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Abstract

:

Bentonite is used as a buffer material in engineered barriers for the geological disposal of high-level radioactive waste. The buffer material will be made of bentonite, a natural clay, mixed with silica sand. The buffer material is affected by decay heat from high-level radioactive waste, infiltration of groundwater, and swelling of the buffer material. The analysis of these factors requires coupled analysis of heat transfer, moisture transfer, and groundwater chemistry. The purpose of this study is to develop a model to evaluate bentonite types and silica sand content in a unified manner for thermo-hydro-chemical (T-H-C)-coupled analysis in buffer materials. We focused on the content of the clay mineral montmorillonite, which is the main component of bentonite, and developed a model to derive the moisture diffusion coefficient of liquid water and water vapor based on Philip and de Vries, and Kozeny–Carman. The evolutions of the temperature and moisture distribution in the buffer material were analyzed, and the validity of each distribution was confirmed by comparison with the measured data obtained from an in situ experiment at 350 m in depth at the Horonobe Underground Research Center, Hokkaido, Japan.






Keywords:


geological disposal; buffer material; T-H-C-coupled analysis; montmorillonite; bentonite












1. Introduction


Radioactive waste is generated from reprocessing facilities of spent fuels generated from nuclear facilities such as nuclear power stations and medical facilities such as hospitals. Among radioactive wastes, high-level radioactive wastes (HLWs) have extremely high radioactivity levels. HLW is vitrified waste from liquid waste that remains after reprocessing (recovery of reusable U and Pu) spent nuclear waste generated at nuclear power plants.



Because of the high radioactivity level of HLW, a disposal method that isolates HLW from the human living environment until its toxicity declines is required. The isolation period is expected to be tens of thousands to hundreds of thousands of years, so the disposal method must be one that does not require human control. The current disposal method is called “geological disposal” [1]. In Japan, this method involves enclosing the waste in a multi-layered barrier system and burying it at a depth of 300 m or more below the surface. The multi-barrier system consists of a natural barrier composed of host rock and engineered barriers composed of vitrified waste, overpack (metal container), and buffer material. Figure 1 shows a conceptual diagram of the engineered barrier system. The roles of the components of engineered barriers are described. The role of vitrified waste is to confine radionuclides for a long period of time by taking advantage of the water insolubility of glass [1]. The role of the overpack is to prevent contact for at least 1000 years between the vitrified waste and groundwater until the radioactivity of the vitrified waste has decayed to some extent [1]. The main functions required of buffer materials are stress buffering, chemical buffering, water sealing, sorption of radionuclides, and thermal conductivity [1]. Stress buffering protects the overpack from stress from the bedrock. Chemical buffering prevents significant changes in the pH and chemical composition of the porewater. Water sealing delays the approach of radionuclides leached into groundwater to the human living environment. Radionuclide sorption delays the migration of radionuclides by allowing them to sorb onto the buffer material. Thermal conductivity suppresses the temperature rise of the vitrified product. This study focuses on the buffer material.



Bentonite is a natural clay composed of mainly montmorillonite, a layered clay mineral. Low-permeability bentonite components can be manufactured and emplaced, which ensures diffusion is the dominant transport mechanism. Montmorillonite has a sheet structure, with several sheets stacked on top of each other to form a laminate. The space between crystalline sheets is called the interlayer, and cations exist in the interlayer. The cations are called exchangeable cation. When   Na +   ions are mainly present in the interlayer, it is called Na-montmorillonite, and when they are of the   Ca  2 +    type, it is called Ca-montmorillonite. When montmorillonite comes into contact with water, the cations between the layers hydrate, absorbing water molecules between the layers, and the interlayer distance increases. Figure 2 shows the structure of montmorillonite and the increase in basal spacing (distance from the surface of one layer to the surface of the next layer in a clay mineral crystal) due to hydration. When montmorillonite comes into contact with saline water, such as seawater, water molecules hydrate the dissolved cations, reducing the amount of free water that can hydrate the interlayer cations. Therefore, the swelling capacity of montmorillonite in salt water are reduced compared to pure water.



To reduce the uncertainty in the performance evaluation of engineered barriers, it is necessary to quantify the physical and chemical phenomena occurring in the buffer material. Typical physical and chemical phenomena occurring in the buffer material include thermal transport (heat transport), moisture transport (groundwater infiltration), chemical reaction (porewater composition), and mechanical stress (swelling), which interact with each other. For example, it has been found that hydraulic conductivity is greater in saline water than in distilled water [2]. Also, the degree of heat transfer varies depending on the saturation of the buffer material [3]. Therefore, a coupled model combining these physical and chemical phenomena is necessary to evaluate the temperature and moisture distribution in the buffer material.



There are many research works on the properties of bentonite. The measured results of thermal properties such as the thermal conductivity of bentonite have shown that the higher the water content becomes, the higher the thermal conductivity becomes [3,4]. The measured results of hydraulic conductivity show that the lower the density becomes and the higher the ionic strength of water becomes, the higher the hydraulic conductivity becomes [2,4,5]. The results of water retention tests on bentonite show that the hysteresis of the moisture property curve is small and the density dependence is also small [6]. XRD analysis of saturated montmorillonite’s basal spacing has revealed a relationship between dry density (montmorillonite partial density) and basal spacing [7,8,9]. It has also been found that the basal spacing tends to decrease with increasing NaCl concentration.



