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1 OVERVIEW 

The bentonite buffer around the nuclear waste canister is an essential part of a KBS-3 
repository concept for spent nuclear fuel. Therefore, strict specifications and 
requirements, not discussed in detail here, are set for the properties of the buffer. The 
density of the bentonite buffer during the operation time of the repository is limited into 
a narrow range by design specifications and, therefore, loss of bentonite mass by 
erosion or some other mechanism must remain limited. As the deposition tunnel is not 
accessible after canister emplacement, the upper level for buffer density limits the 
amount of “reserve” bentonite mass that could be lost without compromising system 
specifications. 

Two repository concepts for Posiva are KBS-3V and -3H, which differ in both the 
direction of the deposition hole (vertical or horizontal, visualised in figure 1) as well as 
the deposition method. The 3V geometry involves a vertical deposition hole with 
canister and buffer, while the 3H geometry involves horizontal placement of a 
perforated titanium supercontainer containing a canister and buffer. These concepts 
result in differences in the way the initial erosion process may evolve and what 
problems the erosion process may cause. For example, long horizontal erosion channels 
intersecting several waste canisters are possible only in the deposition drifts in the 3H 
concept, whereas there is a backfilled tunnel above the deposition holes in the 3V 
concept. In this report, we focus almost solely on the vertical geometry as it is the 
reference concept for Posiva at this moment. In Table 1 the relevant dimensions of the 
3V-concept are presented to give insight on the scale of the deposition system. 

 
Figure 1. General visualization of the two repository concepts, KBS-3V and KBS-3H. 
Drawings are not in scale. The concrete plug sealing the deposition tunnel in V-concept 
is not shown but it is similar as the plug visible in H-section.  
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After the installation of the buffer and canister in to the deposition hole, a number of 
problems can arise (extrusion of buffer from the deposition hole before assembly of 
backfill on top of the deposition hole is not addressed within this report). One of the 
most significant issues regarding buffer performance is the water inflow from fractures 
in the bedrock into the deposition hole potentially causing mass transport of buffer away 
from the deposition hole. Piping erosion is not relevant in deposition holes where 
groundwater inflows are small. The worst case in terms of piping erosion is assessed to 
be the largest, point-like inflows. 

This report deals with the pre-saturation redistribution of bentonite within the deposition 
hole as well as mass transport into the deposition tunnel backfill, which would lead to 
decrease in buffer density. This process will likely continue until the deposition tunnel 
plug has been installed and the void volume in the pellet filled slots in the buffer and 
tunnel backfill is filled with water. Seepage of water through the plug is by definition 
negligible and thus piping erosion can be assumed to stop when free void volume is no 
longer available. Piping erosion is not relevant in deposition holes where groundwater 
inflows are small and as such we have focused this report to study the worst case-
situations with maximal allowed inflows. The worst case in terms of piping erosion is 
assessed to be the largest, point-like inflows. Under the worst case conditions, the filling 
of void volumes is estimated to require from a few years to some tens of years to be 
completed. 

Mechanical erosion itself is a complex phenomenon, involving a wide range of 
bentonite properties and processes that are not fully understood. During the mechanical 
erosion process, unsaturated, compacted bentonite first saturates and then undergoes a 
large deformation, swelling to gel or sol at the piping channel edge. The channel edge 
and shape (tortuosity) of channel evolves during the erosion process, either widening or 
narrowing the channel depending on balance between erosion and swelling, which 
finally leads to closing the flow channel. Compacted bentonite starts to have fluid-like 
properties when wetting to full saturation at sufficient low solids contents. This so 
called gel formation is one prerequisite for erosion, although erosion can also occur due 
to other processes decreasing the cohesion of the bentonite block via interplay of water 
and bentonite structure. Therefore, research work done by non-swelling materials is 
only partly applicable to bentonite erosion. The available research on piping flow 
erosion is often targeted to earth dams or other related structures, in which not only the 
pressure difference is high, but also the flow rate can be high, i.e. hundreds of cubic 
meters per second or more (Bonelli & Benahmed 2011). 

Studies using different bentonite materials have been performed previously at B+Tech 
in Finland as well as at Clay Technology in Sweden (Sanden and Börgesson 2010) with 
various setups and parameters. In Figure 2 the results from Sanden and Börgesson 
(2010) are presented in a histogram in which the total mass loss is divided with the 
accumulated flow, resulting in a value indicating the average dry mass of eroded 
material per litre of water outflow. It should be noted that only a limited number of tests 
have been completed and most on a laboratory scale and the effects of up-scaling to 
repository scale are still unclear. 
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Figure 2. Statistical overview of the results of erosion experiments performed at Clay 
Technology, Sweden by Sanden and Börgesson (2010).   
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Table 1. Relevant characteristic dimensions in the deposition tunnel (Posiva design 
material 2012). 

Free void volume in pellets filled regions (for 
350m long tunnel)  

620 m3

Current Groundwater salinity as Total 
Dissolved Solids mass per solution volume 

11 g/L (Pastina & Hellä (eds.) 2010) 

Deposition hole dimensions  

Deposition hole diameter 1,75 m 

Deposition hole height Loviisa 1-2:    6,6 m 
Olkiluoto 1-2: 7,2 m  
Olkiluoto 3:    8,25 m 

Deposition hole buffer mass Loviisa 1-2:    23849 kg 
Olkiluoto 1-2: 27256 kg 
Olkiluoto 3:    28584 kg 

Deposition tunnel backfill mass / deposition 
hole 

~265000 kg (average distance of holes ~9m) 

Distance between deposition holes Loviisa 1-2: 7,3 m 
Olkiluoto 1-2: 9,1 m 
Olkiluoto 3: 10,8 m 

Buffer component properties 17 % Water ratio (water mass/dry mass) for 
each 

Ring Block overall density at installation 
Disk Block overall density at installation 
Pellet fill overall density at installation 

2050 kg/m3

1990 kg/m3 
1075 kg/m3 
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2 OBSERVATIONS FROM SMALL SCALE EROSION EXPERIMENTS 

Numerous small scale pinhole erosion experiments were performed at B+Tech during 
2011 and 2012 with MX-80 and Friedland Clay materials (see Table 2 in section 4.3). A 
listing of the main observations from these tests is presented below as a series of bullets 
summarizing the erosion phenomenon and related material characteristics in a 
qualitative fashion. For more detailed description of the test specifications, see Section 
4. The fluids used in the studies are simplified Olkiluoto groundwater simulants with 
salinities of 10, 35 and 70 g/L salt content as Total Dissolved Solids (hereafter TDS). 
The salt composition (i.e. Na/Ca-ratio) varied depending on TDS, which makes it 
difficult to determine whether observed phenomena are better attributed to result from 
the increase of overall salinity or to the change of Na/Ca-ratio. For more detailed 
descriptions of the tests, see section 4.3. 
 
The observations are divided to two groups; observations originating from material 
properties and observations on the erosion phenomenon itself. As a notation type of 
issue, in this report, term erosion rate is used to describe the time-dependent amount of 
eroded material per effluent volume. It should also be noted that all the tests were 
performed with 0.1L/min flow rate, i.e., 6 L/h, and as such all time related observations 
are to some extent tied to this flow rate and total accumulated flow volumes but whether 
some effect is truly dependent on time or flow volume is impossible to separate due to 
lack of experiments with varied flow rates. 

Material influenced effects 

 The overall bulk density and Effective Montmorillonite Dry Density (EMDD, which 
we define here as the smectite content of dry bentonite material) correlates well with 
erosion rates, the higher the density the lower the erosion rates. The 17 % water 
ratio specified for buffer blocks in the repository design is close to that needed to 
achieve optimum compaction density and also seems to result in optimal erosion 
resistance. The bulk density of ~2.03 g/cm3 specified for the buffer (with MX-80 
bentonite) is found to resist erosion via a penetrating piping feature well. High 
enough dry density, high enough EMDD, and a water ratio that is neither too low 
nor too high are all found to be critical requirements in achieving a bentonite block 
that resists mechanical erosion. 
 

 The water ratio of the bentonite blocks influences erosion significantly (see Table 3 
in section 4.3). Samples having three different water ratios were prepared with a 
fixed overall bulk density (EMDD varied as a result). These were as-received 
bentonite of ~12 % water ratio, design specification water ratio of ~17-18 % and 
artificially wetted material having ~23 % water ratio. It was observed that the 
samples with 12 % water ratio yielded significantly higher (~ +100 %) erosive mass 
losses than design specification samples, whereas the highest water ratio yielded 
erosive mass loss slightly higher (~ +10 %) than the design specification water ratio, 
but still significantly lower than the lowest water ratio. This effect can be attributed 
to both slaking (the very fast mass detachment occurring when dry bentonite 
interacts with solution) and generally decreased cohesion forces keeping the 
material intact.  
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 As expected, montmorillonite content has an effect on the erosion rates. For 
Friedland Clay, a material with lower montmorillonite content than MX-80 
bentonite, erosion rates up to two times higher were observed when testing was done 
using identical test geometries and setup. However, the water ratio in the samples 
varied thus possibly contributing to the net effect.   
 

 Grain size distribution seems to have an effect in early phase erosion rate. Relevant 
difference in erosive mass loss was observed for different MX-80 types from 
different vendors. The most significant difference between the properties of 
different MX-80 materials was assessed to be the grain size distribution, but it is 
uncertain whether it caused the observed difference in erosion rates. 
 

 As a qualitative visual observation, after prolonged flow exposure, the piping 
channel tends to accrue non-soluble accessory minerals on the channel walls. This 
could shield the remaining bentonite material from shear-related erosion. This 
phenomenon is known as armoring in the literature. 
 

 Though the initial bulk density of the pellet material is lower than the blocks in 
pinhole tests, the tested pellet materials seem to erode less than the block materials. 
Friedland clay blocks and Cebogel pellet fillings have roughly the same EMDD, yet 
a difference as high as two orders of magnitude in erosion has been observed. Dry 
densities of these two are very different; compacted Friedland clay contains 
accessory minerals whereas the Cebogel pellets with their high montmorillonite 
content form a fill that contains a large void volume between individual pellets. 
However, the test analysis and further testing is still ongoing, hence pellet results are 
not included in this report focusing on piping erosion in pinhole experiments. 

Erosion phenomenon and environmental effects 

 Salinity has a strong effect on the erosion. In general, the higher the salinity (barring 
solution composition issues) the higher the erosion rate. Salinity has the strongest 
effect in the early phases of erosion and the effect stabilizes after ~24 h.  After 24 h 
the difference in rate between saline solutions decreases. It is unknown what factors 
(such as flow rate or bentonite block properties) affect this limit. 
  

 Wetting rate is proportional to the salinity of solution, with the wetting rate 
increasing with increased salinity. The faster the wetting progresses, the higher the 
amount of bentonite that is exposed to the water, resulting in faster swelling of the 
material. As salinity affects wetting, the water barrier effect (i.e. saturated bentonite 
slows water penetration towards the dry areas of the sample) has been observed to 
be strongest for low salinities. In experiments with a measurement duration over 70 
hours (~420 liters cumulative water flow) the wetted zone around the channel has 
been as small as 2 cm in diameter for tap water. With increasing salinity the wetting 
increases and for high salinity solutions typically the whole sample (10cm in 
diameter) has been wetted at least to some extent in similar timescales.  
 

 Due to measurement uncertainties, typical error in erosion rates, i.e. 
noise/background level is assessed to be ~0.2-0.3 g/L. Any values below these are 
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difficult to measure accurately with the test systems used in this study. The most 
significant contribution to measurement uncertainty is the extraction difficulties of 
the erosion data from the salt background of the effluent (performed by drying the 
sampled solution and correcting the eroded mass for residual salts originally present 
in the inflow solution). 
 

 In general, erosion rates stabilize after 10-24 h of testing depending on the test 
geometry, e.g., sample length. Based on the experimental data and aforementioned 
detection threshold, it is questionable whether the erosion rate decreases towards 
zero or stabilizes to some value above zero. However, due to the limited size of the 
sample cells used in the tests, the decrease in erosion rate or the slope towards zero 
in the erosion rates will eventually be caused by the flow simply depleting the 
material in the sample cell. While the aim has been to stop the tests before the finite 
sample size affects results, it is hard to precisely say when the limit has been 
reached. (I.e. sample material density is decreasing below critical levels as the 
amount of material is always limited by the test cell, which are orders of magnitude 
smaller than the designed deposition hole buffer).  
 

 The effect of piping channel length on erosion rate has been observed to be clearly 
sub-linear (sub-linear meaning [erosion ∝ length , with	 1), salinity having 
impact on the effect. Increasing the length of the channel by a factor of 4 (i.e. 4 
times longer than original) has been observed to result in an increase by a factor of 2 
in the mass loss. This indicates that erosion at full repository scale will be 
overestimated by using small scale tests to assess erosion, and scaling these up 
assuming a constant erosion rate per channel length. Assuming a power-law, our 
observations would give total erosion rates being dependent on channel length to a 
power of 0.5 0.7. However, given that only two channel lengths have as-yet 
been examined, the power-law assumption still requires further validation. 
 

 The effect of salinity is also non-linear, i.e., increasing salinity (barring differences 
in chemical composition) by a factor of 7 (from 10 to 70 g/L) increases overall 
erosion by a factor of ~2.5 (from 1g/L to 2.5 g/L). However, in more detailed 
statistical analysis it becomes evident that salinity effect is clearly more complex. 
Erosive mass loss doesn’t seem to differ significantly between samples measured 
with tap water and 10g/L solution. Overall erosion in 100mm long samples at these 
salinities was about 2 g/h whereas for 35 and 70 g/L salinities erosion of 5 g/h and 
5.5 g/h was obtained respectively (for sake of visual simplicity, g/h value is used 
here instead of g/L-values that would essentially be g/h values divided by ~6). 
Hence, though erosion increased by increasing salinity in a broad scale, between 
35 g/L and 70 g /L there is little difference and more interestingly, there is little 
difference in erosion rate between 10 g/L and tap water. 
 

 For Friedland clay, material with low montmorillonite content, salinity does not 
seem to substantially affect the erosion rates measured. In tests with Friedland Clay 
in 10 g/L and 70 g/L solutions, the erosion in 70 g/L solution was observed to be 
approximately 10 % lower than in 10 g/L. 
 



10 
 

 The initial diameter of the piping channel prepared by compaction tools has limited 
effect in the long term mass loss. The swelling/detachment-interplay seems to 
quickly reach equilibrium regardless of the initial channel diameter and the resulting 
channel diameter correlates mostly with the flow rate.  

 

  



11 
 

3 DESCRIPTION OF GOVERNING PROCESSES AND PARAMETERS 

In this chapter the processes and then the parameters that are regarded as relevant to 
piping erosion in the bentonite buffer of a KBS-3 type repository are described. The 
descriptions in this chapter are qualitative, and form an overview of what is known from 
the literature, what is observed in our experiments, what is expected and what are the 
main challenges. Section 3.1. considers the processes that constitute piping erosion. 
Section 3.2 considers the relevant physical materials and parameters and how changes 
in them affect piping erosion. 

3.1  Processes in piping erosion 

This report is focused on a scenario where groundwater is flowing towards the free 
volume in the deposition tunnel from the fractures in the host rock intersecting 
deposition holes, and the flow rate is higher than the absorption capacity of the clay. A 
hydrostatic head for the groundwater flow is needed to create a water channel in the 
swelling buffer material. The creation of the water channel is called piping. It is 
expected that a significantly smaller hydrostatic head is needed to keep an already 
established channel open against the swelling pressure of the bentonite material. Current 
understanding is that the pressure head needed to maintain a channel is orders of 
magnitude smaller than the total swelling pressure of the clay, observed also in tests 
reported here in Chapter 4 whereas the head needed for piping depends greatly on the 
saturation of the buffer at the onset of inflow (Pintado et al. 2012). 

