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Abstract

Swelling and homogenization of bentonite materials are important functions of the bentonite to fulfill
the requirements of the buffer in a deposition hole and the backfill in the tunnels after full water satura-
tion. It is important to understand and be able to predict the final condition of the bentonite after the
swelling and homogenization, which occurs both during the initial saturation and homogenisation of
the blocks and pellets and also after possible loss of bentonite caused by for example erosion. How well
the bentonite self-seals and homogenises have been studied in this project. The study has included a
laboratory testing programme with tests at different scales and complexity, analyses of the results with
different material models and calculation tools, evaluation of mechanical parameters for the material
models and also development of a new hydro-mechanical bentonite material model.

In this report the test results from fundamental laboratory tests in smaller scale have been compiled
and analysed. The results show that still after a long time and with negligible changes in stress, density
gradients remained, and that they were influenced by time, water pressure and initial density distribu-
tion. The results also show that the average stress and the average density after swelling agree well with
the expected relationships from constant volume swelling pressure tests. The laboratory test results also
show that friction between bentonite and a raw steel surface, evaluated as a friction angle at peak stress,
agree well with a model of the bentonite internal friction angle and that the corresponding friction angle
when more smooth surfaces were used yielded lower values.

The FE-program Abaqus has been used to model three very different types of homogenisation tests
with two different mechanical material models. The models have the same porous elastic model for
simulating the non-linear isotropic elastic part of the swelling and compression of bentonite, but they
have different plastic models for simulating the effect of deviatoric stresses. The Drucker-Prager model
is a classic material model included in the model library of Abaqus. The other model (Claytech Plastic
Cap model) has been implemented in Abaqus.

At first some tests with only axial or radial swelling were modelled to check the models and calibrate
the parameters of the models. Both these tests were very well modelled with the Cap model but less
good with the Drucker-Prager model. However, the models did not work well for the extreme scenarios
of pure isotropic swelling and closing of a circular cavity.

The Cap Model was then used to model (true prediction) the Self-healing Test SH1 in larger scale
and with complicated geometry, which included homogenisation of a large bentonite block with two
cavities. The calculation worked well but the model underestimated the self-healing ability by yield-
ing too high void ratio (20 %) and thereby logically too low stresses (40 %) in the former cavity. The
Drucker-Prager plastic model captured the void ratio distribution better (although still a little too high)
but also this model yielded the same too low stresses in the cavity.

Ten almost identical tests of the homogenisation of bentonite with large density difference placed in
long tubes with raw grooved inner surfaces have been running for 4-5 years, with the purpose to study
the long term homogenisation process. One of those has been terminated and sampled. The results
showed that the homogenisation process can be well modelled with remaining unaffected initial densi-
ties at both ends of the tube, if the average residual friction angle evaluated from friction tests is used.

An important conclusion from these tests and calculations is that it is the residual friction angle (in
these cases with the average value ¢ = 7.2°) and not the peak value that is valid between a bentonite and
a surface even when the surface is so raw that the slip takes place in the bentonite itself.

A new hydro-mechanical (HM) material model, intended for bentonite-based components, has been
developed and implemented into the COMSOL Multiphysics platform. When evaluating and testing
the HM-model performance by using laboratory experiments within this project, it was found that the
model response agreed well with experimental data. However, the new material model is in its initial
state of development and more work remains to make it general.
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Sammanfattning

Svillning och homogenisering av bentonitmaterial dr viktiga egenskaper for att kunna garantera att
bufferten i deponeringshalen och aterfyllningsmaterialet i tunnlarna uppfyller uppstillda krav efter
full vattenmittnad. Det &r viktigt att forstd och kunna prediktera sluttillstdndet hos bentoniten efter
svillning och homogenisering, som sker bade under den ursprungliga vattenmaittnaden och homogeni-
seringen av block och pellets och dven efter mdjliga forluster av bentonit som orsakats t ex av erosion.
Hur vil bentonitmaterial kan sjdlvlaka och homogenisera har studerats i detta projektet. Studien har
inkluderat ett laboratorieprogram med forsok i olika skala och komplexitet, analyser av férsoksresul-
taten med olika materialmodeller och berdkningsredskap, utvirdering av mekaniska parametrar till
materialmodellerna och dven utveckling av en ny hydro-mekanisk bentonit-material-modell.

I denna rapport har resultat fran de grundlidggande laboratorieforsoken i mindre skala sammanstillts
och analyserats. Resultaten visar att trots ldnga forsokstider och inga eller smé forédndringar i uppmitta
spanningar, fanns kvarstdende densitetsgradienter som dock péverkades av tid, vattentryck och densi-
tetsfordelning vid start. Resultaten visar ocksd att medelspdnning och medeldensitet efter svéllning
overensstimmer med motsvarande samband for svilltryck som bestdmts fran forsok dér volymen
varit konstant. Resultaten frén laboratorieférsoken visar ocksa att friktionen mellan bentonit och en
rd stélyta, utvdrderad som friktionsvinkel vid maximal skjuvspinning, dverensstimmer vil med en
modell for den inre friktionsvinkeln i bentonit och att motsvarande friktionsvinkel for andra plana ytor
gav ligre vérde.

FE-programmet Abaqus har anvénts for att modellera tre mycket olika homogeniseringsfall med tva
olika materialmodeller. Modellerna har samma elsticitetsmodell (Porous Elastic) for att simulera den
icke-linjdra isotropa elastiska delen av svéllningen men olika plasitcitetsmodeller for att simulera
effekten av deviatoriska plastiska spanningar. Drucker-Prager 4r en klassisk materialmodell som finns
1 Abaqus modellbibliotek medan den andra modellen (Claytech Plastic Cap model) har utvecklats for
bentonit och implementerats i Abaqus.

Forst modellerades nagra tester med enbart axiell eller radiell svéllning for att kontrollera modellerna
och kalibrera materialparametrarna. Bdda dessa tester gav mycket god dverensstimmelse med métre-
sultat ndr Cap-modellen anvéindes men inte s bra med Drucker-Prager. Emellertid, fungerade model-
lerna mindre bra for de extrema fallen med helt isotrop svéllning och igensvillning av ett cirkulért hal.

Cap-modellen anvéndes sedan for att modellera (true prediction) sjdlvldkningsforsoket i storre skala
med komplicerad geometri SH1, som innebar homogenisering av ett stort bentonitblock med tva hél-
rum. Berékningen fungerade bra men modellen underskattade sjdlvldkningsformégan nagot genom att
ge for hogt portal (20 %) och dirmed &ven for 14ga spanningar (40 %) i de ursprungliga halrummen.

Tio néstan identiska fors6k med homogenisering av bentonit med stor skillnad i ursprunglig densitet
placerade i langa ror med rda ytor har pagétt i 4-5 ar med syfte att studera langtidseffekter av homog-
enisering. En av dessa forsok har avslutats och provtagits. Resultaten visade att homogeniseringen
kunde modelleras med god 6verensstimmelse med opéverkad ursprunglig densitet i bada dndarna
av roret, om medelrestfriktionsvinkeln (efter stora forskjutningar) utvéarderad fran friktionsforsok
anvindes.

En viktig slutsats frdn dessa forsok och berdkningar &r att det &r restfriktionsvinkeln (i dessa fall med
ett medelvérde pa ¢ = 7.2°) mellan bentonit och en ra yta och inte maxvérdet som skall anvidndas dven
ndr ytan &r sa ré att skjuvningen dger rum i sjilva bentoniten.

Inom projektet har en ny hydro-mekanisk (HM) materialmodell, avsedd for komponenter bestdende
av bentonit, utvecklats och implementerats i programvaran COMSOL Multiphysics. Utvéardering och
tester av den nya modellen visade pé att denna dverensstimde vil med de experimentella laboratorie-
experiment som simulerades. Men den nya materialmodellen befinner sig i borjan av utvecklingen och
mer arbete behdvs for att géra den mer generellt anvindbar.
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1 Introduction

1.1 Background

Swelling of the buffer blocks and buffer homogenization are important functions to guarantee the
requirements of the buffer in a deposition hole and the backfill in the tunnels after full water saturation.
It is important to understand and be able to predict the final condition of the buffer after the swelling
and homogenization, which occurs both during the initial saturation and homogenisation of the blocks
and pellets and also after possible loss of bentonite caused by for example erosion.

To increase the knowledge of the homogenisation process an SKB project was initiated and has been
running during more than ten years. The project consists of several parts; theoretical studies and model-
ling, fundamental laboratory swelling tests in small scale (with the height 40—-80 mm and the diameter
50-100 mm), laboratory study of the influence of friction, medium scale tests (with the height 100 mm
and the diameter 300 mm) of a scenario involving loss of bentonite and long tubes tests with large
density gradients.

The first laboratory tests series started in 2008 and in 2016 most test series were completed. The

test results referred to in this report have been presented in four status reports; TR-12-02, TR-14-25,
TR-16-04 and TR-17-04 (Dueck et al. 2011, 2014, 2016, 2018). In addition, two posters were presented
at the conferences on Clays in Natural and Engineered Barriers for Radioactive Waste Confinements in
Montpellier 2012 (Gm/Ex/32) and in Brussels 2015 (P-12-04).

Material models have been developed and verified with some of the laboratory test results from this
project. Modelling of the bentonite swelling based on and compared to test results from the buffer
homogenisation project has been presented by Borgesson et al. (2019) as a part of the SKB project
Task Force on Engineered Barriers (TF EBS). Modelling of the bentonite swelling has also been
presented as a poster at the conferences on Clays in Natural and Engineered Barriers for Radioactive
Waste Confinements in Brussels 2015 (P-12-02).

A new hydro-mechanical material model, denoted the Hysteresis Based Material model (HBM), has
been developed and implemented into the COMSOL Multiphysics platform. The work has been carried
out within this project and in parallel with the EU project BEACON. Of vital importance for a proper
prediction of the mechanical evolution of bentonite is the capability to capture the swelling pressure
and the shear strength at different dry densities. The HBM model was based on a body of empirical
data, as well as a thermodynamic relation for the chemical potential of the clay water, which means
that the fundamental properties (i.e. swelling pressure and shear strength), as well as the hysteresis
behaviour, are at the core of the material model and that no parameter value adoption is needed for
specific void ratios. As a starting point the model was limited to water saturated conditions and stresses
and strains in the principal directions. Laboratory results from this project were used to evaluate and
test the performance of the HBM model.

1.2  Objective of the report

The main objective of the laboratory tests made in this project was to provide results that could be used
for modelling some well-defined benchmark tests in order to improve the hydro-mechanical models of
bentonite materials. The objective with this report is to compile the results and findings of the project,
which include 1) pointing out the most important test results from the laboratory tests, 2) evaluation
of mechanical parameters for modelling the behaviour of bentonite buffer material, 3) analysing the
laboratory test results with the material models and 4) development and implementation of a new
hydro-mechanical bentonite material model.
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1.3  Content of the report

In Chapter 2 the importance of studying buffer homogenisation in general is described together with
the main purpose of the project. In Chapter 3 the fundamental laboratory tests and the friction tests
made in the project are briefly described and some important results and comments are presented.

In Chapter 4 analyses of some of the more complex laboratory tests are made with existing models,
mainly a material model implemented in Abaqus. The new hydro-mechanical bentonite material model
is presented in Chapter 5 together with the implementation in COMSOL and model evaluation using
some of the fundamental laboratory tests from this project. In Chapter 6 conclusions regarding buffer
homogenisation and the models used for the analyses are given.
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2 Studies of the homogenisation process

Gaps, holes or inhomogeneous density distributions may be present in the buffer or backfill material

due to loss of bentonite material by piping and erosion during the installation and saturation phases or
by colloid erosion during glacial groundwater conditions. Heterogeneous initial conditions prevail due
to installation techniques with blocks with gaps between them, gaps filled with pellets, and mechanical

interaction between e.g. buffer/backfill. How well the bentonite self-seals and homogenises has been
studied in this project. The laboratory tests have mainly been made on specimens that have been water
saturated or close to water saturated from start, which means that the saturation process has not been

included in the tests.

The purposes of the homogenisation project and the tests have been to:

* Understand how homogenisation evolves and ends.

» Investigate the different factors influencing homogenisation.

* Understand how much inhomogeneity remains within the bentonite.

* Be a base for creating hydro-mechanical models for the homogenisation process.

» Evaluate models, model parameters and modelling tools.

The laboratory tests made in this project have been divided into four parts:

» Fundamental swelling tests to increase the knowledge about material parameters.
* Measurement of friction between bentonite and other surfaces.

* Homogenisation after loss of bentonite in the self-healing tests.

* Homogenisation in long tubes where the effect of time can also be studied.

The modelling related to the laboratory test results from this project has included comparison with
measured results and has mainly been concentrated on:

» Evaluation of models and model parameters and verification of the models by modelling the
fundamental swelling tests.

* Modelling of one of the self-healing tests.

* Analyses and modelling of one test from the series with long tubes.

The development of a new hydro-mechanical bentonite material model can be described as:
* Theoretical development of a basic model and generalization of this.

* Reformulation to a format suitable for implementation into COMSOL Multiphysics and writing
of the c-code containing the implementation.

+ Testing and evaluation of the implementation.

SKB TR-19-11 9






3 Laboratory tests

3.1 Introduction

In the previous reports on laboratory test results from this project different test types have been
described and the test procedure, test series and test results have been presented (Dueck et al. 2011,
2014, 2016, 2018). In those reports some observations and discussions regarding the test results have
also been mentioned.

In this chapter, the objective and a brief description of each test type are given together with important
results and observations regarding the fundamental laboratory tests and the friction tests.

3.2 Laboratory testing programme — description of tests

Different test types have been used in order to analyse homogenisation from different perspectives:
* Fundamental swelling tests.

* Measurement of friction between bentonite and other surfaces.

* Homogenisation after loss of bentonite — the self-healing tests.

* Homogenisation in long tubes.

The results from the different test types consist of measured stresses during the tests and final distribu-
tions of density and water content determined on the specimens after dismantling.

The materials used for the tests have been the bentonites MX-80 (Wyoming bentonite from American
Colloid Company) and Calcigel (Bavarian bentonite from Siid-Chemie AG) further described by
Karnland et al. (2006) or Svensson et al. (2011). The water supply during saturation and homogenisa-
tion consisted of de-ionized water or water with a low salt content. All tests made in this project are
compiled in Appendix 1.

3.21 The fundamental swelling tests

The fundamental swelling of water saturated bentonite specimens with access to water has been studied
in three different test series (Dueck et al. 2011, 2014, 2016, 2018). The principles are illustrated in
Figure 3-1:

» Axial swelling in a device with constant radius and limited height and with variation of the height
of the gap.

» Radial swelling of the outer surface in a device with constant height and limited radius and with
variation of the radial gap.

» Radial swelling into a cylindrical cavity in a device with constant height and radius and with varia-
tion of the radius of the cavity.

II
— = o=

Figure 3-1. Illustration of the geometry of the test types carried out.
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Tests of this type have been run in two series: the basic-series and the so called HR-series (High
Resolution). In the basic-series small specimens with the height 2040 mm and the diameter 50 mm
were used which were saturated in the test device before the subsequent swelling. To improve this test
type and to increase the resolution of the results, the HR-series were run with dimensions of the speci-
mens doubled compared to the basic series, i.e. the height was 40—80 mm and the diameter 100 mm.
With the larger dimensions the density and stress gradients were possible to study in more detail. The
specimens used in the HR-series were basically water saturated at start and no saturation took place
in the test device before the swelling. The number of tests of each type are given in Table 3-1 where
the swelling s is calculated from the initial dry density p,; and the final dry density p, according to
Equation 3-1.

Pai

s=—-=1 -
Par (3-1)

Table 3-1. Number of tests of each type of the fundamental swelling tests in the Basic and
HR-series on MX-80 and Calcigel. All tests from the last three reports are included but only the
most important tests from the very first report.

