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Three Joint Projects on the Comparison of Constitutive Models for Rock Salt

Project Period

Main Objectives: Document, check and compare ...

I 2004 — 2006

. capabilities of the models to describe reliably the relevant deformation

phenomena in rock salt

I 2007 — 2010

I 2010 — 2016

. the suitability of the models to perform 3-D simulations, predictions of the

future behavior, calculations of permeability

.. the modeling of temperature influence on deformation (part I):

» performance of many creep & strength tests with Asse-Speisesalz (IfG)
» back-calculations of the lab tests, determination of parameter values
» simulations of in-situ borehole tests IFC (isothermal) & HFCP (heated)

.. the modeling of damage reduction & healing of rock salt

» performance of high-precision healing tests with Asse-Speisesalz (TUC)
» back-calculations of the healing tests, determination of par. values
» simulation of the “Dammjoch” (bulkhead) in the Asse mine

.. the modeling of temperature influence on deformation (part Il):

o performance & back-calculations of many creep & strength tests
with clean salt & argillaceous salt from WIPP (IfG & TUC)

o simulations of Rooms D (isothermal) & B (heated) at WIPP

m Dr. Andreas Hampel
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Back-Calculations of Laboratory Deformation Tests with one Salt Type

1. Check the ability of the models to describe the relevant deformation phenomena & dependencies.
2. Determine a unigue salt-type-specific set of parameter values for each constitutive model.
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Back-Calculation of Laboratory Healing Tests

dilatancy calculated
with individual
parameter values

_ dilatancy calculated with the
applied stresses unigue set of parameter values
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Back-calculations of Hampel (model: CDM, salt type: Asse-Speisesalz)
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“Dammijoch” (bulkhead) in a drift at 700 m depth in the Asse Mine

1911. drift excavated, 1914: 25 m long section lined

model section model section

cast-steel tube

rock salt rock salt

fp by Janosch Gruschczyk,

e Einblicke” Nr. 25 (07/2014) BfS, Remlingen, DUMMY Verlag GmbH * Simulation 1: Simulation 2:
0 ... 88 a: open drift 0 ... 3 a: open drift
drift size Moy = 2.75 M, W, = 3.80 m 3 ... 88 a: drift with bulkhead
residual gap:  concrete 100 m x50 m x 0.05 m
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Deformation (Displacements) of the open drift 88 years after excavation
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Equivalent Stress 88 years after excavation
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Minimum Principal Stress 88 years after excavation

after 3 a with bulkhead
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model section model section model section

Volumetric Strains
(Dilatancy)

Simulation 2:
0...3 a: open drift
3...85 a: with bulkhead
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Summary

Joint Project Il on the Comparison of Constitutive Models for Rock Salt

Part 2: Modeling of damage reduction and healing of rock salt

Investigations: High-precision laboratory creep & strength tests (IfG Leipzig)

High-precision laboratory healing tests (TU Clausthal)

Benchmarking: 1. Back-calculations of laboratory creep, strength, and healing tests,

determination of a unigue set of model parameter values

2. Simulations of the “Dammjoch” (bulkhead) in the Asse Mine (88 a)
1) open drift, 2) drift with bulkhead after 3 years

- Considered constitutive models are appropriate to model the healing of rock salt.
- More high-precision experiments and further developments of the models are required.
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Open Questions — Subjects for Future Collaborations

~> Joint Project IV on the Thermo-Mechanical Behavior of Rock Salt

> Investigation and modeling of the deformation at small stress differences
> Investigation and further development of the modeling of healing

> Investigation and modeling of the humidity influence on deformation

> Treatment of tensile stresses in model calculations

> Investigation and modeling of contact surfaces (e.g. salt/clay)

> Deeper and more detailed analysis of the bandwidth of modeling results

- More high-precision laboratory tests and new in-situ underground experiments

—> Joint collaboration on the further development of constitutive modeling
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Benchmarking WIPP Rooms for JPII!

|II

= “Joint Project IlI” was extended to include
two additional benchmarking problems
based on in-situ full-scale tests conducted
in the early 1980’s at the Waste Isolation
Pilot Plant (WIPP), located in Southeastern
New Mexico, USA

= The isothermal Mining Development Test —
WIPP Room D

= The heated Overtest for Simulated Defense
High-Level Waste — WIPP Room B
= Work on WIPP salt (lab tests and Rooms D

& B) is again related to temperature
dependence and is thus an extension of the
first benchmarking problem

= Larger rooms

= Quadrilateral cross-section

= More importance of damage (at least at
corners and possibly roof)

= At different temperatures than in IFC & HFCP
tests






WIPP Experiments of Early 80’s

Several Thermal-Structural Interactions (TSI) Experimental Rooms
Fielded at the Waste Isolation Pilot Plant (WIPP) in the early 80’s

10,0

— ———— 3050
305
100~ 100

2443 ——————— 2483

n

/ I‘—mu ++m-j\
T

,??"Tl\_!!"" L e [ [722M

e :rT_l v 55 -l ;”g i m!u;
l %5 10, faogl d ™ e n3

a1 __t 1 ;L_ il .
f T ! il VI O | B A1 A3 D
gt 53 500 737 - i 'y
_r_‘é?_.%_ﬂ Ehﬁw' i J e A-2
Rss/H'\A16S
a3 | "‘

TESTS:
A, 18 W/m2 MOCKUP

i

B. DHLW OVERTEST ] H
D. MINING DEVELOPMENT F i1 ] AND BALT HANDLING
G. GEOMECHANICAL EVALUATION el SHAFT
H. HEATED PILLAR _EXHAUST
J. SIMULATED CH TRU TESTS (WET) AND b T SHAFT
MATERIALS INTERFACE INTERACTIONS 7 LT sores:

TEST {MIT)
L. PLUGGING AND SEALING
M. SMALL SCALE SEAL PERFORMANCE TESTS
T. SIMULATED CH AND RH TESTS
WPP. WASTE PACKAGE PERFORMANCE, SIMULATED
DHLW (8, A1)
[ZZZ7) SITE & PRELIMINARY DESIGN VALIDATION

SOUTH
DRIFT

WASTE HANDLING T
SHAFT i

1, ALL DIMENSIONS IN METERS
2.1 THROUGH |&, INSTRUMENTATIOMN
ALCOVES (7.3 x 10.0)

Experimental WIPP
Rooms D & B are of
special interest &
well-suited for
benchmarking





Why are WIPP Rooms D & B Well-

Suited for Benchmarking?

L Room D/B

= Except for the heat load in Room B,
both rooms are essentially identical

= Located in the same general area of WIPP

= Relatively “isolated” from other workings

= 5.5X5.5min cross-section (~100 m long)

= At the same horizon and thus in the same
vertical stratigraphic location

= Tests conducted under rigorous Quality
Assurance

= Gages calibrated to NIST standards

= Were extensively instrumented and data
were taken for approximately 3.5 years

- : (1300-1400 days) after excavation

S N O N B

3 N = Comprehensive datasets archived and
' available for benchmarking efforts






WIPP Room D Coarse Mesh

1

Coarse FEM mesh used originally with Sierra
Mechanics transmitted to German partners:

5032 nodes & 2184 hexahedral elements

4 element blocks — halite, argillaceous halite, anhydrite, &
polyhalite

9 clay seams nearest room included as sliding surfaces
Tractions of 13.57 MPa at top & 15.97 MPa at bottom of
model

Rollered B.C.s on both sides and Fixed B.C. near top right





Mechanical Modeling Parameters
for Use in WIPP Roorr

Note: Models based on details provided in
Munson, 1997, Int. J. Rock Mech. Min. Sci. 34:2
233-247 (& supplemental information not provided
there)

» Clean salt and Argillaceous
Salt modeled with MD creep
model with parameters shown
here

D/B Calculations

Parameters Units Salt
Salt Shear modulus G MPa 12,400
Elastic Young’s modulus E MPa 31,000
Properties | Poisson’s ratio v = 0.25
8.386x10%2
Al
(1.407x1023)
. 6.086x106
1
4 (8.998x106)
Structure Factors S 9.672x1012
A2
(1.314x1019)
5 3.034x1072
2 (4.289x102)
. . Q, cal/mole 25,000
Activation energies 0, cal/mole 10,000
Universal gas constant R cal/mol-°K 1.987
Salt Absolute temperature T °K 300
Creep | siress exponents 0, = 2
Properties Ny 5.0
Stress limit of the dis-
location slip o MPa 20.57
mechanism
Stress constant q — 5,335
M — 3.0
Transient strain limit K ~ 6.275x10°
constants 0 (1.783x105)
C oK1 9.198x103
-17.37
Constants for work- o -
hardening parameter (-14.96)
B — -7.738
Recovery parameter 0 — 0.58






Mechanical Modeling Parameters

(Cont’d)

» Anhydrite and Polyhalite modeled with an elastic/perfectly-plastic Drucker-
Prager criterion: F =./J, +al; — C

where

Iy = okg
_
J2 = 35ijSji

a, C = material constants

with parameters as shown in table below.

Material E v a C

Clay seams modeled as sliding surfaces with M-C behavior: T = uo,, with

u=0.2

Initial stress set to lithostatic stress varying linearly with depth

(MPa)

(MPa)

Anhydrite

75,100

0.35

0.450

1.35

Polyhalite

55,300

0.36

0.473

1.42






Thermal Modeling Parameters for
Use in WIPP Room B Calculations

Adiabatic
B.C.s

= All boundaries in “red” assumed to be adiabatic

» Boundaries sufficiently remote to preclude affecting
room response for duration of simulation

= Entire formation prescribed to have an initial
temperature of 300 K

» The drift area (in “purple”) assumed to consist of an

/ ETM
. “equivalent thermal material” (ETM)
»,\ = ETM has a constant high conductivity of 50 W/(m-K)
Heat Source & a high thermal diffusivity [C, of 1,000 J/(kg-K) and

a density of 1 kg/m?3]

= This presumably simulates radiative heat transfer in
the room by an equivalent conduction

= Clay seams to be neglected in thermal analyses






Thermal Modeling Parameters

(Cont’d.)

Heat transfer through salt, anhydrite, and polyhalite modeled with a nonlinear
thermal conductivity of the form:

A = 2A300(300/T)Y

where A is the thermal conductivity, T is the absolute temperature in Kelvin, and
A300 & Y are material constants.

The various parameters are given in table below and include:
Cr — the specific heat;

o. — the coefficient of linear thermal expansion; and
p — the material density.

Material Cp a As00 Y p
JI(kg-K) K-! W/(m-K) kg/m3
Salt 862 45%106 54 1.14 | 2,300
Anhydrite 733 20x10 4.7 1.15 | 2,300
Polyhalite 890 24x106 1.4 0.35 | 2,300






Room D Model Matching Capability
Available in Mid-80s to early 90s

re, mm
n w
b 2

Room Vertical Closu
-~ -~ o

0 . 60D
Time, days

= QOriginal mesh coarse by today’s standards, but
similar to what was possible in the mid-1980s to
early 1990s, in terms of computational capability

= With this mesh, computed vertical closure
comparable to measured values (using all-salt
stratigraphy, as apparently done in past)

= With this mesh and the complete stratigraphy,
computed vertical closure is less than the
measured closure

10

Original Mesh





Refining the Room D Model in Line

nt Generation Capab

o~ o~ - -
WW ‘24nso|D) [edlldo, Wooy

Time, days
New generation of computational tools allows more

refined mesh, in line with current practice/

to better-capture stress gradients

Mesh shown here includes ~8X the number of

standards,

elements as the coarse mesh (not possible with

machines of mid-80s to early 90s)
= With refined mesh, computed vertical closure is

greater than that computed with coarse mesh, for
either the all-salt or with complete stratigraphy

cases
» Computed results bracket the measurements

11

Refined Mesh





Summary & Conclusions

= |nitial efforts on WIPP Room D underway
= QOriginal coarse mesh with various details transmitted to German partners

= Additional information needed for the benchmarking effort has been
identified and will be transmitted

= Using original mesh with all-salt idealization, the computed Room D
vertical closure with SIERRA Mechanics agrees reasonably well with the
measurements

= Refinement of Room D model to conform with modern standards/
practice leads to greater vertical closure than measurements for the all-
salt idealization but less than measurements for the full stratigraphy

=  Appears that in legacy model, MD parameters (& other features, e.g., u
for clay seams) were calibrated to match the tests using a relatively coarse
mesh acceptable at the time

= This remains an open question that we hope to answer under JPIII

= |mplies that a common refinement of the room model among the
partners may be needed to make appropriate comparisons among the
results of the various partners participating in the benchmark

12
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'_I‘U Clausthal

Objective

= Benchmark calculations of Room B and Room D
Laboratory Tests on WIPP Salt et
argillaceous salt ©A con?prehgnswe de?ta base for WIPP-salt exists
from investigations in the 80 - 90's, but
funded by federal ministry of economic affairs and energy @ Due to the devek)pment of eXiSting andiney

material laws tailored test series facilitating
specific material parameters are missing.

1. Objective e
2. Overview test program Room D - Mining
3. Results of short term tests to determine failure and dilation strength = Geomechanical charakterization of the Development Test
4. Results of long term tests to determine damage free and damage induced WIPP-rock salt :

creep behavior i
5. Characterization of material properties based on lab tests = ‘“cleansalt” or “Halite

= ‘“argillaceous salt”
= Temperature effect

= Strength testing

5th US/German Workshop on Salt Repository Research, Design and Operations > Creep tests
Santa Fe — 9th September 2014

apl. Prof. Dr.-Ing. habil. U. Dusterloh — Clausthal University of Technology - Chair for Waste Disposal
Technologies and Geomechanics

Room B - Overtest for
Simulated Defense High-
Level Waste

apl. Prof. Dr.-Ing. habil. U. Diisterloh 5th US/German Workshop - Albuquerque Institut fiir Gebirgsmechanik 13. Workshop “Joint Project lll: Comparlson of Constltutive Models “
Chair for Waste Disposal Technologies and Geomechanics

Salt Repository Research, Design and Operations IfG GmbH Leipzig May 28.-29.2014 - Sandia National Laboratories, Albuquerque 1

Lithology: ,Clean salt* - ,Argillaceous salt* Drilling and wrapping of cores at WIPP - site

I I I
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Preparation of a test specimen on a lathe

CGa. 150 cylindrical samples will
be prepared at IFG

T ~)] incithud fOr Bebirgemeshanik 13 . Workshop "ot Project I E Comporicon of Coscitetiec: Mook *
‘GmbH L=iozg Wiy 25 -259 2014 - Seehi Mathoridl Labovgsority, Algmtsiet
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Laboratory program on argillaceous salt from WIPP to determine failure
strength and dilation strength -

o3 strain rate T planned carried out in progress

MPa 1/s °C - - -
0,2-20 1,00E-05 27 14 10 0
0,2 -20 1,00E-05 60 14 19 0
0,2 -20 1,00E-05 100 14 14 0
0,2-20 1,00E-04 27 5 0 5
0,2 -20 1,00E-06 27 14 14 0

3 61 57 5

0,02 failure strength 70 1,05 failure strength ~70

[ - 60
0,015 €0 1 . =
=l T o
< * g Zogs E
g 007 dilation Slr’engtﬂ ta0 s . dilation stlengtlﬂ T8
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apl. Prof. Dr.-Ing. habil. U. Diisterloh

Chair for Waste Disposal Technologies and Geomechanics 5th US/German Workshop — Santa Fe 2014
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testing procedure and determination of physical parameters

(1) measure of length, diameter, mass in each case T‘F’m
(2) measure of unloaded ultrasonic wave velocity in each case
(3) digital photography of each sample prior to test

(4) one day isotropic recompaction at ,;, = 20MPa and heating at
27°C, 60°C, 100°C respectively prior to each test

(5) including an unload-reload cycle to each test by reaching ¢, =
1,5% (in case of 5, 2 1MPa) respectively €, = 1,0% (in case of 5,
<1MPa)

(6) digital photography of each sample after test was finished

(7) oven drying of selected samples

apl. Prof. Dr.-Ing. habil. U. Disterloh

Chair for Waste Disposal Technologies and Geomechanics 5th US/German Workshop — Santa Fe 2014 7
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physical parameter argillaceous salt WIPP
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EEW (MPa)

physical parameter argillaceous salt WIPP
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= [U Claustha = TU Claustha
physical parameter argillaceous salt WIPP strength tests argillaceous salt WIPP
0,3 [ 000 —1amea
27°C o ow
m, —my S . 5000 IpEET owes 20MPa
w=——--100 —sowra e
0,25 17— 4 . . ’ g —rown £ 0w
3 —100MPa 2 ——30MPa
£ —ozwpa £ 30MPa
£ w0 A | 30MPa
£ ~——05MPa E ~——50MPa
H N H 0mPa
g 0,2 - . § o) /’T\ '\ 170 minutes R | Soue
~ A 02MPa
= coring 2013 . ool ozura
2 e —uswea
5 015 I loowes
o oot . ) » o 000 500 1000 1500 20 2500 3000 M
aj axial strain [%] axial strain [%]
=
2 01
’ T .
— souea w000 27°C/ 0,006%im - —1ompe
—2ompa - —10mpa
—20mpa
i o § o I
0,05 i T~ —sompa z —30mpa
= |coring 2010 3 — o 5 o o
£ 670 minutes —oaura Y w —mamra
0 T T T T T T —eswee N
1000 . 1
20 22 24 26 28 30 32 34 36 6700 minutes
sample no. 00 s 1000 1500 200 e w0 e 0w T T T e w % %
axial srain [%] axiatstrain [%]
apl. Prof. Dr.-Ing. habil. U. Disterloh apl. Prof. Dr.-Ing. habil. U. Dusterloh
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Failure strength argillaceous salt WIPP