The limiting conditions required for the occurrence of piping channels are unknown and 
depend on many variables such as groundwater salinity, flow rate, pressure head, and 
buffer composition. Laboratory tests suggest that piping will happen in the engineered 
barrier system (EBS) of Olkiluoto repository assuming the highest groundwater inflow 
rate to a deposition hole allowed by current design criteria (0.1 l/min point inflow) 
(Pintado et al. 2012). In this report we consider the case where piping is happening, and 
generally focus on the worst plausible case. The limiting conditions needed to initiate 
piping are not evaluated; instead we consider the amount of erosion if piping happens. 

Most scientific literature on erosion deals with water and wind erosion of soil. There are 
crucial differences between these well-studied cases and piping erosion in the EBS. 
First and most importantly, compacted bentonite with its high swelling capacity is a 
material not conventionally considered with respect to erosion. Second, the relevant 
piping channels in the buffer are considered to be vertical and flow is upwards towards 
the deposition tunnel. Third, the flow is in a narrow channel as opposed to along a 
surface. Piping erosion and the main processes involved are schematically represented 
in Figure 3. 
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Figure 3. Conceptual schematic of piping erosion and the main processes involved. The 
top figure is a schematic representation of the worst case piping erosion for the buffer, 
in which the flow of groundwater transports bentonite from the deposition hole into the 
deposition tunnel. The lower figures illustrate the conceptual simplification of piping 
erosion as a straight channel uniformly surrounded by swelling solid. Detachment of 
bentonite into the groundwater flow, swelling of bentonite towards the channel, wetting 
of bentonite as water migrates away from the channel and advective transport of 
material once it has been entrained into the flow are considered in their own sections 
below. The simplification of the piping erosion process to the radial symmetric cross-
section of a straight piping channel is used to formulate the empirical quantitative 
model presented in this report (Appendices). 
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Processes that are present in the erosion phenomenon are described below, together with 
an overview of the current understanding of how they affect erosion. In addition, the 
main challenges in applying the current understanding of piping erosion in the EBS 
buffer are discussed. 

3.1.1 Mass detachment 

Central to erosion is the process of solid aggregates of material being detached from a 
surface and entrained into the water flowing along that surface. This should be 
contrasted to chemical dissolution or reaction which happens on a molecular scale. The 
detachment requires forces that are greater than the attractive forces that keep the 
aggregates attached to the surrounding material. There are only a few types of forces 
that are available for the erosion process. The most important of them is the shearing 
drag force of the fluid, which is small compared to usual erosion cases considered in the 
literature, as the flow rates below 0.1 l/min in an erosion channel are relatively small. 
Other types of forces are the intrinsic forces within the solid surface. In the case of 
bentonite a detailed consideration of these forces reveal a complex structure of electric 
charges in the material.  

Mass detachment rate in the literature is considered proportional to wall shear such that 
there is a threshold shear that the surface can resist without eroding, and shear above 
this threshold causes detachment in linear proportion. Mathematically this can be 

described with the erosion rate per surface area, , measured in 	
	
	, given as 

							0												,				
	 ,				  .    (1)  

Here  is the shear stress on the surface and  is the critical shear stress of the surface 

measured in		 	. M is the (linear) erosion rate coefficient measured in	
	

, or	 , 

where  is the acceleration of gravity and	 1/s. Erosion in horizontal piping 
channels in non-swelling soils has been studied and is relatively well understood on the 
grounds of detachment being proportional to shear (Bonelli & Brivois 2008). Also the 
erodability of cohesive sediments has been studied using the framework of erosion 
caused by shear (Grabowski et al. 2011). 

A flume experiment study has been performed on Na-bentonite to determine the 
material parameters  and	  (Shaikh et al. 1988), with results 0, and 

0.0065
	

. The flow rate in this test was much higher than in the groundwater that is 

our consideration, and due to this we do not expect these results to hold well for the 
piping erosion case. The swelling that makes bentonite an unusual material, and a good 
EBS material, will become irrelevant if the flow rate is high as then piping erosion is 
dominated by the detachment process. 

Mass detachment and dispersion process in bentonite is not expected to greatly differ 
from that of usual soil erosion in the literature. A grazing flow still needs to transfer 
momentum to solid particles in order to tear them off from the solid matrix, and this 
momentum transfer is the shear applied by the flow to the solid. This tearing force is 
opposed by cohesive forces in the solid. What does differ is that the solid surface is not 
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inert but changes as the clay swells and wets. Swelling and wetting are processes 
separate from, but interacting with, detachment. This means that properties attributed to 
the solid surface, primarily the critical shear rate and the erodability factor, are not 
exactly material constants but dynamic. In the current study these properties are 
described as effective constants fitted to experimental results, which means that the 
resulting description is valid when conditions are near to those tested. The highly 
complex and dynamic microscopic processes reach a quasi-steady state when observed 
at the large scale, and this is described as simplified to effective material constants. 

3.1.2  Free swelling and mass redistribution 

Bentonite swells when in contact with water due to the penetration of water into the 
interlamellar space of montmorillonite. When there is unconfined space for the 
bentonite to swell to it is called free swelling. The term free swelling is used for two 
different kinds of swelling scenarios: One is bentonite taking in water and the composite 
increasing in volume against the ambient (air) pressure. The other is when a solid piece 
of bentonite is in contact with water and the bentonite expands into and mixes with the 
water. In this case the total volume of the water and the bentonite does not change 
much. It is this latter swelling that is crucial to piping erosion, because a piping channel 
contains water with which the bentonite will react with by swelling. Thus in this report 
the term “free swelling” means free swelling into water. 

If the space is confined, a stress (often called swelling pressure) develops in the 
bentonite. The magnitude and the nature of the swelling tendency highly depend on the 
composition of the bentonite: If the interlamellar cations of bentonite are bivalent, most 
commonly calcium, bentonite can expand only to a certain limit but develops a large 
stress if confined at high density. Conversely, if the cations are monovalent, most 
commonly sodium, bentonite can expand to much larger volume, but the maximum 
stress a tightly confined sodium bentonite can develop is smaller. (Karnland 2006) 

The swelling capacity and swelling rate of bentonite are critical properties since it is the 
process by which the buffer will “self-heal” locations where mass has been lost by 
erosion. Self-healing is the ability of the bentonite buffer to even out density 
differences. Swelling is thus central in evaluating the conditions that are allowed for 
erosion so that the performance of the buffer is not compromised. 

The swelling of bentonite is also a crucial process in shaping how piping erosion itself 
happens. In contrast to a piping channel in a non-swelling material, a channel in 
bentonite involves a material that has a tendency of the solid to push itself into the 
channel. In conditions where the swelling is strong and the flow is low enough, the 
channel will close. Current understanding is that a piping channel will be maintained by 
the flow rates and pressure heads that are allowed by design criteria to be present at the 
Olkiluoto repository (Pintado et al. 2012). The initial creation of piping channels in the 
EBS happens inevitably at the pellet filling. The large air volume between pellets 
(~50 % volume fraction) means that an extensive network of “channels” is initially 
available. Of these all but one flow path (per inflow source) will close as the void 
volume gets filled by water and the bentonite starts to swell. This means that there is no 
swelling pressure to oppose initial piping. 
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The conditions of importance to the EBS are where a piping channel is maintained with 
a constant flow in it. Under this condition the bentonite swelling towards the piping 
channel is expected to result in increased erosion rate. A simplified view of how higher 
swelling leads to higher erosion is the flow carrying away all the bentonite that pushes 
itself into the channel. It should be noted that under more typical soil engineering 
conditions of a constant pressure differential over the piping channel, swelling of the 
solid would instead decrease erosion. The latter is the usual condition for engineering 
earthwork damns (Bonelli & Brivois 2008). The groundwater flow in the deep 
repository during the saturation phase is however expected to correspond well to the 
constant flow condition. This is due to the available pressure differential being large (up 
to 4MPa), but flow rates are small (order of 0.1 l/min from one point-like source). 

Swelling of compacted, unsaturated bentonite is commonly described and modeled in 
terms of thermo-hydro-mechanical (THM) processes, which combine mechanical stress 
evaluation to models of water-bearing, porous soils and thermal computations (Olivella 
et al. 2012). The models of this type that exist in the literature do not encompass the 
conditions and processes required to model piping erosion. THM models are valid when 
the bentonite material does not deform much, particularly constrained swelling as 
opposed to free swelling.  

Bentonite free swelling has been considered with a DLVO electro-static forces – based 
model with some success (Liu et al. 2009, Neretnieks et al. 2009).  This model is 
derived for the case when the bentonite density is low and when the bentonite is 
saturated. Close to the piping channel the bentonite involved in piping erosion meets 
these conditions. The model can be summarized as a modified diffusion equation, where 
the swelling process is described by effective diffusivity of solid. The state of the 
system is described by the solid volume fraction field as a function of location and time 

, . The rest of the volume 1  is thus considered to be water. Free 
swelling is then modeled as 

⋅  ,    (2) 

where the effective diffusivity  contains the information on the swelling process. 
 has a definite functional form in the case of the DLVO – based approach, and 

contains sharp changes as a function of , which makes numerical solutions easily 
unstable and grid-dependent even for such a simple equation. 

As a summary, the models available in the literature are expected to be valid either at 
the solid end of free swelling (THM models) or wet end (effective diffusivity models), 
but no model adequately covers the entire processes of swelling and wetting. In the 
modeling work of this report we will consider swelling according to the diffusivity type 
model. Even though the description is coarse, it allows for estimation of how swelling 
affects the piping erosion process, and what happens when swelling rates are varied. 
The effective diffusivity -based models are also significantly simpler than THM models 
so it is the natural first step. 
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3.1.3 Wetting/Saturation 

The wetting process, also called saturation especially in the THM modeling context, 
occurs together with swelling when compacted, unsaturated bentonite is in contact with 
water. While the processes of wetting and swelling occur coupled, theories in the 
literature (THM models (Olivella et al. 2012), Viper model (Kröhn 2011)) has been 
based on separating the two. One way to separate between these is to consider volume 
fractions of dry bentonite, water and air. Then wetting, or saturation, is the water 
volume fraction increasing and air decreasing, while solid stays the same. Whereas in 
swelling the solid volume fraction decreases while the other two increase. This type of 
swelling could also be called expansion as decrease in solid volume fraction means the 
solid expands, which is not possible if the bentonite is constrained, but is crucial in free 
swelling. 

Wetting can happen in various ways, with water potentially invading the bentonite 
along pore spaces either as liquid or as vapor, and water can also be transported bound 
to montmorillonite within the solid phase. The relative importance of these transport 
mechanisms in unfortunately not well known, and is further expected to heavily depend 
on conditions such as porosity and composition of the bentonite and electrolyte content 
of the water involved. 

In the microstructure of bentonite water intrudes into, or electrostatically “reacts” with, 
or “binds to”, the montmorillonite flakes. All of which are different ways to describe the 
same process which causes the microstructure of bentonite (montmorillonite aggregates, 
which contain both solid and water) to take in water and swell. This microstructure 
swelling is expected to, depending on local conditions, cause either macrostructure 
swelling/expansion (expanding aggregates push each other away decreasing their 
density), wetting (expanding aggregates push air away) or only microstructure 
equilibration and nothing on the macroscopic scale (water migrates from liquid in pore 
space to bound water within aggregates). Unfortunately not much is known about the 
quantity of the macroscopic effects caused by the microscopic process, nor under what 
conditions which process dominates. This leads to a situation where a model based on 
describing any of the microscopic processes is hard to properly validate. 

The modeling approach considered in this report (see Appendices) takes the simplest 
option and does not even attempt to separate between saturated and unsaturated 
bentonite. Or in other words it deals only with swelling/expansion not wetting. It is a 
natural first step to couple erosion, i.e. the mass detachment process, to this simplest 
swelling model first, but we are aware that this is the most important development point 
in the modeling. 

Unsaturated bentonite in contact with water will wet and swell at the same time. 
Swelling will alter the pore structure available to air and water, and thus alter 
permeability. Once wetting is locally completed the swelling process will dominate and 
swollen material will push into the piping features, where it can be removed. 

The most important driving forces for bentonite saturation process will be the suction 
(soil water potential) drawing water into the bentonite, and the surrounding groundwater 
pressure. In soil sciences soil water potential (total suction) can be separated to matrix, 
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osmotic, pore air pressure and gravitational potentials (Fredlund and Raharjo 1993). 
Matrix potential is controlled primarily by soil texture, density and moisture content, 
whereas osmotic potential is a function of the concentrations of dissolved salts within 
the soil water. Separating matric and osmotic potentials for bentonite might however be 
more counterproductive than insightful because the strong electrostatic forces between 
clay particles, interlamellar cations, salt ions and polar water molecules all combine 
together.  

Better descriptions of wetting and its interplay with swelling is something that is 
required from models intended to describe and predict piping erosion. The main 
challenge is that the relevant condition regime for piping erosion extends into the very 
wet bentonite present next to the piping channels. Existing and tested thermo-hydro-
mechanical models, such as the Barcelona Basic Model (Alonso et al. 1990) are not 
sufficient in this regime, as explained in the previous chapter about swelling. 

3.1.4 Slaking 

In the initial stages of wetting, we observe that the erosion of bentonite is accelerated. A 
process called slaking is found in the literature that explains this as macroscopic 
breakdown of clay aggregates to smaller fragments due to rapid wetting. Conflicting 
views on the microscopic origin of slaking exists. In the context of Emerson (1967) and 
Arulanandan & Heinzen (1977) slaking occurs when outer portions of the granule 
become saturated and bentonite swells, hence trapping and compressing air in voids 
inside the granule. Partial swelling of the granule produces a tension, a failure, and 
violent escape of the air. Tendency to slaking is reversely correlated to the water content 
of the bentonite, and near saturation slaking can be negligible. This is due to the 
reduction of air volume entrapped and reduction in matric potential gradient. However, 
other authors, such as Dettmann (1958), claim that slaking is always associated with 
rapid intercrystalline swelling of the clay, and that entrapped air is not necessary nor an 
important factor in slaking of dry soils. 

Slaking is affected by soil suction, water ratio, wetting rate, soil texture, clay 
mineralogy and organic matter content. One estimate is that soils will not slake under 
action of wetting unless its initial matric potential is more negative than -1 MPa (Sato 
1969; Grant & Dexter 1986). Another estimate comes from Chan & Mullins (1994) who 
presented that slaking did not occur if initial matric suction was less negative than -10 
kPa. For bentonite, these suction values are very close to full water saturation, and thus 
slaking in bentonite can be expected to occur. Slaking has been shown to have 
significant effect (Kandiah & Arulandan 1976) when the clay samples were compacted 
on the dry side of the optimal water ratio. Optimal water ratio is the water-to-dry solid 
ratio where bulk density of the (compacted) bentonite sample is highest. 
Correspondingly slaking was found to decrease with increase in water ratio, and become 
negligible when water ratio was greater than 5 percent above the optimal water ratio in 
the compaction.  

In this study, very rapid initial reaction was observed when a compacted bentonite 
surface, at about 17 % water ratio, came into contact with free water. Bentonite material 
was observed to detach and entrain into the water flow, and is seen as a pronounced 
initial peak in erosion rates. The initial reaction lasts some hours, and its magnitude and 
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duration depend on water salinity. Even though erosion rates are high during this time, 
the total amount of mass loss is not significant from the point of view of the buffer and 
the repository. Slaking is pronounced in the pinhole setup, where an initially dry 
channel is artificially created. 

