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Abstract 10 

In concrete structures intended for long-term use, the diffusion properties change over 11 
time with possible chemical reactions that may happen in the concrete. In this study, we 12 
performed a two-week Cesium Chloride diffusion test on cored samples from five 13 
different walls in a nuclear power plant. The reaction between feldspar group aggregates 14 
and cement paste was confirmed previously. We measured the diffusion profiles of 15 
Cesium and Chloride ions by electron probe micro analyzer. The diffusion of chloride ions 16 
was faster than cesium. Cesium was adsorbed into certain aggregates and replaced 17 
sodium, resulting in an anomalous diffusion profile. Taking into account the impact of 18 
charged surface of calcium aluminate silicate hydrates (C-A-S-H), we simulated the ionic 19 
diffusion with the finite difference method and obtained an apparent diffusion 20 
coefficient. The diffusion was slow in samples with lower calcium over alumina plus silica 21 
ratio of amorphous C-A-S-H. However, diffusion was more effortless in the samples 22 
containing the crystal form of C-A-S-H, Al-tobermorite. Such ease of diffusion could be 23 
attributed to the difference in morphology of C-A-S-H. In contrast to samples without Al-24 
tobermorite, we observed higher cesium concentrations than chloride near the diffusion 25 
surface in samples with Al-tobermorite. It seems that the cesium was adsorbed in 26 
cement paste by exchanging with alkali on Al-sites. 27 
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Article Highlights 29 

 Cesium chloride diffusion tests were performed on saturated samples of aged 30 
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concrete containing Al-tobermorite/no Al-tobermorite. 31 

 The apparent diffusion coefficient was lower for the samples with lower Ca/(Al+Si) 32 
in the amorphous phase of cement paste. 33 

 Samples containing Al-tobermorite showed lower tortuosity and higher uptake of 34 
cesium. 35 

1 Introduction 36 

The transport of ions in cement-based materials has been widely studied since it is one 37 
of the most common phenomena for any concrete structure whose surfaces are not 38 
perfectly coated. Invasion of ions from the surrounding environment to the concrete is 39 
susceptible to degrading the concrete's properties and reducing the structure's service 40 
life. Such degradation includes chloride-induced corrosion of reinforcing steel bars, 41 
carbonation, and alkali-silica reactions. The invading ions first penetrate the surface of 42 
the concrete and then transport further into the internal part via the pore network by 43 
diffusion, migration, advection, and capillary suction. In saturated concrete, which is the 44 
case of the inner part of thick concrete structures, diffusion through pores is the 45 
predominant mechanism. 46 

Diffusion of the ions depends on environmental factors and the material properties, 47 
especially the microstructure and phase composition of cement paste. In Portland 48 
cement paste, the calcium silicate hydrates (C-S-H) are the main phase accounting for 49 
more than 60% of the volume. C-S-H is composed of a central calcium oxide layer, on 50 
which silica is attached in the form of dimers. When the pairing silica dimers are not 51 
connected, the general case known as empty bridging positions, interlayer calcium ions 52 
will be more concentrated in some places, causing more water. As a result, the main 53 
calcium layers are winded, forming larger and smaller spaces (Gartner et al. 2017). These 54 
larger spaces are called gel pores, while the smaller spaces are known as interlayer 55 
spaces. The network of gel pores and interlayer spaces, together with the high specific 56 
surface area, makes the C-S-H the main diffusion media for invading ions. At the interface 57 
with water in gel pores and interlayer space, the silanol group deprotonates (i.e., loses 58 
an H+), which is then compensated by calcium ions resulting in a positively charged 59 
surface (Lothenbach and Nonat 2015; Richardson 2014). These positively charged 60 
surfaces of C-S-H accelerate the diffusion of anions while decelerating that of cations 61 
(Goto and Roy 1981; Johannesson et al. 2007). Furthermore, the chloride ions can be 62 
physically adsorbed on C-S-H, reducing the rate of diffusion (Martín-Pérez et al. 2000). 63 
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Chloride ions are also bounded chemically to other hydrates such as 64 
monosulfoaluminate (AFm) (Georget et al. 2022a) and Friedel's salts (Shi et al. 2017). 65 

