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Abstract 8 
Correlations between the air permeability coefficient and various pore structure indicators in 9 
cementitious materials were examined to determine the pore structure indicator that best evaluated air 10 
permeability using data from previous studies of air permeabilities and pore structures. The 11 
determination coefficients of air permeability with total pore volume, critical pore diameter, and 12 
ordinary threshold pore diameter were low, although these have often been used as indicators. The 13 
median and threshold pore diameters obtained by percolation theory showed high determination 14 
coefficients. The equation using the threshold pore diameter better estimated the air permeability 15 
coefficient than the Katz–Thompson equation.  16 
 17 
Keywords: air permeability, total pore volume, critical pore diameter, threshold pore diameter, median 18 
pore diameter, Katz–Thompson equation 19 
 20 
Highlights 21 

• Air permeability and pore structure of cementitious materials are closely related 22 
• Data from reports on air permeability and porosity in cements were analysed 23 
• Percolation theory-derived threshold pore diameter gives the best estimates 24 
• Proposed equation yields better results than Katz–Thompson relationship 25 

 26 
1. Introduction 27 
The air permeability coefficient of concrete is important in evaluating the durability of concrete 28 
structures because the permeation of carbon dioxide and oxygen into concrete causes deterioration by 29 
carbonation and corrosion of reinforcement bars. Researchers have studied the relationship between 30 
the air permeability coefficient and the pore structures of concrete to understand the transportation 31 
mechanism of air and establish models that predict the air permeability of concrete; various 32 
characteristic indicators of the pore structure have been proposed. Among indicators characterising 33 
pore structure, the relationship between the total pore volume and air permeability has been reported 34 
the most extensively. The total pore volume is generally measured in one of three ways: calculation 35 
using the difference between the water-saturated and oven-dried weights [1–3], the maximum volume 36 
of cumulative intruded mercury in mercury intrusion porosimetry (MIP) [4–6], and image analysis of 37 
the area fraction of pores [7,8]. Some researchers set maximum and minimum pore sizes in calculating 38 
the total pore volume [9,10] without clear theoretical reason. However, as Diamond [11] noted, the 39 
pore size distribution obtained by MIP is not a true pore size distribution because of ink-bottle effects; 40 
the validity of using a total porosity with certain maximum and minimum pore sizes is unclear. 41 
Hamami et al. [12] used the main pore diameter Dc, defined as the mean value of the normal 42 
distribution fitted on the main peak of a pore size distribution, as an indicator of the pore structure and 43 
reported that the square of Dc multiplied by the total pore volume fraction φ showed good correlation 44 
with the air permeability coefficient. This method can be difficult to apply because the pore size 45 
distribution of concrete can be far from a normal distribution, as shown in Fig. 1. Zhang et al. [13] 46 
studied the relationships between the air permeability coefficient and various pore structure indicators, 47 
including the median pore diameter. The median pore diameter is defined as the corresponding pore 48 
diameter when the volume of press-in mercury is 50% of the maximum volume of the cumulative 49 
intruded mercury. Tsivilis et al. [14] reported that the mean pore diameter correlated well with the air 50 
permeability. The equation for calculating the mean pore diameter can be found in Ref. [13]. Mizuno 51 
et al. [15] performed MIP on hardened cement pastes twice to obtain a continuous pore size 52 
distributions. They reported a better correlation of the total pore volume and mean pore diameter of 53 
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the continuous pores with the air permeability coefficient. Although good correlations with air 54 
permeability were reported in each of the above papers, the mentioned indicators of pore structure are 55 
not often used. 56 
 57 

 58 
Fig. 1. Pore size distribution of concrete far from a normal size distribution (data of cored concrete 59 

from existing structure in Sakai and Kishi [16]) 60 
 61 
The critical pore diameter and threshold pore diameter are the most frequently used characteristic 62 
indicators of pore structures. The critical pore diameter is defined as the pore diameter above which a 63 
connected path is formed from one side of the sample to the other [17]. Mathematically, the critical 64 
pore diameter corresponds to the maximum of the derivative of the pore size distribution curve [18], 65 
or to the inflection point of a cumulative pore distribution curve [19]. For hardened cement paste, the 66 
maximum of the pore distribution curve and the inflection point of the cumulative pore distribution 67 
curve are clear; however, for concrete, multiple peaks often exist, impeding the determination of the 68 
critical pore diameter (Figs. 1 and 2). Roy [20] reported that the critical pore diameter and median 69 
pore diameter had similar values. The threshold pore diameter is another frequently used indicator 70 
defined similarly; however, researchers have not yet agreed on a method to determine it [21]. Various 71 
mathematical definitions of the threshold pore diameter have been proposed, including the intersection 72 
point between the tangent line of the mutational point of the slope of the curve and the pore-diameter 73 
abscissa [18], the largest pore diameter at which a significant intruded pore volume is detected, the 74 
pore diameter at which the slope of the cumulative curve increases abruptly [21,22], or the intersection 75 
point of the two straight fitting lines obviously below and above the threshold pore diameter [21]. 76 
However, determining the threshold pore diameter of concrete is difficult because the abrupt intrusion 77 
and inflection point are often unclear (Fig. 3). 78 
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 79 
Fig. 2. Multiple peaks in pore size distribution of concrete (data of concrete sample N70-1 in Sakai 80 

