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Abstract

One important role of the backfill is to restrict upwards swelling of the buffer in deposition holes. If

the buffer can swell upwards it will lose density and by that also important properties. A possible but
extreme scenario is the so called dry case of buffer/backfill interaction meaning that the water inflow
into the deposition tunnel is very low but at the same time there is a fast wetting of a deposition hole.

The report describes the modelling of the mechanical interaction between the buffer and the backfill
at a dry backfill that were carried through in 2015. All calculations were done with the finite element
code Abaqus. The purpose of the calculations has been to understand and evaluate the influence of
different factors of the interaction between the buffer and a dry backfill on the final state of the buffer
after swelling and homogenisation of the buffer. The average density of the buffer shall according to a
new criterion be such that it corresponds to a swelling pressure of between 3 MPa and 10 MPa below
a horizontal plane located 0.5 m above the canister lid.

A full scale test carried through in Aspd HRL was used to check the response of a dry backfill to
an upwards swelling of the buffer. In the test a full scale bentonite block in a deposition hole was
forced to move upwards by four cylinders and the force and displacement measured. The backfill
was designed as the reference backfill in a deposition tunnel. By modelling this test, the modelled
response of the backfill could be checked against the measured response and the backfill model
could be validated. Comparison between modelled and measured results of the swelling test showed
a very good agreement up to 8 cm displacement, after which cracking of the blocks took place and
the material model of the blocks was invalid. Sensitivity analyses showed that the stiffness and
thickness of the pellet filling in the floor and roof were the factors most sensitive to changes. It was
concluded that for further modelling the models and parameters used are adequate to use if cracking
of the blocks are avoided.

The base case with an average buffer density at saturation of 2000 kg/m’ and the swelling pressure

7 MPa with the same backfill as in the field test was modelled as having a completely homogeneous
buffer from start. Both the old mechanical material model for saturated buffer materials with
Drucker-Prager plasticity model (used in SR-Site) and the new plastic Cap model derived in the
TF EBS were used for comparison. The backfill response was modelled by using the extrapolated
test results and by including changes in geometry. The same base case was modelled but with the
initial density of the buffer in the deposition hole, i.e. buffer blocks, buffer rings and pellets. Also for
this case both material models were used for comparison. A comparison between the results when
the Drucker-Prager model was used and when the Plastic Cap model was used showed that the
difference is small. It seems as the introduction of a cap and a curved failure envelope does not affect
the results very much at this type of upwards swelling. The density distribution under and along the
canister differed very much for the two initial conditions. The inhomogeneous model had a remaining
very strong radial density spreading in comparison with the homogeneous model. Above the canister,
where the large swelling takes place, there is also a clear difference with a much stronger swelling
for the inhomogeneous model.

A general conclusion is that the inhomogeneous model should be used if possible. Underestimation
of the swelling may otherwise be the case.

15 cases with different average density and swelling pressure of the buffer and different geometry
of the backfill were modelled with the new material model and initially inhomogeneous buffer. The
purpose was to study the sensitivity to changes in geometry and density. The backfill response was
modelled with the extrapolated test results and with changes in geometry taken into account. Six
cases with wet backfill blocks in the upper part of the deposition hole were modelled with simplified
models that took the density loss into the bevel into account. The results showed that the influence
of the pellet filling in the floor and the influence of the bevel are rather strong but for most cases not
critical. Only four cases resulted in an average stress above the canister that was close to or under

2 MPa.
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General conclusions were:

+ Pellets filling thickness in the floor influences the results more than the bevel.
*  Only low density buffer yields problems with fullfilling requirements.

» Cases with bevel and 10 cm pellet filling thickness fullfilled the requirements.

In order to check that the extrapolation of the stress-strain behaviour of the backfill used in the
analyses is a valid model, 3D analyses of two of the cases in the sensitivity analysis were performed.
The same backfill block configuration as in the field test and an inhomogeneous buffer were modelled
and compared with the simplified 2D calculation. The results show that the agreement was rather
poor. The 3D model for both cases yielded less upwards swelling and higher remaining density
above the canister than the 2D model. The main reason for this difference is that the 3D calculations
were interrupted before equilibrium due to convergence difficulties.

In order to study the influence of the width of the pellet filled slot at the ceiling 3D-models with two
different slot widths including a backfilled dry tunnel was simulated. The comparison between the
results showed that the influence of the width of the pellet filled slot at the ceiling is rather small
due to the lateral stress spreading in the backfill. This is good for the concept since the rock surface
at the ceiling can be very irregular. However, the geometry of the masonry is important. If there is
no overlapping of the blocks the stress will continue through the block without spreading and with
retained stress level.

The backfill blocks in the field test cracked after about 8 cm displacement of the simulated buffer.

In order to study the effect of block cracking, one case in the sensitivity analysis was modelled and
compared with the results of the field test after 8 cm displacement as backfill response. The calcula-
tion showed that the effect on the buffer is rather large. The swelling of the buffer/backfill interface
was slightly over 30 cm and the average stress above the canister lid was about 1.5 MPa. However,
the density according to the new criterion was 1966 kg/m® and thus acceptable.

In the sensitivity analyses the effect of having the upper part of the deposition hole and the pellet
filled bevel wetted was investigated with the pessimistic assumption that the entire backfill part
(upper 1.25 m and the bevel) was homogenised, which results in a rather low density in that part
of the deposition hole. In order to study the relevance of those models 3D calculations of two of the
cases including the bevel were performed. The results showed that the density loss in the buffer above
the canister was much lower in the 3D-case. In spite of the large horizontal swelling the density
distribution after equilibrium was still very inhomogeneous in the upper part of the deposition hole
and the bevel. The assumption of complete homogenization in the sensitivity analyses is thus very
pessimistic and the results not reliable. All cases with 10 cm pellet filling in the floor and only pellet
filling in the bevel were acceptable.

All modelling results have been evaluated according to the recently proposed buffer density cri-
teria, which says that only the buffer located between the bottom of the deposition hole and the 0.5 m
above the canister shall be used for calculating the average density. The results show that the criterion
rather well captures the critical cases at upwards swelling scenarios. All cases with a swelling pressure
above the canister lid <2 MPa gave average densities according to the new criterion <1950 kg/m’ at
water saturation, which corresponds to a swelling pressure of about 3 MPa.

Only in one case the new buffer criterion failed to discover a critical case with swelling pressure
above the canister lid less than 2 MPa. This case was the case of backfill block failure.
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Sammanfattning

En viktig roll som aterfyllningen har 4r att begrinsa uppatriktat svéillning av bufferten i deponerings-
halen. Om bufferten sviller tappar den densitet och ddrmed ocksé viktiga egenskaper. Ett mojligt
men ocksa extremt scenarie &r det s.k. torra fallet av buffert/aterfyllnings-samverkan vilket innebér
att vatteninflddet i tunneln &r sa 1agt att aterfyllningen forblir torr samtidigt som bevitningen av
bufferten dr sé snabb att full vattenmaéttnad intraffar tidigt.

Rapporten beskriver de modellberdkningar av den mekaniska samverkan buffert/aterfyllning som
gjorts under 2015. Finita elementprogrammet Abaqus anvédndes for samtliga berdakningar. Syftet med
berdkningarna har varit att forstd och utvardera inverkan av olika faktorer pa interaktionen mellan
bufferten och en torr aterfyllning pa det slutliga tillstdndet hos bufferten efter svéllning och homoge-
nisering. Medeldensiteten hos bufferten skall enligt de uppdaterade kraven vara sa att den motsvarar
ett svélltryck pa mellan 3 och 10 MPa under ett horisontellt plan beldget 0,5 m 6ver kapselns lock.

Ett fullskaleforsok som genomforts i Aspd HRL under 2015 anviindes for att kontrollera det
mekaniska motstdndet av en torr aterfyllning mot uppéatsvillning. I férsoket anvéndes ett fullstort
bentonitblock avsett for deponeringshal som forskots uppat med hjilp av fyra cylindrar under
samtidig mitning av kraft och deformation. Aterfyllningen motsvarade referensfallet. Genom

att modellera forsoket kunde aterfyllningens mekaniska mothall jamforas med det uppmatta och
aterfyllnadsmodellen valideras. Jimforelsen mellan modellerade och uppméitta resultat visade pa
mycket god dverensstimmelse upp till 8 cm forskjutning. Dérefter borjade aterfyllnadsblocken
spricka s6nder och materialmodellen gick sedan inte att anvénda for de fortsatta forskjutningarna.
Kénslighetsanalyser visade att styvhet och tjocklek pa pelletsfyllningen i golvet och i taket var de
faktorer som mest paverkade resultaten. Slutsatsen var att de anvéinda modellerna och parametrarna
dven kan anvindas i de fortsatta berdkningarna om uppspriackning av aterfyllnadsblocken kan
undvikas.

Basfallet med en medeldensitet vid vattenmittnad hos bufferten av 2000 kg/m® och svilltrycket

7 MPa med samma aterfyllning som i faltforsdket, modellerades under antagandet att bufferten var
homogen fréan start. BAde den gamla materialmodellen for vattenmaittad buffert med Drucker-Prager
plasticitetsmodell (som anvindes i SR-Site) den nya Plastic Cap modellen (som anvéndes och valide-
rades i TF EBS) anvindes vid berikningarna for att kunna jimfora resultaten. Aterfyllningens mothall
modellerades genom att anvinda det extrapolerade resultatet fran faltforsoket med vederborliga
korrigeringar for andra geometrier. Samma basfall modellerades ocksad men med ursprunglig densitet
hos bufferten dvs med block, ringar och pellets samt med badda materialmodellerna. En jaimforelse
av resultaten for Drucker-Prager modellen och Platic Cap modellen visade att skillnaden var mycket
liten. Det visar att skillnaderna mellan modelleran inte paverkar resultaten sirskilt mycket for denna
typ av uppétsvéillning. En jamforelse av resultaten for ursprunglig homogen och inhomogen buffert
visade att densitetsfordelningen ldngs kapseln mantelyta skilde sig mycket at. Den inhomogena
modellen hade en kvarstiende mycket stor radiell densitetsspridning i jaimforelse med den homogena
modellen. Ovanfor kapseln, dér den stora svéllningen dger rum, fanns ocksé en klar skillnad med en
mycket storre svillning i det inhomogena fallet.

En generell slutsats var att den inhomogena modellen om mdjligt bor anvéndas annars kan
svéllningen underskattas.

15 fall med olika medeldensitet och svilltryck hos bufferten och olika geometrier hos aterfyllningen
modellerades med den nya materialmodellen och ursprunglig inhomogen buffert. Syftet var att
studera kéinsligheten for fordndringar i geometri och densitet. Aterfyllningens respons modellerades
genom att anvidnda det extrapollerade resultatet fran faltférsoket med vederborliga korrigeringar for
andra geometrier. I sex av fallen inkluderades den 6vre delen av deponeringshalet med forenklade
antaganden att bentoniten i avfasningen och den 6vre delen av deponeringshélet var fullstindigt
homogeniserad och vattenmaéttad fran start utan att avfasningen ingick i modellen. Resultaten visade
att inverkan av pelletsfyllningen i golvet och inverkan av att ta med avfasningen var ganska stor men
inte kritisk. Endast fyra av fallen resulterade i en medelspénning ovanpa kapseln som var néra eller
mindre &n 2 MPa.
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Generella slutsatser var att pelletfyllningens tjocklek i golvet paverkar resultaten mer &n avfas-
ningen, att bara lag ursprunglig buffertdensitet innebér problem och att alla fallen med 10 cm tjock
pelletfyllning i golvet uppfyller kraven.

For att kontrollera att den extrapolerade responsen hos éterfyllningen &r korrekt gjordes en 3D-analys
av tva av fallen i kéinslighetsanalysen. Samma blockgeometri och egenskaper hos aterfyllningen
anvindes som i modelleringen av filtforsoket och jamfordes med de férenklade 2D-berdkningarna.
Resultataten visade att dverenstimmelsen var dalig. 3D-modellerna gav for bada fallen mindre
uppétsvillning och hogre densitet ovanfor kapseln &n 2D-modellerna. Den huvudsakliga anledningen
till skillnaden var att 3D-berdkningarna avbrots innan jimvikt pd grund av svarigheter att uppné
konvergens.

For att studera inflytandet av tjockleken hos pelletsfyllningen i taket gjordes tva 3D-simuleringar
med torr tunnel och olika spalttjocklek. Jamforelsen visade att inverkan var ganska liten pa grund
av spanningsspridningen i aterfyllningen, vilket &r bra eftersom taket kan vara mycket oregelbundet.
Men geometrin hos blockmurverket ar viktig. Om det inte finns nagon &verlappning mellan block-
raderna kommer spanningen att fortplanta sig genom aterfyllningen med bibehallen spanningen utan
spridning.

Aterfyllningsblocken i filtforsoket borjade spricka efter c:a 8 cm forskjutning av den simulerade
uppétsvillande bufferten. For att studera effekten av blockuppsprickning modellerades ett fall i
kénslighetsanalysen genom att anvénda resultaten i faltforsoket efter 8 cm forskjutning som aterfyll-
ningmodell. Berdkningarna visade att paverkan pa bufferten ar ganska stor. Svéllningen hos buffert/
aterfyllningsranden blev drygt 30 cm och medelspénningen alldeles Gver kapseln c:a 1,5 MPa.
Emellertid, blev densiteten enligt det nya kriteriet 1966 kg/m® och allts& acceptabel.

I kénslighetsanalysen undersoktes inverkan av att ha en vattenmaittad bentonit dven i 6verdelen av
deponeringshalet och i avfasningen med det pessimistiska antagandet att hela aterfyllningsdelen
(6vre 1,25 m och avfasningen) var helt homogeniserad, vilket resulterar i en ganska lag densitet i
deponeringshalet. For att studera relevansen hos detta antagandet gjodes 3D-berdkningar av tvé av
fallen i kénslighetsanalysen. Resultaten visade att densitetsforlusten i bufferten ovanfor kapseln var
mycket ldgre i 3D-modellen. Trots stor horisontell svéllning var densitetsfordelningen i avfasningen
mycket ojamn med ganska hog kvarstdende densitet i deponerinsghalet. Antagandet av fullstindig
homogenisering i kinslighetsanalysen dr alltsd mycket pessimistisk. Alla fall med 10 cm tjock
pelletfyllning i golvet och enbart pellets i avfasningen var acceptabla.

Alla modellerinsgresultat utviarderades enligt det uppdaterade bufferkriteriet, som séger att bara buf-
ferten som ligger mellan botten av deponerinsghalet och 0,5 m ovanfor kapseltoppen skall inkluderas
i medelvirdesberdkningen av densiteten. Resultaten visar att kriteriet ganska vél fangar de kritiska
fallen vid uppatsvéllningsscenarierna. Alla fall med ett svélltryck ovanfor kapsellocket <2 MPa gav
densiteter enligt det nya kriteriet <1950 kg/m® vid vattenméttnad, vilket motsvarar ett svilltryck pa
c:a 3 MPa.

I endast ett fall avslojade inte det nya buffertkriteriet att svélltrycket ovanfor kapsellocket var mindre
dn 2 MPa ndmligen fallet med blockuppsprickning.
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1 Introduction

One important task for the backfill is to restrict upwards swelling of the buffer in deposition holes.
If the buffer can swell upwards it will lose density and by that also important properties. A possible
scenario is the so called dry case of buffer/backfill interaction meaning that the water inflow into the
deposition tunnel is very low but at the same time there is a fast wetting of a deposition hole. This
means that the buffer in the deposition hole will swell and there will be a pressure build up pushing
the dry backfill upwards. The backfill blocks will be piled according to a certain pattern with overlap-
ping. The slots between the backfill blocks and the rock will be filled with bentonite pellets and the
compression properties of this filling will also influence the ability of the backfill to prevent heaving
of the buffer.

The most uncertain properties of the dry block backfill are the compression properties of the joints
between the backfill blocks. Since the blocks are piled in an overlapping pattern (like masonry), the
gap thickness and compressibility of these joints are unknown. A full scale test has been performed
at Aspd HRL where a backfill exercise filling a tunnel with blocks in the reference pattern has been
used to test the deformation properties of the masonry at upwards movement of a steel plate simulat-
ing the buffer (Buffer swelling test). The results of this test have been used to check and calibrate
the model of the dry backfill and the response has been used as input for the backfill stress-strain
properties in a number of modelling cases.

All modelling results were evaluated according to the recently proposed buffer density criteria,
which says that only the buffer located between the bottom of the deposition hole and 0.5 m above
the canister shall be used for calculating the average density (Posiva SKB 2017). The average
density of the buffer shall according to this criterion be such that it corresponds to a swelling
pressure of between 3 MPa and 10 MPa.

The report describes the efforts 2015 to model the mechanical interaction between the buffer and the
backfill at a dry backfill. The purpose of the calculations has been to understand and evaluate the
influence of different factors on the interaction between the buffer and a dry backfill and the influ-
ence on the final state of the buffer after swelling and finalized homogenisation of the buffer.
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2 Modelling program 2015

2.1 General

A large number of cases have been modelled. All of them refer to the so called dry backfill case,
which means the extreme case that the backfill is assumed to be completely dry and the buffer is
assumed to be wetted to full water saturation. Most cases have not included the geometry of the
bevel. The buffer has in all cases been assumed to be completely water saturated from start but with
different initial density distributions.

2.2 Modelled cases

The following cases have been modelled:

The buffer swelling test in Aspé HRL.

This full scale test was used to check the response of a dry backfill to an upwards swelling of the
buffer. Instead of buffer a bentonite block in a deposition hole was forced to move upwards by three
cylinders and the force and displacement measured. The backfill was designed as the base backfill
in a deposition tunnel. By modelling this test the modelled response of the backfill could be checked
against the measured response and the backfill model could be validated. A sensitivity analysis was
also made.

Modelling of the buffer and backfill mechanical interaction with different initial
conditions and different material models of the buffer.

The base case of a buffer of MX-80 with a density at saturation of 2000 kg/m® and the swelling
pressure 7 MPa with the same backfill as in the field test has been modelled as having a completely
homogeneous buffer from start. Both the old mechanical material model for saturated buffer materi-
als (used in SR-Site in Akesson et al. 2010a, b) and the new material model derived in the TF EBS
(international Task Force for modelling Engineered Barrier Systems organised by SKB), have been
used for comparison. The backfill response was modelled with the extrapolated test results and with
changes in geometry taken into account.

The same base case corresponding to an average density at saturation of 2000 kg/m’ and the average
swelling pressure 7 MPa with the same backfill as in the field test has been modelled with the initial
density of the buffer in the deposition hole, i.e. buffer blocks, buffer rings and pellets. Also for this
case both the old mechanical material model for saturated buffer material and the new material
model derived in the TF EBS have been used for comparison. The backfill response was modelled
with the extrapolated test results and with changes in geometry taken into account.

Influence of buffer density and backfill geometry

15 cases with different average density and swelling pressure of the buffer and different geometry of
the backfill have been modelled with the new material model and initially inhomogeneous buffer. The
purpose has been to study the sensitivity to changes in geometry and density. The backfill response
was modelled with the extrapolated test results and with changes in geometry taken into account. In
six cases the backfill blocks in the upper part of the deposition hole was modelled with simplified
models that takes the density loss into the bevel into account.

3D model for checking the backfill compression model

In order to check that the extrapolation of the stress-strain behaviour of the backfill used in the
analyses is a valid model, 3D analyses of two of the cases in the sensitivity analysis was performed.
The same backfill block configuration as in the field test and an inhomogeneous buffer were modelled
and compared with the simplified 2D calculation.

SKB TR-16-08 11



3D model for studying the influence of the width of the pellet filled slot at the ceiling
The sensitivity analysis was done with the same backfill geometry as in the field test. In order to

study the influence of the width of the pellet filled slot at the ceiling 3D-models with two different
slot widths including a backfilled dry tunnel was simulated.

Modelling of the case with backfill block failure

The backfill blocks in the field test cracked after about 8 cm displacement of the simulated buffer. In
order to study the effect of block cracking one of the cases in the sensitivity analysis was modelled
with the results of the field test after 8 cm displacement as backfill response.

3D model with bevel of wet upper part of the deposition hole

Some attempts were also made to model the case that also the backfill in the upper part of the
deposition hole was wetted. These models were 3D-models and included also the bevel. Two cases
were successfully simulated after great efforts.

2.3 Comments

All calculations have been done with the finite element code Abaqus.

All modelling results have been evaluated according to the recently proposed buffer density criteria
which says that only the buffer located between the bottom of the deposition hole and the 0.5 m
above the canister (Posiva SKB 2017) shall be used for calculating the average density, which will
be used for calculating the swelling pressure (average stress).

