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Abstract  

Bentonite pellets are intended to be used as filling material in spent nuclear fuel 

repositories. The bentonite pellets can be used in gaps between the compacted clay blocks 

and the rock walls. Pillow pellets manufactured with MX-80 bentonite are intended to be 

installed in buffer between compacted blocks made with bentonite clay and the host rock. 

In addition, compacted clay blocks and rod pellets manufactured with bentonite from 

Milos (Greece) are the elements selected as backfill material for the backfilled drifts. This 

paper describes an experimental program and the corresponding modeling in order to 

characterize the hydro-mechanical behavior of pellets. At least, two levels of porosity can 

be distinguished in pellets: microporosity and macroporosity. In general, the 

microstructure is associated with the active clay minerals, while the macrostructure 

accounts for the larger-scale structure of the material. In pellets, this concept can be 

somewhat different as a pellet arrangement creates a large scale macro pore structure.  

The Barcelona Expansive Model is proposed to reproduce the material response through 

infiltration and oedometer tests. In addition to expansive model parameters, a set of 

hydraulic laws considering the double structure phenomena is necessary to perform 

Hydro-Mechanical (HM) analysis. This paper also describes the effect of macro porosity 

on the intrinsic permeability changes. To illustrate the general objectives of this research, 

a full scale Thermo-Hydro-Mechanical (THM) calculation has been done to show the 

capabilities of the approach. Barcelona Basic Model (for clays) and Barcelona Expansive 

Model (for pellets) have been used in this full scale calculation. 

KEY WORDS: Barcelona expansive model, macro and micro-porosity, KBS-3 design, 

THM calculations, rod pellets, pillow pellets   



 

 

1. INTRODUCTION 

The spent nuclear fuel repository design in Finland follows the KBS-3 design (SKB, 

2010). This design has two alternatives: the KBS-3V (Juvankoski et al., 2012) and the 

KBS-3H (Posiva, 2013). In the KBS-3V alternative, the vertical deposition holes need 

some clearance for bentonite buffer blocks installation. Therefore, there will be an 

unavoidable gap between the bedrock and bentonite buffer. The gap filling with pellets 

both in deposition holes and in tunnel backfill cases has been widely studied (Holt et al., 

2013).   

The main reason for using pellets in the outer gap, instead of leaving it empty, is to ensure 

that the density after saturation is sufficiently high for the reference geometry of the 

blocks and deposition hole. This density should be between 1950 and 2050 kg/m3 

(Juvankoski et al., 2012). In case that pellets were not used, the gaps would have to be 

narrow to ensure a sufficiently high final density of the buffer. Narrow gaps lead to strict 

limitations of the acceptable variations of the geometry of the deposition holes and high 

precision of the installation technique. The pellet filling also prevents falling backfill 

material into the deposition hole during the backfilling operation of the drift, and may 

also mitigate the impact of thermally induced spalling in the deposition hole (SKB, 2010).  

 

2. EXPERIMENTAL PROGRAM 

Experiments on Pillow Pellets (pellets to be used in buffer) and Rod Pellets (pellets to be used in 

backfill) are presented in this section. Infiltration tests at constant volume and oedometric tests 

have been carried out at B+Tech (www.btech.fi) laboratory.  

 

2.1. DESCRITION OF MATERIALS 

Pillow pellets were manufactured with MX-80 bentonite. The characterization of the raw 

material is described in Kiviranta et al., (2016) and Table 1 presents the main properties. 

The ID material is Be-Wy--BT0027-Pp-R according to Kiviranta et al., (2016).  

Figure 1 shows the size of the pellets proposed for filling the space between the buffer 

blocks and the host rock (Figures 1-A and 1-B). The pillow pellets have a breadth of 

around 12.0 mm and a thickness of around 5.5 mm. These pellets were manufactured by 

compaction of the MX-80 clay to small pillow-shaped pieces with a roller compactor 

(Juvankoski et al., 2012). 

Rod pellets were manufactured from Milos bentonite. The characterization of the raw 

material is also described in Kiviranta et al., (2016) and Kiviranta and Kumpulainen 

(2011). Table 1 presents the main properties of these two clays. The ID for the material 

is Be-Mi--NaA-BT0021-Pp-R.  



 

 

The pellets have a length of 9.4 mm and a diameter of 6.2 mm although the variation of 

these values is high. The pellets were manufactured by the extrusion method (Keto et al., 

2013). 

The rod pellets component (Figure 1-C) is used for filling the space between the backfill 

blocks and the tunnel wall (Figure 1-D) (Keto et al., 2013). The rod pellet material is 

expected to represent a potentially significant proportion of the tunnel cross-section.  

 

2.2. DESCRIPTION OF TESTS 

This section describes the set-up of the tests and the results obtained (Pintado et al., 2013; 

Kiviranta et al., 2016). As pellet materials have a relatively large pellet (particle) size, the 

ratio between cell size and particle size might not be optimum. In this regard, the 

maximum particle size is the limitation of the test set-ups, so the maximum particle size 

fixes the minimum size of the cell. This limitation may be different as a function of the 

tests, so (1) in unconfined tests, the diameter should be ten times the maximum diameter 

of the largest particle (ASTM D2166-06), (2) in oedometer tests, the height should be ten 

times the maximum particle diameter (ASTM D2435/D2435M-11) and (3) in triaxial 

tests, the diameter should be six times the maximum particle diameter (ASTM D4767-

11). This is important to mention because the size of the pellets is larger than the 

maximum particle size defined by the ASTM standards. The diameter of the piston in the 

oedometric test is 50-70 mm (see detailed description below) and pellets have an 

equivalent diameter in the range of 5 to 7 mm. With these sizes, the contact of the piston 

or porous stone with the pellet material may be not optimum especially at the beginning 

of the test. The contact improves as compression and wetting take place and the material 

tends to homogenize. Water content was measured following the ASTM D2216-10 and 

the bulk density of the soil specimens following the procedure described in Sartorius 

density determination kit. 

 

INFILTRATION TESTS 

Pellets are in unsaturated conditions when inserted in the deposition holes and are 

saturated with the blocks as the groundwater flows into the tunnels and deposition holes. 

The saturation process starts when the water flows in a natural way from the host rock.   

