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Abstract

Phase 1 of the EBS Task Force on modelling THM processes in buffer and backfill materials for
nuclear waste disposal has been running between the years 2005 and 2010. This phase included a
number of THM (thermo-hydro-mechanical) tasks for modelling both well-defined laboratory tests
and large scale field tests such as the two Canadian URL tests ITT and BCE and the Swedish AHRL
test CRT.

This report deals with the modelling results of the large scale field tests (Benchmark 2) from the two
teams granted by SKB. The large scale laboratory tests (Benchmark 1) are reported in another report
(Borgesson et al. 2016).

The following tasks are included in BM 2:

Task 2.1 —ITT and BCE

The experiments were performed by Atomic Energy of Canada Limited (AECL) in its Underground
Research Laboratory between 1991 and 1999. Both tests were installed in full-scale, 1.24 m diameter
by 5 m deep boreholes.

In the Isothermal Test (ITT), the lowermost two meters of the borehole were filled with buffer mate-
rial and sealed with a 1.25 m—thick cap of high performance concrete and was left undisturbed for
6.5 years. In the Buffer/Container Experiment (BCE), a full-size heater, representing a container of
nuclear fuel waste, was placed in the buffer, which filled the remaining part of the 5 m hole. Power
was provided to this heater for almost 900 days.

The buffer and the rock were instrumented for temperatures, total pressures, water pressures, suctions
and displacements.

Task 2.2 - CRT

The full scale test the Canister Retrieval Test (CRT) that simulates a deposition hole with canister
and buffer material according to the reference design of a KBS-3V deposition hole was performed
by SKB in Aspd HRL. It was installed in 2000 and run for more than 5 years. It was excavated with
extensive sampling and determination of the density and water ratio of the buffer material. A large
number of transducers for measuring temperature, relative humidity, pore water pressure and total
pressure in the buffer during the test time were installed as well as force and displacement trans-
ducers on the plug.

The test was equipped with a plug in the top of the deposition hole that simulated a compressible
backfill by flexible anchors. When the test was interrupted the buffer material between the rock and
the canister was completely saturated while the buffer material above the canister was not water
saturated.

Task 2.1 was modelled by one team (SKB 1) while Task 2.2 was modelled by both teams. SKB1 used
the finite element code Code Bright and team SKB2 used the code Abaqus for the modelling. The
report describes the set-up of the tests, the tasks, the results of the modelling and analyses made by
the two modelling teams.
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Sammanfattning

Fas 1 av "EBS Task Force” avseende modellering av THM-processer i buffert- och aterfyllnings-
material for slutforvaring av radioaktivt avfall har pagatt mellan aren 2005 och 2010. Denna fas
inkluderade ett flertal THM (termo-hydro-mekaniska) berdkningsuppgifter som innebar att modellera
bade vildefinierade smaskaliga laboratorieforsok och storskaliga faltforsok sasom de tva kanaden-
siska forsoken ITT och BCE och det svenska forsoket CRT i Aspo.

Denna rapport beskriver den modellering av de storskaliga faltférsoken (Benchmark 2) som utforts
av de tva svenska modelleringsgrupperna som finansierats av SKB. Modelleringen av de smaskaliga
laboratorieforsdken (Benchmark 1) beskrivs i en separat rapport (Borgesson et al. 2016).

Foljande berdkningsuppgifter inkluderas i BM 2:

Task 2.1 —ITT and BCE

Dessa experiment utfordes av Atomic Energy of Canada Limited (AECL) i deras underjordiska
laboratorium URL mellan 1991 och 1999. Bada forsdken simulerade fullskaliga deponeringshél
med diametern 1,24 m och djupen 5 m.

IITT (Isothermal Test) var de tva nedersta metrarna av borrhalet fyllda med buffertmaterial och
avtitat uppét med ett lock av hogkvalitativ betong med tjockleken 1,25 m och ldmnat ostdrt under
6,5 ar. I BCE (Buffer/Container experiment) placerades en fullskalig virmare, som representerar
kapseln, i bufferten i det 5 m djupa deponeringshalet. Varmaren var pédslagen i knappt 900 dagar.

Bufferten och berget var instrumenterade for att méta temperatur, totaltryck, vattentryck, RH och
forskjutningar.

Task 2.2 - CRT

CRT (Atertagsforsoket) ar ett fullskaligt experiment som simulerar ett deponeringshél med kapsel
och buffertmaterial enligt referensutformningen i KBS-3V, utfort av SKB i Aspd HRL. Forsoket
installerades ar 2000 och 16pte under drygt 5 ar innan brytning och provtagning. Ett stort antal givare
som maétte temperatur, RH, portryck och totaltryck installerades i bufferten. I pluggen installerades
givare som mitte kraft och deformation.

Pluggen ovanfor deponeringshélet simulerade en kompressibel aterfyllning genom att ha flexibla
stag som mothall. Nar forsoket brots var hela buffereten mellan berget och kapseln vattenmaittad men
inte bufferten ovan och under kapseln.

Task 2.1 modellerades av en av SKB:s modelleringsgrupper (SKB1) medan Task 2.2 modellerades
av bada grupperna. SKB1 anvénde finita elementkoden Code Bright och SKB2 anvidnde koden
Abaqus for modelleringarna. Denna rapport beskriver experimenten, modelleringsuppgifterna,
resultaten av modelleringarna fran de bada modelleringsgrupperna och efterféljande analyser.
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1 Introduction

The Task Force on Engineered Barrier System (EBS) is an international project arranged by SKB
with the purpose to verify and evaluate the capability to model THM-processes in unsaturated and
saturated buffer materials and to further develop the codes.

Phase 1 of the EBS Task Force on modelling THM processes in buffer and backfill materials for
nuclear waste disposal has been running between the years 2005 and 2010. This phase included a
number of THM (thermo-hydro-mechanical) tasks for modelling both well-defined laboratory tests
and large scale field tests such as the two Canadian URL tests IT and BCE and the Swedish AHRL
test CRT.

The Task Force is initiated and managed by SKB under supervision by Anders Sjoland, SKB. Antonio
Gens, UPC has been chairman and Lennart Borgesson, Clay Technology AB has been secretary.

All defined tasks are given in Table 1-1. Participating organisations besides SKB have for this phase
been Andra (France), BMWi (Germany), CRIEPI (Japan), Nagra (Switzerland), Posiva (Finland),
NWMO (Canada), ENRESA (Spain) and RAWRA (Czech Republic). All together 9 modelling teams
have been participating in the work using 7 different codes.

Table 1-1. Modelled tests in the EBS Task Force, phase 1.

Benchmark 1 — Laboratory tests

Task 1 — THM tests
1.1.1 Two constant volume tests on MX-80 (CEA)
1.1.2 Two constant volume tests on Febex bentonite — one with thermal gradient and one isothermal (Ciemat)
1.1.3 Constant external total pressure test with temperature gradient on Febex bentonite (UPC)
Task 2 — Gas migration tests
1.2.1 Constant external total pressure (BGS)
1.2.2 Constant volume (BGS)

Benchmark 2 - Large scale field tests

Task 1 — URL tests (AECL)

2.1 Buffer/Container Experiment and Isothermal Test
Task 2 — Aspo HRL test (SKB)

2.2 Canister Retrieval Test

The present report deals with the tasks in Benchmark 2. The tasks in Benchmark 1 are reported sepa-
rately (Borgesson et al. 2016). The tasks in BM 2 concern well-documented full-scale tests at repository
depths in underground laboratories. These tests and the proposed tasks were described in so called task
descriptions that were delivered in advance. Those task descriptions are included in the report.

Twice a year there has been a Task Force meeting for a couple of days where the tasks, the modelling
results and comparison between results and measurements were presented and discussed.

This report only describes the tasks and the results of the modelling and analyses made by the two
modelling teams granted by SKB. The contributions of the other teams are reported separately.
A general analysis and comparison of results between different modelling groups will be made in
a separate report by A. Gens (Gens 2016).

The two modelling teams (named SKB 1 and SKB 2) are the following for Benchmark 2:
+ SKB I: Mattias Akesson, Ola Kristensson and Daniel Malmberg, Clay Technology AB.

»  SKB 2: Lennart Borgesson and Ann Dueck, Clay Technology AB and Jan Hernelind, 5T
Engineering AB.
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Tasks 2.1 has been modelled and reported only by team SKB 1. Task 2.1 has been modelled and
reported by both teams.

The motivation for having two teams is that different codes with different capabilities and advan-
tages have been used by the two teams. SKB 1 has mainly used Code Bright while SKB 2 has used
Abaqus. Both these codes have been used in the modelling for SR-Site.
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2 BM 2.1 —-BCE and ITT

2.1 General

The experiments used for BM 2.1 were performed by Atomic Energy of Canada Limited (AECL) in
its Underground Research Laboratory, Lac du Bonnet MB, between 1991 and 1999. Both tests were
installed in full-scale in boreholes with 1.24 m diameter and 5 m depth.

The task specifications were provided by David Dixon of AECL. Section 2.2 is taken directly from
his text and thus not adapted to past tense.

2.2 Specifications
2.21 Background

The EBS-TF is provided with 2 databases that will allow for THM modelling exercises to be con-
ducted using a variety of numerical codes and tools. These databases represent selected instrument
and field measurements collected over the course of operating the Buffer/Container Experiment
(BCE) and the Isothermal Test (ITT) at Atomic Energy of Canada’s (AECL) Underground Research
Laboratory (URL).

In order to conduct THM modelling data on the total pressure, suction within the buffer mass, pore-
water pressure in the surrounding rock mass, temperature within the buffer and in the surrounding
rock has been provided as spreadsheet datafiles. This data together with the known start-of-test and
detailed end-of-test physical measurements of buffer water content and density conditions will provide
the information needed to conduct numerical simulations.

Two Ontario Power Generation technical memoranda that contain the materials properties param-
eters developed for the materials contained in the ITT and BCE are also available.

2.2.2 Isothermal Test

In the ITT water content data obtained at the time of decommissioning (end-of-test EOT), was
provided for 8 vertical layers within the buffer mass. Eight levels within the ITT were also sampled
to provide density profiles within the buffer at the time of decommissioning and these data provide
a measure of some of the H-M interactions that occurred during system evolution. Evolution of the
system with time was monitored via total suction sensors (water content), total pressure cells, and
piezometers (pore pressure in rock).

Figures 2-1 through 2-4 show the locations of instruments and field samples provided in this database.
It is proposed that the modelling teams consider conducting the following simulations:

Porewater Pressure

a. Compare porewater pressure distribution within the buffer and adjacent rock mass at EOT to that
predicted.

b. Compare porewater pressure evolution with time at locations IRP2, IRP3 (Figure 2-2) and IRP4
(Figure 2-3c).

c. Compare buffer’s mid-height porewater pressure radial distribution in the rock at two times
(Before buffer installation and 2 350 days after buffer installation).
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Figure 2-4. Layout and Numbering System Using Template for Moisture Content Sampling.

Suction (water content)

a. Suction (water content) predictions at elevations 0.5 m, buffer’s mid-height, 1.5 m for 1-D suction
conditions radially outwards from the borehole centreline with time. The bottom of the borehole
is zero elevation. (Suction vs. distance at discrete times to be generated, t = 50, 400 days, 900 days
and EOT).

b. Generate water content (suction) predictions for a 2-dimensional vertical cross-section of buffer
att =50, 400, 900 and 1 500 days.

c. Comparison of suction radial profiles in the buffer on layers A through H at EOT.

Mechanical

a. Predict total pressure versus time at the buffer-rock interface along the vertical axis of the buffer
and compare to measured data supplied.

b. Predict total pressure versus time radially outwards at the buffer-rock interface at mid-height of
buffer and compare to measured data supplied.