Concerning the analysis and modeling of diffusion, Fick’s law was applied in the 66 
beginning (Maage et al. 1996; Page et al. 1981; Thomas and Bamforth 1999). Later, 67 
improved models were developed by considering the interaction between the solid 68 
phase and ions. Specifically for chloride ions, for instance, (Martín-Pérez et al. 2000; Xi 69 
and Bazant 1999) considered the physical or chemical adsorption in the modeling. The 70 
importance of the electrical double layer that formed near the surface of C-S-H was 71 
pointed out (Elakneswaran et al. 2009; Goto and Roy 1981) and considered in 72 
(Elakneswaran et al. 2010; Friedmann et al. 2008; Samson et al. 2000). Since the 73 
interaction between various ion species that are diffusing cannot be treated 74 
independently (Gupta et al. 2019), multi-ionic diffusion models were proposed 75 
(Johannesson et al. 2007; Samson et al. 2000) and further developed (Hosokawa et al. 76 
2011; Kari et al. 2013; Samson and Marchand 2007). Recently, (Ichikawa 2022) pointed 77 
out several shortcomings of many models, such as insufficient consideration of electrical 78 
neutrality conditions. In the same work, (Ichikawa 2022) constructed a new model for 79 
ion diffusion in porous solid with surface charge, departing only from three fundamental 80 
laws: the general theory of diffusion, Gauss's law, and electrical neutrality condition. 81 
However, complex models require sophisticated material parameters as input, 82 
compromising the applicability and accuracy of prediction. To assess the durability of 83 
concrete structures in the long term, (Sui et al. 2019) proposed a more generic approach 84 
based on multiple experimental techniques, while (Georget et al. 2022b) discussed the 85 
merit of using Fick’s law, which is the origin of the so-called square-root law. 86 

Most of the studies were performed on laboratory-made cement paste and concrete 87 
samples. In engineering practice, the properties of aged concrete could be somewhat 88 
different from that of laboratory-made ones after long-term use. For instance, in massive 89 
concrete walls of the decommissioning Hamaoka nuclear powerplant, the cement 90 
hydrates reacted with the silica and alumina released from feldspar group aggregates 91 
after 16½ years of operation under a relative humidity higher than 80% (Rymeš et al. 92 
2019). As a result, alumina was incorporated into C-S-H. It formed calcium aluminate 93 
silicate hydrates (C-A-S-H), whose calcium over silica (Ca/Si) molar ratio decreased 94 
(Maruyama et al. 2021). In the walls whose temperature during the operation was higher 95 
than ~40 °C, crystal form of C-A-S-H, Al-tobermorite was formed. Such changes, i.e. 96 
changes in tortuosity of pores, reduction of microstructural surface, and surface charge 97 
of hydrates affect the transport of ions. Taking the alkali ions (such as sodium or 98 
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potassium) which diffuse together with chloride ions, the alkali binding in C-S-H/C-A-S-99 
H increases with the decrease of the Ca/Si molar ratio (Johannesson et al. 2007) and also 100 
with the presence of alumina (Hong and Glasser 2002). Experimental studies on such 101 
aged concrete are necessary to understand the in-situ condition better and deal with 102 
accidents such as the contamination of concrete structures by radionuclides in the 103 
Fukushima accident (Tomita et al. 2021). And the obtained data also give an inspiration 104 
how the elements diffuse in the system after formation of Al-tobermorite in the system 105 
of a nuclear geological disposal (Dauzeres et al. 2010; Martin 1994). We performed 106 
hence cesium chloride diffusion experiment using cored concrete specimens from the 107 
walls mentioned above of the Hamaoka nuclear powerplant, aiming to shed some light 108 
on the impact of Al-tobermorite formation on diffusion properties of concrete. Since the 109 
concrete samples do not contain cesium, cesium was preferred instead of sodium or 110 
potassium. The diffusion profiles were measured by an electron probe micro analyzer 111 
(EPMA), which was proven to be an efficient method in evaluating the diffusion profiles 112 
(Elakneswaran et al. 2010; Mori et al. 2006) . 113 

2 Material and method 114 

2.1 Sample 115 

The samples were from unit 1 of the Hamaoka Nuclear Power Plant located in Omaezaki, 116 
Shizuoka Prefecture, Japan. Two samples were from internal wall #1 (IW1), and three 117 
were from the biological shielding wall (BSW). The mixture proportions of the concrete 118 
of the two walls are given in Table 1. 119 

Table 1 Mixture proportion of the concretes (Horiuchi et al. 1975) 120 

 

Design 

Strengt

h 
 

Cemen

t type* 

Slum

p 

(cm) 

Air 

(%

) 
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aggregat
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(mm) 

Water 
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Sand 

volume 

to 

aggregat

e 

volume 
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Cemen

t 

Wate

r 

San

d 

Gravel 

(5–

25 mm

) 

Water 

reducing 

agent**(mass

% per 

cement) (kg/m3-concrete) 

IW1 22.1 O 12 
3.

5 
25 48.3 38.5 300 145 734 1178 0.750 
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BS

W 
22.1 M 12 

3.

