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ABSTRACT: Autoclaved aerated concrete (AAC) is a lightweight cementitious material that has a unique 
structure characterized by a robust skeleton and pores (porous medium). The internal pore network structure 
of AAC highly controls mechanical and mass transport properties. This study aimed to identify the pore 
network structure of AAC (typical meso- and macropores with diameter >10 μm) and to correlate the pore 
characteristics with mass transport parameters of AAC such as gas diffusivity (Dp/D0), air permeability (ka), 
and saturated hydraulic conductivity (Ks) using three different AAC blocks. First, the three-dimensional 
macropore structure and network of 10 cm cubes of AAC blocks were visualized by microfocus X-ray 
computed tomography (MFXCT), and then pore structural parameters such as effective pore radius, 
coordination number, and tortuosity in the z direction were analyzed using a three-dimensional medial axis 
technique. Next, mass transport parameters were measured using 100 cm3 core samples taken from AAC blocks. 
Based on measured pore structural parameters with a scanning resolution of 12 μm, clear differences in 
macropore networks were observed among tested samples: the AAC blocks from Vietnam had less tortuous 
macropores with smaller and narrower range of radii compared to Japanese AAC sample. In collaboration with 
predictive models for mass transport parameters, Dp/D0, ka, and Ks were estimated by using the pore structural 
parameters from MFXCT and compared to measured values. The estimated Dp/D0 and ka values fit the 
measured values for all tested samples well, but the estimated ka and Ks from MFXCT under- or overestimated 
the measured values. 

Keywords: Autoclaved aerated concrete (AAC), Pore network structure, Micro-focus X-ray CT system 
(MFXCT), Mass transport parameter 

1. INTRODUCTION

Autoclaved aerated concrete (AAC) is a
lightweight cementitious material that has a unique 
structure characterized by a robust skeleton and 
pores (porous media). Currently, AAC is widely 
used in many building applications all over the 
world due to its advantages such as low density, 
thermal conductivity and high heat resistance [1].  A 
typical process for the production of AAC includes 
hydrothermal treatment of a mixture of quartz sand, 
lime, cement, gypsum, and other additives at high 
temperature (typically 180–200°C) under saturated 
steam pressure, which results in the formation of 
crystalline calcium silicate hydrate, namely, 
tobermorite (Ca5Si6(O, OH, F)185H2O) [2]. Due to 
the manufacturing process, multiple pores are 
generated. 

Generally, the pore diameter (d) of AAC is 
classified into micropores of d <10 μm and meso- 
and macropores of d≥10 μm (hereafter simply 
termed macropores). The micropores contribute 
mainly to the layered structure of tobermorite [3]. 

Nguyen et al. (2018) measured pore size 
distributions of several AAC samples manufactured 
in Japan and Vietnam using mercury intrusion 
porosimetry (MIP) [4]. They observed a clear 
difference in the pore distributions in the range of 
micropores (typical d<10 μm) between AAC 
samples, but no significant difference in the range 
of macropores (d ≥10 μm).  

MIP is a useful tool to quantify the pore size, 
distribution, and volume; however, the measured 
data cannot give quantitative information on pore 
structure and network including pore tortuosity, 
coordination number, and isolated pores. Because 
the mass transport processes in AAC such as water 
imbibition, gas and vapor exchange, and heat 
conduction are highly controlled by pore structure 
and network, it is important to characterize the pore 
network structures and to understand the 
relationship to mass transport parameters such as 
gas diffusivity, air and water permeabilities, and 
thermal conductivity. 

Nowadays, X-ray computed tomography (CT) 
has emerged as a powerful non-destructive tool for 
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examining three-dimensional characteristics of pore 
geometry. In particular, micro-focus X-ray CT 
(MFXCT) is able to visualize and analyze the 
macropore network characteristics (typical pore 
with diameter >10 μm) [5,6,7]. In this study, 
therefore, the objectives were (i) to visualize the 
macropore network structures of AAC samples 
using MFXCT and analyze the pore structural 
parameters, and (ii) to examine the relationships 
between estimated mass transport parameters based 
on the X-ray CT analysis and measured values. 

2. MATERIALS AND METHODS

2.1 AAC samples 

Three different AAC blocks manufactured in 
Japan and Vietnam used in this study. One was from 
Japan (hereafter labeled JP) and two from Vietnam 
(hereafter labeled VN1 and VN2). The detailed 
material properties were given in [4].  

First, the AAC blocks were cut to approximately 
10-cm cubes, and the exact volume and weights at
both air-dried and oven-dried conditions were
measured. By using the measured dry bulk density
(ρd) and specific gravity (Gs) of samples, we
calculated the total porosity (φ) of the tested
samples. Then, the samples were fully saturated.
After measuring the sample weight at saturation, the
samples were put in a pressure chamber and drained
at 300 cm H2O of suction (h). Based on the
relationship of equivalent pore diameter, deq (μm),
and h (cm H2O), deq = 3000/h [8], the water retained
in the macropores (d≥10 μm) was drained at
equilibrium. By measuring the weight of samples at
h = 300 cm H2O, the air-fill at h = 300 cm H2O, ε300,
was calculated. Because water retained porosity in
micropores at h = 300 cm H2O, the measured ε300
represents the macro porosity of tested samples.