60,00
50,00 | e
g o ag 55 MPa
40,00 + a,: 30 MPa
= ag 0,20 MPa!
o
£ 30,00 |, o
©
=3 [ )
20,00 8
10,00 - ﬂTc =a,. —a, -ex (_a . )
(o;) = 8 — 87 "EXP(—85 - T3
0,00 ; ; ; ; ;
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0

o3 (MPa)

o argillaceous-2010-27°C-0,06%/min e argillaceous-2013-27°C-0,06%/min — envelope

apl. Prof. Dr.-Ing. habil. U. Dsterloh
5th US/German Workshop — Santa Fe 2014

Chair for Waste Disposal Technologies and Geomechanics

13

'I’U Clausthal

re strength argillaceous salt WIPP

Failu
60,00
50,00 -|
40,00 | //_‘
= ag: 50 MPa
[-% a; 27 MPa
= 30,00 ag: 0,17 MPal
8
«a
20,00
C _
10,00 4 ’ﬁ(og) =8, —a; -exp(-ag - 03)
0,00 : : ‘ : : :
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0
o3 (MPa)

= argillaceous-2013-60°C-0,06%/min — envelope

apl. Prof. Dr.-Ing. habil. U. Diisterloh
Chair for Waste Disposal Technologies and Geomechanics

5th US/German Workshop — Santa Fe 2014 14
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Failure strength argillaceous salt WIPP

35,00
.
30,00 .
— |
25,00 -
ag! 32 MPa
E 20,00 a75 15 MPa N
s ag: 0,35 MPa
R, 15,00
10,00 -
TC
00 =a. —a. - —a. -
5 Boy=a8—3 exp(-ag - 0;)
0,00 T T t T T
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0 16,0 18,0 20,0
o3 (MPa)

= argillaceous-2013-100°C-0,06%/min — envelope

apl. Prof. Dr.-Ing. habil. U. Diisterloh
5th US/German Workshop — Santa Fe 2014

Chair for Waste Disposal Technologies and Geomechanics
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Failure strength argillaceous salt WIPP

TC
Bior)

=8, -8, -exp(-3;-0y)

60
I —
50
/ | T
/ | —T |
40
© /
o
2 30
e L
20
ag: 55 MPa as 50 MPa ag! 32 MPa
10— a;: 30 MPa a, 27MPa [ az 15 MPa
ag: 0,20 MPa! ag: 0,17 MPa! ag: 0,35 MPa'!
0 ! ‘ ‘ | | |
0 2 4 6 8 10 12 14 16 18 20
o3 (MPa)

—envelope - 100°C — envelope - 60°C — envelope - 27°C

apl. Prof. Dr.-Ing. habil. U. Dusterloh
Chair for Waste Disposal Technologies and Geomechanics

5th US/German Workshop — Santa Fe 2014
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Failure strength argillaceous salt WIPP ’ﬂ&) =a, —a, -exp(-a, - 0,)

60,00
50,00 - —

_——

40,00 -

—_ % [ ]
©
s
< 30,00 14
e )
@ °
L]
20,00
10,00 ag: 55 MPa ag: 50 MPa E™ ?? MPa
a; 30 MPa a; 33 MPa a;z ?? MPa
ag: 0,20 MPa! ag: 0,25 MPa! ag: ?? MPa!
0,00 ] ] : : ‘ |
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0
o3 (MPa)

e argillaceous-2013-27°C-0,06%/min — envelope-0,06%/min
= argillaceous-2013-27-0,006%/min & argillaceous-27°C-0,6%/min
— envelope-0,006%/min

£TU Clausthal

Dilation strength argillaceous salt WIPP

60,00

ﬂDiI.(r;) = (2) (1-a, -exp(-a; - 03))

50,00

40,00

30,00

20,00
.,

10,00

Bdil™ (MPa)

a,. 0,4 =
ag: 0,06 MPa!

0,00 + : : ‘ ‘
0,0 5,0 10,0 15,0 20,0 25,0

o3 (MPa)

+ argillaceous-2013-27°C-0,06%/min — envelope

apl. Prof. Dr.-Ing. habil. U. Dsterloh apl. Prof. Dr.-Ing. habil. U. Diisterloh
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Dilation strength argillaceous salt WIPP Dilation strength argillaceous salt WIPP
60,00 35,00
T _ pTC .
JﬂDil(o-j) = By - (L—2a, -exp(-a5 - 53)) 30,00 1 .
50,00 - .
. TC
TC
. Bowte, = i) A2, -exp(-a,-0,)| -
40,00 -
E E 20,00 A
= 2
S 30,00 A S
= T 15,00 A
-g. $ =%
20,00 Y.
. 10,00 +
*
10,00 ”‘ a, 0,5 5,00 a,: 0,45
ag: 0,1 MPat ag: 0,5 MPa'!
0,00 T T T 0,00 T T
0,0 5,0 10,0 15,0 20,0 25,0 0,0 50 10,0 15,0 20,0 25,0
o3 (MPa) 0 (MPa)
+ argillaceous-2013-60°C — envelope e argillaceous-2013-100°C — envelope
apl. Prof. Dr.-Ing. habil. U. Diisterloh apl. Prof. Dr.-Ing. habil. U. Dusterloh
5th US/German Workshop — Santa Fe 2014 19 Chair for Waste Disposal Technologies and Geomechanics 5th US/German Workshop — Santa Fe 2014 20

Chair for Waste Disposal Technologies and Geomechanics






it TU Clausthal it TU Clausthal

Dilation strength argillaceous salt WIPP Dilation strength argillaceous salt WIPP
60,00
% ! [ [ \ \ \ \ a; 0.4 a; 0,63 ag 0,45
TC as 0,06 MPal ag: 0,0001 MPa! ag: 0,5 MPal
% ’ﬂon(ag) ={ a,—a,-exp(-a,-0,) |-(1-a, -exp(-a;-03)) 50,00 { L— : :
] —
—
//
40 /?j’—’/ 40,00 4 o

/f/

30,00 4

30 4 /%

Bdil™ (MPa)
Bdil™ (MPa)

| ==

10,00 -

10 a, 0,4 a, 0,5 a, 0,45 -
ag: 0,06 MPat ag: 0,1 MPa! ag! 0,5 MPa! , Difficult to fit because failure strength and dilation strength are linked together !

0,00 ; : : : : ; : : ———

0 ; ; ; ‘ ‘ ‘ ‘ ‘ ‘ 0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0 16,0 18,0 20,0
0 4 6 8 10 12 14 16 18 20
o3 (MPa)
o3 (MPa)

e argillaceous-2013-27°C-0,06%/min —— envelope-0,06%/min

= argillaceous-2013-27-0,006%/min argillaceous-27°C-0,6%/min
— envelope-100°C — envelope-60°C — envelope-27°C 9 . A g
envelope-0,006%/min — =fitting
apl. Prof. Dr.-Ing. habil. U. Duisterloh apl. Prof. Dr.-Ing. habil. U. Dusterloh
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Laboratory program on argillaceous salt from WIPP to determine creep

behaviour Creep tests argillaceous salt WIPP
35 35 -
o3 Geg T load level duration loading / above/below planned carried out | in progress
MPa MPa °C - d ur i dilation strength - - - 30 30 -
20 >10 27 2 60/60 LU b/b 3 6 0 2 { = 25
20 >10 60 2 60/60 LU b/b 5 8 0 | r——— < 50
20 >10 80 2 60/60 LU b/b 2 0 g0k 2 s
20 <10 60 1 120 L b 0 0 < e
20 27/60/80 3 60/60/60 LIL/L b 0 0 g1s @ 10
different different 27 4 60/60/30/30 LILLIL b/b/a/a 4 0 e 54
? ? ? ? ? ? ? 0 0 10
= =20 = =20 =0 0 T T T T l
s 0 50 100 150 200 250 300
0 time (d)
5 4 0 20 40 60 80 100 120 140 160 180 . " "
354 T 0,009 ime (4) — sigv —sigl — sig3
- 30 Jmermniea T 0,008 » —igtic —sigs 0s -
— T 0,007 18
g 35 =25 7( - . 018
< / g + 0,006 < 6 0167
5 / S 20 f 0,005 3 e S 047
£ 25 3 ] 1 o00s & En £ 0127
3 2 g1 oos & M § 017
X 15 @ 10 " T 0,003 © 2 = 008
14 T 0,002 3 % 0,06
4 6 ]
05 5 + 0,001 : J 0041
0 T T T ! 0 ' V_'_H—T‘ﬁ 0 2 %,/ ' 0 T T T T T d
0 50 100 150 200 0 50 100 150 200 ° = 0 50 100 150 200 250 300
. . ) 20 40 60 80 100 120 140 160 180 time (d
time(d) time (d) time (d) (d)
WIPP-41 —WIPP-3 — WIPP-9 — WIPP-42
apl. Prof. Dr.-Ing. habil. U. Diisterloh apl. Prof. Dr.-Ing. habil. U. Dusterloh
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&° (1/d)

Stationary creep parameter argillaceous salt WIPP

1,00E+01

[ 1., o, /

1,00E+00 ¢ = WM

1,00E-01 -

717/

1,00E-02 7

1,00E-03 +

1,00E-04

1,00E-05 +

\
W
N\
AW
\(

1,00E-06 -

1,00E-07 +

| —1
L

1,00E-08 4

T =4-10“MPa-d
m=—0,45MPa™*
1=-0,05K™*

1,00E-09
1

10
o, (MPa)

— Reg-Argillaceous-27°C
= Argillaceous-27°C
a Argillaceous-27°C
» Argillaceous-60°C
» Argillaceous-80°C
— Reg-Argillaceous-60°C
— Reg-Argillaceous-100°C

apl. Prof. Dr.-Ing. habil. U. Dsterloh
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Transient creep parameter argillaceous salt WIPP

€1endless (')

U Clausthal

1,00E+00 I I
Har =av+ap =[,1 -{1—LG”")}+ _t }-m
= (o) o, (o)
1,00E-01
1,00E-02 - :/'/
/I )
1,00E-03 .
1,00E-04 - G, =3-10°MPa
/ k, =-0,21MPa™
1,00E-05 —/ 7 =15-10°MPa-d fj
k, =-0,20MPa™*
1,00E-06 ‘
0 10 20

o, (MPa)

30

0 R L
&\i

= Argillaceous-27°C
— Reg-Argillaceous

apl. Prof. Dr.-Ing. habil. U. Diisterloh
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® Petrophyical characterisation
® Strength and dilatancy
testing

= Confining pressure
= Deformation rate
= Temperature

= Creep tests
= Creep test procedures
* Results
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= Summary





Petro-physical characterization
o rock salt (ASSE)
9,3 1 ¢ clean rock salt (WIPP)
| o arg.salt (WIPP)
> VELOCITY-POROSITY
4,9 1 Anhydrite contqu(%) RELATIONSHIP
o> 47 > x---0
£ s o after Wyllie et al., 1956
S 43 o |
4,1 - —porosity (%)
3,9 -
3,7
35 +——vvovttv—4——tt
2,05 2,10 215 2,20 2,25 2,30

Density (g/cm?3)

» Clean salt ~ argillaceous salt, but slightly different

to pure ,Asse-Speisesalz*”: v,- air (km/s) =

o < v,- anydrite (km/s) =
Pwipp-cs = Passe-salz v- halite (km/s) =

« The amount of impurities is very low (< 5%)

« Initial porosity is low (<0.5%) , i.e. undisturbed salt Excellent material!

Institut fir Gebirgsmechanik GmbH Leipzig
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Water content - drying 24 h 105°C

1,20
1,00 |
§ 0,80 |
©
£ .
= argillaceous salt 3
p— 527/102-4/TC17 | 535/201-
S 0,60 ‘ :
)
s
o mean values |
@
- after Perry, 2013
g 0,40 | J
clean salt | || |||I|
o ||"||" IIIIIIIMI’I
0,00 Moisture contents:
/A Ao e G A A A U -Gl A B i A 0 “.
§5:52383883323333345835388335:5:8¢888:28| o "clean salt*: around 0.15 wt. -%

e "argillaceous salt*: 02-0.4 - 1.0 wt. -%

Sample No. (core recovery no.)

Institut fir Gebirgsmechanik GmbH Leipzig
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Triaxial strength / onset of dilataney;

Factors influencing relevant failure
strength and dilatancy strength

= Confining pressure
= Deformation rate
= Temperature

T Eps-rate | o3 (MPa) )

25°C 10°1/s | 0,205 |1,0|20|3,0]5,0 (20,0

100°C | 10°1/s |0,2]0,5|1,0|2,0]3,0|5,0 (20,0

25°C 10°%1/s | 0,205 |1,0|20|3,0]5,0 (20,0

C
7
60°C 10°1/s | 0,2|05|1,0|2,0(3,0|50 200 7
7
7
5

25°C 10%1/s | 02| - [10|20]| - |5,0/20,0

Y Standard tests| 33

s l Institut fir Gebirgsmechanik GmbH Leipzig
Research @ Testing ® Consulting @ Expertise

Triaxial strength testing — state of art

Strain-rate-controlled Eny
deviatoric deformation

in a triaxial Karmén-cell
In a triaxial Karman-ce ‘ - ‘
» .;.;.-._‘E':' @
G;> 03 » 5‘5.;. @
Ac =1 (g,) SEL ¢ P

AN =fe) | | MRS | RO

_________________________________________

N

/N7
-/

WA,
/
P

Vol. strain

£ =1-1051/s
Gy =1MPa
T =25C





Triaxial strength tests (i = (&

70,0 26,0
240 A
60,0 22,0 -
—_ 200 A
]
£ 500 ] 18,0 -
o 02 MPa —~ 160 |
3 /—\’_\ —05MPa = 140
2 400 : - .
s —— 1.0 MPa ® 120 -
:g 2 0 MPa ‘J; 10,0 -
g 30,0 4 \C : S .
o ——3.0MPa .3 8,0 -
t -
=200 - 5.0 MPa 5 6,0
k\. ——200MPa 9 4.0 A
10,0 20
J 0,0 —
0,0 I T '2|0 T T
0,0 10,0 20,0 30,0 0,0 10,0 20,0
Axial strain (%) Axial strain (%)

WIPP-site, clean rock salt; TC test @ room temperature and strain rate 1*E-05s?

brittle < semi-brittle < ductile

Institut fir Gebirgsmechanik GmbH Leipzig
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Triaxial strength tests ({1 (1 E5Sri o)

0.2 MPa 0.5 MPa 1.0 MPa 2.0 MPa 3.0 MPa 5.0 MPa 20.0 MPa

527/108-4/TC4

e, ) . - - - - R -
_527/108-4/TC3 527/108-4/TG4 527/105-8/TC5 B s27/105-8/7ce UM | | 527/104-5/Tc7 [ &

brittle < semi-brittle < ductile

Institut fir Gebirgsmechanik GmbH Leipzig
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differential stress opjf max (MPa)

Strength testing - reliability 6

[est resuiise®

Reference Asse-Speisesalz

80,0
| . . . clean salt [ - large cores (IfG)
7004 S— SRS SRS SO S clean salt []- small cores (TUC)
argillaceous salt [Jli] - small cores (TUC)
60,0 4 S S S - ---------| | Asse-Salz 1 - (Joint Project 1)
PP IR o
I i i ~
20,0 v+ s e e e Opiff max — Op T Fmax ~ 9o O,
0 -8 | | | ’ G, +0,
400 ,I./z 7777777 o e = ®  peak strength / 25°C/ CS
| % [ —== v e oAU i Sux__| %
00 T L
- /‘ | ' A dilatancy strength / 25°C/ CS (TUC)
womab s
| i 1 — — — maximum strength boundary
10.0 fg ____________________________________________________________________________________________ — - ditancy srength boundary
0.0 i i i i > Reliability of strength results
0,0 50 10,0 15,0 20,0 25,0 30,0 depends on core qua“ty
confining pressure c; (MPa) » Strength: slightly lower than for
Asse salt
» Argillaceous salt (AS) higher
scattering but comparable to CS
» Dilatancy boundary similar

Institut fir Gebirgsmechanik GmbH Leipzig
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Strength

differential stress op;g max (MPa)

Dilatancy

differential stress opi max (MPa)

70,0 4

60,0 -

50,0 -

40,0 -

30,0 -

20,0 4

10,0 -

0,0
20,0

70,0

60,0

50,0 1

40,0

30,0 |

20,0

10,0 +

0,0

20,0

70,0
s
o 1 - -
s 60,0 - -
g 500 1 e P—— 4
t;énoo- E::"“—'::a
3 ’ - : :: -2 - - =
- %1
E %001 m--TTlises 1173
2 EzZ--
8 200 = . . .
€ At in-situ deformation rates
Significant T-effect! & strength will be reduced!
t : . - s 0,0 - - - |
40,0 60,0 80,0 100,0 120,0 1,00E-07 1,00E-06 1,00E-05 1,00E-04 1,00E-03
Temperature (°C) Strain rate (1/s)
70,0
= |
The effect of T and def.-rate on onset of dilatancy is small
T 500 |
5 40.0 :/_.- —t— 20.0
2 T
g 30,0 —_—0
w —p 1.0
E 200 - 05
'E == 0.2
o
g 10,0
+ ¥ u u :E 0,0 i + +
40,0 60,0 80,0 100,0 120,0 1',00 E-07 1,00E-06 1,00E-05 1,00E-04 1,00E-03

Temperature (°C)

Institut fir Gebirgsmechanik GmbH Leipzig
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Strain rate (1/s)





Creep behaviour

. Deformation-mechanism map
how deforms the salt in the long term?