Usually, the non-saturated hydraulic conductivity can be measured in porous materials 

by suction controlled oedometer tests (Romero et al., 1999). However, these tests cannot 

be performed in bentonites due to their high suction. In this case, for measuring the non-

saturated hydraulic conductivity, it is necessary to perform inverse analysis from 

infiltration tests (Pintado et al., 2002; Villar et al., 2005). Dueck and Nilsson (2010) 

presented a test where the boundary condition on the inlet water side was high relative 

humidity control instead of constant water pressure control.  



 

 

Hoffmann et al., (2007) and Alonso et al., (2011) have carried out investigation on pellets 

manufactured with FEBEX bentonite. Hoffman (2005) also presents infiltration tests 

conducted on the same bentonite. 

As shown in Figure 2, the infiltration tests involve a column of pellets with initial 

conditions as given in Table 2. The infiltration cell is made of stainless steel. The inner 

diameter of the infiltration cell is 50 mm, and the height of the sample is approximately 

63 mm. There are two sintered porous frits made of stainless-steel balls with a diameter 

of 10 μm at the top and bottom of the sample. The pellets were placed directly inside the 

cells without compaction. The initial dry density was calculated knowing the initial 

pellets mass and the volume, calculated as the difference between the total volume of the 

cylinder and the part of the piston inside it. During the tests, a target water pressure was 

applied at the bottom of the sample by a pressure/volume controller manufactured by 

GDS (www.gdsinstruments.com). On the top of the sample, the boundary condition was 

supposed to be a seepage boundary condition. This means that there is not flow of water 

when the soil is still unsaturated and when it reaches the saturation, the water pressure is 

fixed in 0 (atmospheric pressure) and there is water flow in liquid phase through the 

boundary. The real boundary condition is an evaporation but in the conditions of the 

sample, this evaporation can be considered negligible due the long time necessary for 

reaching the steady state conditions when the boundary condition is imposed just fixing 

the relative humidity without forcing air movement through the boundary or through the 

sample (Pintado et al., 2009). The tests were performed at the laboratory room 

temperature (approximately 24 °C). The suction of the pellets was measured before the 

tests with a chilled mirror psychrometer WP-4 (www.decagon.com). The sample volume 

was kept constant during the test, and the water inlet flow was measured continuously. 

At the end of the test, the final weigh of the sample was measured. The final volume was 

also measured with a caliper. The sample was cut into slices with a saw. After cutting the 

sample, the water content and bulk density were measured. In addition, the suction was 

measured with the psychrometer.  

It can be observed that the dry density is lower near the injection zone which indicates 

that swelling has taken place. Figure 3 shows the final distribution of dry density (A and 

B) and water content (C and D)) for pillow and rod pellets at different days. The swelling 

near the injection zone is possible because other parts of the sample undergo compression. 

Some level of suction is still measured at the end of the test. This means that the sample 

is not fully saturated which could be motivated by dismantling of the sample. Dismantling 

has an associated unloading which may induce some suction due to the swelling 

developed. The initial and final volume was measured and there were some differences, 

in some cases, the initial volume was higher and in some cases, lower. The differences 

were less than 2.5% and were related with the uncertainties in the measurements, 

especially in the initial volume which was not obtained directly but as difference between 

different lengths, accumulating the error. It should be also mentioned that the sample may 

dry out during the dismantling and measuring operations. Figure 4 shows the samples 

http://www.gdsinstruments.com/


 

 

after the tests. It is possible to see clearly that the pellets structure had not disappeared 

yet.     

 

OEDOMETER TESTS 

The oedometer cells were made of stainless steel. In case of pillow pellets tests, the 

diameter of the samples is 70 mm and the height 25 mm. The samples for rod pellet tests 

have a diameter of 50 mm and a height of 36 mm. There are two stainless-steel porous 

frits at the top and bottom of the sample to facilitate the hydration process. A linear 

variable differential transformer (LVDT) was used to measure the axial displacements. 

In addition, a force transducer was placed on the radial direction of the samples to 

measure the radial stresses. 

Figures 5-A and 5-B present the layout of the oedometer test and a picture of the setup in 

B+Tech laboratories. There is a cell with a hydration facility and a loading arm lever. A 

weight was placed on the lever to exert axial pressure on the samples.  

The pellets were placed directly in the cells. The initial conditions of the samples are 

given in Table 3. Dry densities were relatively low, 947 kg/m3 for pillow pellets and 855 

kg/m3 for rod pellets. The degree of saturation was somewhat above 20%, similar for the 

two samples.  

The void ratio versus vertical stress curves for the experimental program and the 

developed radial stresses due to vertical loading are shown in Figure 6. The main 

difference between the two curves is the initial void ratio, higher for rod pellets than for 

pillow pellets, corresponding to the lower dry density. The curves do not show an evident 

existence of a pre-consolidation pressure as expected since the material was not 

compacted before compression.  

 

 

3. MODELING of EXPERIMENTS  

The Barcelona Basic Model BBM (Alonso et al., 1990) presents limitations for modeling 

double structure in clay materials. Therefore, the Barcelona Expansive Model BExM was 

developed (Gens and Alonso, 1992; Alonso et al., 1999; Sánchez et al., 2005; see 

Appendix A for brief description) to represent better expansive response of clay materials. 

The expansive model incorporates two porosities; macro and micro porosity. Originally, 

microstructure is associated to clay particles and a macrostructure is associated to the 

macro pores and coarse aggregates. The microstructure behavior has an impact on the 

macrostructure behavior.  

The micro and macro porosities can be studied with Mercury Intrusion Porosimetry 

(MIP). The evolution of the porosity can be followed during the hydration process in 

Seiphoori et al., (2014) for MX-80 and it is possible to see clearly the reduction of the 

macroporosity as the degree of saturation increases. However, in this paper micro and 



 

 

macro structure concept is applied only to model the behavior of pellets. Actually, the 

BExM has been applied to simulate the laboratory tests described above which were 

carried out on pellet materials.  

The model is based on the idea that total deformations have two components which are 

additive but not independent: 

𝑑𝜀𝑘𝑙 = 𝑑𝜀𝑘𝑙
𝑀𝑎𝑐𝑟𝑜 + 𝑑𝜀𝑘𝑙

𝑚𝑖𝑐𝑟𝑜  (1) 

where kl are the total strains, kl
Macro the strains in macroporosity and kl

micro the strains 

in microporosity. Additional description about the model is included in Appendix A. 