In order to measure mass transport parameters, 
100 cm3 core samples were taken from AAC blocks. 
The core samples were put into an acrylic cylinder 
15 cm in diameter and 10 cm in height. The gap 
between the sample and acrylic cylinder was filled 
completely with paraffin. The gas diffusivity 
(Dp/D0) and air permeability (ka) were measured 
using air-dried core samples, and saturated 
hydraulic conductivity (Ks) was measured using a 
water-saturated core sample. The measurement 
methods of mass transport parameters are given in 
[5,6,9]. 

2.2 MFXCT scanning and analysis 

Pore network structures were visualized using a 
MFXCT system (inspeXio SMX-90CT, Shimadzu 
Co. Ltd. Japan) with 90 kV and 110 μA of energy. 
The scanning and analysis conditions are: view 
number = 1800, average number for scanning = 4, 

image size of slice = 1024× 1024 pixels, and 
scaling factor = 150. In this study, three different 
scanning resolutions (SR), 12, 30, and 50 μm/voxel, 
were applied and corresponding field of views 
(FOV) became FOV (XY) = 12.3, 30.7, and 51.2 
mm and FOV (Z) = 6.5, 16.2, and 27.0 mm. The 
total number of slices used to construct a three-
dimensional image was 541. 

Scanned CT images of tested samples were 
reconstructed and then binarized (black and white 
image) with a threshhold value of measured ε300 to 
analyze macropore networks in tested samples (see 
Fig. 1). After image binarization, the medial axis 
skeleton for the pore space was constructed based 
on the three-dimensional medial axis (3DMA) 
technique using ExFact VR 2.1 (Nihon Visual 
Science Inc., Japan). Then, the 3DMA skeleton 
images were used to determine the pore structure 
parameters of the macropore network, including 
distributions of effective pore radius (reff), 
coordination number (N), and tortuosity (Tzz), 
setting the region of interest (ROI; analysis volume) 
to 300×300×300 voxels.   

3. RESULTS AND DISCUSSION

3.1 Basic physical properties of AAC samples 

Basic physical properties of tested AAC 
samples are summarized in Table 1. The measured 
φ values were similar and ranged between 0.77 and 
0.80. On the other hand, the ε300 values 
(macroporosities) varied depending on the tested 
samples, and VN1 gave the highest macroporosity 
among tested samples.  

Table 1 Basic physical properties of tested AAC 
samples. 

Sample ρd 
(g/cm3) 

Gs φ  ε300 

JP 0.50 2.15 0.77 0.34

VN1 0.53 2.71 0.80 0.46

VN2 0.62 2.51 0.77 0.37

3.2 Pore network structure of AAC samples 

Binarized images of tested AAC samples 
scanned with three SR values are shown in Fig. 1. 
In the images, black zones indicate macropores (d 
≥10 μm) and white zones indicate solid parts 
including micropores with d<10 μm. Figure  2 
exemplifies three-dimensional reconstructed 
images,  medial axis skeleton for macropores, and 
shortest paths in the ZZ direction for tested AAC 
samples. Here, the shortest paths ZZ represent the  
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Fig. 1 Binalized images for tested AAC samples with three scanning resolutions (SR). 
 

 
 
Fig. 2  Three-dimensional reconstructred images,  medial axis skelton for macropores, shortest paths in ZZ 
direction, and isolated pores (%) for tested AAC samples (SR = 30 μm/voxel, ROI = 300×300×300). 
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extracted connected pores passing from one side to 
the other side in the ZZ direction (except for 
isolated pores). A big difference among tested AAC 
samples was observed in the shortest paths. For JP 
AAC, the connected macropores that give the 
shortest paths were lower than those for VN AAC 
samples, resulting in a higher number of isolated 
pores (39.0%) compared to those for VN AAC 
(1.2% and 13.0%).  

Figure 3 explemplifies the measured probability 
density data of pore structural parameters (reff of JP 
AAC scanned with SR = 30 μm/voxel). First, three 
ROIs with 300 × 300 × 300 voxels inside the 
reconstructed binarized image were choosen 
arbitrarily, and three probability densities were 
measured. Then, either a normal or log-normal 
distribution curve was fitted to the measured 
probability density data after examining statistical 
tests inlcuding the Shapiro-Wilk test, ANOVA test, 
and Kruskal-Wallis test ([6,7,10]). Based on the 
statistical tests, it was found that reff was fitted to a 
normal distribution curve while N and Tzz were 
fitted to normal distribution curves.  

Measured normal and log-normal distributions 
for pore structural parameters (reff , N, and Tzz) with 
three SR values are shown in Fig. 4. Mean (µ) and 
standard deviation (σ) of measured pore structural 
parameters for tested samples are summarized in 
Table 2.  
 