et al. [23]) 81 

 82 
Fig. 3. Unclear abrupt intrusion and inflection point for concrete pore distribution (data of cored 83 

concrete from existing structure in Sakai and Kishi [16]) 84 
 85 
As seen, although the critical pore diameter and threshold pore diameter are widely used as indicators 86 
of the pore structure, they are difficult to determine for concrete specimens. Sakai et al. [23] proposed 87 
a method to determine the threshold pore diameter based on percolation theory, assuming that a 88 
connected path was formed when the volume of the intruded mercury reached 16% of the cement paste 89 
volume [24,25], wherein the corresponding pore size was the threshold pore diameter. They showed 90 
that their method was applicable to concrete.  91 
In addition to the correlations between air permeability and pore structure indicators introduced above, 92 
models to calculate the air permeability coefficient based on theory have been proposed. Carman 93 
proposed the following equation [19,26]: 94 𝑘 = ఝమ௕∙ௌమ            (1) 95 
where k is the air permeability coefficient, φ is the total pore volume fraction, S is the specific surface 96 
area, and b is a sample-dependent coefficient. Kohno and Ujike [27] proposed a model to calculate the 97 
air permeability coefficient of an unsaturated sample using the saturation degree and tortuosity. Their 98 
model requires the measured air permeability coefficient and the total pore volume of the dry sample. 99 
One disadvantage of the above models is that a preliminary air permeability test is required to calculate 100 
the air permeability coefficient. 101 
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Katz and Thompson [28,29] and Thompson et al. [30] proposed the following equations to calculate 102 
the air permeability coefficient of a porous rock sample using the critical pore diameter, based on 103 
percolation theory: 104 𝑘 = ଵଶଶ଺ ∙ ఙఙబ ∙ 𝑑௖ଶ           (2) 105 ఙఙబ = ௗ೘ೌೣ೐ௗ೎ ∙ 𝜑 ∙ 𝑆ሺ𝑑௠௔௫௘ ሻ          (3) 106 
where σ is the conductivity of the rock saturated with a brine solution having the conductivity σ0, dc is 107 
the critical pore diameter, dmax

e is the electrical conductivity characteristic dimension that produces 108 
the maximum conductance (dmax

e = 0.34×dc for a very broad pore size distribution), and S(dmax
e) is the 109 

fractional volume of the connected pore space involving pores of >dmax
e. This equation is advantageous 110 

because none of the parameters require preliminary air permeability testing. Researchers have applied 111 
this equation to cementitious materials; some have concluded that they are suitable for cementitious 112 
materials [18,19,31], but others have reported otherwise [17]. Ma [21] proposed the use of the 113 
characteristic pore diameter, which is 3–5 nm, instead of the critical pore diameter for specimens in 114 
which φ is below a certain value. 115 
As seen above, various pore structure indicators and equations have been proposed and their 116 
correlations with the air permeability coefficient have been studied. However, in verifying the 117 
indicators or the equations, all researchers have used only their own data or limited data from other 118 
reports. When poor correlations were found, some adjustments have been proposed with probable 119 
explanations. Thus, the pore structure indicator and equation that are the best for correlating or 120 
estimating air permeability remain unknown. This must be rectified to understand the mechanism of 121 
air transport in concrete and to estimate the durability of concrete with accuracy. This study sourced 122 
data from previous reports that measured both the air permeabilities and pore structures of 123 
cementitious materials and analysed them to determine the indicator of pore structure characteristics 124 
and equation that yields the best approximation of air permeability. This report does not discuss the 125 
mechanism of air transport based on the results, because the papers that proposed each indicator have 126 
already done so. 127 
 128 
2. Methods 129 
In this investigation, literature that measured the air permeability coefficient and pore size distribution 130 
or pore structure indicators such as the median, critical, and threshold pore diameters was analysed. 131 
For a differential or cumulative pore size distribution from such literature, the pore structure indicators 132 
obtainable from this distribution were read using GSYS software (Japan Charged-Particle Nuclear 133 
Reaction Data Group, Japan). When intrusion steps appeared clearly in these distributions, the graphs 134 
were read using the software and differential and cumulative pore size distributions were each 135 
converted into the other. The threshold pore diameter was determined as the intersection point of the 136 
two straight fitting lines for the diameters obviously below and above the threshold pore diameter [21] 137 
and as the corresponding pore diameter when the volume of the intruded mercury corresponded to 138 
16% of the cement paste volume [23]. 139 
The collected literature data are shown in Table 1. In the table, the information given by each study is 140 
shown as A, B, or C, indicating that the values are either reported in figures, obtainable from figures, 141 
or unpublished, respectively. The pore volume per unit mass (e.g.: mL/g) was converted to the pore 142 
volume per unit volume (φ) using the bulk density, calculated by the following equations: 143 𝜑 = 𝜑௠ ∙ 𝜌௔          (4) 144 𝜌௔ = ଵభഐ೟ାఝ೘           (5) 145 