Hydraulic

Compare the predicted water influx based on rock and porewater pressure conditions to those measured
before the installation of the buffer.

2.2.3 The Buffer/Container Experiment

The BCE also operated at AECL’s URL in a borehole of similar dimension to that of the ITT. The
BCE however had a container-sized heater and a sand layer between the heater and the buffer-filled
borehole. The BCE was monitored for total suction (water content), temperature, total pressure within
the buffer and at the buffer-rock interface as well as the hydraulic pressure in the surrounding rock.
At the completion of the BCE’s operation the test was extensively sampled to capture the EOT
density and water content conditions.
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A series of 8 layers were selected from the EOT water content analyses to provide a measure of the
conditions that ultimately developed. These data were accompanied with a series of block samples
that captured the EOT density conditions within the BCE. The BCE was therefore a carefully moni-
tored THM experiment. The locations of instruments and sampling are shown in Figures 2-5-2-13.

It is proposed that the following aspects be modelled as part of the EBS-TF activities:

Temperature

a.

Temperature profile vertically along the vertical axis of the borehole from cell lid to the rock at
4 times (day 0, day 7, day 49 and EOT).

Temperature profile radially outwards from the heater at 4 times (day 1, day 10, day 50, and EOT)
along the profile IBT61-67 (Figure 2-6) and outwards into the surrounding rock.

Develop vertical Temperature contour at 4 times (day 30, day 150, day 400 and EOT) in the
Buffer along Section CC (Figure 2-6).

Develop vertical Temperature contour in the rock at 4 times (day 30, day 150, day 400 and EOT).

Comparison temperature profile vertically along boreholes 7 and 8 (Figure 2-8) at four different
times (day 0, day 7, day 49 and EOT).

Porewater Pressure (PWP)

a.

Develop a PWP profile radially outwards from the rock-clay boundary at 3 depths (1 m, 2.45 m
and 4.6 m from the floor of Room 213) and at 4 times (day 26, day 154, day 400 and EOT) at the
profile (HG6,7,8,9,10,11 in Figures 2-8 and 2-9).

Predict PWP evolution at IRH1 through IRH4 (Figure 2-10).

Suction (water content)

a.

b.

Develop a 2-D vertical profile through the buffer at the EOT.

Compare suction versus time for sensors IBX-1, IBX-6/7, IBX-12 and IBX-16/17 (Figure 11)
to predictions generated using water influx data from rock.

Mechanical

a.

Predict development of total pressure with time vertically along borehole axis and compare to
sensor data (1BR1, 1BR3, 1BR4, 1BRS, 1BG13 in Figure 7).

Predict development of total pressure with time radially outwards within borehole at 0.75m,
1.5m, 3.1m, 4.6m below backfill-buffer interface at the rock-clay boundary and compare to
pressure cell readings supplied.

. Comparison of the simulated and measured vertical displacement profile along the EXT bore-

holes (Figures 5 and 8) on Day 110.

Hydraulic

Predict water supply based on PWP and rock properties and compare to measured data before the
installation of the buffer and heater.

SKB TR-13-07 13



\ /7

—OLE S 3 A 276579 %, . : o s B

i TS HG1CIIH sl

: AT i)

[ 45° 1~a" e :

| EPH1 30° 84 EXT-2

. T3/* T8 T9 T10 ™
----- Ar—r—r—c— e - — a4 & - MfpaTiogyin Sy it <At Sk AL, L e i e S i

! HG7 HG8 HGY\..' {,” HG4 HG5  HGB

HG1 2 . HG3

5
éT4 9 HG2
W,’ﬁ ~ %

30° y 1_37BCX498

Figure 2-5. Plan of Instrumentation.

CellCap
LIFT2 N
4 18R i3
= e =
1BIT6 & %‘—" 5—203
Backfill —| » I
B +
Buffer —— 1BR3  1BTi5 I
m— 4 4+ 4 1BT6 T
2 1BT14 48
% L1BT17 K¢ —— 513
Sl Al
Sand — 18725 L iBT39 T
[ 1BF 1BT40 T
BN 1BT41 T
I | 1BT42
| o T 1BT43 ==y 50A3
A 1BT4s T
1BT45 T
Rock—% K¢ e 1
% #+N 1BT48 I
¥ 1BT49 |
1BT50 |
— 1BT61 _ |
_ gl 1eTe2 T 493
L e
1BT65 -
Heater —"/ A
i4{ 1BTE7 +
\——1g¥ss +
1BT69
o gg 1BT70 —— 48.3
Y BT T
\ 1BT72 T
1BT73 T
i3 1BT99 B4 T
A, 1BT97
” s 1BT85 |
1BT98 1BT86 |
1BT108 1BT87 -+
v S — 18788 —— 47.3

Figure 2-6. Section C-C through the Buffer showing Thermocouples (BT, FT), and Earth Pressure Cells (BR).

14 SKB TR-13-07



CellCap
1FT10

Backfill —1
Buffer —
y\\
A,
Sand
b

-

Rock 4%

Heater —

%

%\

3

-+
e
-+

.
£
|

-+

i
T

/i

N

i
T

1BR5S 1BT116

+4% + A

|~

1BG13

1BT4

1BT2
1BT1

1BT7
1BT8
1BT9
1BT10

1BT18
1BT19
1BT20
1BT21

1BT29
1BT30
1BT31
1BT32
1BT33

L L 1 L 11

1BT51
1BT52
1BT53
1BT54
1BT55

L L L b (1
+ 50 T [ T G [ Pl e

1BT75
1BT76
1BT77
1BT78
1BT79

l

1BT90
1BT91
1BT92
1BT93

1BT103

-

S T e e e

R ) [ ) o ) o

1BT102—
1BT101
1BT100

52.3

51.3

50.3

493

48.3

47.3

Figure 2-7. Section AA showing Layout of Thermocouples (BT, FT) and some of the Total Pressure Cells (BR).

SKB TR-13-07

15



t

12 000
3100 1000 ,1000; 1500 |[850,; 1150 L1000, 2000 . 7
| L L W T
1420 |104s5] 1500 | ]
= e e - ,'-T_?; = :‘-f_: '-'):{‘-\;:".T., g-‘—
1.4m — b
}—— 7 # —1.86m
HGE |
- 1.75m ¢ —2.86m
2
3.5m — i
| ! —3.86m —¢ HEATER
EL. 49 23
! —a4 .86
5.6m % | o
EPH1 - — ] =
3 —5.86 t
RT3 -
7. 75m U7 81m _g ggm
HG8 HG9 L _[f-=bm
1RT3 ra —8.017m "Lg oom 8.00m
s0am T7 T8\ T9 Ti10 T11
8.00m
10.5m — g

15.78m —r[r
HG7F

Figure 2-8. Longitudinal Section of Room 213 showing Packer (HG) and Thermistor (T) Instrumentations
in the Rock.

; " I'.;.-.
| =
) i g ] T'._--
8 =
1 - % "'w'
| 18
: _I8
LLFL
i
]
2 8
g &
7 T
5 s | o
HG11

Figure 2-9. Transverse Section of Room 213 showing Rock Strain and Packer Instrumentation.

16 SKB TR-13-07



Reference Elevation 53.3 m

Figure 2-10. Installation Geometry for Hydraulic Piezometers.
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2.3 Modelling results with Code Bright
2.3.1 General

The current section presents the benchmark calculations made by Team SKB 1 on benchmark system
2.1 which covers two Canadian large in-ground experiments: The Isothermal Test (ITT) and the
Buffer/Container Experiment (BCE).

This section includes one appendix, Appendix 1 Progressing saturation front for 1D axis-symmetric
geometry.

2.3.2 General considerations
Introduction

The hydration process of the ITT and the BCE tests are largely determined by the pore pressure con-
ditions in the rock, and the water transport coefficients and the retention properties of the rock and
the buffer material. In case of the BCE, there is also a significant effect of the heat load from the con-
tainer. In order to simulate these experiments with precision, it is essential to have a relevant description
of these conditions and properties.

The work on this benchmark has been focused on the hydrodynamic and thermo-hydrodynamic processes
in the abovementioned experiments. No attempts to model the mechanical processes are reported here.

Geometries

For the ITT a 3D geometry with two symmetry planes was chosen. The reason for this was to enable

a relevant draw-down from the tunnel with a considerable extension and not only a smaller represen-
tation. The ITT was located at the end of the tunnel and the drawdown should therefore display an
azimutal variation. This test was modeled as a purely hydro-dynamical problem (although with the
inclusion of thermal processes in some cases). The numerical complexity associated with a 3D
geometry therefore appeared to be surmountable.

This approach was however avoided for the BCE in which the thermal processes had a much more
prominent role. Moreover, since the experiment wasn’t located at the tunnel ending, the azimutal
variation was assessed to be less pronounced. Therefore an axis-symmetric 2D geometry was chosen
for this case.

The distance from the boreholes to the outer boundaries were at least 30 m in both models.

The geometries of models are shown overlain the pore pressure isobars in Figure 2-14.

600N —

Isothermal
Test

Figure 2-14. Extensions of models overlain the groundwater pressure distribution at the 240 level (dashed
lines are symmetry planes).
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Rock characteristics

In all models the gravity was included and hydrostatic pressure distribution was applied at the outer
boundaries and for the initial conditions. Consideration had to made regarding the pressure at the tunnel
level. Initially a pressure of 2.1 MPa was used for the outer boundaries at the tunnel level for both ITT
and BCE. This was also stated in the modeling guidelines for ITT. Analyses of the pressure distribution
around the BCE tunnel (Figure 2-14) led to a reduction of the boundary pressure to 1.5 MPa.

The porosity of the rock is 0.005 according to the modeling guidelines, and this value has been used
for all models.

The hydraulic conductivity of the rock is a crucial parameter and is 10™"* to 107" m/s according to
the guidelines. Analyses of the parameter showed that a value of 107> m/s is a relevant value for ITT,
whereas the lower value of 5:10"° m/s gave a better representation for BCE. The cubic power law
was used for the relative permeability in all models.

The applied retention curve (Figure 2-15) was adopted from Borgesson and Hernelind (1999).

Buffer material retention properties

A description of the retention properties was provided in the modeling guidelines:

log(y) =2.729—0.142 - w l<w<ll
(2-1)
log(y)=1.983-0.074-w  1l<w<25

where v is the suction (in MPa) and w is the water content (in %). This curve was used for determi-
nation of the initial suction value and for adoption of parameters for van Genuchten expressions:

-1

1
Wl—/l
S, =|1+| = -
I (%) (2-2)

where S;and v are the saturation degree and suction, respectively, and P, and A are parameters.

The initial water content was 17.5 % and the porosity was 0.359. In the case of ITT (with no dehydra-
tion), this adoption was fairly straightforward (see Figure 2-17 and Table 2-1). For the BCE however,
it was noticed that this line resulted in a too pronounced redistribution of water and an alternative
was therefore sought.

This was done through evaluation of retention data for MX-80. Two paths were analyzed: one with
zero initial water content and one with very high (64 %) initial water content (Dueck and Nilsson
2010). These paths represent the boundaries for hysteretic effects during hydration and dehydration
(Figure 2-16, left).

10 T

Po=4
A=065

Suction (MPa)

1
0.5 0.6 0.7 0.8 0.9 1

Figure 2-15. Retention curve for rock material with used van Genuchten parameters.
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Figure 2-16. Buffer material retention curve according to modeling guidelines and hydration and dehydration
paths for MX-80. Measured data (left) and with scaled water contents for MX-80 (right).

The second step was to relate the detailed information on MX-80 to the properties of the buffer
material. For instance, with the blending of the bentonite with 50 % sand it could be expected that
the water carrying capacity would be 50 % than for the pure material. More over, it was noticed that
the Cation Exchange Capacity (CEC), and therefore probably also the montmorillonite content, for
the Avonlea material was slightly higher than for MX-80: 88 meq/100 g for Avonlea (Graham 1997)
as compared to 75 meq/100 g for MX-80 (e.g. Karnland et al. 2006).