In this section, several cases are presented. Numerical simulations of an infiltration and 

oedometer tests for pellet based material (pillow pellets and rod pellets) have been 

performed using the BExM. The mechanical and hydraulic parameters used to simulate 

these tests are given in Table 4 and Table 5. The BExM is combined with an equation for 

the intrinsic permeability evolution as function of porosity. In the current approach, 

intrinsic permeability is calculated as a function of the macroporosity. During hydration, 

pellets expand thus reducing the volume of macropores and a reduction of intrinsic 

permeability is calculated. The numerical simulations have been performed with 

CODE_BRIGHT (Olivella et al., 1994, 1996).  

 

3.1. NUMERICAL SIMULATION OF INFILTRATION AND OEDOMETER TEST 

RESULTS FOR PILLOW PELLETS 

The pillow pellets were subjected to 31 days of water infiltration. As it can be seen in 

Figure 4, macro pores of the sample were almost invisible after hydration. The transition 

from a pellet discontinuous arrangement to a more homogeneous material, which is 

visible in Figure 4, is a feature that the BExM model can represent to some extend while 

BBM does not include.  

One of the objectives of this work is to contribute to the development of a conceptual 

model for the hydration of pellets. An interesting issue on the hydro-mechanical response 

of pellets is the intrinsic permeability. As indicated above, it is assumed here that intrinsic 

permeability is a function of macro porosity with the following form:  

𝐤 = 𝐤𝟎exp(𝑏(𝜙𝑀𝑎𝑐𝑟𝑜 − 𝜙0
𝑀𝑎𝑐𝑟𝑜)) (2) 

 

Where k0 is a reference intrinsic permeability tensor, b is a parameter and 𝜙0
𝑀𝑎𝑐𝑟𝑜 is 

reference macro porosity. During the test, macro porosity decreases due to the swelling 

of the pellets, and this happens at all points of the sample which is subjected to hydration 

at constant volume. As intrinsic permeability is considered a function of macro porosity, 

intrinsic permeability reduces due to macro porosity reduction.   

The relative permeability is calculated as follows (Brooks and Corey, 1964).  



 

 

𝑘𝑟𝑙 = 𝑆𝑒
𝑚 (3) 

Where 𝑚 is a parameter and 𝑆𝑒 is the effective degree of saturation defined below. This 

relation has also been used by Gens et al., 2009 in FEBEX bentonite and by Romero et 

al., 2001 for Boom clay. The value of m was 3, the same value chosen by Pintado and 

Rautioaho (2013) and Gens et al., 2009.  

Water retention curve follows the Van Genuchten model (Van Genuchten, 1980): 

𝑆𝑒 =
𝑆𝑟 − 𝑆𝑚𝑖𝑛

𝑆𝑚𝑎𝑥 − 𝑆𝑚𝑖𝑛
= (1 + (

𝑃𝑔 − 𝑃𝑙

𝑃0
)

1
1−𝜆

)

−𝜆

 

(4) 

Where 𝑃0, 𝜆, 𝑆𝑚𝑖𝑛 and 𝑆𝑚𝑎𝑥 are parameters. The liquid flux is calculated following 

Darcy´s law written in a general form as: 

𝐪𝐥 = −
𝑘𝑟𝑙𝐤

𝜇𝑙

(𝛁𝑃𝑙 − 𝜌𝑙𝐠) 
(5) 

Where 𝐤 is intrinsic permeability, 𝑘𝑟𝑙 is relative permeability, 𝜌𝑙 is density, 𝜇𝑙 is viscosity, 

𝒈 is gravity vector, and  𝑃𝑙 is liquid pressure. 

The mechanical and hydraulic parameters are listed in Tables 4 and 5. 

The changes in void ratio during the loading-unloading step in the oedometer tests for 

three set of parameters (κmicro=0.045; κmicro=0.09 and κmicro=0.135) is presented in Figure 

7-A. This sensitivity analysis on κmicro has been performed to capture the expected 

behavior of pellets in infiltration test. The evolution of porosity as a function of time for 

three set of parameters (κmicro=0.045; κmicro=0.09 and κmicro=0.135) is shown in Figure 7-

B. The loading of the sample causes decrease of both macro porosity and total porosity. 

During compression, micro porosity increases somewhat according to model calculations. 

This is not surprising as it is defined with respect to the total volume of the sample. During 

unloading, macro pores are elastically recovered. 

Figure 8 shows calculated variables for the infiltration test. It displays the evolution of 

macro, micro and total porosity for two set of parameters (κmicro=0.045 and κmicro=0.135) 

close to the top of the sample (Figure 8) and distribution of porosity at the end of the test 

(35 days).   

Figure 9 shows the final profile of dry density (Figure 9-A) and of suction (Figure 9-B) 

along the sample for two set of parameters (κmicro=0.045 and κmicro=0.135), as a function 

of the distance from the injection point. The numerical simulation reproduces well the 

measurements at the end of the test, except for suction near the injection point. The sample 

was still not completely saturated at the moment of dismantling. It has already been 

mentioned that it is possible that unloading may have induced a small suction increment 

or drying out has taken place during the test dismantling and measurement operations. 



 

 

A sensitivity analysis on κmicro have been performed in oedometer and infiltration tests. 

Three sets of parameters (κmicro=0.045; κmicro=0.09 and κmicro=0.135) are considered for 

modelling the oedometer and infiltration tests. With a lower κmicro (0.045) oedometer 

simulation captures the test results better. A higher κmicro (0.135) produces larger elastic 

swelling capacity in infiltration test which is consistent with the results of the infiltration 

tests. The total porosity of the sample remains constant during infiltration for both sets of 

parameters. However, micro porosity increases because of the expansion of the pellets 

and there is a consequent reduction of macro porosity. At the end of the test, macro pores 

have reduced, more significantly for the case that uses a larger parameter for the micro 

structure swelling (κmicro=0.135).   

As indicated above, the parameters for modeling are the same except micro  which is three 

times larger in the models for infiltration test than in the model for oedometer test. This 

larger value seems necessary because for the infiltration test, it is necessary to obtain a 

significant increase of micro pores (swelling of pellets) and a corresponding reduction of 

macro pores (occupied by the swollen pellets). In contrast, for the case of the oedometer 

test simulation, a lower value is required in order to correctly capture the compression 

and expansion, respectively during loading and unloading.     