However, the initial slaking does have one crucial implication: it can completely ruin 
the scaling relationships developed using small scale laboratory experiments on 
bentonite. The rapid initial wetting associated with slaking reaches a distance of the 
order of a centimeter from the initial location of the free water-bentonite interface. This 
length depends strongly on water salinity and on bentonite compaction. It means that 
experiments that are not clearly bigger and longer than the spatial and temporal extent 
of the slaking process are dominated by slaking, and will not give information about 
piping erosion as it happens on the repository scale of the bentonite buffer. On the 
positive side, the smaller the test scale, the more mechanical erosion will be 
overestimated. As a result, many of the estimates of erosion based on small scale 
laboratory tests done to date are likely very conservative. 

Increasing water salinity has been observed to increase the slaking process in spatial 
extent, duration and magnitude. The erosion rates at the highest water salinity pinhole 
erosion tests in this report are close to the limit where the erosion rate is dominated by 
the initial slaking. Consequently even while trying to correct for this (in a conservative 
manner) we probably end up overestimating long term erosion in the high salinity case. 

Slaking also depends strongly on the initial compacted density and initial water ratio of 
the bentonite block. The current Posiva reference design for buffer blocks (bulk density 
of 2.03 g/cm3 with 17 % water ratio) is found to be relatively resistant to slaking. Initial 
experiments in this connection were performed at significantly lower densities and 
water ratios, which resulted in slaking strong enough to reduce cohesion in blocks 
sufficiently to create a flowing slurry.  

Based on laboratory tests, slaking has a significant effect in pinhole-type experiments 
where “dry” bentonite is exposed to water flow. As strong an effect is not observed in 
tests if instead of the pinhole setup we look at piping erosion in pellet filling. The free 
volume between the pellets slowly fills with water before flow exits the test cell via 
outlet, which means the bentonite in pellets has had more time to wet before they are 
exposed to a strongly shearing flow. Apparently the material that has slaked upon initial 
wetting of the pellets has re-consolidated to a degree. 

3.1.5 Mass entrainment in flow and re-deposition 

Solid mass that has been detached and is being carried by the flow is referred as being 
entrained in the flow. In the buffer of KBS-3V repository the piping channels are 
expected to be dominantly vertical with water flowing upwards towards the deposition 
tunnel. Solid particles entrained in a vertical flow will be affected by gravity and thus 
will not simply be transported together with the water flow. This means that while the 
flow through time of water in the piping channel is short with 0.1 l/min flow rate 
(matter of seconds), determining transport rates of the entrained solids is more 
complicated. 
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In natural soil erosion the re-deposition of mass entrained in the flow is very important. 
But the wind and water flows associated with natural soil erosion are predominantly 
horizontal, and the significant re-deposition mechanism is due to gravity. In the vertical 
piping channel in bentonite gravity will slow the transport of entrained solids along the 
flow, but gravity won’t directly cause entrained solid to re-attach to the solid matrix.  

If solid re-attachment is not occurring, and the channel is not closed by clay 
accumulating in it, then transport of entrained solid in the piping channel has to happen. 
Slower clay mass movement within the pipe just means higher concentration of solids 
accumulate until all the mass that is detached and entrained will also be transported 
away. The transport process has only a transient effect. For these reasons the initial 
working hypothesis in this work has been that the transport and entrainment processes 
are not affecting piping erosion as a whole. The rate limiting process is particle 
detachment and all material that is detached is carried away by the flow of water in the 
pipe. 

Combining the assumptions of no re-attachment occurring, that detachment is by shear 
and that flow in the piping channels is constant leads to a prediction that has important 
implications for scaling piping erosion tests: Total piping erosion rate depends linearly 
on channel length. Pinhole tests performed at two sample lengths, 100 mm and 400 mm, 
did not provide results that are consistent with this conclusion regarding scaling. In 
these tests we observed that erosion amounts consistently about doubled for the four 
times longer sample length, other parameters staying the same. While the channel that 
develops during piping erosion in these tests is not straight, the tortuosity is by 
qualitative visual observation assessed to not significantly change between these sample 
sizes, and thus the piping channel lengths are estimated to correspond to sample lengths 
linearly (Pintado et al. 2012). 

This means that the initial theoretical assumptions regarding entrained mass transport 
are inadequate and attention needs to be focused on what processes are causing the non-
linear up-scaling of erosion in channel length. Two starting hypotheses are proposed: 
First is a re-attachment process for entrained solid mass, and the second that entrained 
solid particles change the shear profile of the flow so that detachment is affected by the 
mass-transport along the channel. From the buffer design perspective this reduced 
erosion rate per channel length with increasing path length is a positive finding, even if 
its cause is uncertain. It means current estimates of total erosion scaled linearly to 
channel length are likely overly conservative. 

The amount of entrained solid in the piping channel has been observed to depend on 
groundwater factors, especially the water salinity and composition. In particular, high 
concentration of calcium salts causes bentonite aggregates to form in the flow. This is 
seen by simple visual observation in test where the setup has a transparent wall along 
which piping channels develop. (Börgesson 2012). 

3.1.6 Ending of piping erosion process 

The duration of the piping erosion process is expected to have an upper limit: the time 
needed for groundwater to fill all void volume between the pellets in tehpellets filled 
regions in buffer and backfill after the EBS is emplaced and the deposition tunnel is 
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sealed. After this time the water in the EBS is at the same overall pressure as the 
surrounding groundwater, and flows into the EBS decrease significantly. Because 
piping erosion is the only relevant process in which the total inflow into a segment of 
the EBS is significantly larger than the amount of water buffer and backfill blocks take 
in as they saturate and homogenize, the void volume in that segment will be filled 
before it is fully saturated and homogenized. The situation at this point is that pressure 
heads in the repository are due to normal pressure gradients in the groundwater system, 
the ~4MPa pressure difference due to the depth of the repository vanishes. It is expected 
that the swelling pressure will at this point be high enough to prevent piping flows in 
the buffer at least, and very likely in the entire EBS. Water will still seep through the 
clay in the EBS as part of the saturation and homogenization processes, but not as free 
water in piping channels. 

Leakage through the deposition tunnel plug towards the repository tunnels is required to 
be very small, and this has been verified by testing (Malm 2012). Hence the flow 
induced by plug leakage during repository operation has a negligible effect on the 
continuation of the erosive water flow after the volume behind the plug is flooded. This 
allows for generation of some worst-case estimate for the extent of the piping erosion 
process in a deposition hole. 

The current design specification for individual ONKALO deposition tunnel allows for 
620	m  of free volume in pellet fillings (Table 1). The current estimate for the worst 
case scenario for piping erosion is that half of this volume is filled from a point-source 
of groundwater in a single deposition hole. The higher the flow from this source is, the 
higher the erosion is expected to be. This is based on the theory that mass detachment is 
proportional to shear by the flow. Current specification for maximum allowed point-like 
inflow in a deposition hole is 0.1 L/min (Posiva 2012). When these worst-case 
assumptions are combined, the worst-case erosion process is assessed to last about 7 
years. This means that the worst-case pre-saturation erosion process is finished during 
the operational phase of the repository.  

However, it is highly probable that a wet segment of the deposition tunnel is gaining 
water from more than one source, which would significantly shorten the period during 
which piping erosion can persist. While this is positive for the overall EBS performance 
against erosion, it does present a challenge in determining what is a representative 
deposition hole situation and what is a realistic worst case. It also presents a challenge 
for validating laboratory test results and model results in situ as test deposition holes at 
the Onkalo site will give information on the representative deposition hole, as opposed 
to the worst case deposition hole that is the basis of most laboratory test setups and 
modelling. 

The basic assumption selected in this report is that the piping erosion channel will be 
open in the bentonite buffer until free volume left in the pellet fillings during installation 
is filled. Therefore termination of erosion by other mechanisms before the groundwater 
fills the pellet voids is not evaluated. 

It has been observed that related to piping termination there is a possibility of water 
inclusion formation when pressure forces water into bentonite that has swollen to form a 
seal. This process is related to piping erosion in the sense that it is another feature that 
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can be generated by high-pressure groundwater flow if a piping channel doesn’t form. 
This water inclusion formation has been observed in experiments (Sanden & Börgesson 
2010), and it can happen if piping erosion stops before the free volumes are filled. The 
water inclusion can happen if the groundwater pressure starts to tear apart the bentonite 
buffer as opposed to piping through it. A particular risk for this appears to be if the 
groundwater flow happens unevenly in time, and piping channels have time to seal 
between two pulses. Water inclusions are mostly observed in water penetration 
experiments in pellet filling, which is to be expected since wetted pellet filling has 
lower yield strength than highly compacted bentonite. 

3.2 Materials and Properties 

In this chapter the properties of bentonite and groundwater that we consider relevant for 
mechanical erosion are described. These are determined by EBS design parameters and 
site characteristics influencing the selection of locations suitable for disposal. One of the 
primary goals of the current work is to investigate the sensitivity of design parameters to 
erosion. Start from the known properties at the Olkiluoto site, consideration is given to 
what limits of behavior would be under the worst plausible case. 

3.2.1 Constituents of compacted bentonite / groundwater -system 

The properties of bentonite are influenced by structural elements ranging from the 
nanometer (flakes) to the millimeter scale (grains). Erosion in piping channels and of 
complex materials will have to be considered on an engineering scale and perspective 
(Bonelli & Brivois 2008; Grabowski et al. 2011), where the characteristic length scale is 
millimeters and larger. While the process of detachment of different sizes of particles 
happens in a stochastic manner, and the cohesive forces in the solid arise from 
electrostatic forces on the scale of individual clay flakes, at the scales relevant to piping 
erosion these detachments are considered to average to a relatively simple, deterministic 
process. Figure 4 presents a description of expanding and wetting bentonite as volume 
fraction fields at the macroscopic scale. For the purposes of the study in this report, the 
buffer material is considered in volume fractions as montmorillonite, accessory 
minerals, water and air. The current understanding of the water fraction in unsaturated 
bentonite is that it exists as bound to montmorillonite (“Interlayer water”), liquid water 
within pore spaces (“Pore water”) and water vapor within pore spaces (“Water vapor”) 
(Pintado & Rautioaho 2012; Kröhn 2011). Unfortunately, while such separation of the 
water fraction makes theoretical sense considering the microscopic constituents of 
bentonite, the quantitative evidence is indirect at best. 
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Figure 4. Compacted bentonite divided to constituents as considered relevant for 
mechanical erosion. As the bentonite swells and saturates, these volume fraction fields 
describe the status as function of location and time.  
 

Describing bentonite in terms of volume fractions is certainly not a complete 
description. A particular challenge for modelling is the hysteresis caused by a 
saturation-desaturation cycle (for membranes see e.g. Moss et al. 1999). This however 
is not a relevant phenomenon for piping erosion since piping erosion is expected to be 
dominated by wetting and swelling only.  

The initial condition of the bentonite buffer material has a significant influence on 
piping erosion. The piping erosion related design parameters of the buffer are the 
montmorillonite to accessory mineral ratio, initial water ratio of the material, and 
compaction density of bentonite blocks. In the bulk of the experimental work reported 
here, pinhole tests were used to measure how piping erosion changes when these 
parameters are varied. 

3.2.2 Groundwater salinity  

Groundwater composition, particularly its concentration of monovalent and divalent 
cations, has a large influence on forces between montmorillonite flakes and thus on the 
microstructure of bentonite. Thus it is expected to be an important factor in erosion, and 
this has been observed also in the experiments we have performed. A change in the 
attractive electromagnetic forces that keep montmorillonite flakes together has a direct 
effect on the forces required for bentonite detachment. It is however expected that 
significant part of the effect electrolyte composition has on mechanical erosion comes 
indirectly via how swelling and wetting are affected. 

Expected groundwater at repository level will tend to change MX-80 from a sodium to a 
calcium rich-form. Sodium is released to the pore water and finally to flow channel. 
This tendency may be enhanced by dissolution of calcium containing accessory 
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minerals (e.g. gypsum) in the bentonite. Groundwater composition at the repository is 
expected to remain constant over several thousands of years (Posiva 2012) and the 
longest expected time to water saturation of the buffer is in the same range (Pintado & 
Rautioaho 2012). 

In the experimental work reported here we study piping erosion with tap water (total 
dissolved solids (TDS)  0) and with groundwater simulant solutions with TDS 10 	g/l, 
35	g/l , and 70	g/l. These solutions are composed of NaCl and CaCl2, with Ca2+:Na+ 
mass ratios of 1:2, 1:1, and 3:2, respectively. Changing TDS together with the Na/Ca 
ratio makes it difficult to isolate the effects of total salinity from cation ratio in our 
results, but the results are directly relevant to the Olkiluoto EBS case. 

Salinity affects the wetting and swelling of bentonite; it also seems  that higher salinity 
allows for quicker wetting of compacted bentonite. Salinity also has a significant effect 
on the swelling of bentonite, with bentonite swelling more in less saline water. This 
effect is theoretically understood in terms of the electrostatics of clay platelets and 
compensating cations in a saline solution (Savage 2005). It is expected that swelling and 
wetting have strong interplay, with swelling preventing wetting by decreasing effective 
permeability. Thus the quicker wetting of compacted bentonite blocks in more saline 
solution could be a direct consequence of lesser swelling. 

The objective in the quantitative studies in this work is to establish erosion parameters 
at different salinities both in terms of model parameters as well as direct observation of 
the eroded mass loss. Predictions for erosion at intermediate salinities are obtained by 
interpolation.  

At buffer density the effect of salt concentration to overall swelling capacity is 
relatively small (Miller & Marcos (eds.) 2007). Consequently, the expected salinity 
differences in groundwater during the saturation time will not affect significantly the 
overall swelling pressure in the buffer. However, the higher the groundwater salinity, 
the greater is the decrease of swelling pressure with decreasing buffer density. This 
means that if buffer swelling pressure is to be maintained above a certain level, the 
acceptable amount of buffer mass displaced by piping erosion depends on the salinity of 
the groundwater.  

3.2.3 Clay compaction 

The dependency between dry density (i.e. compaction ratio) and swelling pressure is 
known (Miller & Marcos (eds.) 2007). As the effect of erosive mass loss on average 
buffer density is straightforward, the dry density to swelling pressure dependence can be 
used to estimate how much the average swelling pressure is reduced as a function of 
total mass loss from the buffer due to piping erosion. It is significantly harder to assess 
local areas of low buffer density possibly left behind by piping channels. 

Clay compaction is found to have a large effect on piping erosion rates of MX-80 
blocks. Generally the higher the compaction, the higher is the erosion resistance of the 
block. This is expected to come from at least two separate processes: First, higher 
compaction simply increases the cohesive and frictional forces in the bentonite material, 
which translates to higher shear rates being needed for detachment. Second, porosity is 
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reduced by compaction which leads to reduced hydraulic conductivity (Karnland et al. 
2006) which means slower wetting, which in turn leads to slower swelling of material 
towards the piping channel. 

The degree of compaction together with water ratio of the bentonite powder has a 
profound effect on piping erosion resistance of the ensuing block. This is discussed in 
more details below under water content of compacted bentonite. 

3.2.4 Compacted bentonite water content 

The water content of the bentonite grains used for block manufacture has a large effect 
on the piping erosion observed. This is to be expected, as bentonite that is too wet or dry 
will not even form a cohesive, solid block when compacted. It is crucial that the 
bentonite material is evenly wetted to the specified water ratio before compaction as 
homogenization at the water ratios used for compaction (less than 25 %) is slow enough 
to be negligible. 

The highest erosion resistance is observed when the water ratio of the block corresponds 
to optimal compression, which means the highest overall density of the block when 
compressed with a given pressure. This water ratio closely corresponds to the current 
design specifications of buffer blocks. As a basic scoping calculation where the specific 
density of 2750	kg/m  for pure solid bentonite and 1000	kg/m  for water is assumed, 
the specification of bulk density of 2050	kg/m  and 17 % water ratio for the block 
means an air content of roughly 15 % would remain in the block. This calculation shows 
that for the design specification of compressed bentonite blocks, only limited air voids 
are left in it, and it is expected that this property is key to its resistance to piping 
erosion. 