Under the assumption that the water content is proportional to the CEC value for a given relative
humidity is it possible to scale the retention data for MX-80 for the montmorillonite content in the
buffer material. A condition for this is that both materials are sodium bentonites. Water contents (w)
can be scaled according to:

CECy, 5,

- (2-3)
CEC x50

4
Wi g0 = Wy —s0

The scaling factor is in this case 0.6. Hydration and dehydration paths for MX-80 was scaled with
this factor and is shown in Figure 2-16 (right). It can be noticed that the curve provided in the
modeling guidelines coincide with the scaled hydration path.

The BCE is however characterized by significant dehydration, and it therefore appears to be justified
to choose a retention curve that is steeper than the provided line. An alternative van Genuchten curve
was therefore adopted (Table 2-1). This line intersects the provided curve at the initial condition, and
approach the scaled dehydration path for higher suction values (Figure 2-17).

Table 2-1. Adopted retention curve parameters.

Experiment P, (MPa) |
ITT 7.2 0.42
BCE 4.66 0.24
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Figure 2-17. Buffer material retention curve according to modeling guidelines, scaled dehydration paths
for MX-80 and model adoptions for ITT and BCE. Red and black lines were based on experimental data for
free swelling conditions and the water contents for these were divided with the water content at saturation
(i.e. 20.8 %). Green lines are van Genuchten curves.

Buffer moisture transport processes

In the course of the work, a slightly novel approach for the moisture transfer in the buffer material
has been investigated. The basic assumption for this is that moisture is only transported in vapor
form during unsaturated conditions. The motivation for this assumption is that vapor pressures tend
to equilibrate during non-isothermal conditions (Akesson 2008). The development of a progressing
saturation front, governed by Darcy’s law, was also sought. A motivation for this was provided by
the laboratory tests, described in the next chapter, which fairly conclusively exhibited the character-
istics of progressing fronts. The conceptual description is illustrated in Figure 2-18.
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Figure 2-18. Conceptual view of moisture transfer in buffer material: liquid advective flow through the
saturated part, and vapor transport through the unsaturated part.
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The liquid flow is driven by the liquid pressure (P,) gradient, and the volumetric flux (q) is calculated
with Darcy’s law:

k-k,
u

where k and k; is the intrinsic and relative permeability, respectively, and p is the liquid viscosity.

G=-"-vp (2-4)

The vapor diffusion is driven by gradient in the vapor mass fraction in the gas phase (®,"), and the
mass flux (i) is calculated with Fick’s law:

i=-n-7-(1-8) p,-D-Va (2-5)

where n, 1, S, and p, is the porosity, tortuosity, degree of liquid saturation, and gas density, respec-
tively. The diffusion coefficient (D) is calculated as:

27315+ 1)

D=59-10 (2-6)

g
where T and P,, is the temperature and gas pressure, respectively.

The approach was implemented through application of a threshold in the relative permeability (k)
law, through which k, is set to zero below a certain high value, e.g. 0.95 (see Figure 2-19, left):

2
A(M) if 8=8,

1-5,, 27

0 otherwise

where S, is the saturation degree, A and A are parameters and S, is the threshold saturation degree.

In addition, the vapor tortuosity factor (t) was allowed to have values higher than one. . The motive
for this is analogous to the role of liquid islands discussed by Philip and de Vries (1957). A hydrated
bentonite grain in a vapor pressure gradient field would not block the vapor transport like a grain

of sand, but would rather absorb vapor on the front side and release it on the back side, each side in
equilibrium with the local vapor pressure. This transfer should be related to the water contents, so
that it would enhance the total flow at higher water contents, but reduce it at lower contents. The
coefficient factor used in the constitutive laws, T-n-(1 — S)), has the opposite moisture dependence.
The choice of the tortuosity factor value is therefore largely a compensation for this expression.

When ITT was modeled, T was chosen under the assumption that t-n-(1 — S)) equals unity, and T would
in this case be approx. 30. Later when BCE was modeled, it was found that this value exaggerated
the vapor transfer and instead a lower value was chosen (t = 1). This approach is commented in the
discussion at the end of Section 2.3.5.

-

Relative permeability (-)
o
[&)]
T
|

|
0.9 0.95 1

Degree of saturation (-)

Figure 2-19. Relative permeability law with a high threshold value.
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2.3.3 Laboratory tests
Introduction

Data from two water uptake tests has been provided together with the modeling guidelines. These tests
were made through applying pressurized water on one side of an oedometer and the water uptake was
quantified continuously (Figure 2-20, right). The pressure was increase stepwise from approx. 10 to

1 000 kPa. The evolution of the rate of water uptake is shown together with scheme of the applied
pressures in Figure 2-20 (left).

The material in the tests had different properties. One test, denoted H-064-2, had a dry density of
1.7 kg/dm’ and an initial saturation of 82.8 %. The other test, I-014-2, had a dry density of 1.56 kg/dm’
and an initial water content of 19.8 %. The presentation below focuses on the H-064-2 test since this
had properties similar to the material used in the field tests. It should nevertheless be noted that the
results from the evaluation were basically the same in both tests.

Simple solution

A simple solution was first elaborated from this problem. This solution was based on the assumption
that the water uptake takes place as a pure saturation front without any vapor transfer in the unsaturated
part (Figure 2-21).

The calculation is performed iteratively in such a way the flow rate for each step is derived from
the current pressure and the current distance to the front:

P
=K -= 2-8
q 3 (2-8)

This flow rate and the specified time step (A¢) are in turn used to calculate the increment in distance (AL):
qgAt=n-(1-S)- AL (2-9)

where n is the porosity (= 0.358). Finally, the distance to the front was updated by adding the current
distance with the length increment. The distance to the front was however not allowed to exceed the
height of the sample (43.5 mm).

The result from such a calculation is shown in Figure 2-22. The hydraulic conductivity value was set
to 5.3-10°" (m/s). The agreement between the measured and the calculated uptake rates are generally
quite good and the tests therefore fairly conclusively exhibits the characteristics of a progressing front.
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@ 7 head = 290 kPa
2.0E-QQ -t v s o0 < > 1 080
—_ head = 570 kPa head = 990 kPa 5
E =
+ 070 ®
& 1.5E-09 R 2 5 open
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% 1.0E-09 2 050 ©
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=2 1040
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Figure 2-20. Water uptake test. Evolution of uptake rate and pressure scheme (left). Schematic test
geometry (vight).
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Figure 2-21. Schematic representation of a progressing saturation front with marked increment in length

(left). Applied pressure protocol (right).

1000

P(t) 500

2.5E-09 I o I 1.00
head = 12 kPa helad =12I0 kPa W““/ \Calculated Saturation 1 0.90
2 OE-09 L e s s s ** “head = 200 kPa
—_ R 1 0.80
“‘E head = 570 kPa head = 990 kPa
=
n 1 0.70
T 19809 - £
-~ Pressure Change Points k\“j I/\* + 0.60
£ i i
g 1.0E-09 + 0.50
2
0 N |
% 5.0E-10 -
3 W v v } 030
[Y9y BCE specimen H-064-2 1 0.20
R I 242" 4 Initial saturation ~ 82.8%
ote: .
Average @ 12 kPa = 1.5E-10 Dry Density ~ 1.7 1 0.10
minimum readable flux = 3E-11
-5.0E-10 : ‘ : | : | : 0.00
0 500 1000 1500 2000 2500 3000 3500 4000

Elapsed Time (hrs)

Degree of Saturation

2000

t

4000

Figure 2-22. Results from the simple solution overlain experimental data from water uptake test. Thin red
line shows results from the simple solution.

Numerical modeling

The same type of behavior that was found with the simple solution was sought through FEM numerical
modeling. A 1D model with a prescribed protocol for the hydraulic boundary conditions was created.
An atmospheric pressure was kept on the back side with a negative transition number so that only an
outflow was allowed (Figure 2-23).

A number of modeling approaches were tried, including the one outlined in Section 2.3.3. However,

the only approach found with which the results resembled the ones from the simple solution was
through extreme lowering of the retention curve (Figure 2-24, left). This was modeled as a pure H
problem (without vapor) and with the cubic relative permeability law. The used hydraulic conduc-

tivity and porosity were identical to the values used in the simple solution.

The results from this model are shown together with the simple solution in Figure 2-24 (right). It can
be noted that the general evolutions are the same but that the numerical solution exhibits a variation
which originates from the filling of each individual element.

This exercise indicates that a low slope of the retention curve (close to S; = 1), rather than a detailed

description of the moisture transfer at unsaturated conditions, is necessary to produce a saturation
front. The notion of a low slope retention curve is further discussed at the end of Section 2.3.5 which

includes an evaluation of psychrometer data from ITT. Unfortunately, both these results were obtained
late in this modeling task and could therefore not be further analyzed.
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Figure 2-24. Used retention curve for the water uptake test (left). Model results (right).

2.3.4 Isothermal test
Introduction

The ITT was modeled with a 3D geometry with two symmetry planes. The modeling work was per-
formed with the finite element program Code Bright, version 2.2 (CIMNE 2002). The problem was
modeled as a pure H problem, but in some also as a TH problem, although the conditions were basically
isothermal. The reason for this was to allow vapor transport.

Two types of models were made: open borehole models and buffer hydration models. The purpose
of the open borehole models was to enable a direct evaluation of the inflow into the borehole prior
to the installation of the buffer, whereas the buffer hydration models were complete calculations.

Model description
Geometry and mesh

The dimensions of the geometry are shown in Figure 2-25. The tunnel, borehole, buffer and pump
sump was modeled explicitly. No buffer was included in the open borehole models. The concrete
plug was only treated as impermeable surfaces. The geometry was discretisized in 5 999 nodes and
26 200 tetrahedral elements (Figure 2-26).

Time line and boundary conditions

The time line which covered 3 683 days was divided in two main intervals: (i) open borehole and (ii)
buffer hydration (see Figure 2-27). The intermediate installation was modeled as being done during
one day (day 1 300—1 301). The seepage measurements were performed during the latter part of the
open tunnel interval (day 1 100—1 153). This was taken into account through executing the open
models up to day 1 153.
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Figure 2-25. Model geometry.

Figure 2-26. Model mesh.
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Figure 2-27. Time line for ITT.
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The initial conditions were a homogenous temperature of 10 °C and a hydrostatic pressure distribution
throughout the model, from 1.8 MPa at the top to 2.4 MPa at the bottom.

The outer boundary conditions are illustrated in Figure 2-28. These were, except the symmetry
planes, kept at hydrostatic pressure, i.e. varying from 1.8 to 2.4 MPa. In the TH models, these outer
boundaries were kept at 10 °C. The reason for this was that the inflowing water otherwise would
cool the model.

The surface boundaries for the tunnel, borehole and pump sump were kept at atmospheric pressure
in the open borehole models. In the buffer hydration models (with buffer material) all surface and
volume boundaries were kept at atmospheric pressure during the initial period up to the installation
event (Figure 2-29, left). After this, the surfaces corresponding to the concrete plug, the pump sump
and the upper surface of the buffer were closed (Figure 2-29, right).

The buffer installation was implemented as a ramping of the liquid pressure volume boundary con-
dition for the buffer: from 0.1 to —4.8 MPa. The liquid buffer pressure was set free once the ramping
scheme reached the intended 4.8 MPa suction, i.e., that the buffer properties came into play at this point.

1.8 MPa

Hydrostatic
pressure

(& 10°C)
2.1 MPa

2.4 MPa

Figure 2-28. Outer boundary conditions.

