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Site conditions, mining history, decision
for radioactive waste retrieval

Mine surveying, stabilization using sorel-
concrete

3D-models for assessment of spacious
and local processes, in-situ validation

Topics





Geology and mining





Na3 mining field
(Southern flank)
approx. 3.75 Mio. m?
1916-1964

Na2 mining field (Core of saddle)
approx. 0.45 Mio. m*
1927-1963

Carnallitite mining field
(Northern flank)
approx. 1 Mio. m*
1909-1925

Volume of exploration and time course





e On account of breaking processes and of
permanent risk of inflow escalation
emergency concept:

» Backfilling, sealing

» Drainage systems, brine storage

» In case of accident shaft sealing,
counter-flooding with brine

e Currently: Stabilization, intensive mine
surveying and geomechanical assessment
of still open infrastructure.

http://www.asse.bund.de

e Parallel: Borehole exploration of selected
radioactive chambers and setting-up of
prerequisites for retrieval.

{fGII Separated area for borehole exploration of radioactive waste chamber 7 5





Mine surveying, stabilization
using sorel-concrete










Horizontal pillar compression per year (mm)
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Refilling of the
chambers using
special concrete
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Pneumatic backfilling
using granular salt
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Decrease of pillar deformation rates because of backfilling





658-m-level

Due to settlement generated gaps are refilled using sorel-concrete 9
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Stress-Monitoring- |
Station 6/490

Blindshaft 2 '

I{LG Example for thermo-mechanical interaction: Refilling of a cross-cut





Measured temperatures (°C)
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Temperature course in the cross-cut
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Stress course observed at monitoring station
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Pillar compression rate in horizontal direction





3D-models for assessment of
spacious and local processes,
In-situ validation
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1,7 Mio. elements, FLAC3D

In SW
direction

\

In NE direction

x(m): -2800... +3500
y(m): 0...594
z(m): 0...2450

{fGil 3D-model of half of the mine: Geometric idealization for spacious processes 15
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.{fGII Comparison of calculated (line) and measured (symbols) displacements and rates 16
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IfG" Temporal change of plastic shear deformation in the pillars and stopes 17





Floor heave and spalling (553-m-level,
1967)

Completely broken core of a stope
(3/616, 1992)

{fGll Different stages of stope fracturing h





Contour of Max Shear Strain Increment
Plane: on
Calculated by: Volumetric Averaging
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Visco-elasto-plastic deformation in the middle part of the mine
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IrG Microseismic events: Confirmation of damaging processes 20
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SW

2.7 Mio. elements,
FLAC3D

3D-model of half of the mine: Investigation of local processes

21





In NE
direction

/

In SW

\direction

x(m): -2800... +3500
y(m): 0...594
z(m): 0...2450

3D-model of half of the mine: Investigation of local processes 22
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__ 07/10/2014

Common decision after geomechanical assessment:
Complete backfilling of the drift using sorel-concrete and excavation of a bypass

1_'fG View at former entrances of spiral drift and mining room 3/750 after backfilling 24
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Microseismic
events
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'rI Geomechanically complicated situation in the drift in close distance to
| fG the radioactive waste chambers at 750-m-level





FLAC3D 5.01

©2014 Itasca Consulting Group, Inc.

637-m-level

Contour of Max. Principal Stress|
Plane: active on
Calculated by: Volumetric Averaging
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{fGII Minimal stresses (MPa) around mining and radioactive waste chambers 26





Stepwise abandonment and backfilling are
indispensible.

Without stabilization, fracturing around the
radioactive waste chambers jeopardizes retrieval
and hinders geomechanical prognosis.

For retrieval, backfilled drifts can be re-opened by
cutting.

Until beginning, intensive mine surveying and
geomechanical assessment of still open
infrastructure rooms are of utmost importance.

Conclusions

27
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Numerical Analysis of a Drift Intersection in
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Introduction ﬂ(IT

m Rock salt formations have been investigated as a potential host rock """
for different waste repositories due to the favorable thermo- mechanical

and hydraulic behavior.