Swelling Basic-series HR-series Total
Type of swelling s (%) MX-80 Calcigel MX-80 Calcigel number
Axial 0-46 7 2 4 3 16
Radial outward 3-45 10 2 1 2 15
Radial inward 3-110 6 2 1 1 10
Swelling in all directions 43 1 1

In addition, so called wetting tests have also been run, where the influence of the location of the water
supply on the final distribution of the dry density was studied. In these tests no free volume was pre-
sent, but the specimens consisted initially of two parts having different densities and the difference
between the tests was mainly how the water was supplied. The water was supplied either from the outer
surface of the high density part or from the outer surface of the low density part. Three tests were run
on Calcigel.

Some of the fundamental swelling tests have been modelled and are further described in Sections 4.2
and 5.4.

3.2.2 Measurement of friction between bentonite and other surfaces

Friction between bentonite and other surfaces has been studied in the friction test series (Dueck et al.
2014, 2016, 2018). In these test series the specimens were saturated with a minimum of swelling in
a swelling pressure device consisting of a confining ring, pistons and plates. After saturation was com-
pleted the friction tests were run by displacing the bentonite in relation to the confining ring, which
had an inner surface prepared in different ways. The tested surfaces were either smooth steel surfaces,
steel surfaces with machined grooves, a plastic filter surface or a surface of acrylic plastic. The results
were presented as an interpreted friction angle as a function of measured swelling pressure. In these
series mainly MX-80 specimens were used (18 tests) but two tests were also run on Calcigel.

3.2.3 Homogenisation after loss of bentonite — the self-healing tests

Buffer homogenisation involving loss of bentonite has been studied by two medium scale laboratory

tests, called Self-Healing tests (SH1 and SH2) (Dueck et al. 2016, 2018). A test device with the inner
diameter 300 mm and the height 100 mm was used for the tests and a simulated canister with the outer
diameter 100 mm was included in the centre. The water was provided to the bentonite from the outer
radial surface. In each bentonite block two larger cavities were cut out, in two diametrical positions,
to simulate loss of material. In the set-up of SH1 nine transducers for measuring swelling pressure and
two for measuring suction were included.

The two tests, SH1 and SH2, had the same boundary conditions and consisted of a block of MX-80

bentonite and they both started in December 2012. The non-instrumented SH2 was finished and dis-
mantled after 17 months, in May 2014, and the instrumented SH1 was finished and dismantled after 33
months, in September 2015. One of the tests has been modelled and is further described in Section 4.3.
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3.2.4 Homogenisation in long tubes

Swelling and homogenisation has been studied in 10 tests performed in a series of long tubes with simi-
lar design and content (Dueck et al. 2018). The length of the tubes is 250-350 mm and the diameter
is 25-35 mm and while the lower half of each tube is filled with highly compacted MX-80 bentonite
the upper half is filled with MX-80 pellets. Water is added from the upper end, i.e. above the pellets.
Swelling pressure is determined in some of the tests by measuring radial and axial stresses exerted
on pistons. By using different test durations before sampling the influence of time and creep on the
distribution of density and on the evolution of swelling pressure can be studied. One test was finished
after 2 years while nine are still ongoing.

The purpose of this test type is to study the effect of friction for limiting homogenisation and the influ-
ence of time on the remaining density gradients after completed swelling and compression. The results
can also be applied to evaluate to what extent the so called “transition zones” in tunnels can be used to
downshift the swelling pressure against e.g. a plug. One of the tests has been modelled and is further
described in Section 4.4.

3.3 Laboratory test results

The discussion in this section is mainly based on test results from the fundamental swelling tests and
the friction tests. The discussion is focused on the following:

» Swelling pressure — dry density relation.

» QGradients in dry density after swelling.

* Influence of water pressure.

» Friction angles from measured friction forces.

« Accuracies, uncertainties and limitations.

3.3.1  Swelling pressure — dry density relation

The swelling pressure has been determined as a measured stress on a piston placed axially or radially in
contact with a specimen. The final value was measured after completed swelling and equilibrium when
no, or only small, changes in pressure with time were seen over a couple of hours or days. The water
in equilibrium with the specimens was in the earlier part of the project stagnant water with a pressure
of less than 5 kPa while in the later part of the project higher water pressure was applied during shorter
time periods and water circulation was used in order to get rid of air bubbles.

An important question is if the average stress and corresponding average density represent the condi-
tions of the buffer after swelling and homogenisation, i.e. to what extent the conditions agree with
existing models of swelling pressure. The average stress P, is then calculated from the axial P,
and radial stresses P, according to Equation 3-2.

Paverage — Paxial"'z'Pradial (3_2)

In Figure 3-2 the results from the fundamental swelling tests on MX-80 in the basic and the HR-series
show that the average stresses after swelling and homogenisation agree well or are slightly higher
compared to the model of MX-80 presented by Borgesson et al. (1995) when plotted with the corre-
sponding average dry density. In Figure 3-2 an additional model of MX-80 is also shown, a model
presented by Akesson et al. (2010b) and based on laboratory results from Karnland et al. (2006).
Compared to this model the measured swelling pressures are lower. The test results represent swelling
mainly between 0 and 50 % but also with a few tests between 90 and 110 %. Test R11-21 is put in
brackets since it deviated from the other tests both regarding swelling pressure and density distribution.
Since there was some uncertainty of this specimen a similar test was run, R11-22, and the deviating
behaviour was not observed from the new test (Dueck et al. 2016).

The results from the same test series but on specimens of Calcigel are plotted in similar diagrams in
Figure 3-3 together with a model of a Ca-dominated bentonite presented by Borgesson et al. (2010).
Lower swelling pressure is seen on several specimens compared to both the results of MX-80 and

SKB TR-19-11 13



the model. At lower density calcium dominated bentonites (e.g. Calcigel) are expected to have lower
swelling pressure compared to sodium dominated bentonites (e.g. MX-80) (Karnland et al. 2006).
The results indicate that for the actual condition the swelling pressure of Calcigel are less than that
of MX-80 at dry density less than approximately 1200 kg/m”.

In Figure 3-2 and Figure 3-3 the markers (circle, diamond) denote the test series (basic-series,
HR-series) and the colours (red, yellow, blue) denote the type of swelling (axial, radial outward,
radial inward). Marker lines are used for tests on MX-80 and no marker lines denote tests on
Calcigel. The results from the different test series are shown in separate diagrams in previous reports
(Figures 5-16 to 5-21 in the report by Dueck et al. 2016 and in Figures 4-24 and 4-25 in the report
by Dueck et al. 2018).

In Figure 3-2 it can be observed that the average stresses of MX-80 plotted as a function of the average
dry densities after swelling and homogenisation are limited to values between the two models shown.

In Figure 3-4 the test results from the HR-series are shown again and in this plot the differences in
stresses and densities in each test are marked with bars. For MX-80 correspondence with the solid
line is seen when conditions representing the highest dry density and highest measured stress from
the tests are considered (i.e. the upper right corner of the square formed by the two bars given for
each test) while conditions representing the lowest dry density and the lowest measured stress from
each test are located far to the left of the solid line (lower left corner of the square formed by the bars
given). This can be interpreted as different parts of the specimens are subjected to different stress
paths, i.e. where the former condition corresponds to swelling at unloading the latter corresponds to
consolidation at loading.

10000
MX-80
9000
= 000 @ BasicA
& /000
= @ Basic-Ro
w6000 o
1 @  [Dasic-Ri
£ 5000
° TR-95-20
& 4000
I - = = TR-10-44
g 3000
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LY = olel R11-21 ©  HRAI
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Figure 3-2. Average stress versus average dry density from almost all tests (i.e. according to Table 3-1) in
the basic- and HR-series on MX-80. The results are plotted both with linear (upper) and logarithmic (lower)
y-axis. The markers (circle, diamond) denote the test series (basic, HR) and the colours (red, yellow, blue)

denote the type of swelling (axial, radial outward, radial inward).
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Figure 3-3. Average stress versus average dry density from all tests in the basic- and HR-series on Calcigel.
Models of MX-80 and a Ca-bentonite are also plotted. The results are plotted both with linear (upper) and
logarithmic (lower) y-axis. The same markers as in Figure 3-2 are used but without marker lines.
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of swelling and the bars show the maximum stresses and dry densities measured in each test. Two models
of MX-80 are also shown.
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The dependence of stress paths has been seen earlier in oedometer test (e.g. test KMXAR?2 presented
by Borgesson et al. 1995) where the density at equilibrium is higher when resulting from unloading, i.e.
swelling from a higher stress state, compared to the density resulting from loading, i.e. consolidation
from a lower stress state. However, while a specimen in an oedometer test is exposed to either loading
or unloading, a specimen exposed to large swelling strains into an open void, as in this project, is
exposed to both unloading and later also loading, in some positions, within the same specimen.

The test results could be further studied by considering measured stresses and dry densities determined
in specific positions. In Figure 3-5 the radially measured stresses at different levels after axial swelling
in the HR-series are plotted as a function of the dry density measured at the corresponding levels,

i.e. not the average density. Results from seven tests in the HR-series, four on MX-80 and three on
Calcigel, with axial swelling are shown. In addition to the previous used models the results from the
HR-series are plotted together with test results from previous studies on MX-80 and constant volume
tests in the lower range of stresses (Karnland et al. 2008, Borgesson et al. 1995).

In Figure 3-5 the specimens of Calcigel show swelling pressure less than the model of MX-80 which
agree with the results commented above and shown in Figure 3-3 and Figure 3-4.

Most of the measured results on MX-80 from the HR-series correspond to the previous measurements
and the solid line in Figure 3-5. However, the three red diamonds with marker lines located at the
upper dotted line clearly deviate from the other measurements and all three are measurements from
the uppermost position of three HR-A specimens of MX-80 (HR-A1, HR A2, HR-A4, Dueck et al.
2014, 2016). Thus, the deviating and somewhat extreme stress paths of these three specimens seem to
have influenced the final condition. Different paths to saturation, hysteresis effect, is also a possible
explanation to the difference between the two models (dotted and solid lines) shown in Figure 3-2 to
Figure 3-5.
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Figure 3-5. Radially measured stresses from tests on MX-80 (red markers with marker lines) and Calcigel
(red markers without marker lines) in the HR-A series, i.e. axial swelling in the HR-series. The results are
plotted as a function of dry density and both with linear (upper) and logarithmic (lower) y-axis. Results from
other studies on MX-80 are also plotted.
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3.3.2 Gradients in dry density after swelling

Time seems to slightly influence the density gradient after swelling but still after long time density gra-
dients were observed. The remaining density gradients after swelling and homogenisation are plotted
as a function of the swelling in Figure 3-6. In the diagram the density gradients have been normalized
with the actual initial dry density and the specimen height or radius in the direction of swelling and
plotted as a function of swelling s according to Equation 3-1. The markers (circles, diamonds) denote
results from different test series (basic-series, HR-series) with specimens having different sizes (H/D
=20-40/50, H/D = 40-80/100). The different colours of the markers (red, yellow and blue) show the
different type of swelling (axial swelling, radial outward swelling, and radial inward swelling). The
tests were completed when no or only small changes with time were measured and different total time
was therefore used for the tests (in the Basic series between 11-137 days and in the HR-series between
49-172 days). The total time may have influenced the size of the gradients but is not further com-
mented here.

Figure 3-6 indicates that the dry density gradient in the swelling direction seems to have similar depen-
dence on the magnitude of the swelling, irrespective of the type of swelling, although the scatter is
larger for the radial swelling tests. No clear difference between the results from the smaller specimens
(in the basic series marked with circles) and the larger specimens (in the HR-series marked with
diamonds) can be observed. As an example the results show a normalized dry density gradient of 6 m™
after 40 % swelling. With an initial dry density of 1660 kg/m’, the final density gradient will then be
10 (kg/m*)/mm and the dry density difference over a 30 mm specimen will be 300 kg/m’ (as in A01-10)
or 400 kg/m’® over a 40 mm specimen (as in HR-A4).
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Figure 3-6. Gradients of dry density normalized with the initial dry density over the specimen height or

radius in the direction of swelling with results of MX-80 (upper) and of Calcigel (lower). The different series
Basic and HR are marked with circles and diamonds, respectively, and the colours (red, yellow, blue) denote
the type of swelling (axial, radial outward, radial inward). Larger marks are given where water pressure was
used for some time. Somewhat uncertain test results from specimens R11-20 and HR-Ro?2 are put in brackets.
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The results of two specimens deviate and those are put in brackets in Figure 3-6, one in the basic
series which swelled 30 % radially (R11-20, Dueck et al. 2014) and one specimen in the HR-series
which swelled 37 % (HR-Ro2, Dueck et al. 2016). Both specimens showed very low density gradients
after dismantling. One possible explanation for the deviations could be insufficient and unevenly
distributed water supply but since this cannot be fully explained these results should not be considered
as representative.

Gradients in dry density were also studied in tests where the specimens initially consisted of two parts
having quite different densities but where no swelling occurred. Five tests with these conditions were
run; two specimens in the HR-series, HR-A2 (Dueck et al. 2016) and HR-AS8 (Dueck et al. 2018), and
three specimens in the Wetting series, W1-2, W1-3 and W1-4 (Dueck et al. 2018). The final normalized
dry density gradients of these specimens, expressed as in Figure 3-6 i.e. (Ap4/py;)/distance, is approxi-
mately 6 m™' from the HR-series and between 3.3 m™' and 4 m™' in the W-series. Thus, in addition to
swelling, the initial density distribution will influence the remaining density gradients.

The increase in density gradient with swelling, shown in Figure 3-6, is an illustration of the behaviour
in the small scale since there is a limit to the possible density difference at a specific average stress

and geometry. The results cannot be extrapolated to large scales and the effect of creep has not been
considered.

3.3.3 Influence of water pressure

Water pressure was applied in the final part of several tests in order to investigate its influence; two in
the basic series (A01-16, R11-24, Dueck et al. 2016), four in the HR-series (HR-A7, HR-A8, HR-Ro3,
HR-Ri2, Dueck et al. 2018) and one in the W-series, (W1-4, Dueck et al. 2018). In general, the influ-
ence of water pressure was small and after removal of the water pressure the stresses mainly increased
compared to the stresses before the water pressure was applied. This is in agreement with previous
studies (Birgersson and Karnland 2015) where hysteresis effects were referred to.

Examples of the test results are shown in Figure 3-7 and Figure 3-8 with the evolution of the total stress
(to the left) and the effective stresses (to the right) from the tests HR-A8 and HR-Ro3, respectively. The
effective stress was calculated as the measured total stress minus the applied water pressure. While test
HR-AS started with two blocks having different densities the specimen used in test HR-Ro3 swelled
45 % radially. The material used in the two tests was Calcigel and the maximum water pressure was in
both tests 100 kPa. As can be seen in Figure 3-7 and Figure 3-8 the measured total stresses increased or
were approximately the same compared to the stresses measured before the water pressure was applied.
Thus, the effective stresses were approximately the same or less when the water pressure was applied.
From the test series there is also an example of a remaining decrease in effective stress after removal
of the water pressure and the use of a small water pressure has therefore been recommended to measure
the final stresses as correct as possible.
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Figure 3-7. Total stress and water pressure (left) and effective stress (vight) as a function of time from test
HR-AS8 in the HR-series where the specimen consisted of two blocks having quite different densities but no
swelling into an empty space. The effective stress was calculated as the measured stress minus water pressure
and the water pressure varied between 0 and 100 kPa.
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Figure 3-8. Total stress and water pressure (left) and effective stress (right) as a function of time from test
HR-Ro3 exposed to radial swelling in the HR-series. The effective stress was calculated as measured stress
minus water pressure and the water pressure varied between 0 and 100 kPa.

