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Crystalline Disposal R&D Work Packages

 Objectives

– Advance our understanding of long-term disposal of 
used fuel in crystalline rocks;

– Develop experimental and computational capabilities to 
evaluate various disposal concepts in such media.

 Focus on two key components of deep geologic 
repository in crystalline rocks

– Better characterization and understanding of fractured 
media and fluid flow and transport in such media

– Designing effective engineered barrier systems for 
waste isolation

 Fully leverage international collaborations

– Korean Atomic Energy Research Institute 

– Äspö Hard Rock Laboratory (Sweden)

– DECOVALEX (Bedrichov Tunnel Tests, Czech) 

– Colloid Formation & Migration Project (Switzerland)

– Others  
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Relevant Physical & Chemical 
Conditions

UOX fuel (40 GW-d/MT), 32-PWRs (Hardin & Voegele, 2013)
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Temperature

Thermal pulse

Full saturation of buffer materials

Failure of copper-shelled waste package

WF degradation; RN release & transport

Manufacturing defects of Waste package WF degradation; RN release & transport
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Experimental & modeling activities for 
used fuel disposition in crystalline rocks

Waste 
Form 
(WF)

EBS Buffer/Backfill Host Rock

W
a

s
te

 P
a

c
k

ag
e

(W
P

)

ENGINEERED BARRIER SYSTEM (EBS) GEOSPHERE

THCMBR Processes

Radionuclide (RN) Transport

BIOSPHERE

Biosphere 
(and Surface)

[SNF]
[HLW]

[BENTONITE] [GRANITE] 

NEAR FIELDSOURCE FAR FIELD RECEPTOR

S
e

a
ls

/L
in

e
r

Aquifer

Source Term
 RN Inventory
 WF Degradation
 WP Degradation

Receptor
 Dilution
 Water 

Consumption
 Dose Conversion 

Factors

Near-Field  and Far-Field
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 DRZ Evolution
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Processes

Laboratory 
Experiments 
& Field Tests

Subsystems

Models Mixed Potential 
Model (MPM)

Discrete Fracture 
Network (DFN) Model

Fractured 
Continuum Model

THMC Models of 
Buffer Materials

Radionuclide 
Transport Models

Thermal 
Limits of 

Clays

CFM – Colloid 
facilitated 
transport

RN 
Interaction 
with Clay

Streaming 
Potential 

Tests

Buffer-Rock 
Interaction 

Exp. (BRIE) 

DECOVALEX:
Bedrichov 
Tunnel Test; 
Single 
Fracture Exp.

Site 
Characterization 
Data: KURT, 
Forsmark, etc.
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Integration & coordination among 
institutions

5

ANL
• Mixed potential model

LANL
• Discrete fracture network 

(DFN) model
• Colloid transport
• Grimsel (CFM)
• SKB BRIE

LBNL
• U diffusion in compacted 

bentonite

LLNL
• Colloid stability
• Np diffusion in bentonite
• Analysis of CFM data 

from Grimsel

SNL
• Technical integration & 

coordination
• Thermal limit of buffer 

materials
• Iodide diffusion & sorption in 

compacted clays
• Fracture continuum model 

(FCM)
• DECOVALEX (Czech -

Bedrichov, fracture 
closure/opennng)

• KURT

PNNL
• Radiolysis model
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Integration & coordination

Engineered 
Material 

Performance

Crystalline 
Disposal R&D

Argillite 
Disposal R&D

Regional 
Geology R&D

International 
Disposal R&D

Generic Disposal 
System Analysis

Disposal of Dual 
Purpose Canisters

Deep Borehole 
Disposal

Joint model 
development & data 

collection
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Institutions involved: ANL, LANL, LBNL, LLNL, SNL
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FY16 Work

 Objectives

– Advance our understanding of long-term disposal of used fuel in 
crystalline rocks;

– Develop experimental and computational capabilities to evaluate 
various disposal concepts in such media.

 Focus on two key components of deep geologic 
repository in crystalline rocks

– Better characterization and understanding of fractured media and 
fluid flow and transport in such media

– Designing effective engineered barrier systems for waste 
isolation

 Fully leverage international collaborations

– Korean Atomic Energy Research Institute 

– Äspö Hard Rock Laboratory (Sweden)

– Bedrichov Tunnel Tests (Czech) 

– Colloid Formation & Migration Project (Switzerland)

– Others  

 Model development & integration

– Integration with GDSA: PA model for crystalline media

– Wrapping up some activities (e.g. colloid formation & transport)

– Model demonstration with actual data
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KAERI Underground Research 
Tunnel (KURT)

 SNL and KAERI have developed a multi-
year plan for joint field testing and 
modeling crystalline disposal media.

 Work currently planned includes three 
tasks: 

– Streaming potential (SP) testing

– Sharing KURT site characterization data

– Technique development for in-situ borehole 
characterization. 

 Status updates

– Site characterization data received

– Plan for the development and demonstration 
of in-situ borehole measurements developed

– Report on material specifications for Ca-
bentonite (e.g. swelling pressure) received

– Received the data set of SP test

– New contract on borehole trace testing 
placed (joint with Depp Borehole WP)
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Streaming potential test: the Concept
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Kuhlman (2016, per. comm.)
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Streaming potential testing –
experimental setup
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Numerical simulation of tracer test
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Streaming potential testing
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Hydrologic Borehole Tracer Testing

 The contractor shall conduct hydrologic testing in their existing granite boreholes to 
provide data and experience to increase the likelihood of success in the deeper and 
larger-diameter DOE-NE deep borehole project.

 Tracer testing will be conducted using a three-packer system in the KAERI deep 
granite borehole that allows testing between two adjacent packed-off borehole 
intervals. 