The acceptable average stress in the bentonite is according to this criterion 3.0-10.0 MPa. The lower
limit, which is critical for the buffer swelling cases is thus 3.0 MPa, which corresponds to a density
at saturation for the bentonite MX-80 of about p,=1950 kg/m’. This value has been used in the
evaluations in the report.

The acceptable value of the average stress above the canister lid has been set to 2 MPa, since this
was used in earlier evaluations.

Values below p,=1950 kg/m’ (density criterion) and 2.0 MPa (on canister lid) have been stated to
be critical.

12 SKB TR-16-08



3 Modelling of the Buffer swelling test in Aspé HRL

3.1 General

The modelling of the reference case of this test has been reported in a separate report (Martino et al.
2016) and will only be briefly treated here. However, the sensitivity analyses done are reported in
Section 3.5. The results of the field test have also been reported separately (Sandén et al. 2015).

3.2 Test description

A drawing showing the principle test design is provided in Figure 3-1. An “artificial deposition
hole” with a depth of about 1.5 meter was drilled in the tunnel floor. A concrete tube with an inner
diameter of 1600 mm was placed in the hole and the slot between the tube and the rock was filled
with concrete. Four hydraulic jacks were installed on the bottom of the hole. Above the hydraulic
jacks a steel plate with an outer diameter of 1.75 m was placed. In order to better simulate the dry
upper bentonite block in a deposition hole a bentonite block with correct dimensions was placed
on top of the steel plate. The buffer block was pushed upwards by the hydraulic jacks during the
test, simulating the swelling bentonite from a deposition hole. A detailed drawing showing all main
components is provided in Figure 3-2.

The test was performed in the TASS tunnel at Aspd HRL at a depth of about 420 m below ground.
The installation of the backfill blocks had a length of 12 meters and the artificial deposition hole was
placed in the centre of the block masonry i.e. 6 meters from the tunnel end.

- 4 800 -
4 4200 .
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\4\\ ‘ ] _
| 8| 3
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| |
Backfill blocks ‘ ‘
| |
| |
| I
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[ 11 P
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Concrete pipe Steel plate top

Steel plate bottom

Hydraulic jacks

Figure 3-1. Schematic drawing showing the principle test design.

SKB TR-16-08 13



approx. @ 2 200

Buffer block with pellets in the slot @ 1760

@ 1650 Steel lid

Nominal floor level

|

3
o Q )
B 8
3
| £
,,,,,,,,, INTI= 8
-~ < o
o
-~ 'e)
9 -
ol 8 3
~ g
Q
©

Concrete pipe (di=1 600, t=172) \

o

. [spl

In situ casted concrete A

(three steps) @ 1600
Steel plate, bottom
1750

Hydraulic jacks

Figure 3-2. Detailed description showing the main components of the test design.

A number of measurements were done before, during and after the test.
» The force on the steel plate was applied and measured by 4 hydraulic jacks.

* The displacement of the steel plate was measured by 4 displacement transducers placed under the
steel plate.

* The maximum vertical pressure was measured in 41 points on the blocks.
» The positions of 28 blocks were measured before and after the test.
» The total stress on the rock surface was measured in 5 points in the ceiling and the rock wall.

e The rock contour and the distance between the rock surface and the blocks were measured.

3.3 Modelling
3.3.1 General

The results showed that failure with cracking of many blocks have occurred, but this process is not
possible to model with currently used models so only the results up to 8 cm displacements have been
used for evaluation and comparison with measurements. The calculations were only run to 10 cm
displacement.

3.3.2 Material models

There were three different parts included in the dry backfill, namely the blocks, the joints between
the blocks and the pellet filling. In addition one buffer block with the same dimensions and proper-
ties as the buffer blocks in a deposition hole was included.

Block section of masonry

The backfill blocks were modelled as a linear elastic material with the following properties
(Johannesson 2008):

E =245 MPa
v=0.17

Initial average stress p, = 0 MPa

14 SKB TR-16-08



Although the blocks used in the test differed somewhat from the reference blocks (mainly by having
a lower dry density) the properties of the reference blocks were used as the base case. Each block was
modelled with one element.

Buffer block
The buffer block that was displaced upwards was allotted the same elastic properties as the backfill blocks.

Pellet section

The parts filled with pellets were modelled with linear elasticity and Drucker-Prager plasticity. The plastic
behaviour was modelled with Drucker-Prager plasticity.

Drucker-Prager plasticity

J = friction angle in the p-g plane

0 = cohesion in the p-q plane

w = dilation angle

q = fle",)) = yield function

S =55° (corresponds to a Mohr-Coulomb friction angle of ¢=30°)
0 = 52 kPa (intercept on g-axis (p=0))

w = 0° dilatancy

Yield function (ideally plastic at the yield surface)

q e
(kPa) Pl

100 0

Elastic properties

E =3.9 MPa (base case)

v=20.3

Initial average stress p, = 0 MPa

The base case corresponds to the stiffness of a pellet filling that has not been compacted.

The compressibility of different pellet fillings has been tested (Andersson and Sandén 2012). The
E-modules used are evaluated from those measurements for an increase in stress from 0 to 2 MPa.

Joints between blocks

Since the bottom bed on which the blocks rest cannot be made as a completely plane or horizontal surface
the backfill blocks will be placed slightly uneven in relation to each other. This means that there will

be joints that are not even due to slightly inclined blocks that also have slightly different heights. The
properties of these joints between the blocks are not known but they will have compression and friction
properties that deviate significantly from the properties of the blocks.

The following properties were applied to the joints (both horizontal and vertical):

» Average joint thickness: 4 mm (fictive).

» Compression properties: the joints are closed at an external pressure of 10 MPa.
+ Friction angle f=20°.

Figure 3-3 shows the stress-compression relation that has been used for the joints.
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The joint is a contact surface property where the contact pressure is defined versus the normal verti-
cal displacement. The joint is seemingly closed at 4 mm displacement corresponding to the normal
pressure 10 MPa but if the pressure exceeds 10 MPa the compression will continue. However, the
actual pressure will never be near such a high value.

Rock
The rock was modelled as an elastic material with high stiffness, which means that it only works as a
boundary.

E=1.85-10° kPa
v=0.3

3.3.3 Element mesh

The backfill block masonry was placed with the pattern that is referred to as the reference backfill
design and used in earlier calculations.

Figure 3-4 shows the geometry and the mesh of the block masonry.

[x1.E3] /

15.0

Stress

5.0

0.0 1.0 2.0 3.0 4.0 5.0 [x1.E-3]
Displacement

0.0

Figure 3-3. Mechanical model of the joints between blocks. The displacement or compression (m) of the
joint is plotted as a function of the total stress (kPa) perpendicular to the joint. After 4 mm compression the

4 mm joint is closed.

Figure 3-4. Geometry used for the calculation. Each block is one element. The mesh of the other materials
is not shown.
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The thickness of the pellet filling has been set as follows:
» At the crown of the ceiling: 46 cm.

» At the walls: 10 cm.

* At the floor: 8 cm.

The element size of the pellet fillings was about 4x 10x 10 cm’.

3.3.4 Boundary conditions

The following boundary conditions were applied:

Mechanical
The vertical boundary planes are symmetry planes and free to move parallel with the plane and fixed
perpendicular to the plane.

The horizontal boundaries are fixed.

3.3.5 Contact surfaces

The contact between the pellets filling and the rock was not tied in order to allow slip. Instead inter-
face properties with a specified friction were applied between the different materials. The friction
was modelled with Mohr Coulomb’s parameter friction angle ¢ and without cohesion c.

¢ =30°
c=0

This friction angle corresponds to the friction angle of the pellets filling f = 55° in the Drucker-
Prager model, which means that the contact surfaces are considered rough.

The contact surfaces were made not to withstand tensile stress, which means that the contact may
be lost and a gap formed between the surfaces.

3.4 Calculations

The calculations are purely mechanical. The steel plate has been displaced vertically until the total
displacement 10 cm. The calculations included a technique for facilitating the convergence condi-
tions by introducing damping forces.

Gravity has not been included in the calculations so an extra pressure corresponding to the own
weight of the block masonry should be added in final the evaluation. With the total height of 4.4 m
and the density of the blocks p=1989 kg/m’ the additional pressure is 46=87.5 kPa.

Except for the reference calculation with the parameter setting shown in Section 3.3 a sensitivity
analysis has been done with a number of parameters successively varied. The stiffness of the
different pellet fillings was varied. A change in stiffness corresponds to a change in thickness, since
the pellet filling is modelled as linear elastic. The sensitivity analysis can thus also be considered an
analysis of the influence of a change in gap width of the pellet fillings.

3.5 Modelling results and comparison with measurements

The modelling results are described in more detail in Martino et al. (2016). Figure 3-5 shows the
modelled deformed block structure and the vertical stresses in the blocks in the centre after 10 cm
displacement of the buffer block. A picture taken during excavation is also shown.
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-1.667e+02
-2.500e+02
-3.333e+402
-4.1670+02 o, =1200-2 000 kPa
-5.000e+02
eeaext: 0, = 200-400 kPa
-7.500e+02
-8.3332+02
-9, 167e+02
-1.000e+03
-2.765e+03

Figure 3-5. Modelled vertical stress in the backfill blocks after 10 cm displacement and picture taken at
the central part after excavation of half the test. c.=compression strength and o,= tension strength of the
blocks measured in laboratory.

At excavation it was seen that many blocks above the simulated deposition hole were cracked.

The modelled evolution of stresses on the steel plate and in the measuring points on the rock surface
is shown in Figure 3-6.

The modelled evolution of stresses on the steel plate and in the ceiling is compared with the
measured in Figures 3-7 and 3-8.

The modelled total stress evolution on the steel plate shows very good agreement with the measured
stress up to about 8 cm displacement. The measurements show stress relaxation that originates from
the loading sequence that was done stepwise with 15 minutes rest between the load steps.

2000 - - 450

1800 P4

s /

1400 S

1200 i’
Steel plate &

1000 | ‘,0

800 f‘

600

Normal contact stress, kPa

Average stress on steel plate, kPa

400
200

0 0.02 0.04 0.06 0.08 0.1 0.12

Displacement, m

4
0 002 004 008 008 0.1 0.12
Displacement, m

Figure 3-6. Modelled normal stress distribution as function of the displacement of the steel plate. The
average normal stress on the steel plate is shown in the left figure and the stresses on the rock surface in
the left figure. See Martino et al. (2016) for the location of the stress gauges.
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Figure 3-7. Modelled and measured evolution of total vertical average stress on the steel plate. The own
weight of the backfill block is also added in the figure.
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Figure 3-8. Modelled and measured evolution of total stress perpendicular to the rock surface in the
central cross section. Sensor 5 is located in the crown 2 m away from the central section.

After 8 cm there is a peak value and a decrease until a constant residual stress is reached. The
reason for this is judged to be failure of some of the backfill blocks, which is confirmed by other
measurements and observations after the test. This failure is not modelled since it is not included in
the material model so what happened after 8 cm displacement cannot be used for evaluation of the
modelling.

The modelled and measured stresses in the ceiling and in the wall also agree very well while the
modelled stress at the corner between the wall and the ceiling is higher than measured.
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3.6 Sensitivity analysis
3.6.1 General

In spite of the good agreement between modelled and measured results up to 8 cm displacement
there is a need for a sensitivity analysis in order to see how sensitive the solution is to changes in
different properties and geometries. A good agreement between modelling and measurement is not
a guarantee that the properties are correct. It may well be that several sets of parameters yield the
same results. However, the fact that the original parameters have been used without adaptation of
parameters in order to yield good results is a strong indicator that the models are correct.

The following variations have been tested:

+ Stiffness of the three different pellets parts (roof, wall and floor).
* Width of the three different pellets parts (roof, wall and floor).

+ Stiffness (or widths) of the gaps between the backfill blocks.

Table 3-1 shows a table of the variations.

Table 3-1. Reference calculation and variations for the sensitivity analyses. Cells marked in
yellow show the deviations from the reference case.

Material/ Pellet filling in Joints Remarks

ICase Compression Corresponding
Roof Walls Floor at 10 MPa pellets thickness
E (MPa) E (MPa) | E(MPa) | (mm)

Reference 3.9 3.9 3.9 4 Initial calculation

46/10/8 cm

R1 (Roof) 1.95 3.9 3.9 4 92 cm

R2 7.8 3.9 3.9 4 23 cm

W1 (Wall) 3.9 1.95 3.9 4 20 cm

w2 3.9 7.8 3.9 4 5cm

F1 (Floor) 3.9 3.9 1.95 4 16 cm

F2 3.9 3.9 7.8 4 4 cm

J1 3.9 3.9 3.9 2

J2 (Joints) 3.9 3.9 3.9 8

The geometry of the model has not been changed but the change in E-modules of the pellet fillings is
assumed to correspond to a proportional change in width since the compressibility is linear elastic.

Only some examples of results will be shown and finally a summarizing table that compares end
evaluates the results will be given.

3.6.2 Case R1: Influence of the gap width at the roof

For this case the stiffness of the pellet filling in the roof has been reduced from E=3.9 MPa
to E= 1.95 MPa, which corresponds to an increase in gap width at roof from 46 cm to 92 cm.
Figure 3-9 shows the modelled evolution of vertical stress on the steel plate and stresses
perpendicular to the rock surface in the measuring points.

The modelled stress on the steel plate after 8 cm displacement is 0=1210 kPa, which can be
compared to the reference case 0=1550 kPa and the measured stress 0=1 625 kPa. The modelled
stress on the crown of the roof after 8 cm displacement is 6=210 kPa, which can be compared to the
reference case 0=310 kPa and the measured stress =325 kPa. The decreased stiffness of the backfill
system caused by the increased gap is clearly reflected by the lower stresses.
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Figure 3-9. Case R1. Modelled stress (kPa) on the steel plate (upper) and on the rock surface in the
measuring points as _function of displacement of the steel plate (m)

Comparison between case R1 and the reference case for vertical stresses, the stresses on the roof and
the displacements are shown in Figures 3-10 to 3-13.

These figures also show that the stresses in the backfill and on the rock surface are lower when the
slot to the roof is larger (or more compressible) than in the reference case. The influence on the
displacements is naturally rather small since the test is displacement controlled but the displacements
have an obvious larger lateral spreading.
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Figure 3-10. Vertical stresses (kPa) higher than 1000 kPa in the backfill blocks. Comparison case RI1 and
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Figure 3-11. Vertical stresses (kPa) lower than 1000 kPa in the backfill blocks. Comparison case Rl and
the reference case.
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Figure 3-12. Stresses (kPa) on the rock surface. Comparison case Rl and the reference case.
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Figure 3-13. Vertical displacements (m). Comparison case Rl and the reference case.

3.6.3 Case J2: Influence of the stiffness of the joints

For this case the stiffness of the joints between the backfill blocks has been reduced by increasing
the displacement to reach 10 MPa pressure from 4 to 8 mm.

The modelled stress on the steel plate after 8 cm displacement is for this case 6=1440 kPa, which
can be compared to the reference case o=1 550 kPa and the measured stress 0=1 625 kPa. The mod-
elled stress on the crown of the roof after 8 cm displacement is 6=285 kPa, which can be compared
to the reference case =310 kPa and the measured stress =325 kPa. The decreased stiffness of the
backfill system caused by the reduced stiffness of the joints is clearly reflected by the lower stresses.

Comparison between case J2 and the reference case for vertical stresses, the stresses on the roof and
the displacements are shown in Figures 3-14 to 3-17.

These figures show in agreement with the pellet filled slot at the roof in case R1 that the stresses in
the backfill and on the rock are lower when the joints are more compressible than in the reference
case. However, the influence is smaller than for case R1 and the larger lateral spreading of the
displacements is not seen for case J2.

Comparison with reference case 5, 522
. (Avg: 75%)
Vertical stress (kPa) +1.840e+00
-1.000e+03
Case J2: & =23, p,=8 MM -1,022e403
-1.043e403
-1.065e+03
-1.086e+03
-1.108e+03

10 MPa

-1.130e+03
-1.151e+03
-1,173e+03
-1.194a+03
-1.216e403
-1.238e+03
-1.255e+03

Ref. case

Figure 3-14. Vertical stresses (kPa) higher than 1000 kPa in the backfill blocks. Comparison case J2 and
the reference case.
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Figure 3-15. Vertical stresses (kPa) lower than 1000 kPa in the backfill blocks. Comparison case J2 and
the reference case.
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Figure 3-16. Stresses (kPa) on the rock surface. Comparison case J2 and the reference case.
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Figure 3-17. Vertical displacements (m). Comparison case J2 and the reference case.

3.6.4 Compilation of results from the sensitivity analysis

The other cases not described show similar results as cases R1 and J2. A decreased stiffness of some
part of the backfill decreases the stresses on the rock, in the backfill and on the steel plate, while an
increased stiffness increases corresponding stresses. The results are summarized in Table 3-2.

Table 3-2 shows that the largest influence, when reducing or increasing the stiffness (or thickness)

with a factor 2, is achieved from the pellet filling in the roof and the floor and the lowest from the
pellet filling in the walls.
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Table 3-2. Compilation of results of the sensitivity analysis. The modelled and measured
pressure on the steel plate and on the rock surface at the displacement 8 cm are shown and
compared. Changed parameters in yellow squares

Material/ Pellet filling in Joints, Buffer pressure at | Pressure at the

/Case 10 MPa comp 8 cm displ. (kPa) roof at 8 cm displ.
Roof Walls Floor (mm) mod+100 (kPa)
E (MPa) | E (MPa) | E (MPa)

Measured 1625 325

Reference 3.9 3.9 3.9 4 1550 310

R1 (Roof) 1.95 3.9 3.9 4 1210 210

R2 7.8 3.9 3.9 4 1850 400

W1 (Wall) 3.9 1.95 3.9 4 1520 290

w2 3.9 7.8 3.9 4 1550 310

F1 (Floor) 3.9 3.9 1.95 4 1230 235

F2 3.9 3.9 7.8 4 1700 370

J1 3.9 3.9 3.9 2 1650 330

J2 (Joints) 3.9 3.9 3.9 8 1440 285

When the stiffness is reduced with a factor 2 (or the slot width increased with a factor 2) in the
roof, the stresses are reduced on the steel plate with 28 % and in the roof with 47 %, while when
the stiffness is increased with a factor 2 (or the slot width decreased with a factor 2) the stresses are
increased on the steel plate with 19 % and in the roof with 29 %.

When the stiffness is reduced with a factor 2 (or the slot width increased with a factor 2) in the
floor, the stresses are reduced on the steel plate with 26 % and in the roof with 32 %, while when
the stiffness is increased with a factor 2 (or the slot width decreased with a factor 2) the stresses are
increased on the steel plate with 10 % and in the roof with 19 %.

When the stiffness is reduced with a factor 2 (or the slot width increased with a factor 2) in the
Jjoints, the stresses are reduced on the steel plate with 8 % and in the roof with 9 %, while when the
stiffness is increased with a factor 2 (or the slot width decreased with a factor 2) the stresses are
increased on the steel plate with 6 % and in the roof with 6 %.

The influence of the stiffness or slot width in the walls is almost negligible.

Since the test was run to almost double displacement after start cracking of the blocks it is difficult
to evaluate what combination of parameters are the correct ones. However, since the properties of pellet
filling is known from previous investigations and since the only property that is not known beforehand
is the compressibility of the joints it is plausible to assume that this is the property that should be
calibrated. In addition it turned out that the prediction of the test resulted in stresses that are very
close to the measured ones so the stiffness used of these joints seems to correspond fairly well to the
actual stiffness. Even better agreement would have been reached if the closing of the joints at 10 MPa
pressure was changed from 4 mm to 2.5 mm but the results are not very sensitive to that value.

3.7 Comment and conclusions

Comparison between modelled and measured results of the swelling test showed a very good agree-
ment up to 8 cm displacement, after which cracking of the blocks took place and the model was
invalid. Sensitivity analyses showed that the stiffness and thickness of the pellet filling in the floor
were the factors most sensitive to changes. For further modelling the models and parameters used are
adequate to use. For 2D axial symmetry models the test results can be used as a simplified model of
the dry backfill if proper account is taken to changes in slot width and pellet stiffness in the ceiling
and floor. The models require of course that improved quality of the backfill blocks can be made so
that cracking will not take place.
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4 Modelling of the buffer and backfill mechanical
interaction with different initial conditions and
different material models of the buffer

4.1 General

Modelling of upwards swelling of a base case was done with two purposes:

» To study the difference of the results when a completely homogenised buffer is assumed as initial
conditions, which was the case for the homogenisation calculations in SR-Site, and when the
actual densities of the blocks, rings and pellets filling are assumed as initial conditions.

