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Abstract 

It is very important to predict alterations in the concrete used for fabricating 

disposal containers for radioactive waste. Therefore, it is necessary to understand 

the alteration of cementitious materials caused by calcium leaching when they are 

in contact with ground water in the long term. To evaluate the long-term transport 

characteristics of cementitious materials, the microstructural behavior of these 

materials should be considered. However, many predictive models of transport 

characteristics focus on the pore structure, while only few such models consider 

both, the spatial distribution of calcium silicate hydrate (C-S-H), portlandite, and 

the pore spaces. This study focused on the spatial distribution of these cement 

phases. The auto-correlation function of each phase of cementitious materials was 

calculated from two-dimensional backscattered electron imaging, and the 

three-dimensional spatial image of the cementitious material was produced using 

these auto-correlation functions. An attempt was made to estimate the diffusion 

coefficient of chloride from the three-dimensional spatial image. The estimated 

diffusion coefficient of the altered sample from the three-dimensional spatial image 

was found to be comparable to the measured value. This demonstrated that it is 
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possible to predict the diffusion coefficient of the altered cement paste by using the 

proposed model. 

 

 

1. Introduction 

In order to provide safe, environmentally sound solutions to managing radioactive 

waste, it is very important to predict alterations in cementitious materials, such as 

concrete used for fabricating disposal containers for radioactive waste. Therefore, it 

is necessary to understand the alteration of cementitious materials caused by 

calcium leaching when they are in contact with ground water in the long term, e.g., 

ten thousand years. Calcium leaching in this period leads to a change of macro 

properties and microstructure in cementitious materials. To evaluate the long-term 

transport properties of cementitious materials, the microstructural behavior of 

these materials, such as alteration by calcium leaching, should be considered. 

However, many predictive models of transport characteristics focus only on the pore 

structure (Iqbal and Ishida, 2009; Bejaoui and Bary, 2007; Yokozeki et al., 2004), 

while only few such models consider the spatial distribution of calcium silicate 

hydrate (C-S-H), portlandite, and the pore spaces. Although X-ray CT has been 

proposed for measuring the spatial distribution of the phases, its resolution is 

insufficient for measuring the extent of calcium leaching (Burlion et al., 2006; Wan 

et al., 2012; Wan et al., 2013). Laser scanning confocal microscopy (LSCM) has been 

proposed to produce three-dimensional images of cementitious material; thus, this 

method would make it possible to detect particles in the sub-micron range (Yio et al., 

2015). However, it is difficult to distinguish between hydrate products such as 

C-S-H and portlandite by LSCM (Head and Buenfeld, 2006). As previously 

mentioned, it is difficult to get real three-dimensional images of cementitious 

materials at the micro level; to overcome this difficulty, a statistical method was 

applied to reconstruct a three-dimensional image of cementitious materials from a 

previous study (Kurumisawa et al., 2012). The authors of a previous study 

investigated the diffusivity of a non-altered hardened cement paste using a 

three-dimensional spatial image model. This model was reconstructed with the 

auto-correlation function calculated based on a backscattered electron image of 

hardened cement paste, thus clarifying the effect of diffusivity of C-S-H on 



diffusivity of hardened cement paste. However, this method has not been applied to 

an altered hardened cement paste such as calcium leaching; the effect of calcium 

leaching on diffusivity of hardened cement paste is not clarified. This study focused 

on the spatial distribution of the cement phases in an altered cement paste with 

calcium leaching. The three-dimensional spatial image of these materials was 

produced by using these auto‒correlation functions. Finally, we attempted to 

estimate the diffusivity of the altered cement paste by using a finite difference 

method in conjunction with the three-dimensional spatial image. 