Theory-based parameter prediction has also been studied. For example, the data obtained from water retention tests were used to formulate empirical equations using van Genuchten’s method, and the water diffusion coefficient was predicted using the Philip and de Vries equation [10]. For the dependence of the interlayer distance of montmorillonite on salinity, there are predictions of the variation of the interlayer distance with the NaCl concentration of solution [11] based on thermodynamic equilibrium. The prediction of hydraulic conductivity has been studied using the Kozeny–Carman equation. Recently, a more accurate prediction model based on the separation of the internal and external pores between the interlayers of montmorillonite crystals has been developed [12,13]. In these studies, the mean interlayer distance of bentonite was used to separate the external and internal pore.



Coupled model development in Japan has been conducted by Japan Atomic Energy Agency (JAEA) using the T-H-M-C-coupled analysis code, which combined the T-H-M analysis code (THAMES), the mass transport analysis code (Dtransu), and the geochemical analysis code (PHREEQC). The evolution of the temperature distribution in buffer material, including the near-field, and the time required to resaturate the buffer were then predicted [14]. In recent years, coupled models have been upgraded to take into account the salinity dependence of hydraulic conductivity [15] and the effect of dry density on the mechanical, thermal, and hydraulic properties of the buffer material [16]. In addition to simulations, in situ tests have been conducted at underground research facilities in Japan and overseas to understand coupled T-H-C phenomena. In Japan, in situ tests of engineered barriers have been conducted at the Horonobe Underground Research Center (JAEA), and measurement data such as the buffer material’s saturation and temperature distribution have been obtained [17,18].



Previous studies of coupled models have mainly used empirical equations obtained from experiments with buffer specifications in the reference case of the H12 report [1]. However, the model development is only for reference cases in the H12 report and is not exhaustive. Therefore, the applicability of the models is limited. Among the properties of buffer materials, low hydraulic conductivity is mainly attributed to montmorillonite, the main component of bentonite, and the content of montmorillonite varies depending on the kind of bentonite. The montmorillonite content in the bentonite is considered to vary even within the same locality, depending on the layer where the bentonite was extracted. Therefore, for the development of a general-purpose coupled model, it is effective to organize parameters focusing on montmorillonite content.



In this paper, a T-H-C-coupled model focusing on montmorillonite content in bentonite is developed for Na-bentonite to predict changes in temperature and moisture distribution over time in a versatile manner independent of bentonite type and silica sand content. The thermal properties are modeled by regression analysis based on previously measured data. The hydraulic properties are modeled by the moisture diffusion coefficient derived based on the Philip and de Vries equation, and the moisture potential and hydraulic conductivity are modeled focusing on the montmorillonite content in bentonite. The effect of salinity is incorporated into the model by converting the water potential and hydraulic conductivity. The performance of the model is evaluated by comparing with data obtained from in situ tests in the underground facility of the Horonobe Underground Research Center (JAEA), Hokkaido, Japan.




2. Analysis Model


The T-H-C-coupled model is used to predict the moisture and temperature distribution in the buffer material during the transient period between the installation of the buffer and full re-saturation of the buffer material, where T is the thermal action (heat transfer), H is the hydraulic action (groundwater infiltration), and C is the water composition.



In this study, the diffusion coefficient is formulated for heat and moisture transfer, and these equations are coupled by varying parameters in a weakly coupled approach. Since the buffer material is cylindrical and the analyses of moisture and temperature distribution in the radial direction are the objective, the cylindrical one-dimensional diffusion equation is used. The surface temperature of overpack is assumed to be constant throughout the analysis period, and the host rock is also constantly saturated. The governing equations and initial and boundary conditions used in this paper are given as follows.



Governing equation


      ∂ T   ∂ t      =   D H  r   ∂  ∂ r    r   ∂ T   ∂ r        



(1)






                    ∂ w   ∂ t      =   D θ  r   ∂  ∂ r    r   ∂ w   ∂ r    +   D T  r   ∂  ∂ r    r   ∂ T   ∂ r    ,     



(2)







Initial condition


                 T ( t , r )     =  T B    (  r 1  < r <  R B  )      



(3)






     T ( 0 ,  R B  )     =  T B       



(4)






     w ( 0 ,  R O  )     =  w s       



(5)






                   w ( 0 , r )     =  w 0    (   r 1  ≤ r <  R O  )  ,     



(6)







Boundary condition


                 T ( t ,  r 1  )     =  T O    ( t > 0 )      



(7)






        ∂ T ( t , r )   ∂ r     r =  R B       = 0      



(8)






               w ( t ,  R O  )     =  w s    ( t > 0 )      



(9)






        ∂ w ( t , r )   ∂ r     r =  r 1       = 0 ,     



(10)




where t is the time (s), T is the temperature    ( ∘  C )  ,   T B   is the initial temperature of the host rock    ( ∘  C )  ,   T O   is the surface temperature of the overpack    ( ∘  C )  , r is the radius   ( cm )  ,   r 1   is the overpack radius   ( cm )  ,   R O   is the external diameter of the buffer material   ( cm )  ,   R B   is the analysis radius   ( cm )  , w is the water content   ( − )  ,   w 0   is the initial water content   ( − )  ,   w s   is the saturated water content   ( − )  ,   D H   is the thermal diffusion coefficient   (  cm 2  / s )  ,   D θ   is the moisture diffusion coefficient under a moisture gradient   (  cm 2  / s )  , and   D T   is the moisture diffusion coefficient under a temperature gradient   (  cm 2  / s · K )  .