where ρa is the bulk density, ρt the true density, and φm the total pore volume per unit mass. ρt was 146 
assumed as 2.7 g/cm3 and 2.3 g/cm3 for cement paste and mortar, respectively. When the units of air 147 
permeability coefficient are length over time (e.g. cm/s), they are converted to square meters (m2) by 148 
multiplying by the air viscosity (0.0000183 Pa·s) and dividing by the air weight per unit volume 149 
(12.6714 N/m3). The Katz–Thompson equation [28–30] was applied to calculate the air permeability 150 
coefficient when both the total pore volume and critical pore diameter were available. 151 
 152 
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Table 1 List of testing conditions in the literatures used for analysis. 153 

Ref. 
MIP 

Specimen 
Air permeability test 

C. dist. D. dist. Cr T1 T2 M Unit Pressure (kPa) Drying procedure 

10  A B B B B Concrete cm/s 160 20 °C and 60% RH 
until constant mass 

12  A B B B B Paste 
mortar m2 150–250 45 °C for 19 weeks 

and 80 °C 

13   A A  A Concrete m2 150–350 Following RILEM 
TC 116-PCD 

15 A  B B B B Paste m2 300–500 Vacuum for 2 months 

16   C C A C Concrete m2 −98 Outside under roof 

23   C C A C Concrete m2 −98 20 °C for 3 years 

27    A   Concrete cm4/N·s 200 50 °C until constant 
mass 

32 A  B B B B Concrete m2 500 40 °C for >3 weeks 

33 B A B B B B Concrete m2 150–600 105 °C for 2 days 

34  A B B B B Concrete cm/s 200 20 °C for 12 months 

35 A B B B B B Concrete m2 −98 Outside under roof 

C. dist.: Cumulative pore size distribution, D. dist.: differential pore size distribution 154 
Cr, T1, T2, and M: critical pore diameter, ordinary threshold, proposed threshold, and median pore diameter 155 
A: reported in the literature, B: read from the literature, C: unpublished data, Empty: N/A 156 
 157 
To study the relationship between air permeability and pore structure, the saturation degrees of the 158 
specimens should be similar because insufficient drying reduces the air permeability with the retention 159 
of moisture. Therefore, in this paper, only data from studies that conducted air permeability testing 160 
with sufficiently dried specimens are used; others are omitted. For example, the studies using 161 
specimens dried at 20 °C for 28 days [36,37] are not included. Some studies show the pore size 162 
distribution as histograms [34] or cumulative bar charts [9]. The data range of the cumulative bar chart 163 
reported by Azuma et al. [9] is wide, from which it is difficult to obtain accurate pore structure 164 
indicators; therefore, this study is excluded from the table. Many papers reported the air permeability 165 
coefficient using only the total pore volume as an indicator of pore structure [1–6,8,38]; these are 166 
excluded from the list, because otherwise the number of plots of total pore volume versus air 167 
permeability coefficient would be considerably larger than those of other pore structure indicators, 168 
impeding a fair comparison. For the pore size distributions reported by Mizuno et al. [15], two 169 
distributions (from samples 60B30 and 60B60) agree completely despite their different mix 170 
proportions. Because the total pore volume of sample 60B60 from their figure differs from that 171 
reported in a table in their paper, the data for 60B60 was likely a mistake and therefore removed.  172 
In Table 1, the drying conditions before air permeability testing, applied pressures for air permeability 173 
testing, and units of the reported air permeability coefficients are also shown. In the collected studies, 174 
some tests were conducted with pressurised air, while others were conducted in a vacuum. Because 175 
the mechanism of air transport and the air permeability coefficient are changed depending on the test 176 
pressure, removing the effect of pressure is preferred before examining the correlation between the air 177 
permeability and pore structure. Hamami et al. [12] plotted the relationship of air permeability 178 
coefficients with the inverses of the testing pressures and reported the intersection of the regression 179 
line of the data with the longitudinal axis as the intrinsic air permeability coefficient. This air 180 
permeability corresponds to the data measured at an infinitely high pressure. To remove the effect of 181 
pressure, air permeability testing must be performed at multiple pressures; however, in most of the 182 
analysed studies, the pressure dependence of the air permeability was not investigated. Therefore, the 183 
data in these other works cannot be adjusted, and although the air permeability tests in the works 184 
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summarised in Table 1 were performed at different pressures, the effect of pressure was not removed. 185 
According to a figure (Fig. 6) in Hamami et al. [12], the measured air permeability coefficient they 186 
reported might be a few times larger than the reported intrinsic air permeability coefficient. The 187 
pressure range of the air permeability tests summarised in Table 1 is −98 to 500 kPa. The air 188 
permeability measured at high pressure becomes larger for samples tested at atmospheric pressure; 189 