As it is not possible to model both tests with the same set of parameters, it seems that a 

modification of the BExM would be necessary in order to separate the elastic 

deformations of the micro structure by splitting the gradient of p and s into two 

contributions and hence, having two different values for ( micro ), instead of one. This 

seems to indicate that the model BExM, in its current form, is more adequate for modeling 

double structure clays rather than for pellet based materials. In this context, it is likely 

that pellets would require a triple structure model. The new contribution to deformations 

can be referred to as deformation at the meso scale.   

micro

kl

meso

kl

Macro

klkl dddd    (6) 

The idea is that deformation of the pellets is motivated by a combination of the meso 

structure and a micro structure. The micro structure can be a function of (p+s) because 

this is related to the deformation of the micro pores of the clay aggregates, which remain 

practically saturated even when suction develops. The meso structure can be represented 

by independent terms related to mean net stress and to suction. Finally, macro structure 

deformations correspond to the deformation associated with pellet reorganization. 

Development of this kind of model is not straightforward as it requires the incorporation 

of interaction functions and, at present, there is not enough experimental data. In addition, 

standard tests such as infiltration and oedometer tests are not able to supply sufficient 

information for the calibration of the models. The triple structure in pellets has been 

identified by Hoffman (2005), Hoffmann et al., (2007) and Alonso et al., (2011) in 

FEBEX pillow pellets. 

The evolution of intrinsic permeability and its product by the relative permeability (total 

permeability is defined as the product of intrinsic and relative permeabilities = k𝑘𝑟𝑙) is 



 

 

depicted in Figure 10-A for two set of paremeters (κmicro=0.045 and κmicro=0.135). The 

intrinsic permeability is considered as a function of macro porosity as indicated above. It 

has a lower value at the end of the test because the macro pores close (more significantly, 

when the microstructure swells more, i.e. when micro for infiltration test is used). The 

model gives small variation of the product of intrinsic permeability and relative 

permeability although each one undergoes large variations. Intrinsic permeability 

decreases because macro-pores tend to close while total permeability increases because 

the material is in a process of saturation. An improved model would require a combination 

of fluxes through macro pores and micro pores (or even meso pores), at least for the 

conditions that pellets swell and macro porosity vanishes.  

The developed stresses during the infiltration tests two set of parameters (κmicro=0.045 

and κmicro=0.135) are shown in Figure 10-B. The stresses developed range from 1.8 to 2.5 

MPa depending on the micro used.  

 

3.2 NUMERICAL SIMULATION OF OEDOMETER AND INFILTRATION TEST FOR 

ROD PELLETS 

Infiltration and oedometer tests carried out by B+Tech for rod pellets were selected to 

examine the hydro-mechanical response of the material. Tables 4 and 5 show the values 

of the parameters used to model the tests. 

The experimental and calculated responses of the material in the oedometer test are 

presented in Figure 11. This plot shows the void ratio versus vertical stress response 

(Figure 11-A) showing the elastoplastic loading and the elastic unloading. The calculated 

evolution of total porosity is compared with the measurements (Figure 11-B), and this 

plot is completed with the predictions using the constitutive model of total porosity, micro 

porosity and macro porosity. Three set of parameters (κmicro=0.045; κmicro=0.09 and 

κmicro=0.135) have been used like as in oedometer test for rod pellets. It can be observed 

that the response of the numerical simulation is better when κmicro is 0.045. The model 

can successfully reproduce total porosity changes under loading and unloading cycles.  

Regarding the infiltration test, Figure 12 shows evolution of macro, micro and total 

porosity at the top of the sample for two set of parameters (κmicro=0.045 and κmicro=0.135) 

during the infiltration test. The total porosity of the sample remains nearly constant. 

Figure 13 shows the final situation of dry density (A) and suction (B) of the sample in the 

infiltration test for two set of parameters (κmicro=0.045 and κmicro=0.135) as a function of 

distance from injection point. The numerical simulation reproduces well the test results 

for the dry density distribution. At the end of the test, the sample seems to be still 

unsaturated, since a remaining suction values was measured. However, this may be 

caused by drying and uncompressing during test dismantling. The suction of top of 

sample is measured 4 MPa, which is well reproduced by the model.  



 

 

The evolution of intrinsic permeability and its product by relative permeability are 

depicted in Figure 14-A. Figure 14 displays curves for two sets of parameters which differ 

only on the value of micro used. The reference value of intrinsic permeability for rod 

pellets in the infiltration tests is calibrated as 1.4x10-18 m2. Macro porosity is set as 0.307 

and total porosity is 0.657. The developed stresses during the infiltration tests are shown 

in Figure 14-B. The stress developed ranges from 2.8 to 3.5 MPa depending on the micro

used.  

 

4. THM MODELLING OF VERTICAL DISPOSAL SCHEME INCLUDING SEVERAL 

PELLET BASED COMPONENTS 

An example of use of the expansive model in a disposal scheme is presented in this 

section. Deposition of spent fuel in vertical boreholes requires using several pellet based 

components. In a design proposed by POSIVA, pellets are used to fill the gap between 

the compacted blocks and the host rock, and to backfill parts of the access drift. An 

axisymmetric geometry has been used to develop a model that allows to get an insight of 

the behavior of pellet based elements among other aspects of the repository concept.  

Nuclear spent fuel produces heat. The conductivity heat flux (ic) is computed by the 

Fourier’s law: 

𝐢𝐜 = −𝜆𝛁𝑇 (7) 

where 𝛁𝑇 is the gradient of temperature and  the thermal conductivity calculated as 

(Villar, 2002): 

𝜆(𝑆𝑟) = 𝐴2 +
𝐴1 − 𝐴2

1 + exp[(𝑆𝑟 − 𝑆𝑟
∗ ) ⁄ 𝑏]

 
(8) 

where the parameter Sr
* is the degree of saturation when the thermal conductivity is the 

average of the dry and saturated thermal conductivities and b is a parameter (Tables 11 

and 12). 

 More information about the solution of the thermal problem can be found in Pintado and 

Rautioaho (2013) and in Toprak et al., 2013.  