 

 

2. Experimental 

2.1. Sample preparation 

Ordinary Portland cement (OPC) produced in Japan was used in this study. The 

density of OPC is 3170 kg/m3 and the Blaine surface area is 3340 cm2/g. The 

chemical composition of OPC is listed in Table 1. The water-to-cement ratio for the 

hardened cement pastes (HCP) was maintained at 0.6 (RWMC., 2013) to prevent 

the effect of unhydrated cement on the experimental results and to produce a lower 

CaO/SiO2 ratio specimen by leaching. After mixing, the specimens were poured into 

a mold where they cured for 24 h. After 24 h, the specimens were demolded and 

cured at 50 °C in a saturated calcium hydroxide solution for 91 days to accelerate 

the hydration of the cement. An ammonium nitrate solution was used to accelerate 

the alternation of the hardened cement paste, and the degree of alternation of the 

paste was simulated by changing the concentration of the ammonium nitrate 

solution (Carde and François, 1997; Moranville et al., 2004). As a result, this 

produced hardened cement pastes having different CaO/SiO2 ratios. In this study, 

the concentrations of the ammonium nitrate solution (specimen weight: NH4NO3 

solution weight = 1:30) used were 0.25, 0.4, and 0.6 M, respectively, as listed in 

Table 2, and the immersion time was 7 days without renewal of the solution. The 

specimens were cut from the center of bulk samples (30 mm in diameter and 100 

mm in height) and the specimens used for immersion were 3 mm thick and 30 mm 

in diameter to produce a homogeneous alternation of the specimens. After 

immersion, we measured the CaO/SiO2 ratios (non-altered, 0.25, 0.4, and 0.6 M 

were 3.2, 1.8, 1.3, and 1.0, respectively) at the cross-sections of the specimens by 



using an electron probe micro analyzer (EPMA), as shown in Figure 1, and 

confirmed that the samples were homogeneous. The concentration of elements in 

specimens was determined by standard material (Wollastonite) and the degree of 

CaO leaching was calculated from the CaO concentration as measured by the 

EPMA.  

2.2. Measurement of backscattered electron image (BEI)  

After the NH4NO3 immersion, specimens were immersed in deionized water to 

remove the NH4NO3 solution for 1 day, and we immediately applied the freeze-dry 

method (liquid nitrogen for freezing and vacuumed in less than 10 Pa). A 3-mm cube 

was cut from freeze-dried samples of the hardened cement pastes and was used for 

BEI observations. The freeze-dried specimens were immersed in epoxy resin in a 

vacuum to maintain the microstructure of the specimen; once the resin hardened, 

the specimen surface was polished using SiC paper (grid sizes 800, 1000, 1500, 2000, 

3000, and 5000). Finally, the surfaces of the specimens were smoothed by a 0.25-μm 

diamond paste (Scrivener et al., 2015), and a carbon coat was applied to provide 

electric conductivity to the specimen surfaces. Electron microscopy imaging was 

conducted under the following conditions: an acceleration voltage of 15 keV, a 

working distance of 17 mm, an area of 200 × 150 μm, and a pixel size of 0.32 μm. 

The resolution obtained in this study was 0.32 μm; it was not possible to distinguish 

between pores narrower than 0.32 μm in diameter. We adjusted the brightness of 

the image based on the brightness of the epoxy resin and unhydrated cement. 

Observations were carried out on 16 points on each specimen. Unhydrated cement 

(UH), unhydrated calcium hydroxide (CH), C-S-H (including fine pores and other 

hydrates), and pores larger than 0.32 μm were distinguished using image analysis 

software and by setting brightness thresholds. Each phase was separated by the 

threshold, which is the minimum value of brightness between the peaks of two 

phases. The average area fraction of each phase was considered the volume fraction 

(Igarashi et al., 2004), and the standard deviation of each phase in every sample 

was less than 0.06. 