The main part of the specimens exposed to water pressure showed no large or obvious influence on
the final density gradient after the use of water pressure. The test results where water pressure was
introduced are marked with larger symbols in Figure 3-6 and the results from the actual specimens, two
specimens of MX-80 and three specimens of Calcigel, do not deviate from the other results. However,
an indication of better homogenisation after the use of water pressure is given when two similar tests
with Calcigel in the W-series are compared (W1-2 and W1-4 from Dueck et al. 2018). The specimen
exposed to water pressure showed a normalized dry density gradient ((Apy/pg;)/H) of 3.3 m™" while the
corresponding value from the specimen not exposed to water pressure was 4 m ', cf. Section 3.3.2. This
indication of an improved homogenisation is another example where the use of water pressure could be
beneficial in this type of test.

3.3.4 Influence of friction

The friction angles in the friction tests were interpreted as a function of the swelling pressure according
to Figure 3-9 (Figure 5-67 in Dueck et al. 2016 and Figure 4-27 in Dueck et al. 2018). The friction
angle was evaluated from Equation 3-3 where F is the measured force, A4, is the radial surface area
of the specimen, P, is the radial stress perpendicular to the ring, and ¢ is the friction angle between the
ring and the bentonite specimen.

F = A, - B.-tan(¢) (3-3)

The results show that, the friction angle evaluated at peak strength between the bentonite and the
surfaces that had grooves corresponds well to the model of the bentonite internal friction angle ¢, pre-
sented by Akesson et al. (2010b). The peak values when other surfaces were used yield lower friction
angles. The largest difference between the peak and residual values are seen in the tests with grooves
on the surface towards the bentonite and at low swelling pressure.
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Figure 3-9. Friction angle as a function of swelling pressure from tests on MX-80 (circles) and Calcigel
(diamonds) in the series with friction tests. The swelling pressure was measured radially. Marker lines around
the symbols represent peak values and no marker lines represent residual values.
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The results can also be plotted as the measured shear stress as a function of the dry density, which

is shown in Figure 3-10. In this diagram the line represents half of the maximum deviatoric stress,
evaluated from a model presented by Borgesson et al. (1995), which is a measure of the shear strength.
The results show that the main part of the evaluated peak stresses follows the model and the residual
values are lower. In one of the tests on MX-80 where triangular groves were used (light brown circles)
the dry density determined after the test was uncertain and too low compared to the measured swelling
pressure (see Table 5-8 in Dueck et al. 2016). This yields that in spite of that the results from this test
fit well into Figure 3-9, where only stresses are considered, they deviate in Figure 3-10, where the
uncertain density is used, and are therefore put in brackets.
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Figure 3-10. Shear strength as a function of dry density from the friction tests in the Fr-series on specimens
of MX-80 (circles) and of Calcigel (diamonds). The values in brackets represent a test where the density was
uncertain (see Dueck et al. 2016). The diagram is plotted with a linear y-axis (upper) and a logarithmic
y-axis (lower).
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3.3.5 Accuracies, uncertainties and limitations

Measurements and results often suffer from a scatter that could be caused by e.g. inaccurate devices
and uncertain properties of the specimens. Such uncertainties put a limit to the usefulness of the
results; for predictions and extrapolations. Below some examples from the actual laboratory test
series are given.

The accuracy of the sensors used as load cells, pressure and deformation transducers are relatively high,
the error is generally less than 5 %, and since they are calibrated and controlled regularly this will not
limit the usefulness of the results. However, the radially measured stresses were done by use of small
pistons and the measured stresses are thus representative for relatively small volumes. In addition, the
small pistons measure towards a very stiff material that requires a small deformation, which means that
small irregularities may affect the results, but the swelling ability of the bentonite puts a limit to these
errors. The axially measured stresses, on the other hand, were measured by use of a piston with larger
cross section area, of the same size as the specimens. However, in tests involving radial swelling the
measured axial stress did not represent a specific position but an average of the stresses at different
radii. The use of pistons for the measurements of stresses might have introduced friction forces which
in the actual tests were minimized by use of lubrication.

The accuracy of the measured base variables after dismantling is very high but the results from some
tests showed large scatter in the calculated degree of saturation which usually is a measure of the uncer-
tainty in the determination. However, in this study the relatively large scatter in the degree of saturation
was mainly observed in tests involving large density gradients over small distances. Since degree of
saturation requires two different samples that may differ in density and water content the scatter could
be regarded as a measure of the difficulties to take representative specimens for determination of both
water content and density from a small volume, see e.g. HR-Ril (Dueck et al. 2016). Another variable
where some uncertainty was noted was the initial density before swelling, especially when it was
determined on trimmed specimens having somewhat uneven circumference. This influenced also the
accuracy of the calculated swelling in these tests.

Limitations to generalize the test results from this study are mainly coupled to the equilibrium at
termination of the tests and the uniqueness of the tests. One important result from the test series is
the remaining density gradients. Time seems to influence this but still after a long time, and with the
requirement of small or no stress change at termination, density gradients were observed. However,
constant stress with time will not guarantee that the specimen is in equilibrium which means that
extrapolation of the density gradients with time is uncertain.
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4 Application of test results for modelling with
the FE-program Abaqus and with simplified
analytical solutions

4.1 Introduction

Some of the homogenisation tests included in the project have been modelled with the finite element
code Abaqus in order to fulfil the purposes of the project to evaluate models, model parameters and
modelling tools. Some tests have been used as modelling tasks in the TF EBS (Task Force for model-
ling engineered barrier systems) and some other tests have been modelled as a part of this project. The
modelling tasks presented in Section 4.2 (Fundamental swelling tests) and Section 4.3 (Self Healing
Test SH1) are summaries of this work for TF EBS and are in detail described in Borgesson et al. (2019).

4.2 Fundamental swelling tests from the HR-series. Evaluation of
models and model parameters and verification of the models

421 General

This section is a summary of the calibration and verification exercises done for the Homogenisation task
(Task 1) in the TF-EBS. The tasks, the material models, the test results and the modelling are reported
in Borgesson et al. (2019). The tests and some results are also described earlier in Section 3.2.1 and in
Dueck et al. (2014).

The original tests included in the task descriptions, intended to be used for the calibration, were made
in cells with the diameter 5 cm. Measurements and sampling with high enough accuracy were difficult
due to the small test size. Therefore tests in a larger scale in cells with the diameter 10 cm were also
made. These larger tests were used for modelling instead of the tests in smaller scale.

Four different test types have been modelled, namely axial swelling, radial outwards swelling, radial
inwards swelling and isotropic swelling. The axial swelling test was used for checking and calibrating
the material models and the other tests were used to evaluate the derived model.

The models used are elastic-plastic models. The elastic part of the model is a so called porous elastic
model that has a logarithmic relation between void ratio and average stress. Two different models have
been used for the plastic part of the model, a Drucker-Prager plasticity model and Claytech plastic
cap model.

4.2.2 Axial swelling

The axial swelling test was at first used to check and calibrate the models. The Drucker-Prager model
could not yield an acceptable result regarding the swelling pressure evolution and the final gradient in
density that occurred after equilibrated swelling as described by Borgesson et al. (2019). Instead the
Claytech model described already by Borgesson et al. (1995) was used with parameter values derived
at that time. However, in order to get the best agreement between measured and modelled results the
parameters of the elastic model, the plastic model and the hydraulic conductivity had to be somewhat
changed.

In this test the axial swelling pressure was measured on the upper piston and the radial pressure was
measured in three points. After termination of the test the specimen was sliced and the density distribu-
tion in axial direction determined. Figure 4-1 shows the test set-up and Figure 4-2 and Figure 4-3 show
comparison between modelling results and measured results. The results agree rather well although
both the density and logically also the stresses are a little higher in the test.
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Figure 4-1. Set-up used for the axial swelling tests (HR-A). Water is only supplied from a filter placed
above the specimen. Radial swelling pressure was measured 15 mm, 30 mm and 45 mm from the bottom
of the oedometer.
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Figure 4-2. Calibrated Claytech plastic cap model. Modelled density distribution along the centre axis and
along the periphery (outer) and measured average density distribution.
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Figure 4-3. Calibrated Claytech plastic cap model. Modelled and measured evolution of normal stress.
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4.2.3 Radial outwards swelling

Then the calibrated model was checked by modelling the radial outwards swelling test and good agree-
ment was achieved, which confirmed the model. Figure 4-4 shows the test set-up and Figure 4-5 and
Figure 4-6 show comparison between modelled and measured results.

The comparison shows that although the calibration was done for the axial swelling test the agreement
for the radial swelling is very good, even better than for the axial test.

The models were 2D axial symmetric element meshes and included contact surfaces between the
bentonite material and the restraining outer cell surfaces. These contacts were applied with simulated
friction with a friction angle of 7°, which was taken as an average of the friction angle of the bentonite
at the actual density divided by two (see Section 3.3.4).

Figure 4-4. Set-up used for the radial outward swelling tests (HR-Ro). Water is supplied from a radial filter
between the surrounding steel ring and the specimen. Axial swelling pressure was measured on the top lid and
radial swelling pressure was measured 15 mm, 30 mm, 45 mm and 60 mm from the bottom of the oedometer.
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Figure 4-5. Modelled and measured dry density distribution.
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Figure 4-6. Modelled and measured evolution of normal stress.

4.2.4 Influence of friction

In order to investigate the influence of friction against the steel surfaces identical calculations were
made with the friction angle 0°. The results showed that the external stresses and the density distribu-
tion were very little affected by friction. Only if detailed information about the stress distribution is
requested (e.g. the reduction in swelling pressure in the axial direction after axial swelling) the friction
must be included. Another conclusion was that the lack of external friction was compensated by the
internal friction with high Mises stresses and that smooth surfaces does not reduce the density gradients
significantly.

Figure 4-7 shows comparison of modelling results with and without friction for the axial swelling test.

4.2.5 Other swelling types

Two other test types have been performed and modelled. The models and the results are described in
detail in Borgesson et al. (2019). Here we will only give a short summary. The radial inwards swelling
test was modelled without friction against the walls. The model did not manage to get complete filling
of the central hole. The reason is not clear but it is judged to be caused by numerical imperfections
and has been observed in other similar calculations. Otherwise the test and the simulation agreed
fairly well.

Finally, a new test with the intention to have isotropical swelling was performed and modelled, although
the model was simplified as a swelling sphere instead of a filled cylinder. This simulation led to a
number of observations and conclusions (Borgesson et al. 2019):

* The test does not yield isotropic swelling more than perhaps in the inner part of the specimen, the
main reason being that wetting takes place from the outer boundary which generates anisotropic
deformations.

» Isotropic swelling can only take place if water is modelled as being available in all nodes or if the
wetting in the test is done so slowly that the water content increase takes place simultaneously in
the entire specimen.

» A test that could simulate isotropic swelling might be to increase the relative humidity RH so slowly
that very small gradients will occur in the specimen.

» Isotropic swelling yields too little swelling by the material model since plastic dilatancy is required
and not included without deviatoric stresses.

* An improvement of the model could be to include plastic strain with dilatancy in the entire elastic
zone of the p-q plane.

The overall conclusion of the calibration and evaluation models is that the model simulates bentonite
swelling well within a limited density interval but also that the model does not work well for the unlikely
case of completely isotropic swelling.
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Figure 4-7. Comparison of modelling results of the axial swelling test with and without friction between
the bentonite and the cylinder. Friction outer and friction inner means the outer element column in contact
with the ring and the central element column at the symmetry line.

4.3 Modelling of the Self-Healing Test SH1

The Self-Healing test SH1 has been modelled as Subtask 2 of the homogenisation task of phase 2 of the
TF EBS. The test and some results are described in Dueck et al. (2018) and in Borgesson et al. (2019).
This section includes only a summary of the test, the model and the results. More detailed descriptions
are found in the references.

The test was modelled with two different material models. The test concerned swelling and self-healing
of two cavities with the dimensions 35 x50 x 70 mm cut in a bentonite block with the diameter 300 mm
and the height 100 mm. The test included measurement of swelling pressure in 9 positions and suction
in 2 positions. The test was terminated after equilibrium and multiple samples taken. The density and
water ratio of the samples were determined. The test ran for 2 years and 8 months.

A blind prediction was done and delivered before start of the test. The new Claytech Plastic Cap (P-C)
material model that had been calibrated and verified in Subtask 1 of the homogenisation task was used
for the prediction. The test was also modelled using the old Drucker-Prager (D-P) plastic material
model that had been used for SR-Site.

Before termination of the test a number of additional calculations were made in order to improve the
results, but without changing the material model or the parameters.

Large problems with convergence of the calculations were encountered in all calculations. The conse-
quences of these problems were that the calculations stopped too early, but for the calculations referred
to here the problems were overcome.
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Finally, the results from the prediction and the other calculations were compared to the measured
results. The modelling and the evaluation of the results are described in Borgesson et al. (2019).

The element mesh was simplified to cover only 1/8th of the bentonite block by using symmetry planes.
Figure 4-8 shows the block before installation in the steel confinement and the element mesh.

The comparisons yielded the following observations and conclusions:

The calculated time to reach equilibrium of the homogenisation phase was generally 23 times shorter
than the measured time for all calculations. The main reason is judged to be caused by the difference
in modelled and actual initial conditions. The actual initial degree of saturation was S, =95 % — 97 %
compared to the modelled S, = 100 %, which means that some additional water must be taken up by the
bentonite. In the model virtually all water needed was already in the bentonite from start. The reason
for starting with full saturation is that the material model used and confirmed by the fundamental
swelling tests only handles water saturated bentonite. In addition, the actual size of the bentonite block
was slightly smaller than the inner boundaries of the steel cylinders, which means that some swelling
was required.

All models yielded a remaining gap of a few mm in parts of the final contact between the different
walls of the cavity. One reason is the element size in the model. Smaller elements would probably
reduce the gap but would also mean increased number of elements and cause even larger convergence
problems. The Drucker-Prager model yielded slightly smaller remaining gap than the blind prediction.

The spreading of the stresses in the measuring points was larger in the models than measured. Both

the blind prediction and the Drucker-Prager model yielded the highest stress 9.5 MPa in the measuring
point located furthest away from the cavity and the lowest stress 2.0 MPa in the centre of the cavity
while the measurements in corresponding places were 6.0 MPa and 3.3 MPa respectively.

The blind prediction yielded higher void ratio e = 1.2 in the centre of the cavity than the measured void
ratio e = 1.0. The Drucker-Prager model yielded e = 1.05, which is in better agreement with measured
results. This was also generally the case for the void ratio distribution.

Figure 4-9 shows the modelled void ratio distribution at the end of the test for the two material models
used. The figure shows that the void ratio differs substantially between the two models. It is clearly
lower for the D-P model. The figure also shows that the D-P model yields better closing of the cavity
with smaller remaining gaps.

Comparison between modelled and measured density distribution is not so easy to make, since the
measured samples had volumes of about 17 x 17 x 15 mm’® and the modelling results have a resolution
that is about 1000 times larger. In order to be able to compare the results the sample geometries need
to be put into the modelling figure and then an estimate of the modelled average density in the sample
volume must be made.

Figure 4-8. lllustration of how the 1/8th part of the bentonite block is used in the element mesh. The mesh
is shown upper left. The green part of the mesh corresponds to the bentonite.
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Figure 4-9. Void ratio distribution at the end of the test. The results of the Drucker-Prager model (left) are
compared to the results of the Plastic Cap model (right).

An evaluation of the average void ratio in three sampling locations for the Drucker-Prager model is
shown in Figure 4-10.
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Figure 4-10. Three sampling locations are put into the modelling results (with the D-P model) of the final
void ratio distribution in the figure to the right and estimated average values of the void ratio for these
volumes are shown. The left diagrams show the sampling results plotted as function of the radial distance
to the inner steel tube. The green curves are the results for the sampling closest to the vertical symmetry
plane. The measured void ratio in the three sample positions are encircled in the diagrams to the left.
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Figure 4-10 shows that the modelled void ratios in the three sample positions agree quite well with the
measured values although slightly lower void ratios (higher densities) were measured than modelled.

The modelled void ratios were 0.90, 0.98 and 1.05 for the three sampling positions while the measured
were 0.89, 0.95 and 0.98.