Vapour flux 𝐢g
wclose to the canister is computed by Fick’s law: 

𝐢g
w = −(𝜏𝜙𝜌𝑔𝑆𝑔𝐷𝑚

𝑤𝐈)𝛁𝜔𝑔
𝑤 (9) 

where  is the tortuosity,  the porosity, g the density of gas, Sg=1 - Sr, 𝐷𝑚
𝑤 the molecular 

diffusion of vapour (DIT-UPC, 2017) and 𝜔𝑔
𝑤 the mass fraction of vapour in gas. The 

value chosen for  in all materials is 0.4 (Pintado and Rautioaho, 2013). 

More information about vapour flux can be found in Olivella and Gens (200), Pintado 

and Rautioaho (2013) and in Toprak et al., 2013 as well. Other works related with the 



 

 

simulation of a spent nuclear fuel repository can be found in Gens et al., 2009, Chen and 

Ledesma, 2009, Åkesson et al., 2009 and Åkesson et al., 2010 and Dupray et al., 2011. 

 

4. 1. DESCRIPTION OF VERTICAL DISPOSAL MODEL 

Figure 15 describes the vertical disposal scheme including different components. This 

geometry has been developed according to Keto et al., 2013. Drift backfill has three 

components, namely: Friedland clay as the main component, rod pellets in contact with 

the drift wall and a foundation layer made of granules. The buffer material has also two 

components: discs and rings made of MX-80 bentonite and a vertical layer of pillow 

pellets in between the bentonite and the host rock. There is an air gap between the canister 

and the ring blocks. The thickness of this air gap is 10 mm.  Material properties are given 

in Tables 6 to 12.  

For pellet based materials, a mean value for micro  (0.09) has been considered in the 

disposal scheme modelling. This is motivated by the fact that there was not a single value 

adequate for both oedometer (0.045) and infiltration tests (0.135). Modification of the 

BExM equations is far beyond the objectives of this paper.  

Figure 15 shows the geometry together with the materials and the mesh. The foundation 

layer made of granules is 0.4 m thick. Rod pellets, which are in the space between the 

Friedland clay and the drift host rock wall, form a layer 0.3 m thick.  

A rock fracture is considered at the bottom of the buffer. The equivalent thickness of the 

fracture is 0.08 m. The reason for the relatively large thickness is just to avoid too small 

elements that may affect the development of the mesh in the vicinity of the fracture (the 

fracture is represented with volumetric finite elements). Under hydraulic point of view, 

the thickness is small enough. This fracture is not playing any specific role from a 

mechanical point of view.   

Figure 16 displays initial and boundary conditions: (A) the assumed initial liquid 

pressures (initial pressure in rock is considered hydrostatic), (B) the total porosity for all 

components, (C) the microporosity for rod pellets, pillow pellets and granules, (D) the 

initial hydraulic boundary conditions and (E) the mechanical boundary conditions. 

Initially, the excavation process is simulated. On the upper and lower boundaries, hydro-

static water pressure is imposed. The vertical boundaries are impervious to liquid flow 

except the part of the fracture, which has the hydrostatic pressure considering its deep. 

There is also specific water supply from the rock fracture. The axisymmetric condition of 

the model only permits to incorporate a somewhat simplified fracture which is assumed 

horizontal and reaching the borehole at the bottom zone.  

The system is confined. With regard to thermal conditions; the upper and lower 

boundaries have prescribed temperature, vertical boundaries are impervious to heat flow. 

Heat flux from canister is modelled as volumetric power which decays according to 



 

 

decaying of spent fuel. The initial power is 410 W/m3 which corresponds to 1700 W for 

a single canister, approximately. Detailed information about thermal and coupled THM 

calculations can be found in Toprak et al., (2013, 2016). 

The impervious to liquid and heat boundary condition at the vertical boundaries means 

that the model represents an infinite set of deposition holes where the liquid and heat flow 

are not allowed due to the presence of other deposition holes around the simulated 

deposition hole.  

In the model, MX-80 and Friedland clay are modelled with BBM and its parameters are 

given in Tables 7, 9 and 11. Rod and pillow pellets and granules are simulated with BExM 

model, and the corresponding parameters are presented in Tables 8, 10 and 12. Hydro-

mechanical parameters for rock and THM parameters for air gap are included in Tables 

6, 9 and 11.  

 

4.2. RESULTS FOR VERTICAL DISPOSAL MODELLING  

Figure 17-A shows temperature evolution for representative points. The maximum 

temperature is fairly below 90ºC. The effect of air gap can be certainly seen through the 

Figure. This is evident as temperature at both sides of the gap is different by nearly 10oC 

before 2 years but reduces significantly afterwards. The imposed variable temperature on 

boundaries is also depicted in this figure, this is necessary to account for the relatively 

close boundaries of the modelled domain. Figure 17-B shows evolution of liquid pressure. 

It can be seen the de-saturation of the area adjacent to canister in Figure 17-B. The 

saturation of the system occurs at around 10 years (or somewhat afterwards), according 

to the represented points. Figure 17-C shows the generation of effective stresses in the 

buffer and backfill induced by swelling. In the buffer it reaches the value of 7 MPa. As 

full saturation is reached, swelling stops and the effective stress approach for saturated 

soils is recovered. At this time, effective stress decreases because the pore pressure 

development towards hydrostatic conditions. The long term decrease of effective stress 

after saturation is motivated by the progressive temperature decrease towards ambient 

conditions. 

The vertical displacements at the intersection of buffer and backfill are presented in 

Figure 17-D. It is observed that the tendency is that the buffer penetrates in the backfill, 

which is motivated by the relative higher swelling capacity of the buffer with respect to 

the backfill. Maximum vertical displacements reach a value of 10 cm.  

The total porosity and micro porosity calculated evolutions for rod pellets, pillow pellets 

and granules are depicted in Figure 18. Due to hydration and the corresponding swelling, 

micro porosity increases. Since total porosity changes only slightly, the increase in micro 

porosity induces a reduction of the macro porosity. 

Figure 19-A depicts the evolution of intrinsic permeability and Figure 19-B shows the 

evolution of total permeability (total permeability is defined here as the product of 



 

 

intrinsic permeability and relative permeability). According to the flow model, the first 

depends on porosity while the second on both, porosity and degree of saturation.  