Considering a bentonite block somewhat more loosely compacted from dryer material, 
we arrive at an estimate of 30% air in a block with 10% water ratio and bulk density of 
1700	kg/m . We expect this 2 -fold increase in void space to be the main reason why 
loosely compacted, dry blocks will essentially disintegrate under eroding flow while 
blocks made to current Posiva specifications resist mechanical erosion relatively well. 

Our hypothesis for the mechanism that causes sharp changes in erosion resistance is 
based on the compound effect of higher suction, higher water conductivity and higher 
porosity in a dryer and less compact bentonite sample. When there are enough voids in 
the compacted block, the water invades the block easier. At high enough water content 
bentonite, like most types of clay, loses its cohesion as a solid. The well-known natural 
analogue to this being clay layers that cause landslides when waterlogged. Thus the 
bentonite is turned from a cohesive block to flowing slurry.  

In such a case solids content in the piping flow has been observed to exceed 100g/l. 
Thus we observe that when a threshold in lowering water ratio and compaction is 
reached, the erosion process changes its nature and the block loses its cohesion and 
flows away as a slurry, rather than being a solid eroded by shearing forces. The turning 
to slurry has been observed at B+Tech mechanical erosion experiments as explained in 
section 4.1.  
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Thus based on the results of the tests reported below, high enough water ratio and 
compacted density are crucial in forming a compacted bentonite block that is resistant to 
mechanical erosion. 

3.2.5 Effective montmorillonite dry density (EMDD) 

EMDD is an important measure for characterizing bentonite (Karnland 2010). EMDD is 
defined as the ratio of montmorillonite mass in the bentonite to the volume of the 
montmorillonite plus void volume due to porosity. Thus EMDD excludes the effect of 
any mass or volume of other non-swelling minerals in bentonite.  

Because EMDD is useful for determining hydraulic conductivity and swelling pressure 
of water-saturated bentonite (Karnland 2010), loss of EMDD is the single most 
important measure for the amount of piping erosion that has happened during saturation. 
Characterizations of bentonite material at piping channels suggest that montmorillonite 
is to some degree eroded preferentially, as, larger grained bentonite components are 
enriched at the channel (Börgesson et al. 2012). While this erosion process at the piping 
channel is of interest, sustained preferential erosion of montmorillonite would require 
that only the montmorillonite component of intact bentonite further from the piping 
channel migrates to the channel, which is not plausible. Hence measuring the total 
eroded or remaining dry mass of bentonite is expected to be sufficient to yield the 
corresponding EMDD after some initial transient. The transient can leave behind an 
enrichment of accessory minerals at the piping channel, but this enrichment must 
stabilize, because otherwise the channel would either be closed by the plug of non-
eroded accessory minerals, or the solid components deep in the bentonite could migrate 
against each other, neither of which is a credible scenario. 

EMDD is also an important measure in determining the erodability of a bentonite 
material as montmorillonite acts as a binding material providing overall cohesion in a 
compacted bentonite block. Montmorillonite is also expected to be relatively susceptible 
to detachment at piping channel edges because it swells into the water in the channel. 
The pinhole experiments described in this report show that low-montmorillonite 
Friedland Clay erodes much more readily than MX-80 when the compaction and water 
ratio are the same as prescribed for EBS bentonite blocks.  

The power of EMDD in determining swelling pressure and hydraulic conductivity of 
water-saturated bentonite material is largely due to accessory minerals in the bentonite 
being passive fillers in terms of these processes (Karnland 2010). Furthermore saturated 
state swelling pressure and water conductivity don’t depend on whether initially the 
pores in the material are filled with air or water. In piping erosion the accessory 
minerals are not expected to be passive, which will be discussed in more detail in the 
next subchapter. Experiments with varying the initial water ratio of the bentonite block 
also show that erosion depends on initial saturation. Put together these points underline 
that while EMDD is an important measure when considering erodability of a bentonite 
material, this parameter alone is insufficient to predict the erosion resistance. 

3.2.6 Accessory minerals 

The final property of bentonite we consider relevant for erosion is the composition of 
the accessory minerals. When describing a bentonite sample in terms of water ratio, 



26 
 

EMDD and compaction (dry/bulk density), the amount of accessory minerals is defined. 
But the chemical and physical composition of accessory minerals can also affect 
erosion. Accessory minerals constitute 10-30 % of mass of MX-80 bentonite, and have 
a variety of properties. Some can dissolve in water easily, while some are practically 
insoluble. 

In MX-80 bentonite accessory minerals are generally larger particles than 
montmorillonite, and the majority of accessory mineral particles do not disintegrate 
when entrained in flow. Therefore accessory minerals are not transported as readily by 
water flow, and are expected to resist detachment more. As the gravitational force is 
pulling entrained accessory mineral particles down against the water flow, the direction 
of the piping channel is relevant. Transparent cell tests have shown that piping channels 
are not straight (Pintado et al. 2012), and thus larger particles dropping opposite to the 
flow direction can accumulate to bends that offer a horizontal surface for these particles 
to sediment on. 

When erosion happens in any heterogeneous material, the component that detaches 
more easily is removed first, leaving behind a surface that is more resistant to erosion. 
This effect was earlier referred to as armouring or shielding. In bentonite the resulting 
armouring layer is expected to be enriched in accessory minerals. Enrichment of 
accessory minerals has been observed in analysis of matter at a piping channel in pellet 
filling (Börgesson et al. 2012), which is an indirect observation of the expected 
armouring. The swelling of bentonite is expected to diminish the effect of armouring in 
reducing erosion compared to piping erosion in non-swelling materials. The hypothesis 
is as follows: If an effective armouring layer is formed and detachment is stopped, the 
swelling will reduce the radius of the piping channel and the constant flow throughput 
will inflict a greater shear on the piping channel walls, until the armouring layer does 
erode away. 

If accessory minerals are water-soluble, such as gypsum, they have the potential to 
change the local chemical environment, particularly the electrolyte balance, at the 
piping channel. This would lead to changing effective properties of the bentonite while 
the chemical exchange happens. Considering the transit times of the groundwater 
through piping channels with our flow rates (channels of less than 1 cm in diameter with 
0.1 l/min flow), we conclude that the water remains in the channel for only some 
minutes. This time is considered too short for relevant changes in water chemistry to 
occur by accessory mineral dissolution. As such we don’t consider chemical changes to 
be relevant for pre-saturation erosion. This leaves chemical dissolution of accessory 
minerals as a possible but unlikely point to keep in mind, warranting closer 
consideration only if erosion experiments show unexpected results. 

Accessory mineral enrichment can leave behind permanently heterogeneous volume of 
the bentonite buffer. The large-grained accessory mineral fraction may result in regions 
within the buffer where the hydraulic conductivity is high compared to intact bentonite 
and the solid matrix of the auxiliary minerals prevents full homogenization by 
subsequent montmorillonite swelling into their voids. As a result, even after piping flow 
has stopped the remnants of the flow channel is potentially a more conductive channel 
in the buffer.  
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4 EXPERIMENTS 

In this section, experiments performed at B+Tech are presented in an attempt to 
elucidate the effect of different environmental and material parameters on the erosion 
rate. The small scale pinhole erosion experiments were performed with MX-80 clay 
purchased from Volclay and Cetco, and Friedland Clay was used in backfill material 
tests. Prior to measurements the materials were characterized at B+Tech with B+Tech 
material ID’s Wy0003, Wy0004 (Volclay), Be-Wy-VTT0002-BT4-Sa-R (Cetco) and 
CL-Fr--BT0008-Sa-R (SH Friedland) respectively (Kumpulainen & Kiviranta 2010; 
Kiviranta & Kumpulainen 2011). In addition, the semi-large scale transparent test (aka. 
Transu) was performed with MX-80 blocks and pellets with material ID’s Be-Wy-
BT0010-Bl-R and Be-Wy-BT0014-Pp-R for the pellets (characterization pending, 
material ID’s provided for traceability of the material).  

Earlier preliminary experiments are also presented to provide information on the 
development process that led to a situation where the erosion experiments can be 
performed in more or less standardized manner. For the support of modeling work, a set 
of free swelling experiments were also performed to provide more accurate information 
of the early stage swelling characteristics of MX-80 clay. 

4.1 Preliminary experiments in transparent sample cell 

The first stage of erosion testing at B+Tech was to develop the test methods. This work 
was performed during the years 2009-2010. The test plan was initially to determine the 
erosion characteristics of clay materials where large segment of cylindrical bentonite 
block was cut away and water was flowing in the cut-out volume inside a transparent 
sample cell for qualitative inspection (Figure 5). Later on, the tests were broadened to 
pinhole testing and the development of compaction methods for the manufacture of 
pinhole directly during the compaction process instead of drilling the hole through 
compacted blocks. Testing included development of the pump system to facilitate stable 
flow with an ability to respond to the increased counter-pressure caused by the swelling 
of bentonite.  Several experiments were performed to gain initial information on the 
erosion based mass losses. However, due to the tentative nature of the work the results 
have very little use for comparison of the performance of the current buffer design and 
scenario where erosion occurs mostly via piping channels due to effectiveness of the 
pellet filling preventing the direct exposure of buffer blocks to water flow.  What was 
qualitatively observed was the formation of piping channel and the mass transport 
within the channel towards the outlet of the sample cell. Due to the lower water ratio 
(typically water ratio differed ranging from 4-10 %), different sample geometries and 
the small scale of the samples (i.e. the decrease of sample material due to erosion 
caused quickly a decrease in bulk density due to limited sample size) the erosion was in 
some cases significantly higher than observed in later tests performed with more 
systematic methodology simulating the current buffer design specifications. Lessons 
learned from the preliminary tests included a need for strict control and calibration of 
the flow systems, standardization of environmental parameters and more improved 
methods for result analysis. 
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Figure 5. Early Plexiglas-setup where peristaltic pumps where used to generate 
solution flow. Evolved flow paths are visible in the test samples resulting from 
dampened peristaltic flow (left) and un-dampened peristaltic flow (right).  There is a 
noticeable difference in terms of evolved flow path at least between peristaltic and 
damped peristaltic flow types. The same trend was observed in four different 
comparisons between peristaltic and damped peristaltic flows, such that every time 
there was no dampening in the flow, the dimension of erosion channel did not reduce as 
extensively as observed in damped or constant pressure flows. The difference could be 
explained in terms of pulses keeping the channel radius large enough for turbulent flow 
to develop, thus preventing the initial swelling of the bentonite buffer into the channel. 

4.2  Free swelling experiments 

Swelling is one of the most critical components in the bentonite clay erosion process 
and adequate modeling of the process requires high quality experimental data to 
calibrate the model. The aim of these experiments was to provide reliable baseline for 
free swelling fitting, this goal was ensured by performing multiple identical experiments 
simultaneously with identical test setup (bentonite blocks with 40x50Ømm dimensions 
inside a transparent tube where the swelling occurs only in vertical direction). In 
addition the environmental and material parameters (i.e. swelling solution salinity, test 
material, Cetco MX-80 bentonite compacted to bulk density of ~2.03 g/cm3 with 17 % 
water ratio) were fixed.  

The water ratio of the bentonite was increased to 16.96±0.05 % by mixing additional 
water to the raw bentonite granule material after which the batch was stored in a sealed 
container for 24 h before testing begun. Bentonite blocks (40 mm in height and 49.5 
mm in diameter) were compacted using uniaxial compaction and the masses of the 
blocks were recorded to ensure the compaction density achieved was consistent, i.e., 
average mass for block was ~159.5 g yielding a compaction density of 2.03±0.01  g/cm3 
in a test cell with diameter of 50 mm. Compacted blocks were placed on the bottom of 
the test cell (see Figure 6) and sintered stainless steel plate (pore size 10 microns) was 
placed on top of the block.  It should be noted that the sintered plate might skew the 
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swelling results to some extent since it might provide slight resistance to free swelling 
changing the conditions to somewhat-limited swelling, yet for measurement purposes 
the sintered plate enables exact measures of the overall displacement. In addition to 
suppressing the swelling, sintered plates also blocked (to some extent) the escape of air 
from the bentonite, thus tilting slightly. 

 

Figure 6. Illustration of the test setup used in free swelling tests. The test cell was 
acrylic transparent plastic cell with a glued bottom plate. Dimensions of the cells were 
20 cm in height and 5 cm inner diameter and the open top of the cell was covered with 
Parafilm® plastic film. The swelling displacement was defined visually as the change of 
vertical position of the surface level of the sintered plate measured from four positions 
around the cell (top right corner). These values (which differed due to tilting of the 
plate) were then averaged to gain projected average level of the plate. 

The outcome of the experiments was swelling curves for four simplified Olkiluoto 
groudwater simulants with salinities of 0 g/L (De-ionized-water, DI), 1 g/L, 10 g/L and 
70 g/L. To ensure reliability and filter out the measurement noise, each curve in Figure 
7 is an average of 3-4 effectively identical tests, the variance within the results were 
within 1 mm in each set of identical experiments. 
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When the swelling curves are all plotted together (Figure 7) three conclusions can be 
drawn from the effect of salinity to the swelling process: 

1. Swelling rate (i.e. the slope) is initially significantly larger when salinity is 
higher, this is most likely caused by faster wetting 

2. Near saturation level the swelling rate decreases, hence higher saline solutions 
wet and swell quickly but the swelling stabilized in relatively short period.  

3. DI-water and 1 g/L saline solution have almost identical characteristics, yet 
swelling for DI water does exceed the swelling for 1 g/L in very early phase 
after which the slopes are fairly identical 

 

 

Figure 7. Swelling curves of all four test sets are plotted in the same graph. Swelling 
rate clearly increases with salinity, yet the difference between DI water and 1 g/L 
solution is negligible until later stages (t>30 h) of the process. Change of slope in the 
10 g/L curve at 25-35 h is caused by measurement error and is systematically the same 
in all of the 10 g/L- samples. 

Wetting was monitored by taking images of the test cells during the swelling process. 
These observations are presented in Figure 8. From the images it is easily seen that 
wetting correlates well with salinity, the higher the salinity the faster the wetting. This 
can also be seen when looking closer at the structure of the wetting front: In higher 
salinities the front is more clearly visible layer whereas with lower salinities the front 
shows as a more diffuse zone. 
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Figure 8. Visual presentations of the free swelling samples. Swelling has been ongoing 
in the images for 31 h, 7.5 h, 7.3 h and 4.8 h respectively for DI, 1g/L, 10 g/L and 70 
g/L samples.  The contrast of the wetting front is easily seen to increase in the images 
with increasing salinity whereas the front is more diffuse in samples with smaller 
solution salinity. 

