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ABSTRACT:  For geological disposal of high-level radioactive waste (HLW), it is necessary to evaluate the 

long-term stability of the near field (the area surrounding the HLW disposal hole) following the emplacement 

of waste in deep underground bedrock. Therefore, attempts have been made to significantly shorten the time 

required for testing static physical phenomena using centrifugal model tests and to enhance the reliability of 

long-term near-field stability evaluations by comparing the results of centrifugal model tests with those of 

numerical models. However, controlling and measuring the heat, pore water, and stresses in scaled models of 

1/30 or 1/50 used in centrifugal model tests tends to be technically challenging. In this study, we devised test 

vessels and scaled models to simulate heat generation from waste, and designed a test to obtain time-dependent 

changes in water infiltration and stress in the buffer material, enabling comparisons with thermal-hydraulic-

mechanical simulations. Water tended to percolate from the outside to the vicinity of the heated overpack, and 

the numerical analysis reproduced the near-field behavior. 

 

 

1 INTRODUCTION 

The geological disposal of high-level radioactive 

waste (HLW) is planned to be carried out deep 

underground. The waste is sealed in a canister and 

enclosed in metallic casing (called an overpack). 

Subsequently, it is packed into a deposition hole 

drilled into the bedrock and surrounded by a 

bentonite buffer material. The area surrounding the 

HLW deposition hole (called the “near-field”) is 

composed of such a heterogeneous composite. The 

long-term behavior in the near-field is governed by 

complex thermal, hydraulic, and mechanical (T-H-

M) coupled processes that occur over 100 years and 

involve heat generation from the waste, groundwater 

infiltration, and the swelling pressure of the bentonite 

buffer (Figure 1). After resaturation, it is considered 

that the buffer will be secondarily consolidated 

owing to the weight of the overpack with the option 

of vertical emplacement in the buffer, and the 

overpack will gradually settle over a long period 

(Nakamura and Tanaka 2014; NUMO, 2021). Both 

full-scale tests and numerical simulations have been 

used to investigate the long-term behavior of the 

near-field. A previous study developed a T-H-M 

coupling code (LOSTUF; Numerical Code for LOng-

term STability of Underground Facilities) to evaluate 

long-term behavior in the near-field (Sawada et al., 

2006). However, when comparing the numerical 

simulation and data obtained for the full-scale test, 

validating and evaluating the behavior over 100 years 

proved challenging. One possible way to evaluate 

long-term behavior is through methods such as the 

centrifugal model test, which has the advantage of 

significantly shortening the time necessary to observe 

behavior resulting from typical groundwater flow 

according to the scaling law. A 1/N scale model in a 

centrifugal model test is subjected to N times the 

Earth’s gravitational/centrifugal acceleration (G), 

and then, a centrifugal scaling law is applied in a 

static field, where N is the scale factor and 

gravity/centrifuge acceleration level (e.g., Taylor 

1995; Kumar 2007). The scaling law is verified by 

the laboratory measurements of “modelling of 

models” at the several centrifugal force fields such as 

water migration in unsaturated soils (Thorel et al., 

2002; Caiced and Thorel 2014) and heating migration 

in soils (Krishnaiah and Singh 2004). In light of this, 

some studies have also developed an accelerated test 

using a centrifuge to model long-term behavior in the 

HLW near-field (Nishimoto et al., 2011). Sawada et 
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al. (2017) performed H-M-coupled numerical 

simulations of preliminary results from an H-M-

coupled 1/30 scale model test (Nishimoto et al., 

2016). However, because the permeability of the 

bentonite buffer is very low, it is difficult to secure 

enough time for sufficient evaluation until after 

resaturation using a 1/30 scale model test. In addition, 

the effects of waste heat were not considered in 

previous studies (Nishimoto et al., 2016). Therefore, 

to account for the effects of heat and conduct model 

tests in a shorter time, a small heater was used as 

model waste, and a 1/50 scale model was developed. 

The 1/50 scale is the minimum size at which the 

developed small heater, as well as water level sensors 

and soil pressure transducers, can be installed. When 

conducting a scaled-model test with a 1/50 scale 

model under 50 G acceleration, the scaling law 

provided an acceleration effect of 502 times, enabling 

the physical behavior equivalent to 273 years to be 

evaluated in 40 days of testing.  