The thermal diffusion coefficient is divided into some parameters as follows.


      D H  =  λ   ρ d  c    1 100  ,     



(11)




where   ρ d   is the dry density   ( Mg /  m 3  )  ,  λ  is the thermal conductivity   ( w / mK )  , and c is the specific heat   ( kJ / kgK )  .




3. Thermal Parameters


3.1. Thermal Conductivity


The effect of cations in the interlayer of montmorillonite on thermal conductivity is considered to be small. Therefore, Ca-bentonite was also included in the analysis. In addition, the change in thermal conductivity due to salinity is small [3]. From the above, in the regression analysis, previously, the measured thermal conductivity of bentonite was used [4,5], and the parameters were organized in terms of temperature   T   ( ∘  C )  , water saturation    S r    ( − )   , bentonite content in the buffer material    f b    ( − )   , and dry density    ρ d    ( Mg /  m 3  )   . Although the experimental temperature is not given in the Nuclear Waste Management Organization of Japan (NUMO) as measurement data [4], it was calculated assuming a room temperature of 23 °C. The empirical equation by regression analysis is shown below.


     λ =  (  p 1  ,  p 2  ,  p 3  ,  p 4  ,  p 5  )       f b      T      S r       ρ d      1     ,     



(12)




where    p 1  = − 0.80108 ,   p 2  = 1.8997 ×  10  − 5   ,   p 3  = 1.3284 ,   p 4  = 0.55131 ,   p 5  = 0.21483  .



The coefficient of determination    R 2  = 0.8987  , and the adjusted    R 2  = 0.8980  . The coefficient indicates that, although temperature has no significant effect on the coefficient, the coefficient is highly dependent on the degree of saturation. The comparison with the measured values is shown in Figure 3. The horizontal axis is the measured value [4,5] and the vertical axis is the predicted value using Equation (12).




3.2. Specific Heat


The specific heat of the whole soil is expressed by the following relation.


     c =  c s   A s  +  c w   A w  +  c a   A a  ,     



(13)




where c is the specific heat of the whole of soil,   c s   the specific heat of the solid phase,   c w   the specific heat of the liquid phase,   c a   the specific heat of the gas phase,   A s   the weight ratio of the solid phase per unit volume,   A w   the weight ratio of the liquid phase per unit volume, and   A a   the weight ratio of the gas phase per unit volume.



Since   A a   is quite small compared to the other parameters, Equation (13) is approximately organized as below [3].


     c =    c s  +  c w  w   1 + w   .     



(14)







Similar to thermal conductivity, the effect of salinity on the specific heat of the liquid phase is presumed to be small, and the specific heat of the liquid phase is modeled including Ca-bentonite. The specific heat of the liquid phase   c w   is given as below using the empirical equation [19].


      c w  =  − 203.6060 + 1523.290  T ′  − 3196.413  T  ′ 2   + 2474.455  T  ′ 3   +   3.855326   T  ′ 2     ×  1 W  ,     



(15)




where    T ′  =  T  a b s   / 1000  ,   T  a b s    is the absolute temperature   ( K )  , and W is the molecular weight of water (18.01528   g / mol  ).



The specific heat c of the buffer material was calculated from the measured results of thermal conductivity [3,4], and the specific heat   c s   of the buffer solid phase was obtained. Figure 4 shows the measured results of specific heat versus the solid phase of each buffer material (bentonite) (the symbols in Figure 4 are described in Table 1, and the number after the symbol is the bentonite ratio (%)). The data were all measured at 20 °C or 23 °C. The numbers in the figure indicate the bentonite content   ( % )  . Figure 4 shows that the specific heat of the solid phase of the buffer material tends to decrease with increasing silica sand content, although the variation of the measured data is large. Therefore, the average value of the specific heat of the buffer solid phase was used, which is 0.6251 kJ/kgK.



Figure 5 shows the calculated results of the specific heat of the buffer material as a function of water content. Since the measured temperature is 20 °C or 23 °C, the calculation was also conducted at the same temperature.





4. Hydraulic Parameters


The moisture diffusion coefficient, a parameter that represents moisture movement in buffer material, is derived using the Philip and de Vries equation [21], which separates the moisture diffusion coefficient under temperature gradient   D T   and under moisture gradient   D θ   and, then, into liquid water movement    D  T l   ,   D  θ l     and water vapor movement    D  T v   ,   D  θ v    , expressed as follows.