The modelled average stress for the two material models is compared in Figure 4-11.

Although the void ratio for the two models differ (0.95 compared to 1.2 in the sample taken in the
centre of the cavity) the average stress does not differ much. It is actually slightly higher for the
P-C model than for the D-P model, which is unexpected considering that the void ratio is higher
(lower density) for the P-C model. Both are in average slightly lower than 2.0 MPa in the volume
corresponding to the sample taken in the centre of the cavity.

There is thus a disagreement in void ratio between the two models but an agreement in stress. The
difference between the two models is judged to be caused by the difference in dilatancy during plastic
straining. Both models underestimate the stress and the density in the cavity.

The trials to improve the results by elaborating with the element mesh (but not the material model)
were not successful. No better results were achieved.

A general conclusion is thus that the Plastic Cap model underestimated the self-healing ability (or
the homogenisation) of the bentonite in the test by yielding too high void ratio and too low stresses
in the former cavity. The Drucker-Prager plastic model captured the homogenisation better with a
void ratio distribution that agreed rather well (although still a little too high) with the measured and
smaller remaining gaps in the former cavity. However, also this model yielded the same too low
stresses in the cavity.

So, the test SH1 with a large scale and complicated geometry yielded better results when the Drucker-
Prager model was used while the fundamental swelling tests with small scale simple swelling models
yielded much better results when the Plastic Cap model was used. The reason for the better homogeni-
sation and better results of the Drucker-Prager model for SH1 is judged to be that the material model
is simpler and convergence much easier to obtain.
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Figure 4-11. Distribution of modelled average stress (kPa) at the end of the test. The results of the Drucker-
Prager model (left) are compared to the results of the Plastic Cap model (right).

30 SKB TR-19-11



4.4 Homogenisation in long tubes

441 General

Tests of homogenisation in long tubes are ongoing with the purpose to investigate

» The ability of bentonite to homogenise in long tunnels or boreholes.

* The influence of friction between bentonite and different surface structures.

» The long term behaviour of large density differences.

Ten tests with low density bentonite pellets in contact with high density compacted bentonite blocks

installed in long steel tubes have been started. In most tests, tubes with the diameter 26 mm and the
length 250 mm were used. The tests and results up to mid-2016 are reported in Dueck et al. (2018).

One of the tests (FLR5) has been terminated and sampled for determination of the density distribution
two years after its start. The other tests will be terminated after different times in order to see the influ-
ence of time on the homogenisation. The results from the terminated test and the results of measured
evolution of swelling pressure in one of the tubes will be analysed in this section.

44.2 Geometry and materials

The test set-up of FLRS is shown in Figure 4-12. Half the tube is filled with highly compacted bento-
nite blocks with the diameter 25 mm and the other half with pellets. Swelling pressure is measured at
four locations, two in the pellet section and two in the high density section, measuring axial and radial
stress. Water is supplied through a filter at the top of the pellet section.

» 4 transducers measuring total radial or axial stress in the bentonite

*7 Filter with
A water

pressure Triangular shaped grooves
u=10kpPa Final diameter 26 mm
62.5 mm
2mm
| Bentonite
* pellets
e=215
| 25mm
125 mm | I7mm
\4
A
Water filled slot
125 mm
Bentonite specimen
* e, =0.676
e,=0.813
25 mm
62.5 mm 26 mm
v

Figure 4-12. Geometry of the set-up and void ratios of the installed bentonite in test FLRS. e, is the void ratio
of the blocks and e, is the final void ratio after radial swelling. The grooves in the inner surface of the tube is
also illustrated.
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The inner surface of the tube was grooved with 1 mm deep triangular groves yielding a diameter
varying between 25 and 27 mm as shown in Figure 4-12. The average inner diameter of the tube is
thus 26 mm.

The initial dry densities and corresponding void ratios are shown in Table 4-1.

Table 4-1. Initial conditions for the bentonite in the tubes.

Section Dry density (kg/m®)  Void ratio Swelling pressure (kPa) Remarks

Pellet section 882 2.15 120" See text in Section 4.4.3
Pellet section 1051% 1.65 120? See text in Section 4.4.3
Values used in the model®

High density section 1659 0.676 12968? Installed

High density section 1534 0.813 4910? After radial swelling

1) (Borgesson et al. 1995).
2) Equation 4-3.
3) Apparent density to fit Equation 4-3.

The reason for changing the initial density in the pellet filling in the model is that it is outside the
validity of the model as explained in Section 4.4.3.

4.4.3 Analytical solution

The equilibrium state regarding the relation between swelling pressure and the friction between the
bentonite and the walls after completed swelling and compression can be derived and described accord-
ing to Equations 4-1 and 4-2 (see e.g. Akesson et al. 2010a).

—2ztan¢
oc=0,-¢ (4-1)
r o
z= In—2 (4-2)
2tang o

where

r = tube radius

z = axial distance from the bottom
o, = swelling pressure at z=0

o = swelling pressure at z

¢ = friction angle between the bentonite and the tube surface

The set-up is designed with the idea that the swelling of the high density bentonite and the compression
of the low density bentonite will take place in the central parts of the tube and the difference in swelling
pressure will be taken by the friction between the bentonite and the walls of the tube. The length of the
tube is designed so that initial densities of the bentonite in the uppermost part of the pellet section and
in the lowermost part of the high density section shall remain intact and the density decrease will take
place along the length L also called the transition zone, without affecting the end densities. Figure 4-13
illustrates the assumed equilibrium state, which was also confirmed is the tests.
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Figure 4-13. lllustration of the transition zone and the swelling pressure and dry density distributions after
completed swelling.

In order to analyse the density distribution after equilibrium we need a relation between density and
swelling pressure. The relation in Equation 4-3 was derived in Borgesson et al. (1995).

a:a{fﬂﬂ (4-3)
e

r

where

e = void ratio

e, = reference void ratio (= 1.1)

o = swelling pressure (at e)

o, = reference swelling pressure (at e,) (= 1000 kPa)

B=-0.19

The validity of Equation 4-3 is limited to 0.5 <e < 1.5. For void ratios above 1.5 the swelling pressure
is higher as shown in Figure 3-15 in Borgesson et al. (1995).

The relation between void ratio and dry density is described by Equation 4-4.

Pa = P (4-4)
l+e

where
pq = dry density
e = void ratio

p, = density of solids = 2780 kg/m’
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Combination of Equations 4-3 and 4-4 yields the following initial swelling pressures for the high and
low density sections by using the initial dry densities:

» High density section (before radial swelling) ¢ = 13.0 MPa.
* High density section (after radial swelling) o = 4.9 MPa.
» Pellet section (Borgesson et al. 1995) ¢ = 120 kPa.

In order to be able to use Equations 4-1 and 4-3 for the pellet filling we must apply an apparent density
and void ratio that yields the swelling pressure 120 kPa. Table 4-1 shows those values.

The axial swelling can be modelled according to Equations 4-1 to 4-3. Combining the expressions in
Equations 4-1 and 4-3 for the swelling pressure yields Equation 4-5.

1

7 2ztang
e\’ 2etmé
a,,[—] —c,ce " (4-5)
e

Applying Equation 4-4 for the relation between void ratio and dry density and
e, = 1.1 = reference void ratio

o, = 1000 kPa = reference swelling pressure at e, = 1.1

yield Equation 4-6:
1

B
(psj -1 2zt
pd _2ztang
1000-| ~—~—| =og,-e (4-6)
pS _1 2ztang B
P @
1.1 1000
B _2ztang
&:1,1.(&j o P (4-8)
yo¥ 1000
Applying #=-0.19, = 0.013 m and p, = 2.78 t/m’ yields
-0.19 0.38-z-tan ¢
2780 :1'1_( % j e 003 4] (4-9)
o 1000
o, = 2780
d -0.
1,( % j Y e (4-10)
1000

Applying the initial swelling pressure at the high density zone o, = 4910 kPa yields

_ 2780
0.810- %27 ™¢ 4]

The length L of the transition zone can thus be derived by inserting the dry density of the pellet
filling p, = 1051 kg/m’.

Pa (4-11)
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2780

0.810- 27 = 1 (4-12)
Pa
ePrHmd = (—2780 N 1)/0.810 (4-13)
1051
629.2~z~tan¢ — 2031 (4-14)
29.2-z-tang =1n2.031 (4-15)
z =L =0.0243/tan (4-16)

Equation 4-11 thus yields the dry density distribution along the tube axis after force equilibrium and
Equation 4-16 yields the length of the transition zone. It should be noted that the dry density at void
ratios higher than 1.5 (or dry densities lower than 1112 kg/m®) are incorrect and must be adjusted.

The void ratio distribution can be calculated with Equation 4-4 yielding

e=0.810-¢>> ¢ (4-17)

and the swelling pressure distribution can be calculated with Equation 4-18 (same as Equation 4-3).
1

o]

e

I

The influence of the friction angle on the length of the transition zone according to Equation 4-16 is
shown in Figure 4-14.The dry density distribution, the void ratio distribution and the swelling pressure
distribution as function of the distance from the intact high density part (z) are shown for different
friction angles in Figure 4-15, Figure 4-16 and Figure 4-17.
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Figure 4-14. The length of the transition zone L as a function of the friction angle according to Equation 4-16.
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Figure 4-15. Dry density distribution of the transition zone at different friction angles according to Equation 4-11.
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Figure 4-16. Void ratio distribution of the transition zone at different friction angles according to Equation 4-17.
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Figure 4-17. Swelling pressure distribution of the transition zone at different friction angles according to
Equations 4-3 and 4-17.
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The test FLRS was terminated after exactly 2 years. The measured dry density distribution after samp-
ling is shown in Figure 4-18.

Adapting a linear relation of the measured dry density distribution in Figure 4-18 yields the dashed line
reaching between 27 mm and 220 mm (red hatched line) or a transition zone with the length 193 mm.

The swelling pressure was not measured in test FLRS. However, it was measured in test FLR2, which
is identical to test FLRS. The measured swelling pressure up to the time for the termination of test
FLRS5 is shown in Figure 4-19. The swelling pressures at termination are compiled in Table 4-2.
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Figure 4-18. Measured dry density distribution of test FLRS. Dry density 1 is actual measured dry density.
Dry density 2 is back-calculated dry density from the water content assuming 100 % degree of saturation.
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Figure 4-19. Measured swelling pressure in test FLR2 up until the time for the termination of test FLRS.
The locations of the transducers are shown in Figure 4-12.
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Table 4-2. Swelling pressure from test FLR2 measured with a similar set-up as FLR5 at a time
corresponding to the termination of test FLRS5.

Type Distance (mm) Swelling pressure (kPa) Direction Label

pellet 250 179 axial FLR2 pellet (axial)

pellet 187.5 247 radial FLR2 pellet (radial)
block 62.5 3381 radial FLR2 block (radial)
block 0 6231 axial FLR2 block (axial)

4.4.4 Finite element modelling
The test was also modelled with Abaqus. This modelling has not been previously reported and is
described in this section.

The test was modelled with simplified initial conditions. The bentonite was assumed to be completely
water saturated from start. The reason is that modelling of unsaturated bentonite with large swelling is
not well developed.

The degree of saturation of the highly compacted specimen was very high and after adding water close
to 100 % for both the pellet part and the compacted specimen part, so the model of saturated bentonite
could be used. See Dueck et al. (2018).

The material model of the highly compacted bentonite specimen is identical to the one derived from the
fundamental swelling tests and used in the modelling of the self-healing test (Borgesson et al. 2019).

The hydraulic conductivity relation is shown in Table 4-3.

Table 4-3. Hydraulic conductivity as a function of void ratio.

e k (m/s)
0.45 0.5x107
0.70 4.0x10™
1.00 2.0x10™
1.5 1.0x107"
2.00 0.5x10™"
3.00 1.0x10™"
5.00 3.5x10™"

10.00 1.5%x107

20.00 0.75x10°°

The mechanical model is a Porous Elastic model combined with the Claytech Plastic Cap model for the
highly compacted specimen and with the Drucker-Prager model for the pellets. The reason for using
Drucker-Prager for the pellets is convergence problems with the other model for the pellet part.

Porous Elastic implies a logarithmic relation between the void ratio e and the average effective stress
p according to Equation 4-19.

Ae =—k-Alnp (4-19)
where k& = porous bulk modulus.
Poisson’s ratio v is also required.

k=0.175
v=20.3

This relation is not valid for low densities (see Borgesson et al. 1995) but only in the interval
0.7 < e < 1.5, which correspond to 1110 kg/m® < p, < 1635 kg/m’. At lower densities the porous bulk
modulus is much larger so for the pellet filling another value has been used.

k=12
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The Claytech Plastic Cap model and its background are described in detail in Bérgesson et al. (1995,
2019).

The calibrated parameters of the model (Borgesson et al. 2019) are:

a=245
c=2.20
b=0.77
K=1.0
y=0.2
R=0.1

pp =30000 kPa
pf= —25000 kPa
Cap hardening = see Table 4-4.

Table 4-4. Cap hardening function.

p (kPa) elog(1+svp|)
100 0
331 0.1133
934 0.2112
2160 0.2904
3247 0.3289
4294 0.3553
8240 0.4169
10044 0.4356
12530 0.4565
13299 0.4621
17562 0.4884
30000 0.5390

The Drucker-Prager model is described by Borgesson et al. (2019).
The initial conditions used in the modelling were the following:

Highly compacted bentonite specimen

e e¢=0.636
e u=-17000 kPa
« §.=1.0

« p=17000 kPa

Bentonite pellets

e =206

« u=-80kPa
« S5,=10

+ p=280kPa

The used void ratios differ somewhat from the final ones used in the test but the calculation was done
before this test was started and was thus a true prediction.
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Element model

The element model is shown in Figure 4-20. The highly compacted bentonite specimen is modelled
with a radius that is 0.5 mm smaller than the inner diameter of the tube. The contact between the
bentonite and the tube is modelled with contact surfaces with the friction angle ¢ = 9°.

Bentonite pellets

Steel tube

Bentonite specimen

al

2

Figure 4-20. Element mesh of the test FLRS. The model is axial symmetric with the symmetry axis around

the left border. The right figure is a magnification of the contact part between the bentonite specimen and
the pellets.
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Results

The modelled displacement of the boundary between the highly compacted bentonite and the pellets is
shown as a function of the time from start of the test in Figure 4-21. The figure shows that the boundary
has displaced a little more than 10 mm and that equilibrium had been reached at that time, which agrees
rather well with the time to equilibrium of the measured stresses in the test shown in Figure 4-19.
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Figure 4-21. Plot of the modelled displacement (m) of the boundary between the highly compacted bentonite
and the pellets as a function of the time (s) from start of the test. The time for termination of the test (two
years corresponding to 6.3 x 107 seconds) is marked with an arrow.
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The modelled void ratio distribution and dry density distribution at the end of the calculation (10°
seconds) is shown in Figure 4-22 and Figure 4-23. The distribution of axial and radial stress is shown

in Figure 4-24 and Figure 4-25.
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Figure 4-22. Modelled void ratio distribution after a long time (10’ seconds). The left figure shows the
entire test while the other figures show only the highly compacted bentonite part (central) and the pellet

part (right).
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Figure 4-23. Modelled dry density distribution (kg/m3) after a long time (10° seconds). The left figure shows
the entire test while the other figures show only the highly compacted bentonite part (central) and the pellet

part (right).
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+5.2972+03 +2.1332402
+4.734e403 +1.9962402
+4.170e+03 +1.859e+402
+3.6072+03 +1.7228402
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+1.353e+03 +1.174e+402
+7.891e+02 +1.0372402
+2.256e+02 +8.996e+01

Figure 4-24. Modelled axial stress (kPa) distribution after a long time (10° seconds). The left figure shows
the highly compacted bentonite part and the right figure shows the pellet part (right).

The final axial distribution of the void ratio along the centre line and the periphery is shown in
Figure 4-26 as a function of the distance to the axial boundaries.

