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Fracture Continuum Model Summary 


Approach to stochastic modeling of fracture 
permeability (McKenna and Reeves, 2005 and 
Kalinina et al. 2012) 


Based on the discrete fracture network and effective 
continuum approaches 


Fracture sets mapped onto uniform grids. Fine-scale 
grid discretization 


Fracture orientation, length, frequency from 
boreholes and observation 


Provides a realistic representation of fractures in 
granite rock 
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FCM Capabilities 


The Fractured Continuum Model 
(FCM)  incorporates fully three-
dimensional representations of 
multiple independent fracture sets 
with arbitrary fracture dips and 
orientations.  


 FCM capabilities in generating different types of fracture 
settings: 
 Multiple sets of natural and induced fractures with 


different dips and orientations.  
 Different fracture spacing and aperture in different 


fracture sets.  
 Different fracture density with depth (a sequence of 


intervals with high and low fracture densities is very 
common). 
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FCM METHOD: Mapping Permeability of 
Discrete Fractures onto a Regular Grid  
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 Permeability Tensor (Chen et al, 1999) 
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b - fracture aperture  
d - fracture spacing 
α - fracture plunge (900 - dip)  
ω - fracture trend (strike - 900) 


Kxx, Kyy, Kzz 


kij
m is permeability tensor of fracture set m  
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Modifications to FCM to 
Accommodate DFN Approach 
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FCM Parameters 
d - fracture spacing 
b - fracture aperture   
α - fracture plunge (900 - dip)  
ϑ - fracture trend (strike - 900) 


Number of fractures k in a grid block is calculated using Poison Distribution:  


Fracture Spacing Modification   


Pxyz is calculated using Sequential Gaussian Simulation (SGSIM): 
Correlation Ranges in x, y, z – based on fracture radius and shape aspect ratio 
Correlation angles in x, y, z – based on fracture orientation 


Probability f(k,λ) is assigned to each grid block using spatially correlated number Pxyz  


DFN Parameters 
λ - fracture density 
R- fracture radius  
Fracture shape (elliptical or rectangular) 
Fracture shape aspect ratio 
a,ϑ,κ - fracture orientation 


An option to use ELIPSIM was added as well. 
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Modifications to FCM to Accommodate DFN 
Approach - Continued 
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Fracture Aperture (b) Modification   


Fracture aperture (b) is defined as: 


where R is fracture radius and F and k are parameters. 
The fracture radius R is defined by truncated lognormal distribution 


Fracture Plunge (α) and Trend (Θ) Modifications   
α and Θ are calculated from mean α and Θ and deviations  α’ and  
Θ’ from mean values calculated using univariate Fisher distribution:  


where κ is Fisher’s dispersion. 
Trend 


Plunge 
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Test Case Fracture Parameters 
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Fracture Set 1: mean trend 900 , mean plunge 20 , κ=50   


Fracture Set 2: mean trend 00 , mean plunge 20 , κ=50   
Λ=0.52 m 


Mean 2 m,  
standard deviation 1 m 


Fracture Orientation: Fisher Distribution 
Fracture Radius: Lognormal Distribution 


Fracture Density:  Poison Distribution 
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Simulated Fracture Properties 
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Simulated Fracture Permeability Field 
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Simulated Probability Distribution 
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DFN-FCM Comparison 


 Comparison to be based on benchmark simulations as well as field data 
 For benchmark simulations x number of realizations to be used 


– Permeability fields to be generated for each realization  
– Comparison to be based on statistical data  


 Comparison would allow identification of similarities and differences in the 
modeling of flow and transport in crystalline rocks 


 The work can be expanded to other modeling applications such as thermal-
hydrologic analysis 
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Benchmark Simulations - Model Setup 


 Domain: 100 m x 100 m x 100 m with cell size of 2 m x 2m x 2m 
 No. of Elements/Nodes: 125,000 / 132651 
 Porosity: 0.01 
 Permeability: Anisotropic  
 Initial Conditions: Hydrostatic pressure  
 Boundary Conditions:  


– Pressure at top: 5 MPa 
– Pressure at top of West Face: 5.1 MPa 
– Pressure at top of East Face: 5.0 MPa 