         D θ     =  D  θ v   +  D  θ l       



(16)






                 D  θ v      = a α v  ρ *  D  H r   W  R  T  a b s       ∂  ψ m    ∂ θ       



(17)






     D  θ l      = K   ∂  ψ m    ∂ θ       



(18)






       D T     =  D  T v   +  D  T l       



(19)






           D  T v      = η a α v  ρ *  D  H r    ∂  ρ *    ∂ T       



(20)






     D  T l      = K   ψ m  σ    d σ   d T   ,     



(21)




where   ψ m   is the matric potential   ( kPa )  ,   H r   is the relative humidity   ( − )  ,  η  is the enhancement factor   ( − )  , a is the gas phase ratio   ( − )  ,  α  is the unsaturated tortuosity factor   ( − )  , v is the math flow factor (≈1), D is the vapor diffusivity in air   (  cm 2  / s )  ,   ρ *   is the saturated water vapor density   ( − )  ,  θ  is the volumetric water content   ( − )  ,  σ  is the surface tension   ( N / m )  , R is the gas constant   ( J / mol · K )  , and K is the hydraulic conductivity   ( cm / s )  . These series of relations are used to predict the moisture diffusion coefficient.



The potential of soil water under unsaturated conditions is expressed as follows.


     ψ =  ψ m  +  ψ o  +  ψ g  ,     



(22)




where   ψ o   is the osmotic potential and   ψ g   is the gravity potential.



The matric potential   ψ m   is due to adsorption and surface tension; the osmotic potential   ψ o   is due to the solute dissolved in the soil water; the gravitational potential   ψ g   is due to the difference in potential energy. The gravity potential is generally negligible, because it is quite small compared to the other two potentials.



The relationship between the relative humidity and potential of soil water is expressed as follows.


      H r  = exp    ψ W   R  T  a b s      .     



(23)







Other parameters are shown in Table 2.



The matric potential   ψ m  , which represents the water holding capacity of the soil, and the hydraulic conductivity, which represents the permeability, are thought to depend on the montmorillonite content (in the case of hydraulic conductivity, density focused on montmorillonite content) in the buffer material.



4.1. Dependence of Potential on Montmorillonite Content


It is proposed to organize the potential of soil water using water content normalized by montmorillonite content [4,25]. Water content normalized by montmorillonite content   w m   is expressed as below.


      w m  =  w   f b   f m    ,     



(24)




where   f m   is the montmorillonite content in the bentonite (−).



Data on the measured potential of soil water of bentonite in deionized water and artificial seawater (ionic strength of 0.64 M) have been published [4]. The data were obtained from the measurements of the vapor pressure method and psychrometer method. The water potential of soil water in deionized water can be regarded as the same as the matric potential, which is shown in Figure 6, organized by water content normalized by montmorillonite content. The vertical axis shows the potential of soil water at negative pressure, and the horizontal axis shows water content normalized by montmorillonite content. The test was carried out at room temperature (around 20 °C). In this analysis, the temperature was assumed to be 20 °C. From Figure 6, an empirical equation for the matric potential    ψ m    ( kPa )    was derived as follows.


                           ψ m     = −  6.5546  w m 2  − 13.06  w m  + 13.338      



(25)






     R 2     = 0.9678 .     



(26)







The following relationship was used to predict the temperature change of the matric potential [23].


      ∂  ψ m    ∂ T      =   ψ m  σ    d σ   d T   .     



(27)







By differential Equation (27), a prediction equation for the matric potential at an arbitrary temperature was derived as follows.


       ψ m   ( T )  −  ψ m   ( 20  ° C )    T − 20  ° C      =    ψ m   ( 20  ° C )    σ ( 20  ° C )     σ  ( T )  − σ  ( 20  ° C )    T − 20  ° C       



(28)






          ψ m   ( T )      =  ψ m   ( 20  ° C )    σ ( T )   σ ( 20  ° C )       



(29)







The osmotic potential is expressed as follows.


      ψ o  = − ϕ γ m R  T  a b s   ,     



(30)




where  ϕ  is the osmotic coefficient,  γ  is the stoichiometric mole number of ions produced by dissolution of 1 mol, and m is the molality of the electrolyte solution (mol/kg).



The osmotic coefficient is known to be related to the molar concentration by the weight of NaCl at   25  ° C   [26], and in this paper, the following regression equation with a cubic function is used.


                                ϕ    = − 0.0821  m 3  + 0.1948  m 2  − 0.1195 m + 0.942     



(31)






     R 2     = 0.9953 .     



(32)







Figure 7 shows the calculated results of the potential of soil water versus water content normalized by montmorillonite content in the artificial seawater system. As shown in Figure 7, the calculated results of the potential of soil water in the artificial seawater system using Equations (25) and (30) are consistent with the measured values over the montmorillonite content, so this equation is used to calculate the potential of soil water in this paper.




4.2. Dependence of Hydraulic Conductivity on Montmorillonite Content


4.2.1. Kozeny–Carman Equation Focusing on Montmorillonite


The hydraulic conductivity K is expressed by a saturated hydraulic conductivity   K s   and a relative hydraulic conductivity   K r   as follows.