* To see the difference of the results when the old mechanical buffer material model, which was
used for the homogenisation calculations in SR-Site, was used and when the new material model,
which was developed and checked as a modelling case in the TF EBS, was used.

It is interesting to see how a more realistic assumption of initially inhomogeneous buffer and how
the more developed material model affect the results of the upwards swelling modelling.

4.2 Material models
421 General

The test is modelled with the finite element code Abaqus. The code and the material model used for
SR-Site are described by Akesson et al. (2010a, b). The material models used for the present tests are
described in detail by Borgesson et al. (1995).

The material models of the buffer materials are coupled hydro-mechanical with the effective stress
theory as base. Full water saturation is assumed for these models. The hydraulic model use Darcy’s
law with hydraulic conductivity modelled as a function of the void ratio

Two mechanical material models have been used. Both models are elastic-plastic models and use
porous elasticity for the elastic model. One of the plastic models uses Drucker-Prager plasticity
(the old model) while the other one is a plastic cap model derived by Borgesson et al. (1995)
(the new model). The models are described in Borgesson et al. (1995, 2015).

The plastic cap model was calibrated and verified in the Task 1 of the homogenisation assignment
of TF EBS (Borgesson et al. 2015). The parameter values will be given in this chapter.

4.2.2 Hydraulic model
The applied hydraulic conductivity relation is shown in Table 4-1 (Borgesson et al. 2015).

Table 4-1. Hydraulic conductivity as a function of void ratio.

e k
(m/s)
0.45 0.5x107™
0.70 4.0x107"
1.00 2.0x107"
1.5 1.0x107"
2.00 0.5x107"
3.00 1.0x107"
5.00 3.5x107"
10.00 1.5%x107"°
20.00 0.75x107°
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4.2.3 Mechanical models
Porous elastic

Porous Elastic implies a logarithmic relation between the void ratio e and the average effective
stress (also called pressure) p according to Equations 4-1 and 4-2.

Ae =—x-Alnp 4-1)
p=(oto+03)/3—u (4-2)
where x = porous bulk modulus

0}, 03, 03= principle stresses

u=pore water pressure

Poisson’s ratio v is also required.

x=0.175 (Borgesson et al. 2015)

v=0.3

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 (x~1.37) but this change in modulus is not included in the model.
If swelling causes a lower density the swelling will not be correctly modelled for that part.

Drucker-Prager Plasticity model

This model is the old model used in SR-Site (Akesson et al. 2010a).
Drucker-Prager Plasticity contains the following parameters:

p = friction angle in the p-q plane

0 = cohesion in the p-g plane

w = dilation angle

q = fl&,)) = yield function

The parameter values in this model are as follows:

p=17°
5 =100 kPa
y=2°

q = f(e,) according to Table 4-2.

Table 4-2. Yield function.

q €y
(kPa)

112 0

138 0.005
163 0.02
188 0.04
213 0.1

Figure 4-1 illustrates the Drucker-Prager model.

Claytech plastic cap model

This model and its background are described in detail in Borgesson et al. (1995, 2015). The model is
illustrated in Figure 4-2.
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Yield surface Yield and tailure surfaces

1 Shear failure surface q =apb

q=ap® e ® waeph
2 Transition surface (elliptic)
3 Cap (elliptic)

Failure surface

1 Shear failure surface D 1
q=ap® K

2 Transition surface (elliptic) /

4 Shear failure surface / \
(Critical state line)
a>c pc pa pb P

V.
S

P Stress path at unisotropic swelling

— New cap New elastic zone

Figure 4-2. [llustration of the plastic cap model and the consequence of unisotropic swelling.

The calibrated parameters of the model (Borgesson et al. 2015) are

Claytech plastic cap model

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 4-3
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Table 4-3. Cap hardening function.

e v
P log(1+e¥ )
kPa pl
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

4.2.4 Contact properties

The contacts between the buffer materials and the rock or canister have been modelled with contact
surfaces with a friction angle acting between the materials. The shear resistance between the
bentonite and steel has been investigated with a large number of friction tests (see e.g. Borgesson
et al. 2015). The friction angle varies with the swelling pressure and the smoothness of the surface.

The friction angle of bentonite varies between 9 and 15 degrees at swelling pressures below 5 MPa.
Between bentonite and a smooth surface of steel it is about half the inner friction of bentonite while
it is equal to the inner friction of the bentonite if the surface is very raw. The friction angle can thus
vary between 4.5 and 15 degrees depending on the swelling pressure and surface properties.

For the calculations of the buffer/backfill interaction the following friction angle ¢. has been used:
$. = 8.69°

The friction angle 8.69° corresponds to an average between bentonite and raw and smooth surfaces
at the actual swelling pressures 0.5-5 MPa.

4.2.5 Other materials

The canister is modelled as a hydraulically impermeable very stiff elastic monolete that is free to
move axially.

The rock is modelled as a hydraulically impermeable very stiff elastic material that is fixed.

The steel plate simulating the boundary between the buffer and the backfill block is modelled as a
hydraulically impermeable very stiff elastic monolete that is free to move axially.

4.3 Initially homogeneous buffer
4.3.1 Finite element model

The base case with initially homogeneous buffer has been modelled with both material models.
The geometry is shown in Figure 4-3.

The initial conditions of the buffer correspond to the swelling pressure 7 MPa at the density at
saturation 2 000 kg/m*:

e=0.77 void ratio
u=—7000 kPa  pore water pressure

0=7000 kPa average effective stress
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Figure 4-3. Schematic drawing of the geometry of the homogeneous model (left) and the element model.
The model is axial symmetric around the left boundary.

The boundary conditions are the following:

Hydraulic boundary

The interface between the buffer and the rock is modelled with a constant pore water pressure that is
ramped from u=—7 MPa to =0 MPa in a couple of days. The reason for using 0 MPa instead of the
final hydrostatic water pressure is that it simplifies the calculation and does not affect the result.

Mechanical boundary

The rock is mechanically fixed to the surroundings. The interfaces of the buffer are modelled with
contact surfaces as described earlier.

Resistance of the dry backfill

The dry backfill in the upper part of the deposition hole and the deposition tunnel is not explicitly
modelled. Instead the measured and also modelled stress-deformation relation, as described in
Chapter 3, has been used in order to simplify the calculation. The red hatched line in Figure 3-7
was used for simulating the backfill.
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4.3.2 Results

The calculations were run to 10'* seconds or 32000 years, which was much more than required for
equilibrium. Figure 4-4 shows the upwards displacement of the boundary between the buffer and the
backfill for both material models.

The results show that equilibrium is reached after about 2 x 10° seconds or about 60 years. The
displacement curves differ very little. The total displacement with the D-P model is about 12.7 cm
while is about 13.0 with the Cap Model.

Figures 4-5, 4-6 and 4-7 show the vertical displacements, the average stress and the void ratio at the
end of the calculations for both models.

A comparison shows that the difference between the results of the calculations with the two models
is very small. Figure 4-8 shows the final dry density and vertical stress for only the Cap Model.

The upwards swelling creates friction forces on the canister. Figure 4-9 shows the axial shear stress
between the buffer and the canister surface. The maximum shear stress is about 0.5 MPa on the canister
surface.

4.4 Initially inhomogeneous buffer
441 Finite element model

The case corresponding to the initial conditions in the Canister Retrieval Test (CRT) with initially
inhomogeneous buffer has been modelled with both material models. The modelling of CRT is
described in Borgesson et al. (2016). The geometry is shown in Figure 4-10.

- T g T - T - T - ¥ . v
0.12 /_
0.08
=
{7}
E
8
=
o
.2
[=]
0.04-
0.00———————1—" . L . L " L . 1 . L i L . L -
1000. 10000. 100000. 1.E+06 1.E+07 1.E+08 1.E+02 1.E+10 1.E+11 1.E+12

Time

— U2 Steellld DruckerPrager
U2 Steellid ModCap

Figure 4-4. Modelled displacement (m) of the buffer-backfill interface as function of time for the two
models with initially homogeneous buffer.

32 SKB TR-16-08



u, uz u, uz

+1.306e-01 +1.281e-01

+1.197a-01 +1.174e-01

+1.088e-01 +1.067e-01

+9.795e-02 +9.6062-02

+8.707e-02 +8.53%92-02

+7.618e-02 +7.4722-02

16.530c-02 16, 4042-02

+5.442e-02 +5.3372-02

+4.353e-02 +4.2702-02

+3.265a-02 +3.202e-02

+2.177a-02 +2.135e-02

+1.088e-02 +1.067e-02

+0.000e+00 +0.000=+00
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v ODB: axi_1_ModCap.odb Abaqus/Standard 6.13-2 Mon Mar N ODB: axi_1_DruckerPrager.odb Abaqus/Standard 6.13-2

Step: Swelling Step: Swelling
Increment  47: Step Time = 1.0000E+12 Increment 47: Step Time = 1.0000E+12
Primary Var: U, U2 Primary Var: U, U2
Deformed Var: U Deformatlon Scale Factor: +1.000e+00 Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 4-5. Modelled final vertical displacements (m) for the two models with initially homogeneous buffer.
The Cap Model to the left and the D-P model to the right.
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Figure 4-6. Modelled final average stress (kPa) for the two models with initially homogeneous buffer. The
Cap Model to the left and the D-P model to the right.
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Figure 4-7. Modelled final void ratio for the two models with initially homogeneous buffer. The Cap Model
to the left and the D-P model to the right.
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Figure 4-8. Modelled final dry density (kg/n’) (left) and vertical stress (kPa) for the Cap Model with
initially homogeneous buffer.
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Figure 4-9. Shear stress (kPa) on the canister surface as function of the distance from the canister bottom
for the two material models.

The initial conditions of the buffer are thus the same as for the CRT but with full saturation from start:

Blocks:

e=10.636 void ratio

u=—15050 kPa pore water pressure
0=15050 kPa  average effective stress
Rings:

e=0.56 void ratio

u=—23240 kPa pore water pressure

0=23240 kPa  average effective stress

Pellets:

e=1.78 void ratio

u=-22 kPa pore water pressure
0=22 kPa average effective stress

The average density at saturation in CRT is a little higher than 2 000 kg/m®, so a comparison with the
homogenised buffer can be a little misleading. In addition the void ratios of the buffer parts are outside
the range where the Porous Elastic model is valid (07<e<1.5) according to Borgesson et al. (1995).
This has been taken into account in the calculations described later in the report.

The boundary conditions are the following:

Hydraulic boundary

The interface between the buffer and the rock is modelled with a constant pore water pressure that is
ramped from =7 MPa to u=0 MPa in a couple of days.
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Figure 4-10. Schematic drawing of the geometry of the inhomogeneous model (left) and the element
model. The model is axial symmetric around the left boundary. The abbreviations of the buffer parts mean:
B=blocks, R=rings and P=pellets.

Mechanical boundary

The rock is mechanically fixed to the surroundings. The interfaces of the buffer are modelled with
contact surfaces as described earlier.

Resistance of the dry backfill

The dry backfill in the upper part of the deposition hole and the deposition tunnel is not explicitly
modelled. Instead the measured and also modelled stress-deformation relation, as described in
Chapter 3, has been used in order to simplify the calculation. The red hatched line in Figure 3-7 was
used for simulating the backfill.

4.4.2 Results

Also these calculations were run to 10" seconds or 32000 years, which was much more than required
for equilibrium. Figure 4-11 shows the upwards displacement of the boundary between the buffer
and the backfill for both material models.

The results show that equilibrium is reached after about 2 x 10° seconds or about 60 years. The
displacement curves differ very little. The total displacement with the D-P model is about 17 cm
while it is about 18 with the Cap Model.
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Figures 4-12, 4-13 and 4-14 show the vertical displacements, the average stress and the void ratio at
the end of the calculations for both models.

A comparison shows that the difference between the results of the calculations with the two models
is very small. Figure 4-15 shows the final dry density and vertical stress for only the Cap Model.

The upwards swelling creates friction forces on the canister. Figure 4-16 shows the axial shear stress
between the buffer and the canister surface. The maximum shear stress is about 0.5 MPa on the
canister surface withy exception of a peak close to the canister lid.

Displacement

1000 10 000 100 000 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11 1.E+12
Time .
— U2 SteellLid DruckerPrager
— U2 SteelLid Mod Cap

Figure 4-11. Modelled displacement (m) of the buffer-backfill interface as function of time for the two
models with initially inhomogeneous buffer.
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Figure 4-12. Modelled final vertical displacements (m) for the two models with initially inhomogeneous
buffer. The Cap Model to the left and the D-P model to the right.
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Figure 4-13. Modelled final average stress (kPa) for the two models with initially inhomogeneous buffer.
The Cap Model to the left and the D-P model to the right.
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Figure 4-14. Modelled final void ratio for the two models with initially inhomogeneous buffer. The Cap
Model to the left and the D-P model to the right.
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Figure 4-15. Modelled final dry density (kg/n’) (left) and vertical stress (kPa) for the Cap Model with
initially inhomogeneous buffer.
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Figure 4-16. Shear stress (kPa) on the canister surface as function of the distance from the canister bottom
for the two material models.

4.5 Calculation of average density up to 0.5 m above the canister lid

As mentioned in section 2—3 the newly proposed criteria of buffer density shall be calculated up to 0.5 m
above the canister lid. Since Abaqus uses void ratio instead of density the evaluation of the average
void ratio will at first be done. Figure 4-17 shows the void ratio distribution for two of the four models.

The average void ratio is calculated from the vertical displacement of the horizontal element plane
located initially 0.5 m above the canister top during the swelling process. By integrating the volume of
the displacement, the increase in total volume of the buffer up to 0.5 m above the canister top can be
calculated. The final average void ratio can then be calculated according to Equation 4-2.

e~e+(e+1)-AV/V, (4-2)
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where

e,~final void ratio
e;= initial void ratio
AV=volume increase

V; = initial volume

Figure 4-18 shows the vertical displacement of the surface at 0.5 m above the canister for the same
models as in Figure 4-17.

Figure 4-18 shows that the appearance and magnitude of the displacements differ significantly. The
inhomogeneous case yields larger displacements (almost double) and a maximum at half the hole radius.

i
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(Avg: 75%) (Avg: 75%)
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- +8.262e-01 +7.831e-01
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- +7.973e-01 +7.296e-01
+7.829e-01 +7.025e-01
+7.685e-01 +6.761e-01

Homogeneous buffer Inhomogeneous buffer
Drucker Prager model axi_1 Plastic cap model axi_b

Figure 4-17. Void ratio distribution up to 0.5 m from the canister lid for two of the four models
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Figure 4-18. Displacement (m) of the surface located 0.5 m above the canister top. The x-axis is plotted as
the distance (m) from the centre axis.

The density at saturation can be calculated from the void ratio according to Equation 4-3.
pu=(pstep,)(et]) (4-3)
where

pn=density at saturation (kg/m?)

p,= density of solids (= 2 780 kg/m’)

p.= density of water (= 1000 kg/m®)

e=void ratio

Table 4-4 shows the calculated average void ratio and density at saturation for the four cases.
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Table 4-4. Calculated average void ratio and density at saturation up to 0.5 m from the canister
top for the four cases. The density change is also included

Case Material model  Final void Density at saturation Density
ratio before and after swelling change 4p
kg/m® kg/m®
Homogeneous buffer Drucker-Prager 0.792 2006®1993 13
Homogeneous buffer Plastic cap 0.793 2006®1993 13
Inhomogeneous buffer  Drucker-Prager 0.810 2032®1983 49
Inhomogeneous buffer  Plastic cap 0.810 2032®1983 49

The table shows that there is small difference after swelling between the two material models. This
is a coincidence. The table also shows that the density change is much larger for the inhomogeneous
buffer case.

4.6 Comments and conclusions
Comparison of material models

A comparison between the results when the D-P model was used and when the Cap Model was used
show that the difference is small. It seems as the introduction of a cap and a curved failure envelope
does not affect the results very much at the type of swelling that takes place in these models.

The stress paths in a p-g diagram of some elements are shown in Figure 4-19 in order to illustrate
the swelling process. The stresses go with fairly constant average stress up to the failure line and
then follow the failure line during decreasing stresses. In spite of that the failure lines are slightly
different and the dilatancy at the failure line also differ the difference is obviously not large enough
in order to lead to very different results for the two models.

Results from other analyses have shown that the Plastic Cap model yields better agreement with
measurements than the Drucker-Prager model (Borgesson et al. 2015). They also show that it
sometimes is more difficult to get convergence with the more complicated Plastic Cap models. In
the following calculations the plastic Cap model has mainly been used.

Comparison of initial conditions

Comparisons of some results when the actual initial densities of blocks, rings and pellets were used
and when the average initial density of the entire buffer was used are shown in Figures 4-18 and
4-19. In spite of that the results are not fully comparable since the initial average density of the
inhomogeneous model is a little higher than in the homogeneous model some observations can be
done.

The final vertical displacements are compared in Figure 4-20. The figures show that the upwards
swelling of the interface is about 18 cm in the inhomogeneous model and 13 c¢m in the homogeneous
model. Even larger differences are seen in the buffer between the canister and rock in level with the
top of the canister, where the displacement is 2-3 c¢m in the homogeneous case and 5—-6 c¢m in the
inhomogeneous case. Also the upwards displacement of the canister differ. It is less than 1 cm in the
homogeneous case and about 2 ¢cm in the inhomogeneous case.

The final dry density of the buffer for the two models are compared in Figure 4-21.

The density distribution under and along the canister differ very much for the two cases. The
inhomogeneous model has a remaining very strong density spreading in comparison with the homo-
geneous model. However, above the canister, where the large swelling takes place, the difference is
not very large.
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Figure 4-19. Stress paths (Mises stress q, kPa vs. average stress p, kPa) for some elements in the model
with initially inhomogeneous buffer and the Cap Model.
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Figure 4-20. Comparison between the final vertical displacements (m) in the buffer at initially homogenised
buffer (left) and at initially inhomogeneous buffer (vight).
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Figure 4-21. Comparison between the final dry density (kg/m’) distribution in the buffer at initially
homogenised buffer (left) and at initially inhomogeneous buffer (right).

The average density or the buffer calculated up to 0.5 m from the canister top according to the sug-
gested new criterion yields similar density after swelling but this is caused by the higher initial density
of the buffer in the inhomogeneous cases. The density loss is much larger in the inhomogeneous case.

A conclusion is that the inhomogenous buffer model should be used if possible. Underestimation of
the swelling may otherwise be the case.
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5 Influence of buffer density and backfill geometry

5.1 General

15 cases with different average density and swelling pressure of the buffer and different geometry
of the backfill have been modelled with the new material model and initially inhomogeneous buffer.
The purpose has been to study the sensitivity to changes in geometry and density. The backfill
response was modelled with the extrapolated test results and with changes in geometry taken into
account. In six cases the backfill blocks in the upper part of the deposition hole was modelled with
simplified models that takes the density loss into the bevel into account.

Table 5-1 summarizes the modelled cases.

Table 5-1. Modelled cases. X denotes dry backfill and Y denotes wet backfill in the upper part
of the deposition hole.

Thickness of bottom layer ¢, (a) (b) (c) (d) (e)
(a—e) / Swelling pressure o (1-3)

and density at saturation p,, t,=10 cm t,=25cm t,=10 cm t,=10 cm + t,=50 cm

+ bevel bevel + blocks
(1) s=4 MPa, 1965 kg/m® X X Y Y X
(2) s=7 MPa, 2011 kg/m? X X Y Y X
(3) =10 MPa, 2041 kg/m?® X X Y Y X

Three different average swelling pressures were thus modelled with the swelling pressure 4 MPa,
7 MPa and 10 MPa (cases 1-3). Five different geometries were modelled. Cases a, b and e had the
thickness of the bottom layer 10 cm, 25 cm and 50 cm and no bevel. Cases ¢ and d had the bottom
layer thickness 10 cm a simulated bevel.

The bevel in cases ¢ and d was not included geometrically. Instead it was pessimistically simulated
as having a completely homogenised bentonite backfill meaning that the density in the upper part of
the deposition hole (the 2.5 upper blocks) had a density equal to the average density of that part and
the bevel, i.e. complete homogenisation. These cases also differed from the other cases so that all
bentonite in the deposition hole was modelled as completely water saturated while the backfill in the
tunnel was still dry.

Initially inhomogeneous buffer with blocks, rings and pellets is used in these calculations according
to the conclusions in Section 4.6. The density of the blocks and rings was chosen so that the average
density of the buffer would yield the desired swelling pressure of cases 1-3.

The models were made axially symmetric which means that the bevel and the backfill in the
tunnel could not be geometrically included. Instead the response from the blocks in the tunnel was
modelled with the same stress-strain relation as measured and modelled for the field test described
in Chapter 3. The difference in thickness of the pellet filled floor was taken into account by adding
calculated additional deformation as described in Section 5.2.3.