There are not big changes in the intrinsic permeability for MX-80 and Friedland clay, 

which is not surprising as for these clay materials, the calculated variation of porosity is 

small (only total porosity is calculated with BBM). Total porosity cannot undergo big 

variations as the engineered barrier (clay materials) is confined. Modelling with BBM 

gives only the variation of total porosity, only local expansion and the corresponding 

compression in other zones may produce total porosity variations. 

In contrast, intrinsic permeability of Pillow pellets, Granules and Rod pellets decreases 

during saturation process. This is motivated by the decrease of macroporosity caused by 

the microporosity increase, while total porosity changes are moderate. As indicated, total 

permeability is the product of intrinsic permeability and relative permeability. For pellet 

based materials, intrinsic permeability is calculated from macroporosity assuming that 

water in micropores does not contribute to flow significantly. Finally, although intrinsic 

permeability decreases, total permeability increases during saturation process and tends 

to reach the steady state condition.  

5. CONCLUSIONS 

In order to represent the hydro-mechanical behavior of pellets, a model with two pore 

structure has been considered. The macrostructural level has a role to play in the global 

arrangements of clay aggregates while the microstructural level controls the swelling and 

shrinkage. The intrinsic permeability is governed by macro porosity in the model 

presented. The model has exhibited good performance with the experimental results of 

both pillow pellets and rod pellets.  

The process of calibration has shown that it is difficult to represent the deformation of the 

microstructure using a single term proportional to variations of (p+s). Actually, it has 

been found that the parameter for this term requires a larger  value for the modeling of 

the infiltration tests as compared with the modeling of the oedometer tests. The same 

drawback was found for both the pillow pellets and the rod pellets.  

Improvements of the BExM coupled to permeability equation for pellets seem necessary. 

Essentially it has been found that the microstructural deformation cannot be calculated 

using the variable (p+s). So it was necessary to use a different coefficient micro  depending 

on whether the test simulated was the infiltration test or the oedometer test. A compromise 

value for micro has been considered to calculate the behavior of pellets based materials in 

the disposal scheme. 

On the other hand, it seems that the intrinsic permeability being solely a function of macro 

porosity is not sufficiently adequate because macro porosity can reduce and practically 

disappear under conditions of high swelling of pellets. This phenomenon can be seen in 

Seiphoori et al., (2014) for MX-80 samples compacted at relatively high density (1800 



 

 

kg/m3) although in FEBEX bentonite pellets, it is possible to see two and even three levels 

of porosity (Hoffmann, 2005). 

A full scale THM calculation has been performed to evaluate model performance. The 

progress of hydration, development of swelling pressure, displacements and effects of 

heating were the main attention of THM calculations. Material parameters used in this 

calculation are determined from an extensive programme of laboratory tests (only tests 

for pellet based materials are described and modelled in this paper). 
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Appendix  

Barcelona Expansive Model (BExM) is an extension of Barcelona Basic Model (BBM) 

to reproduce fundamental features of expansive soils that have double structure. 

Microstructural behavior controls the swelling and shrinkage of aggregates while 

macrostructure behavior describing the arrangement of the aggregates.  

As shown in Figure A1 BExM includes irreversible deformation induced by the swelling 

and shrinkage of the aggregates. A brief description of the model is included in this 

appendix. 

 

Total strain is calculated as the sum of Macro and micro deformations: 
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Where 
Macro

ijklC is the mechanical elastic compliance matrix at macro level (inverse of 

stiffness matrix); 
micro

ijklC is the mechanical elastic compliance matrix at micro level; 
Macro

sK

is the bulk modulus against suction changes at the macro level; 
micro

sK is the bulk 

modulus against suction changes at the micro level; 
LC

kld are the plastic strains at the 

macro level when the LC (loading-collapse curve) is activated; 
SD

kld  and 
SI

kld  are the 

macro plastic strains if the SD (suction-decrease curve) and SI (suction-increase curve) 

are activated, respectively. 

Suction and stress changes induce deformations at the macro and micro level according 

to the following nonlinear coefficients: 
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The increment of volumetric macrostructural plastic deformation due to microstructural 

swelling or shrinkage is calculated from microstructural deformations using interaction 

functions. This may happen either when the SD (suction decrease) or the SI (suction 

increase) curves are activated. The interaction function is defined in the following 

equation: 

vm
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vM fdd    (A4) 

And has the following form:  
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(A5) 

The yield curves SD and SI are described as: 

SD SDF p s                              
SI SIF p s    

(A6) 

And depend on the volumetric deformations via the following hardening equations: 
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Finally, the model uses the standard BBM description for the plastic deformations of the 

macrostructure level: 
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It can be seen that hardening is a function of the volumetric strains caused by SD, SI 

and LC yield curves. Details about this model can be found in Alonso et al (1999). 
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Table 1. Characterization results on the bentonites 

Material 

Smectite 

content 

(%) 

Ex. 

Ca 

(%) 

Ex. 

Na 

(%) 

CEC 

(eq/kg) 

Swelling 

index 

(ml/2g)  

Limit 

liquid 

(%) 

Grain 

density 

(kg/m3) 

MX-80 Clay 

(Pillow Pellets) 
82 18 71 0.86 27.8 578 2806 

Milos Clay 

(Rod Pellets) 
69.1 5 87 0.89 27 560 2837 

 

CEC: Cation exchange capacity 

 

  



 

 

 

 

Table 2. Material properties and test specifications for infiltration tests 

Material  Test ID 

Initial Conditions 
Test 

Duration 

(Days) 

Dry 

density  

(kg/m3) 

Initial 

water 

content (%) 

Initial degree 

of saturation 

(%) 

Pillow pellet 

 
141219a 891 16.8 22 31 

Rod pellets  

 
131030c 951 18.5 27 15 

 

 

Table 3. Material properties and test specifications for oedometer tests 

Material and 

its ID 
Test ID 

Initial Conditions 

Initial 

dry density  

(kg/m3) 

Initial water 

content (%) 

Final dry density  

(kg/m3) 

Pillow pellet 

 
131118a 947 16.0 1076 

Rod pellets 

 
140912b 855 14.4 1242 

 

 

   



 

 

Table 4. Mechanical parameters used in the numerical simulations 

Parameter 

Pillow pellets 
Rod pellets 

 

Oedometer 

 

