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ABSTRACT 
 
  High strength and ultra-low-permeability concrete (HSULPC) is thought to be a 
suitable packaging material for the geological disposal of radioactive waste containing 
transuranic (TRU) materials, especially radionuclides such as C-14. Therefore, it is 
essential that HSULPC have high confining ability. In this study, the sealing of a 
macro-fracture in HSULPC in water was investigated. Specifically, the macro-fracture in 
HSULPC was observed using micro-focus X-ray computed tomography (CT) before and 
after being stored in seawater, and changes in the macro-fracture in HSULPC were 
investigated using the image subtraction technique. After the observation using X-ray 
CT, the macro-fractured HSULPC specimen was also observed and analyzed using 
scanning electron microscope and energy-dispersive X-ray spectroscopy (SEM-EDX). 
From the observations made using X-ray CT, it was found that the sealing of the 
macro-fracture in HSULPC took place because of precipitation but occurred only around 
the edge of the specimen. Using the image subtraction technique, we could determine 
that the sealed area increased with the time the HSULPC specimen was stored in water 
for. The observations made using SEM-EDX revealed that the main precipitate was 
calcium carbonate, and it was deposited mainly around the edge of the specimen. 
Therefore, we could conclude that when stored in seawater, fracture sealing occurred 
mainly on the edge of the HSULPC specimen and by the precipitation of calcium 
carbonate. 
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1. INTRODUCTION 
 

For the geological disposal of radioactive waste, the radioactivity of the radionuclides 
being disposed should be contained using engineered barriers such as bentonite buffers 
and natural barriers such as rock mass. If a repository for radioactive waste is located in 
an area where the hydraulic gradient is large and permeability is high, the retardation of 
radionuclide migration by these barriers may not be sufficient. Consequently, the 
radioactivity from radionuclides with low adsorption, such as I-129 and C-14, will be 
strong. In order to retard radionuclide migration more effectively, several alternative 
materials for packaging radioactive waste are being developed. In Japan, high-strength 
and ultra-low-permeability concrete (HSULPC) is being developed as a packaging 
material for the geological disposal of transuranic radionuclide (TRU) waste (Kawasaki 
2005, Owada 2005, Shibuya 2005). The aim of this alternative material is to confine the 
radionuclides, especially C-14, over the long-term and to prevent contact between the 
radioactive waste and ground water. It is supposed that C-14 can be confined for about 
60,000 years, which corresponds to the time required for the radiation from C-14 to be 
attenuated to desirable levels. In order to assess the feasibility of using HSULPC for 
these purposes, it is essential to investigate its permeability, chemical durability, and 
time-dependent fracturing.  

In general, water migrates in a solid through networks of fractures and pores. 
Because HSULPC is being considered for use in the packaging of TRU waste, it is 
essential that its confining ability is high. In cementitious materials, precipitation, mainly 
of calcium compounds, occurs in water. Thus, the sealing of fractures and pores by 
precipitation can occur, and this may affect permeability. Because a high confining 
ability is required of HSULPC, a detailed investigation of the sealing of its fractures and 
pores in water is important. 

It is thus important to observe the sealing of fractures and pores directly. Fukuda et al. 
(2010) investigated the sealing of a macro-fracture in HSULPC in water using 
micro-focus X-ray computed tomography (CT). It was found that sealed areas could be 
observed mainly around the edges of the specimens. However, the precipitates 
deposited on HSULPC cannot be studied in detail using only X-ray CT. To be specific, 
no microscopic investigations of these precipitates have yet been conducted and neither 
have the chemical compositions of these precipitates been determined. 

In this study, we observed the sealing of a macro-fracture in HSULPC using 
micro-focus X-ray CT and investigated the chemical compositions of the precipitate 
formed on a HSULPC specimen kept in seawater using scanning electron microscopy 
and energy- dispersive X-ray spectroscopy (SEM-EDX). In particular, by comparing the 
results obtained by SEM-EDX and X-ray CT, we investigated the positions where the 
precipitates formed on HSULPC as well as the composition of these precipitates. 