5 
25 48.0 39.7 300 144 758 1160 0.750 

*Cement type: O: ordinary Portland cement; M: moderate-heat Portland cement (according to 121 
the Japanese Industrial Standard JIS R 5210(JSA 1973)). 122 

**Water reducing agent: lignin-based water reducing agent. 123 

Cylindrical samples with a height of 5 cm and diameter of 10 cm were cored from 124 
different locations of the walls with air-cooled dry coring to avoid any loss of ions (such 125 
as washing away calcium ions). Samples were denoted with the wall's name followed by 126 
the distance between the core center and the wall's surface: IW1-100, IW1-500, BSW-127 
100, BSW-100, BSW-380, and BSW-1085. Maruyama et al., (Maruyama et al. 2021) 128 
reported the mineral composition of these samples from quantitative XRD Rietveld 129 
analysis and confirmed that feldspar group aggregates dissolved and reacted with 130 
cement hydrates. Al-tobermorite was present in BSW-380 and BSW-1085 but not in IW1-131 
100, IW1-500, and BSW-100. Concerning the diffusion of cesium and chloride ions, we 132 
retrieved the following information from (Maruyama et al. 2021)Table 2: 133 
monosulfoaluminate (AFm), Al-tobermorite content of the samples, and the reaction 134 
degree of aggregates (summarized in Table 2). The reaction degree of aggregate was 135 
defined as the mass ratio of the aggregates that reacted with cement hydrates over the 136 
total amount of aggregates in the initial mixture. 137 

Table 2 AFm, Hydrogarnet, Al-tobermorite content, and reaction degree of the 138 
aggregate of the samples (data are from (Maruyama et al. 2021)) 139 

Sample 
AFm per 

cement paste 
[%] 

Al-tobermorite 
per cement 

paste [%] 

Reaction 
degree of 

aggregate [%] 

IW1-100 0.67 0.00 2.65 

IW1-500 0.20 0.00 2.53 

BSW-100 0.09 0.00 3.69 

BSW-380 0.00 12.46 6.20 

BSW-1085 0.00 4.37 5.88 

From the cylindrical sample of 5 cm height and 10 cm diameter, we cut a prism sample 140 
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of section 15 mm × 25 mm and height of 5 cm and immersed the sample into saturated 141 
lime water, stored at 20 °C for 28 days. Then, for each specimen, one surface of 15 mm 142 
× 25 mm was designated as the surface of diffusion, and all other fives surfaces were 143 
coated with epoxy (Infraguard CRJ S, Sekisui chemical co.,) which is impermeable against 144 
water. 145 

2.2 Experiment 146 

After the epoxy hardening, samples were immersed in a cesium chloride solution of 147 
concentration 0.5 M. One-dimensional diffusion under such conditions continued for 15 148 
days. 149 

At the end of the diffusion test, we cut samples along a perpendicular direction to the 150 
diffusion surface with a Diamond saw using oil as a lubricant to avoid any perturbance 151 
on the diffusion profile of cesium and chloride ions. Lubricant oil was also used during 152 
the subsequent polishing of the sample surface. The oil was washed away by ultrasonic 153 
washing in isopropanol. Then, the samples were dried and kept under a vacuum for five 154 
days before being sealed and kept for observation under an electron probe micro 155 
analyzer (EPMA). 156 

The surface of the samples was mirror polished and coated with carbon to enhance the 157 
conductivity. Elemental distributions on the surfaces were measured using a JXA-8100  158 
(JEOL Ltd., Japan). Measurement settings were as follows: accelerator voltage: 15 kV, 159 
probe current: 200 nA, probe diameter: 50 μm, spatial resolution (i.e., pixel size): 100 160 
μm × 50 μm, measurement interval: 40 ms/pixel. The elements measured in EPMA were 161 
Cs, Cl, Na, K, CaO, Si, Al, S, Fe, and Mg. Measurement results were expressed in mass 162 
fraction of elements (Cs and Cl) or oxides (Na2O, K2O, CaO, SiO2, Al2O3, SO3, Fe2O3, and 163 
MgO). 164 

3 Experimental results 165 

The cesium and chloride ion distributions from EPMA scanning are shown in Figure 1. 166 
Combining with the optical photograph of the samples and distribution maps of other 167 
elements (specifically CaO, SiO2, Al2O3), we can distinguish cement paste from 168 
aggregates and see that chloride ions diffused only through cement paste. As for cesium 169 
ions, we can observe adsorption by some aggregates in addition to the diffusion mainly 170 
through cement paste. 171 

To obtain the diffusion profiles of cesium and chloride ions in the cement paste, we 172 
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removed the pixels belonging to aggregates following the method presented by (Mori et 173 
al. 2006). The criteria of cement paste are expressed in the average value of 18 mm width 174 
(central part in the 25 mm of sample width) as follows: CaO < 10 mass%, 12 mass% < 175 
SiO2 < 35 mass% (for IW1-100 and BSW-100) or 20 mass% < SiO2 < 45 mass% (for all the 176 
other samples). The obtained distribution maps of cesium and chloride ions on cement 177 
paste are displayed in Figure 1. 178 

EPMA measurement on whole sample After removing aggregates 

𝐶𝐶𝐶𝐶+ 𝐶𝐶𝐶𝐶− 𝐶𝐶𝐶𝐶+ 𝐶𝐶𝐶𝐶− 
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Figure 1 Distribution maps of cesium and chloride ions obtained from EPMA scanning. 179 
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From top row to bottom: IW1-100, IW1-500, BSW-100, BSW-380, BSW-1085. 180 