B Several conceptual designs for the radioactive waste have been developed,
and all these consist of a series of panels:

e Borehole emplacement
e Drift emplacement

B The emplacement fields are connected by access and transport drifts that
intersect each other.
Underground layout of different mining strategies
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Objectives of the numerical analysis

= to predict deformations and stability of rock salt at
the intersection of main drifts caused by excavation.

= to estimate the three-dimensional extension of the
EDZ and tensile fractures in the surrounding rock.

= to demonstrate the features of ADINA program for
the modeling of tensile cracking and their propagation
using the virtual crack extension method.

A. Pudewills, INE-KIT





Characteristics of the analyzed drift intersections and the ﬂ(IT
domains considered for numerical modelling (dashed lines) :

Karlsruhe Institute of Technology

Rectangular intersection of equally large drifts

A large pillar in the Asse — mine
(Source: http://www.asse.bund.de)

Rock salt
———————— Drif .
| - t 7m high
: ! and
| Pillar ! 4,5 m width
Lo -

A bifurcated drift intersection with a
wedge-shaped salt pillar in between

o Drift

Rock salt 6m high
and
4,5 m wide

a =60°; 50°

A. Pudewills, INE-KIT
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Constitutive relations and material
properties for rock salt

Total strain rate: étot = el + byp + é\(}lp

é\,p . viscoplastic strainrate (volume const)

&d

vp: viscoplastic strainrate due to damage

Viscoplastic flow rule:

&, =) <@ (F(o0)) > 0Fldo
where P

y = a, exp (-a,/ T) isthe fluidity parameter,

a, a, : material constants,
T . temperature,
@ (F) : a monotonic function of yield function F.

AT

ttttttttttttttttttt f Technology

A. Pudewills, INE-KIT





Constitutive model for rock salt A\‘(IT

Karlsruhe Institute of Technology

Yield functions:
<OF)>=0 for F <0
<@F)> = (F-Fo) for F> 0

F VG (without volume change)
FO = np?+n,q?

where
m : arbitrary constant,
p : mean stress,

g : standard stress deviator,
ny, N, are functions of volumetric strain, g, = extey+es,

n = ¢ (qZ/pZ - Gy (¢0 = Evol ) /(1 - 8vol))
n, = 1-cgny p? o?

Cy, Cy, C5 are fitting parameters,
¢ =104, initial porosity of rock salt.

A. Pudewills, INE-KIT
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m Compression - dilatancy boundary: p = f,-om + fy0.°  (Hunsche & Cristescu,1989)

f,, f, : fitting parameters

a
b o
m Shear stress criterion for compression: TE off (am) = ﬁ (—m
(Hunsche,1993)

Treff - Predicted shear stress at failure
Om - Mmean stress
b, a are fitting parameters

m Tension - induced failure: o> 1 Mpa
ot : uniaxial tensile strength

m Simulation of the large-scale crack advances in 3D model using
the “virtual crack extension method” implemented in ADINA code.

A. Pudewills, INE-KIT





Karlsruhe Institute of Technology

Tensile fracture:

“Mode I”
A. Pudewills, INE-KIT
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Volumetric strain, effective and minimal stresses distributions
at 1235 days after excavation. (intersection angle is 90 °)

VOID

VOLUME M EFFECTIVE
FRACTION \ STRESS
TIME 1235, = TIME 1235,

SIcMA-P1
TIME 1235
E 0.00460 E 11.50 E 200
= 0.00380 = 090 = -067
= 0.00300 = 7.50 = -3.33
= 0.00220 = 550 = -6.00

— -8.67

E—mss

= 0.00740 = 350
E 0.00060 E 1.50
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Distribution of the effective stress fields at different sections _\\J(IT
through the model 1235 days after excavation.
(intersection angle is 90 °)

A. Pudewills, INE-KIT





The 3D geometry and element mesh for an intersection
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Karlsruhe Institute of Technology

with wedge-shaped salt pillar

Lithostatic stress = 14 MPa

Detail of mesh
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Cross-section of access drift :

~6 m high 4.5 m wide
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Evolution of the pillar cracks after drift excavation. The fractures gg(llll
develop at the roof and advance to the floor direction.

( intersection angle is 60°)

Karlsruhe Institute of Technology

WIPP-Site, ROOM 3, 2012

Y\I/X
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Distribution of displacement and effective stress fields in :gg(lT
rock salt at the intersection 1323 days after excavation.