Boundary conditions:

1.00E-06

Fore cast period:  10° < time (years) < 10° Pressure [

Deformations: 0.1<e<1 100507 | Creep

Temperatures: 20°C - 200°C R 0
Def. Rates: 3-10%< g (1/s) <3101 N

Creep mechanisms: f -
Pressure solution creep vs. dislocation creep e A

s e 1.00E-11 4

3000
1.00E-12 | i
10 mm Fine g-rain;:d wet halite 20 2
1.00E-13
® Coarse grained Halite 30 eC
; g 4 Coarse grained Halite 50 2C
grain boundary sliding, dissolution dislocations, 1.00E-14 :
precipitation, no Xtal plasticity subgrains 01 1 10 100

Differential stress (MPa)

water assisted
dynamic
recrystallization

Test duration is usually limited!

Institut fir Gebirgsmechanik GmbH Leipzig
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Improved creep test procedures
IfG approach

5ol lomm . oMby 1 | ' s | 1. Raise temperature to e.g.
L/ 333 K (60°C) to speed up
a0k ] process and to involve

ot recovery processes.
or Saify, = 18 MPa = 16 MPa 7 2. Use series of two-step tests

creep deformation [%]

o memwwmmmww With unloading, e-g-
20F 2 4
. - M"“‘ ! | | | |
Lo e . pivaatvalN
1.0 ‘M‘P‘
é’r G4 = 16 MF
0.0 | | E 1e-003
0 20 4075 . o
L transient and inverse
eI T transient creep at 16 MPa
o 0 : upper and lower bound on
: ] steady-state creep rate

creep time [days]

Details: Giinther, R.-M., Salzer, K., Popp, T. and Liideling, C., 2014. Steady state-creep of
rock salt - Improved Approaches for Lab Determination and Modeling to describe transient,
stationary and accelerated creep, dilatancy and healing. 48th U.S. Rock Mechanics Symposium,
Minneapolis, Utah, USA, June 1 - 4, 2014. ARMA 14-7051.
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Research ® Testing ® Consulting @ Expertise






1) rzlit = 25°C, 60°C, 80°C

1 E+01 - SAND9?-7291
— IfG-Creep data sets (CS)
- / 7 1
‘ 1/
1 E+00 // : : Ctr::tp o1 o3 Ac Duration T crr:tzp
1 E-01 ) no. (MPa) | (MPa) | (MPa) (d °C) (a/d)
:A’ / - Experimental data
. T 1Tccl | 30 20 10 50 24 | 2,04E-05
T 1E-02 |, 25 c L || 28 20 3 50 24 |1,81E-06
=, A/ i t t 1aTCC3 30 20 10 50 24 | 1,43E-05
) 1 ' 1 28 20 3 50 24 | 3,39E-06
© 1E-03 27CCs | 32 20 12 50 24 | 2,16E-05
a 30 20 10 50 24 | 3,12E-06
@ 3Tccis | 24 20 4 50 60 | 3,68E-06
£ 1E04 22 20 2 50 60 | 2,43E-07
o : atcc1s| 26 | 20 6 50 60 |137E-05
i 24 20 4 50 60 | 1,26E-06
1E05 + - — — 5Tcce | 28 20 8 50 60 | 1,04E-05
. o WIPP CS 80°C 1. loadstep 26 6 50 3,31E-06
30 50 4,05E-05
e WIPP CS 80°C 2. loadst !

1 E-06 - - ) cadsiep 28 50 6,80E-06
80°C ®WIPP CS 60°C 1. loadstep P = LoTE0d
1 E.07 L 60 mWIPP CS 60°C 2. loadstep 28 50 5,63E-05
h — AWIPP CS 25°C 1. loadstep 2 Bl DAZEE
= 950C . 30 50 1,70E-05
1 E.08 -, AWIPP CS 25°C 2. loadstep Y 50 1.86E.04
- 32 50 4,92E-05
1 10 100 oTccil| 36 50 3,29E-04
34 50 6,85E-05
cerr [MPa] 38 50 7,50E-04
36 50 3,62E-04
» Consistent data sets, but differences to earlier 30 50 2,41E-04
. 28 50 7,74E-05
measurements (SAND92-7291) are obvious » 50 3. 70E00
30 50 1,09E-04

» Mechanism change depending on stress state

Institut fur Gebirgsmechanik GmbH Leipzig
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(—n

-

Creep behaviour of argillaceouS SaliEr ol -1 ol 11 o

1 E+01 v SERDEIEN IfG-Creep data sets (AS)
+
1 E+00 Creep [+ o3 Ac Duration T creep
test rate
1 E01 no. | (MPa) | (MPa) | (MPa) | (o) co) | @d)
- Experimental data
Tce | 30 20 10 50 25 |1,75E-05
—
T 1E-02 28 20 3 50 25 | 4,98E-06
= Tccwo | 32 20 12 50 25 |2,61E-05
o 30 20 10 50 25 | 4,49E-06
i)
c 1E-03 TCC1 24 20 4 50 60 |7,08E-06
a 22 20 2 50 60 |8,52E-07
o Tcc2 | 26 20 6 50 60 |5,87E-06
® 1E-04 24 20 4 50 60 | 1,94E-06
& TCC3 28 20 8 50 60 |2,57E-05
26 20 6 50 60 |4,77E-06
1 E-05 | 30 50 7,45E-05
o WIPP AS 80°C 1. loadstep 28 50 2.00E-05
o WIPP AS 80°C 2. loadstep | 32 50 2,00E-04
1 E-06 =WIPP AS 60°C 1. loadstep | 30 50 4,10E-05
— 34 50 5,39E-05
mWIPP AS 60°C 2. loadstep |
32 50 1,64E-04
1E-07 - AWIPP AS 25°C 1. loadstep | T = 8.62E.04
AWIPP AS 25°C 2. loadstep | 34 50 5,95E-04
38 50 1,40E-03
1E-08 36 50 9,24E-04
100 30 50 2,79E-04
28 50 1,14E-04
Gerr [MPa] 32 50 6,78E-04
30 50 1,84E-04

* Argillaceous salt creeps slightly faster (2x) than Clean Salt
* Generally WIPP-salt creeps faster than Asse Salt
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Tightness of the geologiCalNoaraETaE =Y -C VA

Experimental setup

1E-18 | ; : e | 12

| Sample 527/36 e | o, J Py

: # permeability | -\ : g p2
— i | confining pressure 10 . ' . B, =— qO
E 7 | | | | £ W g™ @
w9 82 =
3 ] bm cell S F:aéyﬂ:w;ra:wmm
= . | ‘ | v
:('EB : 6 é | porous plates
(] : 1 : : v
= + | % o 1
- s s é i Qo e
) | 3 e 3 0
o 1E-20 % rrrrrrrrrrrrrrrrrr S e — 4 £
" ] i % i % =
[1+] B | ! | ! Y
© 1 e, S

I 4 ‘ | | 3 -2 9

P *« ¢ . . .1 -
(R A I B _2:P9 Q7]
1E-21 | i | 3 0 A( p12 - p§)
12,0 14,0 16,0 18,0 20,0 22,0
Time t [d]
The permeability of the intact salt is very low!
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1E-16

1E_17 é, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
& i
€ 1E18 L
X ] —
> l + permeability
:"_E 1 E_ 19 = : confining pressure |
0 = { |~ gas pressure
o 7 ! i
@ _
€ 1F-20 4G
[ E '
()] : :
o :
p B2 T -
(U 1 0‘
1E-22 bbb
1E-23 |
10 15 20 25

Time t [d]

After damage tightness is restored within
some few weeks ...
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Gas pressure (MPa)
Confining pressure o5 (MPa)

Recovery of tightness aitertaiagER e N g CI YR EENT

40,0

. N\ I

ca. 70% of 6,4

|| ——TC:2.0MPa-1e5 1/

|| m—527_39TC

__________________________________________________

--------------------------------------------------
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Summary laboratory investigaterSIeRNAL,

« The “WIPP salt” is of excellent quality, i.e. undisturbed and homogeneous.

* Moisture contents:

0 "clean salt*: around 0.15 wt. -%
o "argillaceous salt“: 0.2-0.4 - 1.0 wt. -%

» Lower than reported but generally higher than for domal rock salt

 The triaxial tests on "clean salt" are completed, resulting in a very
consistent set of data (strength and dilatancy):

o0 Temperature-increase results in a significant strength decrease
o Referred to in situ deformation rates (<1010 1/s) strength will be reduced

0 Onset of dilatancy depends not on temperature and the deformation rate
» Comparison with the reference Asse salt shows generally somewhat lower
strengths, but it fits into the known properties field of pure rock salt.
 Creep tests on “clean salt” and “argillaceous salt” are now also finished

o0 Unique data sets of high quality due to the new creep test approach, but
differences to older results are obvious, especially at increased temperature
0 AS creeps slightly (2x) faster than CS, and both creep faster than Asse salt

» A creep mechanism change at lower stresses is obvious, i.e. no simple power law

« Gas tightness of the salt is demonstrated, as well ist efficient sealing capability

15
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25°C, 60°C, 80°C

250°C Asse [ | 1
1 E+01 - ’ . ; : -
= e Speisesalz IfG-Creep data sets (CS)
+
1 E 00 Sleee o1 o3 Ac Duration T creep
test rate
1 E-01 no. (MPa) | (MPa) | (MPa) (d °C) (a/d)
Experimental data
—_ 1TCC1 30 20 10 50 24 | 2,04E-05
E 1E-02 28 20 8 50 24 | 1,81E-06
: laTCC3 30 20 10 50 24 1,43E-05
Q 28 20 8 50 24 3,39E-06
et
E 1 E_03 2TCC5 32 20 12 50 24 2,16E-05
o 30 20 10 50 24 3,12E-06
[T} 3TCC15 24 20 4 50 60 3,68E-06
o 1 E-04 22 20 2 50 60 [ 2,43E-07
O 4TCC13 | 26 20 6 50 60 |1,37E-05
| [ [ | | 1 [ 24 20 4 50 60 [1,26E-06
1 E-05 4 : B | 5Tcce | 28 20 8 50 60 | 1,04E-05
; == ; e WIPP CS 80°C 1. loadstep 26 6 50 3.31E.06
e WIPP CS 80°C 2. loadstep 30 50 4,05E-05
TE-06 - 80°C BWIPP CS 60°C 1. loadstep 8 =0 %8060
| . 6a TCC4 30 50 1,67E-04
co°c BWIPP CS 60°C 2. loadstep s s -
1E-07 +~— AWIPP CS 25°C 1. loadstep 32 50 7,42E-05
25°C AWIPP CS 25°C 2. loadstep 30 20 Lalles
- 34 50 1,86E-04
1 E-08 32 50 4,92E-05
1 10 100 9Tccil | 36 50 3,29E-04
34 50 6,85E-05
o [MPa] 38 50 7,50E-04
36 50 3,62E-04
» Consistent data sets 30 50 2,41E-04
. i 28 50 7,74E-05
* Mechanism change depending on stress state = 32 50 3,76E-04
g g o 8 30 50 1,09E-04
a simple power law is not sufficient!
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1 E+01

1 E+00

1 E-01

-
i
o
N

1 E-04

Creep rate [1/d]
m
o
w

1 E-05

1 E-06

1E-07 -

1 E-08

Creep behaviour of argillaceousisal

Lo

250°C 4 AsSse

/

2’¢0°c SpelsesaIZé

- 25°C, 60°C, 80°C

IfG-Creep data sets (AS)

N/
15o°c/;
Y I

100°C

C{:;p o1 o3 Ac Duration T c:aezp
no. (MPa) | (MPa) [ (MPa) (d) (°C) (1/d)
Experimental data
TCCY 30 20 10 50 25 | 1,75E-05
28 20 8 50 25 | 4,98E-06
TCC10 32 20 12 50 25 |[2,61E-05
30 20 10 50 25 | 4,49E-06
TCC1 24 20 4 50 60 | 7,08E-06
22 20 2 50 60 |8,52E-07
TCC2 26 20 6 50 60 |[5,87E-06
24 20 4 50 60 | 1,94E-06
TCC3 28 20 8 50 60 |2,57E-05
26 20 6 50 60 |4,77E-06

o WIPP AS 80°C 1.
o WIPP AS 80°C 2.
mWIPP AS 60°C 1.
mWIPP AS 60°C 2.
AWIPP AS 25°C 1.
AWIPP AS 25°C 2.

30

50

7,45E-05

loadstep

28

50

2,00E-05

loadstep

32

50

2,00E-04

loadstep

30

50

4,10E-05

34

50

5,39E-05

loadstep

32

50

1,64E-04

loadstep

36

50

8,82E-04

34

50

5,95E-04

loadstep

38

50

1,40E-03

10
Ot [MPa]

36

50

9,24E-04

100

30

50

2,79E-04

28

50

1,14E-04

32

50

6,78E-04

Argillaceous salt creeps slightly faster (2x) than Clean Salt
Generally WIPP-salt creeps faster than Asse Salt
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Research @ Testing ® Consulting @ Expertise

30

50

1,84E-04
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Laboratory Tests at higher Temperature on different facies types of WIPP Salt

= Aim of the investigations
complementation of the tests of other companions

= Creep tests at higher temperature on different facies types

= QOverview of the test programm
=  Results
=  Current and future works

= Petrophysical investigations

= Mineralogy
=  Results
=  Future works





Laboratory Tests at higher Temperature on different facies types of WIPP Salt

= Analyzed Material

9dr10000-V A A S80€l

LTy

File 13084 clean salt File 13085 clean salt File 13079 arg. salt File 14008 arg. salt

N





Laboratory Tests at higher Temperature on different facies types of WIPP Salt

= Clean salt (mineralogy)
= \Water content = 2.5 w.-% (after Rietveld)!!
= Mineralogy (after Rietveld)

Polyhalit | Anhydrit Qz/lllit/Mag.

2.01
2.29 99 0.7 0.5
102-5 rot 96 3 <1 <1
102-5 grau 99 <1
104 rot 99 <1
104 grau 100
105-5 rot 99 1
105-5 grau 99 <1 <1
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Laboratory Tests at higher Temperature on different facies types of WIPP Salt

= What have we done?

= 9 uniaxial creep tests with two stress steps (14 and 16 MPa)
= each step 70 days

= 4 uniaxial creep tests at higher temperature (100 and 120 ° C)
= All tests happened at argillaceous salt

= 3 triaxial creep tests at higher temperature (40 and 140° C)
= Tests happened on clean and argillaceous salt (partly performed in 2001)

S 7





Laboratory Tests at higher Temperature on different facies types of WIPP Salt

Data sets creep tests

File

14002
14002
14003
14003
14004
14004
14005
14005
14006
14006
13076
13076
13078
13078
13079
13079
13080
13080

14008
14009
14010
14011
14012

13084

13085

13085
1096
1096
1096
1096
1096
1097
1097
1097
1097
1097

169
170

Versuch

Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl
Kriechl

TKriechl
TKriechl
TKriechl
TKriechl
TKriechl

Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3
Tkriech3

FKriechl
FKriechl

o3
MPA

o

OO0 OO0 00000000000 O0OOo

O O O oo

20
12
20

20
12
20

20

Ao
MPA
14
16
14
16
14
16
14
16
14
16
13.9
15.6
13.9
15.1
14.2
16.4
14.1
16.1

510

6.1

14
14
14
14
14
14
14
14
14
14

14
14

Temp.