2.3. Measurement of the micro elastic modulus using a micro-indentation method 

The specimens for indentation analysis were the same specimens as those used for 

the BEI. A Fischers scope (HC-100) was used for measuring the micro elastic 

modulus of the hydration products in the hardened cement paste. One hundred 



indents in a 10 × 10-μm grid were sampled in each specimen, consistent with the 

previous report (Kurumisawa et al., 2013a). The maximum load and rate of loading 

were observed to be 20 mN and 1 mN/s, respectively. The micro elastic modulus can 

be calculated based on the inclination measured upon removing the load, in 

accordance with Oliver (Oliver and Pharr, 1992; Zhu and Bartos, 2000). After the 

measurements, the indents were observed using microscopy to distinguish among 

the different phases (UH, CH, C-S-H, and others).  

2.4. Diffusion coefficient measurements 

The diffusion cell method was used to measure the diffusion coefficients of 30-mm 

diameter, 5-mm thick specimens. One side of the cell was filled with 0.5 mol/L NaCl 

solution and the other side was filled with saturated Ca(OH)2 solution. The 

concentration of Cl− ions in the cell was measured weekly, using ion 

chromatography, for the duration of the experiments. After attaining steady state 

conditions, the diffusion coefficient of a sample was determined by Equation (1) 

using the slope of the time versus concentration plot, 

D =
𝐿

𝐶𝑁
(
𝑑𝐶

𝑑𝑡
∙
𝑉

𝐴
)      (1) 

where D is the diffusion coefficient (m2/s), L is the thickness of the specimen (m), A 

is the area of the specimen (m2), V is the volume of cell (m3), CN is the chloride ion 

concentration (mol/L), and dC/dt is the time gradient of concentration (mol/L/s) 

(Goto and Roy, 1981a, 1981b). Two samples were used in the diffusion tests for each 

type of specimen, and the average of the diffusion coefficients obtained was adopted 

as the diffusivity. 

2.5 Mercury intrusion porosimetry (MIP)   

Crushed samples (size: approximately 3.0 mm) were freeze dried and used for the 

MIP (AutoPore IV 9500, Micromeritics). The porosity and pore size distribution 

study was carried out using a mercury intrusion porosimeter capable of generating 

pressures in the range of sub-ambient to 33,000 psi (227 MPa). The pore radius 

calculations were done using the Washburn equation. 

 

3. Modeling 



3.1. Calculations for an autocorrelation function 

To reconstruct the three-dimensional spatial image of the hardened cement paste, 

an autocorrelation function (ACF) was used for the different phases (UH, CH, pores 

detected by BEI, and other phases) in order to generate a binary image from the 

BEI without the C-S-H phase. The C-S-H phase was not included because, as a 

matrix, it would act as a continuous phase in the hardened cement paste. A detailed 

calculation of an ACF has been included in a previous report (Kurumisawa et al., 

2012; Bentz, 2000). The following procedure was used to calculate an ACF for this 

study: The summation S(x, y) is determined for an M*N image using the following 

equation:  
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where I(x, y) is one, if the pixel at location (x, y) contains the phase(s) of interest, 

and is zero if not. S(x, y) are then converted to a function S(r) for distances r in 

pixels by bilinear interpolation from the values of S(x, y), 
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3.2. Three-dimensional spatial image reconstruction 

An ACF S(r) for each phase mentioned above was used to reconstruct a 

three-dimensional image of the microstructure. The pixels in the three-dimensional 

spatial image were assigned random numbers with a normal distribution function, 

N(x, y, z) that was generated using the Box–Muller method (Bentz, 2000). This 

random number distribution N(x, y, z) was modified using the filter function F(x, y, 

z), which, in turn, was a function of the ACF S(r). Finally, the resultant image R(x, y, 

z) was generated using the following equations: 
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where F(x, y, z) is determined using 
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A threshold operation was carried out to obtain the appropriate volume fractions 

with respect to the number of pixels in R(x, y, z) that were originally assigned to the 

respective phases of interest (UH, pores detected by BEI, or CH). For example, if a 

value of R(x, y, z) is higher than the critical threshold, a pixel is assigned to the 

phase of interest; otherwise, it is assigned to the original phase. The reassigned 

number of pixels corresponds to the volume fraction measured using the BEI. The 

reconstructed size of the image was 1003 voxels with one voxel equivalent to 0.32 