4.3  Erosion experiments at B+Tech 

Experiments made at B+Tech during the years 2009 and 2010 acted as a guideline for 
the continuation of the work on erosion phenomenon throughout 2011 and 2012 (results 
reported in this report) with more systematic and more accurately controlled methods 
and methodology in general. The focus of the work was on more detailed and controlled 
experiments with repetitive measurements. Test parameters were more closely matched 
with Posiva relevant parameters (i.e. buffer density or specific salinity concentrations). 
The tests are therefore more focused on the erosion properties of the actual buffer 
material in actual repository environmental conditions. These parameters include strict 
definition of overall density, which is averaged from different buffer components to 
(2.03±0.03) g/cm3, with a (17±0.3) % water ratio (achieved by mixing additional water 
to as-received material), or in the case of backfill blocks (Friedland clay), ~2 g/cm3 g 
with (9±0.3) % water ratio. The initial test plan was to use same batch of material for all 
tests, but due to limited supply, different batches or even material from different 
vendors had to be used, making comparison of some of the experiments impossible due 
to material differences. Test samples were compacted inside the test cells (or for 400 
mm long samples, smaller 100 mm long samples were piled on top of each other inside 
the cell) with developed compaction tools. For pinhole tests, two sample geometries 
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were used, 100 mm and 400 mm long test cells, both with 100 mm inner diameter. The 
pinhole (6 or 12 mm in diameter) was processed during the compaction with the 
compaction mold pieces hence producing uniform pinholes for each compaction without 
the stochastic coarse nature of the drilled pinhole that was observed in the tentative 
testing. The compacted density was controlled by both volume limited compaction (i.e. 
fixing the sample mass) and by performing compaction uniaxially from both ends of the 
sample to ensure reasonable level of homogeneity. 

Simplified saline solutions (10, 35 and 70 g/L of CaCl2 and NaCl mixtures in tap water 
with Ca2+: Na+-ratios of 1:2, 1:1 and 3:2 respectively) were prepared, mimicking the 
current estimates of the groundwater salinities in different periods. Samples of the 
measurement solution were regularly collected (1-3 samples daily during work days) 
and dried in ovens to gain accurate background levels, including all the other dissolved 
solids in the water, for salt deductions from the samples containing eroded material. In 
addition, pH-levels were monitored during the measurements but were found to stay 
constant and so no pH-modifications were performed. Measurement solutions were 
prepared, when necessary, in large batches (~300 litres) and stored in large hermetically 
sealed water container. As the typical daily consumption of measurement solution was 
144 or 288 liters depending on the number of tests running simultaneously, tap water 
was used as the solvent in all solutions instead laboratory grade DI-water. The 
composition of the laboratory tap water was analyzed to ensure that the solids content 
was low enough (~30 mg/L for all the relevant salt components together) to be 
considered as negligible. Flow rate for the tests was fixed at 0.1 L/min to represent the 
maximum acceptable flow to a single deposition hole. Although the information on the 
effect of flow rate towards erosion would be interesting for scaling purposes and such 
studies are to be performed in future, for these studies the purpose was to gain reliable 
estimates on the “worst case”-type of situation. Water flow was continuously controlled 
and essentially pulsation free and gravimetric calibration measurements of the flow rate 
were performed regularly to ensure correct flow rate. However, during measurements 
the flow rates typically decreased a few percent (~5 %) due to error in the flow meter’s 
response to increase of pressure. This decrease of flow was taken into account when 
analyzing the erosion data (i.e. all eroded mass concentrations are calculated from the 
actual flow rates, not on fixed 0.1 l/min). 

The test setup is presented in Figure 9, showing the main aspects of the system 
including both the sample solution container and automated sampling system. In 
principle the test setup consists of; a magnetic gear drive pump (withstanding saline 
solutions and capable of producing stable non-pulsating flow with pressures up to 6 bars 
if necessary, however for most of the pinhole tests the water pressure was less than 0.5 
bar for the whole test), flow meter to control the pump output, water pressure sensor and 
data acquisition hardware and software. An automatic sampling carousel was used to 
collect samples outside office hours as well as during the days with increased sampling 
rate. The sampling protocol used in the pinhole experiments was typically collection of 
the effluent samples for 5 minutes (i.e. ~0.5 L of effluent volume) for intervals 
depending on the test phase. In the early phase an interval of 30 minutes was used, in 
later stages (or on weekends) the interval was shifted up to 6 hours. As the sampling 
covered only a fraction of the total measurement duration, most of the effluent exiting 
the sample was lead to a location where it was allowed to settle (to prevent drains 
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clogging with bentonite residue) and the overflow of low sediment supernatant water 
was led to a drain.  The effluent samples were first dried at 90 °C for 24h and then at 
105 °C for period of 24-96 hours depending on the level of dryness of the sample (for 
higher salinities the crystallization of the salt as a surface layer slowed down the 
evaporation of water from the bottom of the sample beaker and longer drying durations 
had to be used).  

To ensure the reliability of the erosion rate experiments, total mass loss of the sample 
cells was measured by weighing the residual sample mass after test dismantling (with 
respective salt background deduction based on the water mass of the sample). These 
overall mass loss values were compared to the calculated accumulated mass loss (i.e. 
integral of erosion rates over time) and significant differences (even ~100 %) were 
observed, hence the data for accumulated data over time is not presented as it has 
uncertain value. The problem underlying behind this issue is addressed in more detail in 
Section 4.4 and it should be noted that the difference occurred on both directions, i.e., 
yielding values higher or lower than the measured mass loss depending on the salinity, 
thus making it difficult to simplify the effect to just one correction factor. 

 

Figure 9. Test setup for pinhole erosion tests. Two identical samples were measured 
simultaneously in parallel fashion, erosion rate data was collected on either both 
samples (for MX-80 tests) or only from one of the two samples (Friedland Clay tests). 
Effluent material was collected in glass beakers that were then dried and weighed. 
Measurement solution was prepared in hermetically sealable 1100 L container (black 
Dehoust tank on the back) that has a small pump inside to prevent salinity gradient 
formation. Pump system is automatically controlled with an AC-drive that derives 
control input from the flow meter, in addition flow rates are regularly checked with 
manual measurements. Pumps (visible back right) are marked with color codes 
(red/yellow) which then correspond to the outlets visible in the center on top of the 
sample cells. Pressure sensors are placed before the flow controller in the flow line. 
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Figures 10 and 11 summarize the pinhole measurements on MX-80 bentonite performed 
in steel cells with differing permeant salinities in two different geometries. Figure 12 
illustrates the erosion rate in Friedland Clay experiments in same test cells (only with 
400mm length), performed with two salinities. The summary of erosion experiments is 
presented in Table 2 in addition with a calculated accumulated mass loss sum that can 
be compared (if available) with the actual weighed mass loss. 
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Figure 10. a) Averaged (over three measurements) test results from a pinhole 
experiments in stainless steel cell, 100xØ100mm in size. For visual purposes, error bars 
are not presented, a standard deviation of ~0.3g/L was typically recorded among 
averaged data points. Steady water flow of 0.1 l/min was directed through a compacted 
bentonite block with a Ø6 mm hole created during compaction. What is clearly seen is 
the effect of salinity on the erosion rate in the early stages of erosion process, yet after 
approx. 30 hours (180 litres) the difference between differing salinities is starting to 
fade. b) An inset from the same figure from T>10h to clarify the erosion rates in end of 
the experiment. 
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Figure 11. a) Averaged (over two measurements) test results from a pinhole 
experiments in stainless steel cell, 400xØ100 mm in size. For visual purposes, error 
bars are not presented, a difference of ~0.3 g/L was observed among averaged data 
points. Similarly to the smaller test geometry, differences between different salinities 
are starting to fade after approximately 100 hours(600L) of test run. However, on 
higher salinities higher peaks of eroded material occur both due to stochastic 
avalanche mechanisms and due to clogging of the piping channel (observed in water 
pressure) and the re-opening of the channel resulting due to pressure increase leading 
to a pulse of detached material exiting the sample. b) An inset from the same figure 
from T>10h to clarify the erosion rates in end of the experiment, Y-axis scaling is 
chosen to present most of the data points. 
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Figure 12. Averaged (over three measurements) test results from a pinhole experiments 
with Friedland Clay in stainless steel cell, 400xØ100 mm in size. For visual purposes, 
error bars are not presented, a standard deviation of ~0.3 g/L was typically recorded 
among measurement series. Unlike MX-80, salinity of the measurement solution doesn’t 
seem to have a significant role in the erosion process of Friedland clay. However, 
similar peaks of eroded material occur due to clogging of the piping channel. In the 
figure the high data points are plotted individually so that the averaging does not 
“hide” the scale of such events.  

 

Figure 13. Water pressure data from one of the 10 g/L Friedland Clay samples for 
which peaks in eroded material data are visible in Fig. 12 At around 330 litres of flow. 
Similarly water pressure is seen to build up around the same time and then dropping to 
base level very rapidly.  
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Table 2. Compilation of the erosion experiment data with relevant test parameters and 
overall mass loss figures. Material type-column indicates whether the sample was 
prepared from Volclay MX-80 (WyX-batches), Cetco-MX-80(Ce) or Friedland Clay 
(Fr). Mass Loss indicates the actual measured mass loss if available, calculated mass 
loss refers to the integral of erosion rates. Calculated mass loss values are presented 
only for those samples with reference value from measured mass loss. For Friedland 
Clay samples the calculated mass loss is presented for only those samples for which 
erosion rates were recorded. Initial dry masses for the 100 mm and 400 mm samples 
were ~1350 g and 5400g respectively for MX-80, 400 mm Friedland sample dry mass 
was ~5850 g. 

Sample # 
Material 

Type 
Cell length 

(mm) 
Hole 

Ø(mm) 
Salinity 

(g/L) 
Mass loss 

(g) 

Measurement  
Duration 

(h) 

Calculated 
Mass loss 

(g) 

1 Wy4 100 6 0 N/A 48 N/A 

2 Wy4 100 6 0 N/A 73 N/A 

3 Wy3 100 6 0 390 217 239 

3_2 Ce 100 6 0 500 145 304 

3_3 Ce 100 6 0 660 217 358 

4 Wy4 100 6 10 N/A 74 N/A 

5 Wy4 100 6 10 138 75 60 

6 Wy4 100 6 10 N/A 77 N/A 

7_1 Wy4 100 6 35 130 75 346 

7_2 Wy3 100 6 35 292 72 426 

7_3 Wy3 100 6 35 446 142 801 

8 Wy4 100 6 35 N/A 74 N/A 

9_1 Ce 100 6 35 542 50 587 

9_2 Ce 100 6 35 544 72 685 

9_3 Ce 100 6 35 519 72 723 

10 Wy3 100 6 70 389 72 268 

11 Wy3 100 6 70 433 72 387 

12 Wy3 100 6 70 525 147 426 

13 Wy3 100 12 0 99 73 86 

14 Ce 100 12 0 354 126 291 

15 Ce 100 12 0 22 48 5 

16 Wy4 100 12 10 N/A 75 N/A 

16_2 Ce 100 12 10 142 72 82 

17 Ce 100 12 10 83 50 8 

18 Ce 100 12 10 116 73 -7 

20 Wy4 100 12 35 134 74 344 

22 Ce 100 12 70 513 71 N/A 

24 Wy3 100 12 70 370 75 416 
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Sample # 
Material 

Type 
Cell length 

(mm) 
Hole Ø 
(mm) 

Salinity 
(g/L) 

Mass 
loss 
(g) 

Measurement  
Duration 

(h) 

Calculated 
Mass loss 

(g) 

25 Wy3 400 6 0 2034 192 2030 

26 Ce 400 6 0 1125 171 1176 

27 Ce 400 6 0 1298 167 1373 

28 Ce 400 6 10 547 126 266 

29 Ce 400 6 10 963 194 496 

31 Ce 400 6 35 3820 194 2360 

32 Ce 400 6 35 3740 194 4563 

34 Ce 400 6 70 2485 237 4012 

35 Ce 400 6 70 2466 241 4555 

47 Ce 400 12 70 2717 215 5136 

10 Fr 400 6 10 2962 71 1969 

11 Fr 400 6 10 2482 71 N/A 

12 Fr 400 6 10 3264 72 3214 

13 Fr 400 6 10 3327 72 N/A 

14 Fr 400 6 10 4349 99,5 3928 

15 Fr 400 6 10 3793 99,5 N/A 

16 Fr 400 6 70 554 4 N/A 

17 Fr 400 6 70 1985 51 1987 

18 Fr 400 6 70 2052 48,5 2998 

19 Fr 400 6 70 2158 48,5 N/A 

20 Fr 400 6 70 2685 93 2457 

21 Fr 400 6 70 2397 93 N/A 

 

The initial channel diameter has very little effect on the erosion rates. As seen in the 
table above, the pinhole tests were performed with two initial diameters (predominantly 
6 mm and some tests with 12 mm diameter) and as shown in Figure 14 the difference 
between the erosion rates falls within the general scatter of the results. This is most 
likely caused by the establishment of a steady state between the swelling and erosion 
quite rapidly after the flow has started and bentonite in the channel starts to wet. The 
resulting equilibrium is effectively stabilizing the piping channel diameter to some fixed 
value (depending slightly on the salinity) in every case (this has also been qualitatively 
observed in transparent cell-experiments). Figure 14 also shows the scatter level in the 
results and reinforces the importance of having a sufficient number of replications done 
for these types of experiments (though one can easily argue that N=2 or 3 is not really 
statistics, more so a bare minimum for performing experimental research). For different 
salinities the data available shows that erosion rate is higher when salinity is higher in 
the initial stage of testing but that the overall difference between different diameters is 
negligible. 
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Figure 14. Results from pinhole tests performed with identical Cetco MX-80 (samples 
3_2, 3_3, 14 and 15 in table 2, in addition with sample #13 with Volclay, presented as 
green triangles) material on tap water in small 100xØ100mm test cell. Initial diameter 
of the flow channel was prepared during the compaction to 6 or 12 mm and data 
collected shows that the general scatter among the results is far greater than any effect 
visible correlating with the initial channel diameter.  

Effect of differing water ratio on erosion was also tested with three test cases, Cetco 
MX-80 in water ratios of ~13 %, 18 % and 23 %. The base material was fine granular 
MX-80 to which additional water was added by mixing. Normal pinhole tests were 
performed with 10 g/L solution and test duration was fixed for 24 hours~144 L after 
which the test cells (two parallel simultaneous tests) were dismantled and total mass 
loss was measured. The results are presented in table 3 with error margins based on the 
range in values for mass loss measured for the two identical tests. As it is evident, water 
ratio has an effect on erosion and thus while comparing test results, one should always 
take note of the water ratio used in the tests. 

Table 3. Erosion results on pinhole tests with differing water ratios. Mass loss was 
gained by measuring the residual mass inside the test cell for two parallel tests and 
calculating the average of those mass losses, variation from the average is given in the 
last column. 

Water ratio (%) Test duration (h) Mass loss (g) ± (g) 

12.7 24 82.5 12.5 

18.2 24 37.9 0.7 

22.6 24 48.6 10.4 
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In order to develop a more thorough understanding of the larger scale system studies, a 
series of larger scale tests were performed with transparent cells consisting of both 
buffer blocks and pellet filling. These experiments are described in more details by 
Pintado et al. (2012). Figure 15 gives a general view of the test setup and Figure 16 
presents the erosion rate data for transparent cell test number 6, containing MX-80 
blocks and MX-80 pellets (material data is given in detail in the introduction of chapter 
4) with a measurement solution of 10 g/L for a flow rate of 0.1 L/min over a period of 4 
months. Test setup had one inlet, on the wall near the bottom of the cell, through which 
the groundwater simulants was pumped with a similar pump system as described before 
for pinhole-test. One outlet was positioned on the wall near the top of the cell (inlet and 
outlet visible in Figure 15). 

After starting the tests, the piping channel formed in the pellet fill and was visually 
observable as the channel was mostly positioned next to the cylinder wall. The 
tortuosity of the channel varied during the measurement but the width of the channel 
was fairly uniform (approximately 4-6 mm) for the whole time, though localized 
“funnels” and enlargements of the piping channel were formed to several locations.  For 
the transparent tests, no repetitions were performed but it is assumed that the extended 
time duration and significant number of collected samples would yield necessary 
reliability regarding the interpretation of the results. However, repetitive tests are 
currently running in order to verify the observations. 