We evaluated near-field static behavior equivalent to 

273 years in actual time by comparing scaled model 

tests and numerical simulations. Here, although the 

existence of fractures and heterogeneity in the buffer 

materials may result in deviations from strict 

similitude, these effects are assumed to be negligible 

in small scale models. 

2 TEST CONDITIONS 

2.1 Centrifuge equipment 

We used “CENTURY5000-THM” (Centrifugal Test 

equipment for Ultralong time Range of 5000 years: 

simulating coupled T-H-M processes) (Nippon Steel 

& Sumikin Railway Technology Co., Ltd., special 

order) that enables us to perform a long-term 

operation of up to 6 months with a maximum payload 

of 1.5 ton up to 100 G (Nishimoto et al., 2011; 2016) 

(Figure 2). The greatest feature of this instrument is 

its capability for continuous operation for up to six 

months (whereas general centrifugal loading devices 

of a similar scale typically operate for only several 

tens of hours). In addition, because long-term 

operation is required, concrete pit houses require 

equipment with a large air-conditioning system that 

enables constant temperature control to prevent 

temperature rise resulting from air resistance. 

Furthermore, the main unit was equipped with a 

power supply system to counteract momentary power 

interruptions. 

2.2 Scale model of near-field in the HLW 

disposal repository 

In the overpack settlement analysis described in the 

Technical Report (NUMO 2021), the thickness of the 

Figure 1. Image of near-field behavior during buffer resaturation process. 
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buffer was set to 700 mm with a sufficient margin to 

account for uncertainties, utilizing previous reports 

and referring to Ogata et al. (1999). We designed and 

created a new model with actual scales of 1/30 and 

1/50, by referencing Ogata et al. (1999) (Figure 3). 

The 1/50 scale model of the compacted buffer had a 

diameter of 44.4 mm and a height of 82.6 mm. The 

scaled model was enclosed in an aluminum test 

vessel. The model overpack consisted of stainless 

steel (SUS316L) and epoxy resin. The 1/50 scale 

model of the overpack had a diameter of 16.4 mm and 

a height of 34.6 mm (Figure 4a). Assuming heat 

generation from waste, a heater was installed inside 

the overpack (Figure 4a). The heater wiring is 

designed to be accessible from the top of the test 

vessel. The weight of the overpack is adjusted using 

epoxy resin such that the bulk density becomes 6.35 

Mg/m3, based on the calculation of the weight and 

volume of the overpack, including vitrified waste. 

Six soil-pressure transducers and four water-level 

sensors were installed in the test vessel (Figure 3 and 

4b). A gap sensor (noncontact displacement sensor) 

was installed at the bottom of the test vessel to 

measure the displacement (uplift and settlement) of 

the overpack by detecting changes in the distance to 

the target bar (rigidly connected to the model 

overpack). A gap sensor is an eddy-current sensor 

that generates a high-frequency magnetic field in the 

coil inside the sensor. It measures the distance to the 

target object by detecting voltage changes introduced 

by impedance variations according to the distance. 

The gap sensor can gauge the uplift of the model 

overpack up to a maximum of 2.5 mm (equivalent to 

75 mm on an actual scale).  

The buffer was prepared by compacting Japanese 

Ca-bentonite powder (Kunibond). An effective 

montmorillonite dry density (𝜌𝑒𝑚: representing bulk 

density when the specimen is composed of only 

montmorillonite) of compacted buffer was 1.0 

Mg/m3. 𝜌𝑒𝑚 = 𝑚𝑚𝑉𝑎+𝑉𝑤+𝑉𝑚 (1) 

where, 𝑚𝑚 is the mass of montmorillonite (Mg), 𝑉𝑎, 𝑉𝑤 , and 𝑉𝑚  are the volumes of air, water, and 

montmorillonite (m3), respectively. The 

montmorillonite content was determined by 

measuring the methylene blue adsorption amount in 

accordance. The methylene blue adsorption amount 

of Kunibond was 122 mmol/100 g, assuming that the 

methylene blue adsorption amount of the 

Figure 2. Schematic of the geotechnical 

centrifuge, CENTURY5000-THM (Nishimoto et 

al., 2016). 