22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

100
120
120
120
100

120
140
140
40
40
40
40
40
40
40
40
40
40

22
22

Kriechrate
1/d
4.20E-05
1.10E-04
4.40E-05
1.20E-04
8.00E-05
1.60E-04
4.90E-05
1.50E-04
5.90E-05
1.50E-04
9.00E-05
6.00E-04
1.00E-04
Bruch
5.20E-06
2.00E-05
4.00E-05
1.40E-04

1.70E-04
4.90E-04

4.10E-04
1.40E-04

2.00E-04
3.00E-06
2.30E-04
1.70E-04
4.30E-04
1.30E-04
2.50E-04
7.30E-05
7.10E-05
1.30E-04
1.70E-04
5.20E-05

2.50E-05
2.70E-05

Klasse

[o21eclNe RN RNe ) I e) IS, e B RN RS BN BN &) |

o0 wWwN

P
Noo~N~NoRhBoo~No

IN

Gesetz
BGR

o ocoToTUOT DO LD DD

(oo giio gk i o e i i © i« i © i e B o B o

QD

Verformung
%
1.97
1.49
1.94
1.59
2.09
221
2.28
1.73
1.88
1.93
2.61
3.11
2.55

0.29
0.05
2.75
1.42

2.1
3.68

3.19
17

Fazies

argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous

argillaceous
argillaceous
argillaceous
argillaceous
argillaceous

clean
clean
clean
argillaceous
argillaceous
argillaceous
argillaceous
argillaceous
clean
clean
clean
clean
clean

argillaceous

clean

Bemerkungen

performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001
performed 2001

performed 2001
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Laboratory Tests at higher Temperature on different facies types of WIPP Salt

Uniaxial Creep test on argillaceous salt from the WIPP-site at 100 ° C

H2A40624/14008A/14012A

0.2
0.1 ﬂ
0
S,
o -0.1
c
>
=
S
L -02
(V)
I
>
-
03 [ ——
_04 Platznummer: | Filenummer: | Kernbezeichnung: | DO LO: Stratigraphie: | Teufe: | Nebengemenge: | Kristallinitit: | Dichte:
1 HZM 140084 SNLCHZ06/04/06 | §7.810 | 204.760 Salado 0 ATE m, f, g 2120
H2/3 140124 SHLCH206/04/10 | 59.830 | 204.550 Salado 0 AT f,m, 3g 2.120
05 H2A 240614 - 12.08.14
0 10 20 30 40 50 60
Laufzeit [d]
——H2A/1-14008A-Verformung ——H2A/3--Verformung
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Laboratory Tests at higher Temperature on different facies types of WIPP Salt

Triaxial Creep test on argillaceous salt from the WIPP-site at 140 ° C
(sigma 3 = 20 MPa) stress step 1 Ac =4 MPa, stress step 2 Ac = 2 MPa

Verformung [%0]

2.5

15

0.5

-0.5

Z4A140128_13085A/13085A

Asse ¢ = 3.8E-7 1/d

Asse € = 1.2E-5 1/d

e

|Platznummer:|Filenummer:lKembezeichnung:l Do: | LO: |5‘trat'

e |Teufe: | N

i

nge: | Kristalinitat: | Dichte:]

Z4an

| 13085a [snichi0am0s7.5[99.950]250.040]  salade

[ o

AS,

T3

| m, 30,27 |2188]

Z4A 280114 - 230514

20

40

60 - 80
Laufzeit [d]

——Z4-74A140128-Verformung

100

120 140

N





Laboratory Tests at higher Temperature on different facies types of WIPP Salt

1 E+01

1 E+00

1E-01

1 E-02

1 E-03

1 E-04

Creep rate [1/d]

1 E-05

1 E-06

1 E-O7

1 E-08

100

Cert IMPQ]

® WIPP clean 80°C 1.

loadstep

® WIPP clean 80°C 2.

loadstep

EWIPP clean 60°C 1.

loadstep

mWIPP clean 60°C 2.

loadstep

AWIPP clean 25°C 1.

loadstep

A WIPP clean 25°C 2.

loadstep
EWIPP clean 140°C

N





Laboratory Tests at higher Temperature on different facies types of WIPP Salt

= Summary:

= Argillaceous salt creeps slightly faster than , Asse Speisesalz“ at normal
temperature

= |t creeps up to two orders of magnitude faster than ,Asse Speisesalz” at higher
temperatures

= (Clean salt creeps up to one order of magnitude faster than , Asse Speisesalz” at
higher temperatures

= Water content measured after Rietveld is five times higher than measured at
baking out

10
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Laboratory Tests at higher Temperature on different facies types of WIPP Salt

= Future works:

= Complementary triaxial tests at higher temperatur at both facies types

= |nvestigations to determine the influence of the microstructure

= Better determination of the moisture content (freeze desalination?)
(performed by group of Mr. Hammer)

= \What we need:

=  More material from the WIPP-site!
= |s this possible?

11
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Laboratory Tests at higher Temperature on different facies types of WIPP Salt

Thank you for your attention
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Petrography, fluid distribution, geochemistry and
microstructures of halite rocks from
WIPP-Site (and Gorleben)

Maximilian Pusch, Jorg Hammer, Christian Ostertag-Henning

September 7 — 11, 2014 | Santa Fe, New Mexico
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Permian salt formations of WIPP (flat bedding; Delaware basin) &
Gorleben (salt dome; North German basin) in comparison
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Permian salt formations of WIPP (flat bedding; Delaware basin) &
Gorleben (salt dome; North German basin) in comparison

Comparison of halite rocks from flat bedding vs. salt dome
- petrography, mineralogical composition and microstructures
- moisture, composition and distribution of fluids
- concentration and composition of hydrocarbons within the host rocks

- differences in geochemical composition
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Location of WIPP (Delaware basin) & Gorleben (North German basin)
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Location of WIPP (Delaware basin) & Gorleben (North German basin)
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Location of WIPP (Delaware basin) & Gorleben (North German basin)

Williston
Basin

Permian

@» Area of salt domes or salt anticlines
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Drill core segments used for sampling of WIPP salt
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Bisected drill core showpieces of Zechstein z2 and z3 from Gorleben

1000 m
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Bisected drill core showpieces of z2 and z3 from Gorleben
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Petrography, mineralogy and microstructures of WIPP salt
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Characteristics of Halite (Bottom of MB 139)
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Drill core segments used for sampling of WIPP salt

4 N s
1°'4.73“ o 572.99“
m [+2]
> 9
9 2
4 o P
% 5 614 Southeast DOE-1 Ennﬁ-svog?!ﬁf?m Emshﬁra'nm WIPP-12  North
4 o" 1
~ 7°2.02 e e -+ o
o ﬁ-__—-’-— J’%q
(; BT [laac s Mected iar | T—<H >
O £ S |5 < o ]
E' o E?-; 20 1 88 F T I FH T =3 2
) 8 gi’ TUTICN Y ks (R R k1 5 S o S 8 i
5 'gw- —— = ot o 1 — R0
E’ g"a 0 - v | § (.
& | Eﬁ e T T T T
2'3.04° 1N
3'4.55" : =g ||[®
7°10.09“
o | jorcs,, W fagmsior O At ~-Cay Soam
D | 2
O g Polyhalitized zone
P
< | (MB 139)
4°1.01°

n Federal Institute for
Geosciences and

Mgy _ammmm,. Natural Resources

GEOZENTRUM HANNOVER





L L o ey

a
oA, . . N\ L
Characteristics of Polyhalite zone (MBﬁlBQ) =
1 - - . , ’ ..w'.( £ 7. e v A
ff“ gt f» 3 Thin sections from depth 5°2.99“ to 5°9.09“ 1 SO -

~ ‘4":‘&'1"-‘9‘!“’,‘"1- 9 .
Federal Institute for
Geosciences and

mgyrammmm. Natural Resources

GEOZENTRUM HANNOVER





Drill core segments used for sampling of WIPP salt

V4 N E V4
1°'4.73" o | 572.99“
™ @
> ul
O s
’ o P
% 56.14 Southeast DOE-1 Ennﬁ-svog?!ﬁf?m Emshﬁra'nm WIPP-12  North
’ “« Marker Bod 136 |
o  —— Ty
°>° BT [laac s Mected iar | T—<H >
O € WA | 524 i ) o
E' o E?-; 20 1 88 F T I FH T =3 2
z| e
E’ g.é ﬂ" - 2 ——3 - o
S | Eﬁ e T T T
2°3.04" ok B
3'4.55“ , === |7
7°10.09“
Y Soronies W foposton O Anhydrie -~ Clay Seam
™
> | .
O Anhydrite zone
Z | (MB 139)
4°1.01“

n Federal Institute for
Geosciences and

Mgy _ammmm,. Natural Resources

GEOZENTRUM HANNOVER





4. ‘QM | ' I 7 . INA -,-
Characterlstlcs of Anhydrlte zone (MB 139)
P Y Thing sectlons from depth 1°9.26“ to 4°5.94“ b s A R

K A

100 um

AL e AT
B R Federal Institute for
Geosciences and
Mgy, Natural Resources

GEOZENTRUM HANNOVER





Drill core segments used for sampling of WIPP salt
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Charaqteici\cs of Halite at the top of Anhydrite (MB 139)
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Stratigraphic position and drill core segments of Gorleben salt

Division Group Formation Thickness [m] 8,5.57”
Anhydritmittelsalz 60
@ Buntes Salz : 12
s Bank-/Béndersalz 14
b Orangesalz 50
__2 Liniensalz 31 g -
Y Basissalz : 16 gg
N Hauptanhydrit : i 40 bis 80 o b
Leine-Karbonat : : 1,5 ‘ <
o
boundary Zechstein2 [ Zechstein3 g
~ Gebanderter Deckanhydrit 1,5 (>\-l
c Decksteinsalz : : 0,5 o
© Kalifléz StaRfurt i 0bis17
c Kieseritische Ubergangsschichten 2,5
= o Hangendsalz 10
N Hauptsalz : ! 700 bis 800
Leqend — Krisfallbrockensalz? 971.65“
e — MUG ooioves: .
— — T Gorleben exploration mine

main rock salt z2HS1
“Knauelsalz”
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Characteristics of Halite (z2HS1 — “Knauelsalz®) from Gorleben
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Mineralogical cq;nposition of the z2HS (“Hauptsalz”) host rocks

Halite wt.-% Anhydrite wt.-% "Rest" wt.-% :
Halite

z2HS1 — mineralogical composition i 71,7 0,4 0,0 55,2
99,9 22,2 0,1 90,0
93,3 6,0 0,0 66,7

22HS2 — mineralogical composition i 77,3 0,2 0,0 53,3

100,1 0,1 100,4

94,4 4,8 0,0 79,7

95,3 0,0 0,0 93,0

99,7 5,2 0,1 173,4
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S F o YN /)
ions in Halite from WIPP (Top of MB 139)

\ , Observed in salt chunks used for th|n sections from depth 177. 29” to 2’ 2 37

.

ater content Gorleben: approx. ~0,02 wt.-%
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Hydrocarbon content in Gorleben main rock salt and ' /]
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Bromide-Standard-Profile of Zechstein 2 (Gorl

-

Kristallbrockensalz
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Br [Mg/g Halit]
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depth [m]

22HS1 (Running average of 11 data points) — 2z2HG/UE (Running average of 11 data points)
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, ANy
WIPP-Site (flat bedding)

Large lithological variations
Main minerals:

- Halite (NaCl)

- Polyhalite (K,Ca,Mg(S0O),-2H,0)

- Celestine (SrSO,)

- (Pyrite; FeS,)

Lots of large fluid inclusions with gases,
solid crystal of evaporite minerals or clay
Higher water content; approx. 1-(2 wt.-%)

Hydrocarbon concentration (C, to C,,)
below response level; content of

(C,p to Cyp) up to 4,1 mg/kg;

immatured organic matter (rooted plants)
Br™ - content: seems to be the result of an
synsedimentary or diagenetic alteration

A

Summary - Differences between WIPP and Gorleben
. ~ A ~ e

X
1

- i

Gorleben (salt dome)

Large homogeneous areas
Main minerals:

- Halite (NaCl)

- Anhydrite (CaS0O,)

- Carbonate (CaCO;; CaMg(CO;), ; MgCO,)
- (Pyrite; FeS,)

Small fluid inclusions along fissures / grain
boundaries & relics of primary inclusions
Lower water content; approx. ~0,02 wt.-%

Small amount of hydrocarbons with a
max. up to 443 mg/kg (C, to C,,);
matured oil

Br™- content: is the result of incremental
progressive evaporation with some
metamorphic zones

BGIt
BY

Federal Institute for
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= Status at US-German Workshops 2010 & 2011
= Technical design procedure
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= Results
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— Status at US-German Workshops 2010 & 2011 =

= Decision to use European Standards in civil engineering

(Eurocode) as design basis for the VSG sealing system on a trial
basis

= to derive and apply appropriate technical specifications and procedures
= tolink “long-term SA” and the proof of safety function of sealing systems

= to assess the consequences of different working lives for sealing systems
required in “long-term SA” and Eurocode by decoupling actions and

resistances in “short-term” and “long-term” processes as a first
approach

» As aresult, corrosion due to geochemical conditions was
identified as a “long-term” acting process on sealing systems
causing degradation that is not sufficiently covered by Eurocode

Verantwortung - -
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— Status at US-German Workshops 2010 & 2011 =

= The conceptual VSG sealing system (shaft & drift seals) is based
on prototypes

= availability of data for technical specifications (minimize expert
judgment)
= constructability is guaranteed (proof of constructability)

» The sealing system is constructible and the proof of safety
function shows a high degree of reliability

» But as a draft not yet optimized

Verantwortung fa -
fir Generationen -
e DBETEC —
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— Technical Design Procedure

Focus on selected actions (impacts)
with high risk for significant design

(1) Conceptual design
(2) Preliminary dimensioning — modifications regarding the ,unkowns*

(3) Basic Design

Design working life (functional lifetime)

(4) Dimensioning | Actions (impacts)

(5) Detailed Design Resistances (depending on design)
Design situations

» As a result, geochemical actions (corrosion) were analysed
first due to lack of knowledge on quantitative effects of a
long-term impact

Vr‘mnfwarman)j\ J”

flr Generationen
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— (1) Conceptual design — shaft seal (VSG)
(=== Cap rock solution

—

GS + standard concrete = G1

340.0 m
Schachtfundament
‘ Statzringe
3495m

|

Filter/Aufsattigung

.
386.0 m

Gl + salttop = G2

Gorleben Bank

G2 + bentonite = G3

Brine sequences and sealing materials
are compatible. Due to limited amount of
MgCl,, only small amounts of salt
concrete may be corroded.

G3 + salt concrete = G4

G4 + technical bischofite = G5

o
446.0 m
Filter
460.0 m
Widerlager/Speicher
650.0 m
Langzeitdichtung®
680.0 m
Gorleben Bank
° e I
740.0 m
Widerlager
Erkundungssohle 7800 m
B — Widerlager/Speicher
846.0m Gorleben Bank

Einlagerungssohle

—_

G5 + Sorel concrete = G6

876.0m
933.0 m

(2) Preliminary dimensioning = basic design

Muller-Hoeppe 09/2014 6
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—(3) Basic design — shaft seal (VSG)

Basic design includes

shat foundation Yo = necessary design modifications
support rings
349,5m . .
filter (saturation) 385.0m n d|menS|0nS

Gorleben-Bank
1. sealing element

446,0m

filter

T soom ] seismic event (earthquake)

(interlocked with rock, drained) 4725m

abutment
(pore storage)

long-term seal

Brine pressure from
overburden

sacrificial layer

abutment (notional)

2. sealing element

7550 m Chemical impact (corrosion)
. abutment (notional) Jw/
exploration level i = 5e S !

—> (saturation) 8460m Gorleben-Bank

876,0m

emplacement level

—
933,0m

Verantwortung S [
fur Generationen )
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—(4) Dimensioning

= Basic design is a highly back coupled “input structure” for
systems analysis within the safety case

= Significant basic design modifications are possible in principle

» But the structure of the safety case may significantly be
affected

» “Good” basic design is essential

Muller-Hoeppe 09/2014 8
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— (4a) Structure of safety case - VSG

Amounts and types
of waste

Geolog. conditions
and long-term
evolution of site

Optimization of
repository layout

Synthesis

LEGAL DEMANDS NEA-FEP-DATABASE
Basics Repository design Systems analysis
» FEP-Catalogue
L Site-specific safety | Preliminary *_
concept repository design Scenario
development
\4 *
Operational Integrity verification
safety « Geological barrier

-

e (Geotechn. barriers

Compilation and
evaluation of results

A\ 4

Radiological
Consequences

Recommendations

Assessment
Human intrusion

Muller-Hoeppe 09/2014
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— (4b) Scheme of technical functional proof - VSG

Modelling of long-term hydraulic behavior

I I design requirements met

design requirements ) . .
\ Proof of function — geotechnical barrier

| I

Designation of hydratlic Integrity of geotechnical barrier

reistance
| ! I ! I | ! I
I | | | l | | l
Hydraulic  Hydraulic Hydraulic Proof of Proof of Proof of Proof of Proof of
resistance of resistance of  resistance of load __, limited crack limited filter durability/ long- E,. <R
sealing body contact zone EDZ bearing evolution defonnat- stability term stability d—="%d
capacity ions
- 1 t t .l .
™~ l l T E,: Design values of
Combination of actions effects of actions
Thermal Mechanical Probable | Accidental Ry: Design values of
actions actions . low probable resistances
actions :
actions
Hydraulic Chemical *) depending on duration of
actions actions function

Unusual design working life: 50,000 years until next ice age

== IDBETEC —
Muller-Hoeppe 09/2014  Ger TEC
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— (4c) FEPs affecting geotechnical barriers - VSG

Systems analysis

FEP-Catalogue

v

Scenario
development

A A

\ 4

Integrity verification
 Geological barrier
» Geotechn. barriers

Radiological
Consequences

Initial FEPs

FEP-No. FEP-Name Affected geotechnical barrier

1.2.03.01 [ Earthquake Shaft seal, drift seal

1.2.09.01 [ Diapirism Shaft seal, drift

1.2.09.02 [ Subrosion Shaft seal

1.3.05.03 [ Formation of glacial channels Shaft seal

2.1.05.04 | Alteration of drift and shaft seals Shaft seal, drift seal

2.1.07.01 | Convergence Shaft seal, drift seal

» 2.1.07.02 [ Fluid pressure Shaft seal, drift seal

2.1.07.04 | Volume changes in materials Shaft seal, drift seal
— not thermally induced