Figure 4-22 to Figure 4-25 show that the model predicts a density gradient both in radial and axial
direction. That is logical since there was both axial and radial swelling of the highly compacted ben-
tonite (HCB). Figure 4-26 shows that there is a rather large difference in void ratio in the center and
in the periphery of the HCB but not in the pellets. The axially affected part (with a void ratio gradient)
of the pellets goes from the contact zone at 0 m to about 0.06 m while corresponding part of the HCB
goes from about 0.05 to the boundary located at 0.135. This means that the length of the affected part
(the transition zone) is L = 0.06 + (0.135-0.05) = 0.145 m.

If the average friction angle is evaluated according to Equation 4-16 from the FEM derived
L =0.145 m we will have ¢ = 9.5°, which agrees very well with the friction angle used in the FEM
modelling ¢ = 9.0°.
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Figure 4-25. Modelled radial stress (kPa) distribution after a long time (10° seconds). The left figure shows
the highly compacted bentonite part and the right figure shows the pellet part (right).
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Figure 4-26. Void ratio distribution as a function of the distance (m) from the lower boundaries for both

the highly compacted bentonite (HCB) and the pellets.
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4.4.5 Discussion and conclusions

The length of the transition zone measured in test FLRS was longer than modelled by FEM as shown
in Figure 4-18 or L = 0.193 m. This measured length L = 0.193 m yields the average friction angle

¢ = 7.2° according to Equation 4-16. As such, the friction angle used in the FEM model was too high.
No additional calculation has been done but ¢ = 7.2° instead of ¢ = 9.0° would yield better agreement.

The measured and FEM modelled swelling pressures are compared in Table 4-5.

Table 4-5. Modelled swelling pressure and measured from test FLR2 with a similar set-up as
FLRS5 at a time corresponding to the termination of test FLRS5.

Section Distance (mm) Direction Measured pressure (kPa) Modelled pressure (kPa)
pellets 250 axial 179 90
pellets 187.5 radial 247 90
HCB 62.5 radial 3381 3650
HCB 0 axial 6231 =~ 6000

The measured and modelled swelling pressures do not agree very well for the pellets, mainly since
a higher void ratio was used in the model. They agree better for the HCB section but also here there
were some differences between the actual initial density and the modelled.

A comparison between the FEM-modelled and the analytical results are shown in Figure 4-27. In
Figure 4-28 also the measured results are included.
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Figure 4-27. Comparison between the analytical results and the FEM-results regarding average stress.
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Figure 4-28. Modelled (both analytical and FEM) and measured density distribution. See also Figure 4-18.

The figures show that there is quite a difference between the two methods and that the measured values
are in between. The analytical results of the dry density agree very well for the HCB part, while the
modelled dry density of the pellets part is higher than the measured. The disagreement for the pellets
part is caused by Equation 4-3, which is not valid for such low densities. In order for the stresses to
agree (which is required since the relation is based on stress equilibrium) the dry density was increased
as can be seen by the results.

The disagreement for the FEM-calculation is mainly caused by the too high friction angle used. In
addition, the used initial dry densities in the FEM-calculation differed from the test since the pellets
density used was too low and the density of the HCB used was too high.

The modelling and the comparison between modelling results and measured results from the long tube
tests show that the understanding of the homogenization processes is quite good. The rather simple
analytical model of the tube with a swelling of the HCB zone and compression of the pellet zone that
is counteracted by friction between the bentonite and the walls of the tube seems to be a very relevant
way of predicting the final state of equilibrium and the distribution of bentonite density along the tube.
A back-analysis of the results using the measured length of the transition zone L = 0.193 m and using
the relation in Equation 4-16, derived from the equilibrium equations, gave an average friction angle
between the bentonite and the inner grooved surface of the steel tube ¢ = 7.2°. Figure 4-29 shows the
measured friction angle between MX-80 bentonite and different surfaces (Dueck et al. 2016) as a
function of the pressure.
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In Figure 4-29 the evaluated results of test FLRS are included. The surface of the steel tube in that test
corresponds to the tests with grooves marked with yellow and orange marks of the friction tests. It is

obvious that the peak values (marks with borders) of those grooved surfaces correspond very well to

the internal friction angle of the bentonite materials, which is logical since there has to be a failure in
the bentonite for start sliding. The residual values are close to half the peak values. The results of the
test FLRS agree rather well with the residual values. This is also logical since there has to be sliding in
order to start swelling and homogenization.

One open question mark has been if the swelling is so slow that the peak strength of the bentonite is
regained during the homogenization. The results from test FLRS clearly indicates that this is not the
case. The conclusion is thus that the residual friction angles corresponding to about half the internal
friction angle in the bentonite shall be used for homogenization calculations even if a very raw surface

is present.
25 —— o, Akesson et al. (2010a)
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Figure 4-29. Measured friction angle between different bentonites and different surface structures. The dif-
ferent colors correspond to different surfaces. The marks with borders are peak values and the marks without
border are rvesidual values. The black line arrow marks evaluated friction angle and the swelling pressure

distribution along the steel tube for test FLRS.

48

SKB TR-19-11



5 Material model development, implementation and
evaluation - COMSOL

Mechanisms governing the homogenization process (of the dry density) are active on the microscopic
scale of the clay. The swelling of the bentonite is caused by the hydration of the interlayer cations and
the osmotic transport of water into the interlayer solution. The water affinity is in turn caused by the
negative layer charge of the montmorillonite which is balanced by cations located in the interlayer
space. It is important to note that these processes can occur under either unsaturated or saturated condi-
tions, i.e. with or without the presence of a gas phase in the material.

The homogenization process however is studied on a larger, component, scale. The initial state of the

systems is commonly highly heterogenic and during the homogenization process they undergo large
changes in void ratios and water contents. Some level of remaining heterogeneity is generally expected
also after that the system has attained equilibrium.

Reliable hydro-mechanical modelling of the evolution of the systems requires a material model that
can represent the macroscopic behaviour of the bentonite for a wide range of states in order to obtain
a robust modelling tool with a high predictive capability.

In the past SKB has studied the homogenization process numerically in a number of projects, e.g.
SR-Site, TBT, CRT, SFR, Febex in situ test, Domplu and KBS-3H. Beside the modelling by the code
Abaqus the FEM-code Code_Bright (CB) has been used. In those projects simulations have been
carried out using a modified version of the Barcelona Basic material model (BBM) (Alonso et al.
1990), implemented within the numerical solver Code Bright . It has, however, long been known
that there are limits for this basis, see for instance Akesson et al. (2010a) and Kristensson (2011), but
with some modification of the BBM model present in CB, it has been possible to obtain reasonable
representations for the systems and conditions/processes we have focused on in the previous work.
The Barcelona Expansive Model (BExM), which was developed for expansive soils (Alonso et al.
1999), is also implemented and applicable in CB.

Still, both BBM and BExM display some major limitations (see Borgesson et al. 2019). For instance,
there are generally no defined void ratio dependencies for the parameters, although both the swelling
pressure and the shear strength of the bentonite are strongly related to the void ratio.

A second general limitation is that water saturated conditions cannot be represented with suction values
higher than zero, although this is a normal behaviour for this type of material. Moreover, an accurate
representation of loading and unloading at constant water content and saturated conditions means that
the suction increment is equal to the negative value of the stress increment. In the case of BBM, such a
behavior requires a tuned set of parameter values for the retention curve, the compression property (k;)

and the swelling property (k,). For the BEXM, however, this type of behavior follows directly from the

use of effective stress as a governing variable for the micro-structure.

Finally, BBM has no mechanism for the yield surface to contract during isotropic swelling. With
BExM, on the other hand, this is indirectly taken into account through the double porosity description
and the interaction function. However, the strain softening, which means that the pre-consolidation
stress (p,’) decreases, is in BExM attributed to the macro voids, even if all the pore space is water-
filled. This means that the division of the void space in micro and macro voids must be defined
and calibrated together with the interaction function in order to accurately describe an irreversible
swelling/consolidation loop. A more adequate definition of the double porosity would however be
based on the fluid in each of the void types, i.e. water in micro voids and gas in macro voids. This
limits the prospects for attaining a consistent representation of swelling/consolidation processes at
water-unsaturated conditions.

In order to meet the requirements that the new EBS-TF homogenization tasks demand, a model that has
its basis in thermodynamics and mechanics has been developed (Borgesson et al. 2019). There have
been a lot of indications and proposals in the past that a proper bentonite material model should have
a basis in such a framework (e.g. Low and Andersson 1957, Kahr et al. 1990, Dueck 2004, Birgersson
et al. 2010, Akesson et al. 2010a, Kristensson 2013). For bentonite materials it turns out that when
using this approach, it results in an intimate connection between swelling pressure and the retention
properties, two entities which we know describe the main characteristics of the material.
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The new model, denoted the Hysteresis Based Material (HBM) model, has been developed with the
aim to obtain a robust hydro-mechanical model for high density bentonite materials, with a high predic-
tive capability. The HBM model was defined for water saturated conditions by making the following
three basic assumptions:

1) The model is based on an expression for the chemical potential of the clay water and its pressure
dependence. From this follows that the sum of suction (s) and pressure (p) is equal to a quantity,
denoted the clay potential (¥), which in turn is a function of the void ratio (e), s + p = ¥ (e). This
means that the clay potential is equal to the suction value at unconfined conditions, (p = 0), and also
that it equals the pressure at confined conditions with free access of water, (s = 0). The swelling pres-
sure curve and the water retention curve can thereby be viewed as two sides of the same coin. It can
also be noted that this relation is analogous to the effective stress concept according to which the
deformations are governed by changes in effective stress, i.e. the difference between the (total) stress
and the pore pressure.

2) In order to obtain a description which captures the hysteretic behaviour (path dependency) observed
in oedometer tests and water retention measurements, and the shear strength observed in unconfined
compression tests and triaxial tests, the following assumptions have been adopted.

(1) The clay potential for a specific void ratio is assigned a value in an allowed interval bounded
by two functions. One function during swelling conditions (¥;) and the other for conditions
during consolidation (¥y).

(i) The actual state between these functions for a given direction is governed by the history of
the strains in that direction.

(ii1) The difference between the states in different directions should not exceed half the allowed

interval (i.e. W, ,, = _(""H;"”L))_

3) The density of water is defined as a function of suction, i.e. p,,(s). This means that the compressi-
bility of water (0p,,/0s) is assumed to be applicable for positive suction values as well as for positive
pore pressures (which basically are equivalent to negative suction values).

Models of the homogenization process also include a hydraulic part in which the flow of water is
governed by Darcy’s law. An empirical relation between the hydraulic conductivity and the void ratio
is used for this process.

Remaining uncertainties of the model and implementation have not been addressed at the time of writ-
ing this report. The project is in a developing phase where both planned and unplanned alterations will
take place in the future.

Chapter 5 contains a description of the developed material model (5.1), the implementation into
COMSOL Multiphysics (5.2), and the testing/evaluation of the implementation (5.3 and 5.4). More
details regarding the theoretical framework and COMSOL implementation can be found in Appendix 2
and Appendix 3, respectively.

5.1 Mechanical material model

The chemical potential of the clay water (1) was used as a starting point for the mechanical material
model. For isotropic conditions, this can be described as a function of the relative humidity of the clay
at free swelling conditions (RH) and the mechanical pressure (p) (e.g. Birgersson et al. 2010):

U =ty + RT In(RH) + v,p [J/mol] (5-1)

where y, is the chemical potential of a reference state, R is the universal gas constant, 7 is the absolute

temperature and v, is the molar volume of the clay water. The relation above can be rearranged as,
- RT v
L ln(RH)——Cp (5-2)

where v, is the molar volume of bulk water measured in m*/mol. The term on the left-hand side can
be identified as the liquid suction (s), while the first term on the right side from here on is denoted
the clay potential (¥ [Pa]). Assuming that v, and v. are equal in the compacted clay systems that we
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consider (which is supported by the findings of Croney et al. (1958), Kassiff and Shalom (1971) and
Dueck (2004)) the expression above can be written as:

s=¥-p (5-3)

It should be noted that the suction corresponds to the relative humidity in an external gas phase. It also
corresponds to the negative value of an external water pressure. This means that the clay potential is
defined in a similar way as an effective stress. It should also be noted that this description is based on
the assumptions that the osmotic effect of any solution in the water can be disregarded and that the
temperature is constant. In this preliminary description an isotropic stress state is also assumed.

Now, focusing on how to design a proper expression describing the clay potential, we begin with
discussing experimental findings regarding RH, the relative humidity of the clay at free swelling
conditions. Common traits of experimental data for RH are: dependency on the water content (w)
and presence of a hysteresis effect, i.e. path dependency. This means that RH depends on the current
w-value as well as the history of w which the sample has experienced. To indicate that the entire history
of a variable up to time ¢ is to be regarded, the variable is given a superscripted ¢, e.g. w'. Using this
notation, we can write the experimentally motivated findings for the relative humidity of the clay at
free swelling conditions as:

RH = RH(w,w?) (5-4)

In the case of water saturated conditions, which have been considered in the present work, w can be
substituted with the void ratio (e), which gives

RH = RH(e,eb) (5-5)
Using the known properties of RH and its relation to the clay potential, i.e.
RT
Y = —— In(RH) (5-6)
Vo

the clay potential function is expressed as:
Y =P(e,eh) (5-7)

When designing the actual expression for the clay potential function the following format was found
to be suitable:

Ple,et) = Pyle) + Para(edf (e (5-8)

Yy, ¥a, and f, variables given by the corresponding function above, are denoted the mid-line, the
half-allowed span, and the path variable, respectively. It can be noted that ¥,,, and ¥,,, are defined
by functions of the void ratio, whereas fis a variable, with values belonging to [—1,1], dependent
on the void ratio history. The clay potential is thus confined to a region with two bounding lines:
Yy = Wy + Pas (the consolidation line obtained when f= 1) and ¥, = ¥, — ¥, (the swelling line
obtained when f=—1), see Figure 5-1.

The path variable (f) is obtained by integration over time, starting from the initial condition f, = f(T = 1,),

t af
- ; 5-9
f=h+ ft et (5-9)
0
where the differential is given by,
of K’
o _ ; 5-10
5= "Tiao; (L Hsen@f) (5-10)

The unitless K -parameter determine the path variable derivative at f= 0, the sign of the time deriva-
tive of the void ratio determines whether the value of f'changes towards 1 or —1. The sign function is
defined as:

-1 if x<0
sgn(x) =40 if x=0 (5-11)
1 if x>0
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Clay potential (MPa)

Void ratio (-) Void ratio (-)

Figure 5-1. Clay potential and path variable (f) versus void ratio. Right graph shows an example of the path
variable for a case with swelling, followed by consolidation and followed by swelling. Left graph shows the
same path mapped on the region for the clay potential.

5.1.1 Clay potential function contributions

TPe clay potentlal function, P(e,e"), is linked to experimentally motivated swelling pressure curves,
71%e) and 5" (e), dependent on the void ratio, on the format,

58 () = 100 +eb e+ () (5-12)
where f = high, low.

The parameters ¢}, ¢/ and c4 are fitting parameters calibrated from the measured swelling pressures
during swelling/wetting (8 = low) and compression/drying (8 = high). They are defined such that the
exponent in Equation 5-12 is unitless.

As described above Equation 5-8 was found to be a suitable expression for the clay potential.

The mid curve variable ¥), and span variable ¥, in Equation 5-8 are given by,

high low
W, = Psw ;'P (5-13)
and
high low
lluA/z — Psw — Psw (5_14)

2
respectively. For the incremental format that is derived below we need the following derivatives,

ot _otute 106" o) oo 619
de, de dg, 2\ Ode de )O0s,

and

%5, 0Was; Oe aplioh _ Op&t\ de 516
ds, e 6_51, 2( de de )65,, (5-16)

In Equations 5-15 and 5-16 the derivative of the void ratio with respect to the volumetric strain is
given by:

O =1+ 5-17
de, %o (5-17)
and the derivatives of the swelling pressure curves are:
apsw B B_Ps
- _ s 5-18
Fe psw(e) In(10) —— (1 )2 (c1 + 2c, 1 e) ( )

where f = high, low.

