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ABSTRACT
The air void parameters such as air content and spacing factor are critical to assess
the frost-susceptibility of cement-based materials. The addition of air-entraining
admixture (AEAs) facilitate the formation of well distributed air voids in matrix whereas
the evaluation of air void parameters still follows old-fashioned, yet practically
applicable method in two-dimensional space. We implement the 3D characterization
method to obtain a spacing factor with 2D and 3D linear traverse methods designated
in ASTM C457. The spacing factors for three specimens with different amount of AEAs
are compared with values estimated by the statistical method. The statistical approach
allows obtaining the unique distribution of equivalent air void diameter and paste-void
proximity. Gathered results are compared to assess the evaluation techniques.

1. INTRODUCTION
The spatial configuration of air voids within the cement-based materials strongly
influences the mechanical responses of materials when subjected to the thermal and
mechanical loadings. In particular, the accurate determination of spacing factor is
critical to evaluate the freeze-thaw durability of the materials. The widely used and
applicable method often follows the ASTM C457 which is based on stereological
examination of two-dimensional (2D) surface sections to gain an understanding of 3D
feature of air void systems (ASTM C457). The polished 2D sliced image is prepared
and optically examined to obtain the number and length of air voids across the
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traversed line. Despite the inherent lack of 3D features of air voids, this method is timeconsuming and tedious job. Other available methods enable more efficient and
objective determination of parameters whereas the heterogeneity of air void distribution
is hardly captured with the lack of representativeness. Revisiting the concept of spacing
factor suggested by Powers (1949), the spacing factor often represents some distance
of past-void spacing of an idealized air-void system. However, the paste-air void
distance should have a certain form of distribution rather than being expressed as a
single value. The numerically simulated air-void system does not correspond to any of
alternative spacing equations.
The internal structure of cement-based materials can be obtained by 3D x-ray
computed tomography which has been widely used to qualitatively evaluate air void
content. Taking advantages of CT imaging technique applicable to the characterization
of air void system, we implement the methodology designated in the ASTM C457 (2010)
and Powers (1949) as well as the statistical approaches based on the previously
reported relationship between 95th percentile of CDF for paste-void spacing and
spacing factor (Snyder, 1998).
2. MATERIALS and CT IMAGES
2.1 Specimens
Three cement past specimens are subjected to X-ray CT imaging. Specimens are
prepared by mixing 510 g of cement, 247.4 g of water, and 1250 g of find sand. Among
three, air-entrained agent (AEA) with 3% and 8% of the cement weight is added (e.g.,
Non-AE, AE-1 and AE-2 specimens). It is noted that the specimens do not include
coarse aggregate to accommodate the limitation of resolution in CT images. Adding the
AEA should facilitate the formation or uniformly distributed air voids within the specimen.
Each specimen is first subjected to the conventional and optical examination to assess
the air void parameters by the ASTM procedure.
2.2 X-ray CT devices
The X-ray CT images are obtained using X-EYE CT scan (SEC corporation, Korea)
with a microfocus X-ray tube. The applied voltage and current are 150 kV and 100 µA.
The CCD camera collects the x-ray attenuation information upon irradiation as a flat
panel detector. The wobbling of the manipulator is controlled within 5 µm allowance.
Each pixel has 0.0108 × 0.0108 mm with 1024 × 1024 image size for each sliced image.
The interval between images is 0.00868 mm.
2.3 Image Processing
The original X-ray image contains unexpected noises such as beam-hardening and
ring artifact so that the series of image enhancement techniques is applied. First, the
image is transformed to the Polar Coordinate which makes the radially existing noises
straightforward. Then, the 2D Fourier transformation in conjunction with low-frequency
filter successfully removes the noises as shown in Fig. 1a. To segment the air voids,
the Otsu’s method (Otsu, 1979) is adopted for each image to determine the threshold
value by which air void and solid phase are differentiated. The 3D air void configuration
of AE-2 specimen after stacking 2D sliced images, for instance, is shown in Fig. 1b.
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4. CONCLUSIONS
This study shows the feasibility of 3D X-ray computed tomography applicable to
characterize the air void system in cement-based materials. The most advantageous
function of X-ray CT is the visualization of internal structure which is hardly quantifiable
in most engineering practice. The conventional method to evaluating the spacing factor
has been continuously proposed in 2D although the spacing factor is truly 3D measure.
With the consideration of the significance of spacing factor to assess freeze-thaw
durability, it is critical to correctly estimate it. Based on this study, it is concluded that
the currently applied methods (e.g., linear traverse method) tend to overestimate the
spacing factor compared with the statistically obtained paste-void spacing. It is also
noted that the limitation of CT imaging resides in the specimen size because the void
size that should be identified for spacing factor is less than 100 µm. Nevertheless, the
characterization of construction materials using CT imaging still seems promising.
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