 

Figure 3. (a) The target HLW disposal repository (Ogata et al., 1999) and (b) the Near-field model of the 

centrifugal 1/50 scaled model test. 
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montmorillonite contained in Kunibond was 150 

mmol/100 g (Watanabe & Yokoyama, 2020).  

2.3 Test cases 

 The centrifugal model tests were conducted using 

1/30 and 1/50 scale model (Table 1). The temperature 

of the model waste was set to 90 ℃. Even under the 
90 ℃ model waste condition, the outside of the test 
vessel was kept constantly at room temperature 

(25 ℃) by the apparatus, resulting in a temperature 

gradient from the model waste to the outside of the 

test vessel. The test water injection pressure was set 

at 1.0 MPa, and the test water was injected from the 

bottom of the test vessel. Assuming coastal 

geological disposal of HLW (NUMO 2021), artificial 

seawater (Marine Art SF-1, Osaka Yakken) was used 

as test water.  

Table 1. Cases of the centrifugal model tests 
cases heat scale test days years in 

actual scale 

Case 1 90 ℃ 1/30 43 105 

Case 2 90 ℃ 1/50 40 273 

 

3 NUMERICAL SIMULATION 

3.1 T-H-M-Coupled formulation by LOSTUF 

The original formulation of coupled hydroelasticity 

was extended to a partially saturated 

thermohydroelastic medium (Sawada et al., 2006). 

Three phases are considered in this formulation: solid, 

liquid, and gas. However, the gas pressure is assumed 

to be constant and equal to atmospheric pressure 

throughout the porous medium. Vapor transport 

occurs only through molecular diffusion driven by a 

gradient in the vapor concentration (Fick’s law), 
whereas the advection of vapor with the bulk gas flow 

is neglected. LOSTUF adopts a compositional 

approach to establish mass balance equations. This 

approach entails balancing the species rather than the 

phases. Balance equations are considered for the 

energy, water mass, and momentum. The final 

governing equations in terms of the displacement 

vector 𝒖, pore pressure 𝑃, and absolute temperature 𝑇  are obtained by substituting constitutive laws, 

including Darcy’s, Fick’s, and Fourier’s laws, into 

the balance equations. 

The governing equation for water flow is obtained as 𝜌𝑙𝑆𝑙 𝜕(𝛻∙𝒖)𝜕𝑡 + [𝜌𝑙0𝜙𝑆𝑙𝛽𝑃𝑙 + (𝜌𝑙 − 𝜌𝑣)𝐶𝑙𝑃 +𝜌𝑙𝐶𝑣𝑃] 𝜕𝑃𝜕𝑡 − (𝜌𝑙0𝜙𝑆𝑙𝛽𝑇𝑙 − 𝜌𝑙𝐶𝑣𝑇) 𝜕𝑇𝜕𝑡 + 𝛻 ∙

[−𝜌𝑙 𝒌𝑘𝑟𝑙𝜇𝑙 − 𝜌𝑙𝐷𝑃𝑣𝑰)𝛻𝑃] + 𝛻 ∙ [(−𝜌𝑙𝐷𝑇𝑣)𝑰𝛻𝑇] =𝑄𝐵 + 𝛻 ∙ (𝜌𝑙 𝒌𝑘𝑟𝑙𝜇𝑙 𝒈) (2) 

where 𝜌𝑙  is the liquid water density, 𝜌𝑙0  is the 

reference liquid water density, 𝜌𝑣 is the vapor water 

density, 𝑆𝑙 is the liquid water saturation, and 𝜙 is the 

porosity. 𝛽𝑃𝑙  is the compressibility of water, 𝛽𝑇𝑙  is 

the linear thermal expansion coefficient of water, 𝒌 

is the intrinsic permeability tensor, 𝑘𝑟𝑙 is the relative 

permeability function, 𝜇𝑙  is the fluid viscosity, 𝑰 is 

the identity tensor, 𝑄𝐵 is the source term of the water 

flow, and 𝒈 is the gravity acceleration vector. 𝐶𝑙𝑃 is  
the liquid water capacity obtained from the water 

retention curve. 𝐶𝑣𝑇  is the thermal vapor water 

capacity at a constant temperature and 𝐷𝑃𝑣 and 𝐷𝑇𝑣 

are the isothermal and thermal vapor diffusion 

coefficients, respectively, as follows: 𝐷𝑃𝑣 = 𝐷𝑣𝜌𝑣𝜌𝑙2𝑅𝑣𝑇 (3a) 𝐷𝑇𝑣 = 𝐷𝑣 (𝑅𝐻𝜌𝑙 𝜕𝜌𝑣𝑆𝜕𝑇 − 𝜌𝑣𝑃𝑙𝜌𝑙2𝑅𝑣𝑇2) (3b) 