2.1.07.07 | Displacement of shaft seal Shaft seal

2.1.08.08 | Swelling of bentonite Shaft seal

2.1.09.02 | Solution and precipitation Shaft seal, drift seal

2.1.09.06 | Corrosion of materials with cement or | Shaft seal, drift seal
magnesium oxychloride phases

2.2.01.01 [ Excavtion damaged zone Shaft seal, drift seal

2.2.06.01 [ Change of stresses Shaft seal, drift seal

Less likely FEPs

FEP-No. FEP-Name Affected geotechnical barrier
2.1.07.05 | Early failure of a shaft seal* Shaft seal

1 2.1.07.06 | Early failure of a drift seal* Drift seal
2.1.08.05 [ Piping in seals Shaft seal, drift seal

*incl. malfunction caused by insufficient construction process

" IDBIETEC —
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— (4d) Actions & design situations - VSG

No. | Name of action

Chemical actions

1. Chemical actions induced by solutions and gases

2. Chemical actions induced by temperature change

Mechanical actions

1. Effects due to forces and stresses

1.1 Dead load

12 | Rockpressure DIN EN 1990, DIN EN 1997 ...
1.3 Fluid pressure

1.4 Flow forces

1.5 Restraint stresses

1.6 Mass forces (earthguakes)

2. Effects due to impressed strains

2.1 Thermal expansion/contraction

2.2 Swelling/shrinking

2.3 Creep/relaxation

2.4 Restraint strains (deformation constraints, settling)

Design situation Characteristic conditions

Transient situations* Temporary, normal situations, e.g. construction process
Persistent situations* Normal situations according to normal function and use
Abnormal (accidental) situations** Rare, mostly extraordinary situations, e.g. accidental situations as impacts or explosions
Seismic situations (earthquakes)*** Short, limited in time, design-defining earthquakes rare

*will occur  ** will probably not occur ~ ***regional differences in occurrence

Muller-Hoeppe 09/2014 12





FEP-No. [ FEP-Name Classification within the functional proof*

1.2.03.01 [ Earthquake DS, seismic DS; A, mass forces

1.2.09.01 [ Diapirism A, restraint strains

1.2.09.02 | Subrosion Excluded, because significance starts with next
glaciation (after selected performance period)

1.3.05.03 | Formation of glacial channels Excluded, because significance starts with next
glaciation (after selected performance period)

2.1.05.04 | Alteration of drift and shaft seals A, consequence of chemical action incl.
temperature

2.1.07.01 | Convergence A, equivalent to rock pressure due to
constitutive equation

2.1.07.02 | Fluid pressure A, fluid pressure

2.1.07.04 | Volume changes in materials — not A, swelling/shrinking

thermally induced

2.1.07.07 | Displacement of shaft seal A, restraint strains or a consequence of
forces/stresses

2.1.08.08 | Swelling of bentonite A, swelling

2.1.09.02 | Solution and precipitation A, consequence of chemical action incl.
temperature

2.1.09.06 | Corrosion of materials with cement | A, consequence of chemical action incl.

or magnesium oxychloride phases temperature
2.2.01.01 | Excavation damaged zone Neither DS, A nor R but component of the seal
2.2.06.01 [ Change of stresses A, dead load, rock pressure, fluid pressure, flow

forces, restraint stresses

* If classification is impossible or meaningless, a comment is given

FEP-No. FEP-Name Classification within the functional proof
2.1.07.05 | Early failure of a shaft seal DS, abnormal situation

2.1.07.06 | Early failure of a drift seal DS, abnormal situation

2.1.08.05 [ Piping in seals A, consequence of chemical actions or flow forces

Muller-Hoeppe 09/2014
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— (4e) Linkage of FEPs, actions & design situations

Classification of FEPs within
the technical functional proof

DS = design situation
A = action
R = resistance






— (4f) Calculations - VSG

Tagesoberflache

Norden

[

l

1

submodelling techniq
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y

Mdller-Hoeppe 09/2014

14

for Genera tions

ue

we DD TEC —

DBE TECHNOLOGY GmbH





—(5) Detailed design

" |nsignificant modifications of basic design

» Ready to start construction process

== DBETEC —
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— Results — Integrity of Shaft Seal

" |ndividual proofs to guarantee integrity were successful
regarding relevant combinations of thermal, mechanical, and
chemical actions

= Thus, the prognosis that hydraulic resistance as planned will
really be achieved shows high level of reliability

= Pre-condition: Highly qualified construction process
= “As built” and “as planned” may be different!
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— Conclusions & Outlook

= Regarding VSG shaft seal linkage of safety case & technical
functional proof was successfully put into practice

" Progress has been made

= |ndividual technical proofs forged ahead
= Technical specifications are available forming the basis for suitability

tests
= Technical basis to establish quality assurance procedures is available

= (QOpen questions
= Assessing the influence of contact zones/interfaces

= Especially experimental data is still rare

Verantwortung T -
fur Generationen =
DJQJJ TEC
Responsibility —
for Generations - O
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Introduction - general

= Shaft seals are the most important elements in the
geotechnical barrier system for underground repositories

= |solation potential of shaft seals has to be as close as possible
to the geological barrier

= Potential repository regions of Germany are in salt and clay
formations

= Approved shaft seal concepts for HLW- repositories universal
suitable for salt and clay formations are not available

= Knowledge and experience from national and international
underground waste disposal projects (mostly site-specific) are
important resources for the ELSA — Project





Introduction - partners

= ELSA is a joint research project:
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Introduction - project structure

= ELSA project is partitioned in 3 phases:

support code:
02E10921
02E10931

support code:
02E11193A

Phase 2:

concept development for shaft seals
and demonstration of functional
components

Phase 3:
demonstration of the developed
sealing concept in full scale test

ELSA - shaft seal project: Phase 2

04/2011 — 01/2013
final report available

05/2013 — 12/2015
INn progress

application in
preparation





State of the art - general

redundancy

= The final report of phase 1 describes the state .

of art for shaft seals with long-term stability e
concept .

= Concepts of ERA Morsleben, ASSE, KONRAD,
WIPP and NAGRA are respected diverse

= Safety analysis projects ISIBEL, ANSICHT and redunda ¥
VSG are considered ‘

= Shaft sealing system “Salzdetfurth” is the basic

= HLW- repositories require a distinctive level of
safety, so the principle of redundancy or
(better) diverse redundancy must apply






State of the art - diverse redundant concept

= ERA Morsleben shaft sealing B

anhydritic cap rock

bitumen / asphalt filled gravel column (cast in place)

saliniferous
formation

upper floor

r 3

upper backfill:
mineral mixture

sealing element 1:
clay / bentonit

combined abutment and
sealing element 2:
asphalt-filled gravel

asphalt- and bitumenproof
core:

graded mineral mix, mastix
asphalt and clay

combined abutment and
sealing element 3:
bitumen-filled gravel

lower abutment:
basalt gravel

full scale test of asphalt / gravel element (BiSETO)

before casting 30 minutes after 24 hours after
casting casting






State of the art - iatest development

= Bituminous primer for salt (with mining approval)
= patent no. DE 102008050211

good wetting






Aims of the project — phase 2

= general:

= Development of a modular and non-site specific shaft sealing concept
for salt and clay formations

= Test of functional components in laboratory scale and half scale

= specific investigations:
= producibility of backfill columns from compacted crushed salt (<0.9p,)
= calottes from Basalt blocks to support a low-settling gravel column

= abutments and seals from long-term stable (3-1-8) MgO concrete

= grouting technologies to seal EDZ and contact between host rock and
concrete sealing element

= construction technologies for bitumen / asphalt sealing elements
= bentonite sealing elements with equipotential layers

= model-theoretical analysis on different states of construction, as well
as loadings and flow processes





Preliminary results - work package TUBAF

= Optimizing the grain size distribution of crushed salt

Fractions from GSES Friedland Clay fine salt band 8 band 6 oversize grain (UK)
processing plant Powder (FCP) (FS) (313)) (319))
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Preliminary results - work package TUBAF

= Optimizing the grain size distribution of crushed salt
= FULLER-distribution as a first approximation

n d grain diameter
d (s maximum of the grain diameter
FF (d) =100% Fe FULLER volumetric grain size distribution
d e n Fuller-Exponent, distribution-coefficient

= Compaction tests with 6 MJ/m? using a percussive Marshall-
compactor on different Fuller distributed mixtures

= Minimum of total porosity with a FULLER-Exponent of n~0.51
= 30 % less porosity than REPOPERM material
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Preliminary results - work package TUBAF

= Optimizing the water and clay content regarding the
compaction energy (according to BUTCHER 1991)

optimal clay content is approx. 8 vol% (of dry solids)

optimal water content depends from compaction energy

for compaction energies > 10 MJ/m?3 the optimal water content is

approx. 6.2 vol% (mixture specific ~ 2.7 wt%)
the lowest gained porosity was 7.7 vol.% @ 15.4 MJ/m?3
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Preliminary results - work package TUBAF

. ' 1 Reversible
= Emplacement tests of the optimized material Viratthy it nati

" in-situ compaction test in drifted dies using
conventional vibrating compactors
= gained porosities ~ 15 vol%

= further (final) compaction by percussive
compactor
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Preliminary results - work package TUBAF

= Compaction by a percussive Compactor

= using commercial “Rapid Impact Compactor” for feasibility study
= compactor spec. (hydraulic drive) TERRA-MIX

= high blow ratio of ~40 blows per minute

= falling weight 9000 kg with controllable falling height of 0.3 -1.2 m
= controllable energy per blow of 26.5 - 106 kJ (power: 1.1 - 4.2 MJ/min)
= compaction foots with diameter from 0.8 m to 2.0 m available

= half scale field test in preparation (may 2015)

“ o

7 —

e
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Preliminary results - work package TUBAF

= Long-term stable (3-1-8) MgO concrete

= construction of a half scale test on in-situ material behavior

= measuring of temperature (BTx), stress (BSx), strain (BDx) and
changing of moisture content (TDR sensors) during construction,

hydration and maturing (12 month)
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borehole @ 1m and 2 m deep
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Preliminary results - work package TuBAF
= Long-term stable (3-1-8) MgO concrete

= max. temperature during hydration reached ~ 40 K above ambient
(24 h after placing)

= heat generation ended after ~ 2 - 3 days of hydration
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Preliminary results - work package TuBAF
= Long-term stable (3-1-8) MgO concrete

= thermal induced stress temporally over 2.3 MPa during hydration

= 5 -6 days after placing the stresses rises again due to crystallization of
the 3-1-8 phase, expansion pressure more than 2.3 MPa!
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Preliminary results - work package DBE-TEC

= Model-theoretical analysis of a gravel column

= generating a gravel model with Particle Flow Code (PFC — ITASCA)
using particle clumps based of statistical data from CPA

= calibration on dump tests

B

":5 &85

classification in grain size with 5 different grain
shapes with different aspect ratios (1.4 — 2.8)

all pictures by P. Herold — DBE-TEC
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Summary and outlook

= The Phase 1 of the ELSA project states the state of the art and
requirements and demands for shaft seals in salt and clay formations.
As a result, promising construction materials were optimized,
modeled and tested in Phase 2.

= Crushed salt with an optimized grain size distribution gets a better
compaction behavior than straight mine-run salt. The addition of a
filler-like material (e.g. Friedland Clay Powder) reduces the total
porosity and permeability.

In cooperation with the Institute for Rock Mechanics GmbH (IfG
Leipzig) the mechanic and hydraulic properties of the optimized
salt/clay mixture will be investigated during further consolidation
under insitu stress conditions.

Backfill columns made from crushed salt and clay probably include an
instant sealing function.
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Summary and outlook

MgO-concrete with 3-1-8 phase is long-term stable in thermodynamic
perception, has a lower heat generation than common concrete and
therefore a lower thermal shrinkage. The MgO-concrete (3-1-8) is an
additional material option for abutments and seals in shaft-sealing
systems for HLW-repositories.

The generation of a CPA based particle model to analyze the behavior
of a gravel column is nearly finished. After calibration of the particle
model, the behavior of gravel columns during emplacement and
operation can be assessed by simulations.

As before, bitumen / asphalt are a good option as a diverse redundant
sealing material. The wetting of the bituminous binder with the host
rock (salt and clay) can be improved with a patented primer (German
mining approval). A “cast in place” bitumen / gravel element is an
additional option for a combined abutment / sealing element.
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Thank you for your attention!
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Presentation Content

= Background

= Micromechanics--hydro-mechanical interactions

= Experimental salt reconsolidation mechanics

= Transport properties of compacted crushed salt

= Natural analogues--Field-scale observations--Applications

= Perceptions--Future work
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Sandia

Background—Role of Reconsolidated Salt .

= Act as a long-term barrier against inflowing brine or water
and eliminate release pathways via drifts and shafts

= Conduct heat generated by radioactive decay from the waste
to the host rock

= Stabilize repository excavations

= Provide low permeability and/or diffusivity and/or long-term
retardation

= Key questions involve how, when, and to what degree
properties of reconsolidating granular salt approach or attain
those of the native salt formation





. . Sandia
Micromechanics i) et

Acting deformation mechanisms in granular salt

[ |
Time-independent Time dependent
deformation deformation
| |
Elastic Plastic Viscous deformation
deformation deformation - viscous-elastic
= Cataclasis - viscous-plastic

* grain failure/
__ mylonitization

* Intra-grain
sliding
I

Solid state-diffusion Dislocation creep Pressure solution creep
* sliding: edge or screw
Volume-diffusion dislocation:
Grain boundary- * Hardening
Note/Source: (modified after Elliger, 2004) diffusion
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. Sandia
Granular Salt Forensics i) et

Porosity reduction due to break
down and rearrangement of

Forosity reduction due to plastic
deformation of grains






Plasticity-Coupled Pressure Mechanism ) o,

SEM Micrograph

Consolidation Around
Test Heater

After Spiers and Brzesowsky 1993





Experimental Reconsolidation Set-Ups ) i,
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Compaction — Experimental Procedures

Compaction g, — g,

Final compaction level ¢

esidual porosity
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&€ = const
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o
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Compaction g, — g

Final compaction level ¢
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Consolidation under Oedometer Test Conditions ) et

Laboratories
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Impact of Additives on the Compaction Behavior
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Permeability-Porosity Relations of Dilating Rock Salt ) s,
and Reconsolidating Granular Salt

Laboratories
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Permeability-Porosity Data Sets for Crushed Salt
Aggregates

Permeability k [m?]
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Summary of Analogues
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Headwork with jack-hammerin old-drifts
in the salt mine Diirnberg (A)

a)

A) Chevron-structures due
to grain grow by
precipitation

B) B)120° polygon-
structures developed by
recrystallisation

c) d)






Volumetric Strain and Brine Flow Measurements

Compressive Volumetric Strain
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Perceptions--Future Work i

What final porosity of crushed salt is necessary to achieve an
efficient seal and at which time can it be reached?

Capability of additives such as moisture and clay can be
optimized for construction and attainment of sealing
properties

The nature of testing fluids (brine or gas) and the resultant
permeability/porosity relationships warrant further
examination

Numerical modeling provides capabilities but lacks low
porosity verification

Further analogue experience from underground sources is
imperative
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— Qutline

" Pre-conditions & pilot seals in Germany

= Goals of the Asse seal project

= Test field & in situ investigations

= Calculation procedure and results

= Comparison of calculated and measured stresses
= Evaluation and conclusions 2008 & 2014

Verantwortung fa -
fur Generationen .
DBI= TEC —
Responsibility
for Generations - O
DLC GmbH

Muller-Hoeppe 09/2014 2 DBE TECHNOLOGY G
DBE TECHNOLQOGY Gr





— Pre-conditions

Pilot seal =2 but very few are realized

(1) Measuring data must be available
(2) Calculation results suitable for comparison must be available
(3) Good documentation status

(4) Advantageous: Finished project to avoid change of
interpretation subsequently

(5) Measuring data as well as calculation results must be publicly
available

(6) How to report about discrepancies between measurements
and calculations?

Verantwortung B -
flr Generationen oy _—
Miiller-Hoeppe 09/2014 3 e il G
DBE TECHNOLOGY GmbH





—Pilot seals in Germany

Projects:

= Shaft seal Salzdetfurth

= Asse-seal (Asse-Vordamm)

= Asse pilot flow barriers (PSB A1 and PSB A2)
= ERAM plug

= other seal projects (CARLA, Sondershausen)

- Asse-seal is chosen for example

- All reports were published in the framework of VSG thanks to
BMUB and BfS
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— Goals of the Asse-seal Project (2001 - 2008) —

“In context with the closure of the Morsleben repository (ERAM) the potential
migration of brine and gas passing salt-concrete seals has to be evaluated.
According to present knowledge the contact zone between the sealing body and
the surrounding rock is an important migration path and thus is decisive for the
permeability of the seal. In order to show that the hydraulic conductivity of the
seal is sufficiently small, the permeability of the contact zone has to be
quantified. Respectively, it has to be shown that no defects exist in the contact
zone leading to an intolerable degree of permeability of the seal, 1.e. exceeding a
permeability of 10*® m? on average. According to technical regulations in
Germany investigations on comparable structures are required to assess the
tightness of contact zones.