 
 
 Fig. 3  Measured probability densities of 
effective pore radius (reff) from three ROIs for JP 
AAC. 
 

 

 
 

Fig. 4  Measured log-normal distribution curves of reff and normal ditribution curves of N and Tzz for tested AAC 
samples. Note that the normal distibution curve did not fit the measured probability density of  Tzz for VN2 (SR 
= 30 μm/voxel).

 
Table 2 Summary of pore structural parameters (reff , N, and Tzz) with three SR values. Mean (µ) and standard 
deviation (σ) are given. 
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As shown in Fig. 4, the measured reff  values 
were highly affected by SR values. Normally, the 
mean reff increased with increasing in SR values, 
indicating that scanning with large SRs of 30 and 50 
μm/voxel overestimated the size of macropores 
because of the deviation between the target pores 
(typical d ≥10 μm) and the scanning resolution. 
Comparing the measured reff of JP and VN AAC 
samples with SR = 12 μm/voxel, JP AAC gave a 
larger pore (mean: 46.2 μm) than those of VN AAC 
(mean: 27.5–28.0 μm). In addition, the distributions 
of reff of VN AAC samples became narrower than 
JP AAC. It is supposed that  the differences between 
AAC manufacturing processes of Japan and 
Vietnam cause the difference in macropore network 
structures of AAC blocks. 

On the other hand, there was a small difference 
in  measured N between JP and VN AAC samples, 
and the measured N values did not depend on SR 
values. The measured N for VN2 (mean: 1.38–1.97) 
became slightly lower than those from JP and VN1 
samples (mean: 2.55–3.60). Because the N value 
means the number of surrounding connected pores, 
VN2 has fewer connected macropores (i.e., more 
isolated macropores) than other AAC samples. The 
measured Tzz values for VN1 and VN 2 (mean: 
1.74–1.96) were lower than those for JP (mean: 
1.72–2.20), suggesting that the macropores of VN 
AAC samples were less tortuous (i.e., straighter) 
than those of JP AAC.  

 
3.3 Correlation between measured and 

estimated mass transport parameters from 
MFXCT analysis 
      

In collaboration with predictive modes for mass 
transport parameters, [6] estimated Dp/D0, ka, and Ks 
using measured pore structural parameters from 
MFXCT. For estimating Dp/D0 and ka, the 
Buckingham model [11,12] was applied combined 
with measured mean Tzz values (SR = 12 μm/voxel) 
from MFXCT analysis. For estimating Ks, the 
Kozeny-Carman model [13,14] was applied 
combining MFXCT-driven surface area and total 
porosity (φ).  

A comparison of measured and estimated mass 
transport parameters from MFXCT analysis is 
shown in Fig. 5. For Dp/D0, the estimated values 
from MFXCT analysis for all tested samples fitted 
well the measured values, suggesting that the mean 
Tzz values from MFXCT are very useful to predict 
gas diffusivities of AAC samples (Fig. 5a). For ka, 
the estimated values of VN AAC samples captured 
the measured values well. However, the estimated 
ka of JP AAC was around two times higher than the 
measured value (Fig. 5b). This might be attributed 
to the higher tortuosity of JP AAC (SR = 12 
μm/voxel in Fig. 4). For Ks, the estimated values of 
JP AAC fitted well to the measured value, but the 

estimated values of VN AAC samples 
overestimated the measured Ks values ranging from 
1:2.5 to 1:3.0 (Fig. 5c). 

 

 
 

Fig. 5 Comparisons of measured and estimated 
mass transport parameters from MFXCT analysis. 
(a) gas diffusivity (Dp/D0), (b) air permeability (ka), 
and (c) saturated hydraulic conductivity (Ks). 

 
Overall, the test results showed that the 

estimation of mass transport parameters for AAC 
samples from MFXCT analysis is likely to be 
within the range of acceptable deviations. However, 
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further improvements are needed to make better 
predictions, especially for saturated hydraulic 
conductivity. Particularly, micropores <10 μm were 
not detected due to the limitations of the MFXCT 
system used in this study. These micropores should 
be analyzed and linked to the estimation of mass 
transport parameters. 

4. CONCLUSIONS

The pore network structures of AAC from Japan 
and Vietnam (typical macropore diameter >10 μm) 
were visualized and analyzed by using an MFXCT 
system. Furthermore, the correlations between mass 
transport parameters of AAC such as gas 
diffusivity, air permeability, and saturated hydraulic 
conductivity were examined by comparing the 
measured and estimated mass transport parameters 
from MFXCT analysis. The results of MFXCT 
analysis revealed that the AAC blocks from 
Vietnam had less tortuous macropores with smaller 
and narrower radii than Japanese AAC. The 
estimated Dp/D0 values fitted the measured values 
well for all tested samples, but the estimated ka and 
Ks from MFXCT under- or overestimated the 
measured values. The MFXCT system is able to 
visualize non-destructively the three-dimensional 
characteristics of pore geometry of porous materials 
and to assess pore structural parameters 
quantitatively. Therefore, application of the system 
is encouraged for characterizing construction 
materials. 
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