     K =  K s   K r  .     



(33)







The relative hydraulic conductivity   K r   is given by Mualem’s equation as follows [27].


      K r  =  S e l       ∫ 0  S e    1   |   ψ m   |    d  S e     ∫ 0 1   1   |   ψ m   |    d  S e     2  ,     



(34)




where l is the pore-connectivity parameter   ( 0.5 )   and   S e   is the effective degree of saturation and is defined as follows.


      S e  =   θ −  θ r     θ s  −  θ r    ,     



(35)




where   θ r   is the residual soil water content. In this paper,    θ r  = 0   is used.



The Kozeny–Carman equation as shown below is used to predict saturated hydraulic conductivity.


      K s  = C    ρ w  g   μ w    1   ρ d 2   S 2   τ 2      n 3    ( 1 − n )  2   ,     



(36)




where C is the dimensionless shape constant (  0.2  ),   ρ w   is the water density   ( 1  Mg /  m 3  )  , g is the acceleration of gravity   ( 9.81  m /  s 2  )  ,   μ w   is the viscosity coefficient   ( Pa · s )  , S is the the specific surface area   (  m 2  / g )  ,  τ  is the tortuosity under saturated condition   ( − )  , and n is the porosity   ( − )  .



The viscosity coefficient as a function of temperature is given by the empirical equation as follows [28].


      μ w  = 2.414 ×  10  − 5   ×  10   247.8    T  a b s   − 140    .     



(37)







The low permeability of the buffer material is thought to be due to montmorillonite, the main component of bentonite. Therefore, in this study, the Kozeny–Carman equation is corrected by focusing on the montmorillonite content in the buffer material.



For the dry density, montmorillonite’s partial density as shown below [29] was used, focused on the density of only the montmorillonite part.


      ρ  d m   =    f b   f m   ρ d    1 −     ( 1 −  f m  )   f b    ρ  i m    +   1 −  f b    ρ s     ρ d    ,     



(38)




where   ρ  i m    is the average solid (particle) density of impurities (minerals except montmorillonite in bentonite) in bentonite   ( 2.7  Mg /  m 3  )   and   ρ s   is the solid (particle) density of silica sand   ( 2.7  Mg /  m 3  )  .



Using montmorillonite partial density   ρ  d m   , montmorillonite porosity   n m   is calculated from the following relation.


      n m  = 1 −   ρ  d m    ρ m   ,     



(39)




where   ρ m   is the solid (particle) density of montmorillonite   ( 2.7  Mg /  m 3  )  .



The montmorillonite porosity   n m   can be divided into the montmorillonite interlayer and montmorillonite external pore. The interlayer distance in the saturated state varies with the montmorillonite partial density [8]. To express this, the porosity is divided into the porosity to interlayer   n  i n t    and the porosity to external pore   n  e x t   . These can be expressed as follows [30].


     n  i n t      =   ρ  d m    ρ m     ( N − 1 ) ( d − t )   N t       



(40)






               n  e x t      = 1 −   ρ  d m    ρ m    1 +   ( N − 1 ) ( d − t )   N t   ,      



(41)




where d is the basal spacing   ( nm )  , t is the thickness of montmorillonite sheet   ( 0.96  nm )   [31], and N is the number of sheets   ( − )  .



The relationship between the basal spacing d, the thickness of sheet t, and the number of sheets N is shown in Figure 8. According to Kijima et al. [30],   N = 2 , 3   for Na-montmorillonite; therefore,   N = 2   is used in this paper.



The specific surface areas of montmorillonite are calculated as follows [12].


      S m  =  S  i n t   +  S  e x t   ,     



(42)




where   S m   is the specific surface area of montmorillonite   ( 810   m 2  / g )   [31],   S  i n t    is the internal specific surface area of montmorillonite, and   S  e x t    is the external specific surface area of montmorillonite.



The internal specific surface area of montmorillonite and specific surface area of montmorillonite are given as follows, respectively [12].


         S  i n t      =   N − 1  N   S m      



(43)






     S  e x t      =  1 N   S m      



(44)







The tortuosities to internal pore   τ  i n t    and external pore   τ  e x t    are given as follows, respectively [12].


     τ  i n t      =   1 − 0.5 ln (  n  i n t   )   0.5       



(45)






     τ  e x t      =   1 − 0.5 ln (  n  e x t   )   0.5   .     



(46)







Interlayer water is considered to have different properties from free water due to the effect of the electric double layer of montmorillonite and is considered to be structured like ice. The relationship between the viscosity coefficient of clay-surface-adsorbed water   μ m   and the viscosity coefficient of free water   μ w   is as follows.


      μ m  = L  μ w  .     



(47)




where L is a constant,   L = 79   [32].



In this study, the viscosity coefficient of montmorillonite interlayer water is assumed to be the same as the viscosity coefficient of water adsorbed on the clay surface.



In summary, the saturated hydraulic conductivities to the internal and external pores are expressed as follows, respectively.