 Injection will occur into one interval and recirculation pumping will occur into another 
interval. A push-pull (injection followed by withdrawal from the same packer) tracer 
test will be conducted before and will overlap with a vertical dipole tracer test (injection 
of tracer from one packer and withdrawal with recirculation from another packer). 

 Different tracers will be used in the push-pull and vertical dipole tracer tests, to allow 
interpretation of both tests independently.

 The contractor shall be responsible for instrumentation, testing and data acquisition. 
SNL and the contractor will work jointly on experimental design and data 
interpretation. 
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General observations

 Clear objectives are the key to the success

– KURT data for development reference cases

– KURT data for discrete fracture network model demonstration

 Need substantial commitment for actual technical work

– Funding for actual technical work

– Face-to-face meeting 

– Need stable and predictable funding

 Opportunities

– Newly extended tunnel

– In-situ Engineered Barrier System (EBS) testing program

– Fluid flow and transport in major fracture zones

– Inclusive & responsive

– Able to directly participate in experimental design

14
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DECOVALEX – Task 2: Multiple environmental 
tracer test at Bedrichov Tunnel, Czech Republic

Model 2 
(V6)

Model 3 
(V2)

Model 4 
(V4)

tunnel depth [m] -39 -140 -91

thickness of shallow 
zone [m] -20 -15 -20

parameter 
group 2 K shallow [m/s] 1.00E-06 1.00E-06 1.00E-06

K fract [m/s] 1.14E-07 1.29E-10 2.35E-08

POR2 K deep [m/s] 5.47E-10 3.17E-12 4.04E-10

n shallow 0.02 0.02 0.02

n fract 0.04354 0.00004 0.073

n deep 0.0225 0.00004 0.073

dispersion length (L/T) 
(m) 1-May 1-May 1-May

tortuosity 1 1 1

diffusion coef. (m²/s) 6.00E-10 6.00E-10 6.00E-10

Tracers: δ18O, δ2H, 3H, CFC 
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PFLOTRAN

 3D integral finite volume

 Multi-physics:

– Multiphase, heat and fluid flow and reactive transport

 Massively parallel

 Here we used Richards Mode with flow equation:

 And the multi-component reactive transport equation:

 PFLOTRAN is 3D only, thus fractures must be treated as a 3D portion of the 
domain

16
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Model domain
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Time Variable
Recharge Flux/
Recharge Conc.

Const. Atm. Press.
Zero-gradient conc.

Const. Hydrostat. Press. 
- elev. of valley

Const. Conc. 
- mean of record

Constant Recharge = 200 mm,
Tracer Pulse

Constant Pressure = 1 atm,
Tracer discharge

Constant Head, 
Tracer discharge
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Initial Conditions – Transient Flux

 Model “spin up”

– First assumed fully saturated 
column at hydrostatic pressure

• Set tunnel to atmospheric pressure

• Set recharge to 200 mm across the top

• Run model until steady state achieved for 
initial flow field

– Assign average tracer  
concentration throughout

– These initial condition are used in 
transient simulation where 
transient tracer concentration and 
recharge are applied across the 
top

• Recharge 20% of monthly average

• Isotope composition inverse distance 
weighted precipitation composition

18
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Modeled and Observed Discharge 
– M2,V6
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Modeled and Observed 18O –
M2,V6
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DECOVALEX Task C1: On fracture 
opening and closure

Yasuhara et al. (2006)
Polak et al. (2004)
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Fracture opening and closure

McGuire et al. (2013)

Ellis et al. (2013)
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Fluid flow channeling

Elkhoury et al. (2013)
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Geometrical Representation of Fracture 
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Local Stress
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Chemical potential
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Aziz et al. (1991)

Stress-activated mineral dissolution

Yu and Suo (2000)
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Reaction-diffusion at a fracture contact
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Shape evolution of a circular channel
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Shape evolution of a circular channel

Material & solution Axial load (bars) Hole shape
In salt solution

Salt undersaturated 1 30 Flattened circle
Salt undersaturated 2 12 Flattened circle
Salt undersaturated 3 13 Flattened circle
Salt saturated 1 15 Ellipse perpendicular
Salt saturated 2 14 Ellipse perpendicular

In dilute hydrochloric acid
Solenhofen limestone 3 129 Ellipse parallel
Solenhofen limestone 4 66 Ellipse parallel
Solenhofen limestone 6 45 Ellipse perpendicular
Oak Hall limestone 1 297 Ellipse perpendicular
Oak Hall limestone 3 324 Ellipse perpendicular
Oak Hall limestone 4 170 Ellipse perpendicular
Oak Hall limestone 5 262 Ellipse perpendicular
Kasota limestone 59 Ellipse perpendicular
Marble 1 220 Flattened circle
Marble 2 187 Flattened circle
Marble 3 91 Flattened circle
Water lime 1 48 Irregular
Water lime 1 42 Irregular
Water lime 1 29 Irregular
Chalk 1, Kansas 39 Irregular
Chalk 2, Kansas 24 Irregular

Yu and Suo (2000)

Yu and Suo (2000)
Conclusions: 
• Existing model assumption: Mineral dissolution 

on the free surface of a cavity embedded in a 
stress rock depends only on the normal stress 
exerted by a hydrostatic pore fluid pressure.

• The tangential stress and the stress-activation 
mechanism must be taken into account. 

Sprunt and Nur (1977)

Sprunt and Nur (1977)
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Criteria for channel opening and 
closure

McGuire et al. (2013)Yasuhara et al. (2006)
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Infiltration instability and preferential 
channeling

Dewiler (2010)

Polak et al. (2004)

Spacing of channels:
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• Spontaneous switching
• Appropriate scale for studying 

preferential channeling