(intersection angle is 60°).

Karlsruhe Institute of Technology
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Ny L
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4.00
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Distribution of minimal principal stress field in rock salt at the intersection \‘(IT
and creep-strain plot at half height of the model 1323 days after excavation. A

(intersection angle is 60 °)

SIGMA-F1
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F 0.00120

EFFECTIVE
CREEP
STRAIN

TIME 1323.

F 001920
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— 0.00480

Karlsruhe Institute of Technology

TIME 1323 days
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Distribution of displacement fields at the intersection entrance ‘(IT
and effective and minimal stress plots at half height of the model A\
10 years after drift excavation. (intersection angle is 50 ©)

Karlsruhe Institute of Technology
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Summary and Outlook

The constitutive models for rock salt have been improved to describe
the tensile fractures of different kinds of underground intersections

The use of the virtual crack extension technique seems to be an
efficient and accurate approach to fracture mechanics calculations
in finite element analysis.

The 3D modeling of the complex structures was an important test
of the ADINA code for rock salt benchmark simulations.

This work reveals future improvements of the constitutive model
in order to describe the influence of the elevated temperatures.

A. Pudewills, INE-KIT
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In the Opening Remarks

“Science and engineering is often advanced, not
by dedicated research, but by responding to
mistakes and problems”





In the Opening Remarks

“Science and engineering is often advanced, not
by dedicated research, but by responding to
mistakes and problems”

 We should feel challenged to transfer our
basic-research results to actual application





Conference Research

* Nuclear Waste
— Creep
— Damage and Permeability
— Backfill Consolidation
— Sealing and Barriers
— Acoustic Emissions

* Gas & Liquid Storage
Caverns

— Numerical Modeling

e Academic
— Principles

— Constitutive
Developments

* Lab Testing
— Creep
— Damage & Strength

— Permeability &
Damage/Healing

— Backfill Consolidation





Those that Benefit

Salt Miners (Cargill & Trona Miners (FMC)
American Rock Salt) — Alternate Ways to Mine
— Far-Field Damage & Inflows — Stability in Mixed Rock
— EDZ (DRZ) = Pillar Size Change — Backfilling
— Stress Redistribution — Subsidence
— Surface Subsidence  Cavern Storage
Potash Miners (Mosaic & Consultants
Highfield) — Cavern-Edge Damage
— Creep at 1000 m Depth — Roof Falls & Casing
— Mineralogy Effects Damage
— Rapid Damage & Stress — Volume Lost to Creep
Redistribution — Well Tightness

— Backfill & Bulkheads — Subsidence





SaltMech-IX

e The Next Conference on the Mechanical
Behavior Of Salt (SALTMECH-IX) Will Be in
Germany, Likely:

— During 2018
— In Hannover (BGR)






%Hx TU Clausthal

Clausthal University of Technology

HM-coupled processes to be considered in the
context of a safety case analysis for sealed
caverns in rock salt used for waste disposal

8th International Conference on the Mechanical Behaviour of Salt

R. Wolters, K.-H. Lux, U. Dusterloh

Chair in Waste Disposal and Geomechanics
Clausthal University of Technology

28 May 2015
Rapid City, SD





TU Clausthal Outline

Clausthal University of Technology O—O—O—-O—-O—-O—O—

= Waste Disposal in Salt Caverns

= Physical Behaviour of Rock Salt

= Constitutive Model Lux/Wolters

= Hydromechanical Behaviour of the Waste

= Numerical Simulation Tool FLAC3P-TOUGH2
= Numerical Simulation Results

= Conclusions

HM-coupled processes to be considered in the context of a safety case analysis
for sealed caverns in rock salt used for waste disposal

2





ﬁm TU Clausthal Outline

Clausthal University of Technology @—O—O—O0—-0O-O—O—

= \Waste Disposal in Salt Caverns

HM-coupled processes to be considered in the context of a safety case analysis
for sealed caverns in rock salt used for waste disposal 3





-ﬁﬂ@ TU Clausthal Waste Disposal in Salt Caverns

Clausthal University of Technology - O0-O0-0-0O-0-0O—

Waste disposal in rock salt mass may be done in waste repositories
or in salt caverns (e.g. former storage caverns).