      K  s i n t   = C    ρ w  g   μ m    1   ρ  d m  2   S  i n t  2   τ  i n t  2      n  i n t  3    ( 1 −  n  i n t   )  2       



(48)






      K  s e x t   = C    ρ w  g   μ w    1   ρ  d m  2   S  e x t  2   τ  e x t  2      n  e x t  3    ( 1 −  n  e x t   )  2   .     



(49)







The saturated hydraulic conductivity of buffer material is calculated as follows.


      K s  =  K  s i n t   +  K  s e x t   .     



(50)








4.2.2. Basal Spacing in Pure Water


In pure water systems, the relationship between interlayer distance (number of hydration layers) and montmorillonite partial density at saturated equilibrium has been measured by XRD analysis, and it is   1.56  nm   (2 water layers) above   1.6  Mg /  m 3   , a mixture of   1.56  nm   and   1.88  nm   (3 water layers) at 1.3–1.6   Mg /  m 3   ,   1.88  nm   at 1.0–1.3   Mg /  m 3   , and a mixture of   1.88  nm   and   3.56  nm   (9 water layers) at 0.6–1.0   Mg /  m 3    [33]. At low densities, empirical equation   d = 25.41 exp ( − 5.334  ρ  d m   ) + 2.898   has been proposed [30].



The relationship between average interlayer distance and montmorillonite partial density in the pure water system under saturated conditions is calculated as follows.


     d =      1.56     1.6 <  ρ  d m     ( Mg /  m 3  )        −  ( 1.88 − 1.56 )     ρ  d m   − 1.3   1.6 − 1.3   + 1.88     1.3 <  ρ  d m   < 1.6   ( Mg /  m 3  )        1.88     1.0 <  ρ  d m   < 1.3   ( Mg /  m 3  )        −  ( 3.52 − 1.88 )     ρ  d m   − 0.6   1.0 − 0.6   + 3.52     1.0 <  ρ  d m   < 1.3   ( Mg /  m 3  )        25.41 exp ( − 5.334  ρ  d m   ) + 2.898      ρ  d m   < 0.6   ( Mg /  m 3  )  .          



(51)







Figure 9 shows the correlation between basal spacing and montmorillonite partial density calculated based on Equation (51).




4.2.3. Basal Spacing in Saline Water


XRD analysis has shown that the basal spacing in brine systems is smaller than that in pure water systems at the same dry density [8,9]. To account for the decrease in basal spacing due to the NaCl concentration of the solution, thermodynamic equilibrium is considered. The relative partial molar Gibbs free energy of interlayer water in Na-montmorillonite when Na-montmorillonite comes into contact with an external aqueous solution of any NaCl concentration and reaches equilibrium is expressed by the following relation [11].


     d G = d  G   H 2  O   + d  G S  ,     



(52)




where   d G   is the relative partial molar Gibbs free energy of interlayer water in Na-montmorillonite when the Na-montmorillonite in the equilibrium state with pure water reaches the equilibrium state with external water of an arbitrary salinity   ( J / mol )  ,   d  G   H 2  O     is the relative partial molar Gibbs free energy of interlayer water in Na-montmorillonite in the equilibrium state with pure water   ( J / mol )  , and   d  G S    is the relative partial molar Gibbs free energy of water in a solution (external water) of an arbitrary salinity   ( J / mol )  .



The   d  G S    of water in an electrolyte solution can be calculated by the following relations [11,26].


         a S     = exp  −   m γ W  1000  ϕ      



(53)






     d  G S      = R  T  a b s   ln  (  a S  )  ,     



(54)




where   a S   is the activity of water in the electrolyte solution.



In the case of Na-montmorillonite, the following empirical formula has been proposed for   d  G   H 2  O     with the water content normalized by montmorillonite content as a parameter [11].


     d  G   H 2  O    (  w m  )  = 2.3786   1 2   erf    100  w m  + 21.081   52.857    + erf    100  w m  − 21.081   8.10074     − 1  ,     



(55)




where   erf ( x )   is the error function.



In this paper, the density change of the buffer material by swelling is not considered. Therefore, in this paper, the correspondence between d and   d G   is assumed to exist. Since Equation (52) takes   d G = d  G   H 2  O     in pure water, the relationship between d and   d G   in pure water is used as a reference. The relationship between water content normalized by montmorillonite content and montmorillonite partial density is expressed by the following relation.


      ρ  d m   =    ρ w   ρ m     w m   ρ m  +  ρ w    .     



(56)




Using this relationship,   d  G   H 2  O    (  w m  )    is converted to      d G  ^    H 2  O    (  ρ  d m   )   . The relationship between montmorillonite partial density   ρ  d m    and the relative partial molar Gibbs free energy of interlayer water in Na-montmorillonite      d G  ^    H 2  O    (  ρ  d m   )    is shown in Table 3.