Figure 4. Assemblies of the 1/50 scaled model 

test. 
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where, 𝑅𝐻 is the relative humidity, 𝑅𝑣 is the specific 

gas constant of the water vapor [=461.5 J/(kgK)], 𝜌𝑣𝑆 

is the saturated vapor density which is dependent on 

the temperature. 𝐷𝑣  is the molecular diffusion 

coefficient of water vapor and is defined as 𝐷𝑣 = 𝜙(1 − 𝑆𝑙)𝜏𝐷𝑚 (4) 
where, 𝜏  is the tortuosity factor and 𝐷𝑚  is the 

molecular diffusion coefficient for the vapor flow in 

air. 

The governing equation for the heat transfer is 

obtained as  (1 − 𝜙)3𝐾𝐷𝛽𝑇𝐷𝑇 𝜕(𝛻∙𝒖)𝜕𝑡 + (𝜌𝑐)𝑚 𝜕𝑇𝜕𝑡 − 𝛻 ∙[𝑇 (𝛽𝑇𝑙𝛽𝑃𝑙) 𝒌𝑘𝑟𝑙𝜇𝑙 + 𝜌𝑙𝐿𝐷𝑃𝑣𝑰] 𝛻𝑃 − 𝛻 ∙ (𝜆𝑚𝑰𝛻𝑇) +(𝑐𝑙𝒒𝑙) ∙ 𝛻𝑇 = 𝑄𝑇𝐵 (5) 
where, 𝐾𝐷  is the bulk modulus of the solid phase, 𝛽𝑇𝐷  is the drained linear thermal expansion 

coefficient of the medium, 𝐿   is the latent heat of 

vaporization of water, 𝑄𝑇𝐵 is a heat-source term, 𝜆𝑚 

is the thermal conductivity of the medium, and (𝜌𝑐)𝑚  is the heat capacity of the unit volume of 

medium. 

For the stress equilibrium, the governing equation is 

as follows: 𝛻 ∙ [𝑫: 𝜕(𝛻𝒖+(𝛻𝒖)𝑡𝑟)𝜕𝑡 ] + 𝛻 ∙ (−𝑰𝜒 𝜕𝑃𝜕𝑡) + 𝛻 ∙[(−𝑫: 𝑰𝛽𝑇𝐷) 𝜕𝑇𝜕𝑡] = 𝜕𝜕𝑡 (𝜌𝑚𝒈) + 𝑭𝐵 + 𝑭𝑃 (6) 

where, 𝑫  is the tangential stiffness tensor for the 

solid phase, and it can be defined by Young’s 

modulus 𝐸 and Poisson’s ratio 𝜐 for a linear isotropic 

elastic body. 𝜒  is Bishop‘s parameter for effective 

stress, and 𝜒 = 0  for unsaturated media. 𝜌𝑚  is the 

density of the mixture, and 𝑭𝐵  is an external force 

vector. 𝑭𝑃 is a nodal force vector generated by 

swelling as follows: 𝑭𝑃 = ∫ 𝑩𝑇𝑫(𝜔𝑠𝑚𝑎𝑥 − 𝜀𝑎𝑤)𝑰𝑑𝑉 (7) 
where, 𝐁 is the strain-displacement operator matrix, 

and 𝜀𝑎𝑤  is the accumulated swelling strain. The 

maximum swelling strain at an unsaturated state 𝜔𝑠𝑚𝑎𝑥  is determined by the following equation 

(Komine and Ogata 2003) obtained from Kunigel V1 

(Japanese Na-bentonite). 𝜔𝑠𝑚𝑎𝑥 = 𝜀𝑠𝑚𝑎𝑥 (|𝑃𝑙−𝑃𝑙0||𝑃𝑙0| )𝑙
 (8) 

where, 𝜀𝑠𝑚𝑎𝑥 is the maximum swelling strain during 

swelling test.  

