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TOUGH-FLAC Simulator 


• Linking two established codes that are 
continuously developed, tested and 
applied (each hundreds of users) 


• TOUGH-FLAC is being applied for a wide 
range of geoscientific research and geo-
engineering applications (e.g. CO2 
sequestration, nuclear waste (including 
clay, bentonite, salt media), geothermal 
and  hydrocarbon energy production) 


• Contains a large number of fluid equations of state (TOUGH2) and 
geomechanics constitutive models (FLAC3D); TOUGH-FLAC is 
versatile for extension to new application areas 


Rutqvist et al., (2002); Rutqvist (2011) 
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TOUGH-FLAC for Salt THM Processes 


 FLAC3D is one of the main codes applied for modeling of salt geomechanics in 
Germany and US:  


– Visco-plastic creep models 
– Crushed salt model (CWIPP) 
– Mostly thermal-mechanical calculations 
– No multiphase fluid flow capabilities 
 


 TOUGH-FLAC combination provides the needed capabilities to be able to model 
multiphase fluid flow (gas and liquid) and heat, linked with the salt geomechanics 


 
 Collaboration with Clausthal University (Professor Lux) for development  and 


application of a state-of-the-art constitutive salt model (Lux/Wolters): 
– Stationary and transient (viscoplastic) creep 
– TM-induced damage and permeability enhancement (disturbed zone) 
– Pressure driven percolation at high hydraulic pressure (above minimum principal stress) 
– Sealing and healing   
 


 TOUGH-FLAC has been expanded for modeling large-strain (deformable mesh) 
associated with reconsolidation and solidification of crushed salt backfill and 
final sealing of the repository 
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TOUGH-FLAC Salt Model Timeline 


 May 2012 initiated TOUGH-FLAC salt adaptation (Milestone Sept 2012) 
– Explored the capabilities of TOUGH-FLAC for modeling salt 
– Established collaboration with Professor Lux at Clausthal University in Germany 
– Applied TOUGH2 and FLAC3D and the Lux/Wolters for salt infiltration and creep 
– First TOUGH2 multiphase flow and heat simulation of a generic repository tunnel in salt 
 


 FY13: Implementation of constitutive models and testing (Milestone Sept 2013) 
– Implementation and testing of Lux/Wolters model into TOUGH-FLAC 
– Validation against laboratory experiments on damage induced permeability change 
– First TOUGH-FLAC simulation of a generic repository (creep over 100,000 year) 
– Developed alternative algorithms for hydromechanical coupling under large strain 
 


 FY14: Model improvements and testing (Milestone Sept 2014) 
– Voronoi discretization for accurate flow simulation under (large-strain) deforming numerical grid 
– Improved crushed salt backfill model 
– Implemented more accurate representation of damage and healing processes 
– Updated simulation of long-term THM evolution for a salt-based repository 
– Code-to-code verification of TOUGH-FLAC and FLAC-TOUGH codes 
– Developed a conceptual model for a dual-continuum approach for brine migration (involving 


both intercrystalline flow and intracrystalline brine inclusions). 
– Two journal papers submitted 
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FY15 Accomplishments and Plan 


 Two peer-reviewed journal papers just published (thorough journal review) 
– Blanco Martin et al. (2015) “Long-term modelling of the thermal-hydraulic-


mechanical response of a generic salt repository for heat-generating nuclear 
waste” Engineering Geology. 


– Blanco Martin et al. (2015) “Comparison of two simulators to investigate thermal-
hydraulic-mechanical processes related to nuclear waste isolation in saliniferous 
formations” Computers and Geotechnics. 


 Updated modeling of long-term THM repository evolution 
– Based on review comments on journal paper 


 Code validation against the Asse Mine TSDE experiment 
– The first full 3D (86,000 elements) TOUGH-FLAC modeling of salt repository 


(heater experiment) 
– Also TOUGH-FLAC vs FLAC-TOUGH verification with Clausthal group 


 Extending TOUGH-FLAC considering salt precipitation (THMC) 
– Collaboration with Alfredo Battistelli (Italy) on improved TOUGH2 EOS module for 


salt precipitation and associated changes in effective porosity (ARMA 2015 paper) 
– Validation against laboratory experiments and code-to-code verification with Code-


Bright 
 Pore-scale modeling migration of brine inclusions in salt with Chombo-Crunch 
 Implementation of dual-continuum approach for brine migration (TOUGH-FLAC) 
 Modeling of WIPP in situ moisture release experiments (Room A1 and B) 


 
 


 


Further development, verification, validation, application and publications:   







Used 
Fuel  
Disposition  


TOUGH-FLAC Modeling of Coupled THM Response of a 
Hypothetical Repository  


• For testing the applicability of the 
modeling approach to a realistic generic 
salt repository case 


• German repository concept and geometry 
with emplacement in a horizontal tunnel 
backfilled with crushed salt 


• Heat load from UFD GDSE 


• 2D vertical cross-section including both 
EBS and salt host rock.  