Integrating the distribution maps on cement paste along the width, we obtained the 181 
diffusion profile of cesium and chloride as a function of the diffusion distance. The 182 
diffusion profiles are shown in Figure 2. For all the specimens, the diffusion of chloride 183 
ions was faster than that of cesium ions. Chloride molar concentration was higher than 184 
cesium all along the diffusion profile, except for the near-surface parts in the specimens 185 
BSW-380 and BSW-1085. In the sample BSW-100, a local minimum was observable 186 
around the diffusion distance of 4 mm for both cesium and chloride. We assume that 187 
this abnormality is caused by aggregate and discuss the role of aggregate in section 5.34. 188 
As the article's main objective is diffusion through cement paste, we will analyze the 189 
diffusion profiles and estimate the diffusion coefficient in the next section. 190 

4 Estimation of the diffusion coefficient 191 

Fick's law is the most straightforward way to analyze the diffusion rate from the 192 
concentration profiles in Figure 2. Though Fick’s law oversimplifies the diffusion through 193 
C-A-S-H, it has been shown by (Georget et al. 2022b) that it is still applicable when other 194 
phenomena, such as binding, are at equilibrium (i.e., not time-dependent). Since the 195 
cesium and chloride ions diffuse through the pores of C-A-S-H and interact with the 196 
charged surfaces, we acknowledge the importance of considering such charged surfaces' 197 
role. Therefore, in the following, we estimate the diffusion rate of cesium and chloride 198 
by using Fick's law and then by a model that accounts for the impact of charged surface 199 
on the ionic diffusion. 200 

4.1 Fick's law 201 

Fick's law states that the gradient of concentration drives diffusion. Noting the flow and 202 
concentration of ion 𝑖𝑖 (𝑖𝑖 = 𝐶𝐶𝐶𝐶+,𝐶𝐶𝐶𝐶−) as 𝑗𝑗𝑖𝑖 and 𝐶𝐶𝑖𝑖, respectively, Fick's law reads as: 203 

 𝑗𝑗𝑖𝑖 = −𝐷𝐷𝑖𝑖∇𝐶𝐶𝑖𝑖, (1) 

With Di, the diffusion coefficient of ion 𝑖𝑖. In the case of one-dimensional diffusion, 204 
like in the experiment of this study, inserting the above Fick’s law Eq.(1) into the following 205 
transport equation, 206 

 
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕

= −
𝜕𝜕𝑗𝑗𝑖𝑖
𝜕𝜕𝜕𝜕

, (2) 

with 𝜕𝜕 being the distance from the sample surface and 𝜕𝜕 being the diffusion time, we 207 
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obtain the standard diffusion equation: 208 

 𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖
𝜕𝜕2𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕2

, (3) 

The analytical solution of the above Eq.(3) gives us the diffusion profile of ion 𝑖𝑖 at time 209 
𝜕𝜕: 210 

 𝐶𝐶𝑖𝑖(𝜕𝜕, 𝜕𝜕) = 𝐶𝐶𝑖𝑖0 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝜕𝜕

2�𝐷𝐷𝑖𝑖𝜕𝜕
�� + 𝐶𝐶𝑖𝑖∞. (4) 

Since the concentration profile is a function of 𝜕𝜕/√𝜕𝜕, Fick's law-based diffusion solution 211 
is also known as square-root diffusion. In the case of the experiment, before diffusion, 212 
the initial concentrations of cesium and chloride in the samples were zero, which 213 
translates as 𝐶𝐶𝑖𝑖∞ = 0. 214 

Fitting the measured diffusion profiles in Figure 2 to Eq.(4), we obtained diffusion 215 
coefficients for cesium and chloride in each sample. It should be noted that, while fitting 216 
Eq.(4) to the measured ion concentration profiles, we neglected the measurement of the 217 
first 1 mm depth considering possible calcium leaching. Furthermore, we neglected the 218 
irregularities caused by aggregates, such as the local minimum near the surface in IW1-219 
500, BSW-100, faster decrease, and the shoulder towards the diffusion front in IW1-100 220 
and IW1-500, respectively. The results are displayed in Figure 2, marked as Fick’s law. 221 

The above fitting gave an apparent diffusion coefficient 𝐷𝐷𝑖𝑖  and an ionic concentration 222 
𝐶𝐶𝑖𝑖0 on the surface. The following section will use these concentrations on the surface as 223 
boundary conditions, which was the other motivation for using Fick's law in this study. 224 