52 SKB TR-19-11



5.1.2 Principal direction model

A generalized version of the isotropic model described above is outlined below. To make the descrip-
tion compact it is not given as a stand-alone text but should be read with the isotropic formulation
above in mind and the information in Appendix 2 (Model development — Theoretical framework) as
support if necessary.

The model applicable for isotropic conditions has been expanded to also cover cases when the principal
directions correspond to the Cartesian basis {e,, e,, e;}. The generalized model reads:

—-c=¥-s1 (5-19)
Y= qu(gv)l + LTJA/Z (gv)f (5-20)
= +ftaf‘dt* 5-21
f - fO t ag 3 ( - )

In this version of the model the path dependent variable f'is a second order tensor,
f=fuei®e +fne, Qe+ fi3Q0e;Qe; (5-22)
and its derivative with respect to strain is given by,
0 0 0
_f= fllel®el®el®el+ﬁe2®ez®e2®ez+
de  Oé&gy deyy
0fss (5-23)
3 e;Qe;Qe; Qe;
€33
The differential equations for the path variable components are given by:
fe s .
3 2= —KR(f, €aa) + 5gn(€ga) faa) (5-24)
gaa

where a = {1, 2, 3} and no summation convention is to be used. The parameter K is unitless. In the
expression above,

k(f’ éaa) =1- CD(]7(f, éaa))?(f» éaa) (5'25)
where @ is the Heaviside step function, and the y-function is defined as,
7(fr éaa) = fr + sgn(éaa) fp (5-26)

Jfrand f, represents the “half-distance” and “mid-point” between the largest and smallest of the diagonal
f-values, respectively, i.e.

5 = max(fo) - min(fs) (5-27)
and
P max(fq) er min(fz5) (5-28)

where a = {1, 2, 3}, = {1, 2, 3} and no summation convention is to be used. The purpose of the &-
and the y-function is to limit the maximum difference between the f~values in different directions to 1,
thereby making sure that the shear strength of the material is taken into account.

5.2 Implementation in COMSOL

The equation system describing the model to implement in COMSOL is given below together with
brief comments relating to the implementation of the different parts, more information can be found in
Appendix 3. In the subsequent chapter the implementation of the mechanical material model (providing
the stress as a function of independent variables) is outlined.
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Balance of solid mass:

The solid mass balance has been implemented as a user input equation to provide the updating scheme
for the porosity.

$=01-9)s (5-29)

Balance of water mass:
The water mass balance has been implemented using Comsol’s built-in Darcy’s law physics interface,
with the necessary coupling to the mechanical evolution added manually as a weak contribution;

pw¢ + pwd’ diV(ilW - us) + pwév = fw (5'30)

Balance of forces:

COMSOQL’s built-in Solid Mechanics interface was used to solve the force balance The equation solved
for is:

dive+b =0 (5-31)

Constitutive equation for flow of water in the porous media:

Darcy’s law was implemented in connection with defining the water mass balance as a user input.

u, — g =q(s) (5-32)

Constitutive equation for the water density:

This was implemented by the user input option.

Pw = ﬁw(s) = Pwo exp(—ﬂs) (5'33)

Constitutive equation for the stresses, mechanics:

This was implemented using the available “General stress-strain relation” option.
do = dd(dug, ds, f) (5-34)

5.2.1 Mechanical material model implementation

The implementation of the material model into COMSOL is performed by using the available user
defined “General stress-strain relation socket” which is described in Figure 5-2. Using the input in
form of

(%, ¢',5% 5%, 0% f0) (5-35)
and material parameter values, the output,

(O.l’fl,«:l) (5-36)

should be calculated within the module. A superscripted 0 means that the variable belongs to the state
at the beginning of the current time step and variables with 1 as a superscript belong at the end of the
current time step.

Within the module the internal variable f and stress ¢ are updated from the known state, 0, to the
unknown state, 1. Due to the nonlinearity of the model the updating is accomplished by integration
of the incremental relations (described in Appendix 3),

fl Sl af 0.1
f1=f0+f df*=f°+f —de*and01=a°+f do*
fo £0 o€ o0
ol o (5-37)
= o* +f Cde* +.f 1ds*
£0 s

0
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GENERAL STRESS-STRAIN RELATION
The General stress-strain relation socket implements a stress-strain relation compuring a second Piola-Kirchhoff
stress tensor given the current Green-Lagrange strain together with a material property vector and a vector of stored

states. The expected external material function signature is:

int eval(double *e, /! Green-Lagrange strain, input
double *s, // Second Piola-Kirchhoff stress, output
double *D, I/ Jacobian of stress with respect to strain,output
int *nPar, // Number of material model parameters, input
double *par, // Material model parameters, input
int *nStates, // Number of states, input

double *states) { } // States, input/output

The e and s tensors are given in Voigt order; that is., the components in & are {eyy, €y €220 €y €y €y} and
similarly for . The Jacobian D is a 6-by-6 matrix of partal derivatives of components of § (rows) with respect to

components of e (columns); the matrix is stored in row-major order.

Figure 5-2. Description of the interface of the "General stress-strain relation socket" as given in the
COMSOL user manual.

The integration is approximated using a Euler forward scheme with sub-incrementation, i.e.
N

~ of
PRI+ 5

a=1

N N
Ag, and o' ~ a® + Z(C|a—1A£a + Z 1As, (5-38)
a=1 a=1

a-1

Here the final solution at 1 is obtained by performing subsequent updating from 0 to 1 in V substeps.
The Jacobians are calculated at the beginning of the sub step (Euler forward) which is indicated by the
notation <->ls-1.

In the implementation the variables are subsequently updated to the state at the end of the ath sub-step
according to:
of

0 _— f0 + =
f a f a-1 oe a1

00, =0%_; + Cl,_1Ag, + 1As,

Ag, fora=1,2--N (5-39)

where £ = f° and 6% = ¢°. The convergence criterion, which determines whether the solution should
be accepted or not, is based on that the chosen norm of the difference in the stress solution from using
N and N/2 subincrements should be less than a given tolerance, i.e.

\/(O'ON_O'ON/Z)'(O'ON_O'ON/Z) <t0l (5—40)
If the criterion is fulfilled, the solution is accepted as the updated state, i.e. f' = f°y and ¢' = 6”y.

If the criterion is not fulfilled for N < N,x, where N,y is to be specified by the user, the module sends
out an erroneous (NaN) stress component so that COMSOL decreases the time step taken from the
known state and the integration procedure described above restarts.

5.3 Modelling of a consolidation test

The material model implementation in COMSOL was first tested/evaluated by simulating a consolida-
tion test reported in Borgesson et al. (2015) using COMSOL Multiphysics version 5.3. The experiment

was carried out as part of the System Design of the Dome Plug experiment in order to characterise the
behaviour of the bentonite to be used in the sealing blocks (Borgesson et al. 2015).

The experiment was carried out by placing a pre-compacted bentonite block in a specially constructed
test cell. Water was provided to the clay via filters at the two ends to achieve full saturation while main-
taining a vertical stress of 4 MPa. After saturation the vertical stress was varied in steps, while allowing
the bentonite to reach a new equilibrium for each load step. During the test displacement and radial
pressure were measured and after the test was finished the water content and density was determined,
allowing the calculation of void ratio, degree of saturation, dry density and saturated density.

To model the consolidation-test, a simple 2D axisymmetric geometry was constructed and meshed as
shown in Figure 5-3, where also the boundary conditions are illustrated. The boundary stress applied
on the top of the geometry was taken from the experimentally applied axial stress.
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Figure 5-3. Geometry and mesh (left), hydraulic boundary condition (middle) and mechanical boundary (vight)

used in the model of the consolidation test.

The material parameters used to describe the HM behaviour are given in Table 5-1 below.

Table 5-1. Material parameters used in the modelling of the consolidation test.

Parameter Units Value/Expression
Hydraulic permeability k m? 1.2x10720 5%
Initial void ratio € - 0.906
Path variable derivative K - 40"
Lower swelling pressure curve e - 1.259

clv m3/kg 4.117%x1073

el me/kg?® -3.94x107
Upper swelling pressure curve cgron - 3.325

cpioh m*/kg 2.101x107°

cfin m®/kg? 1.669%x107

" See Borgesson et al. (2019).

The results can be visualised by plotting the evolution in void ratio versus axial clay potential, as is
shown in Figure 5-4. The results of the COMSOL model agrees very well with experimental results.
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Figure 5-4. Evolution in void ratio versus Clay potential in the axial direction (i.e. axial stress + suction).

5.4 Modelling of EBS TF homogenisation tasks

So far, one homogenisation experiment from the EBS TF (axial swelling, HR-A1) has been modelled
using COMSOL Multiphysics and the HBM model. The experiment was described in Section 4.2.2.
The setup and results are described below.

5.41 Model setup

The geometry (see left panel of Figure 5-5) used was a 2D axisymmetric representation of the experi-
mental setup. Since only axial swelling is studied (and wall friction is not included) the radial extent
of the experiment could be ignored and hence the model representation was made very thin. Two mate-
rials were modelled: the swelling clay component (initial height of 37.4 mm) and a confining “lid”
situated at z = 50 mm. The upper boundary of the clay component and the lower boundary of the lid
was defined as a contact pair, in order to simulate the contact between the swelling clay and the lid.
A linear elastic material model was used for the lid, while the HBM model was used for the clay. The
adopted material representation of the buffer is summarised in Table 5-2 and for the lid in Table 5-3.
The contact problem between the lid and buffer was handled using a penalty factor (see COMSOL
Multiphysics Reference Manual) — the values are shown in Table 5-4.

The boundary conditions prescribed were:

¢ H - No flow on the lower horizontal boundary and outer vertical boundary (and by definition on the
symmetry axis). On the upper horizontal boundary of the clay component atmospheric pressure was
prescribed (see middle panel of Figure 5-5).

* M —Roller boundaries were prescribed on the lower horizontal and outer vertical boundary of the
buffer component, as well as on the upper horizontal and outer vertical boundary of the lid. On
the upper horizontal boundary of the clay component a boundary stress of 10 kPa was prescribed
until the gap was closed, while on the lower horizontal boundary of the lid roller conditions were
prescribed during the same time.
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Table 5-2. Material parameters of buffer (HBM model).

Parameter Units Value/Expression
Hydraulic permeability k m? 1.2x107%0 &%
Density of water Pu kg/m? 998 x g™ws
O 1/Pa 45%x107°
Initial void ratio € - 0.700
Path variable derivative K - 40"
Lower swelling pressure curve P - 1.259
P m3/kg 4.117x107°
cPv m®/kg? -3.94x1077
Upper swelling pressure curve cgion - 3.325
cpioh m3/kg 2.101x107°
cfin m®/kg? 1.669%x107

" See Bérgesson et al. (2019).

Table 5-3. Material parameters of the lid (linear elastic material model).

Parameter Units Value/Expression
Young modulus E MPa 100
Poisson’s ratio v - 0.2
Mesh Hydraulic BC Mechanical BC
z [mm] I |
I | |
"
H ' . \\\
as— | | | - . Contact
H _n » Oayial = O ‘t],- ;
I P —|D.1 MPa | pair
40— | Y I /
| »' |
35
30—
25—
20—
| <
15 A
Mp flow
10—
5_ il
- i

£

Figure 5-5. Boundary conditions used in the model of the HR-A1 homogenisation experiment.
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Table 5-4. Material parameters of the contact pair.

Units Value/Expression

Contact pressure penalty mode - Penalty factor
Contact pressure penalty factor Pa/m 107

Contact pressure at zero gap Pa 0

5.4.2 Results

The results of the model are shown both in terms of the time evolution and the final state. The evolu-
tion of stress is show in Figure 5-6. The solid lines show the COMSOL solution, while the dotted lines
shows the time-evolution in the actual experiment. The dashed lines show the results from a numeri-
cal solution for simple 1D-geometries, developed in the advanced spreadsheet software MathCad,
presented by Borgesson et al. (2019). As can be seen, the COMSOL model agrees well with both the
Mathcad solution and experimental data.

1 1

2 g
o -
z
w - vy e T T
“ i
o
@ i

0 60 80

Time [days]
Comsol: —— Op, z=15mm —— Og, z=30mm —— Cp, z=45mm —— T, z=45mm
Mathcad: —— Og, z=15mm —— O, z=30mm —— Og, z=45mm —— Ty, z=45mm
Lab: e Og, Z=15MM e O, 2=30MM e g, Z=45MM e Ca, z=45mm

Figure 5-6. Stress evolution in the COMSOL and Mathcad model.
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The HBM model postulates that during swelling the path in the void ratio vs clay potential plane
should follow the lower clay potential curve asymptotically (identified by the grey dash-dotted line
in Figure 5-7) while during compression the path should move towards the upper clay potential curve
(grey dashed line in Figure 5-7). In the model the upper parts of the clay swell until the top reaches
the 1id of the container. Thereafter the top parts undergo compression due to swelling of the clay
further down.

This behaviour can be clearly seen in Figure 5-7 where the evolution in several points in the buffer
component is shown (coloured solid lines). In the upper part of the buffer (blue, green and red solid
lines) the axial clay potential as function of void ratio moves towards the lower clay potential curve
during the swelling phase, and during the following compression (due to swelling in the lower parts) it
moves towards the upper clay potential curve. Further down in the buffer (cyan and purple solid lines)
only swelling occurs. In the final state all points have the same axial clay potential (due to zero suction
in all points) and hence lie on a straight vertical line in the axial clay potential — void ratio diagram.

In Figure 5-8 the final dry-density state is shown, where the red solid line identifies the COMSOL
solution. The blue line represents a numerical solution performed in Mathcad using the same material
model. Finally, the black stars identify the experimental results.

As can be seen the COMSOL model agrees relatively well with the Mathcad solution, while these two
in turn differs somewhat from the experimental data. The latter may be due to a range of factors, such
as the liquid inflow, friction against the container wall and material parameterisation — so far these
factors have not been investigated.

3.0 T TTTTTI T TTTTTT T TTTTTI T TTTTT
2.81 — 2Zo=36mm |~
2.6 — Zo=34 mm |~
24r — 2Zo=30mm |~
221 —— Zg=20mm | —

2 2.0 — 2Zo=10mm | -
g 1.8F ¥ \Initial state | -
E 16 —~ Final state | -
1.4F ¥, -
1.2} Py L
1.0 =
0.8 =

PR S I W T S R NI W H U S S N I W B R IR S S I WA AT

10t 102 10° 10*

Axial stress + Suction (Waxial) [kPal

Figure 5-7. Clay potential (axial direction) versus void ratio evolution in the model of the HR-AI axial
swelling experiment. The coloured solid lines illustrates the evolution at different heights in the model, while
the black dashed line shows the final state.
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Figure 5-8. Final state of the COMSOL model (ved line), analytical MathCad solution (blue line) and
experimental data (black stars).

5.5 Comparison between Abaqus and COMSOL

In order to visualize differences obtained when using the Abaqus or COMSOL material model imple-
mentations, Figure 5-9 and Figure 5-10 show final state dry density profiles and evolutions in void ratio
— axial clay potential (or effective stress), respectively.

In Figure 5-9 the Abaqus (solid black line) and Comsol (red line) final state dry density profiles may
be compared with each other as well as with the experimental data (symbols). It should be remem-
bered that as shown in Chapter 4.2.4, the Abaqus solution at the centre is not significantly affected by
using friction. The response from the frictionless model in Comsol should therefore be compared with
the response obtained at the centre position in the Abaqus model.