that tested at low pressure (i.e. vacuum) becomes smaller at atmospheric pressure [39]. The pressure 190 
dependence of the air permeability coefficient increases as the pore diameter decreases; at the pore 191 
diameter of 10 nm, the air permeability coefficients at −98 kPa and 300 kPa can vary by a factor of 192 
three [39]. These pressure dependences should be considered in discussing the correlations between 193 
air permeability and characteristic pore structure collected from various studies. However, the results 194 
shown in Section 3 are presented in the logarithmic scale, and differences of factors of <3 do not 195 
introduce problems in studying the correlations. 196 
 197 
3. Results and discussion 198 
The reported and calculated air permeability coefficients; total pore volumes; and median, critical, and 199 
threshold pore diameters are shown in Figs. 4–8 with approximation curves. The approximation curves 200 
in the figures are drawn assuming exponential approximations unless otherwise noted. Fig. 4 shows 201 
the relationship between the air permeability coefficient and total pore volume; the approximation 202 
curve is drawn assuming a logarithmic approximation. In most studies, mercury is intruded to the pore 203 
size of 3 nm, but Mizuno et al. [15] intruded mercury to that of 10 nm therefore, the actual total pore 204 
volume may be somewhat larger. Hamami et al. [12] measured the pore size distribution but showed 205 
the volume of the intruded mercury as the volume fraction versus the total pore volume; thus, the total 206 
pore volume cannot be read from the figure. Instead, the total pore volume measured as the weight 207 
difference of water-saturated and oven-dried samples is plotted in Fig. 4. The porosity measured by 208 
MIP is lower than that measured by the weight difference between water-saturated and oven-dried 209 
samples [40–42]. The determination coefficient of the air permeability coefficient and total pore 210 
volume is very low at 0.07. In Fig. 4, the results of concrete, mortar, and cement paste are included; 211 
concrete shows a lower total pore volume than cement paste because it includes aggregate. Therefore, 212 
it is preferable to use the total pore volume from the cement paste to study the correlation with air 213 
permeability. The total pore volume reported by Zhang et al. [13] is too large as a total pore volume 214 
of concrete. It is not stated in their paper, but it is likely that they calculated the total pore volume per 215 
cement paste volume. The total pore volume reported by Hilal et al. [33] is large because they studied 216 
foamed concrete samples. By removing the results of mortars and cement pastes (including those from 217 
Zhang et al. [13]) from Fig. 4, the determination coefficient becomes 0.32, which is still low. These 218 
results indicate that the total pore volume is not a good indicator of pore structure for determining the 219 
air permeability. 220 
 221 
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Fig. 4. Relationship between air permeability coefficient and total pore volume 223 
 224 
 225 
Figs. 5 and 6 show the relationships of the air permeability coefficient with the critical pore diameter 226 
and threshold pore diameter, respectively. Their determination coefficients are moderate at 0.35 and 227 
0.45, respectively. In some concrete samples, the threshold pore diameter cannot be determined 228 
because the sudden intrusion or inflection point is unclear, as in Fig. 3. Therefore, although the 229 
threshold pore diameter has been used often for cement pastes, it is not a good pore structure indicator 230 
for concretes. The relationship between the threshold pore diameter based on percolation theory [23] 231 
and the air permeability coefficient is shown in Fig. 7. The data of the foamed concrete [33] deviate 232 
from the approximation curve. The determination factor is high at 0.64. Fig. 8 shows the air 233 
permeability coefficient and the median pore diameter. The determination coefficient is 0.50, higher 234 
than those of the critical and ordinary threshold pore diameters. Similar to Fig. 7, the foamed concrete 235 
data deviate from the approximation curve. The critical and median pore diameters were reported to 236 
be similar [18,20], but their relationship in Fig. 9 shows the maximum difference of a few hundred 237 
times (two orders of magnitude). To determine the critical pore diameter, the maximum of the 238 
derivative of the pore size distribution curve must be identified; however, as seen in Fig. 2, this is not 239 
always easy, especially in concretes. However, the median pore diameter can be determined uniquely 240 
and shows better determination coefficients. These qualities support the median pore diameter as a 241 
better pore structure indicator for air permeability compared to the critical pore diameter. The data 242 
collected in this paper show that the threshold pore diameter based on percolation theory and median 243 
pore diameter are both good pore structure indicators for determining air permeability. 244 
 245 