Infiltration Oedometer Infiltration 

Macro (-) 0.045 0.045 0.045 0.045 
micro (-) 0.045 0.045a, 0.3b (*) 0.045 0.045a, 0.4b (*) 
Macro

s (-) 0.01 0.01 0.01 0.01 

M (-) 0.3 0.3 0.3 0.3 

0sdf (-) -0.1 -0.1 -0.1 -0.1 

1sdf (-) 1.1 1.1 1.1 1.1 

sdn (-) 2 2 2 2 

0sif (-) -0.1 -0.1 -0.1 -0.1 

1sdf (-) 1.1 1.1 1.1 1.1 

sin (-) 0.5 0.5 0.5 0.5 

M
 
(-) 1 1 1 1 

r
 
(-) 0.8 0.8 0.8 0.8 

 (MPa-1) 0.0001 0.0001 0.0001 0.0001 

p
c

 
(MPa) 0.1 0.1 0.1 0.1 

P
to (MPa) 0.01 0.01 0.01 0.01 

(0) (-)
 
 0.19 0.19 0.3 0.3 

P0
* (MPa) 2 2 4 4 

(*) Two different values are used to model the infiltration test.  Depending on the value 

used, set “a” or set “b” is referred in the text. 

 

 

 

 

 

 

 

 



 

 

Table 5. Hydraulic parameters for pellet based materials (infiltration and oedometer test 

modelling) 

Equation Parameter 

Pellets buffer-

rock gap 

(Pillow) 

Pellets backfill-

buffer 

transition 

(Granules) 

Pellets 

backfill-rock 

transition 

(Rod) 

Van 

Genuchten 

retention 

curve 

P (MPa) 5 (1) 12 (1) 7 (3) 

 (-) 0.34 (1) 0.4 (1) 0.4 (3) 

a (-) in P()  - - - 

b (-)in () - - - 

0 - - - 

Darcy flux 

k (m2) 5x10-19 1.5 x10-19 (2) 1.4x10-18 

b (-) in k() 10 10 (2) 10 

0 0.319 0.302 (2) 0.35 

(1) Kiviranta et al. 2016 

(2) Calculated from hydraulic conductivity tests presented in Karnald et al. 2006, 

Martikainen and Schatz, 2011 

(3) Calculated from water retention curve tests presented in Kiviranta et al. 2016 

 

Table 6. Mechanical parameters for air gap element, rock and canister (Toprak et al. 

2016) 

Parameter Rock  Canister Parameters Gap Element 

E (MPa) 63000 21000 Ec (MPa) 100 

 0.25 0.3  0.3 

 (oC-1), linear 0.85x10-

5 

 

10-5  (oC-1), linear - 

   Eo (MPa) 1 

   Strain limit  0.95 

 



 

 

  



 

 

 

Table 7. BBM Parameters for Buffer and Backfill blocks (Toprak et al. 2016). 

Parameter Symbol Buffer Backfill 

Poisson ratio (-)  0.3 0.3 

Minimum bulk module (MPa) Kmin 10 10 

Reference mean stress (MPa) pref 0.01 0.01 

Parameters for elastic volumetric compressibility 

against mean net stress change (-) 
i0  0.09 0.05 

Parameters for elastic volumetric compressibility 

against suction change (-) 
s0  0.09 0.05 

Parameter for elastic thermal strain (oC-1)   9x10-4 9x10-4 

Slope of void ratio – mean net stress curve at zero 

suction (-) 
λ(0) 0.25 0.18 

Parameters for the slope void ratio – mean net stress 

at variable suction (- , MPa-1) 

r 0.8 0.8 

β  0.02 0.02 

Reference pressure for the P0 function (MPa) pc 0.1 0.1 

Pre-consolidation mean stress for saturated soil 

(MPa) 

Po*  2 2 

Critical state line (-) M 1.07 1.07 

 

  



 

 

Table 8. BExM Parameters for Pellet based materials (vertical disposal modelling) 

Parameter 

Pellets buffer-

rock gap 

(Pillow) 

Pellets backfill-

buffer transition 

(Granules) 

Pellets backfill-rock 

transition (Rod) 

Macro (MPa) 0.045 0.045 0.045 
micro (MPa) 0.09 0.09 0.09 
micro

s  (MPa) 0.01 0.01 0.01 

MacroKmin  (MPa) 10 10 10 

microKmin  (MPa) 0.001 0.001 0.001 

M (-) 0.3 0.3 0.3 

0sdf  (-) -0.1 -0.1 -0.1 

1sdf  (-) 1.1 1.1 1.1 

sdn  (-) 2 2 2 

0sif  (-) -0.1 -0.1 -0.1 

1sdf  (-) 1.1 1.1 1.1 

sin  (-) 0.5 0.5 0.5 

M
 
 (-) 1 1 1 

r
 
 (-) 0.8 0.8 0.8 

 (MPa-1) 0.0001 0.0001 0.0001 

p
c

 
 (MPa) 0.1 0.1 0.1 

P
to

 (MPa) 0.01 0.01 0.01 

(0)
 
(-) 0.19 0.3 0.3 

 

  



 

 

Table 9. Hydraulic parameters for rock, buffer, backfill and gap (vertical disposal 

modelling) 

Equation Parameter Rock Buffer Backfill 
Gap 

element 

Van 

Genuchten 

retention 

curve 

P (MPa) 1.5 (1) 27 (2) 4.5 (3) 0.001 

 (-) 0.3 (1) 0.45 (2) 0.25 (3) 0.5 

a (-) in P()  - 11 (2) 22 (3) 15 

b (-)in () - 4 (2) 8 (3) - 

0 - 0.4245 (2) 0.393 (3) 0.8 

Darcy flux 

k (m2) 

1.52x10-19 (1) 

(Fracture: 

1.52x10-16) 

5.6x10-21 (1) 7.6x10-20 (4) 10-16 

b (-) in k() - 15 (1) 16 (4) 15 

0 - 0.438 (1) 0.36 (4) 0.8 

(1) Pintado and Rautioaho, 2013 

(2) Pintado et al. 2017 

(3) Kiviranta et al. 2016 

(4) Calculated from oedometer test results for DI water presented in Kiviranta et al. 2016 

and hydraulic conductivity tests presented in Karnland et al. 2006, Johannesson and 

Nilson, 2006, Sandén et al. 2008 and Schatz and Martikainen, 2011 

  



 

 

Table 10. Hydraulic parameters for pellet based materials (vertical disposal modelling) 