Figure 2-29. Inner boundary conditions for buffer hydration models.
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Model versions and material parameter values

Three different open borehole models, with k-values ranging from 10" to 102° m?, were tested (see
Table 2-2). In all versions the cubic power law was applied for the relative permeability.

As will be evident from the results, the model with the highest permeability showed the best agree-
ment with the measured inflow. This k-value was therefore subsequently used in the buffer hydration
models. Three such models were investigated (see Table 2-3): One H-model with the cubic power
law for the relative permeability; and two TH-models with high t-values (30) and high thresholds in
the relative permeability (0.999 and 0.95). This approach is commented in the discussion at the end
of this section. In all three models the value of 5-10° m* was used for the buffer intrinsic permeability.
This value was first derived from a compilation of k-values presented by Dixon et al. (2002). Later
on, this was also confirmed through evaluation of the water uptake tests (see Section 2.3.5). The
porosity of the rock and the buffer was 0.005 and 0.359, respectively.

Table 2-2. Open borehole models — hydraulic transport parameters.

Version Rock

K, k (m?)
OB1 1-107
0B2 S? 51072
OB3 1-10%

Table 2-3. Buffer hydration model — hydraulic transport parameters.

Version Problem Rock Buffer

k.-k (m?) k (m?) k, T
BH1 H S? -
BH2 TH S3-107"° 5-102%° S =0.999 30
BH3 TH S, =0.95 30
Results

Water inflow

The open borehole models were run for 1 153 days, corresponding to end of the seepage measure-
ment period. All models reached steady-state conditions before the end of that period. The inflow
into the borehole was evaluated as horizontal flux along vertical surfaces and vertical flux along
horizontal surfaces as shown in Figure 2-30 (middle). The pump sump was included in this evaluation.
The volumetric inflow was calculated as the product of the flux and a representative area for each
point. Finally, the contributions from the different areas were added in order to correspond to the
four collection systems shown in Figure 2-30 (left).

The results for all three models are shown in Figure 2-30 (right) together with the measured values,
and it can be noted that the model with the highest k-value gave the best agreement with the
measured data.

Pore water pressure

The pore pressure distributions along two drilled holes with piezometers are shown in Figure 2-32.
The location of the piezometers is shown in Figure 2-31. It can be noted that the modeled pressure
were slightly higher than the measured values. This is especially apparent for the hole that was closer
to the buffer borehole. It can also be noted that the model with advective flow (BH1) displayed the
highest pressures for this hole. This is due to that this model reached total saturation before the end
of the test.
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Radial pore pressure distributions at buffer mid-height are shown in Figure 2-33. It can be noted
that the initial distribution is fairly close to the measure profile. At the end of the test, the pressure at
6—7 m from the borehole axis was also quite close. At the rock wall, however, the modeled pressures
exceeded the measured values significantly.

The pore pressure evolution at the three positions corresponding to the location of the piezometers
IRP2, IRP3 and IRP4 is shown in Figure 2-34. In the case of BH1 with advective flow, it can be
noted that the pressures reached their maxima around day 2 300 (model time). This was caused by
the model reaching total saturation at this time.

The diffusive models both displayed a rapid pressure buildup to 0.5-1 MPa, after which the buildup
was slower. In the case with a high permeability threshold (BH2) this buildup was smooth, whereas
with the lower permeability threshold (BH3) the buildup was varying (see Figure 2-19). This is an
effect of the progress of the saturation front in the buffer.

Finally a note about the experimental pore pressure data for ITT. These have been regarded as
relative pressures. An atmospheric pressure of 0.1 MPa has therefore been added in those graphs
showing absolute pressures.
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Figure 2-30. Seepage collection system (left). Scan-lines for evaluation of inflow in models (middle). Inflow
at different depths in bore hole; model and field data (right).

Figure 2-31. Location of piezometers IRW1-7 (left) and corresponding scan-lines in models (right).
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Figure 2-32. Pore pressure (absolute) profiles along holes with piezometers (IRW 1-7) at the end of the test.

Radial distance from axis (m)

1400 1400
g g
£ 1100 - 2 1100
2 e
? 2
4 800 - @ 800 { fIRH1 + IRHZY2
o o
[ - O Days0
£ 500 1 — Installation £ 500 % Do 740
E — Advective E, oL
S 200 - — Diffusive (0.95) S 200 Doy 60

—— Diffusive (0.999 .
-100 : : : : ‘ ‘ ‘ 100 I . i . i i .
06 16 26 36 46 56 66 7.6 0.6 16 26 36 46 56 66 76

Radial distance from borehole axis (m)
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tunnel at installation and at EOT for different versions (left); measured data (vight) from Dixon et al. (2002).
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Figure 2-34. Pore pressure (absolute) evolution at the positions of piezometers IRP2-4.

Buffer hydration

Two types of experimental data are available for description of the buffer hydration: psychrometer
data (see Figure 2-35) and EOT water contents. In the following section, results from the diffusive
models (BH2 and BH3) are compared with experimental data. The advective model was disregarded
since this reached total saturation prior to the end of the test.

Model results were evaluated along horizontal scan-lines in the symmetry plane. Each scan-line
thereby provides two sets of data when these are related to the radius. The model suction values were
evaluated as the atmospheric pressure (0.1 MPa) minus the model liquid pressure. The suction value
was set to zero in cases when the liquid pressure exceeded the atmospheric pressure. The model
water contents were evaluated as the product of the liquid saturation degree and the maximum water
content (20.8 %).

Three scan-lines were evaluated with regard to suction (Figure 2-36). Two of these (0.5 and 1.5 m
below the top of the buffer) correspond to levels instrumented with psychrometers (see Figure 2-35).
Eight sensors were located at each of these levels. Eight scan-lines were evaluated with regard to
water content (Figure 2-37).

The measured suction values were used for comparison, and not the values that were adjusted for
the swelling pressure and included in the available spreadsheets. It was noted that all measured
suction results increased significantly at the end April 1999. This appears to be a consequence of the
dismantling procedure, and therefore the data for April 1 was used to represent the EOT conditions.
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Figure 2-36. Suction profiles at three different sections in the buffer (0.5 m, 1 m and 1.5 m below the top
of the buffer).
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Figure 2-37. Water content profiles at eight sections in the buffer at the end of the test.
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It was also noted that 7 sensors out of the 24 sensors (5 of the 16 sensors used for comparison in

Figure 2-36) displayed results below zero at some period during the test period (Figure 2-38). These
sensors were regarded to represent saturated conditions and were set to zero in the comparisons after

these events.

In the suction comparisons in Figure 2-36 it can be noted that the initial modeled suction values were

systematically higher than the measured values: 4.9 MPa in the models and slightly below 4 MPa

as shown by the psychrometers. This may suggest that the actual water content was higher than the
17.5 % that was stated in the modeling guidelines or that the used retention curve was too high. This

is discussed later.

The nodes at the wall boundary reached saturated conditions before day 400 in both models. Whereas
this front progressed at least 0.2 m in the version with the lower threshold (BH3) it remained stationary
in the version with the higher threshold (BH2). The notion of a progressing front is supported by the

psychrometer data from the lower section.

In general, the model with the higher threshold (BH2) tends to underestimate the rate of hydration,

whereas the model with the lower threshold (BH3) tends to overestimate the rate. The same observation
can be made for the comparisons of the water content in Figure 2-37. The water contents measured

close to the rock wall was fairly close to the maximum water content of 20.8 % considered in the

model. This therefore supports the notion that the rock boundary was saturated.
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Figure 2-38. Measured evolution of suction for selection of psychrometers, see text (left). Measured suction
vs. final degree of saturation (right). Model retention curves are shown for comparison.

Discussion

The following observations can be made for the three buffer hydration models: The conventional H
model with only advective flow (BH1) exaggerated the rate of hydration significantly. The diffusive
model with a high threshold (BH2) appears to have underestimated the rate of hydration and exag-
gerated the pore pressures close to the rock wall. The diffusive model with a lower threshold (BH3)
appears to have overestimated the rate of hydration and also exaggerated the pore pressures, although
to a lesser extent than in BH2.

The open borehole models indicate that 10'* m/s is a representative value for the hydraulic conduc-
tivity of the rock. The buffer hydration models nevertheless displayed pore pressures close to the
borehole that were significantly higher than the measured values. This may be a result of some

type of connection or short-circuit along the rock wall, and this type of explanation was studied

in the case of BCE. In ITT, however, it is more likely that the discrepancies between modeled and
measured pore pressures are due to the difficulties associated with a progressing saturation front.
This obstacle became apparent in the evaluation of the water uptake tests. The pressure conditions
associated with the progress of a pure 1D axis-symmetric front is described in Appendix 1.

It is possible that the models could be improved by modification of the used retention curve. The
experimental evolution of suction is illustrated by the left graph in Figure 2-38. This show the results
from the sensor with the highest suction value at the end of the test (IBX12) together with the results
from those sensors that reached zero suction at some point during the test period. All remaining sensor
results can thus be found between these extremes. This graph shows the fairly well defined level at
the start slightly below 4 MPa. This is clearly below the assumed initial value of 4.9 MPa, which was
based on the provided retention curve (see Equation 2-1) and an initial water content of 17.5 % as
stated in the modeling guidelines. In retrospect, this value of the water content actually underestimates
the true value as shown by the compilations in Figure 2-39, although the deviation is minor. The true
value, in ITT as well as in BCE, was rather 17.9 %. In addition, the provided retention curve also
appears to contribute to the deviation. Figure 2-40 shows that the initial conditions, as shown by

the analyses of water contents at installation (17.9 %) and the initial suction values for the psychro-
meters in [TT (slightly below 4 MPa), could only be modeled if the retention curve would be lower
than the provided one. An overview of the experimental point on which the provided retention curve
was based (Figure 2-40) do not appear to contradict this observation.

The right graph in Figure 2-38 shows a compilation of final suction values and corresponding satura-
tion degrees. The latter values were derived as mean values for samples taken at approximately the
same radius and level as the psychrometers. Saturation degrees were calculated as the ratio between
these mean water contents and the maximum value of 20.8 %. The employed van Genuchten curves
are shown for comparison. The experimental data indicate that the effective retention curve is sign-
ificantly lower than expression used in the models.
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Figure 2-39. Measured water content at installation of ITT (left, from Dixon et al. 2001) and BCE (right,
from Graham 1997). Red line in left graph represents the initial water content stated in the modeling
guidelines. Blue line is an approximated average at 17.9 %.
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Figure 2-40. Retention data and curve from modeling guidelines. Red lines represent the initial water
content stated in the modeling guidelines and the suction value which follows from the stated curve. Blue
lines represent the initial water content from measurements at installation and initial suction values from
psychrometers in ITT.

In retrospect it can also be noted that the chosen approach to model the moisture transfer as an exclu-
sive vapor transport, with a high compensating tortuosity value, was unnecessarily imprecise, since
it should be clear that the flow potential can be chosen freely for isothermal conditions, for instance
the vapor pressure or the liquid pressure. If a flow coefficient, D(S;), can be found that describes
the hydration process in terms of gradients in liquid pressure, then the same results can be obtained
in terms of gradients in vapor pressure for the flow coefficient D, = dp/dp, Dy(S)). In consequence,
it could very well be sufficient to model the unsaturated moisture transfer with the standard relative
permeability power law as long as the used retention curve does not exhibit the steep trend close to
saturation as given by the van Genuchten expression. This was also noted in the evaluation of the
water uptake tests, which showed that a progressing front could be modeled if the retention curve
was extremely low. The approach to model the moisture transfer as an exclusive vapor transport
should therefore be avoided unless it can be further justified and developed.