Figure 15. Transparent tests performed at B+Tech. The left image presents the sample 
cell content with bentonite blocks and pellet fill, the right image shows the test setup in 
general, inlet and outlet visible in the cylinder walls. Measurement solution was lead in 
to the cell from the bottom inlet and effluent was collected from the top inlet.  
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Figure 16. Erosion rate in large sample cylinder (transu 6) with MX-80 blocks and MX-
80 pellet fill between the gap from blocks to cylinder wall (5cm gap). Flow rate was set 
for approximately 0.1 l/min with a solution salinity of 10g/L. During the process, blocks 
and pellets swelled and piping did occur with erosion in the channel. In this figure the 
negative data points(total of ~40 data points among a total of 180, varying within ~ -1 
g/L to values practically zero on the negative side) are filtered by giving out only the 
values above zero (i.e. it is safe to assume that mass negative values in erosion rate 
measurements are measurement errors). Interestingly, the data has a very small but yet 
existing positive slope (even when all the data points, i.e., also negative values, are 
taken into account) indicating rising trend in erosion instead of decrease. 

 
4.4 Summary and uncertainties in experiments 

Observations from the experiments are presented in summarized form in Chapter 2 as a 
list of observations arising from the experiments. However, in order to gain reliable 
information on the relevant processes, several aspects have to be taken into 
consideration prior to using the data for scaling to larger scale. Firstly, after the material 
and environmental parameters have been fixed to enable comparative studies instead of 
individual experiments, the means to accurately analyze the effluent needs to be 
determined or test scale must be increased to yield larger eroded masses which then are 
easier to analyze. General scatter among the results obtained in materials having 
essentially no salts in the solution can be seen in Figure 14. This scatter among other 
factors illustrates the need for averaging of the results in order to provide general 
estimates for erosion. 

In Figure 17 the background corrected erosion rate data for an individual pinhole test is 
plotted (without any averaging over similar experiments) resulting in negative values 
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for erosion rate for some data points. These negative values are apparently caused by 
either measurement or data analysis errors (i.e. background correction is slightly off).  
In a typical sample (~5 dl) with, 10 g/L type groundwater simulant, dried sample has 
approximately 5 grams of salts in it, whereas the eroded material can be measured in 
tenths of grams, leading to a situation where the residual salts (i.e. background) 
dominate the measurement of resulting “eroded mass”. 

With the increased sampling rate, it is practically impossible to collect background 
sampling synchronously with the actual samples, which leads to some interpolation of 
background deduction on most of the samples. In principle, this means that the 
background correction represents the actual exact background for only few samples and 
even then the “standard” measurement uncertainty has a contribution in the correction 
factor. In tests it has been observed that the evolution of the solution salinity is 
negligible in the hermetically sealed tank. The second problem is the error in 
measurement in the background samples themselves, i.e., was the sample completely 
dried or not, this subjective estimating is one of the largest potential sources for error 
(and fixing the drying period to some fixed duration only works if the duration is 
significantly long, i.e. closer to 100 hours if the salinity is high), was there any 
typographical error (naturally existing also for all samples) when taking note of the 
weighing results etc. (calibration of the laboratory scales is regularly checked and the 
effect of scale-originating errors is negligible). The overall estimate for the detection 
threshold, when combining all the sources of error for erosion in 0.5 L samples, would 
be 0.1-0.2 g, yielding a general error estimate for the erosion rates of 0.2-0.3 g/L. 
General scatter among the results can be seen in Figure 14 which presents the raw data 
of erosion experiments in tap water. This scatter among other factors sets the need for 
averaging of the results to gain more reliable general estimates. From Figure 17 one 
easily notes that though the nominal TDS was 35g/L the background values are higher 
than this. This effect is caused by attachment of water molecules to CaCl2-crystals and 
the oven treatment at 105 °C is not sufficient to detach the bonded water. In CaCl2-rich 
solution (i.e. Olkiluoto groundwater simulant with TDS of 70 g/L) this leads to a 
situation that even though one measures 70g of salt for a single litre of water, after oven 
treatment (regardless of length, we have tested 24-100 h)) residual masses between 75-
78 g can be weighed, thus an extra 5-8 grams of mass has appeared in the sample. After 
additional oven treatment (min 24 h) at >200 °C this extra mass disappears completely. 
What happens to the clay in such temperatures is not known and as such oven 
treatments for clay samples should be kept at 105 °C but regular background sampling 
is required. 
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Figure 17. A plot of one individual pinhole erosion test (35g/L nominal solution) in 
400mm long sample cell with axis’ fitted to relevant ranges for visual purposes. 
Sampling of the background salinity (red squares, values as 1/10 of actual for fitting 
purposes) was performed and background deductions were based on these samples, 
still, significant amount of data points yielded negative values. This data underlines the 
problems in erosion experiments when measuring samples with low erodability, the 
non-evaporating component in effluent solution mostly consists of the salts in the 
solution and only a small proportion is the eroded material. Hence human error (errors 
in weighing process and typing the data) and problem with accurate background 
deduction for each data point produce negative erosion rates when actual eroded mass 
is below the “detection threshold”, i.e., approximately 0,2-0.3 g/L based on the 
experiments. This also makes it questionable to calculate the accumulated eroded 
material with data that has negative data points.  

The end-result of the accumulated uncertainties presented above, in addition to some 
possible systematic errors in the measurement process, is the large difference between 
the interpolated accumulated mass loss (calculated from the collected erosion rates) and 
actual measured mass loss (see Table 2). This issue can easily be visualized by plotting 
the calculated (i.e. integrated mass) and measured mass loss in same figure (Figure 18) 
where it is clearly seen that the end point for the measured mass loss is substantially 
different than would be estimated by the accumulated mass curves. This reinforces the 
need for care when providing erosion mass loss estimations. 
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Figure 18. The accumulated eroded material data for two 400mm length pinhole 
experiments with 10 g/L solution are plotted to present the calculated estimate for mass 
loss in the sample. Large markers represent the measured total mass loss measured 
following test termination, thus representing fairly accurately whatever mass was not 
present in the test sample when the experiment was stopped, i.e., mass lost. 

The experimental results presented in this report as well as the observations in Chapter 2 
are based on small-scale experiments and scaling of the measurement results has been 
found to be cumbersome at best, hence drawing generic conclusions on the behaviour of 
piping erosion features at deposition hole scale is difficult. It can be concluded however, 
that all the scaling factors observed to date are sub-linear and hence just by using a 
linear scaling factor one could end up with overestimating the problem. Despite the 
limitations in up-scaling small-scale test data to field-scale, developing an 
understanding of erosion process through conduct of these small-scale experiments is 
vital as it allows to study of the individual parameters associated with this complex 
process. Smaller and more numerous tests also allow to conduct statistical evaluation 
where the number of variables is limited. The research to fully understand and 
characterize the erosion process in swelling clays is still work-in-progress and further 
studies both experimental and theoretical are needed, as well as field-scale (mock-up 
tests) and small scale experiments on the different sub-processes (i.e. studies on wetting, 
swelling etc.). The current simplified erosion hypothesis as an interplay of swelling, 
wetting and mass detachment might be suitable for rough estimates but will most likely 
overestimate the overall mass losses. 

In addition to error sources arising from experimental issues, material related issues can 
skew the results significantly. During the experiments it was noted that erosion 
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behaviour of two different MX-80 batches differed as seen in Figure 19. Not only did 
the measured erosion rates differ, but the total mass losses differed by a factor of 2 
indicating a significant performance difference. More detailed research work on this 
phenomenon is still underway but currently it would seem that even material marketed 
with the “uniform” MX-80 brand, it can still differ a lot in terms of performance. This 
underlines the necessity of material characterization, traceability and repeatability of 
measurements and a systematic approach to measurement uncertainties thus enabling 
the separation of error sources from actual data. 

 

Figure 19. Differences in erosion rates between different MX-80 materials, namely 
from vendors Cetco and Volclay. The experiment in question is a pinhole erosion 
experiment in 100x100 in diameter steel cell with pinhole radius of 6mm. Material was 
compacted to approximately 2.03 g/cm3 overall density with water ratio of ~17 %. 
Measurement solution with 35 g/L salts was flowing at a rate of 0.1L/min. These results 
can also be found in table 2 as samples 7_1, 7_2, 7_3 and 9_1, 9_2, 9_3. 
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5 MECHANICAL EROSION MODELING 

Tests in the laboratory scale cannot fully reproduce the piping erosion in the EBS, the 
foremost issue being the effects of scaling up the size of the system. Even a 
geometrically full-scale prototype EBS has an issue with the time scales involved as 
piping erosion is expected to persist for about 10 years in the minimum, which is also 
expected to correspond to the worst case for the erosion. Therefore the need for 
modeling has been identified. The goals of modelling are to generally support the 
understanding of piping erosion processes gained from tests, and in particular to 
conservatively scale up the results of down-scaled tests to obtain with high confidence 
an upper value for the worst case piping erosion mass loss. 

Hydro-Mechanic-Chemical models developed for swelling clays so far are not sufficient 
to cover the free swelling of compacted bentonite (Savage 2012). This remains a 
challenge with unsatisfactory answers even when the free swelling occurs into pure 
water, and further complexity is added by incorporating the salt contents of groundwater 
at repository depth. It is a significant model development investment to further couple a 
model for the detachment process to such a complex bentonite model.  

In the opposite limit of low density and saturated bentonite, models in which the 
swelling dynamics of bentonite are described as effective diffusivity has been 
considered (Liu et al. 2009), as presented in section 3.1.2. The microscopic picture of 
montmorillonite that these models are based on is extremely simplified but allows for 
no adjustable parameters in principle. Unfortunately the simplified microscopic picture 
is questionable and results from the model poorly match experiments conducted outside 
the set of tests that had guided the development of the model. Models of effective 
diffusivity –type are however much easier to numerically solve than coupled (T)HM 
models. 

In this work empirical modelling has been performed based on a simple swelling model 
of the effective diffusivity type. Such a model was calibrated to a set of free swelling 
experiments described above. The main contribution to model development presented 
here is a simple model for detachment of solid from a surface by water flowing along 
that surface. The model allows for swelling dynamics on the solid side and movement 
of the surface in an effective manner, while still maintaining a connection to the flow 
shear based detachment process described for erosion in the literature. The current 
status of the modelling is explained in Appendix A. 

The swelling model and the detachment model were combined and implemented in 
radial symmetric pinhole geometry, making the problem one dimensional. With the 
swelling part of the model calibrated, the detachment part of this model can be 
calibrated to available data on erosion rates in the pinhole erosion test. Once calibrated, 
total mass losses on the tests were predicted with the model and compared to 
measurements. The current status of the calibration and comparison is presented in 
Appendix B. 

Current status of the modelling is in one dimensional radial symmetric pinhole 
geometry, which means erosive mass losses are obtained per length of sample. This 
implies that geometrical scaling up is done linearly in size, which pinhole erosion tests 
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at two sample lengths presented above (100 mm and 40 mm) suggest to be a strongly 
conservative estimate. 

The phenomenological swelling – detachment model is used to explore the effect of 
changing the relative strengths of the swelling and the detachment phenomena, and it is 
found that the decrease of erosion rate in time is affected. As the relative strength of 
swelling decreases, the erosive mass loss rate is found to drop faster. Presenting the 
relation between accrued water flow volume Vw[l] and total mass loss mer(kg) in terms 
of a power law 

∝           (3) 

it is obtained that as swelling is stronger, the exponent  increases. For all parameter 
values 1 is obtained, which allows for an upper limit estimate. It should be noted 
that  values larger than 0.9 require swelling to detachment values that are 
practically not credible. But because we are unable to set a specific upper limit for  at 
this time, the current conservative estimate is based on 1. 
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6 DISCUSSION 

The laboratory test results for pinhole erosion experiments cannot be directly applied to 
evaluate the mass loss from actual deposition hole. However, one can speculate if the 
power-law based extrapolation method developed by Sanden et al. (2008) could be used 
for estimating the mass loss. 

The total eroded mass, mer, transported away from the buffer depends on the flow rate, 
salinity of the groundwater, topology of the pipe and duration of the flow. Sanden et al 
have combined these factors to few constants and the equation to determine the mass 
loss is as follows, where the notation of water volume mw is changed to Vw[l]: 

    ,     (4) 

where the mass loss is calculated with the total volume of water flow (Vw) and the pre-
exponential factor ϵ 0.02,2  depending on channel geometry, material, salinity and 
flow rate, whereas the value ∝ 0.65 is gained by fitting from several different erosion 
experiments. However, the results presented here for pinhole erosion geometry show 
that the power factor ∝ is not constant and due to the power law nature of the 
formulation, small differences in exponent value can lead to significant differences in 
end results when extrapolated to high flow volumes. The exponent in the work 
presented by Sanden et al. (2008) is determined by curve fitting to a limited number and 
types of experiments. For example many of these experiments were made only with a 
single component of the 3V system. And as such the applicability for a full KBS-3V 
system is not taken as given in this connection.   

Another approach for scaling the results from small scale experiments to repository 
scale is to model the piping phenomenon itself. Based on extensive experimental 
observations, if water is flowing through bentonite materials, a piping channel will be 
formed and erosion will occur mostly via the channel. Thus, being able to describe the 
mass detachment process in piping channel of some arbitrary length, leads to a 
possibility to model the erosion at least in deposition hole-scale, i.e., a piping channel 
with length in range of 10-15m (such lengths could be expected to be formed in buffer).  
At this moment when the physical description of the phenomenon is still underway, our 
approach is to handle the total mass loss in terms of coefficients that are traced from 
experiments. Thus our tentative approach for formulating the scaling of mass loss (mer) 
for deposition hole as an equation is as follows: 

∙ ∙ ∙ , ,                           (5)            

where, B(L) is the geometrical scaling function dependent to L [m] which is the length 
of the target system geometry in scaling and c the specific solids concentration per 
characteristic length of the test setup  [g/l·m] in steady state in the experiment related to 
solution salinity i.e. TDS. As the erosion rate c is related to salinity, one should note 
that scaling should be made only assuming the same salinity for the scaling as was used 
in the test from which the c-value is taken. It is also questionable whether erosion 
behaves linearly per the water flow rate, i.e., does solids concentration as g/L remain the 
same even if flow rate is lower. However, for these calculations we assume that the 
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erosion is highest at highest acceptable flow rate, 0.1L /min. For function B(L), we have 
observed the erosion to be sublinearly dependent on the pinhole channel length but due 
to limited information it is not yet possible to define the function, i.e., is the correlation 
linear or exponential hence value of 1 is used for later calculations as an assumption that 
erosion would behave linearly regarding the geometry.  

In addition, experiments performed with pellet and block materials simultaneously (e.g. 
Transu-tests described briefly in section 4.3) have different erosion characteristics than 
single component experiments.  Therefore, as the buffer in deposition hole consists of 
blocks and pellets, one should use similar experiments as a starting point for scaling. 
Taking the erosion data shown in Figure 16 into consideration (80 cm long Transu 
block+pellet test with 10 g/L TDS groundwater simulant) it could be argued that erosion 
has stabilized to a level of ~(0.3±0.2) g/L (c~0.375 g/lm) during the steady state. As the 
transu-experiment is roughly 1:10 in scale to actual deposition hole, we have a value 
L=8 m. Using these values we gain scaled up steady state erosion rate of (3±2) g/l. It 
should be noted that in the approach described above the erosion is not assumed to 
decrease in time due to lack of such observations in our long term experiments (~ 4 
months, Figure 16). Though it is likely that erosion can decrease slowly over time, we 
do not have sufficient data to claim that and as such the mass loss estimate developed is 
very conservative.  