5.2 Model
5.2.1 Geometry

Figure 5-1 shows the geometry and the element mesh of the model.
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Figure 5-1. Schematic drawing of the geometry of the 15 modelled cases. The element mesh of cases ¢ and
d is shown to left.

1 cm slot between the rings and the canister and on top of the canister is included.
* Rings (R): r=0.535 m, r,=0.825 m.

e Blocks (B): ri=0 m, r,=0.825 m.

e Pellets: ri=0.825 m, r,=0.875 m.

¢ Slot: r=0.525 m, r,=0.535 m.

¢ 1 cm slot above the canister but not below.

5.2.2 Initial conditions
The buffer

The initial densities of the blocks and rings that would yield the requested average swelling pressure
need to be calculated. The relation between void ratio e and the swelling pressure p is described by
Equation 5-1 for MX-80 bentonite according to Borgesson et al. (1995).

e=e(2) (5-1)
where

e=void ratio at p

e~1.1

po=1000 kPa

p=—0.19
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Average calculated void ratios according to Equation 5-1 and resulting dry densities p, are shown in
Table 5-1. The density of solids p,=2 780 kg/m® and the density of water p,= 1000 kg/m’ have been
used in the calculation.

Table 5-1. Average void ratio and dry density of the buffer used in the modelling.

Case p(kPa) e ry (kg/m?®)
1 4000 0.845 1507
2 7000 0.760 1580
3 10000 0.710 1626

Observe that the average density at saturation at the swelling pressure 10 MPa is p,=2 041 kg/m’,
which is higher than p,=2 022 kg/m’, since the material model of MX-80 has been used. For
pn= 2022 kg/m® the swelling pressure of MX-80 according to Equation 5-1 is only 7960 kPa, while
it is 10 MPa for Ca-bentonite Deponit CaN according to Borgesson et al. (2010).

With the geometries shown in Figure 5-1 the void ratio of the blocks and rings that yield the average
void ratios in Table 5-1 will be according to Table 5-2. The corresponding initial conditions regarding
pressure and suction are also shown.

For Table 5-2 the void ratio of the pellet filled slot has been set to e=1.78, which corresponds to the
dry density p,=1000 kg/m’. Based on this, the geometry and the average void ratio for cases 1-3
the void ratio of the blocks and rings have been calculated. A problem with the Porous Elastic model
is that it is only fully valid for void ratios 0.7 <e<1.5, which is outside the actual values for most
blocks and rings. In order to adjust this drawback and ensure that the swelling pressure after swelling
is correct the initial conditions of the pressure and pore pressure had to be adjusted. The reason for
the problem is that the Porous Elastic model, which is used by Abaqus, is single logarithmic while
the relation as described by Equation 5-1 is double logarithmic. This correction is done by adding or
subtracting the difference between the swelling pressure according to Equation 5-1 and the swelling
pressure calculated according the Porous Elastic model at the initial void ratios.

Table 5-2. Initial conditions of the buffer components used in the model.

Case Void ratio e, Pressure p, and Remarks
Pore pressure
-u, (MPa)
Blocks
(1) 4 MPa 0.771 6.49
(2) 7 MPa 0.683 10.9 Recalculated'
(3) 10 MPa 0.632 14.5 Recalculated’
Rings
(1) 4 MPa 0.679 111 Recalculated’
(2) 7 MPa 0.591 18.4 Recalculated’
(3) 10 MPa 0.541 24.5 Recalculated’
Pellet filling
1-3 1.78 0.022 Recalculated’

" Recalculated means that the pressure p, has been adapted to yield the correct swelling pressure at the desired average
density. This must be done for most blocks and the pellets since the validity of the Porous Elastic model is limited to
0.7<e<1.5.

The backfill in the bevel

The properties of the “bevel” for cases ¢ and d are calculated with the following assumptions:
» Length of backfilled part of the deposition hole: 4.=1.25 m.

+ Total volume of only bevel: 2.16 m’.
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+ Volume of “backfill blocks”: 2.67 m’.
+  Volume of pellets in backfilled part of the deposition hole: 0.33 m’.

* Dry density of backfill blocks in backfilled part of the deposition hole and in the bevel:
pa=1704 kg/m’.

This data yields the following average initial conditions of void ratio, pressure and pore pressure of
the upper part of the deposition hole assuming a completely homogenised bentonite backfill:

Case c (only pellets in the bevel):

+ Average dry density p,~=1364 kg/m’.
* Average void ratio: e=1.04.

e Pressure p,=1.34 MPa.

* Pore pressure u,= —1.34 MPa.

Case d (pellets and blocks in the bevel):
Fore case d eight bentonite blocks with the dimensions 0.5% 0.4 x0.571 m’ have been placed in the
bevel according to Figure 5-2.

This yields an increased average density:
» Average dry density p,=1488 kg/m’.
* Average void ratio: e=0.868.

* Pressure p,=3.58 MPa.

e Pore pressure u;~=—3.58 MPa.

The initial conditions are thus according to Table 5-3.

Table 5-3. Initial conditions of the upper backfilled part of the deposition hole.

Bevel + upper 1.25 m deposition hole

Case Average void Pressure p, and Pore Remarks

ratio e, pressure —u, (MPa)
c 1.04 1.34 Only pellets
d 0.868 3.58 Pellets and blocks

Figure 5-2. Placement of 8 blocks in the bevel.
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5.2.3 Material models

The hydraulic model is identical to the model shown in 4.2.2.

The mechanical models are identical to the Porous Elastic Model and the Cap Model presented in
Section 4.2.3.

The models of the other materials are identical to the models presented in Section 4.2.6.

The model of the backfill in the deposition tunnel is modelled in the same way as described by the
red hatched line in Figure 3-7. This response is valid for the thickness 8 cm of the pellet filling in the
floor. However, cases a, b and ¢ refer to other thicknesses and this has to be adjusted for. The com-
pression properties of pellet fillings have been investigated by several tests as shown in Andersson
and Sandén (2012). As an average relation the compression test on IBECO extruded pellets has been
used. The stress-strain relation is shown in Figure 5-3.

By adding the influence of an increased pellet filling thickness according to Figure 5-3 the response
of the dry backfills can be derived. Figure 5-4 shows these relations.

IBECO-13 6 mm extr.
45

40 -

35

30

/ — IBECO-13 6 mm extr.

20 /

Strain (%)

0 1000 2000 3000 4000 5000 6 000
Vertical Stress (kPa)

Figure 5-3. Stress-strain relation used for the modelling of the pellet filling.

0.50
0.45
0.40
— 0.35 .
3 Pellet thickness
€ 030~ —— 8cm
g 10
cm
g 0.25
25cm
5 020
@ 50 cm
o 0.15
0.10
0.05
0.00
0 2000 4000 6000 8000 10000 12000

Force (kN)

Figure 5-4. Force-displacement relation used for modelling the response of the dry backfill.
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Since the response is modelled as a spring acting against the interface between the buffer and the
backfill (or for cases ¢ and d the interface at the top of the deposition hole) the force is used instead
of the stress.

5.2.4 Boundary conditions
Hydraulic boundary

The interface between the buffer and the rock is modelled with a constant pore water pressure that is
ramped to u=0 MPa in a couple of days.

Mechanical boundary

The rock is mechanically fixed to the surroundings. The interfaces of the buffer are modelled with
contact surfaces as described earlier.

5.3 Results

The results from all 15 models are shown in Appendix 1. Only the final conditions are plotted since
the intermediate results are not very relevant and not very interesting. The following results are
plotted as contour plots:

* Dry density.

* Void ratio.

» Radial stresses.

* Axial stresses.

* Average stresses.

» Axial displacements.

The axial displacements and the average stress of case 2a (6=7 MPa, #,=10 cm), which can be
considered a base case, are shown in Figure 5-5.

U, u2 S, Pressure
feeree (higs 75
Y +8.508e+03
+ii£8§ +7.986e+03
110360-01 +7.465e+03
+8.976e-02 +6.9432403
+7.693e-02 . +6.421e+03
+6.411e-02 +5.899%e+03
+5.1282-02 +5.377e+03
+3.845e-02 +4.856e+03
+2.562e-02 +4.334e+03
+1.279e-02 +3.812a+03
-4.344e-05 +3.290e403
' +2.768e+03
+2.246e+03
. taxi_b db  Ab. i
I ARSEANRs e PO ODB: axi_b2_case2a.odb Abaqus/Stihdar
«Step: Swelling L ) )
Increment  66: Step Time = 1 «Step: Swelling

Increment 66: Step Time = 1l

Primary Var: U, U2 Primary Var: S, P ure

Figure 5-5. Axial displacements (m) (left) and average stress (kPa) of case 2a (6=7 MPa, t,=10 cm).
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Figure 5-5 shows that the upwards swelling of the interface between the buffer and the backfill block
in the deposition hole is quite large (15 cm) but also that in spite of this the lowest average stress
above the canister is about 3 MPa.

The upwards swelling of all 15 cases are shown in Table 5-4. The table shows the total upwards
displacement of the interface between the buffer block and the backfill block for all cases.

Table 5-4. Total upwards displacement & of the top of the bentonite buffer (1.5 m above the
canister).

Swelling pressure ¢ (a) (b) (c) (d) (e)
(7-3) /thickness of

- =10 cm t,=25 cm =10 cm + t,=10 cm + t,=50 cm
bottom layer {, (a-¢) bevel bevel + blocks
(1) =4 MPa =11 cm 0=14 cm 0=11cm 0=7 cm 0=19 cm
(2) 0=7 MPa 0=15cm 0=19 cm 0=16 cm 0=12 cm 0=24 cm
(3) 0=10 MPa 0=10 cm 0=22 cm 0=19 cm 0=16 cm 0=27 cm

The most critical cases for the density of the buffer above the canister are cases /b and /e, which
have an average stress after swelling lower than 2 MPa above the canister lid. Cases 1c and 2e have
the corresponding stress about 2 MPa. The reason is mainly that cases 1 have the lowest initial
density of the buffer.

Figure 5-6 shows the final average stress of cases 1c and le.

The average void ratio and density or the buffer calculated up to 0.5 m from the canister top accord-
ing to the suggested new criterion (see Section 4.5) are shown for all 15 cases in Table 5-5 together
with the loss in density caused by the swelling.

S, Pressure S, Pressure

(Avg: 75%) (Avg: 75%)
+5.431e+03 5.161e+03
+5.029e+03 14.810(3:03
+4.627e+03 +4.460e+03
+4.225e+03 +4,109e+03
+3.823e+03 +3.758e+03
+3.421e+03 +3.407e+03
+3.019e+03 +3.056e+03
+2.616e+03 +2.706e+03
+2.2142403 +2.355e+03
+1.812e+03 +2.004e+03
+1.410e403 +1.653e+03
+1.008e+03 +1.303e+03
+6.060e+02 +9.519e+402

¥
ODB: axi_b3_caselc.odb Abaqus/S a ¥

ODB: axi_b2_casele.odb Abaqus/s 2
«Step: Swelling |
Increment 67: Step Time = 1,000 1
Primary Var: S, Pressure

«Step: Swelling
Increment 88: Step Time =
Primary Var: S, Pressure

Figure 5-6. Final average stresses (kPa) for case Ic (6=4 MPa, bevel with pellets) and case le (6=4 MPa,
t,=50 cm).
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Table 5-5. Calculated final average void ratio and density at saturation up to 0.5 m from the canister
top for the 15 cases. The decrease in density is caused by the swelling is also shown. The critical and
close to critical cases with swelling pressure of 2 MPa or lower above the canister lid are coloured
yellow.

Case Void ratio Density at Decrease in
saturation kg/m®  density kg/m®

1a 0.873 1951 14
1b 0.882 1946 19
1c 0.871 1951 14
1d 0.862 1956 9
1e 0.936 1920 45
2a 0.797 1991 20
2b 0.806 1985 26
2c 0.798 1990 21
2d 0.788 1995 16
2e 0.821 1978 31
3a 0.753 2016 25
3b 0.762 2010 31
3c 0.755 2014 29
3d 0.745 2020 21
3e 0.779 2000 41

Table 5-5 shows that three of the four close to critical cases regarding the buffer density (or average stress)
above the canister lid also yield the lowest density according to the new criterion, but the fourth one (2¢)
has higher density than the other non-critical cases 1. Only case 1e has a clearly lower average stress
according to the new criterion than acceptable. The reason is the low initial density in combination with
the thick pellet layer. The bevel seems to manage all cases. Only case 1c (bevel filled with pellets) is
close to critical but has still an average density higher than 1950 kg/m”.

As example the void ratio and upwards displacement of the surface 0.5 m above the canister are shown
in Figures 5-7 and 5-8 for case 3e.

VOIDR

(Avg: 75%)
+1.233e+00
+1.186e+00
+1.138e+00
+1.091e+00
+1.043a+00
+9.954a-01
+9.478a-01
+9.002e-01
+8.526e-01
+8.050e-01

+7.09%e-01
+6.623e-01

N ODB: axi_b2_case3b.odb Abaqus/Standard 6.13 22
tl - Step: Swelling
Increment 87: Step Time = 1.0000E+12

Primary Var: VOIDR
Deformed var: U Deformation Scale Factor: +1.000e+00

Figure 5-7. Void ratio distribution of the buffer up to 0.5 m above the canister top for case 3e.
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Figure 5-8. Displacement (m) of the surface located 0.5 m above the canister top for case 2e. The x-axis is
plotted as the distance (m) from the centre axis.

5.4 Conclusions

The following conclusions can be drawn from the results of the calculations regarding the influence
of buffer density and backfill geometry.

The influence of the initial density of the buffer is large on the upwards swelling and the swelling
pressure above the canister lid:

* High density yields high upwards swelling but still high swelling pressure.

* Low density yields small upwards swelling but still low swelling pressure.

The influence of the thickness of the pellet filling in the floor and the bevel are strong, but only two
cases (1b and 1e) yield average stress p<2 MPa above the canister top. These cases also yield too
low density p,.<1950 kg/m® according to the new criterion.

All simplified pessimistic cases with the bevel (c and d) fullfilled the requirement with p>2 MPa
above the canister lid and p,,>1950 kg/m”.

The new buffer criterion seems to capture the low density at the top of the canister quite well.

General conclusions are that:

+ Pellets filling thickness in the floor influences the results more than the bevel.
*  Only low density buffer yields problems.

» Cases with bevel and 10 cm pellet filling thickness fullfilled the requirements.
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6 3D model for checking the 2D models

6.1 General

In order to see how well the 2D models with simplified backfill response described in Chapter 5
agree with a modelling of the entire 3D case with a block filled tunnel two of the modelling cases in
Chapter 5 have been simulated.

Modelling of cases 3e and 3a have been done. Case 3e yields the largest total swelling of the buffer,
while 3a yields the largest upwards displacement of the backfill blocks in the tunnel.

Identical properties of the buffer blocks and the pellet fillings have been used as described in
Chapter 3 and the same geometry and properties backfill blocks in the tunnel as described in
Chapter 5. The backfill blocks in the deposition hole were omitted since they are expected to only
function as a stiff cylinder due to that they are not wetted. Table 6-1 shows the initial conditions.

Table 6-1. Initial conditions of the buffer.

Case Void ratio e, Pressure p, and Remarks
Pore pressure
-u, (MPa)
Blocks
(3)10MPa  0.632 14.5 Recalculated'
Rings
(3)10 MPa  0.541 245 Recalculated'
Pellet filling
1-3 1.78 0.022 Recalculated'

" Recalculated means that the pressure p, has been adapted to the yield the correct swelling pressure at the desired
average density. This must be done since the validity of the Porous Elastic model is limited to 0.7 <e<1.5.

Figure 6-1 shows an example of the geometry of the 3D models without bevel. The backfill was
modelled with identical geometry and properties as the backfill in the model of the swelling test
(Chapter 3). In order to help convergence a collar that limited the radial swelling in the pellet filling
was installed in the floor around the deposition hole. There was a small difference to the models
shown in Chapter 5 since there was no stiff plate between the buffer and the backfill. The other
models had no collar.

Figure 6-1. Sketch of the geometry of the 3D model.
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6.2 Case 3e (10 MPa swelling pressure and 50 cm pellet filling)

This calculation runs for 3.4 x 10* s (10.8 years) when it was interrupted due to convergence problems.
At this time the pore pressure was not completely equilibrated but a negative pore pressure of about

1 MPa was still remaining above the canister. The results are though correct up to 10.8 years and are
therefore described.

All results refer to the end state after 10.8 years. The vertical displacements are shown in Figure 6-2,
both for a large part of the model in the axial vertical symmetry plane and as a detail around the upper
part of the deposition hole. The vertical displacements in the pellet filling in the ceiling and wall are
shown in Figure 6-3 and the vertical displacements and the vertical stresses in the backfill blocks are
shown in Figure 6-4.

The void ratio and dry density in the buffer are shown in Figure 6-5 and the average effective stress and
vertical total stress are shown in Figure 6-6. The model is by mistake given the wrong name (3b instead
of 3e) in the pictures.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.745
,=2020 kg/m’

U, uz
+2.322e-01
- +2.113e-01
- +1.904e-01
+1.696e-01
+1.487e-01
+1.278e-01
+1.06%e-01
+8.604e-02
+6.517e-02

+2.533e-03
-1.834e-02

Figure 6-2. Vertical displacements (m) in the axial vertical symmetry plane.

u, u2
+2.38%e-02
+2.151e-02
+1.913e-02
+1.676e-02
+1.438e-02
+1.200e-02
49.621e-03
47.243e-03
+4.8642-03
+2.486e-03
+1.074e-04
-2.271e-03
-4,64%-03

¥ ODB: Tunnel_swelling3b.odb Abaqus/Standard 6.13-2  Fri Dec 04 01:28:3% GMT

aj.-v *  Shep: Swelling

Increment 8&60: Step Time = 7.3656E+08
Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 6-3. Vertical displacements (m) in the pellet filling in the ceiling and wall.
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u, uz
+5.874e-02
+5.333e-02
+4.791e-02
+4.250e-02
+3.709e-02
+3.168e-02
+2.627e-02
+2.086e-02
+1.545e-02
+1.004e-02

- +4,630e-03
-7.810e-04
-6.192e-03

¥ ODB: Tunnel_swellin rd 6.13-2 Fri Dec 04 01:28:39 GMT+01:00

| Step: Swelling
Increment €60: Step Time = " 3656E+08

Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +1.000e+00

5, 822
(Avg: 75%)
+1.985e400
-1.4652+02
-2.958e+02
-4.4462+02
-5.935e+02
-7.424e402
-8.912e402
-1.040e+03
-1.18%e+03
-1.338e403
-1.487e+03
-1.636e403
-1.784e+03

+01:00 2015

Figure 6-4. Vertical displacements (m) in the backfill (upper) and vertical stresses (kPa) in the backfill
blocks in the tunnel.
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VOIDR
{Avg: 75%)

+1.273e+00
+1.216e+00
+1.159e+00
+1.102e+00
+1.045e+00
+9.875e-01
+9.303e-01
+8.731e-01
+8.160e-01
+7.588e-01
+7.016e-01
+6.445e-01
+5.873e-01

4

ODB: Tunnel_swelling3b.adb  Abaqus/Standa

Step: Swelling

Increment 1000: Step Time =  7.4621E408
Primary Var: VOIDR

Deformed var: U Deformatlon Scale Factor:

UVARM4
(Avg: 75%)

+1.752e+03
+1.708=2+03
+1.6632+03
+1.619e2+03
+1.5752+03
+1.531e+03
+1.4872+03
+1.443e+03
+1.3992+03
+1.355e+03
+1.3102+03
+1.266e+03
+1.2222403

ODB: Tunnel_swelling3b.adb  Abaqus/Standa

Step: Swelling

Increment 1000: Step Time = 7.4621E408
Primary Var: UVARM4

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 6-5. Void ratio (upper) and dry density (kg/m’) in the buffer.
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S, Pressure

(Avg: 75%)
+1.4782+04
+1.3692+04
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+1.043e+04
+9.342e+03
+8.255e+03
+7.168e+03
+6.081e+03
+4.9942+03
+3.9072+03
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+1.732e+03

¥ ODB: Tunnel swelling3b.odb Abaqus/Standa

Step: Swelling
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Primary Var: S, Pressure
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(Avg: 75%)
+1.573e404
+1.4492404
+1.326e404
+1.202e+04
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4+9.550e403
+8.3142403
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Y ODB: Tunnel swelling3b.odb Abaqus/Standa

Step: Swelling
z Increment 1000: Step Time = 7.4621E+08

Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor: .000e+00

Figure 6-6. Average effective stress (upper) and vertical total stress (kPa) in the buffer.