4.2 Ionic diffusion in porous solid with surface charge 225 

To consider the impact of the charged surface of C-A-S-H solid layers on ionic diffusion, 226 
we referred to the theory of ionic diffusion in water-saturated porous solid with surface 227 
charge developed (Ichikawa 2022). We assume that the solid surface along the diffusion 228 
path is positively charged with a density of 𝐸𝐸, and that the positive charge is equilibrated 229 
with movable 𝑂𝑂𝑂𝑂− anions of concentration 𝐶𝐶𝑂𝑂𝑂𝑂−𝑖𝑖𝑖𝑖 , which will be exchanged with the 230 
diffusing 𝐶𝐶𝐶𝐶−. Hence, this section considers three types of ions, i.e., 𝑖𝑖 = 𝐶𝐶𝐶𝐶+,𝐶𝐶𝐶𝐶−,  𝑂𝑂𝑂𝑂−. 231 

The general theory of diffusion states that the driving force of diffusion is the gradient 232 
of chemical potential 𝜇𝜇 (Ichikawa 2022). Assuming that the chemical potential 𝜇𝜇𝑖𝑖 of 233 
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ion 𝑖𝑖  is composed of free energy of dilution and electrostatic energy, for the 234 
monovalent ions, the chemical potential reads as: 235 

 𝜇𝜇𝑖𝑖 = 𝑅𝑅𝑅𝑅𝐶𝐶𝑅𝑅𝐶𝐶𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝐹𝐹, (5) 

𝑅𝑅 and 𝑅𝑅 are the universal gas constant and temperature; 𝐹𝐹 and 𝐹𝐹 are the Faraday 236 
constant and molar electrostatic potential. 𝑧𝑧𝑖𝑖 is the charge valence, i.e., equals +1 for 237 
𝐶𝐶𝐶𝐶+, and -1 for 𝐶𝐶𝐶𝐶−,𝑂𝑂𝑂𝑂−. Thus, we obtained the flow of the ion according to the general 238 
theory of diffusion as follows: 239 

 𝑗𝑗𝑖𝑖 = −𝐷𝐷𝑖𝑖 �∇𝐶𝐶𝑖𝑖 +
𝑧𝑧𝑖𝑖𝐹𝐹𝐶𝐶𝑖𝑖
𝑅𝑅𝑅𝑅

∇𝐹𝐹�. (6) 

In the case of one-dimensional diffusion, like in the experiment of this study, inserting 240 
the above Eq.(6) to the transport Eq.(2), we obtain: 241 

 𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖
𝜕𝜕2𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕2

+ 𝐷𝐷𝑖𝑖
𝜕𝜕
𝜕𝜕𝜕𝜕

�𝑧𝑧𝑖𝑖𝐶𝐶𝑖𝑖
𝐹𝐹
𝑅𝑅𝑅𝑅

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕
� (7) 

The electrostatic potential in the above equation can be obtained by considering the 242 
condition that the diffusion of ions does not generate an electrical current, which reads 243 
as: 244 

 𝑗𝑗𝐶𝐶𝐶𝐶 = 𝑗𝑗𝐶𝐶𝐶𝐶 + 𝑗𝑗𝑂𝑂𝑂𝑂. (8) 

Inserting the flow ions of Eq.(6) into the above Eq.(8), we obtain the electrostatic 245 
potential as: 246 

 𝐹𝐹
𝑅𝑅𝑅𝑅

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕

=
𝐷𝐷𝑂𝑂𝑂𝑂

𝜕𝜕𝐶𝐶𝑂𝑂𝑂𝑂
𝜕𝜕𝜕𝜕 + 𝐷𝐷𝐶𝐶𝐶𝐶

𝜕𝜕𝐶𝐶𝐶𝐶𝐶𝐶
𝜕𝜕𝜕𝜕 − 𝐷𝐷𝐶𝐶𝐶𝐶

𝜕𝜕𝐶𝐶𝐶𝐶𝐶𝐶
𝜕𝜕𝜕𝜕

𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐷𝐷𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐷𝐷𝑂𝑂𝑂𝑂𝐶𝐶𝑂𝑂𝑂𝑂
= Θ(𝐷𝐷𝑖𝑖 ,𝐶𝐶𝑖𝑖). (9) 

Finally, by replacing the electrostatic potential in Eq.(7) with Θ of Eq(9), we obtain the 247 
partial differential equation system that governs the diffusion in the sample: 248 

 𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖
𝜕𝜕2𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕2

+ 𝑧𝑧𝑖𝑖𝐷𝐷𝑖𝑖 �Θ
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝜕𝜕

+ 𝐶𝐶𝑖𝑖
𝜕𝜕Θ
𝜕𝜕𝜕𝜕
�. (10) 