Waste Repository Storage Cavern

Endlager, iibertégige Einrichtungen

(Gesellschatft fiir Anlagen- und Reaktorsicherheit) (KBB Underground Technologies)

HM-coupled processes to be considered in the context of a safety case analysis
for sealed caverns in rock salt used for waste disposal
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Different ways of waste disposal in salt caverns (1/3):

= Disposal of liquid waste in a
before-depleted salt cavern

l (KBB Underground Tecfinologies)

MONO-CAVERN REPOSITORY

" Not allowed in Germany because liquid waste
might be squeezed out due to pressure-driven =]
fluid infiltration from the salt cavern into the .=
surrounding rock salt mass as a consequence of * \ B
cavern convergence !

1 OVERBURDEN

ROCK SALT

1000 4

1200 |

DEPTHY = AFTER SEALING
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Different ways of waste disposal in salt caverns (2/3):

‘HLH“ =

= Disposal of dry granular waste in a
before-depleted salt cavern

l (KBB Underground Technologies)

= Problem: possible loss of cavern stability due to missing
Internal pressure for a relatively long period of time, especially
In deep salt caverns !!!

HM-coupled processes to be considered in the context of a safety case analysis
for sealed caverns in rock salt used for waste disposal
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Different ways of waste disposal in salt caverns (3/3):

= Disposal of a waste slurry in a
brine-filled salt cavern
— wet-in-wet-emplacement

(KBB Underground Technologies)
Operational Phase Abandonment Phase Post-Operational Phase
(a) Pressure Build-Up Phase (b) Infiltration Phase
Hydraulically Open System Hydraulically Closed System

= A safety case analysis has to
be performed to show that
contaminated pore fluid will not
get back to the biosphere as a
result of cavern convergence.

10 years 0-10 years 100-300 years t— o

Processes of Solidification and Desaturation Material Parameters
Initial Conditions of the Waste:

M/H Consolidation Compaction — ? E,v:n,.K,iy; Kgine
C ——Hardening due to Chemical Reactions +—— ?

HM-coupled processes to be considered in the context of a safety case analysis
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= Physical Behaviour of Rock Salt

HM-coupled processes to be considered in the context of a safety case analysis
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= Creep behaviour of rock salt under deviatoric stress conditions
leads to cavern convergence over time
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= Undisturbed rock salt is liquid and gas tight! @
= N Gz = pFI Gy N O-Z T pFI Gy . O-Z 1 pFI O-Y ®/

= Fluid pressure may =3 =g’

open grain ol TR 7"* B | %

1 i :
boundaries between =% T el
rock salt grains oy <0, <0, o, <P <0, o, <P <0,

= L ab investigations concerning the pressure-driven fluid infiltration

process — Dusterloh (2009) Darcy-flow
5 \¥ 250
45
axial stress & 4 pwbemido iy 10
fluid pressure %3’2 =t —rees rmw/ -
7 25 o £
confining pressure £ 2 b b s Mlminndoh E
gp S L= 4\//7 L m
fluid volume %Q\ te =
05 1 T ——
0 50
0/ 2000 4000 6000 8000
time (min)

infiltration phase  hydraulic breakthrough
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Constitutive Model Lux/Wolters

HM-coupled processes to be considered in the context of a safety case analysis
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= Hydromechanical Behaviour of the Waste

HM-coupled processes to be considered in the context of a safety case analysis
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= The hydromechanical behaviour of the emplaced waste may be physically
modelled as a poroelastic material.

= The waste has to be investigated in lab tests performed at realistic loading
conditions to get representative material parameters.

before compaction after compaction waste sample
(slurry) (solid material with residual pore fluid)

HM-coupled processes to be considered in the context of a safety case analysis
for sealed caverns in rock salt used for waste disposal
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= 3-phase lab tests have been performed at in situ loading conditions to
guantify the mechanical properties of the waste.

- The saturation phase is needed to resaturate the specimen after its emplacement in the
testing machine.

- The drained phase is used to get the drained bulk modulus of the waste.
- The undrained phase is used to get the Biot's coefficient of the waste.
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= The porosity as well as the fluid content of the waste may be derived from
the consolidation phase lab test.