 
 
 
 
 
 



  

 
2. SAMPLE 
 

A sample of a HSULPC was used for the test specimen. The composition of the 
HSULPC used is provided in Table. 1 (Nara 2010). Fig. 1 shows photographs of the 
macro-fractured HSULPC specimens used in this study. Figs. 1(a) and 1(b) show 
photographs of the specimens used for the X-ray CT- and SEM–EDX-based 
observations, respectively. An initially intact cylindrical specimen of the HSULPC was 
split in half axially using the Brazil test technique and was set in an acrylic cylinder tube. 
The initial aperture of the macro-fracture was approximately 0.1 mm throughout the 
specimen. The diameter and height of the HSULPC specimen were approximately 
13 mm and 15 mm, respectively (Fig. 1(a)). After the X-ray CT-based observations, the 
macro-fracture was filled with an epoxy resin and the specimen ground in a direction 
parallel to the length of the cylinder in order to be able to observe the precipitates in the 
macro-fracture at different depths (Fig. 1(b)). 
 

Table 1. Composition of HSULPC. 
 

 Amount [kg/m3] 
Low-heat Portland cement 744–1014 

Silica fume 158–496 
Fillers (fly ash, blast furnace 

slag, etc.) 225–541 

Aggregates 631–947 
Water-reducing admixture 24 

Water 180 
 

 
 
 
 
 
 
 
 

13mm 

15mm 
8mm 

Fig. 1. Photographs of the specimen. 
(a) For X-ray CT (b) For SEM-EDX 



  

3. OBSERVATION BY X-RAY CT 
 
3.1 Observation Method 
 

The macro-fractured HSULPC specimen was kept in simulated seawater inside a 
plastic bottle (Fukuda 2010). While the specimen was in the water, a vacuum desiccator 
was used to ensure that water would penetrate and fill the entire macro-fracture. The 
amount (weight) of water used was ten times greater than the weight of the HSULPC 
specimen. To avoid the undesirable dissolution of CO2 in the water, the air in the plastic 
bottle was replaced with nitrogen gas. The specimen was kept in a thermostatic 
chamber at a temperature of 293 K. Because X-rays are generally attenuated by the 
presence of water, leading to undesirable errors in image analysis, as discussed below, 
the HSULPC specimens were dried for a day at room temperature before each X-ray CT 
observation so as to remove all water from the specimen. Observations were made 
before and after keeping the specimens in water for 1, 3, and 7 weeks. 

For the X-ray CT-based observations, a micro-focus X-Ray CT scanner (TOSCANER 
31300 mhd, Toshiba IT & Control Systems Co., Ltd.), installed at Hokkaido University, 
Japan, was used. Fig. 2 shows photographs of the CT scanner. Figs. 2(a) and 2(b) are 
photographs of the exterior and interior of the CT scanner. The scanner could be 
categorized as a third-generation machine (Ketcham 2001 and Buzug 2008). The 
focal-spot size of the X-ray tube was 5 μm. The maximum spatial resolution obtainable 
using the CT scanner was 5 μm. The maximum tube voltage and maximum tube current 
were 130 kV and 62 μA, respectively, and these were the values used for every scan 
performed in this study. Slice scanning and cone-beam scanning modes were available 
when using this scanner, and in this study, the cone-beam scanning mode was used, 
where the number of pixels was 1024 × 1024, leading to an area of size 16 μm × 16 μm 
for each pixel, and the slice thickness was 24 μm. 

 
 
 

 
 

(a) Exterior (b) Interior 

Fig. 2. Photographs of the micro-focus X-Ray CT scanner (TOSCANER 31300 mhd). 



  

3.2 Results 
 

On the basis of a display window level of 400 and a window width of 1200, the CT 
slice images taken in this study are presented in grayscale with 256 shades ranging 
from black to white. High CT values, shown in white or brighter colors, correspond to 
regions with higher density. Regions with low CT values, shown in black or darker colors, 
correspond to areas of lower density. 