2.3.5 Buffer Container Experiment
Introduction

The BCE was modeled with an axis-symmetric 2D geometry. The modeling work was performed
with the finite element program Code Bright, version 2.3 (CIMNE 2002). The problem was modeled
as a TH problem. The distinction between open borehole models and buffer hydration models made
in the case of ITT was not made for BCE.
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Model description

Geometry and mesh

The dimensions of the geometry are shown in Figure 2-41. The tunnel, borehole, buffer, heater, sand
filling, backfill, concrete slab and an EDZ was modeled explicitly. The geometry was discretisized in

6 751 nodes and 6 540 quadrilateral elements (Figure 2-42).

/ Restraint
Columns —=

- 12400 =

Figure 2-41. Model geometry.

TSymmetry axis

Figure 2-42. Model mesh.
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Time line and boundary conditions

The time line which covered 1 451 days was divided in five intervals: (i) open borehole, (ii) buffer
installation, (iii) buffer hydration without heating, (iv) hydration with 1 000 W heating, and (v) hydra-
tion with 1 200 W heating (see Figure 2-43). The seepage measurements were performed during the
latter part of the open tunnel interval (around day 364).

The initial conditions were a homogenous temperature of 13 °C and a hydrostatic pressure distribu-
tion throughout the model, from 1.2 MPa at the top to 1.8 MPa at the bottom.

The boundary conditions are shown in Table 2-4 and Table 2-5. The outer hydraulic boundaries were
kept at hydrostatic pressure, i.e. varying from 1.2 to 1.8 MPa, while the line boundaries in the tunnel
were kept at atmospheric pressure, except for the line along the backfill and the concrete slab. The
temperature in the tunnel and the outer boundary was kept at 13 °C, in the tunnel however with a low
transition number.

During the initial period up to the installation event, all surface boundaries corresponding to fillings
in the borehole (heater, sand, buffer and backfill) were kept at atmospheric pressure and 13 °C.

Table 2-4. Thermal boundary conditions.

Interval Surface boundary Line boundary
Hole filling* Heater Tunnel Outer BC Heater
1 13°C 13°C 13°C 13°C
2 y=6 y=10° -
3
4 - 1000 W
5 1200 W
* All surfaces in borehole except heater.
Table 2-5. Hydraulic boundary conditions.
Interval Surface boundary Line boundary
Buffer and sand ‘ Heater ‘ Backfill Tunnel* Outer BC

1 0.1 MPa 0.1 MPa Hydrostatic
2 0.1->-48MPa | — 0.1->-0.6 MPa 1.2—>1.8 MPa
3 - —
4
5
* All tunnel lines except along backfill and concrete.

Day 0 364 486 554  Day 580: Day 1451

/1000 -> 1200 W
Open tunnel | |ngt. Heating and hydration
and hole
1990 1991 1992 1993 1994

Figure 2-43. Time line for BCE.
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The subsequent buffer installation was implemented as a ramping of the liquid pressure surface
boundary condition for the buffer: from 0.1 to —4.8 MPa. The same condition was used for the sand.
In the same way, the backfill installation was modeled by ramping the liquid pressure from 0.1 to
—0.6 MPa. During these changes, the temperature was kept at 13 °C. No further change was however
made for the heater.

No changes were made during the third interval. During the fourth and the fifth interval the heating
was implemented as a line boundary along the symmetry axis of the heater.

Material parameter values and model versions

A number of materials and properties had to be described in the BCE. Compilations of parameter
values are given together with their sources in Table 2-6 to Table 2-9. The hydraulic properties of
the rock and the buffer were discussed in Section 2.3.3 (see Equation 2-2, 2-4 and 2-6) . It should be
noted that the intrinsic permeability value used for the rock in BCE was fitted to give an acceptable
agreement with the measured inflows. The EDZ material was treated in the same way as the rock
material with one exception: the intrinsic permeability was set two orders of magnitude higher.

The backfill material had an initial water content of 7.2 % and a porosity of 21 % (Guo et al. 2006).
The adopted retention curve was based of the retention function for the buffer material provided in the
modeling guidelines. The water content was scaled with a factor of one fourth and a van Genuchten
expression could by adapted to this scaled curve. An initial water content of 7.2 % thereby corresponds
to an initial suction value of 0.7 MPa. A high permeability was chosen given the high content of
gravel. The moisture transport was treated in the same way as for the buffer material, with a high
vapor tortuosity and a high threshold in the relative permeability law.

The hydraulic properties of the heater and the concrete were chosen not to interfere with the adjacent
materials, with a high retention curve and low permeability and vapor tortuosity. The sand was given
a low retention curve, a fairly high permeability and a vapor tortuosity of one.

Table 2-6. Retention properties.

Material P, (MPa) A
Rock/EDZ" 4 0.65
Sand?® 0.002 0.7
Buffer” 4.66 0.24
Backfill? 0.22 0.2
Heater®) 500 0.3
Concrete® 500 0.3

" See Section 2.3.3.
2 See text.
3 Assumptions.

Table 2-7. Moisture transport properties.

Material k (m?) k. Vapor 1
Rock” 5102 s? 10
EDZ? 5-107'® S? 107
Sand® 1-107'® S? 1
Buffer® 5-10% Eq.2.2 S, =0.999 1
Backfill¥ 1107 Eq. 2.2 S,=0.999 1
Heater? 1-10°%° S? 10°°
Concrete® 1-107% S? 107°

1) Tested with inflow measurements.

2) Two orders of magnitude higher than for rock.
3) See Chapter 3.

4) Assumptions.
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Table 2-8. Thermal properties.

Material Ay WIMK) A (W/mK)  C, (J/kgK)
Rock/EDZ" 3.6 3.6 1060
Sand” 0.44 1.7% 757
Buffer? 0.7 2 800%
Backfill® 0.7 2 800°
Heater? 220 220 900
Concrete® 1.7 1.7 900

A= Aan(1-8)) + A0S,

" Guo et al. (2006).

2 Graham (1997).

9 Assumed same as buffer material.

4 Ingelstam et al. (1982).

% Falth and Hokmark (2006).

® Value for MX-80 Falth and Hokmark (2006).

Table 2-9. Porosity and solid density.

Material n(-) ps (kg/m®)
Rock/EDZ" 0.005 2630
Sand" 0.3 2 6509
Buffer" 0.359 2 6802
Backfill" 0.21 2 6509
Heater® 0.001® 2700
Concrete® 0.001% 2800

" Guo et al. (2006).

2 Back-calculated from Guo et al. (2006)
% Ingelstam et al. (1982).

4 Falth and Hokmark (2006).

® Deliberately low values.

® Standard value.

The thermal properties of the rock were provided by Guo et al. (2006). The thermal conductivity of

the buffer material was derived from Graham (1997), and the same values were used for the backfill
material. The specific heat for the buffer material and the backfill was given the value previously used
for MX-80 (Falth and Hokmark 2006). The thermal conductivity for dry sand for sand was provided by
Guo et al. (2006). The value for water saturated sand was taken from Filth and Hokmark (2006). The
specific heat of the sand was calculated as the ratio between the volumetric heat capacity and the dry
density provided by Guo et al. (2006). The heater was given thermal properties for aluminum (Ingelstam
et al. 1982). The thermal properties for the concrete were taken from Falth and Hokmark (2006).

The porosities for the rock, buffer, backfill and sand were taken from the guidelines (Guo et al. 2006).
The porosities for the heater and concrete were set to low values.

The solid density of the rock was taken from the guidelines (Guo et al. 2006). The corresponding value
for the buffer material was back-calculated from the data in the guidelines. A standard value was used
in the case of the sand and the backfill. Data for aluminum and concrete was taken from Ingelstam et al.
(1982) and Félth and Hokmark (2006), respectively.

Five different model versions were investigated (see Table 2-10). The first version (the base case) was
made according to the description above and all subsequent versions were based on this with minor
modifications. Two changes were made in second version (the conventional case): the retention curve used
for the buffer material in ITT and the cubic power law was used for the relative permeability of the buffer
and the backfill. In the third version (the EDZ case), a zone around the borehole, with a thickness of

38 cm, was modeled as EDZ material (Figure 2-44). In the forth version (the Tau 30 case), the vapor
tortuosity factor for the buffer and the backfill was set to 30. This was the same as for ITT. Finally, in
the fifth version (the Cut 95 case) the threshold in the relative permeability law used for buffer and
backfill was set to 0.95. This value was also investigated in ITT.
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Figure 2-44. Materials in model version with EDZ along borehole.

Table 2-10. Model versions.

Base case: As described above

Conv. Case:  Buffer retention as in ITT
Buffer and backfill k,: S

EDZ case: EDZ along borehole
Tau 30 case:  Buffer and backfill 1: 30 (same as ITT)
Cut 95 case:  Buffer and backfill threshold in k;: 0.95

Results
Water inflow

The inflow into the borehole was evaluated as the horizontal flux along the vertical line shown in
Figure 2-45 (right). The variation of the flux along this line is shown in the left graph. The volumetric
inflow was calculated as the product of the flux and a representative area for each point. Finally, the
contributions from the different areas were added so that the sums corresponded to the five collec-
tion systems shown in the Figure 2-45 (middle). These sums are shown in Table 2-11 together with
the measured inflow. It can be noted that the agreement is fairly good except for the upper collection
system which was greatly underestimated.

1.5E-10
0 \
= 1.0E-10
g
N
x
=
% 5.0E-11
0.0E+00 ‘ ‘ : ‘ ‘
5 -4 3 2 -1 0 1
Level (m)

Figure 2-45. Model flux along rock wall (left). Seepage collection system (middle). Scan-line for evaluation
of inflow in model; Base Case.
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Table 2-11. Measured and modeled inflow at different collection sections; Base Case.

Measured (10" m¥/s)

Modeled (10" m%/s)

SR1
SR2
SR3
SR4
SR5

498 14
8.05 8
5.18 5
3.48 9
7.0 1"

Temperature profiles and contours

Temperature profiles along three vertical and one horizontal scan-lines were evaluated for four points
in time. The scan-lines are shown in Figure 2-46 and it can be noted that the innermost line (a) is
actually a composite of three lines. The modeled profiles are shown in Figure 2-47 together with
experimental results. It can be seen that the agreement is reasonable.

Plots of temperature contours in buffer and rock are shown in Figure 2-48 and Figure 2-49.

a) b)

c)

Figure 2-46. Scan-lines in model for evaluation of temperature profiles.
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Figure 2-47. Modeled and measured temperature profiles along scan-lines. Day 0 corresponds to day 554
model time; Base Case.
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Figure 2-48. Modeled temperature contours in buffer and sand filling; Base Case.

Day 30 Day 150 Day 400

Figure 2-49. Modeled temperature contours in rock; Base Case.
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Pore pressure profiles and contours

In the evaluation of the results, the experimental pore pressure data for BCE have been regarded as

relative pressures except for the IRH1-1RH4 sensors shown in Figure 2-52.

Pore pressure profiles along three horizontal scan-lines were evaluated for four points in time. The
scan-lines are shown in Figure 2-50 (right) and modeled profiles are shown together with experimen-
tal results in the left graphs. It can be noted that the conditions along the upper scan-line is affected
by the EDZ and that the pore-pressures therefore effectively is atmospheric. At the lower levels the
agreement is also fairly good, at least at radii exceeding 2 m. At the interface between the rock and

the buffer it can be noted that the model results in fairly high pressures.