1400 T T
1350 A Experiment
8 oo

1300 ~® " ¢
— h—— -
B 1250 % R
S N centre

1200 —
< e

1150
£ A
g 1100 Comsol =‘ ~

\

E 1050 \\‘

1000

950

900 i

0 0.01 0.02 0.03 0.04 0.05 0.06

Distance from bottom (m)

Figure 5-9. Dry density profiles at the final state of the HR-AI axial swelling experiment. Experimental
(black symbols), Abaqus centre (solid black line), Abaqus outer (dotted black line) and COMSOL data (red
line) are shown together.
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The most significant difference between the profiles is the horizontal/constant plateaus vs varying
profile, for the Comsol and Abaqus responses, respectively. When compared to experimental data a
varying profile seems most appropriate. It is expected that by incorporating friction between the clay
and container in the Comsol model, a dry density profile with less horizontal appearance will develop
as well. However, the results from the Abaqus model showed that the inclusion of friction did not
influence the density profile along the center line (see Figure 4-7).

In Figure 5-10 evolutions of void ratio — axial clay potential are shown for different initial heights in
the Abaqus (hatched lines) and Comsol model (solid lines). This enables a comparison of how the
mechanical process evolves for the two models. The lower (swelling) and higher (consolidation)
bound curves in the Comsol model (grey hatched lines), evaluated from experimental findings, are
also indicated.

During the initial phase of swelling both model evolutions approximately follow each other and the
lower bound curve. At higher levels of swelling the Abaqus model evolutions start to deviate from the
lower bound curve and ends up below this. This is most evident for z, = 35 mm. This is an indication
that a limit in the Abaqus model has been reached. It is intended for use for void ratios from 0.7 to 1.5.

The evolution paths for the two models have different appearances when going into consolidation. The
Comsol model generates scan-lines, when leaving the lower bound curve, with lower initial derivative
as compared to the Abaqus model. As the Comsol scan-line approaches the upper bound curve, see
the response for z, = 35 mm, the derivative increases gradually towards that of the upper bound curve
which makes the response follow this curve. This is not so for Abaqus which shows no tendency to
follow the upper bound curve when approaching this, see the response for z, = 35 mm.

As already mentioned above and shown in Figure 5-9, the final state of the models differs. Both
models end up at states with constant clay potential (axial stress), i.e. a vertical line in Figure 5-10.
For Comsol, the same, or very similar, void ratios might be obtained at different positions in the model
if the states coincide with the upper or lower bound curves. Thus, we may end up with the plateaus in
dry density observed in Figure 5-9. The Abaqus model on the other hand does not have this internal
mechanism ending up at an upper or lower bound curve, and the final dry density profile is therefore
less prone to form plateaus.
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Figure 5-10. Comparison of COMSOL (HBM) and Abaqus model responses for different initial distances from
the bottom. Clay potential (axial direction) versus void ratio evolution in the model of the HR-A1 axial swelling
experiment. The coloured lines illustrates the evolution at different initial heights in the model, solid and dashed
for the COMSOL and Abaqus responses, respectively.
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6 Conclusions

6.1 General

Gaps, holes or inhomogeneous density distributions may be present in the buffer or backfill material
due to loss of bentonite material by piping and erosion during the installation and saturation phases
or by colloid erosion during glacial groundwater conditions. Heterogeneous initial conditions prevail
due to the installation technique with blocks with gaps between them, gaps filled with pellets, and
mechanical interaction between e.g. the buffer and the backfill. How well the bentonite self-seals
and homogenises have been studied in this project. The laboratory tests have mainly been made on
specimens that have been water saturated or close to water saturated from the start, which means that
the saturation process has not been included in the tests.

The purposes of the homogenisation project and the tests have been to:

* Understand how homogenisation evolves and ends.

» Investigate the different factors influencing homogenisation.

* Understand how much inhomogeneity remains within the bentonite.

* Be a base for creating hydro-mechanical models for the homogenisation process.

» Evaluate models, model parameters and modelling tools.

The objective with this report has been to compile the findings from this study which include to

1) point out the most important test results from the fundamental laboratory tests, 2) analyse the
laboratory test results with different material models and calculation tools, 3) determine mechanical
parameters for modelling the homogenisation behaviour of bentonite buffer material and 4) develop
a new hydro-mechanical bentonite material model.

6.2 Laboratory tests

The following observations were made on the fundamental laboratory test results shown in Chapter 3.

Swelling pressure — dry density relation (Section 3.3.1)

After swelling, mainly between 0 and 50 %, and subsequent homogenisation the test results of
MX-80 show:

» That the average stress together with the average density represented the conditions of the buffer
well in the sense that they agreed with the expected relations from constant volume swelling pres-
sure tests.

» That the swelling pressure together with the dry density at the corresponding position agreed well
with the model presented by Borgesson et al. (1995) except at positions where the largest swelling
took place where higher swelling pressure than expected was seen.

The corresponding test results of Calcigel show:

» That if plotted with the average dry density the average stress was in the same range as that of
MX-80 at high dry density but less at lower dry density.

Gradients in dry density after swelling (Section 3.3.2)

The results from the laboratory tests on MX-80 specimens, of two different sizes which swelled in
different directions and homogenised during 11-172 days, show:

» That time influences the density gradient but still after long time and with negligible small changes
in the measured stresses density gradients were observed.
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* An indication of a linear trend between the normalized dry density gradient and the swelling, how-
ever with a relatively large scatter.

* That the results from similar tests on Calcigel seem to follow the same trend, however based on less
number of specimens.

Influence of water pressure (Section 3.3.3)

From the laboratory tests where a water pressure was applied in the final part of the tests the following
were seen:

» Compared to the swelling pressure measured before the applied water pressure no change or a small
increase was seen in the measured stress after removal of the water pressure.

* The response in measured stress to an adjustment of the water pressure was mainly less than the
adjustment.

» No clear effect of water pressure on the density gradient of the specimens was seen.

Friction (Section 3.3.4)
From the laboratory tests where a saturated bentonite specimen was forced through a confining ring
having a specially prepared inner surface the results show:

» That friction between bentonite and a surface with grooves, evaluated as a friction angle at peak
stress, corresponded well to the model of the bentonite internal friction angle presented by Akesson
et al. (2010b) and that the corresponding friction angle when other surfaces were used yielded lower
values.

* That the measured maximum shear stress as a function of dry density followed the relationship
represented by half the maximum deviatoric stress from the model presented by Borgesson et al.
(1995) and that the residual values were lower.

Accuracy, uncertainties and limitations (Section 3.3.5)
The limitations of the test results are related to:
* The measurement of radial swelling pressure which was done by use of small pistons.

+ Difficulties to take representative samples for the determination of base variables in specimens
with large density gradients over small distances.

*  What extent the test conditions and the equilibrium state are good enough to give unique results
which can be generalized.

6.3 Analyses from modelling with the FE-program Abaqus and
with simplified analytical solutions

The FE-program Abaqus has been used to model three very different types of homogenisation tests.

The HR (high resolution) tests have been modelled with two different mechanical material models.
The models have the same porous elastic model for simulating the non-linear isotropic swelling and
compression of bentonite, but they have different plastic models for simulating the effect of deviatoric
stresses. The Drucker-Prager model is a classic material model included in the model library of Abaqus.
The other model (Claytech Plastic Cap model) has been implemented in Abaqus.

The HR-test with only axial swelling was used to check and calibrate the parameters of the models.
Then the HR-test with only radial swelling was modelled with the calibrated parameters. Both tests
were very well modelled with the cap model but less good with the Drucker-Prager model.
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The conclusion of these exercises and additional tests that were modelled, was that the Plastic Cap
model simulates bentonite swelling well within a limited density interval but also that the model
probably does not work well for the unlikely case of completely isotropic swelling. In addition closing
of cylindrical and spherical holes are not well modelled due to numerical problems with strongly
deformed elements.

The Cap Model was then used to model (true prediction) the Self-healing Test SH1, which included
swelling and homogenisation of a large bentonite block with two cavities. The modelling worked
well but the Plastic Cap model underestimated the self-healing ability (or the homogenisation) of the
bentonite in the test by yielding too high void ratio (20 %) and too low stresses (40 %) in the former
cavity. The Drucker-Prager plastic model captured the void ratio distribution better (although still a
little too high) but also this model yielded the same too low stresses in the cavity.

Ten almost identical tests of the homogenisation of two bentonites with large density differences placed
in long tubes with raw surfaces have been running for 4-5 years with the purpose to study the long
term homogenisation process. Predictive modelling of these tests were performed with the Plastic Cap
model. The results have been compared with measured stresses and measured density distribution for
the one test that has been terminated and sampled. The results showed that the homogenisation process
was well captured with remaining unaffected initial densities at both ends of the tube. However, the
length of the transition zone with a density gradient between the unaffected parts was underestimated.
This length is strongly dependant on the assumed friction angle between the bentonite and the tube sur-
face and the interpretation is that a too high friction angle (¢ = 9.0°) was used in the modelling. Another
reason is that the initial densities of the bentonites used in the prediction differed from the actual ones.

The long tube test was also modelled with a simplified analytical model that studies the equilibrium
after completed homogenisation. Back-calculating the friction angle from this model yielded the value
¢ =7.2°, which gave very good agreement between modelled and measured density distribution. This
value also agrees with the average residual friction angle received from friction tests that measure the
shear resistance between bentonite and the same type of raw surface, where raw surface is defined as
a surface with so large irregularities that the slip takes place in the bentonite.

The final and very important conclusion from these tests is thus that it is the residual friction angle and
not the peak value that is valid between a bentonite and a surface even when the surface is so raw that
the slip takes place in the bentonite itself.

6.4 Material model development — COMSOL

The new bentonite material model was successfully implemented in COMSOL Multiphysics using
the External Material function and was used to simulate fully coupled hydro-mechanical problems. In
order to evaluate the model implementation (and the material model itself) two laboratory experiments
were simulated:

1. A consolidation test carried out as part of the System Dome Plug design project (Borgesson et al.
2015).

2. The HR-A1 experiment (described in Section 4.2.2).

Both experiments were modelled successfully, and the simulation results agreed well with
laboratory data.

It should be remembered that the new material model is in its initial state of development and much
work remains to make it more general and the implementation more efficient. It is therefore not very
meaningful trying to identify remaining uncertainties at this stage.
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6.5 Final comments

The purpose of the project as described in Section 6.1 has to a large extent been fulfilled. The results
from the fundamental laboratory tests, the more advanced laboratory tests, the modelling, the model
development and the evaluation of all results have yielded an increase in our knowledge on homo-
genisation processes of bentonite materials and how to model them. The ongoing laboratory tests and
model development will additionally increase the knowledge and the skill to predict and understand
different homogenisation scenarios. Especially the modelling in COMSOL has to be further developed
and evaluated.
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Appendix 1

Compilation of laboratory tests

The following tables show all tests presented in the project, i.e. mainly from the reports TR-14-25,
TR-16-04 and TR-17-04 (Dueck et al. 2014, 2016, 2018). In addition, some specimens from the first
report TR-02-12 are also mentioned.

The materials used, i.e. MX-80 or Calcigel, are mentioned in the tables below and for the tests presented
in this report and in TR-16-04 the year of the delivery is also given; MX-80#2010°, MX-80#2012,
Calcigel#2006 or Calcigel#2014. The material MX-80#2012° was delivered before 2010.

Table A1-1. Tests made in the series A0.

Specimen ID Material Report

A01-09, A01-10 MX-80 TR-12-02
A01-12, A01-13 MX-80 TR-14-25
A01-14, A01-15, A01-16 MX-80#2010° TR-16-04
A04-1, A04-2 Calcigel#2006 TR-16-04

Table A1-2. Tests made in the series R1.

Specimen ID Material Report
R11-10, R11-11 MX-80 TR-12-02
R11-17, R11-18, R11-19, R11-20, R11-21 MX-80 TR-14-25
R11-22, R11-23 MX-80#2010° TR-16-04
R11-24 MX-80#2012 TR-16-04
R14-1, R14-2 Calcigel#2006 TR-16-04
Table A1-3. Tests made in the series R2.

Specimen ID Material Report

R21-09, R21-10, R21-11, R21-12 MX-80 TR-14-25
R21-13, R21-14 MX-80#2010° TR-16-04

R24-1, R24-2 Calcigel#2006 TR-16-04

Table A1-4. All tests made in the series HR-A, HR-Ro, HR-Ri and HR-Iso.

Specimen ID Material Report
HR-A1 MX-80 TR-14-25
HR-A2, HR-A3, HR-A4 MX-80#2010° TR-16-04
HR-A6 Calcigel#2006 TR-16-04
HR-A7 Calcigel#2006 TR-17-04
HR-A8 Calcigel#2014 TR-17-04
HR-Ro1 MX-80 TR-14-25
HR-Ro2 Calcigel#2006 TR-16-04
HR-Ro3 Calcigel#2014 TR-17-04
HR-Ri1 MX-80#2010° TR-16-04
HR-Ri2 Calcigel#2014 TR-17-04
HR-Iso MX-80#2010° TR-16-04
SKB TR-19-11
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Table A1-5. All tests made in the series Fr.

Specimen ID Material Report
Fr1-1 to Fr1-5, Fr1-7 to Fr1-9 MX-80 TR-14-25
Fr1-10, Fr1-12, Fr1-13 MX-80#2010° TR-16-04
Fr1-11, Fr1-14 MX-80 pellet TR-16-04
Fr1-15 to Fr1-17, Fr-19, Fr1-20 MX-80#2012 TR-16-04
Fr2-1 Calcigel#2006 TR-16-04
Fr2-2 Calcigel#2006 TR-17-04
Table A1-6. All tests made in the series W.

Specimen ID Material Report

W1-2, W1-3, W1-4 Calcigel#2006 TR-17-04

Table A1-7. Two tests in the series SH.

Specimen ID Material Report

SHA1 MX-80#2012 TR-16-04 and TR-17-04
SH2 MX-80#2012 TR-16-04

Table A1-8. All tests in the series FLR.

Specimen ID Material lower part Material upper part Report

FLR1-4 on going MX-80#2012 MX-80 pellet#2011 TR-17-04
FLR5 MX-80#2012 MX-80 pellet#2011 TR-17-04
FLR6 to FRL10 on going MX-80#2012 MX-80 pellet#2011 TR-17-04
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Appendix 2

Model development — Theoretical framework

In order to set the stage properly before the description of the material model in Chapter 5.1, the
theoretical framework in which this is to be included is first described. First the nomenclature and
basic entities are described in A2.1 which is followed in A2.2 by the assumptions made of the material
structure. Finally in A2.3 the fundamental balance equations, in which the constitutive laws are to be
inserted, are described.

A2.1 Preliminaries

Index free notation is used to the major part, but sometimes index notation is used. A Cartesian coordi-
nate frame, consisting of a reference point (the origin) and a positive orthonormal basis {e,, e,, e;} , is
used. Using this a vector v can be expressed,

v =v,e, +v,e, +ve, =ve; (A2-1)
and a second order tensor 7 can be expressed as,

Ti.e. Qe +Te, e, +Tize; Qes +
T = T21ez ® el + Tzzez ® ez + T23ez ® 63 + = Tijei ® ej (A2-2)
T;e3Q e+ 1565 Q e, + Tzze; @ ey

where ® denote the tensor product between vectors so that e;® e; is a second order tensor. As can be
seen in the right-hand sides above, summation convention is used to compress the index notation. The
second order unit tensor 1 is defined by 1v = v, and the following is used when using index notation,
1ifi=j

A2-
0ifi #j (A2-3)

1=4¢;e;Qe;,6; ={

Position vectors X of material points in a body in the reference configuration together with a function
x describing the motion of the points give position vectors x = (X, ), in the deformed configuration.
For a fixed time the inverse mapping X = y '(x, f) exists. Displacements are defined by u = x — X.

Taking the partial time derivative of the motion gives the velocity,

ox(X,t
xx0 = L0 (A2-4)
which, by using the inverse map, also can be given by,
v(x,t) = x(¢ ' (x,t),t) (A2-5)

In line with the above, fields may be defined over the body in both configurations, thus a field ¢ may
be given as (X, f) or ¢(x, ) , being the material description and spatial description, respectively.