3.2 Basic assumptions and boundary 

conditions 

The simulation focused on water flow in the buffer 

and the mechanical behavior of the buffer and 

overpack within a cylindrical vessel. The simulation 

model was assumed to be axisymmetric. Joint 

elements were set at the boundaries between the 

buffer and vessel as well as between the buffer and 

model overpack. For the hydraulic boundary 

conditions, a water injection pressure of 1.0 MPa was 

applied to the bottom surface of the buffer material 

and drained from the top surface of the buffer. The 

outer surface was set as a nondrainage boundary. For 

the thermal boundary conditions in the case without 

heating, all nodes were fixed at 25°C. In the case with 

heating, the temperature of the model overpack was 

raised to 90°C and the outer boundary to 30°C over 

1.5 months, and then both were kept constant based 

on centrifugal motel test results. 

3.3 Material properties 

Table 2 lists the material properties used in the 

simulations. The constitutive equation for the buffer 

was an elastic model, and the relationship between 

the Young’s modulus 𝐸50 (MPa) and the saturation 

degree (%) was applied following the equation based 

on the test results using Kunigel V1 and deionized 

water (Sawada et al., 2023). 𝐸50 = 171 − 1.41𝑆𝑙  (𝐸50 ≥ 10 𝑀𝑃𝑎) (9) 𝜐 = 0.30 + 0.0019𝑆𝑙 (10) 
The swelling characteristics were organized based on 

the relation between the effective clay density 𝜌𝑐 

(Mg/m3) and the equilibrium swelling pressure 𝑃𝑠 

(MPa) at saturation. Parameters 𝑝  and 𝑞  were set 

accordingly (Figure 5). 𝑃𝑠 = 𝑝 ∙ 𝑒𝑥𝑝 (𝑞 ∙ 𝜌𝑐) (11)  
Soil water characteristic curve was set using van 

Genuchten equation. 𝑆𝑙 = 𝑆𝑙0 + (𝑆𝑙𝑚𝑎𝑥 − 𝑆𝑙0) [1 + ( 𝑠𝑃0) 11−𝜆]−𝜆
(12) 

where 𝑠 is the suction, 𝑃0is the suction parameter that 

determines the soil–water characteristic curve, 𝑆𝑙0 =0.1 and 𝑆𝑙𝑚𝑎𝑥 = 1.0. The initial suction was set to 55 

MPa for all cases, as described in a previous study 

(Sawada et al., 2023). The hydraulic conductivity 𝑘𝑤 

(m/s) was defined as a function of 𝜌𝑐 (Mg/m3), and 

parameters 𝑎 and 𝑏 were determined from laboratory 

test results (Figure 5). 

 𝑘𝑤 = 𝑎 ∙ 𝑒𝑥𝑝 (𝑏 ∙ 𝜌𝑐) (13) 
The thermal conductivity 𝜆𝑚  was defined as a 

function of the saturation degree. 𝜆𝑚 = (1 − 𝑆𝑙)𝜆𝑑𝑟𝑦 + 𝑆𝑙𝜆𝑠𝑎𝑡 (14) 

where, 𝜆𝑑𝑟𝑦  is dry thermal conductivity and 𝜆𝑠𝑎𝑡 

saturated thermal conductivity. The specific heat 𝑐𝑠 

(J/kgK) of the Kunibond was defined as a function of 

the temperature T (oC). 𝑐𝑠 = 1.5𝑇 + 811 (15) 
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The centrifugal model tests were conducted for a 

period equivalent to 273 years on an actual scale, 

whereas the numerical simulations were conducted 

for up to 1000 years to assume complete saturation. 