SKB TR-16-08 59



6.3 Case 3a (10 MPa swelling pressure and 10 cm pellet filling)

This calculation is identical to the previous one (Section 6.2) with exception of the thickness of
the pellet filling. Also this calculation was interrupted in advance (1.3 x 10° s or 41 years) due to
convergence problems with a not completely equilibrated negative pore pressure of about 0.35 MPa
still remaining above the canister. The results are though correct up to 41 years and are therefore
described. All results refer to this time.

Figure 6-7 shows the vertical displacements, Figure 6-8 shows the vertical displacements and the
total vertical stresses in the backfill blocks and Figure 6-9 shows the vertical displacements in
the pellet filling in the ceiling and wall. The void ratio and dry density in the buffer are shown in
Figure 6-10 and the average effective stress and vertical total stress are shown in Figure 6-11.

The axial displacements of the surface located 0.5 m above the canister are shown in Figure 6-12.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.727
p,=2031 kg/m’

u, uz2

+1.515e-01
+1.334e-01
+1.154e-01
+9.736e-02
+7.933e-02
+6.130e-02
+4.326e-02
+2.523e-02
+7.203e-03

Figure 6-7. Vertical displacements (m) in the axial vertical symmetry plane.
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+3.922e-02
+2.683e-02
+1.444e-02
+2.048e-03
-1.034e-02
-2.273e-02

v QDB Tunnel swall

Step: Swelling
,.;:\ Increment  150: Step

Primary Var: U, U2
Deformed Var: U Deformatio

6.13-2  Sun Dec 20 09:40:53 GMT+01:00

cale Factor: +1.000e+00

5, 522
(Avg: 75%)

+7.327e+00
-2.327e+02
-4.728e+402
-7.128e+02
-9.52%e+02
-1.193e4032
-1.433e+03
-1.673e+032
-1.913e403
-2.153e+03
-2.393e+403
-2.633e+03
-2.873e+03

MT+01:00 2015

Figure 6-8. Vertical displacements (m) in the backfill in the tunnel (upper) and vertical stresses (kPa) in
the backfill blocks.
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U, u2
+4.067e-02
+3.664e-02
+3.262e-02
+2.859%e-02
+2.456e-02
+2.054e-02
+1.651e-02
+1.249e-02
+8.460e-03
+4.434e-03
+4.080e-04
-3.618e-03
-7.644e-03

ODB: Tunnel_swelling3a_rl.odb Abaqus/Standard 6.13-2 Sun Dec 20 09:40:53

ZL *  Step: Swelling

Increment 150: Step Time = 1.3046E+09
Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 6-9. Vertical displacements (m) in the pellet filling in the ceiling and wall.
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v ODB: Tunnel_swelling3a_ri.odb Abaqus/Sta

Step: Swelling
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Primary Var: VOIDR
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+1.368e+03
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v ODB: Tunnel_swelling3a_rl.odb Abaqus/Sta

Step: Swelling
z Increment 150: Step Time = 1.3046E4-09

Primary Var: UVARM4
Deformed Var: U Deformation Scale Factor: .000e+00

Dec 20 09:40:53 GMT+01:00 2015

Figure 6-10. Void ratio (upper) and dry density (kg/m’) in the buffer.
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UVARM3
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+1.53%+04
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+6.883e+03
+5.668a+03
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+3.23%+03
+2.024e+03
+8.093e+02

ODB: Tunnel_swelling3a_ri.odb Abaqus/Sta Dec 20 09:40:53 GMT+01:00 2015
Step: Swelling

Increment 150: Step Time = 1.30486E+409
Primary Var: 5, Pressure

Dafoermed Var: U Deformation Scale Factor:

4

ODB: Tunnel_swelling3a_ri.odb Abaqus/Sta 20 09:40:53 GMT401:00 2015
Step: Swelling

Increment 150: Step Time = 1.3046E409
Primary Var: UVARM3

Dafermed Var: U Deformation Scale Factor: ” +00

Figure 6-11. Average effective stress (upper) and vertical total stress (kPa) in the buffer.
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u, uz

+1.484e-01
+7.000e-02
+6.500e-02
+6.000e-02
+45.500e-02
+5.000e-02
+4,500e-02
+4.000e-02
+3.500e-02
+43.000e-02
+2.500e-02
+2.000e-02
+1.500e-02
+1.000e-02
-4.778e-04

Figure 6-12. Axial displacements (m) of the surface located 0.5 m above the canister.

6.4

Comments and conclusions

Table 6-2 summarises the results and shows the density after swelling according to the new criterion

Table 6-2 Results and comparison of the 2D and 3D calculations.

pm kg/m® p above canister lid | Buffer swelling Pore pressure
New criterion

Case 2D 3D 2D 3D 2D 3D 3D

3e 2000 2020 2.5MPa 5 MPa 27cm 21cm -1 MPa

3a 2016 2031 3MPa 6 MPa 18cm 12cm -0.35 MPa

Table 6-2 shows that the agreement is rather poor. For case 3e the displacement of the contact buffer/
backfill is in average about 21 cm in the 3D model while it is about 27 cm in the 2D model. In agree-
ment with this the average stress on top of the canister is higher in the 3D case (about 5 MPa) than in
the 2D model (about 2.5 MPa). The same poor agreement applies for case 3a. The displacement of
the contact buffer/backfill is about 12 cm in the 3D model while it is about 18 cm in the 2D model.
This difference yields that the average stress above the canister is about 6 MPa in the 3D model and
only about 3 MPa in the 2D model.

The comparison thus shows that the 3D model for both cases yields less upwards swelling, higher
remaining density above the canister than the 2D model and higher average density according to the
new criterion. The major reason for this difference is that the 3D calculations were interrupted before
equilibrium.
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7 3D model for studying the influence of the width
of the pellet filled slot at the ceiling

71 General

In order to study the influence of the thickness of the pellet filling at the ceiling two 3D calculations
were done. Both calculations refer to case 2b, i.e. 7 MPa swelling pressure and 25 cm pellet filling
in the floor. The two calculations were identical with the only difference that the pellet filling at the
ceiling was 60 cm in one model and 45 c¢m in the other.

7.2 60 cm slot at the ceiling (Tunnel_swelling2b)

Modelling of case 2b (7 MPa swelling pressure and 25 c¢cm pellet filling in the floor) has been done
with a full 3D model without bevel and with a pellet filling in the ceiling that is 15 cm thicker than
in the base geometry. The geometry and material models are identical to those in the calculation
described in Chapter 6. The initial conditions of the blocks and pellets are described in Table 7-1.

Table 7-1. Initial conditions of the buffer parts.

Case Void ratio e, Pressure p, and Remarks
Pore pressure
-u, (MPa)
Blocks
(2) 7 MPa 0.683 10.9 Recalculated'
Rings
(2) 7 MPa 0.591 18.4 Recalculated'
Pellet filling
1-3 1.78 0.022 Recalculated'

" Recalculated means that the pressure p, has been adapted to the yield the correct swelling pressure at the desired
average density. This must be done the blocks and the pellets since the validity of the Porous Elastic model is limited to
0.7<e<1.5.

The calculation was run to complete pore pressure equalization (3.5% 10" s or 1100 years). All
results refer to the end stage.

Figure 7-1 shows the vertical displacements, Figure 7-2 shows the vertical displacements in the
pellet filling in the ceiling and wall and Figure 7-3 shows the vertical displacements and the total
vertical stresses in the backfill blocks. The void ratio and dry density in the buffer are shown in
Figure 7-4 and the average effective stress and vertical total stress are shown in Figure 7-5.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.796
0,=1991 kg/m®
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u, uz
+2.035e-01
+1,753e-01
+1.470e-01
+1.187e-01
+9.047e-02
+6.220e-02
+3.393e-02
+5.661e-03
-2.261e-02
-5.088e-02
-7.915e-02
-1.074e-01
-1.357e-01

Figure 7-1. Vertical displacements (m) in the axial vertical symmetry plane.

U, u2
+5.255e-02
+4.594e-02
+3.933e-02
+3.272e-02
+2.611e-02
+1.950e-02
+1.289e-02
+6.277e-03
-3.338e-04
-6.944e-03
-1.355e-02
-2.017e-02
-2.678e-02

¥ ODB: Tunnel_swelling2b.odb Abagus/Standard 6.13-2 Wed Dec 16 20:08:34

;Lx Step: Swelling

Increment 320: Step Time = 3.4804E+10
Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 7-2. Vertical displacements (m) in the pellet filling in the ceiling and wall.
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- +6.95%e-02
+5.754a-02
+4.550e-02
+3.345e-02
+2.141a-02
+9.360e-03
-2.685e-03
-1.473e-02
-2.678e-02

¥ ODB: Tunnel_swelli Wed Dec 16 20:08:34 GMT+01:00 2015

| Step: Swelling
Increment  320: Step

Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +1.000e400

S, 522
(Avg: 75%)
+3.1332400
-1.666a+02
-3.363e+02
-5.060e+02
-6.757e+02
-8.455e+02
-1.015a+03
-1,185¢+03
-1.3552+03
-1,524e+03
-1.694e+03
-1.864a+03
-2.033e+03

Figure 7-3. Vertical displacements (m) in the backfill in the tunnel (upper) and vertical stresses (kPa) in
the backfill blocks.
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* ODB: Tunnel_swelling2b.odb  Abaqus/Standal

Step: Swelling
z Increment 320: Step Time = 3.4804E+10

Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor:

16 20:08:34 GMT+01:00 2015

UVARM4

(Avg: 75%)
+1.694e+03
+1.656e+03
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+1.582e+03
+1.545e+03
+1.507e+03
+1.470e+03
+1.433e+03
+1.395e+03
+1.358e+03
+1.321e+03
+1.283e+03
+1.246e+03

* ODB: Tunnel_swelling2b.odb  Abaqus/Standal

Step: Swelling
z Increment 320: Step Time = 3.4804E+410

Primary Var: UVARM4
Deformed Var: U Deformation Scale Factor: ~000e+00

16 20:08:34 GMT+01:00 2015

Figure 7-4. Void ratio (upper) and dry density (kg/m’) in the buffer.
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+9.166e+03
+8.378e+03
+7.590e+03
+6.802e+03
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0DB: Tunnel_swelling2b.odb  Abaqus/Standa

Step: Swelling

Increment 320: Step Time = 3.4804E+10
Primary Var: 5, Pressure

Dafermed Var: U Deformation Scale Factor:

ODB: Tunnel_swelling2b.odb  Abaqus/Standa

Step: Swelling

Increment 320: Step Time =  3.4804E410
Primary Var: UVARM3

Daefermed Var: U Deformation Scale Factor: .000e+00

16 20:08:34 GMT+01:00 2015

16 20:08:34 GMT+01:00 2015

Figure 7-5. Average effective stress (upper) and vertical total stress (kPa) in the buffer.

SKB TR-16-08

71



7.3 Base case with 45 cm slot at the ceiling
(Tunnel_swelling2b_standard)

In order to be able to study the influence of the thickness of the pellet filled slot between the rock
ceiling and the backfill blocks also the base case was modelled. The calculation was identical to the
previous one with exception of the thickness of the pellet filled slot at the ceiling. This calculation
was run to complete pore pressure equalization (3.65% 10" s or 1160 years). All results refer to the
end stage.

Figures 7-6 shows the vertical displacements, Figure 7-7 shows the vertical displacements in the
pellet filling in the ceiling and wall and Figure 7-8 shows the vertical displacements and the total
vertical stresses in the backfill blocks. The void ratio and dry density in the buffer are shown in
Figure 7-9 and the average effective stress and vertical total stress are shown in Figure 7-10.

U, U2
+1.948e-01
+1.682e-01
+1.417e-01
+1.151e-01
+8.850e-02
+6.192e-02
+3.534e-02
+8.758e-03
-1.782e-02
-4.440e-02
-7.098e-02
-9.756e-02
-1.241e-01

Figure 7-6. Vertical displacements (m) in the axial vertical symmetry plane.

U, uz2
+4.266e-02
+3.73%e-02
+3.212e-02
+2.685e-02
+2.157e-02
+1.630e-02
+1.103e-02
+5.758e-03
+4.856e-04
-4.786e-03
-1.006e-02
-1.533e-02
-2.060e-02

M ODB: Tunnel_swelling2b_standard.odb Abaqus/Standard 6.13-2  Thu Jan 07 23:17:33

ZL *  Step: Swelling

Increment 160: Step Time = 3.6554E+10
Primary Var: U, U2
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 7-7. Vertical displacements (m) in the pellet filling in the ceiling and wall.
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+3.160e+00
-1.713e+02
-3.457e+02
-5.201e+02
-6.946e+02
-8.690e+02
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-1.392e+03
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-1.916e+03

-2.090e+03

117:33 GMT+01:00 2016

leformed \."ar:’U Deformation Scale Factor: +1.000e+00

Figure 7-8. Vertical displacements (m) in the backfill in the tunnel (upper) and vertical stresses (kPa) in
the backfill blocks.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.795
pn=1992 kg/m’

Comparing the results with the model with 60 cm slot instead of 45 cm shows rather small
difference. Table 7-2 compares some date of the two models.
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Step: Swelling
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+1.657e4+03
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+1.547e+03
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+1.474e+03
+1.438e4+03
+1.401a8+403
+1.364e403
+1.328e+03
+1.291e+03
+1.255e4+03

v ODB: Tunnel_swelling2b_standard.odb  Abag

Step: Swelling
z Increment 160: Step Time = 3.6554E410

Primary Var: UVARM4
Deformed Var: U Deformation Scale Factor: .000a+00

Figure 7-9. Void ratio (upper) and dry density (kg/m’) in the buffer.

Table 7-2. Influence of the slot width at the ceiling.

Variable 45 cm slot 60 cm slot
pm (kg/m®) according to the new criterion 1992 1991

Max vertical displacement of the buffer/rock interface (cm) 19.5 204

Max vertical displacement of the backfill blocks (cm) 10.9 11.8

Max vertical compression of the pellets in the ceiling (cm) 4.3 5.3
Minimum pressure on the canister (MPa) ~25 ~25
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+9.693e+03
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+5.334e+03
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+3.590e+03
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v ODB: Tunnel_swelling2b_standard.odb  Abaq
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Thu Jan 07 23:17:33 GMT+01:00 2016

Figure 7-10. Average effective stress (upper) and vertical total stress (kPa) in the buffer.

7.4 Comments and conclusions

The comparison between the results of the effect of buffer upwards swelling against a dry tunnel
filled with backfill blocks and pellets show that the influence of the width of the pellet filled slot at
the ceiling is rather small. This is good for the concept since the rock surface at the ceiling can be
very irregular.

The lateral spreading of the stress through the block masonry is quite efficient yielding a rather low
vertical stress at the ceiling (300—500 kPa).

The E-modulus of the pellet filling can be converted to an M-modulus (oedometer modulus)
according to Equation 7-1.
E(1-v)

= 14+v)(1-2v) (7-1)
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The M-modulus relates to one dimensional compression.

Applying the compression modulus of the pellet filling M=5.25 MPa (corresponding to the
E-modulus £=3.9 MPa) yields the following compression of the pellet filling for the two cases:

45 cm slot:
0=S,,-46/M=0.45-0.5/5.25=0.043 m
where

S,, = slot width

Ao = stress increase

60 cm slot:
0=S,,-46/M=0.6-0.5/5.25=0.057 m

The difference is reduced by the fact that larger compression means lower stresses for the 60 cm slot.

This simplified calculation thus agrees well with the modelling results. The conclusion is thus that
the influence of the slot width is not strong but also that the geometry of the masonry is important. If
there is no overlapping of the blocks the stress will continue through the block without spreading and
with retained stress level.
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Swelling pressure (kPa)

8 Modelling of the case with backfill block failure

8.1 General

In Chapter 5 the buffer upwards swelling for 15 different cases with varying buffer density and
backfill geometry was modelled by simulating the response of the backfill blocks and pellet filling
in the ceiling with a spring that had the same properties as the extrapolated stress-displacement
relation measured in the Buffer Swelling Test. However, the stresses reached a peak after 8 cm
upwards displacement due to cracking and failure of the backfill blocks. In all calculations described
in this report it has been presumed that the blocks can be made of higher density and shear strength
so that cracking can be avoided. Since it could be interesting to see what the effect would be on the
buffer if cracking takes place a new 2D simulation has been done.

8.2 Model

Case 2b with 7 MPa swelling pressure and 25 c¢cm pellet filling at the floor has been modelled.
All properties and geometries have been identical to that model described in Chapter 5. The only
difference is that the stress-strain curve has followed the stress strain curve measured in the Buffer
swelling test (Chapter 3).

Figure 8-1 shows the measured stress-displacement relation and the relation used in the calculation.
Due to a mistake the maximum peak stress was simulated to take place after 10 cm displacement
instead of measured 8 cm but the effect on the results of this difference is judged to be small.

8.3 Results

Figure 8-2 shows the modelled average stress and axial displacement at the end while Figure 8-3
shows the modelled dry density, void ratio, radial stress and axial stress at the end.

The figures show that the effect on the buffer is rather large. The swelling of the buffer/backfill
interface is increased from 15 to slightly over 30 cm and the average stress above the canister lid is
decreased from about 3 MPa to about 1.6 MPa.
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Figure 8-1. Measured stress-displacement relation of the backfill block in the deposition hole in the Buffer
Swelling Test (left) and the relation used in the model.
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Step: Swelling

Increment 162: Step Time = 1 +10
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Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 8-2. Average stress (kPa) and vertical displacements (m) at the end.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.842

0,=1966 kg/m’

(p.,=1985 kg/m* without block failure)

The consequences of block failure for this case 2a are thus that the swelling pressure on the canister
lid is less than 2 MPa but acceptable according to the new criterion.
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Figure 8-3. End state of the calculation. Dry density, void ratio, radial stress and axial stress.
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9 3D model with bevel of wet upper part of
deposition hole

9.1 General

In Chapter 5 the effect of also having the upper part of the deposition hole and the pellet filled
bevel wetted was investigated as cases ¢ and d. But for those cases the pessimistic assumption was
made that the entire backfill part (upper 1.25 m and the bevel) was homogenised which results in a
rather low density in the deposition hole. In order to study how pessimistic those models are two 3D
calculations were done.

The calculations refers to models 2¢ and 3c¢ in Tables 5-1 and 5-4 with
* 10 cm pellets filling in the floor.

» 7 MPa swelling pressure of the buffer for model 2c.

* 10 MPa swelling pressure of the buffer for model 3c.

* Only pellets in the bevel.

The model is named Tunnel swelling2c_wedge 2.

Figure 9-1 shows the geometry of the deposition hole, the bevel and the pellet filling in the floor.
The tunnel model is identical to the model used for the Buffer swelling test shown in Figure 3-4.

The geometry, material properties and calculation are identical to the base calculation in Chapter 7
(Tunnel_swelling2b_standard) except for the thickness of the pellet filling in the floor and the
introduction of the pellet filled bevel. The pellet filling in the bevel has the same properties as the
pellet filling between the buffer blocks and the rock in the deposition hole.

e ODB: Tunnel_swelling2c_wedge_2.0db  Abag ndard 2 5SunJan 03 16:02:33 GMT+01:00 2016
- I Step: Swelling
Increment BO: Step Time = 2.4470E+09

Figure 9-1. Geometry and material areas in the vertical symmetry plane. In addition there are also backfill
blocks and pellets in the rest of the tunnel (see Figure 3-4).
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9.2 Case 2c (swelling pressure 7 MPa)

The initial conditions are shown in Table 9-1.

Table 9-1. Initial conditions of the buffer parts.

Case Void ratio e, Pressure p, and Remarks
Pore pressure
-u, (MPa)
Blocks
(2) 7 MPa 0.683 10.9 Recalculated'
Rings
(2) 7 MPa 0.591 18.4 Recalculated'

Pellet filling in the deposition hole and the bevel
1-3 1.78 0.022 Recalculated’

" Recalculated means that the pressure p0 has been adapted to the yield the correct swelling pressure at the desired
average density. This must be done the blocks and the pellets since the validity of the Porous Elastic model is limited
to 0.7<e<1.5.

As expected the calculation has entailed large problems with convergence. Several attempts with
changed strategy and stabilize factor have been done but complete pore pressure equalization was
not reached. The best calculation reached 4.93 x 10” s with a remaining maximum negative pore
pressure in the buffer blocks above the canister of —63 kPa, which is very close to equilibrium con-
sidering that the buffer started with a pore pressure of —18.4 MPa (rings) and —10.9 MPa (blocks).
The time is judged to have been prolonged in the calculation due to the use of stabilize.

Unstable non-dynamic problems when using Abaqus can be stabilized by adding viscous forces.
One technique is to use the parameter “Stabilize” where either an adaptive damping force could be
used or by defining a constant damping coefficient. In the current analyses the latter method has
been used and the coefficient has been tuned such that the effect on the solution is made as small as
possible and still have a converged solution.