In contrast to Fick's law, in Eq.(10)(3), the diffusion of cesium and chloride ions are 249 
coupled with each other in the above Eq.(3)(10). The solution of Eq.(10) requires us to 250 
specify the boundary and initial conditions. 251 
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The boundary conditions include the concentration of ions at the sample surface 𝜕𝜕 = 0 252 
for any time 𝜕𝜕. In the outer solution, the OH- concentration is too low compared with 253 
𝐶𝐶𝐶𝐶+ and 𝐶𝐶𝐶𝐶−concentrations. We take 𝐶𝐶𝑂𝑂𝑂𝑂−𝑏𝑏𝑖𝑖  of 𝑂𝑂𝑂𝑂− at the sample surface equal to 254 
zero. Considering the irregularities on the sample surface in the measured diffusion 255 
profiles, we take the concentrations 𝐶𝐶𝐶𝐶𝐶𝐶+

𝑏𝑏𝑖𝑖   and 𝐶𝐶𝐶𝐶𝐶𝐶−𝑏𝑏𝑖𝑖   of 𝐶𝐶𝐶𝐶+  and 𝐶𝐶𝐶𝐶−  at the sample 256 
surface from the fitting results 𝐶𝐶𝑖𝑖0 of section 4.1, not from the measurement. 257 

The initial conditions include the concentrations of ions along the whole diffusion path 258 
at time 𝜕𝜕 = 0 . The initial 𝐶𝐶𝐶𝐶+  and 𝐶𝐶𝐶𝐶−  concentrations are equal to zero. The 259 
concentration 𝐶𝐶𝑂𝑂𝑂𝑂−𝑖𝑖𝑖𝑖   of 𝑂𝑂𝑂𝑂−  should be equal to the surface charge density 𝐸𝐸 . 260 
However, without direct measurement and a simple estimation method, 261 
𝑤𝑤𝑒𝑒 𝑐𝑐𝑐𝑐𝑅𝑅𝐶𝐶𝑖𝑖𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑐𝑐 𝐶𝐶𝑂𝑂𝑂𝑂−𝑖𝑖𝑖𝑖  as a fitting parameter. 262 

Given that the governing Eq.(10) is coupled with high-order partial differential equations, 263 
we used the finite difference method with the Forward Euler scheme. We constrained 264 
step length Δ𝜕𝜕  and mesh size Δ𝜕𝜕  that satisfy 𝐷𝐷𝑖𝑖Δ𝜕𝜕/Δ𝜕𝜕2 = 0.2 to assure the 265 
convergence. Further, we assumed that the self-diffusion coefficient of 𝑂𝑂𝑂𝑂− and 𝐶𝐶𝐶𝐶− 266 
are the same, 𝐷𝐷𝑂𝑂𝑂𝑂− = 𝐷𝐷𝐶𝐶𝐶𝐶− , to reduce the number of fitting parameters. Then, adjusting 267 
the two diffusion coefficients 𝐷𝐷𝐶𝐶𝐶𝐶+   and 𝐷𝐷𝐶𝐶𝐶𝐶−  , and the initial concentration 𝐶𝐶𝑂𝑂𝑂𝑂−𝑖𝑖𝑖𝑖   of 268 
the movable 𝑂𝑂𝑂𝑂−  ions, a quasi-best fit to the experimental measurement was 269 
obtained and compared with the experimental results in Figure 2. 270 

  

(a) IW1-100 (b) IW1-500 
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(c) BSW-100 (d) BSW-380 

 

(e) BSW-1085 

 271 

Figure 2 Diffusion profile of cesium and chloride ions along the height of the 272 
specimens. Points are experimental results from EPMA maps; Dashed lines are fittings 273 
with Fick’s law Eq.(4); Continuous lines are fittings of ion diffusion model with surface 274 

charge, Eq.(10). 275 

The apparent diffusion coefficients from the ionic diffusion model are compared with 276 
the apparent diffusion coefficient obtained from Fick's law in Figure 3. Since there is no 277 
significant difference between the apparent diffusion coefficients obtained from the 278 
model and Fick's law, we will use the apparent diffusion coefficient obtained from the 279 
model in the following. 280 
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 281 

Figure 3 Comparison of the apparent diffusion coefficients obtained from the ionic 282 
diffusion model with those from Fick's law. 283 

5 Discussion 284 

5.1 Impact of Al-tobermorite on diffusion properties 285 

A helpful indicator for engineering applications is penetration depth. In this study, we 286 
define the depth at which the concentration of ions is equal to 5% of the ion 287 
concentration on the sample's surface. Considering that the presence of aggregate 288 
perturbates the experimental diffusion profiles, we computed the penetration depth 289 
from the computed diffusion profile of the model in section 4.2. 290 

Another indicator to characterize the difficulty of diffusion is tortuosity (Garboczi 1990), 291 
defined as the square root of the ratio between self-diffusion coefficient 𝐷𝐷𝑖𝑖

𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠 and the 292 
experimental diffusion coefficient 𝐷𝐷𝑖𝑖, 293 

 𝜆𝜆𝑖𝑖 = �𝐷𝐷𝑖𝑖
𝐶𝐶𝑠𝑠𝐶𝐶𝑠𝑠

𝐷𝐷𝑖𝑖
. (11) 