Making certain assumptions as a basis for evaluation; groundwater flow is the 
maximum allowed, i.e. 0.1 L/min, groundwater salinity is approximately 10-11 g/L in 
TDS and the piping channel stays open as long as water flows, a total mass loss estimate 
can be derived. Based on the worst case water flow volume (370 m3) presented in Table 
1 we can calculate the total mass loss of (1100±740) kg of bentonite buffer for a single 
deposition hole based on the transu-experiments. For the sake of comparison, pinhole 
experiments performed in 400mm long test samples with 10g/L saline solution (Figure 
11) yields a c value of (0.625±0.25) g/Lm, which for the deposition hole scale results to 
solids concentration of c * 8m = (5±2) g/L. This results to a mass loss of (1850±740) kg 
and it is evident that scaling from smaller experiments leads to higher mass losses, once 
again emphasizing the sub-linear nature of geometrical scaling as well as importance of 
scaling from similar type of experiments (i.e. transu-experiments with blocks and pellet 
filled gap is a better analogue to deposition hole than simple pinhole-experiment) to the 
actual scaled system.   

As it is evident, small differences in the scaling coefficients lead to large differences in 
mass loss and thus more research is needed both from experimental point of view as 
well as theoretical to gain more accurate estimates. As a further comparison, a similar 
estimate obtained using Eq. (12) (in Appendix A) yields total mass loss values from 7.5- 
742 kg depending on the value of β. Comparing the values for these two approaches it is 
evident that the time-dependency has a crucial role in the overall mass loss. 
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Appendix A: Modeling and theory  

Hydro-Mechanic-Chemical models developed for swelling clays so far are not sufficient 
to desribe the free swelling of compacted bentonite (Savage 2012). This remains a 
challenge with unsatisfactory model results being generated even when the free swelling 
occurs into pure water, and further complexity is added by incorporating the salts 
groundwater at repository depth contains. It is even more complex couple a model for 
the detachment process to such a complex bentonite model.  

In this work we have sought to couple processes of erosion to a simpler empirical-based 
model for swelling. In this section we will describe the development of a coupled 
swelling and erosion model. The first part describes the free swelling model and the 
second deals with coupling of the detachment model to the free swelling model. 

We will calibrate the swelling model using free swelling experiments, described in 
section 4.2. Pinhole erosion tests, described in section 4.3 are used to calibrate the 
detachment model, and total mass losses given by the model are compared to those 
measured. Note that the erosion rate and theotal mass loss measurements are 
independent but are taken from the same test. The total loss (which is compared 
between model and experiment) is not obtained by integrating the rate (which is used to 
calibrate the model). Calibration and results will be discussed in chapter 6 after the 
experiments are explained. 

A.1 Free Swelling Model 

The starting point of our swelling model is the same as in the DLVO force balance –
motivated model (Liu, et al., 2009), where the bentonite is described simply as a solid 
volume fraction field . The dynamics of swelling, and in the unsaturated case of 
wetting as well, is described by an effective, density-dependent diffusivity  that 
creates a flow of solids that seek to even out heterogeneities: 

⋅ .     (6) 

This type of free swelling model was developed at B+Tech during 2010 and 2011 based 
on determining  using a set of free swelling experiments. Unfortunately these 
experiments have been determined to have two crucial shortcomings, which lead to the 
obtained forms of  not representing the swelling case for piping erosion.  

The first limitation to using existing  –relationships is that the compacted bentonite 
sample used was so small that it quickly wet through. Thus the results obtained for the 
swelling front were essentially that of saturated bentonite swelling and diluting, as 
opposed to a large volume of unsaturated bentonite being wetted and swelling from the 
surface, as is the case in piping erosion. Slowdown of swelling of such a small sample 
happens due to the solid end of the sample being fully wetted and decreasing in solid 
volume fraction as the sample swells all over. 

The second limitation is that a relatively large, salinity dependent solid density was 
assumed for the swelling front. This steep drop is determined to be a measuring artifact 
from the way the solid density was measured by slicing the sample. This measurement 
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is not possible as the swelling bentonite becomes more sol-like towards the swelling 
front, and it is this limit of the measurement method that appears as the swelling edge 
having an abrupt drop of solid volume fraction from about 20 % to zero. Imaging free 
swelling by MRI has shown that solid volume fraction profile is smoother at the 
swelling edge (Dvinskikh & Furo 2009). 

Regardless of above shortcomings of the earlier models, we keep two main qualitative 
features of :  goes to zero at vanishing solid volume fractions and at intact, 
compacted bentonite. Various functional forms for the effective diffusivity has been 
considered and tested, and they yield somewhat different  profiles for free swelling. 
As a result the modeling was undertaken using the relatively simple form 

1 ,     (7) 

where  is a constant. The reason for choosing this form is that it qualitatively 
reproduces solid density profiles obtained by MRI for swelling of saturated bentonite at 
small volume fractions (Dvinskikh & Furo 2009). These conditions are valid in the 
swelling of unsaturated bentonite near the swelling edge, which is where erosion 
happens. 

The simple form for  was chosen for three reasons: 

- First, experimental data on volume fraction profiles of swelling unsaturated 
bentonite, which could be used to calibrate , does not exist to our 
knowledge.  
 

- Secondly, the theoretical basis of the model is known to be simplified as it lacks 
a separate wetting model, and it is not worthwhile spending effort to carefully 
calibrate the parameters of a model with a coarse process description. Rather we 
seek a simple model to demonstrate the method of coupling of detachment to 
swelling/wetting we propose here. The objective is to observe qualitative effects 
of changing the balance between swelling/wetting and detachment. 
 

- Thirdly, by solving coupled swelling/detachment models with different forms of 
 that while  significantly affects the density profiles we obtain for 

piping erosion in the pinhole setup, the erosion rates are significantly insensitive 
to the density profile. Detachment happens at the piping channel edge, and a 
solid density profile forms between the wet channel edge and the dry compacted 
bentonite far from the channel. Erosion depends on the total flow of solid that 
swelling causes from the intact end to the wet edge. The total flow can be 
calibrated via the overall swelling/wetting strength as given by the constant , 
independent of the functional form of . Examples illustrating solid volume 
fractions profile changes with very different forms of , while erosion stays 
the same, is given in Figure 20. 
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Figure 20. Solid density profiles in pinhole erosion case at ten equidistant time 
intervals in a cylindrically symmetric case. The left hand side figure is with a constant 

, and on the right hand side figure  depends strongly on  as a power law. 
Difference in erosion behavior comes only from the solid density change reaching the 
edge of the sample faster in the constant  case and thus swelling and erosion starting 
to decrease sooner due to sample size being smaller than the actual buffer. 

We perform free swelling experiments in the regime where what visually appears as the 
wetting has not yet reached the intact compacted bentonite at the dry end of the sample, 
see photographs in Figure 8. Qualitative results from the experiments necessitated an 
empirical change in the swelling model, which will be explained briefly below. See 
section 4.2 and Appendix B for more detailed descriptions of the experiment and the 
modeling, respectively.  

In the free swelling experiments, we observe that the displacement of the position of the 
swelling edge initially follows the time dependence [displacement ∝ / ], but 
especially at higher salinities it soon slows down (see Figure 25 to Figure 27). In 
contrast to this a swelling model of the effective diffusivity form (as in Equation (6)) 
will have the swelling edge move diffusively i.e. ∝ /  regardless of , as long as 
intact compacted bentonite is available at the dry end. This indicates that changing the 
effective diffusivity  is not sufficient to capture the observed slowdown of the 
free swelling, and rather something must be added to the model. An important question 
for future free swelling experiments to answer is whether this slowdown still is due to 
the small sample size, meaning the wetting and swelling reaches the dry end after all, 
even if the wetting front observable by eye does not. 

To incorporate the slowdown, an internal friction -like term was included into the free 
swelling model. This friction term is a constant that is subtracted from the solid mass 
flow inducing “force”, , and if the friction is higher, then no flow of solid 
occurs. This addition is on one hand empirically motivated as in addition to the 
slowdown it incorporates the observation that nothing happens in intact bentonite where 
the (relatively sharp) wetting front hasn’t reached. It is, however, understood that this is 
not a sufficient substitution for a true wetting model. One the other hand such a friction 
term is a simple way for the model to include a slowdown of observed magnitude, 
regardless of physical origins. 
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The mathematical form in field notation is somewhat cumbersome because of the vector 
notation including the direction of friction, and the max function which states that 
friction must be overcome for any mass flow: 

   
⋅ max

| |
, 0

1
.   (8) 

This model has two parameters,  and  , which will be calibrated by free swelling 
experiments at different salinities. 

A.2 Detachment model 

As already considered when describing the mass detachment process, detachment in 
erosion is generally understood to be proportional to shear at the boundary. This can be 

described with the erosion rate per surface area, , measured in 	
	
	, given as 

							0												,				
	 ,				  .           (9)  

Here  is the shear stress on the surface and  is the threshold shear stress for erosion 

to happen on the surface, both measured in		 	. M is the (linear) erosion rate coefficient 

measured in	
	

. This approach, with the piping channel and the moving channel/solid 

boundary considered as in Figure 21, and careful evaluation of the shear in turbulent 
flow, has yielded good agreement with pinhole erosion experiments in non-swelling 
materials (Bonelli & Brivois 2008).  

 

 

Figure 21. Pinhole erosion in non-swelling material, after (Bonelli & Brivois 2008). 
Tracking the moving boundary between the flow channel and the solid and associating 
detachment to shear rate at the boundary gives good agreement with experiments. 
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We have extended the shear-based mass detachment approach to work with a material 
with a “soft” boundary as opposed to the distinct boundaries that form the conceptual 
basis of the erosion modeling in Figure 21. A “soft” boundary in our approach is 
described by the solid volume fraction field , which could incorporate any model for 
the dynamics of the solid. As erosion progresses the location of the solid/flow boundary 
moves, and with the soft boundary approach, changes on the solid side such as wetting 
and swelling can be described. The relation between these two models is illustrated in 
Figure 22. 

 

Figure 22. Conceptual picture of the detachment model in one dimension, to which the 
flow direction  is parallel. On left hand side is the classic shear erosion, with the non-
swelling solid depicted with a solid volume fraction field, and just the boundary moving. 
With the “soft” boundary, the flow and solid overlap in a narrow domain, and the solid 
side can have any dynamics described for the solid volume fraction. The erodability 
factors  between these two cases describe the same physical process and can be 
related, but are not identical. 

The soft boundary detachment model relies on an overlap area between the flow field  
and the solid volume fraction . Instead of the no-slip boundary condition, in the 
overlap area the solid imparts a large drag to the flow. This means the momentum of the 
flow can penetrate the leading edge of the solid by only a small length . The flow will 
erode away the solid if it is higher than a threshold value  in the overlap region. Both 
the drag and the detachment are due to momentum transfer between the solid and the 
flow in the narrow overlap region. One can show that if the threshold velocity  and 
erodability coefficient  are constants (don’t depend on ), at the limit of small  an 
exact correspondence between the two detachment models exists. This means that we 
consider the “soft” boundary extension as a mathematical tool to describe the same 
detachment physics as is done with the classical shear erosion model, but readily 
allowing for modeling of more general dynamics on the solid side, including swelling. 

It is worth noting that the very edge of the piping channel in bentonite is in reality 
somewhat permeable to flowing water, and as such the overlap picture can be argued to 
be a physically better description for bentonite than the pure shear detachment. 
Unfortunately there is no data on the size of this permeable zone, and thus reducing 
unknowns by using as small a  as numerically feasible has been judged to be better at 
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this time. In other words, the effect of the physical  is incorporated into the effective 
erodability	 . 

While the “soft” boundary detachment is here presented in one dimension considering 
only the momentum normal to this direction, the extension to more dimensions is in 
principle simple and analogous to flow with a permeable wall. Instead of the no-slip 
boundary condition the flow along the solid boundary area is allowed to penetrate into 
the solid region, and advective transport of solid is allowed to happen if the flow 
velocity exceeds a threshold velocity. 

A.3 Coupled swelling and detachment model 

A model coupling detachment and swelling can be readily created by having the simple 
swelling model of Equation (8) as the dynamics on the solid side of the detachment 
model. In two or three spatial dimensions solving for the fluid flow is more complex but 
the model we are considering is the simpler axis-symmetric cut perpendicular to the 
piping channel as illustrated in Figure 3. In the perpendicular cut only the flow velocity 
in the direction along the channel, or perpendicular to the cut, is needed. Further, the 
axis-symmetry allows writing the model in terms of only one radial co-ordinate. Using 
the solid density field ,  and the velocity field ,  the coupled detachment and 
swelling model can be written as 

⋅ max
| |

, 0 ,   (10) 

⋅ ,      (11) 

For the swelling model we refer to Eq. (8) and the corresponding section. Viscosity of 
the flow in the channel is  which we take to be that of water. The erosion part is 
denoted by ,  (not to be confused with erosion of mass per surface in in Equation 
(9) denoted ), friction caused to flow by solid as	 , , and the pressure gradient 
that is driving the piping flow is denoted . In more detail these are 

, max	 0, 	      (12) 

,        (13) 

     (14) 

The form of the pressure gradient is imposed so that the driving happens only in the 
channel (where 0), and so that the total flow across the channel 

	is equal to the fixed constant . This requires only a large enough 
numerical “penalty” constant , and another large numerical constant into the 
exponential. Using  in this manner allows numerically efficient fixing of the total 
flow rate with accuracy of fractions of a percent. 

The friction has the effective friction coefficient  being a numerical constant that 
determines how long is the overlap region  between the two fields (see Figure 22). 
Larger  leads to smaller , which leads to closer correspondence with exact shear 
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detachment but larger  will make the numerical solutions more difficult as the spatial 
discretization in solving the model needs to be smaller than . In the case of ,  
not depending on , we can solve that in the overlap region (with distance x from the 
edge where >0) the flow velocity exponentially decays with 

∝    ;   . 

The detachment is implemented as illustrated in Figure 22, with the two constants  
and  as parameters. The erodability constant  is per solid volume fraction as 
opposed to solid mass, as in the preceding section.  is also multiplied by the solid 
density  in Eq. (12), which is different from the detachment model as shown in Figure 
22. The main motivation for this is numerical stability of the model. The price is that the 
connection to the erodability coefficient of shear detachment can no longer be made 
analytically as the exact dependence will depend on the swelling/wetting model. Also 
the numerical penetration length  cannot then be exactly determined, but the 
dependence on  and  remains. The overall performance of the model does not 
change, however,  is still the physical erodability and it is still (linearly) proportional 
to the erodability of the classical shear detachment. 

An example of time evolution of a pinhole with the coupled model is shown in Figure 
23. The flow channel in the center of the cylinder doesn’t change its radius much as 
swelling and detachment counter each other at the channel edge. This implies that 
swelling is strong compared to detachment in this case, and the piping channel evolution 
is very different from what it would be in a non-swelling material. The flow and solid -
overlap region is also illustrated in the figure.  

 

Figure 23. Example solution of the coupled swelling/detachment model in cylindrical 
geometry (left hand side image in Figure 3). On the left hand side, the solid volume 
fraction (s, black) and the flow velocity (v, blue) are plotted as function of the radial 
coordinate at 10 different times. The left hand side is zoom-in to the overlap region, 
where flow momentum is transferred to the solid, and detachment occurs. 
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The flow profile is very close to the parabola of Hagen–Poiseuille flow, which implies 
that in the channel we indeed reproduce laminar flow in a cylindrical pipe. This 
indicates that replacing no-slip solid wall with the “soft” boundary does not interfere 
with the correct flow solution inside the channel, and that the pressure driving is done 
appropriately. The flow in the model cannot be turbulent because we only consider 
momentum in the direction of the piping channel axis. The Reynolds number for the 
maximal 0.1 l/min flow in a typical, narrow channel of 1cm diameter is about 100. To 
go into the turbulent regime for pipe flows (Re>2000) would imply a channel narrower 
than 1mm (Re  1/R), which are not observed. Constant total flow rate of effluent is 
maintained via the dP–term, seen as the flow velocity decreasing as the channel 
gradually increases in radius. 