 Injection Point: X = 30 m, Y = 50 m, Z = 50m 
– Injection rate: 1 x 10-4 m3/s 
– Tracer: 1.0 M 


 Observation Points: 
– X = 50 m, Y = 50 m, Z = 50m 
– X = 70 m, Y = 50 m, Z = 50m 
– X = 70 m, Y = 50 m, Z = 10m 


 
 


11 







Used 
Fuel  
Disposition  


Results of FCM Simulations – 
Pressure  


 PFLOTRAN numerical simulator used 
 Flow and transport runs for 25 realizations 
 Steady-State Pressure for Realization 25: 
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Results of FCM Simulations – Tracer Transport 


 Tracer transport for Realization 25 
after 1 year simulation: 
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Tracer Concentrations at Observation Points 


 Results for Realization 25 
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Tracer Concentrations at Observation 1 
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Breakthrough Curves 
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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) 
– Bedrichov Tunnel Tests (Czech)  
– Colloid Formation & Migration Project (Switzerland) 
– Others   


Shafts


Waste form


Buffer


Waste Package


Disturbed Rock 
Zone (DRZ)


Ambient rock


Diffusion only


Modified from http://www.bbc.com/news/uk-england-cumbria-21253673 


Institutions involved: ANL, LANL, LBNL, LLNL, SNL 



http://www.bbc.com/news/uk-england-cumbria-21253673
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Relevant Physical & Chemical 
Conditions 


UOX fuel (40 GW-d/MT), 32-PWRs (Hardin & Voegele, 2013) 
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Experimental & modeling activities for 
used fuel disposition in crystalline rocks 
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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 


U and Am 
Interaction 


with granitic 
Materials 
(Column 


Exp.) 
Iodine 


Interaction 
with clays 


Pu 
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with Clay & 


Other 
Minerals 


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 
• Column expts on U and 


colloid transport 
• Grimsel (CFM) 
• SKB BRIE 


LBNL 
• Analysis of FEBEX-DP 


samples 
• U diffusion in compacted 


bentonite 
• THMC modeling -


DECOVALEX 
• Mont Terri 


LLNL 
• Pu interaction with clays 


(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 
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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 


D
ev
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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 
– Tangible outcomes (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 


– Received site characterization data 
– Received a draft of report on the 


development and demonstration of in-situ 
borehole measurements 


– Received a draft report on material 
specifications for Ca-bentonite (e.g. swelling 
pressure) 


– Received the first set of data on SP testing 
– Placed a new contract on borehole trace 


testing (joint with Depp Borehole WP) 
8 
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Streaming potential testing 
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Technical data and report exchange 
under JFCS 
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1 USA  
(Y. Wang)  


2 – Eng & Natl 
Systems 
(Crystalline) 


High-level radioactive waste management conference paper on iodide sorption and transport (anion 
uptake and transport in compacted clay materials) 


to ROK on November 24, 
2014 


2 USA  
(Y. Wang)  


2 – Eng & Natl 
Systems 
(Crystalline) 


UFDC Discrete Fracture Model (DFM) tool and  the continuum model to ROK on November 24, 
2014 


3 USA  
(Y. Wang)  


2 – Eng & Natl 
Systems 
(Crystalline) 


UFDC Report describing experimental and modeling tasks on thermal limits of bentonite (Ca and 
Na) clays used in engineered barrier systems, with results that seem to indicate that the previously 
held belief of a limit of 100C can be raised or eliminated.   


to ROK on November 24, 
2014 


4 USA  
(Y. Wang)  


2 – Eng & Natl 
Systems 
(Crystalline) 


UFDC FY2014 Milestone Report that discusses R&D in engineered barrier systems, natural 
systems considerations and reference case development for crystalline host rock repository 
environment 


to ROK on November 24, 
2014 


5 USA  
(Y. Wang)  


2 – Eng & Natl 
Systems 
(Crystalline) 


UFDC FY2014 Milestone Report on thermodynamic data development for clays and cementitious 
materials  


to ROK on November 24, 
2014 


6 USA  
(Y. Wang) 


2 – Eng & Natl 
Systems (Fuel 
Degradation) 