All results refer to the end stage. Figures 9-2 shows the vertical displacements and horizontal
displacements in the deposition hole and bevel. Figure 9-3 shows the vertical displacements and the
total vertical stresses in the backfill blocks.

The void ratio and dry density in the buffer are shown in Figure 9-4 and the average effective stress
and vertical total stress are shown in Figure 9-5.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.773
p,=2004 kg/m’
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u, uz
+1.201e-01
+1.100e-01
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+8.973e-02
+7.959e-02

+5.931e-02
+4.917e-02
+3.903e-02
+2.88%e-02
+1.875e-02
+8.610e-03
-1.530e-03

v ODB: Tunnel_swelling2c_wedge_2.odb  Abaq 2 Fri Feb 05 22:36:01 GMT+01:00 2016

Step: Swelling
£ Increment 190: Step Time = 4.9265E+09

Primary Var: U, U2
Deformed Var: U Deformation Scale Factor:

u, us
+7.898e-02
+5.175e-02
+2.452a-02
-2.705e-03
-2.993e-02
-5.716e-02
-8.43%e-02
-1.116e-01
-1.388e-01
-1.661e-01
-1.933e-01
-2.205e-01
-2.478e-01

v QODB: Tunnel_swelling2c_wedge_2.0db  Abag 2 Fri Feb 05 22:36:01 GMT+01:00 2016

Step: Swelling
‘ Increment 190: Step Time = 4.9265E+09

Primary Var: U, U3
Deformed Var: U Deformation Scale Factor: r +00

Figure 9-2. Vertical (upper) and horizontal displacements (m) in the axial vertical symmetry plane.
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+7.999a-02
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+4.821e-02
+3.762e-02
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+1.643e-02
+5.838e-03
-4.755e-03
-1.535e-02

ODB: Tunnel_swall

I Step: Swelling
Increment 190: Step

Primary Var: U, U2
Deformed Var: U Deformatio le Factor: +1.000e+00

ndard 6.13-2  Fri Feb 05 22:36:01 GMT+01:00 2016

s, S22

(Avg: 75%)
+6,543e+00
-1.773e+02
-3.612e402
-5.450e+02
-7.288e402
-9.127e+02
-1.097e+403
-1.280e+03
-1.464e+03
-1.648e403
-1.832e+03
-2.016e+03
-2.200e+03

136:01 GMT+01:00 2016

g
ormed Var: U Deformation Scale Factor: +1.000e+00

Figure 9-3. Vertical displacements (m) in the backfill in the tunnel (upper) and vertical stresses (kPa) in
the backfill blocks.
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(Avg: 75%)
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v ODB: Tunnel_swelling2c_wedge 2.odb Abag

Step: Swelling
* Increment 150: Step Time = 4.9265E+409

Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor:

2 Fri Feb 05 22:36:01 GMT+01:00 2016

UVARM4

(Avg: 75%)
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+1.418e+03
+1.363e+03
+1.308e+03
+1.253e+03
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+1.142e+03
+1.087e+03
+1.032e+03

v ODB: Tunnel_swelling2c_wedge_2.0db  Abag

Step: Swelling
z Increment 190: Step Time = 4.9265E409
Primary Var: UVARM4

Deformed Var: U Deformation Scale Factor: +1. =00

2 Fri Feb 05 22:36:01 GMT+01:00 2016

Figure 9-4. Void ratio (upper) and dry density (kg/m’) in the buffer.
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5, Pressure
(Avg: 75%)

+1.081e+04
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+£8.107e402
-9.825e+01

A

ODB: Tunnel_swelling2c_wedge 2.odb Abaqg 2 Fri Feb 05 22:36:01 GMT+01:00 2016
Step: Swelling

Increment 150: Step Time = 4.9265E+409
Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor:

UVARM3
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+7.693a+03
+6.7242+03
+5.755e403
+4.786e+03
+3.817e+403
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+9.102e+02
-5.870e+01

-

ODB: Tunnel_swelling2c_wedge_2.0db  Abag 2  Fri Feb 05 22:36:01 GMT+01:00 2016
Step: Swelling

Increment 190: Step Time = 4.9265E409
Primary Var: UVARM3

Deformed Var: U Deformation Scale Factor: +10 =00

Figure 9-5. Average effective stress (upper) and vertical total stress (kPa) in the buffer.
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9.3 Case 3c (swelling pressure 10 MPa)

The initial conditions are shown in Table 9-2.

Table 9-2. Initial conditions of the buffer parts.

Case Void ratioe, Pressure p,and Remarks
Pore pressure
-u, (MPa)
Blocks
(3)10 MPa  0.632 14.5 Recalculated'
Rings
(3)10 MPa  0.541 24.5 Recalculated'
Pellet filling in the deposition hole and the bevel
1-3 1.78 0.022 Recalculated’

" Recalculated means that the pressure p0 has been adapted to the yield the correct swelling pressure at the desired
average density. This must be done the blocks and the pellets since the validity of the Porous Elastic model is limited
to 0.7<e<1.5.

Also for this case the calculation entailed large problems with convergence. Several attempts with
changed strategy and stabilize factor have been done but complete pore pressure equalization was
not reached. The best calculation reached 4.0 x 10° s with a remaining maximum negative pore
pressure in the buffer blocks above the canister of —125 kPa, which is also very close to equilibrium
considering that the buffer started with a pore pressure of —24.5 MPa (rings) and —14.5 MPa
(blocks). The time is judged to have been prolonged in the calculation due to the use of stabilize.

All results refer to the end stage. Figures 9-6 shows the vertical displacements and horizontal
displacements in the deposition hole and bevel. Figure 9-7 shows the vertical displacements and the
total vertical stresses in the backfill blocks.

The void ratio and dry density in the buffer are shown in Figure 9-8 and the average effective stress
and vertical total stress are shown in Figure 9-9.

The average void ratio and density at saturation according to the new criterion (see Section 4.5) are
e=0.727
0,=2031 kg/m®
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+1.518e-02
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¥ ODB: aa.odb Abaqus/Standard 6.13-2 Tue

Step: Swelling
& Increment 350: Step Time = 4.0018E+409

Primary Var: U, U2
Deformed Var: U Deformation Scale Factor:

U, U3
+1.045e-01
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¥ ODB: aa.odb Abaqus/Standard 6.13-2 Tue

Step: Swelling
& Increment 350! Step Time = 4.0018E+09

Primary Var: U, U3
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MT+01:00 2016

Figure 9-6. Vertical (upper) and horizontal displacements (m) in the axial vertical symmetry plane.
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Figure 9-7. Vertical displacements (m) in the backfill in the tunnel (upper) and vertical stresses (kPa) in
the backfill blocks.
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Figure 9-8. Void ratio (upper) and dry density (kg/m’) in the buffer.
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Figure 9-9. Average effective stress (upper) and vertical total stress (kPa) in the buffer.
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9.4 Comments and conclusions

The numerical problems of these calculations are well illustrated for case 3c in Figure 9-8, where a
local swelling has occurred in the contact between the wet upper bentonite in the deposition hole and
the dry pellet filling in the floor, which results in locally very low density. It is difficult to say how
much the incomplete pore pressure equalization means for the end state but the rather low remaining
negative pore pressure indicates that the effect is small.

Figures 9-2 and 9-6 show that the axial displacements are rather small compared to the results of the
simplified calculations in Chapter 5. The axial displacement is about 12 and 13 cm for case 2¢ and
3c. However, the lateral swelling of the upper bentonite bocks into the bevel is rather large or about
25 and 26 cm.

The average stress above the canister and the density according to the new criterion are much higher
for this model than the simplified models in Chapter 5. Table 9-3 shows a comparison.

Table 9-3. Comparison between the model with the bevel and the homogenized model.

Model Variable Actual bevel (3D) Simplified bevel (2D) Remaining pore
pressure

2c (7 MPa) Average stress above the canister p=5 MPa p=3 MPa -63 kPa

3c (10 MPa)  Average stress above the canister p=6.5 MPa p=4 MPa -125 kPa

2c (7 MPa) Density with new criterion pm=2004 kg/m®  p,=1990 kg/m®

3c (10 MPa)  Density with new criterion pm=2031 kg/m®  p,=2014 kg/m?

In spite of the large horizontal swelling the density distribution is still very inhomogeneous in the
upper part of the deposition hole and the bevel. This shows that the assumption of complete homog-
enization that cases ¢ and d in Chapter 5 is based on is very pessimistic and the results not reliable.

The conclusion of the modelling of two cases with wet upper part of the deposition hole and bevel
that is only filled with pellets is that the large remaining inhomogeneity of the bentonite in the bevel
results in a rather high density and high counter pressure in the upper 1.25 m of the deposition hole
that prevent buffer upwards swelling to critical levels. All cases with 10 cm pellet filling in the floor
are acceptable.
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10 Summary and conclusions

10.1 General

One important task for the backfill is to restrict upwards swelling of the buffer in deposition holes.
If the buffer can swell upwards it will lose density and by that also important properties. A possible
scenario is the so called dry case of buffer/backfill interaction meaning that the water inflow into the
deposition tunnel is very low and the backfill kept dry but at the same time there is a fast wetting of
a deposition hole.

The report describes the modelling efforts of the mechanical interaction between the buffer and the
backfill at a dry backfill that were made in 2015. All calculations were done with the finite element
code Abaqus.

10.2 Modelled cases
The buffer swelling test in Aspé HRL

This full scale test was used to check the response of a dry backfill to an upwards swelling of the
buffer. Instead of buffer a bentonite block in a deposition hole was forced to move upwards by four
cylinders and the force and displacement measured. The backfill was designed as the reference
backfill in a deposition tunnel. By modelling this test the modelled response of the backfill could be
checked against the measured response and the backfill model could be validated.

Comparison between modelled and measured results of the swelling test showed a very good
agreement up to 8 cm displacement, after which cracking of the blocks took place and the model
was invalid. Sensitivity analyses showed that the stiffness and thickness of the pellet filling in the
floor and ceiling were the factors most sensitive to changes. For further modelling the models and
parameters used are adequate to use. For 2D axial symmetry models the test results can be used as
a simplified model of the dry backfill if proper account is taken to changes in slot width and pellet
stiffness in the ceiling and floor. The models require of course that improved quality of the backfill
blocks can be made so that cracking will not take place.

Modelling of the buffer and backfill mechanical interaction with different initial
conditions and different material models of the buffer

The base case with a density at saturation of 2000 kg/m® and the swelling pressure 7 MPa with the
same backfill as in the field test was modelled as having a completely homogeneous buffer from
start. Both the old mechanical material model for saturated buffer materials with Drucker-Prager
plasticity model (used in SR-Site) and the new Plastic Cap model derived in the TF EBS have been
used for comparison. The backfill response was modelled with the extrapolated test results and with
changes in geometry taken into account.

The same base case corresponding to a buffer with an average density at saturation of 2000 kg/m?
and the average swelling pressure 7 MPa with the same backfill as in the field test was modelled
with the initial densities of the buffer in the deposition hole, i.e. buffer blocks, buffer rings and
pellets. Also for this case both the old mechanical material model for saturated buffer material (used
in SR-Site) and the new material model derived in the TF EBS has been used for comparison. The
backfill response was modelled with the extrapolated test results and with changes in geometry taken
into account.

A comparison between the results when the D-P model was used and when the Plastic Cap model
was used show that the difference is small. It seems as the introduction of a cap and a curved failure
envelope does not affect the results very much at the type of swelling that takes place at this type of
upwards swelling.
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The density distribution under and along the canister differs very much for the two initial conditions.
The inhomogeneous model has a remaining very strong density spreading in comparison with the
homogeneous model. Above the canister, where the large swelling takes place, there is also a clear
difference with a much stronger swelling for the inhomogeneous model.

A general conclusion is that the inhomogeneous model should be used if possible. Underestimation
of the swelling may otherwise be the case.

Influence of buffer density and backfill geometry

15 cases with different average density and swelling pressure of the buffer and different geometry
of the backfill were modelled with the new material model and initially inhomogeneous buffer. The
purpose was to study the sensitivity to changes in geometry and density. The backfill response was
modelled with the extrapolated test results and with changes in geometry taken into account. Six
cases with wet backfill blocks in the upper part of the deposition hole were modelled with simplified
models that took the density loss into the bevel into account.

The results showed that the influence of the pellet filling in the floor and the influence of the bevel
are rather strong but for most cases not critical. Only two cases (1b and 1e modelling the pellet filled
bevel and the 50 cm pellet filling in the floor at the initial average swelling pressure 4 MPa) resulted
in an average stress above the canister that was below 2 MPa.

These cases also yield too low density p,<1950 kg/m’ according to the new criterion.

All simplified pessimistic cases with the bevel (c and d) fullfills the requirements with p>2 MPa
above the canister lid and p,,> 1950 kg/m’.

The new buffer criterion seems to capture the low density at the top of the canister quite well.

General conclusions are that:
» Pellets filling thickness in the floor influences the results more than the bevel.
* Only low density buffer yields problems.

» Cases with bevel and 10 cm pellet filling thickness fullfills the requirements.

3D model for checking the backfill compression model

In order to check that the extrapolation of the stress-strain behaviour of the backfill used in the
analyses is a valid model, 3D analyses of two of the cases in the sensitivity analysis were performed.
The same backfill block configuration as in the field test and an inhomogeneous buffer were
modelled and compared with the simplified 2D calculation.

The results show that the agreement is rather poor. For case 3e the displacement of the contact
buffer/backfill is in average about 21 cm in the 3D model while it is about 27 ¢cm in the 2D model.
In agreement with this the average stress is on top of the canister is higher in the 3D case (about

5 MPa) than in the 2D model (about 2.5 MPa). The same poor agreement applies for case 3a. The
displacement of the contact buffer/backfill is about 12 ¢cm in the 3D model while it is about 18 cm in
the 2D model. This difference yields that the average stress above the canister is about 6 MPa in the
3D model and only about 3 MPa in the 2D model.

The comparison thus shows that the 3D model for both cases yields less upwards swelling and
higher remaining density above the canister than the 2D model. The main reason for this difference
is that the 3D calculations were interrupted before equilibrium.

3D model for studying the influence of the width of the pellet filled slot at the ceiling

The sensitivity analysis was done with the same backfill geometry as in the field test. In order to
study the influence of the width of the pellet filled slot at the ceiling 3D-models with two different
slot widths in a backfilled dry tunnel was simulated. The comparison between the results show that
the influence of the width of the pellet filled slot at the ceiling is rather small. This is good for the
concept since the rock surface at the ceiling can be very irregular.
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The conclusion is that the influence of the slot width is not strong but also that the geometry of the
masonry is important. If there is no overlapping of the blocks the stress will continue through the
block without spreading and with retained stress level.

Modelling of the case with backfill block failure

The backfill blocks in the field test cracked after about 10 cm displacement of the simulated buffer.
In order to study the effect of block cracking case 2b in the sensitivity analysis was modelled with
the results of the field test after 10 cm displacement as backfill response. The results show that the
effect on the buffer is rather large. The swelling of the buffer/backfill interface was slightly over
30 cm and the average stress above the canister lid was about 1.5 MPa in the case of block failure.
However, the density according to the new criterion was 1966 kg/m® and thus acceptable.

3D model with bevel of wet upper part of the deposition hole

In the sensitivity analyses the effect of also having the upper part of the deposition hole and the
pellet filled bevel wetted was investigated as cases ¢ and d. But for those cases the pessimistic
assumption was made that the entire backfill part (upper 1.25 m and the bevel) was homogenised
which results in a rather low density in the deposition hole. In order to study the relevance of those
models two 3D calculations of two of the cases including the bevel filled with bentonite pellets were
performed.

The results show that the density loss in the buffer above the canister is much lower in the 3D
case. In spite of the large horizontal swelling the density distribution after equilibrium is still very
inhomogeneous in the upper part of the deposition hole and the bevel. The assumption of complete
homogenization used for cases ¢ and d in Chapter 5 is thus very pessimistic and the results not reliable.

The conclusion of the modelling of two cases with wet upper part of the deposition hole and bevel
that is only filled with pellets is that the large remaining inhomogeneity of the bentonite in the bevel
prevents buffer upwards swelling to critical levels. All cases with 10 cm pellet filling in the floor are
acceptable.

10.3 New buffer criterion

All modelling results have been evaluated according to the recently proposed buffer density criteria,
which says that only the buffer located between the bottom of the deposition hole and the 0.5 m
above the canister shall be used for calculating the average density. The results show that the crite-
rion rather well captures the critical cases at upwards swelling scenarios. All cases with a swelling
pressure above the canister lid <2 MPa gave average densities according to the new criterion
<1950 kg/m* at water saturation, which corresponds to a swelling pressure of about 3 MPa.

Only in one case the new buffer criterion failed to discover a critical case with swelling pressure
above the canister lid less than 2 MPa. This case was the case of backfill block failure.
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Appendix 1

Results of the sensitivity analyses
Case 1a (0=4 MPa, f,=10cm)
Total displacement (buffer top): 11 cm

Dry density (kg/m?) Void ratio

UVARM4 VOIDR

{Awvg: 75%) {Avg: 75%)
+1.5582403 +1.170a+00
+1.5352403 +1.1382400
+1.512e+03 +1.10G6a+400
+1.48%a+03 +1.074e+00
+1.4G5a+03 +1.042e400
+1.442a+03 +1.0102400
+1.419a+03 +9.775e-01
+1.396a+03 +9.453e-01
+1.373a+03 +9,132e-01
+1.350a+03 +8.810e-01
+1.3272+4+03 +8.48%e-01
+1.3042403 +8.167e-01
+1.281e+03 +7.846e-01

«Step: Swelling

Increment 68: Step Time = 1.0000E+12
Primary Var: UVARM4
Deformed Var: U Deformation Scale Factor:

i ODB: axl b2 casela.odb Abaqus/Standard 6.13-2

«Step: Swelling

Increment 68: Step Time = 1.0000E+12
Primary Var: VOIDR

Deformed Var: U Deformation Scale Factor: +1.00

i ODB: axi_b2_casela.odb Abaqg

Radial stress (kPa) Axial stress (kPa)

UVARM2

UVARM3

(Avg: 75%) (Avg: 75%)
+5.222e+03 +6.106e+03
+4.935e+03 +5.702e+03
+4.649%a+03 +5.298a+03
+4.362e+03 +4.895e+03
+4.076e+03 +4.491e+03
+3.78%9e+03 +4.087e+03
+3.503e+03 +3.683e+03
+3.217e+03 +3.27%+03
+2.930e+03 +2.876e+03
+2.644e+03 +2.472e+03
+2.357e+03 +2.068e+03
+2.071e+03 +1.664e+03
+1.784e+03 +1.260e+03

A 4 A 4
I ODB: axi_b2_casela.odb Abagq ard I ODB: axi_b2_casela.odb Abaq ard

xStep: Swalling xStep: Swalling

Increment 68: Step Time = 1.0000E+12 Increment 68: Step Time = 1.0000E+12
Primary Var: UVARM2 Primary Var: UVARM3

Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor:
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Average stress (kPa)

S, Pressure

{Avg: 75%)
+5.426e+03
+5.115e+03
+4.804e+03
+4.4942 403
+4.183e+03
+3.872e+03
+3.561e+03
+3.251e+403
+2.940e+03
+2.6292+03
+2.319e+03
+2.008e2+03
+1.697e+03

i ODB: axi_b2_casela.odb Abaqus/S ard 6.13-2 Thu Oct 22 17:32:27 GMT+02:0C

«Step: Swelling

Increment 68: Step Time = 12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

U, uz
+1.096e-01
+1.005e-01
+9.134e-02
+8.220e-02
+7.307e-02
+6.393e-02
+5.479e-02
+4.5662-02
+3.652e-02
+2.738e-02
+1.825e-02
+9.109e-03
-2.724e-05

¥

I ODB: axi_b2_casela.odb Abaqus/S ard 6.13-2 Thu Oct 22 17:32:27 GMT+02:0C

«Step: Swelling

Increment 68! Step Time = 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 1b (0=4 MPa, t,=25 cm)
Total displacement (buffer top): 14 cm

Dry density (kg/m?)