Results of free swelling experiments at different salinities are used to calibrate the 
swelling model, with the constants Ds and Fc obtained separately for each TDS. With 
pinhole experiments we use erosion rate data (grams of solid per liter of effluent 
flowing in the pinhole) to calibrate the erodability coefficient Es for each effluent TDS. 
As will be shown in the following chapter, the erosion rate data contains large 
fluctuations, making it impossible to calibrate Es and vc both, and thus we use the results 
of Shaikh et al. (1988) for bentonite,	 and	 set	vc 0.	 	Finally the resulting models are 
used to predict accumulated eroded masses in the pinhole experiments, and compare 
with measurements. Calibration and comparison with experiments is considered in more 
detail and results given in Section 6. 
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Appendix B: Calibration and comparison of models and experiments 

In this section we describe in details how the experimental data from the preceding 
section is used with the models to calibrate and to then obtain some predictions. We 
proceed by first calibrating the swelling model to the free swelling experiments, and 
then calibrate the erodabilities  to erosion rate data from the pinhole experiments. The 
resulting model is used to generate predictions of the total mass lost to piping erosion as 
a function of time, which is measured separately from the erosion rates. 

The model is solved using the COMSOL Multiphysics FEM solver software. The partial 
differential equations (PDEs) are written with the general weak form PDE solver of 
COMSOL, which a feature in COMSOL intended for solving user-defined sets of 
equations. This includes writing the cylindrical coordinates into the weak form, due to 
the integration by parts inherent there. The calibration of the model is done using a 
conjugate gradient optimization algorithm. The algorithm minimizes the square sum of 
differences between the model result and the experiment data set that the model case 
should correspond to. It is written in the programming language of MATLAB software, 
which uses the COMSOL model via the LiveLink package between the two.  

The most significant issue in the optimization algorithm is local minima. Because the 
“goodness of match” landscape is determined by laboratory data that always has random 
scatter, the optimization landscape contains lots of local minima on top of the general 
trends that should be calibrated to. We use both algorithmic and manual ways to 
overcome this, which respectively are rising out of a local minimum along the direction 
of lowest steepness, and trying with various initial parameters for the algorithm. 

Given that the number of parameters we calibrate is small (2 and 1, for free swelling 
and detachment, respectively), the full benefits of the conjugate gradient method are not 
realized as the method works best when optimizing in large number of dimensions. 
However the quality and quantity of the test data available is a crucial concern in 
calibration, as using more parameters to calibrate to the data we have would only yield 
ambiguous results. (As an example of this ambiguity, we then might as well multiply 
one parameter by any number X between 0.1 and 10 as long as we divide another 
parameter by X/2, and the match to test results would be essentially as good.) 

The model parameters are calibrated separately for each effluent TDS, but notably the 
same model with different initial conditions account for pinhole experiments with 6mm 
and 12 mm initial pinholes at the same TDS. For the model and experiment comparison 
purposes we don’t make a distinction between materials from different bentonite 
suppliers. The pinhole data set used for these comparisons are the 100 mm long samples 
with tap water, 10 g/l and 35 g/l TDS. The free swelling tests were performed with DI 
water, 1 g/l, 10 g/l and 70 g/l TDS. For this reason we obtain parameter values for 35 g/l 
TDS by interpolating between 10 g/l and 70 g/l, which is a distinct weakness in the 
35 g/l case. DI water and tap water are assumed to correspond to each other, which at 
the accuracies obtained by these tests is expected to be evident. 
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B.1 Free swelling experiments and swelling model 

An example of what happens with the swelling model as applied to the case of the free 
swelling experiment is illustrated in Figure 24. Initially the compacted sample has solid 
volume fraction 0.7, and as time progresses, the sharp edge of bentonite to water 
diffuses to a smooth solid-to-gel-to-liquid edge.  

 

Figure 24. Example solid volume fraction profile for the swelling model. The case is 
axial swelling with 70g/l TDS water.   is plotted at different times. The swelling front 
is taken to be where the solid volume fraction has dropped below 2.5 %. 

The free swelling data, which consists of swelling front locations as function of time, is 
visualized in Figure 7. For the calibration we take all parallel test results separately, as 
opposed to calibrating to their mean, which means 3 or 4 tests in each calibration set. 
The difference is small compared to calibrating simply to the mean. The calibrated 
model results and the relevant test data are shown for each TDS in Figure 25 to Figure 
27. The swelling model parameters are given in Table 4. Also included in these plots is 
a simple power-law fit to the experimental data, which quantifies how much the 
swelling slows down from the initial displacement ∝ .  -behavior.  

H
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Figure 25. Displacement of the swelling front in the free swelling test for DI water. A 
simple power-law fit to the experimental data is provided along with the calibrated 
swelling model result. Not much deviation from purely diffusive ∝ .  is 
observed. 

 

Figure 26. Displacement of the swelling front in the free swelling test for 10g/l TDS 
water. A simple power-law fit to the experimental data is provided along with the 
calibrated swelling model result. A clear deviation from purely diffusive 

∝ .  is observed, and one can see that the model predicts faster 
slowdown than the power-law. The data is not able to resolve which one would be a 
better prediction onward in time. 
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Figure 27. Displacement of the swelling front in the free swelling test for 70g/l TDS 
water. A simple power-law fit to the experimental data is provided along with the 
calibrated swelling model result. Very fast initial swelling and then stopping is 
observed. The data is however not enough to determine whether cessation of swelling 
has occurred as the model predicts. 

Table 4. Results of parameter calibration with the swelling model parameters 
calibrated to free swelling tests and the erodability calibrated to pinhole erosion rates. 
Swelling model parameters for 35g/l are obtained by interpolation (in brackets). Large 
variation is found with salinity (TDS) of the effluent. Numerical problems with solving 
the model prevent us from modelling the 70 g/l TDS pinhole tests. 

TDS Swelling/Wetting 
rate  

 

Internal friction 
against swelling 

 

Erodability 
constant 

 

0 g/l 270 1.7e-5 16000 

10 g/l 1300 3.5e-5 200 

35 g/l (19000) (2.8e-5) 160 

70 g/l 44000 1.9e-5 - 

 

For the higher salinity waters, we also observe that as the slowdown of the swelling 
front becomes more drastic, simply fitting either the swelling model or a power-law to 
the data will not yield unambiguous predictions for how the swelling would progress 
further in time. The slowing of the swelling front could also be influenced by swelling 
having reached the bottom the bentonite block, although the attempt has been to stop the 
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experiment before that. Because we have no definite data to use as this “sample size 
limit” criterion, and rather use visual observation of wetting in the transparent test cell, 
we cannot be certain how much of the slowdown is inherent in the bentonite itself and 
what is due to finite sample size and wetting through. 

We note that at higher salinities as the internal friction  becomes more relevant in the 
model, numerical solution of the model becomes progressively more difficult. The 70g/l 
case requires time steps three to four orders of magnitude smaller than DI water. This is 
not a problem with the swelling model alone, as it eventually reaches a steady-state. But 
when erosion is coupled in, no steady state is reached and the numerical effort at large 
salinities becomes unreasonably large considering the simplicity of the model. This 
might be overcome by development effort on the numerical methods, but the effort has 
so far not been judged worthwhile given the expected shortcomings of the model. 

Development of a more detailed modelling and calibration effort has not been judged to 
be reasonable at this time because only the swelling front position is available as data 
from the free swelling experiments. Wetting/swelling modelling could benefit greatly 
from information of solid density and water ratio in the bentonite block as it wets and 
swells. Figure 8 shows the on-going free swelling experiment, and from those one can 
observe a wetting front into the bentonite block, but we have no quantitative 
information on the wetting in the solid side of free swelling. 

B.2 Pinhole experiments and the coupled swelling/erosion model 

With the swelling model calibrated for the TDS’s of 0 g/l, 10 g/l and 70 g/l, evaluation 
of the pinhole erosion experiments was undertaken. The data from the experiments 
contains erosion rates as a function of time, and total mass loss measurements. The data 
from 100 mm size samples is used for TDS’s of 0 g/l, 10 g/l and 35 g/l. The model 
predicts exactly four times the erosion for a 400 mm size sample because the model 
considers a 2D cut of a straight channel, as illustrated in Figure 3. This means that 
results from the model are per length of the cylindrical piping channel idealization. 

Figure 28 illustrates the time evolution of swelling and detachment in the model as 
calibrated to tap water and to 35 g/l TDS effluent. As the swelling model gives a large 
difference in swelling rates between these cases, the dominating dynamics of the 
erosion phenomenon is predicted to be different. For the tap water, detachment is 
stronger than swelling, and thus the diameter of the piping channel grows from 6 mm to 
about 12 mm in about 200 hours. This case isn’t relevantly different from piping erosion 
in non-swelling materials (although in earthwork damns the relevant flow condition is 
not constant volume but constant pressure gradient). 
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Figure 28. Examples of model results with the calibrated models. The solid volume 
fraction (  , black) and flow velocity (  , blue) is plotted as a function of the radial 
coordinate at different times (at later times the solid volume fraction lines move to the 
right as material erodes). Initial pinhole diameter is 6mm. Left hand side image is with 
the model parameters calibrated for tap water as effluent and right hand side for 35 g/l 
TDS effluent. 

It is clear that the erosion rate data contains significant scatter. This scatter is due to 
both the accuracy of the measurement, and because the amount of eroded mass in the 
effluent is inherently stochastic. The measurement accuracy is limited by the fact that 
most effluent solutions have clearly more salt than eroded solids, which means a large 
background needs to be measured separately and then subtracted. This is explained in 
more detail in section 4.4. However, even with tap water there is scatter in the range of 
0.5	g/l in the data. This we account for mainly as the eroded solids being transported 

with the effluent in a stochastic manner. In other words, the solid comes out of the 
experiment in bursts. It is not known how much these bursts are due to stochastic 
detachment of mass, and how much due to how the entrained mass is transported. It is 
also possible that the test setup causes some artefacts in how the solid flows out, due to 
the exit tubing setup (see Figure 9). 

In Figure 29 to Figure 31 the calibration of the detachment model to erosion rate data in 
the pinhole experiment is shown for the three TDS’s. The calibration is the left hand 
side image of the figures. On the right hand side the resulting predictions for total mass 
loss are shown, along with measured values. 
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Figure 29. Pinhole tests and swelling/erosion model calibration and results with tap 
water as the effluent, with 6mm and 12mm pinhole cases in blue and red, respectively. 
On left hand side erosion rate data is shown as stars. The circles are initial 
wetting/slaking (<10 h), which we disregard in model calibration. The lines are the 
calibrated model results. On the right hand side the total eroded mass is shown in log-
log scale. Prediction of the calibrated model is shown as lines, while the dashed lines 
are power-law fits to the model predictions, Mass ∝ , with the exponent shown. The 
diamonds are total mass loss measurements. 
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Figure 30. Pinhole tests and swelling/erosion model calibration and results with 10g/l 
TDS water as the effluent, with 6mm and 12mm pinhole cases in blue and red 
respectively. On left hand side erosion rate data is shown as stars. The circles are 
initial wetting/slaking (<10 h), which we disregard in model calibration. The lines are 
the calibrated model results. On the right hand side the total eroded mass is shown in 
log-log scale. Prediction of the calibrated model is shown as lines, while the dashed 
lines are power-law fits to the model predictions, Mass ∝ , with the exponent shown. 
The diamonds are total mass loss measurements. 
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Figure 31. Pinhole tests and swelling/erosion model calibration and results with 35g/l 
TDS water as the effluent, with 6mm and 12mm pinhole cases in blue and red 
respectively. On left hand side erosion rate data is shown as stars. The circles are 
initial wetting/slaking (<10h), which we disregard in model calibration. The lines are 
the calibrated model result. On the right hand side the total eroded mass is shown in 
log-log scale. Prediction of the calibrated model is shown as the lines, while the dashed 
lines are power-law fits to the model predictions, Mass ∝ , with the exponent shown. 
The diamonds are total mass loss measurements. 

In the 35 g/l TDS the swelling is much stronger, and as a result the channel first narrows 
from 6 mm to a minimum of only about 2 mm. The narrowing channel causes more 
shear and thus detachment becomes stronger, the 2 mm is where the initial balance 
between swelling and detachment is found. As time progresses material near the 
channel is eroded away causing the swelling to gradually decrease, and the channel 
widens which causes detachment to decrease with swelling. The channel again reaches 
back to about 6mm diameter in about 200 hours, with a significant portion of sample 
mass lost to erosion at that point. 

The model exhibits high initial erosion in the cases of 35 g/l and tap water both, but for 
different reasons. With tap water the initial channel is too narrow for the high 
detachment/swelling ratio, so a lot of detachment happens initially. With 35 g/l the 
channel is initially too wide, which means relatively little detachment happens as 
swelling almost closes the channel, but this initial swelling is so fast that it is not seen in 
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Figure 31. When the channel is very narrow the shear is very high (shear ∝ ), 
and high detachment results. Another way to look at this is that in order to keep the 
channel open, the clay that would swell all the way to the centre of the channel must be 
carried away if the channel is to remain open, and the constant flow condition forces the 
channel to remain open. 

The experimental data shows that only the 35 g/l case exhibits high initial erosion. This 
observation would be consistent with the finding that actually the tap water case has 
significant erosion resistance in terms of a critical shear  or , which would also lead 
to the initial decrease of erosion actually exhibited by the tap water experiment. Visual 
observation of the pinhole tests upon dismantling also supports the notion of significant 
critical shear because the piping channel appears to be the narrowest in the tap water 
case, not widest. Similar observations on channel width versus effluent salinity have 
been obtained for pellets (Börgesson 2012). Without an independent test to assess 
critical shear, however, it is hard to make any quantitative estimations. 

Erosion in the case of 10 g/l TDS, which is also the groundwater simulant for the 
repository base case, remains roughly constant in time in both tests and the model. The 
model then predicts that the piping channel diameter of about 10mm is what would exist 
for 0.1 l/min point-like flow if the channel is in buffer blocks, at least initially. Later in 
time the bentonite near the piping channel would have lost mass, and thus swelling 
potential, and the channel would tend to increase in size while the erosion rate 
decreases. 

Erosion in bentonite pellets fillings has been studied by Sanden et al. (2008), and they 
have proposed that eroded mass depends as a power-law with time, as given in equation 
(4), with the power 0.65 giving sub-linear growth in time. While scatter in our tests 
is too great to determine a time dependency for the erosion rate, it is interesting to note 
that our model predicts time evolution not far from this number, though the exact 
exponent varies with salinity, and the time evolution is not exactly a power-law.  

What can be concluded from the model fitting on pinhole setup data is that regardless 
whether swelling or detachment dominates the erosion process, the rate of mass removal 
from the system decreases with time. Putting a definite quantitative limit, in the form of 
e.g. power law, on how much less than linear is difficult, but estimating eroded mass 
linearly in time with an erosion rate measured in a shorter test, is certainly conservative. 
It is important to note that this is valid for a piping channel in a single material. In the 
buffer the piping channel forms first in the pellet filling, excluding an extraordinary 
scenario. When the buffer blocks start to swell towards the pellet fillings and the piping 
channel, it has been observed in downscaled tests (Pintado et al. 2012) that overall 
density around the channel can increase, potentially leading to erosion increasing for 
some time. 

In Table 4 the parameter value results from the model calibration is shown. With the 10-
fold difference in swelling rate values between the 70 g/l TDS and 10 g/l TDS, it is 
expected that the interpolated values used for the swelling model for the 35 g/l TDS 
effluent are very rough estimates. 
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