UFDC Report describing development of a mixed potential model (MPM) for source term 
representation  


to ROK on November 24, 
2014 


7 ROK (S. Lee, H. 
Jung, G. Kim) 


2 – Eng & Natl 
Systems 
(Crystalline) 


Fracture properties on two ROK research sites (granite and gneiss) including: 
- Up to 500 m in depth where it is expected to be more fractured than in deeper crystalline 
environments, and 
- 500-1000 m in depth where it is anticipated that the fracturing will be less than in shallower 
environments 


to USA by May 1 , 2015 


8 ROK (S. Lee, H. 
Jung, G. Kim) 


2 – Eng & Natl 
Systems 
(Crystalline) 


Continued work at KAERI and KURT through the contract funded by UFDC through Sandia 
National Laboratories. One possibility is using the newly excavated tunnel in KURT for flow and 
transport testing in major water conductive fractures. 


UFDC funding has been 
sent to KURT 
 
SP test report to SNL on 
March 12, 2015 


9 ROK (S. Lee, H. 
Jung, G. Kim) 


2 – Eng & Natl 
Systems 
(Crystalline) 


A report on properties of buffer material from KAERI based research in the ROK to USA on January 13, 
2015 


10 ROK (S. Lee, H. 
Jung, G. Kim) 


2 – Eng & Natl 
Systems 
(Crystalline) 


Topographic data developed by the ROK 
 


to USA April 2015 


11 ROK (S. Lee, H. 
Jung, G. Kim) 


2 – Eng & Natl 
Systems 
(Crystalline) 


Crystalline parameters gathered by the ROK including: 
- Hydrologic properties such as K, T, etc. 
- Geochemical data (cation and anion data) 


to USA by May 1 , 2015 


12 ROK (H. Jung) 2 – Eng & Natl 
Systems 
(Crystalline) 


Concrete degradation experimental work at Wolsong site.  Will send paper on gas generation to US 
from ROK 


to USA June 2015 


13 USA (Y. Wang) 2 – Eng & Natl 
Systems 
(Crystalline) 


Experimental Program for Used Fuel Disposition in Crystalline rocks.  Two “iodide” conference 
papers. 


to ROK October 2015 


14 ROK  (H. Jung) 2 – Eng & Natl 
Systems 


Unsaturated Zone Modeling Concept and Plan.  Send to US for review to USA October 2015 
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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 
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Motivation and Approach 


The thermal limit on EBS bentonite  
 Among disposal concepts all over the world, despite their differences in some details, a 


thermal constrain of 100 oC is uniformly used for EBS bentonite, and major concerns are 
chemical alteration (illitization), water boiling, canister corrosion.  


 Although illitization is extensively evidenced from geological system, laboratory 
experiment, field test and modeling studies show no conclusive evidence that illitization 
will occur and swelling capacity will be lower in bentonite.  


THMC model is employed with the following modeling strategy: 
 Finding out the mechanisms of illitization and major controlling factors through literature 


review and UFD laboratory experiments 
 Testing our illitization model and reaction rate with field data 
 Developing coupled THMC model to evaluate illitization and the hydraulic and mechanical 


consequence of > 100 oC heating.  


 Major achievements in FY15 
 Considering chemical-mechanical coupling for clay formation 
 Improving stability and efficiency of  the simulator, TOUGHREACT-FLAC3D 
 Extending simulating time to 100,000 years 
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EBS Bentonite: Kunigel-
VI/FEBEX bentonite 


Clay formation : Opalinus Clay 


Two cases for comparison: a “high T” 
case and a ‘”low T” case 


 Illitization can be modeled as smectite dissolution and neo-formation of illite  
 Swelling model for EBS bentonite :   


 
 


 Chemically induced strain for clay formation: 
 
 


sscnlsws dmAdCAdsKd +−= βσ 3


 Modeling Scenario 
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Model Results:  
Alteration of Mineral Phases in EBS Bentonite 
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Kunigel bentonite 
“high T” base case : 18-26% reduction in 
swelling stress; 
“low T” base case:  16-18% 


Model Results:  
Chemical effect on swelling stress 
 
 sscnlsws dmAdCAdsKd ++= βσ 3


“σs=f(Sl,C,Sc)”, the swelling stress is 
calculated as a function of liquid saturation 
changes (Sl), ion concentration (C) changes, 
and smectite (Sc) changes.  
“σs=f(Sl,C)”, the swelling stress is only a 
function of liquid saturation and ion 
concentration In the third set, denoted as 
“σs=f(Sl)”,the swelling stress is only a function of 
liquid saturation changes. 