For this purpose a 10-year-old salt-concrete seal in the Asse mine in Lower
Saxony has been investigated, whose structure is comparable to the seals planned
for the ERAM. This seal had been built within the framework of an abandoned
research project. A detailed Investigation concept comprising In-situ
measurements and laboratory tests was developed and a method has been
established to transfer the boundary conditions of the Asse mine to the ERAM,
where the seals will be constructed. * source /contribution WM-5233, Waste Management Conf. 2005/
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— Pilot seal test field

Boundary conditions for in

situ investgations

o Depth945m

» Salt concrete (cement,
NaCl-brine, crushed salt)

e 8minlength, 5.5 min
width, 3.4 in height

* Builtin 1992 T dhe
* Insitu investigations 2002 - b sulschingung
2004 hvang

Dammstiacks MHord

 Laboratory tests until 2007
» Reporting 2008

Zulsiwislincke
aufl dev 845-m-Sohle

: N - y .
d
] ~—J4 1
; — - ] V.5
-~ 4 fi
. besul-
- _:.—_Jr’ schiagung &

Lengzeltdichtung
Abb. 2.1-1: Lage des Versuchsfeldes in isometrischer Darstellung
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—In situ Iinvestigations

Permeability tests at representative measuring positions (mainly
contact zone)

Ultrasonic measurements covering the whole contact zone to
underpin representativeness of permeability tests

Hydrofrac-measurements to determine present stress state to
asses stress and deformation history in order to transfer results
to ERAM conditions

Additionally, long-term measurements (temperature,
deformation, stress) at the pilot seal test field were available
because the test field was included into geotechnical
surveillance of the Asse mine

Uller-Hoeppe 09/2014 7





—Borehole positions
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— Calibration of calculation model

= Calibration of the calculation model of the test field using

geotechnical surveillance measurements
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— Calibration of calculation model

= Alarge number of variants were calculated and ranked against
each other
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— Calibration of calculation model

= The “best fit” was not unique
" Three “best fits” showing a slight anisotropy

= The influence of boundary conditions was negligible (sf/uf)

Variant Boundary Stress component Stress invariants
conditions [ MPa] [MPa]

I N N S R S W Y
M32 sf uf -20 -20 -20 -20 0

M27 sf uf -18.0 -20.0 -20.0 -19.3 2,00
M41 sf uf -18.5 -19.0 -20.0 -19.2 1.32
M29 sf uf -17.0 -17.5 -19.6 -18.0 2.39
M35 sf - -15.0 -17.0 -19.0 -17.0 3.46
M15 - uf -15.0 -16.0 -20.0 -17.0 4.58

P \,é?mnfwtﬂrmnql) IS Ju‘
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— Calculated vs. measured

0.0

0,2

0,4 <

0,6 4

0,8 -

Normalized true length of contact zone [-]

1,04

1 ¥

° BY

Distance [m] from heading face of Asse seal

| B2

B3
B6

B8
B9
B1l
B38

Centre floor

Intersection floor/southern wall
. Centre southern wall

- Centre roof

Centre northern wall
Intersection northern wall/floor

Meas.

values

3.45
n. m.
2.53
6.93
13.09
6.64
2.05
15.59

-16,2

-14.0
-17.3
-16.3
-16.4
-18.1
-17.5
-15 I

Muller-Hoeppe 09/2014

12

-15.5
-13.5
-16.9
-15.8
-15.9
-17.6
-16.8

-14.9

stress (hydrofrac) —

Calculated variants

- .

-17.2

-14.9
-18.2
-17.4
-17.5
-19.1
-18.3
-16.6

e IBIETEC —

DBE TECHNOLOGY GmbH





— Calculated vs. measured stresses (hydrofrac) =

= Approximately comparable calculated stresses at similar

positions, only slight deviations due to anisotropic stress
boundary conditions

= Wide range of measured stresses (hydrofrac) at comparable
positions

= Large discrepancies between calculated and measured stresses,
good agreement only at 2 (out of 8) positions (B8 and B38)

= Explanation?
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— Stress measurements (pressure cells)
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— Calculated vs. measured stress (pressure cells)
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— Evaluation & conclusion 2008

= The discrepancy between calculated and measured stresses
(hydrofrac) lead to detailed investigations

= Fortunately, additional stress measurements (pressure cells)
were available

= Applying pressure cells the direction of measured stress is fixed, the
stress component within the stress tensor may vary

= Applying hydraulic fracturing the least principal stress is measured, the
direction may vary

= Calculated stresses and measured stresses from pressure cells agree well
=  Hydraulic fracturing shows wide range of least principal stresses and
varying directions in the contact zone
» In 2008 permeability was assumed to be constant material
property = The goals of the Asse seal project were successfully

achieved showing a sufficiently low permeability of the contact
zone I
Mdller-Hoeppe 09/2014 ;:C;Z;;?:?:J)jj: ?Ec -
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— Evaluation & conclusion 2014

= Review of 2008 results: The discrepancy itself was explained but
the origin of the wide range and varying directions hydrofrac
measurements is still an open question

= Residual stresses from construction process ?

= Restraint stresses due to different material properties of salt
concrete sealing body and surrounding rock salt?

» From todays knowledge this aspect needs further
investigation as permeability of tight and damaged rock salt
depends — due to strong hydromechanically coupling - on the
effective least principal stress
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Safety and Demonstration Concept

The post-closure safety concept focusses on safe containment

Safe containment describes the status of the repository system in which there is at
the most an insignificant release of radionuclides from the containment-providing
rock zone (CRZ) during the demonstration period

An insignificant release from the CRZ is a release whose radiological
consequences calculated by a biosphere model are below permissible limits and
thus pose no risk to subjects of protection

biosphere

]

overburden

host rock
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Safety and Demonstration Concept

The post-closure safety concept focusses on safe containment

Safe containment describes the status of the repository system in which there is at
the most an insignificant release of radionuclides from the containment-providing
rock zone (CRZ) during the demonstration period
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consequences calculated by a biosphere model are below permissible limits and
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Systematic derivation of the Safety Concept

German safety understanding of site
requirements repository processes | | characterisation data

guiding principles

"

"

"

design
requirement 1

design

requirement 2

design
requirement 3

= =

==

==

specific
objectives and
safety measures

specific
objectives and
safety measures

specific
objectives and
safety measures
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System analysis

Main questions addressed =
iosphere
« Will the integrity of the salt barrier overburden
remain intact under the expected host rock
loads (thermal impact, glacial
cycles, etc.)?
* Wil significant amounts of brine
reach the waste emplacement
areas? « Answers needed for all
« Will radionuclides be released from probable and less probable
> If yes, will they be released from > Distinction is required by
the CRZ? German regulation
» And if so, what radiological e Scenarios are systematically
consequences have to be identified and described by
expected? using FEPs

5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Monig 6





Some important results (I)

Integrity of rock salt barrier

= Thermo-mechanical calculation show that dilatancy and brine pressure criterion is
temporarily violated at top of salt dome due to thermal stresses.

= Above the repository, several 100 m of rock remain without integrity violation
= EDZ: Local violations of the dilatancy criterion (several cm — approx. 3 m).

= Temperature criteria for carnallitite are met (no thermal disintegration)

Fluid-dynamic system evolution

Significant gas release from waste with negligible heat evolution, affecting the
pressure regime in emplacement area for HLW (— optimization)

Pore volume in a number of emplacement drifts for HLW will become solution-
saturated, depending on boundary assumptions for model calculations

5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Monig 7





Some important results (Il)

Radionuclide release from CRZ

solution pathway

no RN release from CRZ at 1% final porosity in crushed salt backfill
Insignificant release at 2% final porosity

2-Phase modelling (3D)

Independent of final porosity relevant C-14-release in the gas phase via drift seal

Gas formation enhances gas flow through compaction
Crushed salt reconsolidation due to salt creep is main driving force for gas flow

Results are affected by location of individual waste forms (— optimization)

Methodological approaches, in general, have been applied successfully &
are considered to be applicable for other sites with domal (bedded) rock salt

5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Monig





Important scientific issues to revisit

Process understanding

Re-consolidation of crushed salt backfill, transport relevant properties at low
porosities

2-phase-flow behaviour (model parameters) in consolidating crushed salt backfill

Release Mechanisms of volatile radionuclides from waste forms
Safety significance of hydrocarbons present in rock salt

Suitability of methodological approach to scenario development

Relevance of processes not dealt with

5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Monig 9





Preliminary Safety Analysis of the Gorleben Site

Basics site characterisation and long-term prediction  [GRS-273| |GRS-275]

waste characterization and quantity IGRS-274] |GRS-278]
safety concept and demonstration concept IGRS-271| |GRS-277|

Repository

_ repository concept IGRs-272| |GRS-279)
design

repository design and optimisation

System

FEP catalogue and scenario development IGRS-282| [GRS-283| |GRS-284]
analyses

integrity assessment geol. /geotechnical barrier |GRS-286] |GRS-288|
assessment of RN release scenarios GRS-289
human intrusion scenarios GRS-280

Synthesis

assessment of results GRS-290
recommendations GRS-304
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VSG Reports (1)

GRS-271: Grundzige des Sicherheits- und Nachweiskonzeptes
GRS-272: Endlagerkonzepte

GRS-273: Salzgeologische Untersuchungen der Integritat der geologischen
Barriere des Salzstocks Gorleben (2012)

GRS-274: Abfallspezifikation und Mengengerist: Basis der
Laufzeitverlangerung der Kernkraftwerke

GRS-275: Geowissenschaftliche Langzeitprognose
GRS-277: Sicherheits- und Nachweiskonzept (replaces GRS-271)

GRS-278: Abfallspezifikation und Mengengerust: Basis Ausstieg aus der
Kernenergienutzung (update of report GRS-273 after Fukushima)

GRS-279: Einschatzung betrieblicher Machbarkeit von Endlagerkonzepten

5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Monig 11





VSG Reports (Il)

GRS-280: Human Intrusion

GRS-281: Endlagerauslegung und —optimierung

GRS-282: FEP-Katalog fur die VSG: Konzept und Aufbau

GRS-283: FEP-Katalog fur die VSG: Dokumentation

GRS-284: Szenarienentwicklung

GRS-285: Beriucksichtigung der Kohlenwasserstoffvorkommen in Gorleben
GRS-286: Integritadtsanalyse der geologischen Barriere

GRS-287: Integritdtsanalyse der geotechnischen Barrieren — Tell 1:
Vorbemessung

5th US/German Workshop on Salt Repository Research, Design & Operation, Sept. 07-11, 2014, Santa Fe, USA - Monig 12





VSG Reports (1)

GRS-288: Integritdtsanalyse der geotechnischen Barrieren — Tell 2: Vertiefte
Nachweisflihrung

GRS-289: Radiologische Konsequenzenanalyse
GRS-290: Synthesebericht

GRS-304: Forschungs- und Entwicklungsbedarf auf Basis der Erkenntnisse
aus der VSG sowie Empfehlungen

all reports available via: http://www.grs.de/german-
publications?page=1&title=VSG&field author value=&field year value=&tid
1=&tid=All
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Outline

ISIBEL and WIPP Common Ground

Compare/Contrast the ISIBEL safety demonstration concept
and WIPP PA — Methodologies, FEPs, Scenario Development,
Uncertainty

Discussion of the salt reconsolidation approach taken for a
recent WIPP design change — Processes Modeled, Temporal
Behavior, Regulator Interactions

Conclusions





Common Ground

The ISIBEL repository concept and the WIPP have many common
aspects.

= Both are underground waste disposal facilities in salt
= Both repositories have been designed to take advantage of

salt properties

= Salt reconsolidation processes are important in ISIBEL
(backfilled mine workings) and the WIPP (panel closures)

= WIPP PA is established and in use. ISIBEL safety demonstration
capability is drafted with future work defined
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ISIBEL Safety Demonstration Concept
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Bedrock of WIPP PA and ISIBEL

Fundamental to WIPP PA and the ISIBEL safety demonstration
concept are:

A catalog of the features, events, and processes (FEPs) that must be considered
- screening process — what needs to be considered and what doesn't

Repository scenarios, informed by the set of FEPs, that capture future states of

the repository
- undisturbed and disturbed conditions

Proper consideration of uncertainty
- parameters, models, facility futures





ISIBEL FEPs

The Gorleben site was used to develop a generic FEP catalog
for salt formations.

Iterative approach:

= A comparison with the NEA-FEP database, with an emphasis on salt as the
host rock

= A bottom-up approach identifying all FEPs relevant to the future evolution
of the repository

= A top-down approach identifying FEPs that could play a role in conceivable
scenarios

= FEPs added to represent interdependencies between FEPs found above

FEPs catalog evaluated in the course of a national peer review. Catalog consists of
92 probable and 4 less probable FEPs.





FEPs Screening for WIPP

WIPP FEPs are screened according to:

e Probability: If a FEP has a probability of occurring less than 104 in 10,000
years it does not have to be included in PA (e.g., meteorite impact)

e Consequence: If a FEP is beneficial to performance, is not relevant to WIPP,
or has a insignificant consequence to the disposal system, it does not have
to be included in PA (e.g. lakes, oceans, tides, floods). If a FEP is related to
the WIPP disposal system and/or impacts the repository, it must be
accounted for in PA (e.g., chemical effects of corrosion).

e Regulation: Certain FEPs are either screened in or out by regulation (e.g.,
mining, resource extraction following drilling).

e 245 FEPs were screened in for the most recent WIPP compliance calculation.





ISIBEL/VSG Scenario Development

Possible repository futures categorized as probable, less
probable, and improbable.

= Binning of futures results in one reference scenario and 17
alternative scenarios

= Reference scenario represents probable repository futures
- includes climate change (100,000 year cycle), waste heat
generation, mobilization and transport, initial barrier integrity

= Alternative scenarios differ in only one aspect from the
reference scenario

- improvised barrier functionality, less probable mobilization

and transport, etc.





WIPP Scenario Development

All retained (screened-in) FEPs must be accounted for in WIPP
PA in at least one scenario.

FEPs can be included by explicit modeling or by parameter
assignment.

Expected FEPs are included in all scenarios
= Creep closure

= Brine flow, gas generation

Disruptive FEPs are included in disturbed scenarios.
= Drilling, mining, brine pocket
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Uncertainty

Proper representation of uncertainty is vital to WIPP PA and the
ISIBEL safety demonstration concept.

= Uncertainties reduced by information gained via site
characterization

= Data generated by individual R&D programs can reduce
uncertainty and inform parameter distribution assignments

= Uncertainties with regard to future events must be
represented

* Uncertainty distributions used for parameter sampling may
be iterated with or prescribed by the site regulator
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WIPP Panel Closure Redesign

The waste panel closure implemented in WIPP has recently been
redesigned.

= Current design based on Salado Mass Concrete was mandated
by the EPA as part of their 1998 WIPP certification decision

= Redesigned panel closure consists of 100 feet run-of-mine
(ROM) salt with barriers at each end — termed the ROMPCS

" |ncluding the ROMPCS in WIPP PA required spatial and
temporal modeling of ROM salt reconsolidation

= ROMPCS modeling in WIPP PA was a negotiated process with
the EPA — federal rulemaking process
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ROMPCS Processes

The representation of the ROMPCS in WIPP PA needed to
account for several physical processes.

Creep closure of the surrounding salt rock resulting in
consolidation of ROM salt placed in panel entries

ROM salt comprising the closures approaching a condition
similar to intact salt

Imposed back stress on the surrounding rock resulting in
eventual healing of the surrounding salt rock
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ROMPCS Evolution

The ROMPCS is modeled as having short-term and long-term
characteristics in WIPP PA, with properties based on three time
periods

0 to 100 years: Emplaced ROM salt undergoes some
re-consolidation with no impact on surrounding salt rock

100 to 200 years: ROMPCS continues to re-consolidate with
no impact on surrounding salt rock

200 to 10000 years: ROMPCS is re-consolidated and the
surrounding salt rock is healed
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Regulator Interaction

The approval of the ROMPCS design by the EPA regulator is
slated to appear in the Federal Register soon.

Federal rulemaking aspect of design change invoked a lengthy
and involved process for the regulator

Good communication with the EPA was critical in gaining their
approval of the new design

Representation of spatial and temporal ROMPCS behaviors
was an iterative process — consensus between EPA and DOE

Extensive support of EPA verification calculations increased
regulator comfort with the new design

Regulatory comfort in the new design - stakeholder defense
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Conclusions

The ISIBEL repository concept and the WIPP have many aspects
in common.

- repositories in salt rock, taking advantage of physical and
temporal salt characteristics

FEPs, repository scenarios, and consideration of uncertainty are
fundamental to the WIPP and ISIBEL safety demonstrations.