Fig. 3 shows the CT slice images of the HSULPC specimen before treatment with 
simulated seawater. Fig. 3(a) shows the CT images of the areas around the edge of the 
specimen taken at intervals of 48 μm. In the cases where the position of the slice was 
close to the surface of the specimen, the corresponding CT images were blurry. This 
was due to the “partial volume effect” (Ketcham 2001), where voxels are affected by the 
inclusion of both the solids and the air within them. The blurry images might cause 
significant errors in the image analysis. Hence, in this study, we decided to analyze only 
the CT slice images that did not exhibit the partial volume effect. Fig. 3(b) shows the top 
edge of one such CT slice image that did not show the partial volume effect. We call the 
plane corresponding to the top “Plane-T”. The black frame and yellow line seen in Fig. 
3(b) indicate the region of interest (ROI) and the cross-section used for the SEM–
EDX-based observations. The black frame in Fig. 3(c) indicates the range of the 
extracted fracture. The red frame in Fig. 3(c) indicates the region within which we tried to 
extract the precipitates deposited on the HSULPC specimen using an image subtraction 
technique. 

Fig. 4 shows the macro-fracture and pores extracted from Fig. 3(c), indicating the 
presence of spherical pores inside the specimen. Most of the pores were isolated from 
each other, although some pores were noticed on the surface of the specimen. 
Additionally, some pores were connected to the macro-fracture. It is believed that the 
pores on the surface and those connected to the macro-fracture could be filled when 
they came in contact with water. The red frame in Fig. 4 indicates the same range as 
that indicated by the red frame in Fig. 3(c). 
  Fig. 5 shows the CT images of the macro-fracture, for approximately the same 
cross-section, extracted from five CT images of a specimen before it was immersed in 
seawater and after it was kept in seawater for 7 weeks. The CT images marked in red 
indicate those extracted from the top edge slice and which do not exhibit the partial 
volume effect, as described before. These images are taken at intervals of 48 μm from 
the surface of one end of the specimen to its interior. Most parts of the macro-fracture in 
the HSULPC specimen kept in seawater for 7 weeks in the regions that were close to an 
end surface were sealed. In contrast, sealing to a lesser degree was observed in the 
interior of the specimen. From these results, it can be inferred that sealing of the 
macro-fracture by precipitation generally occurred near the end surfaces of the 
specimen only and that the macro-fractures in these regions were almost completely 
sealed. 

Fig. 6 shows the temporal changes observed in the sealing of the macro-fracture in 
the same cross-section as that in Fig. 3(b). Precipitation was observed after the 
specimen was kept in water for 1 week. Additionally, the sealed area increased over 
time. Because the sealed macro-fracture did not exhibit any reopenings, it can be 
assumed that the precipitates did not dissolve in seawater over the observation period. 



  

In addition, it was also found that the specimen did not swell over the observation 
period. 

In order to extract the precipitates deposited on the HSULPC specimen, we used an 
image subtraction technique on the CT images taken before and after the specimens 
were stored in water. Image subtraction was performed after the image registration 
process using an affine-linear transform (Modersitzki 2004) to minimize the alignment 
gap between the compared images. Fig. 7 shows the results of the image subtraction 
process (i.e., the subtracted images), which were reconstructed in 3D and displayed the 
extracted precipitates. Figs. 7(a), 7(b), and 7(c) show the subtracted images of the 
specimens kept in water for 1 week, 3 weeks, and 7 weeks, respectively. In these 
figures, only the regions with the precipitates are displayed in white. It can be seen from 
these images that both the regions with precipitation and the amount of precipitation 
increased with the immersion time. Fig. 7(c) shows that the regions in the 
macro-fracture that had precipitation are well connected with each other. Figs. 7(b) and 
7(c) show that the precipitation also occurred in the pores present on the specimen 
surface. By contrast, in Fig. 7(a), little precipitation can be observed in the pores. 