μm3, according to the BEI observations. In addition, we confirmed that 32 μm3 as a 

modeling size was sufficient to be able to calculate, from the result, that 

autocorrelation functions of each phase converged at 10 μm. We reconstructed three 

different images with different random numbers to confirm the reproducibility of 

the model; the application of periodic conditions was also demonstrated. A 

reconstruction method of three-dimensional images of porous materials with ACF is 

reported in previous reports, and this method has been used for evaluating the 

transport properties of porous materials (Adler et al., 1990; Adler and Brenner, 

1992; Quiblier, 1984).  

3.3. Prediction of diffusivity of the hardened cement paste 

The diffusivity of the reconstructed three-dimensional image was predicted based 

on a model proposed in a previous report (Kurumisawa et al., 2012; Garboczi, 1998). 

Garboczi proposed that the diffusivity is the same as conductivity, as shown in the 

following Nernst-Einstein relation: 
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where D is the measured diffusivity, D0 is the diffusivity of the ions being 

considered in free water, σ0 is the conductivity of the solution in the pore space, and 

σ is the measured electrical conductivity. For this calculation, the porosity of C-S-H 

was calculated first using the following equation, which was used in the packing 

model proposed by a previous report (Jennings et al., 2007): 

microHSC EP  0077.05.0           (7) 

where PC-S-H and Emicro are the porosity and elastic modulus, respectively, of the 

C-S-H phase. The elastic modulus was determined using the micro-indentation 

method. The diffusivity of C-S-H was proposed by a previous report (Bejaoui and 

Bary, 2007) to be a function of the C-S-H porosity (PC-S-H). It was observed that the 

low-density (LD) C-S-H and high-density (HD) C-S-H exhibited different 

diffusivities in that study: 

09.2101034.1 HSCLD PD 

            (8) 

82.1111002.2 HSCHD PD 

           (9) 

where DLD is the diffusivity of LD C-S-H (m2/s) and DHD is the diffusivity of HD 

C-S-H (m2/s). The aforementioned porosity of C-S-H is calculated using the elastic 

modulus established with the micro-indentation method, and, thus, the diffusivity 

of C-S-H was calculated. Diffusivity DLD was used in this study because the 

water-to-cement ratio of the specimens was 0.6, which corresponds to LD C-S-H as 

mentioned in the previous report (Tennis and Jennings, 2000). In this study, the 

diffusivity of chloride ions in the pores detected by BEI was maintained at 1.81 × 

10−9 m2/s (Jensen et al., 1999), where the diffusivity of both UH and CH is zero and 

that of C-S-H was determined using the above expressions, as shown in Table 3. For 

the determination of C-S-H diffusivity to be in accordance with the measured bulk 

diffusivity, the diffusivity in the pores was used as input and then, through an 

iterative process, the diffusivity of C-S-H was changed until the measured bulk 

diffusion was matched. 

 



4．Results and discussion 

4.1 BEI 

BEI of hardened cement paste is shown in Figure 2, and the histogram of brightness 

in BEI is shown in Figure 3. After the hardened cement paste was immersed in 

NH4NO3 solution, a large pore (shown in black) was observed and calcium hydroxide 

was found to have disappeared. The area fractions of the phases in the cement paste, 

as measured by BEI, are shown in Figure 4. An average of 16 images is shown in 

Figure 4. The increase in porosity was observed in proportion to the concentration of 

the NH4NO3 solution; more than 60% of the area in the image was occupied by the 

C-S-H phase, including fine pores, which could not be detected from the BEI. 

Porosity measured by BEI was almost the same as porosity greater than 0.32 μm by 

MIP, as shown in Figure 5. An inkbottle effect is included in the result of MIP, but it 

is thought that the effect decreased because large pores are included in the leached 

samples. 