The spatial and temporal behaviors of “loose” salt are
important to ISIBEL and the WIPP

- Backfill of mine workings for ISIBEL
- WIPP panel closures

Modeling of ROM salt has recently been undertaken, with
consensus by the EPA, for a WIPP design change
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Petascale reactive multiphase flow and transport code
Open source license (GNU LGPL 2.0) -

Object-oriented Fortran 9X/2003/2008
= Pointers to procedures
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member procedures)

Wall-Clock Time per Time Step [sec]
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Founded upon PETSc parallel framework
= Parallel communication through MPI 024 2048 Sfiebermgi?:s 6384 27e8
= Parallel I/O through binary HDF5
= Unstructured domain decomposition through METIS/ParMETIS (Cmake)

Demonstrated performance

= Maximum # processor cores: 262,144 (Jaguar supercomputer)
= Maximum problem size 3.34 billion degrees of freedom
= Scales to over 10K cores 2





Role of PFLOTRAN in PA Methodology

PA Methodology

Define , Characterize System _
Performance Goals "1 (waste, Facility, Site) .
3 Identify Scenarios for .
. Analysis .
: (Develop and screen FEPs, :
. construct scenarios, .
: estimate scenario M
8 . probabilities) o 0
c .
8 . .o
p— v
a * * ]
E ! . &2
S - Build Models and v . 8
- T " L
£ o Quantiy . 5
- ' Uncertaint s
E B mathematical models, v I a
% . computational models) '
B :
5 Construct Integrated s
: PA Model and — :
. Perform Calculations .
. Uncertainty and Directed Science :
g Sensitivity Analyses and Testing Program
“s s e« e« ¢ Evaluate Performance






/ Source Term and \
EBS Evolution Model
H |nventory
B High resolution of spatial and
temporal representation of

processes and couplings:
 WF Degradation

Radionuclide Mobilization
Solubility Limits

\- Thermal Effects /

Input Parameter Distributions

Y v

Sensitivity Analysis and N
Uncertainty Quantification
{baxora)

Multi-Physics Simulation and Integration

PFLOTRAN

[ Flow and Transport Model \

K reactions )

Spatial and temporal
representation of THC processes
» Advection

» Diffusion/dispersion

e Sorption

» Decay and ingrowth
* Homogeneous/heterogeneous

Computational Support
* Mesh Generation - Cubit
* Visualization — ParaView, Vislt

* Parameter Database

Results
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Biosphere Model

\

Radionuclide Concentrations
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PFLOTRAN Multi-Physics Capabilities

Flow

Multiphase gas-liquid
Interchangeable constitutive models and
equations of state

Energy

Thermal conduction and convection

Multi-Component Transport

Advection, hydrodynamic dispersion

Geochemical Reaction

Aqueous speciation (ion activity models)
Mineral precipitation-dissolution

Surface complexation, ion exchange,
isotherm-based sorption

Radioactive decay with daughter products

U(VI) [ug/L]






PFLOTRAN Computing Capabilities

. , Data Assimilation
= High-Performance Computing (HPC) o B B

= |ncreasingly mechanistic process models
= Highly-refined 3D discretizations

= Massive probabilistic runs

= Open Source Collaboration R

= |everages a diverse scientific community P "”‘““’w*’ ~

= Sharing among subject matter experts and "

stakeholders from labs/universities Dot

= Modern Fortran (2003/2008) e

= Domain scientists remain engaged -*3

= Modular framework for customization ,,4
= Leverages Existing Capabilities e =

= Meshing, visualization, HPC solvers, etc.
= Configuration management and QA





PFLOTRAN Support Infrastructure

Mercurial: distributed source control management tool
Bitbucket: online PFLOTRAN repository

hg clone
Source tree Sl
Commit logs
Wiki

Installation instructions

Quick guide
FAQ (entries motivated by
guestions on mailing list)

Change requests

Issue tracker — 71 Hits on PFLOTRAN Bitbucket

Google Analytics: tracks behavior on Bitbucket site over past year

Buildbot: automated building and testing (regression and unit)

Google Groups: pflotran-users and pflotran-dev mailing lists



https://bitbucket.org/pflotran/pflotran-dev



PFLOTRAN Verification

Test cases for WIPP codes
(BRAGFLO and NUTS) set
up and executed with
PFLOTRAN

= E.g., BRAGFLO Case #8
“Well production at a
specified bottom hole
pressure”

PFLOTRAN results compared to
BRAGFLO and WIPP version of
TOUGH2 (TOUGH28W)

gas/liquid pressure (MPa)

brine production (Kag/s)
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Generic Salt Repository PA Model —
Simulation Summary

Stochastic Simulation

{paKoTA)
= DAKOTA / PFLOTRAN simulations: e T e e
= Deterministic PA simulation with mean ¢
va I ues Deterministic Simulation
= 100-realization probabilistic simulation PFLOTRAN
. Integrated multi-physics
with 10 sampled parameters simulations for EBS & NBS

= Deterministic thermal simulation

= Run on SNL Red Sky HPC cluster

= Nested parallelism
= Many concurrent realizations

= Each realization distributed across many
processors

» Total nodes: 2,816 nodes / 22,528 cores
* 505 TeraFlops peak 9

Payton Gardner, SNL 6224, Albuquerque NM





Generic Salt Repository PA Model —

3D Model Domain

= Simulation domain
= 3D vertical slice
= 20-m wide pillar to pillar

= 1 drift pair (2 800-m long drifts)
160 waste packages and backfill

Waste/DRZ

1 of 2 drifts shown ‘™
8 of 160 waste packages shown

Payton Gardner, SNL 6224, Albuquerque NM

Sediments

Anhydrite Interbeds

N < X
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20m
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w
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Generic Salt Repository PA Model —
Deterministic Simulation Results

= Horizontal Darcy velocity (m/yr)
= Diffusion through DRZ, bedded salt, and shaft
= Advection (horizontal) through aquifer
= Diffusion (vertical) and advection (horizontal) through sediments

e
Sediments

Halite

Anhydrite Interbeds

Halite

Payton Gardner, SNL 6224, Albuquerque NM Payton Gardner, SNL 6224, Albuquerque NM





Generic Salt Repository PA Model —
Probabilistic Simulations

= Sensitivity analysis (partial rank correlation) at 10 locations

“well” location (1) “midx” location (4) “near” location (5)
- aquifer - sediment - sediment

- aquifer - aquifer

- halite - halite

- anhydrite - anhydrite

- waste package

Sediments

Waste/DRZ

Anhydrite Interbeds

I
| x =5,821 m (mid-point of drift pair)
X = 6,200 m (approx. mid-point of drift)
X = 7,500 m (downstream from drift)

Payton Gardner, SNL 6224, Albuquerque NM

Z=945m
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Generic Salt Repository PA Model —
Multi-Realization Analysis

B 129 dissolved concentration vs. time

— (DAKOTA probabilistic output of 100 realizations)
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Future Directions — Coupled Radionuclide
Mobilization and Transport Processes

Waste Form Degradation (IRF and matrix dissolution)
Transport (advection, diffusion, linear sorption (K,))
Decay and Ingrowth

Precipitation/Dissolution

Solution Chemistry and Temperature

23"Np(aq)

Time-dependent processes

Equilibrium processes
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What is VIRTUS?

VIRTUS is a “virtual underground laboratory” which can
Illustrate repository concepts, geologic situations and

physical processes taking place in an underground lab or a
repository.

It centrally provides the necessary consolidated data
(geologic models, mine structures, material data for
numerical simulation).

It provides means for the integrated visualization and
evaluation of various types of information.

| |
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Concept of the “Virtual URL”

Components:

Software platform for
visualization of

- geology

- mine structures

- THM simulation results

Database for material
parameters

- host rock

- geotechnical components
- waste forms

Input/output
Interfaces to
process level
codes (PLC)

Features:

Provides combined view of URL or repository structure & processes
Makes available consolidated data on material behavior
Easy access to all information via “hot spots”

RS BGR DEBIETEC Z Fraunhofer

' N 7
Santa Fé, September 7-11, 2014

IFF
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VIRTUS Data Exchange

VIRTUS

Project data, material database,
literature, user data,...

Combined models

_ Material data
Geologic models

(Mine structures)

Simulation results

Geologic models

Combined models Process Level Codes
(CODE_BRIGHT, JIFE,
(openGEO)
] A

RS _B_vG‘!! DI5ETEC  Z Fraunhofer

A aufgrund eines Beschlusses
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VIRTUS Functionality & Workflow

Import, check, and processing of the geologic model

Mine structure generation or import

N

Model combination

i

Export of model and material data to PLC

FE mesh generation and PLC simulation (outside VIRTUS)

N\

Import and Visualization of simulation results
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Geology: Virtual Salt Anticline

(RS BGR DpETeECc ZiFraunhofer
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Geology: Geometry Processing

Geologic surface model needs to me
requirements to o t1ond e DEC 2a

Closeness of each

| Improvement)
lon and regularization

(%S BGR DBIETEC Z Fraunhofer
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I\/Ilne Structure

22 Virtus - NewProject - C:\wie\LaufendeProjekte\VIRTUS +\Experiment3\ModellExperiment3\Modell_Experiment:
Fle View Immersive ealism  Mobile  NMa

W= HFI-

* Bundesministerium
ke Q fiir Wirtschaft
und Energie
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Combination of Geology and Mine

“From the separate geometric models of geology and mine
structure, a combined surface model is created

Gefdrdert durch:
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Export to PLC and Meshing

Cuboid sections from the combined model an be freely
defined for export (various formats available)

FE meshing by PLC pre-processors
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Cube section from VIRTUS

"

Bundesministerium
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FE mesh (GID) in different . . .
representations
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PLC Simulation

*PLC simulation of 3 demonstration experiments
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Result Import and Visualization

Thermal data: temperature and heat flow
Hydraulic data: fluid pressure, flow rates, saturation
Mechanical data: stress, deformation, porosity

Result data can be
Scalars (temperature, porosity,...)
Vectors (heeat flow, deformation,...)
Tensors (stress, strain,...)
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.

Visualization: Scalar

Temperatur field of a drift charged with
20 POLLUX containers 200 years after
emplacement (red: 50°C iso-surface)

Horizontal section in the plane of
the containers: temperature field Getorer e
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Visualization: Vector
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Benefits from a Virtual URL

Design of meaningful experiments Enhancement of the understanding
of coupled processes

Creation of realistic models o /
for simulations — Researcher

/ Convincing demonstration of
Comparison of different concepts and results to the public
S|mula_t|o_ns f(_)r benchmarking | — Implementer I
or optimization purposes

/ \ Regulator
Planning of repository layout /

: : | Evaluation of results to make sure
N a given geotogy safety criteria (maximum temperatures,
acceptable stress states) are met

— o = = !
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VIRTUS Project Partners

2S5 Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH
Project management, database (with IFF)
BGR Federal Institute for Geosciences and Natural Resources (BGR)
Geologic models
nserec DBE Technology GmbH
Mine layout
GRS/BGR/DBE TEC: Material data evaluation, PLC simulation

= Fraunhofer Institut fuer Fabrikbetrieb und —automatisierung
(Contractor)
Software platform
Visualization

* Bundgsminislerium
_ P [z
o =
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o B STEC Zi Fraunhofer |
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Status and Prospects

The current phase of the VIRTUS project Is ending In
October 2014

The VIRTUS features presented are implemented (testing
and improvement Is continuing)

Simulation of three prototypical experiments is continuing

Tools for model and result evaluation and comparison have
not yet been implemented

VIRTUS has been developed as a virtual URL in salt, but
IS highly flexible. Little effort Is needed to use it W|th other
geologles or other process level codes

2S BGR DiETEC Z Fraunhofer
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Outline (RS (@) &,

= Joint U.S.-German Objectives / Motivation

= SNL: Geoff Freeze, S. David Sevougian, Michael Gross, Christi Leigh
= DOE Used Fuel Disposition (UFD) Campaign

= GRS: Jens Wolf, Jorg Monig, Dieter Buhmann
= Vorlaufige Sicherheitsanalyse Gorleben (VSG)

= (Collaborative Results to Date

= FEP Matrix and Documentation Template
= New FEPs: bedded salt vs. domal salt FEPs

= Future Work






Objectives / Motivation RS [,

= U.S.-German collaboration to produce a common FEP list

= |dentify relevant FEPs for disposal of heat-generating waste (SNF and
HLW) in salt

= Applicable to all potential salt concepts and sites

= Refine existing FEP identification and screening approaches

= Salt Club

" Produce a FEP Catalogue for use by all NEA Salt Club members
= Countries with potential interest in salt repositories
= Documentation of screening decisions

= Inform the pending update to the NEA International FEP database






FEP Analysis

Sandia
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Salt FEP ldentification OGRS () e,

= US:~200 UFD Bedded Salt FEPs (Sevougian et al. 2012)

= Modified from generic FEPs (Freeze et al. 2011) to be more salt-
specific

= Derived from NEA FEP Database (1999, 2006)

= Cross-checked against WIPP FEP catalogue (DOE 2009)

= Germany: ~100 Gorleben VSG FEPs (Wolf et al. 20123,b)
= Derived from NEA FEP Database (1999, 2006)
= Specific to a salt dome in Northern Germany

= Combined as part of “FEP Matrix” approach (Freeze et al.
20144,b)

= |nitial US and German FEPs mapped to FEP Matrix to eliminate
redundancies

= 5 example matrix-based FEPs created to test approach






FEP Matrix (RS [@) .,

= Two-dimensional FEP -
organizational structure Proresees

= Matrix Rows = Feature (and Festres
component) Categories
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Sandia

FEP Matrix CRS () i,
= All FEPs relevant to the Buffer/Backfill “feature”

= Some are broadly applicable to both
= Some are specific to the Buffer “component” or Backfill “component”

= All Thermal-Mechanical FEPs relevant to Buffer/Backfill and
Emplacement Tunnels/Drifts
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Sandia

FEP Matrix RS M.

m Characteristic FEPs

= FEPs containing properties and parameter values that describe a
feature or component
= Only one Characteristic FEP per feature/component

* No screening for Characteristic FEPs

Processes Events
Characteristics, = 1) —_
- = I t —_ > [ e
Processes, w |o2|[ED| 8|8 s S o £ o2
and Events S |§G|S2|2EE|ED|c & T | E e T 2 £ 3
® 55 ﬁ_gﬂim‘“_g gg T L 5.9 o |2 @ e 2 3 ) @ ég o
= T ElTm =] o = - Q0 = = =
Q 0 © [ - 7} [ = © Q [
2 |E2|of|eQ|em| 8~ E| g (ks g < E| £ O | w E S |<E|<
o T | o X = | D= L[| @ o |Do| £ = = = = e il I~
© (1 O I ET® wl P ®| £ = cao|l = c (@] T = [} c (@]
Features L | E®|0 ®| c|L c = T |5 O |&o = o 9 |5t
S |SE|GEl55|2E|SE g |3° E £ 3|8 T |Eg
C |=g|pg|P8|m2(F2 59 e Es
P 2imota | 2o | 2imme | 2imsre i
Buffer/Backfill 2104000 B [ e [ 2104010 | 211302 211402 | 2100w | 120800 1204010 e
zigse | 21nase
+ Waste Package Buffer 2104002 21m0sa | 21sd0n T104Me 21040
 Tunnel/Drift/Room Backfill el it EETE iy
Emplacement Tunnels/Drifts g :E;E;I: g :E:E:: i|c|sc§4m R ’ - 21m0a | 2100 ~
) ; ziee Mzrorsss | 2o | ziesne | 200 ) DRSS a0 1M riugn | 21moe | 1zeee | izeme | 4ERE
and Mine Workings SHI B B R B BECE B
iee | 2im FRRIT Y
« Open Excavations A R
e Tunnel/Drift Support e Fre 2188
¢ Liners e 2108
e Other






FEP Identification Scheme GRS (M.

= Developed a “numbering” scheme consistent with FEP Matrix

= Alpha-numeric identifiers indicate where a FEP is mapped in the FEP
matrix (e.g., row and column)

= More descriptive than strictly numeric identifiers
= Can still be mapped to NEA Database FEP Numbers for traceability

= FEP matrix identifiers have the form: FF.CC.PE.nn
where:
FF = Feature
CC = Component (sub-feature)
PE = Process or Event category
nn = sequential tracking number





FEP Identification Scheme

FF.CC.PE.nn

FF = Features:

= Waste Form:

= Waste Package:

= Buffer/Backfill:

= Mine Workings:

= Seals/Plugs:

= Host Rock:

= QOther Geologic Units:

= Biosphere

= Repository System
CC = Components:

= Feature-level:

WF
WP
BB
MW
SP
HR
Oou
Bl
RS

00
= Component-level (e.g. buffer, backfill, ...): 01, 02, 03, ....

GRS

Sandia
National
Laboratories





Sandia

FEP Identification Scheme G5 ..