Fig. 8 shows an image that is the result of performing image subtraction on the CT 
images taken before and after the specimens were kept in water for 7 weeks. The image 
shows the cross-section for SEM–EDX-based observations. This region is indicated by 
the orange-yellow frame in Fig. 7(c). The white and gray colors in Fig. 8 indicate the 
presence and absence of precipitates, respectively. The macro-fracture exists within the 
yellow frame seen in this figure. Little precipitation was noticed within the yellow frame 
because of the lacks of the region between the surface of the specimen and Plane-T.  

 



  

 

 

Fig. 3. CT images of the HSULPC specimen before treatment 
with seawater, showing the plane for the SEM–
EDX-based observations. 

(c) 3D CT image 
showing plane of 
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7.5mm 

(b) Top edge of the specimen not 
exhibiting the partial volume effect 

(a) CT images of the areas around 
the edge of the specimen 
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Fig. 4. Extracted macro-fracture and pores. 



  

 

 

Surface                                            Inside 
(b) After immersion for 7 weeks 

Fig. 5. CT images of the macro-fracture at intervals of 48 μm. 

Surface                                             Inside 
(a) Before immersion in seawater 

1 week Before 
immersion 

7 weeks 3 weeks 

Fig. 6. Temporal changes in sealing of the macro-fracture. 



  

 

 

 
 
 

(a) 1 week 

(c) 7 weeks 

(b) 3 weeks 

Fig. 7. Results of the 3D reconstruction using subtraction images 
showing only the precipitate. 

Fig. 8. Subtraction image showing the position where SEM–EDX 
observations were made. 



  

4. OBSERVATION BY SEM-EDX 
 
4.1 Observation Method 
 

Using SEM-EDX, we observed the precipitates on the macro-fracture at different 
depths as described in Section 2. A Shimadzu Superscan SS-550 system was used for 
the observations. Before performing the observations, carbon vapor deposition was 
applied on the surface of the specimen shown in Fig. 1(b). Secondary electron images 
of the precipitation deposited were obtained by SEM, and the chemical components of 
the precipitates found on the surface of the macro-fracture were analyzed and identified 
by EDX. 
 
4.2 Results 
 

An SEM photomicrograph of the macro-fractured HSULPC specimen is shown in Fig. 
9. This image is of an area near the surface of the specimen and shows the 
macro-fracture where precipitation occurred. It can be observed that the precipitates fill 
up the macro-fracture. Additionally, some precipitates are also observed on the surface 
of the specimen. 
  Fig. 10 shows the concentration distribution for Ca, C, and O obtained from the 
EDX-based observations. On the basis of the distributions of Ca, C, and O, it can be 
inferred that the precipitate noticed around the edge of the HSULPC specimen is 
CaCO3.  
 

 
 

 
Fig. 9. SEM photomicrograph of the macro-fracture and precipitation in the 

HSULPC specimen. 



  

 
 
5. DISCUSSION 

 
In this study, a macro-fractured HSULPC specimen kept in simulated seawater was 

observed using both X-ray CT and SEM-EDX. Using X-ray CT, we could obtain 
information from various cross-sections of the HSULPC specimen, leading to 
three-dimensional distributional images for the precipitates. These images revealed the 
areas where precipitation occurred in the specimen. Moreover, since X-ray CT is a 
non-destructive technique, it was possible to investigate the temporal changes in the 
amount of precipitation in the specimen without damaging it. However, it was difficult to 
investigate the region around the surface of the specimen because of the partial volume 
effect. It is also difficult to discern the chemical composition of the precipitates using only 
X-ray CT. By using SEM-EDX, we could both study the region around the specimen 

(a) Ca (b) C 

(c) O 

Fig. 10. Results of the EDX analysis. 