UVARM4

(Avg: 75%)
+1.555e403
+1,531e403
+1,507e+4+03
+1.483a+4+03
+1.459a4+03
+1.435e+03
+1.411e+03
+1.3872+03
+1.3632+03
+1.33%9=+03
+1.315e+4+03
+1.292e+03
+1.268a+03

¥

(Avg: 75%)
+1.193a+00
+1.159a+00
+1.126a+00
+1.092e+00
+1.0582+00
+1.0242+00
+9.9042-01
+9.567e-01
+9.22%9e-01
+8.891e-01
+8.553e-01
+8.215e-01
+7.877e-01

¥
| ODB: axl_b2_caselb.odb Abag ard I ODB: axl b2 caselb.odb Abaqus/Standard 6.13-2

«Step: Swelling

Void ratio

VOIDR

«Step: Swelling

Increment 65: Step Time = 1.0000E+12 Increment  65: Step Time = 1.0000E4+12
Primary var: UVARM4 Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor: +1.00

Radial stress (kPa)

UVARM2

(Avg: 75%)
+5.130e+03
+4.791e+03
+4.452e+03
+4.113e+03
+3.7750+03
+3.4360+03
+3.0972+03
+2.758e+03
+2.419e+03
+2.080e+03
+1.741e+03
+1.402e+03
+1.063e+03

Axial stress (kPa)

UVARM3

(Avg: 75%)
+5.956e+03
+5.558e+03
+5.15%+03
+4.761e+03
+4.363a+03
+3.965e+03
+3.567e+03
+3.1692+03
+2.771e+03
+2.372e+03
+1.9742+03
+1.576e+03
+1.178e+03

Tl ODB: axi_b2_case1b.odb Abaq%lard 'I ODB: axi_b2_caseib.odb Abaq ard

«3tep: Swelling

«Step: Swelling

Increment 65: Step Time = 1.0000E+12 Increment 65: Step Time = 1.0000E+12

Primary Var: UVARM2 Primary Var: UVARM3

Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor:
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Average stress (kPa)

S, Pressure

{Avg: 75%)
+5.320e+03
+4.978e+03
+4.636e+03
+4.294e 403
+3.952e+03
+3.610e+03
+3.2682+03
+2.926e+403
+2.584e+03
+2.242e+03
+1.900e+03
+1.5582+03
+1.216e+403

i ODB: axi_b2_caselb.odb Abaqus/S! ard 6.13-2 Thu Oct 22 15:22:27 GMT+02:0C

«Step: Swelling

Increment 65: Step Time = 12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e4-00

Axial displacements (m)

u, uz2
+1.401e-01
+1.284e-01
+1.167e-01
+1.050e-01
+9.3362-02
+8.169e-02
+7.002e-02
+5.8342-02
+4.6672-02
+3.499e-02
+2.332e-02
+1.165e-02
-2,687e-05

Y

| ODB: axi_b2_caselb.cdb Abaqus/S ard 6.13-2 Thu Oct 22 15:22:27 GMT+02:0C

«Step: Swelling

Increment 65: Step Time = 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 1e (0=4 MPa, t,=50 cm)

Total displacement (buffer top): 19 cm

Dry density (kg/m?)

UVARM4

{Avg: 75%)
+1.54%9e+03
+1.523e+03
+1.496e+03
+1.470e+03
+1.443e+03
+1.417e+03
+1,390e+03
+1,364e+03
+1,337e+03
+1.311e+03
+1.284a+03
+1.258e+03
+1.231e+03

i ODB: axl b2 casele.odb Abaq

«3tep: Swelling
Increment
Primary Var: UVARM4

Deformed Var: U Deformation Scale Factor:

Radial stress (kPa)

UVARM2

(Avg: 75%)
+4.4362+03
+4.1442+03
+3.852e+03
+3.5600+03
+3.268e+03
+2.9768+03
+2.6840+03
+2.392e+03
+2.100e+03
+1.809e+03
+1.517e+03
+1.2252+03
+9.328e+02

¥

I ODB: axi_b2_casele.odb Abaq

«3tep: Swelling
Increment
Primary Var: UVARM2

Deformed Var: U Deformation Scale Factor:

SKB TR-16-08

£88: Step Time = 1.0000E+12

E.Elrd

88: Step Time = 1,0000E+12

Void ratio

VOIDR

{Avg: 75%)
+1.261e+00
+1.222e+00
+1.183a+00
+1.1442+400
+1.1052+00
+1.066e+00
+1.028e+00
+9.887e-01
+9,49%2-01
+9.110e-01
+8.721e-01
+8.333e-01
+7.944e-01

i ODB: axl b2 casele.odb Abaqus/Standard 6.

«Step: Swelling

Increment

88: Step Time = 1.0000E+12

Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor: +

Axial stress (kPa)

UVARM3

{Avg: 75%)
+5.729e+03
+5.322e+403
+4.9152+03
+4.,5082+03
+4.101e+403
+3.694e+03
+3.287e+03
+2.880e+03
+2.4732+403
+2.0662+03
+1.65%+03
+1.252e+03
+8.44924+02

«Step: Swelling

Increment
Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor:

X QODB: axl b2 casele.odb Abaq ard
R

B88: Step Time = 1.0000E+12
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Average stress (kPa)

S, Pressure

(Avg: 75%)
+5.1612403
+4.810e+03
+4.460e+403
+4.1092403
+3.758e+03
+3.4072+403
+3.056e403
+2.7062+403
+2.355e+403
+2.0042403
+1.653e+403
+1.3032+403
+9.519%9e+02

i QODB: axi_b2_casele.odb Abaqus/Stahdard 6.13-2 Sun Oct 25 14:27:28 GMT+01:0(¢

«Step: Swelling

Increment 88: Step Time =
Primary Var: S, Pressure
Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

u, u2
+1.872e-01
+1.716e-01
+1.560e-01
+1.404e-01
+1.248e-01
+1.092e-01
+9.361e-02
+7.800e-02
+6.240e-02
+4.679e-02
+3.118e-02
+1.558e-02
-2,605e-05

h

| ODB: axi_b2_casele.odb Abaqus/S ard 6.13-2 Sun Oct 25 14:27:28 GMT+01.:0C

«Step: Swelling

Increment 88: Step Time = 12

Primary var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 1c (0=4 MPa, t,=10 cm + bevel)
Total displacement (buffer top): 11 cm

Dry density (kg/m?)

UVARM4

(Avg: 75%)
+1.566e+03
+1.538e+03
+1.509e403
+1.481e+03
+1.453e+03
+1.4242403
+1.396e+03
+1.368e+03
+1.33% 403
+1.311e+03
+1.283e+03
+1.2542403
+1.226e403

ODB: axi_b3 caselc.odb Abaq
— Step: Swellina

Radial stress (kPa)

UVARM2

{Avg: 75%)
+5.301e+403
+4.925e+03
+4.5492+4+03
+4.174=2+403
+3.798e+403
+3.422e+403
+3.046e+03
+2.670e+03
+2.2942+403
+1.918=+403
+1.5432+403
+1.1672+403
+7.9092+402

¥

dard

| ODB: axi_b3 caselc.odb Abaq 1

«Step: Swelling

SKB TR-16-08

Void ratio

VOIDR

(Avg: 75%)
+1.268e+00
+1.227e+400
+1.186e+00
+1.145e+400
+1.1042+400
+1.0632+00
+1.022e+00
+9.805e-01
+9.394e-01
+8.984e-01
+8.573e-01
+8.163e-01

+7.752e-01

Axial stress (kPa)

UVARM3

{Avg: 75%)
+6.06424+03
+5.6052+03
+5.1452403
+4.68524+03
+4.226e+403
+3.766e+03
+3.3062+03
+2.8462+03
+2.3872+03
+1.9272+403
+1.4672+03
+1.008=2403
+5.4792402

¥

ODB: axi_b3_caselc.odb Abag
L «Step: Swelling
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Average stress (kPa)

S, Pressure
{Avg: 75%)

+5.431e4+03
+5.02%9e+03
+4.627e+03
+4.225e+03
+3.823e+03
+3.421e4+03
+3.01%+03
+2.616e+03
+2.214e+03
+1.812e4+03
+1.410e+03
+1.008e+03
+6.060e+02

Axial displacements (m)

¥

| ODB: axi_b3_caselc.cdb Abaqus/S

«Step: Swelling

Increment

67: Step Time =

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e4-00

U, uz2

+1.142e-01
+1.044e-01
+9.46%9e-02
+8.496e-02
+7.522e-02
+6.54%e-02
+5.575e-02
+4.602e-02
+3.628e-02
+2.655e-02
+1.682e-02
+7.080e-03
-2.654e-03

106

1.000

i ODB: axi_b3_caselc.odb Abaqus/S

«Step: Swelling

Increment

67! Step Time =

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00

1.

ard 6.13-2 Thu Nov 05 19:37:48 GMT+01:0(

12

ard 6.13-2 Thu Nov 05 19:37:48 GMT+01:0(

12
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Case 1d (0=4 MPa, t,=10 cm + bevel + blocks)
Total displacement (buffer top): 7 cm

Dry density (kg/m?)

UVARM4

(Avg: 75%)
+1.568e+03
+1.541e+03
+1.515e+03
+1.48%9e+03
+1.462e+03
+1.436e+03
+1.409e+03
+1.383e+03
+1.357e+03
+1.330e+403
+1.3042+403
+1.277e+03
+1.251e+403

¥

ODB: axi b3 caseld.odb Abag

«Step: Swelling

Radial stress (kPa)

UVARM2

{Avg: 75%)
+5.373e+03
+5.059e+03
+4.7452+03
+4.432e+03
+4.118e+403
+3.805e+03
+3.491e+03
+3.177e+03
+2.864e+03
+2.550e+03
+2.237e+403
+1.923e+03
+1.610e+03

¥

ODB: axi_b3_caseld.odb
I_, «Step: Swelling

SKB TR-16-08

Void ratio

VOIDR

(Avg: 75%)
+1.222e4-00
+1.185e+00
+1.14724-00
+1.110e+00
+1.0732+400
+1.035e+00
+9.977e-01
+9.603e-01
+9.2292-01
+8.855e-01
+8.481e-01
+8.107=-01
+7.733e-01

Axial stress (kPa)

UVARM3

{Avg: 75%)
+6.090e+03
+5.661e+03
+5.233e+403
+4.804e+03
+4.376e+03
+3.948e+03
+3.51%+03
+3.091e+03
+2.662e+03
+2.234e+03
+1.805e+03
+1.377e+03
+9.486e+02

¥

ODB: axi_b3_caseid.odb Abaq
I_ «Step: Swelling
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Average stress (kPa)

S, Pressure

{Avg: 75%)
+5.4792+403
+5.1252403
+4.771e403
+4.4172403
+4.063e+403
+3.7092403
+3.354e+403
+3.000e+403
+2.646e+403
+2.292e+403
+1.938e+403
+1.5832+403
+1.229e+403

A

I ODB: axi_b3_caseld.odb Abaqus/Stahfard 6.13-2 Thu Nov 05 19:53:11 GMT+01:01

«Step: Swelling
Increment 63! Step Time = 1./0000B+12
Primary Var: S, Prassure
Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

u, uz
+1.009e-01
+9.228e-02
+8.363e-02
+7.498e-02
+6.633e-02
+5.768e-02
+4.903e-02
+4.038e-02
+3.173e-02
+2.308e-02
+1.443e-02
+5.785e-03
-2.864e-03

h

I ODB: axi_b3_caseld.odb Abaqus/S ard 6.13-2 Thu Nov 05 19:53:11 GMT+01:01

«Step: Swelling

Increment 63: Step Time = 1, 12

Primary var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 2a (0=7 MPa, t,=10 cm)
Total displacement (buffer top): 15 cm

Dry density (kg/m3) Void ratio
UVARM4 VOIDR
(Avg: 75%) (Avg: 75%)
+1.631e+03 +1.105e+00
+1.605e+03 +1.072e+00
+1.579e+03 +1.038e+00
+1.554e+03 +1.0052+00
+1.528e+03 +9.716e-01
+1.502e+03 +9,382e-01
+1.4762+03 +9.048e-01
+1.450e+03 +8.714e-01
+1.4242403 +8.380e-01
+1.398=+03 +8.045e-01
+1.372e+03 +7.711e-01
+1.3462+03 +7.377e-01
+1.320e+03 +7.043e-01
N ODB: axi_b2_case2a.ocdb Abaqus/S! ard ! ODB: axi_b2_case2a.odb Abaqus/Standard 6.1
I_, «Step: Swelling L »Step: Swelling
Increment 66! Step Time = 1.0000E+12 Increment G6: Step Time = 1.0000E+12
Primary Var: UVARM#4 Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor: +1
Radial stress (kPa) Axial stress (kPa)
UVARMZ2 UVARM3

«Step: Swelling «Step: Swelling

(Avg: 75%) (Avg: 75%)
+8.250e+03 +9.491e403
+7.736e403 +8.86%e+03
+7.221e403 +8.248e+03
+6.707a4+03 +7.627e+403
+6.193e+03 +7.006e+4+03
+5.6782+03 +6.385e+03
+5.164e+403 +5.764e+03
+4.6492+03 +5.143e+03
+4,135e+03 +4.521e403
+3.621e403 +3.900e+03
+3.106e+03 +3.27%e+03
+2.592e+03 +2.658e+03
+2.078e+03 +2.037e+03

Y b
I ODB: axi_b2_case2a.odb Abaq%ﬁard I ODB: axl_b2_case2a.odb Abaq ard

Increment  66: Step Time = 1.0000E+12 Increment  66: Step Time = 1.0000E+12
Primary Var: UVARM2 Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor:
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Average stress (kPa)

S, Pressure

(Avg: 75%)
+8.508e+03
+7.986e+403
+7.465e+403
+6.943e+403
+6.421e+403
+5.8992+03
+5.377e+403
+4.856e+403
+4.3342+403
+3.812e+403
+3.290e+403
+2.768e+03
+2.246e+403

h

I ODB: axi_b2 case2a.odb Abaqus/S ard 6.13-2 Thu Oct 22 15:25:42 GMT+02:0C

«Step: Swelling

Increment 66! Step Time = 12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

U, U2
+1.539e-01
+1.411e-01
+1.283e-01
+1.154e-01
+1.026e-01
+8.976e-02
+7.693e-02
+6.411e-02
+5.1282-02
+3.845e-02
+2.562e-02
+1.279e-02
-4,344e-05

v

I ODB: axi_b2_case2a.odb Abaqus/S ard 6.13-2 Thu Oct 22 15:25:42 GMT+02:0C

«Step: Swelling

Increment 66: Step Time = 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 2b (0=7 MPa, t,=25 cm)
Total displacement (buffer top): 19 cm

Dry density (kg/m?)

UVARM4

{Avg: 75%)
+1.627e+03
+1.600e+03
+1.573e+03
+1.547e+03
+1.520e+03
+1.493e+03
+1.466e+03
+1.43%e4+03
+1.412e4+03
+1.385e+03
+1.358e+03
+1.332e+03
+1.305e+03

¥

'
| ODB: axi_b2_case2b.odb Abaq

«Step: Swelling

Increment 70: Step Time = 1.0000E+12
Primary Var: UVARM4

Deformed Var: U Deformation Scale Factor:

idard

Radial stress (kPa)

UVARM2

(Avg: 75%)
+8.073e+03
+7.506a4+03
+6.940e403
+6.374e+03
+5.807e+03
+5.241e+03
+4.674a403
+4.108a+403
+3.542e+03
+2.975e+03
+2.409e+03
+1.843e+03
+1.276a4+03

A 4 !_
| ODB: axl_b2_case2b.odb AbaqEEfSl:aiflard

<Step: Swelling
Incrament 70: Step Tima = 1.0000E412
Primary Var: UVARM2

Deformed Var: U Defarmation Scale Factor:

SKB TR-16-08

Void ratio

VOIDR

{Avg: 75%)
+1.131e400
+1.096e+00
+1.060e+00
+1.025=2+00
+9.900e-01
+9.548e-01
+9.196e-01
+8.844e-01
+8.492e-01
+8.140e-01
+7.78%e-01
+7.437e-01

+7.085e-01

¥

|

| CDB: axi_b2_case2b.odb Abaqus/Standard 6.13-

«Step: Swelling
Increment  70: Step Time =

Primary Var: VOIDR

1.0000E+12

Deformed Var: U Deformation Scale Factor: +1.0

Axial stress (kPa)

UVARM3

(Avg: 75%)
+9.217e+403
+8.602e+03
+7.987e+03
+7.372e8403
+6.7568+03
+6.141e403
+5.526e+403
+4.911e403
+4.2962+4+03
+3.681e+03
+3.066e2+03
+42.451e403
+1.835e+03

¥

I ODB: axi_b2_case2b.odb Abaq

«Step: Swelling
Increment  70: Step Time =

Primary Var: UVARM3

Jir‘ 6. 13_

1.0000E+12

Deformed Var: U Deformation Scale Factor: +1.0
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Average stress (kPa)

S, Pressure

{Avg: 75%)
+8.3072403
+7.756e403
+7.205e403
+6.6542403
+6.1032403
+5.552e403
+5.001e403
+4.449e403
+3.8982+03
+3.347e403
+2.7962403
+2.245e403
+1.6942403

¥

I ODB: axi_b2 case2b.odb Abaqus/S ard 6,13-2 Thu Oct 22 15:29:20 GMT+02:0C

«Step: Swelling

Increment 70: Step Time = 12

Primary Var: 5, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

u, U2
+1.867e-01
+1.712e-01
+1.556e-01
+1.400e-01
+1.245e-01
+1.089%e-01
+9.334e-02
+7.7772-02
+6.221e-02
+4.665e-02
+3.1082-02
+1.552e-02
-4.251e-05

¥

I ODB: axi_b2_case2b.odb Abaqus/S ard 6.13-2 Thu Oct 22 15:29:20 GMT+02:0C

«Step: Swelling

Increment 70: Step Time = 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 2e (0=7 MPa, t,=50 cm)
Total displacement (buffer top): 24 cm

Dry density (kg/m?) Void ratio

UVARM4 VOIDR

{Avg: 75%) (Avg: 75%)
+1.621e+03 +1.197e+00
+1.591e403 +1.157e+4+00
+1.562e+03 +1.117e+4+00
+1.532e403 +1.077e+00
+1.502e+03 +1.037e+00
+1.473e+03 +9.964e-01
+1.443e+03 +9.562e-01
+1.4142+03 +9.160e-01
+1.384e403 +8.75%-01
+1.355e+03 +8.357e-01
+1.325e403 +7.955e-01
+1.2952+03 +7.554e-01
+1.266e+03 +7.152e-01

¥ v
I ODB: axl_b2 case2e.odb Abag ard | ODB: axi_b2_case2e.odb Abaqus/Standard 6.13-2

«Step: Swelling «Step: Swelling

Increment  82: Step Time =  1.0000E+12 Increment 82: Step Time = 1.0000E+12
Primary Var: UVARM4 Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor: +1.00
Radial stress (kPa) Axial stress (kPa)
UVARM2 UVARM3
{Avg: 75%) (Avg: 75%)

+7.044a+403 +8.749e403

+6.569a+03 +8.106e+03

+6.095e+03 +7.463e+03

+5.620e+03 +6.820e+03

+5.146e+03 +6.177e+03

+4.671e4+03 +5.534e+403

+4.197e4+03 +4.891e403

+3.722a+403 +4.248e403

+3.248e4+03 +3.605e+03

+2.7732+03 +2.963e+03

+2.299e+03 +2.320e403

+1.825e403 +1.677e+03

+1.350e+403 +1.0342403

¥ . ¥
ODB: axi b2 caseZe.odb Abaq ard ODB: axi_b2_case2e.odb Abaq ard
1_. xStep: Swelling I_, «Step: Swelling

Increment 82: Step Time = 1.0000E+12 Increment 82: Step Time = 1.0000E+12
Primary Var: UVARM2 . . Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor: Deformed Var: U Deformation Scale Factor:
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Average stress (kPa)

S, Pressure

(Avg: 75%)
+7.997e403
+7.442e403
+6.886e+03
+6.331e403
+5.7762403
+5.221e403
+4.6652+403
+4.1102403
+3.555e+403
+3.000e403
+2.445e403
+1.88%e+03
+1.334e403

h

I ODB: axi_b2_case2e.odb Abaqus/S ard 6,.13-2 Thu Oct 29 17:17:01 GMT+01:0C

«Step: Swelling

Increment 82: Step Time = 12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e4-00

Axial displacements (m)

U, U2
+2.373e-01
+2.175e-01
+1.978e-01
+1.780e-01
+1.582e-01
+1.384e-01
+1.186e-01
+9.886e-02
+7.908e-02
+5.930e-02
+3.952e-02
+1.974e-02
-4.090e-05

h

I QODB: axi_b2_case2e.odb Abaqus/S ard 6.13-2 Thu Oct 29 17:17:01 GMT+01:0C

«Step: Swelling

Increment 82: Step Time = 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e4-00
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Dry density (kg/m?)

UVARM4
(Avg: 75%)

+1.63%e+03
+1.607e+03
+1.575e+03
+1.543e+03
+1.511e403
+1.480e+03
+1.448e+03
+1.416e+03
+1.3842403
+1.353e+03
+1.321e+03
+1.2892+403
+1.2572403

L.