Equation Parameter 

Pellets buffer-

rock gap 

(Pillow) 

Pellets backfill-

buffer 

transition 

(Granules) 

Pellets 

backfill-rock 

transition 

(Rod) 

Van 

Genuchten 

retention 

curve 

P (MPa) 5 (1) 12 (1) 7 (3) 

 (-) 0.34 (1) 0.4 (1) 0.4 (3) 

a (-) in P()  - - - 

b (-)in () - - - 

0 - - - 

Darcy flux 

k (m2) 5x10-19 1.5 x10-19 (2) 1.4x10-18 

b (-) in k() 10 10 (2) 10 

0 0.319 0.302 (2) 0.35 

(4) Kiviranta et al. 2016 

(5) Calculated from hydraulic conductivity tests presented in Karnald et al. 2006, 

Martikainen and Schatz, 2011 

(6) Calculated from water retention curve tests presented in Kiviranta et al. 2016 

 

  



 

 

 

Table 11. Thermal parameters for rock, canister, buffer, backfill and gap (vertical 

disposal modelling, Pintado et al. 2017) 

Parameter Rock Canister Buffer Backfill 
Gap 

element 

 ρs (kg/m3) 2743 8930 2780 2780 - 

 cs (J/kg·K) 764 390 830 800 - 

A1 ≈ λdry (W/m·K) 2.82(1) 390 0.2 0.2 0.045 

A2 ≈ λsat (W/m·K) 2.82(1) 390 1.4 1.4 0.6 

b in λ(Sr) - - -0.15 -0.15 - 

Sr* in λ(Sr) - - 0.5 0.5 - 

initial (-) 0.005 0.01 0.37/0.388 0.27 0.8 

(1) Rock thermal conductivity is constant  

Table 12. Thermal parameters for pellet based materials (vertical disposal modelling, 

Pintado et al. 2017). 

Parameter 
Pellets buffer-rock 

gap (Pillow) 

Pellets backfill-

buffer transition 

(Granules) 

Pellets 

backfill-rock 

transition 

ρs (kg/m3) 2780 2780 2780 

cs (J/kg·K) 830 830 830 

A1 ≈ λdry (W/(m·K)) 0.16 0.2 0.16 

A2 ≈ λsat (W/(m·K)) 0.63 0.63  0.63 

b in λ(Sr) (-) -0.15 -0.15 -0.15 

Sr* in λ(Sr) (-) 0.6 0.5 0.6 

initial (-) 0.669 0.552 0.7 

 

  



 

 

 

 

Figure A1. BExM assumptions on the behavior of macro and micro structure 

 

  



 

 

 

  

 

 

Figure 1. Examples of bentonite pellets used in repository sealing studies and their 

location. Pillow pellets (A) and their location (B); Rod pellets (C), the batch is different 

but basically, the pellets were the same, and their location (D). Dimensions in (A) and (B) 
in cm. 
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Figure 2. Diagram of the infiltration test setup. 
 

 

  



 

 

 

  

  
Figure 3. Final distribution of dry density (A) for pillow pellets (B) for rod pellets 

and water content (C) for pillow pellets and (D) for rod pellets in the infiltration tests. 

(Experimental results). The initial dry density and the final average dry density are 

indicated with dashed black lines.  
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Figure 4. Sample of pillow pellet (left) and rod pellets (right) at the end of the 

infiltration test. Diameter of the samples: 50 mm. 

  



 

 

 

 

 
Figure 5. Diagram (A) and B+Tech oedometer test setup (B). Sample with 50 mm 

diameter in 140912b test and 70 mm in 131118a test. 
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Figure 6.  Changes in void ratio as a function of axial stress in oedometer tests for 

pillow pellets (A) and rod pellets (B) (Experimental results). 
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Figure 7. Void ratio vs. axial stress (A) and porosity vs. time (B) in the oedometer 

test for pillow pellets, three set of parameters (κmicro=0.045; κmicro=0.09 and 

κmicro=0.135) are subjected to sensitivity analysis (experimental and model results).  
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Figure 8.  Calculated evolution of porosity on the top of the sample for pillow pellets, 

(model results). Two set of parameters (κmicro=0.045 and κmicro=0.135) are subjected 

to sensitivity analysis. 
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Figure 9.  Distribution of dry density (A) and suction (B) as a function of distance 

from injection point for pillow pellets at the end of the test: 31 days, Two set of 

parameters (κmicro=0.045 and κmicro=0.135) are subjected to sensitivity analysis 

(experimental and model results).  
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Figure 10. Evolution of permeability (A) and radial stress (B) for infiltration tests on 

pillow pellets, (model results Two set of parameters (κmicro=0.045 and κmicro=0.135) 

are subjected to sensitivity analysis. 
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Figure 11.  Void ratio vs. axial stress (A) and evolution of total, macro and micro  

porosity (B)  for rod pellets, three set of parameters (κmicro=0.045; κmicro=0.09 and 

κmicro=0.135) are subjected to sensitivity analysis (experimental and model results). 
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Figure 12. Evolution of porosity at the top of the sample for rod pellets (model 

results). Two set of parameters (κmicro=0.045 and κmicro=0.135) are subjected to 

sensitivity analysis. 

 

  



 

 

 

 

 

Figure 13. Distribution of dry density (A) and suction (B) as a function of distance 

from injection point for rod pellets at the end of the test: 15 days, Two set of parameters 

(κmicro=0.045 and κmicro=0.135) are subjected to sensitivity analysis (experimental and 

model results). 
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Figure 14.  Evolution of permeability (A) and radial stress (B) for infiltration tests on 

rod pellets, (model results). Two set of parameters (κmicro=0.045 and κmicro=0.135) are 

subjected to sensitivity analysis. 
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Figure 15. Materials, geometry and mesh for the model 
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Figure 16. Initial liquid pressure (A) and initial porosity (B), initial micro porosity 

(C); hydraulic (D) and mechanical (E) boundary conditions for model. 
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Figure 17.  Evolution of tempreature (A), liquid pressure (B), mean effective stress (C) and 

vertical displacements (D) (model results). 
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Figure 18. Evolution of micro, macro and total porosity for pellets (model results). 
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Figure 19. Evolution of intrinsic permeability (A) and total permeability (B) for clay 

based materials (model results).  
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