= To get the permeability of the waste after the consolidation phase, there
have been performed lab tests with very small hydraulic gradients at in situ
loading level conditions.
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Numerical Simulation Tool FLACSP-TOUGH?2

HM-coupled processes to be considered in the context of a safety case analysis
for sealed caverns in rock salt used for waste disposal 17





TU Clausthal Numerical Simulation Tool FLAC3P-TOUGH?2

Clausthal University of Technology O—O—-O—-O—@—O—O—

Sequentially coupled flow-geomechanics simulator

Based " < FLACS3P (geomechanics)
3D_ ased on sortware
FLACSP-TOUGH2 TOUGH?2 (fluid+thermal flow)

Material-specific constitutive relationships available

Can deal with large strains & creep processes

Mechanical problem is solved first (undrained split method)

o(ty), e(ty), a(ty), e(tp), a(ts), e(t3), o(ty), e(ty),
k(ty), p(t1), k(tz), d(tz), k(t3), (t3), ke(ty), p(ty),
P(t), T(th), S;(t1)  P'(t2), T'(t2), 5, (t2) P'(t3), T'(t3), 5, (t3) P'(ty), T'(ts), 5" (ta)

FLACSD: M M M
A k(ts) d(t3)s A k(ty), ¢ (ta),
q)&m-) ) P'(t3), HT'(ta): 5'(ta) Pt l}'(t«t): S'(ta)
\M“)T?@D‘S‘ P(t3),
Pn@q)’ T(ty), T(t3),
5 (t;) S5:(t3)
TOUGH2: | TH TH TH
P(t), T(tp), 5,(tz) P(t3), T(t3), 5;(ts) P(ty), T(ty), 5,(ty)
t
T T T >
Legend: At 1 Atz At3
P : pore pressure Kk : permeability o stress
T : temperature @ porosity £ strain

S,: liquid saturation t:time
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Numerical Simulation Results
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Less-likely cavern development:

If the waste does not solidify after its emplacement, the whole cavern may be
simulated as a sealed brine-filled cavity. Cavern convergence will increase the brine-
pressure within the cavern, leading to a pressure-driven brine infiltration into the rock

salt mass.

t= 1,000 a t = 10,000 a t = 100,000 a t = 350,000 a

HM-coupled processes to be considered in the context of a safety case analysis
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Likely cavern development:

Even if the waste gets only a very low stiffness due to consolidation processes, the
intensity of the pressure-driven infiltration process will be decreased significantly.
Unfortunately, the numerical simulation of a sealed waste-filled cavern shows a
numerical instability after some time, but it is possible to make an extrapolation for the
long-term load-bearing behaviour of the cavern.
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extrapolation of the numerical simulation results
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The process of pressure-driven fluid infiltration into a primarily impermeable rock salt mass has to
be considered in the framework of a safety case for a hazardous waste disposal cavern in a rock
salt mass, especially if the waste is emplaced in the brine-filled cavity using the so-called wet-in-
wet technology which involves replacing the brine by waste. In this case, the waste itself has a
consistency similar to a paste or slurry and consists of fine-grained solid particles with pore spaces
saturated with brine.

At Chair in Waste Disposal and Geomechanics of Clausthal University of Technology there has
been undertaken a lot of scientific research on this process in recent years, especially involving
laboratory investigations to improve the understanding of
the physical aspects which have an influence on the
process, as well as numerical simulations of the long-term
load-bearing behaviour of waste disposal caverns in

rock salt mass.

As shown by the numerical simulations, the process of
pressure-driven fluid infiltration may create a permeable
connection between the waste-filled cavern in the rock salt
mass and the cap rock, so that the waste is no longer
isolated from the biosphere. Nevertheless, as long as the
geological barrier has a sufficient thickness, and some
basics concerning thermal equalisation or gas generation
are considered, the process of pressure-driven fluid
infiltration needs a very long time to create the permeable
connection. By simulating the behaviour of a reference
cavity, barrier integrity is demonstrated over a time period
of 1 million years.

surface

overburden / cap rock

¢« top of salt

intact geologic barrier (rock salt mass)

infiltration zone

no convergence

compacted / solidified waste
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Thank you for your attention!
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