Taking the self-diffusion coefficients as 1.95×10-9 m2/s for both cesium and chloride (CSJ 294 
2004), we computed the tortuosity of each sample for both ions. 295 

In the concrete samples, the ions diffuse mainly through the pore network of the cement 296 
paste. The total porosity of these samples was very similar, differing from each other by 297 
less than 0.015 cm3/cm3. We assume hence that the difference in the diffusion 298 
properties is caused not by the pore volume but mainly by the difference in the 299 
connectivity of pores and surface charge difference. Such differences were due to the 300 
environmental condition these samples were exposed to during the 16.5-year service 301 
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time. The penetration depth of cesium and chloride ions are plotted in function of the 302 
distance between the core center and the wall surface in Figure 4a and compared with 303 
the penetration depth measured in a similar diffusion test on ordinary Portland cement 304 
paste with the water-to-cement ratio of 0.6 (Ichikawa et al. 2021). The penetration 305 
depths of both cesium and chloride ions are smaller for samples from the inner part of 306 
the walls, where took place more reaction between feldspars and cement hydrates to 307 
form C-A-S-H and other phases. After 16.5 years of usage, inner parts of the concrete 308 
wall show a smaller penetration depth than a well-cured laboratory specimen. Figure 4b 309 
displays the penetration depths of both cesium and chloride ions in the function of the 310 
relative humidity of the core, measured at the time of coring on cores obtained by an 311 
air-cooling dry coring technique. The higher the core's relative humidity at the coring 312 
time, the less deep the ions penetrate in the sample. 313 

  

(a) (b) 

Figure 4 Penetration depth of the ions in the function of (a) core position; (b) relative 314 
humidity of the core at the coring.  315 

Given the similar porosity of the samples, the chemical composition and morphology of 316 
the hydrates are the main factors influencing the diffusion properties. The main hydrate 317 
phase C-A-S-H in these cores differ due to the reaction between the cement paste and 318 
feldspar group aggregates. The chemical composition and morphology of C-A-S-H are 319 
characterized by molar ratios between Ca, Si, and Al. We plot hence in Figure 5, the 320 
penetration depths in the function of Ca/(Al+Si) molar ratio of amorphous C-A-S-H, 321 
which were reported in (Maruyama et al. 2021) from measurements of energy 322 
dissipative X-ray spectroscopy (EDS). 323 
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 324 

Figure 5 Penetration depth of 𝐶𝐶𝐶𝐶+ and 𝐶𝐶𝐶𝐶− in the function of Ca/(Al+Si) molar ratio 325 
of the amorphous C-A-S-H 326 

Similarly, the tortuosity calculated using Eq.(11) is displayed in the function of the 327 
Ca/(Al+Si) molar ratio of the amorphous C-A-S-H in Figure 6. The results in Figure 5 and 328 
Figure 6 indicate that, with the decrease of calcium in amorphous C-A-S-H, the 329 
penetration depth decreased, and the tortuosity increased. In other words, diffusion 330 
becomes difficult when the amorphous C-A-S-H includes more silica and alumina. 331 
Nevertheless, when the Ca/(Al+Si) ratio is lower than 1, which is the case for the samples 332 
containing Al-tobermorite, the diffusion becomes easier (i.e., smaller tortuosity and 333 
larger penetration depth). It is stated in (Richardson 2004) that the morphology of C-S-334 
H changes from fibrillar to foil-like when the Ca/Si ratio decreases. It is possible to 335 
suppose that the morphology of C-A-S-H in the samples containing Al-tobermorite differs 336 
significantly from that in the samples containing no Al-tobermorite. FFigure 5 and Figure 337 
6 show that the critical Ca/(Al+Si) at which the morphology of C-A-S-H changes from 338 
fibrillar to foil-like might be around 1. We attribute the ease of diffusion in the samples 339 
containing Al-tobermorite to the difference in morphology of C-A-S-H.  340 

  

(a) 𝐶𝐶𝐶𝐶+ (b) 𝐶𝐶𝐶𝐶− 
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Figure 6 Tortuosity in the function of Ca/(Al+Si) of amorphous C-A-S-H. 341 

5.2 Adsorption of cesium in cement paste 342 

Due to the ion exchange between OH- and Cl-, the chloride concentration is generally 343 
higher than cesium. However, in the measured diffusion profiles, the cesium 344 
concentration was higher near the surface in BSW-380 and BSW-1085. The shape of 345 
diffusion profiles in these two samples confirms this higher cesium concentration. Hence 346 
this is not caused by the irregularities near the surface. We assume that cesium ions 347 
were adsorbed on the cement paste. To compare the ability of cesium adsorption, we 348 
plotted the cesium concentration on the surface as a function of the molar ratio 349 
Ca/(Al+Si) in Figure 7a. Cesium adsorption is preferred for a lower Ca/(Al+Si) ratio, like 350 
other alkali ions such as sodium and potassium. 351 