FEBEX bentonite 
“high T” base case : 3-5% reduction in swelling 
stress; 
“low T” base case:  1.6-1.8% 







Used 
Fuel  
Disposition  


Model Results:  
Stress Evolutions in Clay Formation 
 


-2


3


8


13


18


23


28


0.001 0.01 0.1 1 10 100 1000 10000 100000


St
re


ss
 (M


Pa
)


Time (year)


Point C
high T, mean total stress
high T, pore presssure
low T, mean total stress
low T, pore presssure


Stress stabilizes after about 20,000 years 
Changes in pore water ion concentration 
and abundance of smectite leads to a 
decrease of 0.2 MPa (1.6%) in stress 
concentration 
Chemical changes has more pronounced 
effect on stress in the host rock near the 
interface than at the far field area.  
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In general, illitization in the bentonite is enhanced at a higher temperature. 
However, the quantity of illitization is affected by many chemical factors and 
subsequently varies a great deal. 
In term of illitization and its effect on stress, Kunigel and FEBEX 
bentonites exhibit distinct behaviors:  


 Kunigel bentonite undergoes more illitization than FEBEX bentonite 
 Illitization stabilizes after 20,000 years for FEBEX bentonite whereas 


illitization continues for Kunigel bentonite in current simulation time 
(100,000 years) 


 Chemical changes lead to 18-26% reduction in swelling stress for 
Kunigel bentonite and 3-5% reduction for FEBEX bentonite 


Model results show decent amount of silicate minerals forming in 100,000 
years, which raises the concern of cementation of  bentonite. 
Chemical alterations lead to moderate decrease (about 0.2 Mpa, 1.6%) in 
stress in clay formation.  


 
Summary of Current Findings  
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Future Work  
 
 
 Upgrading the simulator: 


Developing more rigorous approach to link chemistry to 
mechanics for more accurate calculation of the mechanical-
chemical coupling in bentonite, e.g. BExM + chemistry. 
Improving the numerical efficiency and stability 


Fine-tuning current model: 
Taking into account of chemical changes in the canister.  
Including Ca-smectite in the model 
Impact of silicate cementation on the mechanical behavior 
of bentonite 


 Model validation 
 Integration with PA model 
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Future: «hotFEBEX» ? 


 Current activities sketch the potential interests, needs and options of a 
“hotFEBEX” test at temperatures >150°C using the well characterized 
FEBEX drift   
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Chemical Alterations under Higher 
(>100 oC): Experiment VS Modeling 
 


Reaction rate:  
Pytte’s model:   
  


The effect of alkali metals: K and Na  


nSkKdtdS 25.0/ =−
A rate of 0.0006%/year at 100°C and 0.0038%/year at 200°C.  
  


The effect of silicates 
  


Na-montmorillonite + K+ + Al3+ → illite + SiO2(aq) + Na+ + H2O. 


Reconciliation of the apparent differences regarding 
illitization 


The effect of Al 
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Developing more rigorous approach to link chemistry to 
mechanics through the micro-structure strain.  
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The effect of ionic strength is accounted through osmotic suction   
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The effect of the amount of smectite is accounted through the mass fraction of 
smectite 
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Dual Structure Constitutive Model: 
Ongoing Work 
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Outline 
• dfnWorks overview 
• Forsmark, Sweden site  
 Contaminant transport modeling 
 Influence of in-fracture aperture variability 
 Influence of injection mode on transport 
 