 

Table 2. Material properties 
Bentonite Kunibond 

Effective dry density 1.12 Mg/m3 

Montmorillonite content percentage 81.3 % 

Effective montmorillonite dry density  1.0 Mg/m3 

Skeletal density 2.67 Mg/m3 

Young’s modulus eq. (9) 

Poisson’s ratio eq. (10) 

Swelling characteristic parameter 𝒑 1.21x10-3 MPa 

Swelling characteristic parameter 𝒒 5.49  

Soil water characteristic curve 𝑷𝟎 5.2 Mpa 

Soil water characteristic curve 𝝀 0.35 

Hydraulic parameter 𝒂 1.59x10-5 m/s 

Hydraulic parameter 𝒃 -14.6 

Dry thermal conductivity 𝝀𝒅𝒓𝒚 0.300 

Saturated thermal conductivity 𝝀𝒔𝒂𝒕 1.300 

Specific heat of solid eq. (14) 

Linear thermal expansion coefficient 1.16x10-3 K-1 

4 RESULTS 

Figure 6 shows the saturation distribution for Case 2 

of the centrifugal model test (a) and numerical 

simulation (b). In Figure 6(a), the buffer is considered 

to be nearly saturated when the output voltage 

reaches 3 V, based on the settings of the function 

generator. The buffer was saturated slightly earlier in 

the simulation than in the model test; however, the 

degree of saturation that increased sequentially from 

the bottom of the buffer was consistent in both cases. 

Figure 7 shows the soil pressure distribution for Case 

2 of the centrifugal model test (a) and numerical 

simulation (b). In the simulation, the soil pressure 

exhibited complex behavior; however, after 

saturation, the soil pressure converged to a constant 

value. However, in the model test, it took longer for 

the soil pressure to converge, and the absolute values 

of the soil pressure distribution after 273 years on the 

actual scale were considered to exhibit a similar trend 

to those in the simulation. 

Figure 8 shows the displacement of the model 

overpack in Cases 1 and 2 of the centrifugal model 

Figure 5. Relationship between 𝑃𝑠 and 𝑘𝑤 as a 

function of 𝜌𝑐 

Figure 6. The saturation distribution  

Figure 7. The soil pressure distribution 
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test and simulation. The overpack displacement 

exhibited complex behaviors, such as uplift, 

settlement, and uplift movement. Although there 

were differences in timing and values between the 

simulation and model tests, complex displacements 

were observed in both cases. These results are 

attributed to changes in the swelling behavior. 

Figure 9 shows the cross-sectional photographs and 

X-ray CT images taken after the centrifugal model 

tests. The initial density of the buffer material shown 

in the CT images was 1.12 Mg/m³, increasing to 2.12 

Mg/m³ upon saturation. In Case 1, the test was 

completed after 105 years, and the results revealed 

regions with low saturation distributed along the 

sides and top of the model overpack. This distribution 

is attributed to the diffusion of water vapor caused by 

the temperature gradient, which generates a flow of 

water vapor from the model overpack toward the 

outside. In contrast, Case 2 exhibited uniform CT 

values, indicating that the buffer was saturated. 

Figure 10 shows the distributions of the water content 

and temperature obtained from the simulation. 

Although the buffering was slightly faster in the 

simulation than in the model test, the process 

progressed from the outside to the vicinity of the 

overpack. The results of the T-H-M model test and 

simulation confirmed a tendency for fluid to 

permeate by bypassing the area around the overpack.  

However, from a comprehensive assessment of the 

results, it was observed that soil pressure and 

overpack displacement converged earlier in the 

numerical simulations than in the model tests. One 

contributing factor may be the difference in water 

infiltration rates between the model experiments and 

the numerical simulations, potentially caused by an 

overestimation of hydraulic conductivity and 

young’s modulus. Furthermore, the discrepancy 

between the idealized homogeneous conditions in the 

numerical model and the microscopic heterogeneity 

of the model is identified as a subject for future 

investigation.  

5 CONCLUSIONS 

In this study, to address the need for long-term 

behavior evaluation of HLW, small-scale assemblies 

with 1/50 size that allow heating of model waste up 

to 90 ℃ were developed, and centrifugal model tests 

and THM-coupled simulation were conducted. Both 

the test and simulation confirmed that the water flow 

in the buffer was affected by heat from the model 

waste. Although the overpack exhibited complex 

displacement influenced by the behavior of the buffer 

material under the present conditions, the 

displacement magnitude was very small, on the order 

of a few millimeters at the actual scale. Estimating 

the displacement behavior of the overpack enables 

Figure 8. The displacement of overpack 

 

Figure 9. Cross-sectional photographs and X-ray CT images taken after the centrifugal model tests 
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feedback to the construction conditions of geological 

disposal. We will proceed with the appropriate 

acquisition of the material properties and future 

parameter studies. 
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