Pore water pressure (MPa)

Pore water pressure (MPa)

Pore water pressure (MPa)

25

1.5

0.5

Radius (m)

Radius (m)

4

Radius (m)

= 26-Exp
154 - Exp
400 - Exp

= EOT - Exp
—— 26 - Model
—— 154 - Model
——400 - Model
——EOT - Model

26 - Exp
154 - Exp
400 - Exp
EOT - Exp
——26 - Model
—— 154 - Model
——400 - Model
——EOT - Model

26 - Exp
154 - Exp
400 - Exp
EOT - Exp
——26 - Model
—— 154 - Model
——400 - Model
——EOT - Model

Figure 2-50. Modeled and measured pore pressure (absolute) profiles (left) along scan-lines in rock
(right); Base Case.
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The evolution of the pore pressures at the sensor positions along the middle and the lower scan-lines
is shown in Figure 2-51. Results are shown for the Base case as well as the EDZ case. Again it can
be noticed that the pressures from the Base case model are significantly higher than the measured
values, with the exception for the pressure in the lower level in holes HG8 and HG9. The agreement
is better in the EDZ case, although the high pressure in HG8 and HG9 is not mimicked in this case
either. These high pressures could possibly reflect the occurrence of a thermal pulse, which is caused
by the thermal expansion and the bulk modulus of the water together with a low hydraulic conduc-
tivity of the rock.

The modeled pore pressure evolution at the positions of the four different piezometers along the rock
wall is shown together with experimental results in Figure 2-52. Here it can be clearly seen that the
model overestimates the pore pressures significantly. The experimental data are quite unambiguous in
showing atmospheric pressures along the rock wall. These data were the main reason for considering
the possibility that some type of short-circuit was affecting the pressure conditions. The EDZ-case
was therefore constructed. It should be noted however that the occurrence of EDZ along drilled holes
is not generally accepted, and the approach should therefore be regarded as hypothetical. The effect
of such a feature is show in Figure 2-53, where contour plots are shown for two points in time and
for the base case as well as the EDZ case.
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Figure 2-51. Modeled and measured pore pressure (absolute) evolution. Left graphs: at 2.45 m depth
below floor level; Right graphs: at 4.6 m depth below floor level. Base case and EDZ case.
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Figure 2-52. Modeled and measured pore pressure (absolute) evolution at the sensor positions along the
rock wall. Base case.
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Figure 2-53. Modeled pore pressure (absolute) contours in rock; Base case and EDZ case.

Liquid saturation at EOT

The final distribution of liquid saturation in the buffer is shown in Figure 2-54 for all model versions
except for the EDZ case. A contour plot of the experimental results is shown for comparison.

The Base case displayed a significant moisture redistribution along almost the entire length of the
heater. In addition, significant dehydration was also apparent at the upper and the lower side of the
heater. The Conv.-case, in contrast, was almost totally saturated at EOT and this version was therefore
disregarded. The Tau30-case displayed a moisture redistribution more pronounced than the Base case.
Moisture originally located in the middle section appears to have migrated into the upper and the
lower part of the buffer. This redistribution is clearly exaggerated and therefore was also this version
disregarded. The Cut95-case, on the other hand, displayed some interesting features. In this version
a lower threshold was used for the relative permeability law for the buffer and the backfill, and water
appears to have entered the buffer in this case to a higher extent than in the Base case. The extensive
hydration at the corners of the heater package was similar to the experimental results. This version
was therefore further evaluated along with the base case results.

46 SKB TR-13-07



Base Case Conv. Tau30 Cut95

)
3 et I.' X
=2 4 = E
0 | ﬁ
it k:
8 }
40
- &
Dregree of Saturation
of Bulfer by Waler Boundary
% Degree
Lig. Sat.
1
n.eggegy
077778
- 0. 6EEGE
0.55555
044444
0.33333
022221
01111

0

Figure 2-54. Modeled contours of liquid saturation in buffer at EOT (left) and measured contours (Graham
1997) (right). Base case, Conv. case, Tau 30 case and Cut 95 case. The initial saturation degree was 0.84.

Suction evolution in buffer

The modeled suction evolution at the positions of the six different psychrometers in the buffer is
shown together with experimental results in Figure 2-55.

As in the case of ITT the initial modeled suction values were systematically higher than the meas-
ured values. The measured values generally also decreased more rapidly than the modeled trends.
One exception is the location of the 1BX12 psychrometer which was totally water saturated in the
model.

Water contents at EOT

The water content at the end of the test was evaluated for 14 horizontal scan-lines: 12 in the buffer
and 2 in the backfill. The model water contents were derived as the product of the liquid saturation
and the water content at full saturation (20.8 % for the buffer and 10 % for the backfill). Evaluated
profiles are shown in Figure 2-56 to 2-58 together with experimental results. Model results for the
Base-case as well as the Cut95-case are shown.

The experimental data for the backfill in the upper graphs in Figure 2-56 appears to indicate that the
backfill was largely unaffected through the test. This is also the result from the models, although the
lower part (F2 section) appears to have lost some water to the buffer. In the upper part of the buffer
(G and H sections) the models underestimated the rate of hydration. Closer to the heater package

(I section), on the other hand, the experimental results were lower than the modeled results, which
actually were higher than the initial value. This is due to that the modeled I section intersects the zone
immediately above the region with dehydration (compare Figure 2-54). The model results were fairly
similar to the experimental results in the middle part of buffer (Figure 2-57; sections J-O). The most
significant deviation was that the models exaggerated the dehydration close to the heater (sections
K—N). In the lower part of the buffer, the model results were fairly close to the experimental results
(Figure 2-58). This is especially apparent for the Cut95 case.

SKB TR-13-07 47



6
e goasy
3
€4
c \
2
E
@ 2 M
0 T T T T . - - - :
-100 0 100 200 300 400 500 600 700 800 900
Time (days)
6
—_ @oo
P Wy
c
L 2
o
3 %—(
° ~—
-100 0 100 200 300 400 500 600 700 800 900

Time (days)

= IBX1 Model

= IBX6 Model

= IBX7 Model
——1BX01 - Measured
—— 1BX06 - Measured
—— 1BX07 - Measured

s IBX12 Model

= IBX16 Model

= IBX17 Model
——1BX12 - Measured
——1BX16 - Measured
——1BX17 - Measured

CeliCap

Backfill —._
N
JIFT2
Concrete
1BA1
g fo Q! o _
Buffer i i
18RS 1
:Sﬁ?;""x , 18717 __ 51.3
\ y\: i
o i g
Sand axw 184 L?' 1
~F ]
188 |0 I~ 503
Rock % 1
N
49.3
S @’:Bm?
Heater =
—— 48:3
|Exud>}o of 1BX15
k ;
1BX16——,
1BX17 ‘%
47.3

Figure 2-55. Modeled and measured suction evolution (left) at the psychrometer positions in buffer (right).
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Figure 2-58. Modeled and measured water content profiles (left) along scan-lines in lower part of test
(right). Base case and Cut 95 case.

Discussion

First of all, it can be noted that the model is able reproduce the thermal conditions in the buffer and
the rock with fairly good accuracy.

Measured pore pressures in the rock and along the interface between the rock and the buffer indicate
some kind of leakage along the bore hole. This suggests that the problem can be regarded as two
separate problems — rock and buffer. The pore pressure evolution in the rock is fairly well captured
with the models — especially if a short-circuit (EDZ) is included along the borehole. The nature of
such a short-circuit is however unknown. The results from two pore pressure sensors indicate the
occurrence of a thermal pulse with significantly higher pressures (see Figure 2-51). This was not
reproduced by the models.

The approach with exclusive vapor transport implies strong moisture redistribution. The agreement
with sample data is fairly good although the extent of dehydration close to the heater appears to be
exaggerated in the models. The version with lower permeability threshold (0.95) exhibits better
agreement than the base case (threshold 0.999). The reason for this is that more water entered the
buffer in the Cut-95 case. By comparison, the conventional case resulted is almost total saturation
at the time corresponding to EOT.
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In the Base case model and the Cut-95 model there was no hydration in the upper and inner part of
the buffer (see sections G—H in Figure 2—55). This has some support in the experimental results which
shows that the final water content in the inner part of these sections was approx. 18—19 % and thereby
only marginally higher than the initial value (see discussion at the end of Section 2.3.5 for a discussion
concerning the initial water content).

2.3.6 Concluding remarks

The rock was in all the models assigned a fairly high retention curve making the rock effectively water
saturated. The rock was thereby not allowed to choke the inflow into the borehole. An explanation
for the fairly low extent of hydration found in both experiments has thus been sought in the proper-
ties of the buffer material, and not in the surrounding rock.

The development of a saturation front has been sought in this work. The pore-pressure evolution and
profiles found in ITT supports the notion of a progressing front. So does the experimental results from
the water uptake tests. In BCE however, the apparent atmospheric pressures along rock wall indicate
the presence of a short-circuit. The results indicate that in order to reproduce a progressing front it
appears to be more important to reduce the slope of the retention curve close to saturation than to
modify the moisture flow coefficients.

The approach to model the buffer moisture transfer as an exclusive vapor transfer with a high tortuosity
value and with a relative permeability law with a high threshold is a description with limited precision.
The modeled moisture redistribution profiles in BCE at the end of the test are nevertheless quite similar
to the measured profiles and therefore support the notion that the vapor pressure is the dominating
potential. Still, the approach should be avoided unless it can be further justified and developed.

If the studied experiments would be the subject for further investigations, then two adjustments could
be proposed. The first issue should be to modify the initial water content and the retention properties
in order to match the experimental results more closely. Secondly, an alternative formulation of the
retention curve, with a low slope close to saturation, should be implemented and tested. This would
require a modification of the source code and this was the main reason why this path was not pursued.
Such a modification may very well be sufficient to improve the agreement with experimental results,
even with a conventional treatment of the moisture flow coefficients.
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3 BM 2.2 CRT

3.1 General

The Canister Retrieval Test (CRT) was performed by SKB in Aspd HRL at the depth 420 m. The test
was originally intended to be an exercise in canister retrieval after buffer saturation, but has been used
for following the THM-processes with intensive supervision by a dense instrumentation and careful
sampling after termination.

The specifications were provided by Ola Kristensson on behalf of SKB.

Below in Section 3.2 (“Specifications”) follow a description of the CRT experiment, the corresponding
EBS Task Force assignment, information regarding the materials used in the experiment, and some
additional information about issues discussed during EBS Task Force meetings. The two following
sections contain modeling performed using the FE-solvers CodeBright and Abaqus, in Section 3.3
(“Modelling results with Code Bright”) and 3.4 (“Modelling results with Abaqus”), respectively.

3.2 Specifications

Here follows a description of the CRT experiment and the task as suggested to the EBS Task Force
members. Much of the information has been gathered from CRT-reports and notes provided to the
Task Force. As a result, the tense in the text might be inconsistent and somewhat confusing. Also,
references might be given to Appendices or files that were included/attached to the handout but not
to this report. The author hopes that this will not offend the reader too much.

3.2.1 Introduction

As one of the tasks within the EBS Task Force the Canister Retrieval Test (CRT) experiment is
to be simulated. This document first gives a brief introduction to the experiment installation and
operational phase. Then the tasks are defined and the experimental data are presented.

In this section the experimental geometry is first presented, after this follows a recapitulation of the
summary in Thorsager et al. (2002). Then the test schedule is shown and some comments about the
installation and operating phase of the experiment are given with data obtained from Goudarzi et al.
(2006).

In the following sections the tasks are defined and in Appendix 2 the properties of the materials and
the experimental data are shown.

Geometry

A schematic view of the experimental geometry is given in Figure 3-1. More detailed drawings of
the geometry of the CRT experiment are given by Figure 3-2 to Figure 3-6 below. Also the geometry
of the TBT experiment is given in Figure 3-7.

The tunnel-profile has the approximate dimensions 6 x 6 m with a horse shoe shaped profile. The
experiments, CRT and TBT, are placed approximately at the tunnel center-line. The center of the
TBT experiment is located 6 m from the center of CRT.

In the hole, 16 filter mats with a width of 10 cm are installed with uniform spacing, 0.15 m from the
hole bottom up to 6.25 m height.