The material time derivative ¢ and spatial time derivative ¢ of the ¢-field are defined by:

dp(X,t
oX,t) = % (holding X fixed) (A2-6)
and
do(x,t
@'(x,t) = ¢gt ) (holding x fixed) (A2-7)
respectively. When ¢ is a spatial field (given in terms of x) its material time derivative is given by,
Jdo(x,t
o(x,t) = @' (x,t) + (p(gx ) ~v(x,t) (A2-8)
The deformation gradient,
ox o0 X+u) ou
F_ﬁ_T_l—l_ﬁ (A2-9)

is a kinematical entity linking an infinitesimal material fibre in the reference (undeformed) configura-
tion, dX to an infinitesimal material fibre in the deformed configuration, dx = dX + du.

SKB TR-19-11 71



In this paragraph a definition of the small strain tensor ¢ and the underlying approximation made is
given. The Lagrangean (large) strain tensor,

1
E = > (FTF-1) (A2-10)

is used as a basis for describing the small strain approximation. Using the relation between the
deformation gradient and the displacement gradient makes it possible to write,

gl (1+6u>T <1+au) AR au+<6u)T+(au>T ou A1)
T2 aX X ~2\ax " \ax ax) ax (A2-
If the displacement gradient is small, i.e. g—; = F — 1 is small, the last higher order term of the

Lagrangean strain tensor becomes insignificant in relation to the first order terms. The Lagrangean
strain may then be approximated by the small (infinitesimal) strain:

1/0u ou\"
O L A2-12
E~e=7 (6X+ (5%) ) (A2-12)

Here, the conventional continuum mechanics sign convention is used, e.g. when a material fibre under-
goes elongation the strain is positive. The stress is also defined using the same convention, i.e. it is
positive for tensile conditions.

The stress and strain tensors can be decomposed in a spherical part and a deviatoric part according to,

1 1 1
a=§tral+s:—p1+s and £=§tr£1+e:§e,,1+e (A2-13)

where tr denotes the trace of the tensor, i.e. tre = - 1.

Pressure, p, (positive in compression) and volumetric strain, &,, (positive for an increase in volume)
are defined using the spherical part of the tensors according to,

p=—3tro (A2-14)
and

&, = tre (A2-15)
respectively.

In the following a tilde above an entity indicate that the entity should be considered a function, i.e.

¥ =1 f) (42-16)

should be understood as the variable i is given by the function  having the inputs variables e and /.

A2.2 Structural representation of the material

The material model is based on an additive division of a material volume element dv into a solid
volume element dv, and a pore volume element dv, according to,

dv = dv, + dv, (A2-17)

In the present version of the model, where only fully saturated conditions are considered, the pore
volume element is equal to the water volume element, i.e. dv, = dv,,. The solid and water volume
elements have mass elements dm, and dm,,, respectively, which makes it possible to introduce corre-
sponding mass densities,

_dm

= A2-18
pS dl?s ( )
and
dm
= w A2-19
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The water content w, void ratio e and the porosity ¢ are variables present in the formulation; these
are defined as:

d
= Mw (A2-20)
dmy
d d
o= D _ (A2-21)
dvs,  dvg
_ v _dvy (A2-22)
dv dv
The current void ratio, e, can be estimated by using the approximate expression,
e~g,(1+e%+e° (A2-23)
valid when the small strain assumption is used.
A2.3 Fundamental balance equations and constitutive equations
The solid mass per mixture volume can be expressed,
dm; dmgdv —dv
= — F=ps(1-9) (A2-24)

dv ~ dv, dv
The Reynold’s transport relation' gives us the solid mass balance equation,
ps(l - ¢) - psd) + ps(l - ¢) diV‘l:lS =0 (A2_25)

and if assuming a constant solid density one obtains,

¢ = (1—¢) divitg (A2-26)
The water mass per mixture volume can be expressed as,

am,, dav,,

2wy W A2-27

Again, the Reynold’s transport relation, and introducing a source term, f,, the water mass balance
equation reads,

Pw® + pwd + py ¢ divir, = £, (A2-28)

The quasi-static version of balance of momentum, i.e. the balance of forces, for the porous media reads,
dive + b =0 (A2-29)
where ¢ denotes the Cauchy stress tensor and b denotes a body force vector.

Altogether, for a constant solid density, the balance equations to be solved are:

¢ = (1 - ¢) divigg (A2-30)
pwd + pwd) + pwo divir,, = f,, (A2-31)
divo+b =0 (A2-32)

In order to establish a complete formulation and describing the material behaviour for the specific
system to simulate, constitutive equations have to be formulated. When formulating the constitutive
equations, dependent variables are given by independent variables, for which the then obtained system
of equations are solved.

a . . .
IE X (f? Qde) = [, (¢ + pdivit)dv
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In the present formulation the balance equations above are reconfigured somewhat to obtain a suitable
set of variables. First it should be noted that, with & = ¢, (i.e. dropping the solid phase index for the
strain):

d"—at(aus — 9 ey = ¢ A2-33
1vus—at T 6x> =% re) =&, (A2-33)

Inserting the first balance equation, describing the porosity evolution, in the second, concerning the
water mass, and using the relation diva, = &, the following set of equations are obtained,

dp=>0A-¢) & (A2-34)
Pwd + pwd diV(ilW - us) + pwéy = fu (A2'35)
divo+b =0 (A2-36)

The solid displacements, u,, and suction, s, are chosen as the independent variables, for which the
system of equations are solved. The dependent variables can then be chosen as:

u, — U = q(s) (A2-37)
do = d&(dug, ds, ) (A2-38)
Pw = Puw(s) (A2-39)

Here the functions, indicated by the tildes above, are containing the constitutive equations describing
the specific material behaviour. As indicated in the constitutive relation from which the stress is
obtained, the “mechanical” material model, an internal variable, f; is introduced. This is responsible
for the path dependency (hysteresis representation) in the material model.
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Appendix 3

Model development — The COMSOL implementation

Information of how the model described in Chapter 5.1.2 were implemented in COMSOL are here
given. For details about the general framework to which the model belongs and definitions of entities
see Appendix 2 and for a description of the model see Chapter 5.1.

A3.1 Incremental form of the mechanical material model

For recapitulation, the model can be described by:

—o=¥-s1 (A3-1)
¥ =Ty ()1 + Py 0(e)f (A3-2)
= +J’t6f'dt* A3-3
f - fO " ag 3 ( - )

which may be reformulated as,
o=0(sf,s) (A3-4)
The time derivative can then be written,

do do. OJo
9., Y9 hady A3-5
o=Gef oS a5t (A3-5)
where,
do Jdo Y do  do 0y

9c opoe O of opof

The ingoing derivatives are given by,

07 _ A3-6
alp - ( - )
where 1 denotes the fourth order unit tensor,
Y Yy 0Yasz
i _raz A3-7
de 6£v1®1+ de, re1 ( )
Y
F - 1/;A/2]I (A3-8)
. of

_9. A3-9
f 7 & ( )
and
90 _, (A3-10)
ds
Using all the above gives,
. 0Py 0Ya,; if. . .. oA

== —__rae - - = A3-11
o=~ 1@1- 5 ®1 1/1A/26818+15 Cé + 15 (A3-11)

when expressed on index free notation and

. 9y 0Ya, of . . . .
Gij = [_a—g:laijakl - ?vzfijfskz —Yarn (&)”kl € + 658 = Cijraéa + 615 (A3-12)

when expressed on index notation. Comparing the mid-expression and right-hand side the stiffness
tensor C (Cy) can be identified.
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A3.2 Matrix format

In COMSOL second order tensors are represented by column arrays where components are given
in Voigt order. It should be noted that in the implementation the ’shear components” of the stiffness
matrix, [C], are given by C,,, - ratio, where ratio is to be specified by the user.

1011 fi1 €11
022 fa2 €22
o &€
o] = gl [f1= f83 el =2 (A3-13)
013 0 €13
%V 0 €12
€111 Ciinz [
| . |2 [lel (O] A3-14
[C1211  Ciz12
0w O 0fn _awm_%f _awm_%f
de, de, 1 %6811 de, dg, M de, g, M
0Ya 0Ya
- 0y 7 L INE 0fa2 0y 3 A3-15
C| = — - — — — — —
el de, Og, faz de, de, faz "’%asn de, Og, faz ( )
T e PO Vi )
ds, 0g,’ ds, 0g,’% ds, 0g,’% %0533_
1 00
[(dl] = C1111 - ratio [0 1 0] (A3-16)
0 0 1
A3.3 Approximate state variable evolution law
The sign function,
-1 if x<0
sgn(x) =40 if x=0 (A3-17)
1 if x>0

appears in the formulation. Such discontinuous function could be problematic in a numerical solution
scheme and therefore availability of ”smoothed” approximate sgn-functions, sgn*(x) = sgn (x), is bene-
ficial for convergence purposes. The following three alternatives show possible ways to accomplish the
sought smoothness. The third one has been implemented.

Alternative I: getting sharper as ¢ — 0,

x
sgn? (x) = ——— A3-18
N (A3-18)
Alternative II: where k£ >> 1
sgn?, (x) = tanh(kx) (A3-19)
Alternative III: where J determines the width of the smooth transition
1 if < 6
i x 5
o
sgn;, (x) = 1 if x>z (A3-20)

T
sin (x 5) otherwise

The Heaviside function ®(x) is also used in the formulation, it is related to the sgn-function according
to:

®(x) = sgn(x) + 1

> (A3-21)
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and an approximation can therefore be obtained by using the approximate sgn-function,
sgn®; () +1 (A3-22)
2

When describing how the implementation of the state variable (path dependency variable) was
accomplished, for convenience, the evolution law is first rearranged according to,

P%(x) =

10foa _ . . . .
—— == R(f, €aa) + 58N(Exa) faa (A3-23)

K O0egq
where a = {1, 2, 3} and no summation convention should be used. The K-parameter is unitless.
Unpacking this equation, and thereby show the formulation on the format used in the code, begins
with reviewing the ingoing functions:

ﬁ(f' éazx) =1- q)(j;(f' éaa))?(f' g'om) (A3—24)
and
(Fe) = max(f;;) ; min(f;;) tsgn(en) max(f;;) -2|- min(f;;) (A3-25)

In order to establish a transparent and yet slimmed format the entities are evaluated for the different
conditions. We have,

. max(fij) Eaa >0
= A3-26
70 fa) {— min(f;;) éqq <0 (4320
giving
1-® . . :
i ={, o S mall) e 0 (A327)
1- CD(— mln(fl-j))(— mm(fij)) Eaa <0
which can be rewritten as
1- m:X(fij) maxgﬁ% > 8 (>0
(f 6. ) = maxifiy) < A3-28
e 2V Cmin(r) —min(r)>0 (A329)
1 —min(f;;) <0 faa
Inserting this into the rearranged the evolution law gives,
1+ fue —max(f;;) max(f;) >0 c S0
10foa 1+ foa max(fij) <0 e (A3-29)
Kdeye |1 — foa + min(ﬁj) —min(ﬁ-j) >0 : <o
1= foa —min(f;;) <0

An approximate formulation with “smoothing” is used in the implementation. This is obtained using
shape functions defined by a(x) = ®*;; (x) and f(x) = 1 — @ (x) = ®“;; (—x). In the first step the “inner
conditions” expressed in terms of max(f;;) and min(f;;) are approximated so that,

10fea - {d(fij) =1+ fye — @(max(f;) — 6;/2) max(f;;) é4e >0
Kdewy (B(fij) =1~ foo + B(min(f;;) + 6;/2) min(f;;) €4e <O
Thus, the influence from max(f;;) or min(f;,) is smoothly increased from max(f;;) = 0 and —min(f;;) = 0,

respectively. In the next step the “outer condition” acting on &, is approximated using the same shape
functions as defined above, which results in,

1 0faa S - ~ . -
_Eafaa ~ a(gaa)a(fij) + ﬁ(saa’)b(fij) (A3-31)

(A3-30)

Thus, the functions @ and b are smoothly blended from &,, = —9,/2 to &,, = J,/2, at zero strain rate
— L% _ (g 4 b)/2.

K 0eqq
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In order to prevent drift of the state variable f,, into forbidden” states, defined by the set {£,,, f;}0
the evolution law is subjected to an additional condition given by,

0faa /. . .

ﬁ (Eaa'fij) = 0 for (‘gaa'fij) € {Saa'fij}o (A3-32)
This is accomplished by introducing two additional shape functions {(x, y) and &(x, y). The combined
property when multiplying the two is that it becomes zero when (x, ) € {£.,, f..},- The new approxi-

mate state variable evolution equation becomes,

10faa yove v S \p .. ..

- EOE =~ [a(gaa)a(fij) + ﬁ(gaa)b(fij)]z(gaa: faa)f(gaw faa) (A3'33)
aa

The set defining the forbidden states can be expressed by the union of two subsets,
{eaa fij}, = {€aa > 0.£;j < fT} U {aa < O, fj > 7} (A3-34)
where
f~ = max[max(f;j) —1,—1] and f* = min[min(f;;) + 1,1] (A3-35)
The shape functions are then defined by,
Z(éamfaa) = max[ﬁ(éaa +6./2), &(faa - Sf/z - f_)] (A3-36)
g(éaca' fa) = max[d(‘éaa —8:/2), E(faca +6p/2 - f+)] (A3-37)

78 SKB TR-19-11






SKB is responsible for managing spent nuclear fuel and radioactive
waste produced by the Swedish nuclear power plants such that man
and the environment are protected in the near and distant future.

skb.se

SVENSK KARNBRANSLEHANTERING

6702 "ewwoig ‘gy erdo}piRipiy




	Abstract
	Sammanfattning
	Contents
	1	Introduction
	1.1	Background
	1.2	Objective of the report
	1.3	Content of the report

	2	Studies of the homogenisation process
	3	Laboratory tests
	3.1	Introduction
	3.2	Laboratory testing programme – description of tests
	3.2.1	The fundamental swelling tests
	3.2.2	Measurement of friction between bentonite and other surfaces
	3.2.3	Homogenisation after loss of bentonite – the self-healing tests 
	3.2.4	Homogenisation in long tubes 

	3.3	Laboratory test results
	3.3.1	Swelling pressure – dry density relation
	3.3.2	Gradients in dry density after swelling
	3.3.3	Influence of water pressure
	3.3.4	Influence of friction
	3.3.5	Accuracies, uncertainties and limitations


	4	Application of test results for modelling with the FE-program Abaqus and with simplified analytical solutions
	4.1	Introduction
	4.2	Fundamental swelling tests from the HR-series. Evaluation of models and model parameters and verification of the models.
	4.2.1	General
	4.2.2	Axial swelling
	4.2.3	Radial outwards swelling
	4.2.4	Influence of friction
	4.2.5	Other swelling types

	4.3	Modelling of the Self-Healing Test SH1
	4.4	Homogenisation in long tubes
	4.4.1	General
	4.4.2	Geometry and materials
	4.4.3	Analytical solution
	4.4.4	Finite element modelling 
	4.4.5	Discussion and conclusions


	5	Material model development, implementation and evaluation – COMSOL
	5.1	Mechanical material model
	5.1.1	Clay potential function contributions
	5.1.2	Principal direction model

	5.2	Implementation in COMSOL
	5.2.1	Mechanical material model implementation

	5.3	Modelling of a consolidation test 
	5.4	Modelling of EBS TF homogenisation tasks
	5.4.1	Model setup
	5.4.2	Results

	5.5	Comparison between Abaqus and COMSOL

	6	Conclusions
	6.1	General
	6.2	Laboratory tests
	6.3	Analyses from modelling with the FE-program Abaqus and with simplified analytical solutions
	6.4	Material model development – COMSOL
	6.5	Final comments

	7	References
	Appendix 1. Compilation of laboratory tests
	Appendix 2. Model development – Theoretical framework
	Appendix 3. Model development – The COMSOL implementation