 246 
Fig. 5 Relationship between air permeability coefficient and critical pore diameter 247 
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 248 
Fig. 6 Relationship between air permeability coefficient and threshold pore diameter determined by 249 

ordinary definition 250 

 251 
Fig. 7 Relationship between air permeability coefficient and threshold pore diameter as determined 252 

following the definition proposed by Sakai et al. [23] 253 

 254 
Fig. 8 Relationship between air permeability coefficient and median pore diameter 255 
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 256 
Fig. 9 Relationship between median pore diameter and critical pore diameter 257 

 258 
Fig. 10 shows the relationship between the reported air permeability coefficients and the calculated 259 
permeability coefficients using the Katz–Thompson model [28,29]. The line in the figure indicates 260 
that the calculated and reported values are equal. The correlation appears reasonable, but some 261 
calculated values are several hundred times smaller than those measured. Ma [21] proposed the use of 262 
the characteristic pore diameter, instead of the critical pore diameter, when φ is <0.18, but the 263 
characteristic pore diameter is smaller than the critical pore diameter and this adjustment increases the 264 
deviation in Fig. 10. The exponential approximation of the relationship between the air permeability 265 
coefficient and the threshold pore diameter based on percolation theory is expressed as follows: 266 
 267 

Air permeability coefficient [× 10−16 m2] = 0.005 × (Threshold pore diameter [nm])1.26    (6) 268 
 269 
The calculated air permeability coefficients using this equation and the measured coefficients are 270 
shown in Fig. 11. The calculated and measured air permeability coefficients vary by the maximum 271 
factor of 10. 272 

 273 
Fig. 10 Relationship between reported and calculated (Eqs. 2 and 3) air permeability coefficient 274 
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 275 
Fig. 11 Relationship between reported and calculated (Eq. 6) air permeability coefficient 276 

 277 
The above results show that the air permeability coefficient calculated using the threshold pore 278 
diameter as defined based on percolation theory yields a better estimation than the commonly used 279 
Katz–Thompson model. 280 
 281 
4. Conclusion 282 
Previous reports measuring both the air permeability coefficients and pore structures of cementitious 283 
materials were collected to investigate the correlation of pore structure indicators with the air 284 
permeability coefficient and the validity of the equations used to estimate the air permeability 285 
coefficient. The total pore volume, critical pore diameter, and ordinary threshold pore diameter each 286 
showed poor correlation with the air permeability coefficient. However, the median pore diameter and 287 
the threshold pore diameter as defined based on percolation theory showed high correlations with the 288 
air permeability coefficient. An approximation curve to calculate the air permeability coefficient from 289 
the threshold pore diameter was derived, assuming an exponential relationship; the calculated result 290 
showed greater accuracy than the Katz–Thompson equation. Therefore, the results in this paper 291 
suggest the use of the median pore diameter or the threshold pore diameter based on percolation theory 292 
as an indicator of the pore structure that governs the air permeability of concrete, and the use of the 293 
approximation equation using the threshold pore diameter to estimate the air permeability coefficient 294 
based on the pore structure characteristics of the concrete. 295 
 296 
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