 28% and atmospheric pressure, respectively. On 

the water absorption surface, the capillary pressure was set to −0.1 kPa, and no air flow was considered. 

On the surface exposed to air, the air pressure was set to atmospheric pressure. Vapor transfer was 

considered using the Robin boundary condition with an air humidity of 28%, and the vapor transfer 

coefficient between the material surface and air was set to 6.77 × 10-6 (kg/(m·s(kg/kg))). The temperature 

of the material and air was set to 23 °C. 

We performed the three calculations listed in table 2. The calculation for Cases 1 and 2 was performed 

to check the validity of the material properties. Material properties are commonly measured at 

atmospheric pressure and include air entrapment effects implicitly. Therefore, we used two sets of the 

properties corresponding to atmospheric pressure and extremely low pressure. Calculation Case 1 was 

based on an ordinal liquid water transfer calculation using material properties mostly measured at the 

atmospheric pressure. Conversely, calculation Case 3 was based on material properties excluding the air 

entrapment effects, but it considered air transfer in the material instead, which also corresponded to the 

water uptake at atmospheric pressure.   

 

Table 2. Calculation conditions. 

 Fundamental 

equations 

Air pressure to which 

material properties 

correspond 

Reproduced water absorption 

experiments 

Case 1 Liquid water transfer Atmospheric pressure Experiment at atmospheric pressure 

Case 2 Liquid water transfer Extremely low pressure Experiment at extremely low 

pressure 

Case 3 Air and liquid water 

transfer 

Extremely low pressure Experiment at atmospheric pressure 

3.1.3.  Material properties. The material properties at low pressure near vacuum were derived using a 

simple assumption in this study. First, the moisture diffusivity was derived using the Ruler method [8]. 

The method derives the moisture diffusivity without using the Boltzmann transformation of the time 
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evolution of moisture content distribution during water uptake. In the Ruler method, Boltzmann variable 

f (m/s0.5) at the wetting front is determined from visual observation. An approximate curve for the water 

content as a function of the Boltzmann variable is then estimated from the water absorption coefficient 

A (kg/(m2·s0.5)) and two boundary conditions, i.e., w = 0 at  = f and w = wcap at  = 0. A was derived 

from the results of the water uptake tests, and the maximum water content after water absorption was 

set to the values at the capillary and complete saturation for the tests at atmospheric and low pressures, 

respectively. The Boltzmann variation at the wet front was determined using an additional water-uptake 

test at atmospheric pressure. To apply the value for the low-pressure case, we assumed that the rate of 

the wetting front movement was inversely proportional to the time until the specimen reached saturation 

tsat (s), which was determined from the linear approximation of the time evolution of the absorbed water 

mass as a function of the square root of the elapsed time, as shown in figure 3 (a). The water diffusivity 

obtained is shown in figure 3 (b). Note that the estimated water diffusivity at low pressure was smaller 

than that at atmospheric pressure in the region below the capillary saturation, but there is no physical 

evidence for that. Therefore, the relationship between the water diffusivity under the two conditions 

should be further examined. 

The adsorption isotherm at low air pressure was determined based on [9]; however, the values were 

multiplied such that the water content at saturation corresponded to that at the complete saturation of the 

employed material. Considering that the air pressure increased by approximately 39 kPa when 

compressed until the volume decreased to 72% (table 1), the function for the atmospheric pressure was 

created such that the water content differed from that of the low air pressure only near saturation (below 

several kilopascals), as shown in figure 4. Finally, the air permeability is given as a function of the water 

content, as shown in figure 5, based on the two measured data.  

 

  
(a)                                                                                 (b) 

Figure 3. (a) Comparison of the water uptake at the atmospheric and extremely low air pressure and (b) 

derived water diffusivity. 

 

 

Figure 4. Adsorption isotherm for the atmospheric and extremely low air pressure. 
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Figure 5. Air permeability 

used in the calculation. 

3.2.  Result and discussion 

Figure 6 compares the calculated and measured water absorption rates, and figure 7 shows the calculated 

water content and air pressure in the material for calculation Case 3. The calculation results for Case 1 

reasonably reproduced the results of the water uptake tests at atmospheric pressure, and the results for 

Case 2 show that the water diffusivity obtained from the water uptake tests at extremely low air pressure 

reproduces the water absorption rate. The comparison between the calculation results for Cases 2 and 3 

demonstrates the significance of the effects of the air existing in the pores: the calculated rates of water 

absorption decreased, and the water content reached after the capillary absorption decreased for Case 3. 

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

pressure could be attributed to uncertainties in the material properties, especially for the low-pressure 

case. 

 

 

 

Figure 6. Comparison between 

the calculated (lines) and 

measured (markers) water 

absorption at the atmospheric 

and extremely low air pressure. 

4.  Conclusion 

To understand the effects of air entrapment on water transfer in the high-water-saturation range near 

capillary saturation, we examined the water uptake at extremely low air pressure through both 

experiments and simulations. The experiments revealed that the low air pressure increased the water 

absorption rates of the brick and autoclaved aerated concrete specimens and the water content after 

capillary absorption, whereas the water uptake by the calcium silicate board specimens was not 

significantly affected. The differences among the materials can be attributed to differences in the extent 

of air compression in the pores, which depends on the pore structure of the material. Furthermore, the 

water transfer calculations using the water diffusion coefficient obtained from the water uptake test fairly 

reproduced the absorbed water mass at the negligibly low air pressure, and the simultaneous water and 

air transfer calculations based on Darcy’s law and Boyle’s law reproduced the water uptake tests at 

atmospheric pressure to some extent. The results helped us understand the characteristics of water 

transfer without the air entrapment effects and interaction between the air and liquid water in the pores.  
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In future research, the interaction between air and liquid water in porous building materials, as well 

as the material properties without air entrapment effects, will be further examined using more detailed 

experiments and simulations. 

 

 

     
(a)                                                                                (b) 

Figure 7. Calculated results of the (a) water content and (b) air pressure in the material. 
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