  

surface and determine the chemical composition of the precipitates. The SEM–
EDX-based observations could, however, be made for only one cross-section. In 
addition, it was difficult to investigate the temporal changes that occurred in the 
specimen owing to the grinding and polishing of the observed surface as well as the 
carbon coating of this surface required for the observations. It is hence important to use 
both X-ray CT and SEM-EDX for observing fracture sealing in order to compensate for 
their respective disadvantages with respect to specimen observation. 

By keeping the above-mentioned considerations in mind, we could determine the 
chemical composition of the precipitate that was deposited around the edge of the 
HSULPC specimen by SEM-EDX, something that was not possible by X-ray CT. Since 
Ca, C, and O distributions were noticed in the area where the precipitate was deposited, 
it was assumed that the precipitate was CaCO3. In addition, we could also investigate 
the temporal changes in the precipitation by using the X-ray CT system, something that 
was not possible by SEM-EDX. 

It was also evident from the SEM–EDX-based observations that precipitates were 
deposited on the surface of the specimen. This phenomenon may enhance the 
confining ability of HSULPC. The surface of the specimen was in contact with sufficient 
amounts of seawater. The condition for pores existing on the specimen surface was 
very similar to the condition at the end surface of the specimen. As shown In Fig. 7, it is 
found that the precipitates occurred on the pores existing on the surface of the specimen. 
In the case of such pores, when the HSULPC specimen had been kept in the simulated 
seawater for only 1 week, little precipitation was observed. However, the precipitation on 
the pore was obvious after the specimen had been kept in seawater for 3 weeks. 
Fig.7(c) shows that the precipitation on the pore was much remarkable when the 
specimen has been kept in seawater for 7 weeks. The spatial and temporal changes in 
the precipitation on the surface of the specimen are considered to be similar to that in 
the pore on the surface. It was thus considered that the precipitates in the other parts of 
the specimen surface were deposited in the same manner as that in the pores existing 
on the specimen surface, and that the amount of the precipitates on the surface 
increased with time. 

Furthermore, from SEM–EDX-based observation, we could obtain information about 
the distribution of precipitates in positions shallower than Plane-T where X-ray 
CT-based observations were difficult to make due to the partial volume effect. On the 
basis of the results of the image subtraction process (see Figs. 7 and 8), little 
precipitation was observed on the macro-fracture in the section where the SEM–
EDX-based observations were made. This was due to the difficulty in performing image 
subtraction. However, the SEM–EDX-based observations revealed that most parts of 
the macro-fracture were sealed by the precipitates in this region close to the surface. It 
is therefore considered that the macro-fracture around the surface of the HSULPC was 
generally sealed by the precipitates in the same manner. 

It can be considered that the spatial and temporal information can be obtained from 
X-ray CT-based observations, and the chemical composition can be obtained from 
SEM–EDX-based observations. Using both X-ray CT and SEM-EDX can be a very 
useful technique for observing other materials as well.  
  Because we could not obtain subtraction images for regions shallower that Plane-T, at 
present we have no spatial and temporal information related to precipitation on the 



  

macro-fracture near the edge of the specimen. If subtraction images can be obtained 
from this region, we should be able to obtain more detailed knowledge regarding 
precipitation on the macro-fracture near the edge of the specimen as well. This will be 
attempted in a future study.   
 
6. CONCLUSION 
 

In this study, fracture sealing in a HSULPC was investigated. The surface and interior 
of a macro-fractured HSULPC specimen were observed and analyzed using 
micro-focus X-ray CT and SEM-EDX. The results revealed that sealing of the 
macro-fracture occurred only near the end surface of the specimen, and this 
phenomenon was due to precipitation of CaCO3 on the macro-fracture.   

Furthermore, we were able to compare the relative advantages of using both X-ray 
CT and SEM-EDX to investigate the precipitates on the macro-fracture. Because each 
technique compensated for the other’s disadvantages, we could obtain both detailed 
information about the spatial and temporal changes related to the sealing of the 
macro-fracture in the HSULPC and the chemical composition of the precipitate 
responsible for it. 
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