Based on Table 3, the calculation of the basal spacing d by the relative partial molar Gibbs free energy of interlayer water in Na-montmorillonite in the equilibrium state is conducted as follows.


     d =      1.56     d G <    d G  ^    H 2  O    ( 1.6 )         ( 1.88 − 1.56 )    d G − (    d G  ^    H 2  O    ( 1.3 )       d G  ^    H 2  O    ( 1.6 )  −    d G  ^    H 2  O    ( 1.3 )    + 1.88        d G  ^    H 2  O    ( 1.6 )  < d G <    d G  ^    H 2  O    ( 1.3 )        1.88        d G  ^    H 2  O    ( 1.3 )  < d G <    d G  ^    H 2  O    ( 1.0 )         ( 3.52 − 1.88 )    d G −    d G  ^    H 2  O    ( 0.6 )       d G  ^    H 2  O    ( 1.0 )  −    d G  ^    H 2  O    ( 0.6 )    + 3.52        d G  ^    H 2  O    ( 1.0 )  < d G <    d G  ^    H 2  O    ( 0.6 )  .          



(57)







Only for the calculation of   d  G S   ,   T  a b s    is fixed at   298.15  K  . Figure 10 shows the basal spacing of montmorillonite in saline water. As shown in Figure 10, the higher the salinity becomes, the smaller the basal spacing becomes.




4.2.4. Prediction of Saturated Hydraulic Conductivity


The comparison between the calculated and measured [4,5,34,35] saturated hydraulic conductivities of the buffer material is explained here. Table 1 shows the type of bentonite used, its abbreviation, and the montmorillonite content. Since Kunigel OT9607 is the source ore of Kunigel V1, the montmorillonite content is assumed to be equal to that of Kunigel V1. Figure 11, Figure 12 and Figure 13 show the measured and predicted hydraulic conductivities of the Na-bentonite buffer material in pure water (distilled water/DW), artificial seawater (ASW) (NaCl concentration 0.64 M), and Horonobe groundwater (HoronobeGW) (NaCl concentration 0.207 M), respectively. The hydraulic conductivity is temperature dependent. Therefore, for the comparison of the measured and analyzed values, data   20 ± 5  ° C   are used for the measured values and values at   20  ° C   are used for the analyzed values.



Figure 11, Figure 12 and Figure 13 show that the predicted values of hydraulic conductivity are slightly higher than the measured values for pure water and Horonobe groundwater on the whole, while, as shown in Figure 12 and Figure 13, under Horonobe groundwater and artificial seawater conditions, the predicted hydraulic conductivities are slightly smaller than the measured ones in the low-density region. Since there is not a large amount of measured data for hydraulic conductivity in the low-density region under saline water conditions in this comparison, it is necessary to verify the extent of the deviation from the analytical values using more data. However, in all cases, the predicted values are generally consistent with the measured values over the montmorillonite partial density.






5. Comparison with In Situ Test


5.1. Analytical Conditions


The validation of the proposed model is performed by comparison with the results of in situ tests conducted by JAEA at Horonobe, Hokkaido, Japan [17,18]. The data used are for approximately 1200 days from 00:00 on 2015/1/16 (water injection start date). The analytical conditions are summarized in the following Table 4. Under the experimental conditions, a play of a width of 2 cm is provided between the overpack and the buffer material [17]. This play will disappear due to the swelling of the buffer material. In this study, however, since swelling is not considered, the analytical conditions were set assuming no play. The ionic strength of the groundwater was calculated based on the concentration of NaCl.



The thermal conductivity of saturated host rock    λ H    ( W / mK )    and the specific heat of saturated host rock    c H    ( kJ / kgK )    are calculated using the following empirical equations.


             λ H     = 0.0016 T + 1.1365     



(58)






     R 2     = 0.9423     



(59)






                       c H     = 0.0002  T 2  − 0.0085 T + 2.0151     



(60)






     R 2     = 0.9782     



(61)




These empirical equations were obtained from the measured data (0–90 °C) at 250 m below the surface in the Horonobe HDB6 borehole [36].



For the dry density of the host rock    ρ H    ( Mg /  m 3  )   , the following value was obtained at 350 m below the surface in the HDB 6 borehole [36].


      ρ H  = 1.386 .     



(62)







The analysis was performed using the finite difference method with a time step width of 90 s and a spatial step width of 2 cm.




5.2. Results and Discussion


Comparisons between the measured and analyzed values for the degree of saturation and temperature distribution are shown in Figure 14 and Figure 15, respectively. The figures in parentheses in both figures represent the radial distance from the center of the waste body. The degree of saturation of the measured values was converted from the cyclometer measurements [15].



Figure 14 shows that the comparison with the measured results of temperature is limited. In the analysis, although the surface temperature of the overpack was set at 90 °C, the measured values rose and significantly fell due to the changes in the temperature setting in the test, such as the effect of power outage. Therefore, this analysis does not reflect the changes in the temperature setting in the in situ test in the analytical conditions. This is assumed to be one of the causes of discrepancy from the measured values. The play between the overpack and the buffer material was not taken into account in the analytical conditions, and it can be assumed that the deviation from the measured values was large for the period up to 200 days because this play prevented heat from being transferred to the buffer material. In addition, the adiabatic condition was adopted as the boundary condition in this paper. Under these conditions, cooling by heat dissipation has not been considered. Therefore, it is necessary to consider the setting of the dissipation term (cooling term).



As shown in Figure 15, comparison with the change in the degree of saturation shows relatively a good agreement with the monitored data.