Radial stress (kPa)

ODB: axi b3 case2c.odb Abaq
«Step: Swelling

UVARM2
{Avg: 75%)

+8.331e+03
+7.715e+03
+7.098e+03
+6.482e+03
+5.866e+03
+5.24%e+03
+4.633e+03
+4.017e+03
+3.400e+03
+2.784e+03
+2.168e+03
+1.551e+03
+9.348e+02

A

ODB: axi_b3_case2c.odb
L «Step: Swelling

SKB TR-16-08

Case 2c (0=7 MPa, t,=10 cm + bevel)
Total displacement (buffer top): 16 cm

Abaq

Void ratio

VOIDR

(Avg: 75%)
+1.211e400
+1.168=2+00
+1.1262+400
+1.0832+00
+1.040e+400
+9.969=-01
+9.540e-01
+9.111e-01
+8.682e-01
+8.253e-01
+7.823e-01
+7.3942-01
+6.9652-01

Axial stress (kPa)

UVARM3

(Avg: 75%)
+9.434=2+4+03
+8.715e+03
+7.9972403
+7.2782403
+6.5592403
+5.841=403
+5.122=403
+4.404e+03
+3.685e403
+2.966a403
+2.2482403
+1.529=2+403
+8.105=2+02

¥

ODB: axi_b3 case2c.odb Abaq
L «Step: Swelling
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Average stress (kPa)

S, Pressure
(Avg: 75%)

+8.451e+03
+7.812e403
+7.172e+03
+6.533e+03
+5.894e+03
+5.254e+03
+4.615e+03
+3.976e+03
+3.336e+03
+2.697e+03
+2.058e+03
+1.418e+03
+7.791e+02

v

I QODB: axi_b3_case2c.odb Abaqus/S

«Step: Swelling

Increment

73: Step Time =

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

u, u2

+1.719%-01
+1.574e-01
+1.429e-01
+1.284e-01
+1.13%e-01
+9.938e-02
+8.487e-02
+7.037e-02
+5.586e-02
+4.135e-02
+2.685e-02
+1.2342-02
-2.164e-03

116

A

| ODB: axi_b3_case2c.odb Abaqus/S

«Step: Swelling

Increment

73: Step Time =

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00

1,

1,

ard 6.13-2 Thu Nov 05 19:41:58 GMT+01:0(

12

ard 6.13-2 Thu Nov 05 19:41:58 GMT+01:0(

12
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Case 2d (0=7 MPa, t,=10 cm + bevel + blocks)

Total displacement (buffer top): 12 cm

Dry density (kg/m?)

UVARM4

(Avg: 75%)
+1.640e+403
+1.609e+403
+1.578e403
+1.547e403
+1.516e403
+1.485e+403
+1.454e403
+1.422e403
+1.391e403
+1.360e+03
+1.32%e+03
+1.298e+403
+1.267e403

ODB: axi_b3_case2d.odb Abaq

«Step: Swelling

Radial stress (kPa)

UVARM2

(Avg: 75%)
+8.432e+403
+7.873e+03
+7.313e+03
+6.75424+03
+6.1942403
+5.6352403
+5.0752+4+03
+4.516e+403
+3.956e+03
+3.397e+03
+2.837e+03
+2.2782+403
+1.7192+03

¥

ODB: axi_b3_case2d.odb
L «Step: Swelling

SKB TR-16-08

Abaq

Void ratio

VOIDR

(Avg: 75%)
+1.1942+00
+1.153e+00
+1.111a+400
+1.06%9e+00
+1.0282+00
+9.862e-01
+9.446e-01
+9.030=-01
+8.614e-01
+8.198e-01
+7.782e-01
+7.366e-01
+6.950e-01

Axial stress (kPa)

UVARM3

(Avg: 75%)
+9.497e403
+8.794e+03
+8.090e+03
+7.387e+403
+6.684e+03
+5.981e+403
+5.278e+03
+4.575e+03
+3.872e+03
+3.168e+03
+2.465e+03
+1.762e+03
+1.05%e+03

¥

| ODB: axi_b3 _case2d.odb Abaq

«Step: Swelling
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Average stress (kPa)

S, Pressure

(Avg: 75%)
+8.460e403
+7.8642403
+7.269403
+6.6732+403
+6.0782403
+5.482e+403
+4.887e+403
+4.291e403
+3.6962403
+3.100e403
+2.505e403
+1.909e403
+1.3132403

A

| ODB: axi_b3_case2d.odb Abaqus/S! ard 6.13-2 Thu Oct 29 04:42:34 GMT+01:0C

«Step: Swelling

Increment 69: Step Time = 1. OEfH-12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

U, uz
+1.332e-01
+1.196e-01
+1.05%e-01
+9.231e-02
+7.868e-02
+6.505e-02
+5.142e-02
+3.779%e-02
+2.416e-02
+1.053e-02
-3.100e-03
-1.673e-02
-3.036e-02

¥

| ODB: axi_b3_case2d.cdb Abaqus/S ard 6.13-2 Thu Oct 29 04:42:34 GMT+01:0C

«Step: Swelling

Increment 69: Step Time = 1, 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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Case 3a (0=10 MPa, t,=10 cm)
Total displacement (buffer top): 18 cm

Dry density (kg/m?) Void ratio

UVARM4 VOIDR

(Avg: 75%) {Avg: 75%)
+1.,677e+03 +1.071e+00
+1,649¢+03 +1.0362+00
+1.621e+03 +1.002e+00
+1,593e+03 +9.674e-01
+1,565e+03 +9,331e-01
+1,537e+403 +8.987e-01
+1,510e+03 +8.643e-01
+1,482e+03 +8.299e-01
+1,454e+03 +7.956e-01
+1.4262+03 +7.612e-01
+1.398e+03 +7.26Be-01
+1,370e+03 +6.924e-01
+1,343e+03 +6.581e-01

¥

¥

l ODB: axi_b2_case3a.odb Abaqus/ ard | ODB: axi_b2_case3a.odb Abaqus/Standard 6.13-2

«Step: Swelling

Increment 69: Step Time = 1.0000E+12
Primary Var: VOIDR

Deformed Var: U Deformation Scale Factor: +1.001

«Step: Swelling

Increment 69: Step Time = 1.0000E+12
Primary Var: UVARM4

Daformed Var: U Deformation Scala Factor:

Radial stress (kPa) Axial stress (kPa)

b
ODB: axl_b2_case3a.odb Abagus/Starndard

UVARM2 UVARM3

(Avg: 75%) (Avg: 75%)
+1.057e+04 +1.21%e+04
+9.842e+03 +1.138e+04
+9.113e+03 +1.057e+04
+8.383e+03 +9.758e+03
+7.6542+03 +8.946e+03
+6.925e+03 +8.134e+03
+6.195e+03 +7.322e+03
+5.466e+03 +6.510e+03
+4.737e+03 +5.697e+03
+4.007e+03 +4.885e+03
+3.278e+03 +4.073e+03
+2.549e+03 +3.261e+03
+1.819+03 +2.44%e+03

ODB: axi_b2_case3a.odb Abaq

ard

L

xStep: Swelling
Increment 69: Step Time = 1.0000E+12
Primary Var: UVARM2

Defarmed Var: U Deformation Scale Factor:

SKB TR-16-08

L

«Step: Swelling
Increment 69: Step Time = 1,0000E+12
Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor:
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Average stress (kPa)

S, Pressure
{Avg: 75%)

+1.100e+404
+1.029e4+04
+9.577e+4+03
+8.867e+03
+8.157e+03
+7.447e+03
+6.737e403
+6.027e+403
+5.317e+403
+4.607e+03
+3.896e+03
+3.186e+03
+2.476e+03

¥

| ODB: axi_b2_case3a.odb Abaqus/S

«Step: Swelling

Increment

69: Step Tima =

Primary Var: 5, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

u, u2

+1.837e-01
+1.684e-01
+1.531e-01
+1.378e-01
+1.225e-01
+1.072e-01
+92.184e-02
+7.652e-02
+6.120e-02
+4.58%e-02
+3.057e-02
+1.526e-02
-5.688e-05

120

v

I ODB: axi_b2_case3a.odb Abaqus/S

«Step: Swelling

Increment

69: Step Time =

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00

ard 6.13-2 Thu Oct 22 16:46:55 GMT+02:0C

12

12

ard 6.13-2 Thu Oct 22 16:46:55 GMT+02:0C
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Case 3b (0=10 MPa, t,=25 cm)
Total displacement (buffer top): 22 cm

Dry density (kg/m?)

UVARM4

{Avg: 75%)
+1.672e+03
+1.637e+03
+1.602e+03
+1.566e+03
+1.531e+403
+1.495e+03
+1.460e+03
+1.425e+03
+1,38%e+03
+1.354e+03
+1.319e+403
+1.283e+03
+1.248e+403

N ODB: axi_ b2 case3b.odb Abag ard

L, «Step: Swelling

Increment 87: Step Time =
Primary Var: UVARM4
Deformed Var: U Deformation Scale Factor:

1.0000E+12

Radial stress (kPa)

UVARM2

(Avg: 75%)
+1.035e+04
+9.576e+03
+8.79%9e+03
+8.022e403
+7.2442+03
+6.467e+03
+5.68%e+03
+4.912e+03
+4.134a+03
+3.357e+03
+2.580e+03
+1.802e4+03
+1.025a+03

f -
N ODB: axi_b2_case3b.adb Abaqus/Starjdard
1_' «Step: Swelling
Increment 87: Step Time =  1.0000E+12

Primary Var: UVARM2

Deformed Var: U Deformation Scale Factor:

SKB TR-16-08

Void ratio

VOIDR

(Avg: 75%)
+1.233e+00
+1.186e+00
+1.138e+00
+1.091e+00
+1.043e+00
+9.954e-01
+9.478e-01
+9.002e-01
+8.526e-01
+8.050e-01
+7.575e-01
+7.09%e-01
+6.623e-01

¥

| ODB: axi_b2_case3b.cdb Abaqus/Standard 6.13-2

«Step: Swelling

Increment 87: Step Time =
Primary Var: VOIDR
Deformed Var: U Deformation Scale Factor: +1.00

1.0000E+12

Axial stress (kPa)

UVARM3

(Avg: 75%)
+1.181e+404
+1.092e+404
+1.003e+04
+9.140e+403
+8.250e+03
+7.360e+03
+6.470e+03
+5.581e+03
+4.691e4+03
+3.801e+03
+2.911a403
+2.021a403
+1.131e403

N ODB: axi_b2_case3b.odb Abag ard

I_, «Step: Swelling

Increment 87: Step Time =
Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor:

1.0000E+12

121



Average stress (kPa)

5, Pressure

(Avg: 75%)
+1.072e404
+9.9142403
+9.113e403
+8.3112403
+7.509e+403
+6.707e403
+5.906e+403
+5.1042403
+4.302e403
+3.500e403
+2.6992403
+1.897e403
+1.0952403

h

I ODB: axi_b2_case3b.odb Abaqus/St

«Step: Swelling

Increment 87: Step Time =
Primary Var: S, Pressure
Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

u, U2
+2.167e-01
+1.987e-01
+1.806e-01
+1.625e-01
+1.445e-01
+1.264e-01
+1.083e-01
+9.027e-02
+7.221e-02
+5.414e-02
+3.608e-02
+1.801e-02
-5.517e-05

dard 6.13-2 Thu Oct 22 16:50:43 GMT+02:0C

i ODB: axi_b2_case3b.odb Abaqus/S ard 6.13-2 Thu Oct 22 16:50:43 GMT+02:0C

«Step: Swelling

Increment 87: Step Time = 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00

122
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Case 3e (0=10 MPa, t,=50 cm)
Total displacement (buffer top): 27 cm

Dry density (kg/m?)

UVARM4

(Avg: 75%)
+1.666e+03
+1.611e+403
+1.556e+03
+1.500e+03
+1.445e+03
+1.390e+03
+1.3342+03
+1.279%e+03
+1,224e+403
+1.169e+03
+1.1132+403
+1.058e+03
+1.003e+03

¥

ODB: axi_b2 case3e.odb Abagq

I_, «Step: Swelling

Increment

500: Step Time =

Primary Var: UVARM4

ard

1.5415E+09

Deformed Var: U Deformation Scale Factor:

Radial stress (kPa)

UVARM2

(Avg: 75%)
+1.0052+04
+9.207a+03
+8.366e403
+7.5242+03
+6.682&8+4+03
+5.840e4-03
+4.9982+03
+4.157a403
+3.315e403
+2.473e+03
+1.631a403
+7.895e402
-5.232e+01

¥

I_. «Step: Swelling

Increment 500: Step Time =

Primary Var: UVARM2

Deformed Var: U Deformation Scale Factor:

SKB TR-16-08

ODB: axi_b2_case3e.odb Abaglis/Standard

1.5415E+09

Void ratio

VOIDR

(Avg: 75%)
+1.823e+400
+1.727e+00
+1.631e400
+1.535e+00
+1.438e+00
+1.342e+400
+1.246e+400
+1.150e4-00
+1.053e+400
+9.572e-01
+8.610e-01
+7.648e-01
+6.686e-01

¥

CDB: axi_b2_case3e.odb Abaqus/Standard 6.13-2
L «Step: Swelling

Increment

Primary Var:

500; Step Time =
VOIDR

1.5415E+09

Deformed Var: U Deformation Scale Factor: +1.00

Axial stress (kPa)

UVARM3

(Avg: 75%)
+1.122e404
+1.02%=+04
+9.368e+03
+8.4432+03
+7.519e+03
+6.5942+03
+5.670e+03
+4.746e+03
+3.821e+03
+2.897e4+03
+1.972e+403
+1.048e+03
+1.235e+02

ODB: axi_b2_case3e.odb Abag

Al
L xStep: Swelling

Increment

500: Step Time =

Primary Var: UVARM3
Deformed Var: U Deformation Scale Factor:

ard

1.5415E+09
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Average stress (kPa)

S, Pressure

{Avg: 75%)
+1.030e+04
+9.5682+03
+8.8362+403
+8.1042+403
+7.372e403
+6.6402+03
+5.9082+03
+5.176e403
+4.444e403
+3.712e403
+2.980e+03
+2.249e+03
+1.517e403

¥

| ODB: axi_b2_case3e.odb Abaqus/S ard 6.13-2 Thu Oct 29 04:53:01 GMT+01:0C

«Step: Swelling

Increment 248: Step Time = 12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

U, U2
+2.717e-01
+2.491e-01
+2.264e-01
+2.038e-01
+1.811e-01
+1.585e-01
+1.358e-01
+1.132e-01
+9.054e-02
+6.789e-02
+4.5242-02
+2.259e-02
-5.3322-05

¥

I ODB: axi_b2_case3e.odb Abaqus/S ard 6.13-2 Thu Oct 29 04:53:01 GMT+01:0C

«Step: Swelling

Increment 248: Step Time =
Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e4-00

12
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Case 3c (0=10 MPa, £,=10 cm + bevel)
Total displacement (buffer top): 19 cm

Dry density (kg/m?) Void ratio

UVARM4 VOIDR

(Avg: 75%) {Avg: 75%)
+1,6852+03 +1.188e+400
+1,650e+03 +1.143e400
+1.616e+03 +1.098e+00
+1,581e+03 41.0532400
+1,547e403 +1.0092+4-00
+1,512e403 +g.?ggg-gi
+1,4782403 +9. -
+1,4432403 +8.741e-01
+1.4092403 +§'§3§2:81
+1.374e+03 17.8%4e-04
+1.340e+03 +7.3%6-04
+1.3052403 16.947e 0L
+1.271e403 .

T

ODB: axi b3 case3c.odb Abaqus/Standard 6.

N ODB: axi_b3_case3c.odb Abaq
I «Step: Swelling

«Step: Swelling

Radial stress (kPa)

¥

Axial stress (kPa)

UVARM2 UVARM3

(Avg: 75%) {Avg: 75%)
+1.077e+04 +1.213e+04
+9.95%9e+03 +1.121e+04
+9.152e+403 +1.029e+04
+8.3462+03 +9.362e+03
+7.539%9e+03 +8.43%e+03
+6.732e+403 +7.515e+03
+5.9252+403 +6.591e+03
+5.118=2+403 +5.668e+03
+4.311e+403 +4.7442+4+03
+3.5042+403 +3.821e403
+2.6972+403 +2.897e+03
+1.890e+403 +1,973e+03
+1.0832+403 +1.050e+03

¥

QDB: axi b3 case3c.odb Abaqlﬂ@‘r‘ ODB: axi_b3_case3c.odb Abaq C
I_. «Step: Swelling L «Step: Swelling
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Average stress (kPa)

S, Pressure
(Avg: 75%)

+1.092e+404
+1.009e+04
+9.259%+03
+8.428e+03
+7.597e+03
+6.766e+03
+5.934e403
+5.103e+03
+4.272e4+03
+3.440e403
+2.609e+403
+1.778e+03
+9.465e+02

¥

| ODB: axi_b3_case3c.odb Abaqus/s!

«Step: Swelling

Increment

99: Step Time =

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.000e+00

Axial displacements (m)

U, u2

+2.084e-01
+1.9082-01
+1.733e-01
+1.557e-01
+1.382e-01
+1.206e-01
+1.031e-01
+8.556e-02
+6.801e-02
+5.047e-02
+3.293e-02
+1.538e-02
-2.160e-03

126

i ODB: axi_b3_case3c.odb Abaqus/S

«Step: Swelling

Increment

99: Step Time =

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e4-00

1,

1,

ard 6.13-2 Thu Nov 05 19:46:31 GMT+01:0(

12

ard 6.13-2 Thu Nov 05 19:456:31 GMT+01:0(

12
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Case 3d (0=10 MPa, t,=10 cm + bevel + blocks)
Total displacement (deposition hole top): 16 cm

Dry density (kg/m?)

UVARM4

(Avg: 75%)
+1.688e+403
+1.6542+03
+1.620e+4+03
+1.586e+03
+1.552e+403
+1.518=2+03
+1.4842+403
+1.450e+403
+1.416e+03
+1.382e+03
+1.348e+03
+1.314e+403
+1.280e+03

A

QDB: axi_b3_case3d.odb Abaq
I_. «Step: Swelling

Radial stress (kPa)

UVARM2

(Avg: 75%)
+1.114e+04
+1.036e+04
+9.582e+03
+48.806e+03
+8.02%9e+03
+7.252e+403
+6.475e+403
+5.698e+03
+4,921e403
+4,1442+03
+3.367e+03
+2.591e403
+1.814e+03

Yl ODB: axi_b3_case3d.odb Abaqﬂ

<Step: Swelling

SKB TR-16-08

Void ratio

VOIDR

(Avg: 75%)
+1.172e+00
+1.1282+00
+1.085e+00
+1.041e+00
+9.971e-01
+9.534e-01
+9.097e-01
+8.65%-01
+8.222e-01
+7.785e-01
+7.348e-01
+6.910e-01
+6.473e-01

Axial stress (kPa)

UVARM3

{Avg: 75%)
+1.224e+04
+1.132e+04
+1.040e+04
+9.477e+03
+8.556e+03
+7.635e+03
+6.714e+03
+5.794e+03
+4.873e+03
+3.952e+03
+3.031e+03
+2.111e+03
+1.190e+03

! ODB: axi_b3_case3d.odb Abaq
1_ «Step: Swellina
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Average stress (kPa)

S, Pressure

{Avg: 75%)
+1.100e+04
+1.020e+04
+9.402e+03
+8.603e+03
+7.804e+03
+7.0042+03
+6.205e+03
+5.406e+03
+4.607e+03
+3.8082+03
+3.008e+03
+2.209e+03
+1.410e+03

i ODB: axi_b3 case3d.odb Abaqus/S! ard 6.13-2 Thu Nov 05 20:01:29 GMT401:01

«Step: Swelling

Increment 67: Step Time = 1, 12

Primary Var: S, Pressure

Deformed Var: U Deformation Scale Factor: +1.0002+00

Axial displacements (m)

U, u2
+1.633e-01
+1.495e-01
+1.357e-01
+1.220e-01
+1.082e-01
+9.437e-02
+8.058e-02
+6.678e-02
+5.299e-02
+3.920e-02
+2.540e-02
+1.161e-02
-2.182e-03

¥

| ODB: axi_b3_case3d.odb Abaqus/S ard 6.13-2 Thu Nov 05 20:01:29 GMT+01:0i

«Step: Swelling

Increment 67: Step Time = 1, 12

Primary Var: U, U2

Deformed Var: U Deformation Scale Factor: +1.000e+00
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waste produced by the Swedish nuclear power plants such that man
and the environment are protected in the near and distant future.
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