4.2 Autocorrelation function and three-dimensional spatial image 

The autocorrelation function, calculated from the BEI, is shown in Figure 6. The 

correlated length of the pore phase increased with the concentration of immersion 

in NH4NO3 solution, implying that the pores had enlarged. Thus, there was a 

greater possibility of the pores connecting to the calcium-leached specimen. The 

reconstructed three-dimensional spatial image and the pore extraction image are 

shown in Figure 7. It was possible to reconstruct the three-dimensional spatial 

image of different phase distributions by using the ACF. 

4.3 Micro-indentation 

The distribution of the micro elastic modulus, measured by micro-indentation and 

its frequency, is shown in Figure 8 and Figure 9, respectively. The micro elastic 

modulus in the non-altered specimen was heterogeneously distributed in the 

specimen. However, the spatial variation is less for the case of leached samples, 

relative to non-altered samples, as shown in Table 3. It was believed that this was 

because calcium hydroxide in the specimen had leached out in the presence of 

NH4NO3 solution, i.e., most of the remained phase is C-S-H as shown in Figure 4. 

The median elastic moduli are listed in Table 3. The elastic modulus decreased with 

increasing concentration of NH4NO3 solution. The elastic moduli of the non-altered 



and 0.25 M NH4NO3 specimens were lower than those mentioned in the previous 

report, and the elastic moduli of the 0.4 M and 0.6 M specimens were higher than 

those previously reported (Constantinides and Ulm, 2004). This is because the 

nano-indentations method was applied in the previous study and only the elastic 

modulus of C-S-H was measured. The influence of phases, such as fine pores or 

hydrates around the C-S-H, is also included in the results of this study. 

4.4 Prediction of diffusion coefficient 

The diffusion coefficients were calculated based on the previous report 

(Kurumisawa et al., 2012) and the measured diffusion coefficients are plotted in 

Figure 10. There is no direct correspondence between the two results because, 

according to the previous report (Bejaoui and Bary, 2007), the diffusion coefficient of 

C-S-H was determined by the result of non-altered C-S-H. Therefore, in the present 

study, the diffusion coefficient of altered C-S-H by calcium leaching was determined 

based on experimental results of diffusion coefficient. That is, the diffusion 

coefficient of C-S-H was set as an unknown parameter in the model, and the 

unknown parameter was determined using a spatial image model by the inverse 

analysis based on the measured diffusion coefficient of hardened cement pastes as 

mentioned in Section 3.3. The relationship between CaO leaching, determined by 

the EPMA measurements, and the calculated diffusion coefficient of C-S-H by 

inverse analysis is shown in Figure 11. The diffusion coefficient of C-S-H was found 

to have increased with an increase in CaO leaching. As a result, it was shown that 

calcium hydroxide leached out, and the calcium leaching also caused a change in the 

pore structure of C-S-H. This structural change in C-S-H was also shown in 

previous reports (Chen et al., 2004; Kurumisawa et al., 2013a, 2013b; Haga et al., 

2002). Finally, the diffusion coefficient of the altered specimen from the non-altered 

specimen was calculated using the relationship between the diffusion coefficients of 

C-S-H and CaO leaching, as shown in Figure 11. The predicted and measured 

diffusion coefficients of hardened cement paste are plotted in Figure 12. The 

predicted diffusion coefficient, calculated based on the previous report, was also 

plotted in Figure 12 (Jitendra and Neithalath, 2009). In the previous report, the 

diffusion coefficient was calculated using equation (5), and porosity, measured by 

MIP, was used for the calculation of diffusion coefficients. A result of the calculation, 

almost all of the predicted value based on the previous report was overestimated 

compared to the experimental value. The predicted value of this study was in 

sufficient agreement with the experimental value; thus, it was possible to predict 



the diffusivity of the altered cement paste by using the proposed relationship in this 

study, as shown in Figure 11. However, these results are applicable only to Portland 

cement paste; their application to blended cement with fly ash or blast furnace slag 

should be investigated in the future (Kamali et al., 2008). 