6. Conclusions


A T-H-C-coupled model for analyzing heat and moisture transfer in buffer materials was developed, focusing on montmorillonite content in bentonite. For the thermal properties, the modeling focused on the degree of saturation and the dry density of bentonite, since the dependence of the thermal properties on montmorillonite content was considered to be small. Hydraulic properties were modeled by separating two phases into gas–liquid and liquid–liquid and focusing on montmorillonite content for water vapor transfer and liquid water transfer, respectively. Matric potential and saturated hydraulic conductivity were modeled focusing on montmorillonite content. To predict the variation of saturated hydraulic conductivity with salinity, an argument based on Gibbs free energy is presented. The comparison between the analytical results from the proposed T-H-C-coupled model and the measured data indicates that this model is generally able to predict moisture transport.
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Figure 1. Engineered barrier system. 
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Figure 2. Montmorillonite and its swelling. 
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Figure 3. Prediction of thermal conductivity. 
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Figure 4. Specificheat of solid phase of buffer material (refer to Table 1 for the symbols). 
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Figure 5. Predictionof specific heat. 
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Figure 6. Potential of soil water (matric potential) vs. water content normalized by montmorillonite content (refer to Table 1 for the symbols). 
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Figure 7. Potential of soil water in artificial seawater vs. water content normalized by montmorillonite content (refer to Table 1 for the symbols). 
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Figure 8. Image of a montmorillonite sheet. 






Figure 8. Image of a montmorillonite sheet.



[image: Minerals 14 00394 g008]







[image: Minerals 14 00394 g009] 





Figure 9. Calculated results of basal spacing based on montmorillonite partial density. 
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Figure 10. Calculated results of basal spacing in saline water. 
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Figure 11. Calculated and measured saturated hydraulic conductivities for pure water. 
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Figure 12. Calculated and measured saturated hydraulic conductivities for artificial sea water. 
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Figure 13. Calculated and measured saturated hydraulic conductivities for Horonobe groundwater. 
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Figure 14. Comparison between calculated and measured temperatures. 
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Figure 15. Comparison between calculated and measured values in the degree of saturation. 
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Table 1. The type of bentonite used, its abbreviation, and the montmorillonite content.






Table 1. The type of bentonite used, its abbreviation, and the montmorillonite content.





	Type of Bentonite
	Abbreviation
	Montmorillonite Content





	Kunigel V1
	KV
	51% [4]



	Tenryu
	TG
	64% [4]



	Shirakami
	SK
	55% [4]



	Kunigel OT-9607
	K-OT
	51% [4]



	Volclay
	VC
	69% [20]



	Neo Kunibond
	NKB
	76% [20]



	Mikawa
	MG
	41% [4]










 





Table 2. Parameters for the calculation of moisture diffusion coefficient.






Table 2. Parameters for the calculation of moisture diffusion coefficient.





	Gas phase ratio   a  ( − )  
	  a =  θ s  − θ   [22]



	Unsaturated tortuosity factor   α  ( − )  
	  α = 0 .  66 a    [22]



	Enhancement factor   η  ( − )  
	  η = 9.5 + 3  θ  θ s   − 8.5 exp  −    1 +   2.6     f b   f m       θ  θ s    4     [23]



	Saturated water vapor concentration    ρ *    ( − )   
	   ρ *  = 1.19 ×  10  − 11   exp  ( 0.0486  T  a b s   )    [22]



	Vapor diffusivity in air   D  ( cm /  m 2  )  
	  D = 5.89 ×  10  − 2     T  a b s   2.3   P    [22]



	Surface tension   σ  ( N / m )  
	  σ = 75.6 − 0.1425 T − 2.38 ×  10  − 4    T 2    [24]







Note:   θ s   is the saturated volumetric water content (−);   f b   is the bentonite content in the buffer material (−);   f m   is the montmorillonite content in the bentonite (−); P is the atmospheric pressure.













 





Table 3. The relationship between montmorillonite partial density and the relative partial molar Gibbs free energy of interlayer water in Na-montmorillonite.
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	     ρ dm    ( Mg /  m 3  )     
	      dG ^    H 2  O    (  ρ dm  )    ( kJ / mol )     





	0.6
	   − 6.865 ×  10  − 5      



	1.0
	   − 2.957 ×  10  − 2     



	1.3
	   − 0.1244   



	1.6
	   − 0.7921   










 





Table 4. Analytical conditions adapted to the Horonobe in situ test.
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	Governing equation
	Equations (1) and (2)



	Montmorillonite content in bentonite   f m  
	0.51



	Bentonite content in buffer material   f b  
	0.7



	Dry density   ρ d  
	   1.8  Mg /  m 3    



	NaCl concentration
	0.207 M



	Overpack radius   r 1  
	   41  cm   



	External diameter of buffer material   R O  
	   70  cm   



	Analysis radius   R B  
	   1000  cm   



	Host rock initial temperature   T B  
	   22  ° C   



	Overpack surface temperature   T O  
	   90  ° C   



	Initial water content   w 0  
	   0.105   



	Saturated water content   w s  
	   0.1851   
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