Comparison Sandia’s FCM model using a 
synthetic data set 


 







dfnWorks 
Discrete Fracture Network Modeling Suite 


Sponsored by UFD 


dfnGen - Stochastic fracture 
generation, mesh generation, 
model setup 
 
dfnFlow – Flow solution using 
PFLOTRAN or FEHM control 
volume formulation solver 
 
dfnTrans – Particle tracking 
through  3D DFNs 
 


Conforming Delaunay Triangulation of Stochastically Generated Three Dimensional Discrete Fracture Networks: A Feature Rejection 
Algorithm for Meshing Strategy,  
 J.D Hyman, C.W. Gable, S.L.Painter, and N. Makedonska, SIAM J.Sci.Comput., 36, A1871-A1894, 2014 
Particle Tracking Approach for Transport in Three-Dimensional Discrete Fracture Networks, 
 N.Makedonska, S. L. Painter, Q.M. Bui, C.W. Gable, and S. Karra (under review at Computational Geosciences), 2015 







Why  dfnWorks? (1) 
• Free software 
• Suitable for modeling of  large scale DFNs  


 (scale of km) with thousands fractures and  few 
 million of computational cells 


• High quality unstructured computational mesh:        
conforming Delaunay triangulation;  Voronoi        
polygons represent control volume cells  


• The meshes for each of two intersecting fractures         
  coincide along  the intersection line 


•  HPC: Flow solution is obtained using highly parallel  
  control volume based solver, such as PFLOTRAN  







Why  dfnWorks? (2) 
• Locally mass conserving (no local stagnation points - 


no stuck particles) 
• Darcy velocities of fluid field are reconstructed at 


each node of computational mesh 
• Every intersection node represents four velocity 


vectors, explicitly representing direction of flow on 
fracture intersections 


• Tracking particles in flow field  through 3D fracture 
network  


• Particles travel time from matrix diffusion 
estimation using probability  density function  







Applications to Forsmark 
DFN realization similar to natural repository site, FORSMARK. 


Pressure field [Pa] 
Fluid flows from top to bottom  


Transmissivity profile [m2/s]  


Three sets of fractures with different orientation and power law size distribution are 
placed in domain of 1 km3. The DFN statistical data is given by SKB. 







5. 106  particles in 10 different DFN 
realizations in every set of 
simulated fracture densities. 


We use Complementary 
Cumulative  


Distribution Function for travel 
time analysis 


98% of 
contaminants 


will pass 
through in first 
thousand years  


In million years 
contaminants 
concentration 


is very low 


Modeling of Contaminant Transport  
in DFN similar to Natural Repository 


Site, Forsmark, Sweden 


Applications to Forsmark 







Influence of in-fracture  
aperture variability 


Correlation length λ is a function of 
fracture size R. 


Spatial correlation distribution of 
aperture / transmissivity is applied 
along each fracture in DFN. 
 


Applications to Forsmark 







Influence of in-fracture  
aperture variability 


Cumulative DF 
Complementary  
Cumulative DF 


Lagrangian quantity β is calculated for different correlation length λ  


bi is a half aperture in cell i, flow velocity vi,  
li is a length of the pathway in cell i   


Internal heterogeneity of aperture effects on transport in single fracture problem,  
however, it shows no significant difference in large DFNs, which consist of 
 thousands of individual fractures .  


Applications to Forsmark 







Influence of injection mode, resident or 
flux-weighted, on transport in DFN  


 Resident Flux-weighted 


Initial distribution of mass favors fractures 
with small apertures due to their higher 
concentration in network.  


Initial distribution of mass is into larger 
fractures due to the reduced resistance to 
flow. 


As the particles move  through the DFN domain, the majority of the mass migrates into 
the largest fractures in the network, indicating large, fracture-to-fracture flow channeling. 


Applications to Forsmark 







 
Comparison Sandia’s FCM model      


using a synthetic data set 
 


dfnWorks model: 
 Domain size: 50 x 50 x 50 m3 


 2 fracture sets: 
• fracture set with North-South orientation 
• fracture set with East-West orientation 


 Log-normal distribution of fractures size 


FCM model: 
 permeability profile  







Flow Solution and Transport  


Flow in direction of West-East; 
Dirichlet boundary conditions. 


1000 particle trajectories colored 
by their velocities. 


Injection  
point 







Next steps: 


• Obtain flow solution for hydrostatic boundary 
conditions 


• Run for particle tracking in different locations of 
injection point 


• In order to build a breakthrough curve we need to 
run for multiple DFN realizations with millions of 
particles 


• Compare DFN results with FCM model, analyzing 
contribution of advective transport in fractures and 
diffusion transport in matrix.   
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