FF.CC.PE.nn
PE = Process or Event category:
= Characteristics: cP
= Mechanical and thermal-mechanical processes: ™
= Hydrological and thermal-hydrological processes: TH
= Chemical and thermal-chemical processes: TC
= Biological and thermal-biological processes: B
= Transport and thermal-transport processes: 1T -
= Thermal: TR Processes
= Radiological: RA
= Long-Term Geologic: LG
=  Climatic: CL
= Human Activities (Processes): HP
=  QOther (Processes): OP
et
= Nuclear Criticality: NC ™ )
= Early Failure: EF
= Seismic: SM - Events
= |gneous: G
= Human Activities (Events): HE
= QOther (Events): OE |





FEP Documentation Template ~ 35 &

0. FEP Name and Identifier
1. Definition

2. Description and Related FEPs
= FEP Description may subdivide into “sub-parts” A, B, C, etc.
2.1 General
2.2 Concept Specific (e.g., bedded salt vs. domal salt)

2.3 Properties and Parameter Values
2.4 Related FEPs

3. Screening Decision (by sub-part)

4. Screening Justification (by sub-part)
5. Open Issues

6. References






FEP Documentation Template = &35 @i

0. FEP Name and Identifier
1. Definition

2. Description and Related FEPs
= FEP Description may subdivide into “sub-parts” A, B, C, etc.
2.1 General
2.2 Concept Specific (e.g., bedded salt vs. domal salt)

2.3 Properties and Parameter Values
2.4 Related FEPs

3. Screening Decision (by sub-part)

4. Screening Justification (by sub-part)
5. Open Issues

6. References






Matrix-Based FEPs — CRS ) .,
Issues for Bedded vs. Domal Salt

= Filling in the whole matrix with fully described FEPs needs a lot
of resources

= “Product” for Salt Club

= Both countries are in a site selection process

= Develop new example matrix-based FEPs that highlight areas
where there are differences between bedded salt and domal

salt

= |mprove template regarding screening decisions and screening
justifications
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Example Matrix-Based FEP

= BB.02.TM.01 — Mechanical effects on Backfill or from Backfill

Processes Events
Characteristics, = 1) —_
- = I t —_ > [ e
Processes, o 22|29 i - ) = o2
and Events 2 |§&|SS|cE[cD <& T |g £ 8 T o =T
5 cS5(sES|Ss|8S Sel s | 2|58 ¢ |2g - S| 2] e| 9|29
c o T|l®.E =] D = = Q0 ) = "= c 1T )
g l22l52|80(8a|gs| E| S (S| EISE| £ |6 |S| 5|8 |2E|L
8 |SZT|SF|ET|Ds|es| £ | 2|28 =S |ck| &8 | 5| 2|38 5 |cE|S
Features Lt |E®|o@® o c ° O |® o = n =)
e E £ E| F o0 =2 o D (st
€ |oeE|SE|lcE|® ® 8 |3 £ c = © o
O = 0 [ c|m E = E = 3 =
2104008 EIE:{EIS EIEAEJ: EIEJEIC . . "IE .
Buffer/Backfill 2104000 B [ e [ ¢ | 2imma | 2iame 211402 | 2100w | 120800 1204010 e
2108.08c 21113 c
« Waste Package Buffer 21oeces 1ot 1ot
+ Tunnel/DrifRoom Backfill 21oecen o '
Emplacement Tunnels/Drifts vom | smme | imn | 400 211301 sere
- - 210400 EIETEEE EII’IIE: EIEEIJ: 214143 EIIIE-: 2114020 21:Mce 12030c 1204 01c 141101
and Mine Workings Tizma | 2iizer | 2isen e
« Open Excavations 210807 | 5 10m00
e Tunnel/Drift Support e B
e Liners e
* Other






Screening decisions GRS () e,

Included — FEP is almost certain to be included, independent
of the type of salt site or specific site characteristics.

Excluded — FEP that is almost certain to be screened,
independent of the specific salt site

Site-Specific — FEP requires a substantial amount of detailed
information for a specific site evaluation

Design-Specific — FEP requires detailed information for a
specific repository design.

Evaluate — FEPs are candidates for quantitative sensitivity
analyses






Example Matrix-Based FEP RS ().

= BB.02.TM.01 — Mechanical effects on Backfill or from Backfill

_ID_| DescriptionofProcess | ScreeningDecision |
... | BeddedSalt [ DomalSalt |
Compaction or Reconsolidation of Backfill Included

(A,) An eventual moisture content in backfill may increase the Included

convergence rates

(A,) Internal pressure in a segment influences the Included

convergence process
Back-Stress from Backfill

(B,) The presence of backfill will generate mechanical loads Included Included
on the drift walls, slowing convergence of the drifts.
(B,) The presence of backfill will generate mechanical loads Evaluate Likely Excluded

on drift and borehole liners, and on the waste packages if the

packages are placed directly on the floor of the emplacement

drifts or

(B3) The presence of backfill will generate mechanical loads Likely Excluded Likely Excluded
on the tops of waste containers if the containers are placed in

short boreholes in the floor or ribs of a drift.

(63 Non-Thermally-Induced Volume Changes
(C,) Swelling of corrosion products Likely Excluded Likely Included

(C,) Crushing of backfill grains Evaluate Evaluate
B Roof Collapse Likely Excluded  Likely Excluded






Matrix-Based FEPs — RS [M)E,
Issues for Bedded vs. Domal Salt
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Matrix-Based FEPs — (RS () i,
Issues for Bedded vs. Domal Salt

= 13 new example FEPs
= HR.01.CP.01 Stratigraphy and Properties of Bedded and Domal Salt
= HR.02.CP.01 Stratigraphy and Properties of Disturbed Rock Zone
= HR.03.CP.01 Stratigraphy and Properties of Interbeds and Seams
= RS.00.CP.01 Repository Design
= WP.00.TC.01 Gas Generation at Waste Packages
= MW.00.TH.01 Gas Generation in Emplacement Drifts
= MW.00.HE.0O1 Human Intrusion into the Emplacement Drifts
= SP.02.TM.01 Mechanical Effects on Shaft Sealing
= HR.02.TM.01 Evolution of the DRZ
= HR.00.0P.01 Alteration and Evolution of Flow Pathways in Host Rock
= HR.00.TM.01 Mechanical Effects on Host Rock
= HR.00.TT.01 Advection of Dissolved Radionuclides in Host Rock
= HR.00.TT.02 Diffusion/Dispersion of Dissolved Radionuclides in Host Rock
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Example Matrix-Based FEP

= HR.00.TT.01 Advection of Dissolved Radionuclides in Host
Rock

Screening Decision

Description of Process
Bedded Salt Domal Salt

Advection of Dissolved Radionuclides Included Evaluate
Transport Through Fractures Included Evaluate
Channeling Flow Likely Excluded Likely Excluded

Viscous Fingering Excluded Excluded






Future Work GRS () .

= Salt FEP Catalogue

= FEP identification and documentation ongoing
= Joint U.S.-German collaboration

= Preamble completed

= Focus on FEPs where there are differences between bedded and domal
salt — Salt Club report

= Schedule (???-20157?)
= FEP screening process
= FEPs vs. scenarios

= Two-Dimensional FEP Matrix Approach
= Groups related FEPs in a single location (i.e., cell, row, or column)

= Provides an intuitive alpha-numeric identification scheme

= Supports safety assessment and safety case development by
promoting easy searching of FEP Catalogue to find related issues

= Present to NEA FEP Working Group in Oct 2014






Electronic FEP Database GRS (M) .

= To be developed (future work?)
= e.g. Qt (C++ GUI library) / Postgres SQL / MySQL
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Background: IGD-TP

Implementing Geological Disposal of Radioactive Waste — Technology Platform
www.igdtp.eu

“Our vision is that by 2025, the first geological disposal facilities for spent fuel, high-level
waste and other long-lived radioactive waste will be operating safely in Europe.”

Goals

- implementation-oriented R&D activities on all remaining key aspects of deep geological
disposal of spent fuel and long-lived radioactive waste

« demonstration on the technologies and safety

» underpin the development of a common European® view on the main issues related to
the management and disposal of waste

Founded as a European Technology Platform (ETP) to

 provide a framework [...] to define research and development priorities, timeframes and
action plans on a number of strategically important issues

- play a key role in ensuring an adequate focus of research funding on areas with a high
degree of industrial relevance

- address technological challenges that can potentially contribute to a number of key
policy objectives

)Non-European countries are welcome to participate!

2014 US/German Workshop on Salt Repository Research, Design, and Operation 2



http://www.igdtp.eu/



IGD-TP Strategic Research Agenda (SRA): Key Topics

1. Safety case

« 1.1 (HP): Increase the confidence in, testing and further refinement of the tools
(concepts, definition of scenarios and computer codes) used in licensing safety
assessments

* 1.2 (HP): Improving safety case communication

« 1.3 (MP): Increase the confidence in and further refinement on how to make
sensitivity and uncertainty analyses

2. Waste forms and their behaviour

3. Technical feasibility and long-term performance of repository components
4. Development strategy of the repository

5. Operational Safety

6. Monitoring

7. Governance and Stakeholder involvment

2014 US/German Workshop on Salt Repository Research, Design, and Operation 3





B S

IGD-TP Deployment Plan (DP): Joint Activities (JA)

JA types
Organizational Working Group (ORWG)
Technical/Scientific Working Group (TSWG)
developing a scientifical or technical Topic
preparatory work to generate a possible technical project (TEP)

to be initiated when the Topic's subject needs to be analyzed by a group of
experts prior to being turned into a Technical Project (TEP)

members cover their own costs
Information Exchange Platform (IEP)
Technical Project (TEP)
activity that covers technical or scientific work on a specific SRA Topic
clear RD&D problem definition necessary
different funding models
Technological Transfer (TT)

Both SRA and DP are being being revised and not yet available in final form!
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IGD-TP Joint Activity 8

Handling of Uncertainties in the Safety Case for Deep Geological Repositories
(Former title: “Benchmarking” for confidence in long term safety in Safety Cases)

* Adresses mainly SRA topic 1.3
« Contribution to SRA topics 1.1 and 1.2
« TSWG founded

ANDRA (FR) NRG (NL)
ENRESA (ES) NWMO (CA)
Galson Ltd. (UK) Posiva Oy (FI)
GRS (DE) Sandia Labs (USA)
JAEA (JP) SKB (SE)

NAGRA (CH) SURAO (C2)

NDA (UK) TU-Clausthal (DE)
NIRAS/ONDRAF (BE) UJV (C2)

« TEP planned to be launched in 2015/2016

2014 US/German Workshop on Salt Repository Research, Design, and Operation 5





History of JA8 in IGD-TP

June 2012: IGD-TP Deployment Plan
« Definition of JAS:

,Benchmarking“ for confidence in Long Term Safety in Safety Cases: TSWG

Topic 1.3: Increase confidence and further refinement of methods to make
sensitivity and uncertainty analyses

May 2013: 15t Meeting of interested organizations
* Foundation of a TSWG

ANDRA, ENRESA, Galson, GRS, JAEA?, NAGRA, NDA, NIRAS-ONDRAF?,
NRG, NWMO?, POSIVA, SANDIA, SKB, SURAO, TU-CI, UJV

« Definition of project contents
« Elaboration of an outline project structure

2014 US/German Workshop on Salt Repository Research, Design, and Operation 6





History of JA8 in IGD-TP (cont.)

July 2013: First draft outline proposal (Dan Galson)
« 8tasks

August 2013: Second draft outline proposal (GRS)
« 4 WPs with 13 tasks, altogether

September 2013: 2"d Meeting of interested organizations
» Planning of activities of the TSWG

* New title of activity: “Handling of Uncertainties in the Safety Case for Deep
Geological Repositories”

2014 US/German Workshop on Salt Repository Research, Design, and Operation 7





Motivation: Uncertainties in the Safety Case

* Are we investigating the right scenarios?
Are we using the right FEPs?
Are our FEP descriptions correct?
Do we assign the right probabilities to the FEPs?

» Are we using adequate models?
Do we model all relevant effects?
Are our models suitable for describing these effects?
Are the models sufficiently accurate?

*  Will the data we use lead to reliable results?
Is our knowledge of nature good enough to justify the utilized data?

Can physically uncertain effects have an influence?

- Proper handling of uncertainties is an essential part of the Safety Case

2014 US/German Workshop on Salt Repository Research, Design, and Operation 8





Handling of Uncertainties

Scenario uncertainties
|dentification of possible influences

Proper scenario analysis

Model uncertainties
|dentification of possible model uncertainties

Application of different model options
Data uncertainties

Quantification of data uncertainties
Deterministic parameter variations
Probabilistic analysis

uncertainty analysis
sensitivity analysis

2014 US/German Workshop on Salt Repository Research, Design, and Operation 9





Outcome and Recommendations from Former Projects
PAMINA and MeSA

« Uncertainty analysis
Proposal for a systematic procedure to derive PDFs
Protocol to treat model uncertainties
These procedures should be further developed and tested in an international framework
Use of realistic Safety Cases
Experiences shared with other institutions could provide valuable guidance

« Expert judgement
Review of approaches was made
Necessary to examine such guidelines further
to determine whether and when more formal approaches to expert judgement are warranted
for system description and scenario derivation

» Probabilistic sensitivity analysis (SA)

Principle considerations of conventional and some modern methods for sensitivity analyses
within the post-closure safety assessment of DGR

Robustness of various methods to handle non-linearities is quite different and the results are not
always the same for all methods

More research work is needed to establish a reliable procedure for SA
An international frame would be needed for an efficient treatment of this task

2014 US/German Workshop on Salt Repository Research, Design, and Operation 10





2nd draft proposal: TEP: Confidence Building and Handling of
Uncertainties in Safety Assessment for Geological Disposal Facilities

WP 1. Management of uncertainties

- Task 1.1: Strategies for managing uncertainty

« Task 1.2: Management of uncertainties in different time frames of disposal system evolution
« Task 1.3: Regulatory decision-making under uncertainty

« Task 1.4: Communication of uncertainty

WP 2: Uncertainty identification and quantification

« Task 2.1: Expert judgement

« Task 2.2: PDF derivation

« Task 2.3: Identification and quantification of correlations
WP 3: Sensitivity analysis

« Task 3.1: Survey and assessment of methods in view of PA
« Task 3.2: Comparison of methods by numerical experiments
« Task 3.3: R&D triggering

WP 4: Co-ordination

« Task 4.1: Work co-ordination

« Task 4.2: Training

« Task 4.3: International conference
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Planned contributions of JA8 participants in 2014 and 2015

Work in2014/2015 Active support / provide input
WP 1: Management of uncertainties (Leader: Galson)

Task 1.1: Strategies for managing uncertainty NDA, Galson,

Andra, SKB, TUC, Posiva
Task 1.2: Management of uncertainties in different NDA, Galson,
time frames of disposal system evolution Andra, SKB, Posiva, GRS

Comment: to be done within EC project, in 2 years,
uncertainty when SSM and STUK finalized their reviews
NDA (test in stakeholder dialogue), Galson,

GRS?, Surao, UJV

WP 2: Uncertainty identification and quantification (Leader: NDA)

BfS?,Surao, Galson
SKB, Posiva, Andra, NRG(2015), Surao, UJV

Task 2.3: Identification and quantification of NDA, GRS,

correlations Andra, SKB
WP 3: Sensitivity analysis (Leader: GRS)

1 E G i BT AR T3 1 FE T g T 0 8 g (S o O RGBTSR GRS: distribute overview report second half 2014

Task 3.2: Comparison of methods by numerical GRS, Sandia, Andra,
experiments TUC: distribute overview report second half 2014

Task 3.3: R&D triggering Surao, UJV
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Recent, Current or Planned Work related to WP 3

GRS:
« Compilation of an overview report on methods of sensitivity analysis
» Test and comparison of different methods
two generic repository systems in rock salt
 ldentification of further methods to overcome identified problems

ANDRA:
* Benchmark tests of sensitivity analysis methods

repository system in clay (French concept)

Sandia:
» Detailed sensitivity analysis studies for Yucca Mountain site
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Further Procedure and Outlook

Continue co-operation work within the TSWG on own cost until 2015/2016
» Specific sub-groups with common interest
» Topics as identified (cf. Table)

Schedule
» October 2014: IGD-TP Exchange Forum Kalmar (Sweden)
Presentation of on-going and planned JA8 work
« Spring 2015: Technical meeting
Presentation of results achieved in the working groups
Compilation of progress
|dentification of topics for further international investigation
«  September 2015: Description of topics for a potential TEP

2014 US/German Workshop on Salt Repository Research, Design, and Operation 14
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September 9 — Tuesday

TM-behavior of salt

08:30-08:50 Update on the “Joint Project on Constitutive A. Hampel (Scientific Consultant)

Laws benchmark”

08:50-09:10 Modeling WIPP rooms B/D L. Argiello (SNL)
09:10-09:30 Laboratory tests on WIPP salt (update) U. Dusterloh (TU Clausthal)
09:30-09:50 Laboratory tests on WIPP salt (update) T. Popp (IfG)

09:50-10:10 Complementary laboratory tests on WIPP salt  I. Plischke (BGR)
at higher temperatures

10:10-10:30 Characterization of halite from WIPP and M. Pusch (BGR)
Gorleben

10:30-10:50 Break

Plugging and Sealing
10:50-11:10 Shaft Seal System of VSG N. Miller-Hoeppe (DBE TEC)
11:10-11:30 ELSA shaft seal project U. Glaubach (TU BAF)
11:30-11:50 Salt reconsolidation principles and application  F. Hansen (SNL)
11:50-12:10 Discrepancy between modeling and N. Miller-Hoeppe (DBE TEC)

measurement in the realization of real seals

12:10-13:30 Lunch

Safety Case and Performance Assessment

13:30-13:50 Summary /Synopsis and open questions of the J. Monig (GRS)

VSG

13:50-14:10 US response on the methodological approach ~ C. Camphouse (SNL)
(Interim report ISIBEL-project)

14:10-14:30 PA development (PFLOTRAN) and the Safety G. Hammond (SNL)
Case

14:30-14:50 Visualization tool VIRTUS: possibilities and K. Wieczorek (GRS)
limits of application

14:50-15:20 Break

15:20-15:35 FEPs development activities G. Freeze (SNL)

15:35-15:50 FEPs development activities J. Wolf (GRS)

15:50-16:10 IGD-TP Joint Activity: Handling of uncertainties D-A. Becker (GRS)

16:10-16:30 Feedback Session G. Freeze (SNL)

16:30 Optional — Restaurant reservations for those Brazilian Buffet
interested at. Omira Bar & Grill 1005 S. St. Francis Drive

Day 2 Companion Event - Folk Art Museum of Santa Fe
Begins 10 AM. Transportation will be provided