Ring-shaped or cylindrical bentonite blocks are placed in the hole. At the top of the canister bentonite
bricks are filling up the volume between the canister top surface and the top surface of the upper
most ring (R10). The height difference between the two surfaces was 220-230 mm. The volume
between the bentonite blocks and the hole wall is filled with bentonite pellets and water.
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An impermeable rubber mat was installed between C4 and the concrete plug. On top of the plug a
steel lid was installed. The plug and lid can move vertically and are attached to the rock by nine rock
anchors.

Each of the nine rock anchors has a total length of 10 m, 5 m fixed in the rock and 5 m free. The

anchors consists of 19 steel wires with a nominal area of 98.7 mm?®. The inclination of the anchors
is2.5:1 or=22°,
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Figure 3-1. Illustration of the experimental set-up of the Canister Retrieval Test and the location in the
TASD tunnel.
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Figure 3-3. Plan of the retaining plug with rock anchors.
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Figure 3-4. Section of retaining plug with rock anchors.
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Figure 3-5. Schematic drawing of the canister hole with bentonite blocks with dimensions in mm.

SKB TR-13-07

55



|Rean ] Revision nole

[ Date ISiymntur?I Checked

50
90

2202301 CRT
\ =

D*——-—q

h cyl. =500 mm
h ring =507 mm

1050

4835

850

75

4975

fiemref | Quantity Title/Name, desi

Approved by-date

ion ete

File name

Anicle Mo. / Reference
Dare

Designed by Checked by

1:1

Clay Technology AB
Ideon 223 70, Lund
Tel: 046-286 2570, Fax: 046-134230

Edetion

Sheer
1/1

Figure 3-6. Canister geometry.

56

SKB TR-13-07



—————
— —




Summary from installation report

The Canister Retrieval Test was started to demonstrate the capability to retrieve deposited nuclear
waste if a better disposal solution is found. The overall objective of the Canister Retrieval Test was
to demonstrate to specialists and to the public that retrieval of canisters is technically feasible at any
stage of the operating phase.

The CRT experiment has also been used to carefully record the THM processes in the Swedish
KBS-3V deposit technique besides proving the possibility for retrieval of the canisters. This makes
it very suitable for modelers to investigate theories, used in their simulations, since the calculated
results can be checked against experimental data.

The test was installed in autumn 2000. This report (the installation report that is, authors comment)
describes the test layout and the installation procedure. The deposition tunnel for the experiment is
located on the 420-metre level and is excavated by conventional drill and blast. The centre-to-centre
distance between the two deposition holes is 6 metres, which is the spacing being considered for the
deep repository, but only one of the holes has been used for this test, see Figure 3-1. A maximum
temperature of 100 °C on the surface of the canister is aimed at for the Canister Retrieval Test.

The bentonite buffer was installed in form of blocks and rings of bentonite, see Figure 3-2. The blocks
have a diameter of 1.65 m and a height of 0.5 m. When the stack of blocks was 6 m high, the canister,
equipped with electrical heaters, was lowered down in the centre of the hole and the cables to the
heaters and instruments were connected. Additional blocks were emplaced until the hole was filled
to a distance of one metre from the tunnel floor. The top of the hole was sealed with a retaining plug
made of concrete and a steel plate, see Figure 3-3 and Figure 3-4. The plug was secured against heave
caused by the swelling clay with nine cables anchored in the rock. Water was supplied artificially for
saturation around the bentonite blocks.

Saturation is predicted to take two-three years in the buffer alongside the canister and 5-10 years in
the buffer below and above the canister. The decision on when to start retrieval is dependent on the
degree of saturation.

A pilot test, Test of Deposition Process, was performed as a preparatory exercise prior to the Canister
Retrieval Test and the Prototype Repository Test. The purpose of the test was to try out and practice
with equipment, technique and methods developed for the installation of buffer and canisters.

The deposition hole for the Canister Retrieval Test was bored with a full-face tunnel boring machine
modified for boring vertical holes. The deposition hole is 8.55 metres deep and has a diameter of
1.76 metres. The surrounding rock at the upper part of the hole consists mainly of greenstone and the
lower part of Aspd diorite.

A 0.15 metre high concrete foundation was built to prevent water leaking from the rock from reaching
the bentonite blocks and to reduce the risk of tilting the stack of bentonite rings.

Slots were cut in the rock wall for cables to prevent them from being damaged.

A canister obtained from SKB’s Encapsulation Project was used for the Canister Retrieval Test, see
Figure 3-6. The outside diameter of the canister is 1 050 mm. The height of the canister is 4.83 m
and the weight 21.4 tonnes.

The bentonite used as buffer material is SKB’s reference material, named MX-80. The buffer consists
of highly compacted bentonite blocks and rings with an initial density of 1 710 and 1 790 kg/m’,
respectively. The initial water content of the bentonite was 17 %.

An artificial pressurised saturation system was built because the supply of water from the rock was
judged to be insufficient for saturating the buffer in a time consistent with the planning of the test.
At the end of the test period, a high water pressure will speed up the saturation process. It will also
provide a defined hydraulic boundary. The water is evenly distributed through a number of filter
mats attached to the wall of the deposition hole.

A climate control system was used during installation to prevent the bentonite from being damaged
by excessively high or low relative humidity.
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A retaining structure is used to simulate a real storage situation. The aim of the structure is to prevent
the blocks of bentonite from swelling uncontrollably. It consists of a concrete cone plug placed on
top of the buffer and a steel lid which is pre-stressed by rock ties.

A large number of instruments are installed to monitor the test (see Figure 3-2) as follows:
 Canister — temperature and strain.

* Rock mass — temperature and stress.

* Retaining system — force and displacement.

» Buffer — temperature, relative humidity, pore pressure and total pressure.

The data acquisition system consists of a measurement computer and dataloggers. The monitored
values are transferred via a serial link from the dataloggers to the measurement computer. The
computer is connected to Aspd data network.

Test installation was carried out in the following sequence:

1. Preparations on site — concrete foundation, cutting of slots in the rock wall, drilling for rock
anchors and instruments, installation of rock anchors, filter mats for saturation, installation
of formwork for plug.

Emplacement of bentonite blocks and rings including installation of instruments.
Deposition of canister.
Continuation of 2.

Filling of void between rock and bentonite rings with bentonite pellets and water.

A

Casting of concrete plug and placement of steel lid.

7. Pre-stressing of retaining system.

Heating was started with an initially applied constant power of 700 W on October 27, 2000, one
day after casting the plug. The displacements and forces on the plug were carefully checked and
followed during the initial phase when the plug was only fixed by three anchors. When the total

force exceeded 1 500 kN, the remaining anchors were fixed in the prescribed manner. This took
place December 12—14 that is 46—48 days after test start.

3.2.2 Test schedule

The text in Test start and End of the experiment is copied directly from the installation report and
the dismantling report respectively. Information added to the original text is given in italics.

The following sections: Heater power and filter pressure and Rock anchors and heave of the lid,
are compilations of information found in reports concerning the CRT experiment.

Test start

Since pellet filling marks the start of the test, the best description of the launching of the test is a
step-by-step description of the procedures from that point in time.

1. Before the pellets were blown into the gap, all preparations described in Chapter 5 (instruments,
heaters and wetting system installed) were finished and the tubes for the drainage (pumping)
system were removed along with the tubes and transducers for the ventilation system.

2. Data collection was started immediately before pellet filling.

3. The gap was filled with pellets on October 26 (2000), which thus can be considered the
starting date.

4. Water was pumped into the gap and the filter mats, and the (four) water supply tubes were
withdrawn immediately after (during the) pellet filling.

5. Measurement of water inflow into the filters started immediately after water filling.
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6. The rubber mat was placed on top of the upper block.
7. The cable slots behind the conical ring were sealed with cement.

8. The plug was cast when all preparations had been finished. Not more than 12 hours were allowed
to pass between water filling and casting.

9. Heating was started with an initially applied constant power of 700 W on October 27, i.e. one day
after test start.

10. Three prescribed rods were locked on October 31 and the force and displacement transducers
installed. (4t the installation the force in the anchors were prescribed to 20 kN /anchor.)

11. Between test start and locking of the rods (5 days) the plug rose 13 mm due to swelling of the
bentonite.

12. The displacements and forces on the plug were carefully monitored.

13. When the total force exceeded 1 500 kN, the remaining rods were fixed in a prescribed manner.
This procedure took place 12—14 December, i.e. 46—48 days after test start. (When the average
force in the three anchors exceeded 500 kN, the six remaining anchors were attached to the lid.
The total force where distributed equally between all anchors, i.e. the force was = 170 kN/anchor
when all nine anchors were installed.)

14.The canister heating power was raised twice: to 1 700 W on November 13 and to 2 600 W on
February 13.

End of the experiment

Table 3-1. Events during dismantling of the upper part of the buffer in the Canister Retrieval Test.

Activity Date Day Comments
The power to the canister was 2005-10-11 1811 The power was switched of about
switched of. 3 month before the first samples of

the buffer were taken

The plug was removed 2006-01-16-01-18 1908-1 910 The rock anchors were removed and
the steel lid and concrete plug was
lifted up from the deposition hole

Samples were taken from block C4 2006-01-18-01-23 1910-1 915

Samples were taken from block C3 2006-01-24-01-30 1916-1 922

Samples were taken from block C2 2006-01-30-02-02 1922-1 925

Samples were taken from block R10 2006-02-06-02-10 1929-1 933 Samples were taken on both the ring
shaped block and the bricks placed on
top of the canister lid. The thickness of
the filling of bricks was about 220 mm.

Removal of the upper lid of the 2006-02-13-02-14 1936-1 937 The upper lid of the canister was

canister removed. Samples were taken on the
filling between the lids of the canister.
The power cables were removed from
the deposition hole

Samples were taken from block R9 2006-02-14-02-20 1937-1 943

Samples were taken from block R8 2006-02-22-03-01 1945-1 952

Samples were taken from block R7 2006-03-02-03-09 1 953-1 960
Samples were taken from block R6 2006-03-13-03-21 1964-1972
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Heater power and filter pressure protocols

Table 3-2. CRT heater power protocol.

Date Day Heater power [kW] Comment
00-10-26 0 0

00-10-27 1 0.7

00-11-13 18 1.7

01-02-13 110 2.6

01-11-05 375 0

01-11-06 376 2.6

02-03-04 494 0

02-03-11 501 2.6

02-09-10 684 21

03-12-04 1134 1.6

05-03-10 1596 1.15

05-10-11 1811 0

06-03-28 1979 2 Testing the heaters
06-04-20 2002 0

Table 3-3. TBT heater power protocol.

Date Day Heater power [kW]
00-10-26 0 0

03-03-26 881 0.9

03-04-03 889 1.2

03-04-10 896 1.5

06-06-09 2052 1.6

Table 3-4. CRT filter water pressure protocol.

Date Day Water pressure [MPa] Comment

00-10-26 0 0

02-09-05 679 0 Started to increase the water pressure gradually.
02-10-10 714 0.8

02-12-05 770 0.1

03-01-09 805 0.4

03-01-23 819 0.8

05-03-12 1598 0

05-12-16 1877 0 Air flushed

Rock anchors and heave of the lid

Table 3-5. Overview of rock anchor history.

Date Day Comment

2000-10-31 5 Three pre-stressed anchors were attached to the lid. The initial force in
each anchor was 20 kN.

2002-12-12-2002-12-14 46-48 The remaining six anchors were attached to the lid when the total force

2006-01-16-2006-01-18

exceeded 1.5 MN. The total force was distributed evenly between the
anchors, which gives = 170 kN/anchor. The force in three of the anchors
has been measured.

1908-1910 The rock anchors were removed and the steel lid and concrete plug was
lifted up from the deposition hole
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Table 3-6. Overview of plug displacement.

Date Day Comment
00-10-31 5 13 mm heave before attaching the three rock anchors according to late estimate.
00-10-31- 5— See measurement called “displacement2”. 20.5 mm at the final reading (2006-01-03).