The aluminum in amorphous C-A-S-H is considered to be able to adsorb alkali ions (Hong 352 
and Glasser 2002). However, aluminum's role is difficult to confirm when cesium 353 
concentration on the sample surface is plotted as a function of the Al/(Al+Si) ratio. Na 354 
and K have probably already been adsorbed on the Al-site in C-A-S-H, and only exchange 355 
between Cs and Na, K can happen on the Al-sites during the diffusion test. To check the 356 
such hypothesis, we roughly estimated the molar ratio (Na+K)/Al in C-A-S-H. The method 357 
is as follows: combining the Inductively coupled plasma atomic emission spectroscopy 358 
measurement data and Rietveld analysis results of (Maruyama et al. 2021), we 359 
computed the alumina amount in each hydrate phase. We then took the average value 360 
of Al2O3 along the sample height from EPMA measurement as the total alumina and 361 
computed its portion in each hydrate. Comparing the obtained amount of alumina in C-362 
A-S-H with Na2O and K2O from EPMA measurement, we estimated (Na+K)/Al molar ratio 363 
in C-A-S-H. Figure 7(b) displays the concentration of cesium on the sample surface in the 364 
function of the (Na+K)/Al molar ratio. Though scattered, the results show that a higher 365 
alkali content per alumina corresponds to a higher cesium concentration on the sample 366 
surface. 367 
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(a) (b) 

Figure 7 Concentration of 𝐶𝐶𝐶𝐶+ on the surface (a) as function of molar ratio Ca/(Al+Si); 368 
(b) as function of Al/(Al+Si). 369 

5.3 Adsorption of cesium by aggregates 370 

This section discusses the adsorption of cesium by the aggregates. The original EPMA 371 
maps of cesium distribution in Figure 1 show that cesium is adsorbed in certain 372 
aggregates of samples IW1-500, BSW-100, and BSW-380. The penetration depth of 373 
cesium and the sizes of aggregates make the sample BSW-100 best to observe cesium 374 
adsorption by the aggregates. We marked the contour of five aggregates near the surface 375 
of BSW-100 with color and numbered them on the optical photograph in Figure 8a. The 376 
EPMA maps of cesium, Na2O, K2O, SiO2, and Al2O3 are shown in Figure 8b-f. 377 

 378 

Figure 8 Cesium adsorption on aggregate in BSW-100: (a)-(f) photo, cesium and 379 
elemental composition of five aggregates; (g) ternary diagram (in molar ratio) showing 380 
the chemical composition of the five aggregates. Aggregate numbering-contour color: 381 

#1-orange, #2-green, #3-blue, #4-red, #5-white. The color of diamonds in (g) 382 
corresponds to the color of aggregate contour in (a). 383 

Two of the five aggregates adsorbed cesium: i.e., #4 and #5. In aggregate #4, cesium 384 
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concentration reduced gradually from the contour of aggregate towards the center. In 385 
aggregate #5, cesium leached into from the left upper corner of the aggregate, while it 386 
can be seen that sodium leached out from the same position. It is possible to consider 387 
that in aggregate #5, cesium replaced sodium. Based on the EPMA maps, we estimated 388 
the chemical compositions of these aggregates and plotted them in a ternary diagram of 389 
silica, alumina, and alkali in Figure 8g. Higher alumina content is necessary for the 390 
aggregate to adsorb cesium. However, the chemical composition is insufficient for 391 
aggregates to adsorb cesium. Aggregate #2 has a similar composition as aggregates #4 392 
and #5 but did not adsorb cesium. The density of the aggregate, which can be roughly 393 
distinguished from the darkness of color in the photograph Figure 8a, may also play a 394 
role in the cesium adsorption. 395 

6 Conclusion 396 

One-dimensional diffusion tests were performed for two weeks on concrete samples 397 
cored from the walls of a decommissioning nuclear power plant. Some samples 398 
contained Al-tobermorite while others did not. The diffusion profiles of cesium and 399 
chloride were measured using EPMA and other chemical elements in the sample. We 400 
computed the diffusion coefficient by analyzing the diffusion profiles with Fick’s law and 401 
ionic diffusion model in porous solid with surface charge. The following conclusions were 402 
drawn: 403 

− The diffusion of chloride is faster than cesium in all samples. 404 

− In contrast to samples without Al-tobermorite, in which chloride concentration was 405 
higher all along the diffusion path, in the samples containing Al-tobermorite, the 406 
cesium concentration was higher near the diffusion surface. 407 

− Diffusion is slow in the samples with a lower molar ratio of Ca/(Al+Si) in the 408 
amorphous C-A-S-H. 409 

− The samples with Al-tobermorite promote diffusion, which a difference in 410 
morphology of C-A-S-H might explain. 411 

− Cesium is adsorbed by aggregates that contain a higher amount of alumina. In 412 
addition to the chemical composition, the density of the aggregate may play a role 413 
in its adsorption behavior. 414 
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