 

5. Conclusion 

An attempt was made to estimate the diffusion coefficient of chloride from the 

three-dimensional spatial image, which was reconstructed from the autocorrelation 

function calculated based on the backscattered electron image. It was observed that 

the diffusion coefficient of C-S-H increased with the extent of calcium leaching. The 

estimated diffusion coefficient of the altered sample, from the three-dimensional 

spatial image, was comparable to the measured value. Thus, it was demonstrated 

that it is possible to predict the diffusion coefficient of the altered cement paste 

using the proposed model. 
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Table 1: Chemical composition of cement (wt%) 

 

 

Table 2: Conditions of hardened cement pastes 

 

 

 

 

 

 

Table 3: Median value of microelastic modulus of hardened cement pastes, C-S-H 

porosity, and diffusivity of C-S-H calculated with previous report. 

 

 

 

 

Conditions  

Concentrations of ammonium nitrate (mol/L) 0.25, 0.40, 0.60 

Liquid/Solid ratio (mass) 30 

Leaching period 7 days 

NH4NO3/Solid ratio(mass) 0.6, 1.0, 1.4 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 

21.31 5.39 2.75 64.57 1.76 2.05 0.17 0.4 

Specimen 
Microelastic 

modulus(GPa) 

C-S-H 

porosity 

Diffusivity of C-S-H  

⨯10-10 (m2/s) calculated 

by previous report 

Non-altered 14.3±4.8 0.39 0.187 

0.25 M NH4NO3  14.1±3.9 0.391 0.188 

0.4 M NH4NO3 9.5±3.1 0.427 0.226 

0.6 M NH4NO3 9.4±3.0 0.428 0.227 



 

Figure 1: CaO/SiO2 distribution of specimens measured by EPMA 

(Average CaO/SiO2 is BL: 3.2, 0.25M:1.8, 0.4M:1.3, 0.6M:1.0.) 
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Figure 2: Backscattered electron image of hardened cement paste (200*150 μm),  

a) non-altered cement paste, b) specimen immersed in 0.25 M NH4NO3, c) specimen 

immersed in 0.4 M NH4NO3, d) specimen immersed in 0.6 M NH4NO3 

Figure 3: Brightness of backscattered electron image of hardened cement paste 
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 Figure 4: Area fraction of phases measured using backscattered electron image 

 

Figure 5: Pore size distribution of specimens measured by MIP 
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Figure 6: Autocorrelation function of hardened cement paste, a) non-altered cement 

paste, b) specimen immersed in 0.25 M NH4NO3, c) specimen immersed in 0.4 M 

NH4NO3, d) specimen immersed in 0.6 M NH4NO3 
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Figure 7: Reconstructed 3D spatial image of hardened cement paste, left: view of 3D 

image, right: view of extraction of pores, a) non-altered cement paste, b) specimen 
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immersed in 0.25 M NH4NO3, c) specimen immersed in 0.4 M NH4NO3, d) specimen 

immersed in 0.6 M NH4NO3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Distribution of micro elastic modulus in hardened cement paste 
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Figure 9: Frequency of micro elastic modulus in hardened cement paste 

 

Figure 10: Plot of measured and predicted chloride diffusion coefficient of hardened 

cement paste calculated based on previous report 
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 Figure 11:  Plot of CaO leaching and diffusivity of C-S-H calculated using inverse 

analysis 

Figure 12: Plot of measured and predicted chloride diffusion coefficient of hardened 

cement paste calculated using the proposed relations 
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The 3D spatial image of the cement paste was produced using the auto‒correlation 

functions.  

An attempt was made to estimate the diffusion coefficient of chloride from the 3D 

spatial image.  

The estimated diffusivity from the 3D image was found to be comparable to the 

measured value.  

It is possible to predict the diffusivity of the altered cement paste by using the 

proposed model. 

 