Note that 13 mm should be added to “displacement2” in order to obtain the total heave.

Back calculations of the displacement using the average dry density in each block gives that the total
vertical displacement should be ~ 40 mm.

Comments about the installation and operating phase

When water filling the pellet-filled outer slot, the estimated amount of water to fill up the voids between
the pellets, 800 1, was exceeded by approximately 150 1. The water is thought to have penetrated through
at the interfaces between the bentonite blocks into the inner gap and thereby got access to an additional
volume to fill. A calculation of the available volume between the canister and bentonite rings gives
160 1 which strengthens the assumption that the inner slot had been water filled.

The analysis above is quite uncertain. Both the estimation of the added water volume and the available
slot volume are uncertain. Sensor data is however also indicating that the inner slot was filled. The
total pressure at the inner surface of RS shows a peak at the start of the experiment. Both Vaisala
sensors (RH) and Wescor sensors (suction) also indicate that there is something happening in the
section close to the canister.

The initial conditions of the different sections of the CRT experiment are shown in Table 3-7, where
a bentonite solid density of 2 780 kg/m® was used when the conditions were calculated. Pellets I
denotes the state of the pellet filled outer slot before the water filling at installation and Pellets II
after the water filling.

The start date of the experiment (taken as the date when the outer gap was filled with pellets) was
2000-10-26. Schematic protocols of the heater power of CRT and the heater power of TBT is given
in Table 3-2 and Table 3-3. The TBT has two heaters with the power-history indicated in Table 3-3.

The TBT experiment has considerable thermal effect upon the CRT experiment since the hole-centers
are located with 6 m between them. The thermal effect from the TBT experiment on CRT can clearly
be seen in Figure 3-11 where rock temperatures at canister mid-height are shown. At approximately
900 days after the startup of CRT the rock temperatures increase suddenly due to the start of the TBT
experiment.

The protocol of the water pressure in the filter is given in Table 3-4. Note that the pressure additional
to the atmosphere pressure is shown. The measured inflow of water into the filter is given in Figure 3-12
below. In Figure 3-8 a graphical overview of the heater power and filter pressure protocols is given.

2000-10-31, five days after the test start, three pre-stressed rock anchors were attached to the lid. At
this time the heave of the plug was 13 mm due to swelling of the bentonite, according to late estimates
which are somewhat uncertain. Day 46—48 the remaining six, also pre-stressed, rock anchors were
fixed since the total force had exceeded 1.5 MN. The forces in the rock anchors can be seen in
Figure 3-9 and the displacement of the plug is shown in Figure 3-10.

In Figure 3-9 both the actual measurement and this multiplied with three are shown for anchor 3.6
and 9 since only these three of the anchors were instrumented. An estimate of the total force in all
the anchors can thus be obtained by adding the % 3 values.
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Table 3-7. Initial conditions of the CRT experiment.

Section Density Water ratio Dry density Void ratio Degr. of saturation
(kg/m?) (kg/m®)
Solid block 1991 0.172 1699 0.636 0.751
Ring shaped block 2087 0.171 1782 0.560 0.849
Bricks 1883 0.165 1616 0.720 0.637
Pellets | 1101 0.100 1001 1.778 0.156
Pellets Il 1574 0.572 1001 1.778 0.895
3 T T
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Figure 3-8. Graph of the power protocols of CRT and TBT and the filter pressure of CRT.
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Figure 3-9. The lower three curves show the force in rock anchors 3, 6 and 9. The upper curves show three
times the force in the rock anchors.
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Displacement of plug (001026-060501)
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Figure 3-10. Vertical displacement of the plug.
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Figure 3-11. Rock temperatures in the CRT experiment.
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Inflow into filter (001026-060501)
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Figure 3-12. Measured water inflow.

The measured vertical displacement of the plug is not entirely reliable. The curve called “displace-
ment2” in Figure 3-10 is considered to be the most accurate. Back calculations of the displacement
by using the average dry density in each block yield that the total vertical displacement should be

~ 40 mm instead of = 20 mm, as the measurements show. In Figure 3-13 the calculated accumulated
swelling is shown at different heights from the hole bottom and in Table 3-8 the average dry density
at installation and dismantling, the calculated vertical swelling and the absorbed water are shown
for each bentonite block section.
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Figure 3-13. Calculated accumulated swelling at different height from the hole bottom.
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Table 3-8. The average dry density at installation and at dismantling at different sections of the
buffer together with the calculated vertical displacement and absorbed amount of water. The
absorbed water for rings R5-R1 are assumed to be the average absorbed water of rings R6—-R9,
block C1 is assumed to be the same as block C2.

Block No Average dry density Average dry density  Calculated vertical Absorbed water

at installation at dismantling swelling

(kg/m’) (kg/m?) (mm) (kg)
C4 1598 1558 12.9 79.7
C3 1598 1578 6.5 89.6
Cc2 1598 1563 10.9 83.6
R10* 1608 1578 4.2 47.7
R10** 1569 1559 1.8 35.7
R9 1569 1560 29 61.0
R8 1569 1580 -3.3 53.7
R7 1569 1574 -1.4 50.4
R6 1569 1575 -2.0 56.6
R5***) 1569 0 55.4
R4***) 1569 0 55.4
R3***) 1569 0 55.4
R2***) 1569 0 55.4
R1**% 1569 0 55.4
C1*** 1598 0 83.6
> 39.1 918.2

* Above the canister top.
** Underneath the canister top.
***) Estimated.

If the displacement of 13 mm, reported during the first five days, is added to the measured displace-
ments a total of 33 mm is obtained. The remaining displacement up to the back calculated estimate

40 mm could origin from elastic deformations in the buffer occurring after unloading when the experi-
ment was dismantled. Note also that the 13 mm of vertical swelling at day 5 is only a late estimate.

3.2.3 Sensor positions

The simulated processes should be compared with the specified sensor data in the notes. Below in
Table 3-9 to Table 3-14 the exact position of the sensors is described.

Strategy for describing the position of each device

Every instrument is named with a short unique name consisting of 1-2 letters describing the type of
measurement and 3 figures numbering the device. Every instrument position in the buffer and rock is
described with three coordinates according to Figure 3-14.

The r-coordinate is the horizontal distance from the center of the hole and the z-coordinate is the
height from the bottom of the hole (the block height is set to 500 mm). The a-coordinate is the angle
from the vertical direction B (almost south).

The short description of the positions in the diagrams differs between the buffer and the rock.
Positions are identified by three “coordinates” as follows in Table 3-9:

The bentonite blocks are called cylinders and rings. The cylinders are numbered C1-C4 and the
rings R1-R10 respectively (Figure 3-15).

Table 3-9. Position identification within the Buffer and Rock.

Buffer: Ring/Cylinder no. Direction A, B, C, or D Radius from centre line [mm]
Rock: Distance from the hole bottom [m] o according to Figure 3-14 [°] Distance from hole wall [m]
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Figure 3-14. The instrument planes (A—D) and the coordinate system used when describing the instrument
positions.
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Figure 3-15. Schematic view over the instruments in four vertical sections and the block designation.
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Position of each instrument in the bentonite

Measurements are done in four vertical sections A, B, C and D according to Figure 2-14. Direction A

and B are placed in the tunnels axial direction.

An overview of the positions of the instruments is shown in Figure 3-15. Exact positions are described
in Table 3-10 to 3-14.

The instruments are located in two main levels in the blocks, 50 mm and 160 mm, from the upper
surface. The thermocouples have mostly placed in the 50mm level and the other gauges in the

160 mm level.

Table 3-10. Numbering and position of instruments for measuring temperature (T).

Instrument position in block Cable pos.

Type and number | Block Direction o r z o Fabricate Remark
T101 Cyl. 1 Center 90 50 50 |242 BICC
T102 Cyl. 1 Center 90 50 250 |238 BICC
T103 Cyl. 1 Center 90 50 450 |230 BICC
T104 Cyl. 1 A 180 635 450 | 206 BICC
T105 Cyl. 1 A 180 735 450 | 202 BICC
T106 Cyl. 1 B 365 685 450 38 BICC
T107 Cyl. 1 C 275 685 450 | 274 BICC
T108 Cyl. 1 D 90 585 450 96 BICC
T109 Cyl. 1 D 90 685 450 94 BICC
T110 Cyl. 1 D 90 785 450 92 BICC
T111 Ring 5 A 180 635 2950 |224 BICC
T112 Ring 5 A 180 735 2950 |218 BICC
T113 Ring 5 B 360 610 2950 |318 BICC
T114 Ring 5 B 360 685 2950 |322 BICC
T115 Ring 5 B 360 735 2950 |324 BICC
T116 Ring 5 c 270 610 2950 |258 BICC
T117 Ring 5 Cc 270 685 2950 |260 BICC
T118 Ring 5 C 270 735 2950 |262 BICC
T119 Ring 5 D 90 585 2950 | 44 BICC
T120 Ring 5 D 90 635 2950 | 46 BICC
T121 Ring 5 D 90 685 2950 48 BICC
T122 Ring 5 D 90 735 2950 50 BICC
T123 Ring 5 D 90 785 2950 52 BICC
T124 Ring 10 A 180 635 5450 |200 BICC
T125 Ring 10 A 180 735 5450 | 194 BICC
T126 Ring 10 D 90 585 5450 54 BICC
T127 Ring 10 D 90 685 5450 56 BICC
T128 Ring 10 D 90 785 5450 58 BICC
T129 Cyl. 3 A 180 785 6250 | 166 BICC
T130 Cyl. 3 B 365 585 6250 |358 BICC
T131 Cyl. 3 Cc 275 585 6250 |280 BICC
T132 Cyl. 4 A 180 785 6950 66 BICC
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Table 3-11. Numbering and position of instruments for measuring total pressure (P).

Instrument position in block Cable pos.

Type and number | Block Direction |a r(mm) |(Z(mm) |a Fabricate Remark
P101 Cyl. 1 Center 180 50 0 244 Kulite
P102 Cyl. 1 Center 180 50 450 232 Kulite
P103 Cyl. 1 A 185 585 340 208 Geokon
P104 Cyl. 1 A 185 685 340 204 Geokon
P105 Cyl. 1 A 185 785 340 186 Geokon
P106 Cyl. 1 B 365 585 340 40 Geokon
P107 Cyl. 1 B 365 785 340 2 Geokon
P108 Cyl. 1 C 275 585 340 278 Geokon
P109 Cyl. 1 C 275 785 340 270 Geokon
P110 Ring 5 A 185 585 2840 228 Geokon
P111 Ring 5 A 185 685 2840 222 Geokon
P112 Ring 5 A 185 785 2840 188 Geokon
P113 Ring 5 B 365 535 2840 36 Geokon
P114 Ring 5 B 365 825 2840 16 Geokon
P115 Ring 5 Cc 275 585 2840 296 Geokon
P116 Ring 5 C 275 785 2840 290 Geokon
P117 Ring 10 Center 180 50 5340 24 Kulite
P118 Ring 10 A 180 585 5340 216 Geokon
P119 Ring 10 A 180 685 5340 198 Geokon
P120 Ring 10 A 180 785 5340 192 Geokon
P121 Ring 10 B 365 585 5340 20 Kulite
P122 Ring 10 B 365 785 5340 18 Kulite
P123 Ring 10 C 275 585 5340 286 Kulite
P124 Ring 10 C 275 785 5340 284 Kulite
P125 Cyl. 3 Center 180 50 6250 158 Geokon
P126 Cyl. 3 A 180 585 6250 162 Geokon
P127 Cyl. 4 Center 180 50 6840 64 Kulite

Table 3-12. Numbering and position of instruments for measuring pore water pressure (U).

Instrument position in block Cable pos.
Type and number | Block Direction a r(mm) |Z(mm) |a Fabri