• High temperature (up to 200°C), including 
relevant coupled processes 


• Large strain compaction of crushed salt 


• Application of Lux/Wolters constitutive 
model for creep and thermomechanical 
permeability damage, sealing and healing 
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 Initial & boundary conditions 


Surface: P=0.1 MPa, T=10  ͦC 


Z=-1200 m: P=11.7 MPa, T=46  °C 


Properties 


Rock salt Crushed salt 


Initial Sl 1 0.015 


φ0 0.2 % 30 % 


k [m2] 10-22 3·10-13 


λ [W/m/K] 4 3* 
No flux 
across 


boundaries 


X Y 


Z 


x 


Repository level:  
P=6 MPa, T=28  °C 


Backfill: P=0.1 MPa 


Initial stress field:  
σx=σy=σz≈14 MPa 


TOUGH-FLAC Modeling of Coupled THM Response 
of a Hypothetical Repository  


Crushed salt property changes with compaction 







Used 
Fuel  
Disposition  


TOUGH-FLAC Modeling of Coupled THM Response 
of a Hypothetical Repository  


Backfill Compaction (porosity) Temperature 


Compaction 
and sealing 


TOUGH Grid  
(Voronoi) FLAC3D Grid 


Backfill: 
1st peak 200°C  
2nd peak 160°C 
tunnel wall: 145°C 
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TOUGH-FLAC Modeling of Coupled THM Response 
of a Hypothetical Repository  


Liquid saturation Fluid pressure 


Compaction 


Backfill 


• Pressure increase induced by backfill 
compaction and thermal pressurization 


• Maximum pressure limited by minimum 
principal stress and filtration criterion 


Clausthal infiltration experiments 
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Thermal Simulation for Drift Emplacement 
(TSDE) test 


10 


- Asse salt mine (Germany) 
- Conducted from 09/1990 to 02/1999 
- About 800 m depth (salt dome) 
- Two parallel drifts 
- Three electric heaters/drift 
- Constant heat load (6.4 kW/heater) 
- Crushed salt backfill (< 45 mm) 


Main Objectives 
 


- Feasibility of in-drift  
  emplacement concept 
- Study host rock & backfill under  
  repository conditions 
- Develop constitutive models 
  and codes 
- Post-heating evaluation 
  (dismantling) 







Used 
Fuel  
Disposition  


Date 11 
11 11 


20
0 


m
 


3.
5 


m
 


Approx. 86000 elements 


Rock salt host rock 


Electrical heaters 


Crushed salt 
backfill 


- Nonisothermal, 2 phase flow of water & air 
- Mechanical constitutive models: 


Natural salt: Lux/Wolters model 
Crushed salt: modified cwipp model 
 


- Modeling sequence: 
1. Primary state 
2. Excavation (instantaneous) 
3. Open Drift phase (1.4 years) 
4. Test (8 years) 
 


- Code comparison LBNL (TOUGH-FLAC) vs 
Clausthal (FLAC-TOUGH) codes  


Rock salt Crushed 
salt 


Sl,0 0.5 0.02 


φ0 0.2 % 35 % 


k0 [m2] 0 3·10-13 


λ0 [W/m/K] 5 0.9 


K0 [MPa] 16,650 150 


G0 [MPa] 7,690 70 


Initial stress field:  
σx=σy=σz≈12 MPa 


T0=36.4 ºC 


Heat load 


Thermal Simulation for Drift 
Emplacement (TSDE) test 
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Mesh update in flow sub-problem 


• TOUGH2 requires a Voronoi discretization, even when 
the mesh deforms 


• Optimum discretizations for flow and geomechanics are 
not necessarily the same 


12 


Flow 
mesh 


Flow mesh is updated as 
geomechanics mesh 


deforms 


Geomechanics 
mesh 







Used 
Fuel  
Disposition  


Date Presentation or Meeting Title 
13 


Temperature Evolution 


15 


- Similar numerical results from two 
simulators 


- Overall good agreement with 
measurements 


Host rock between drifts 


Host rock beneath heater Crushed salt & heater 
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Temperature Evolution 


14 


T (ºC) 


Progressive 
heat 


propagation 
through the 


host rock 


t=30 d t=8.4 y 
40


 m
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Drift closure and backfill porosity 


15 


Drift closure (convergence) Average porosity (crushed salt) 


Heated area 


Non-heated area 


Heated area 


Non-heated area 


- Calibration of stationary creep parameters (2) difficult to study at laboratory-scale  
  (very low deviatoric stresses → extremely slow tests) 
- Good agreement between predictions and measurements 
- Demonstrates applicability of TOUGH-FLAC for THM salt modeling in full 3D 


Rate ~ 10-10 s-1 
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 Complete TSDE and write it up for milestone report and paper 
 Brine migration with salt dissolution/precipitation THM(C) 


- Validation against laboratory experiment by Olivella et al and code-to-code verification with 
Code-Bright code 


 Pore scale modeling migration of brine inclusions in salt with Chombo-Crunch 
 Implementation of dual-continuum approach for brine migration 
 WIPP in situ moisture release experiment (Room A1 and B) 
 


Next 


Longer Term 
 Long-term THM behavior for different repository design (e.g. alcove rather 


than in-drift storage) 
 Detailed brine migration studies using dual-continuum model considering 


thermal gradient driven migration 
 Porting TOUGH-FLAC to HPC following FLAC3D’s MPI version and porting 


to Linux (expected new few years) 
 TOUGHREACT-FLAC for mechanistic THMC modeling (e.g. underlying 


chemo-mechanical processes of creep) 
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Thermal-Hydrological-Chemical (THC) 
code development updates  


 


UFD Workshop  June 9-11, 2013 
Las Vegas, NV USA 
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This talk summarizes ongoing DOE-NE work 


Slide 2 


P.H. Stauffer, A.B. Jordan, D.A. Harp, G.A. Zyvoloski, H. Boukhalfa , 
F.A. Caporuscio, T.A. Miller, B.A. Robinson 


Los Alamos National Laboratory 
September 30, 2014 


Los Alamos National Laboratory Document LA-UR-14-27548 
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Understand coupled THC processes 
 


Support field thermal testing designs 
 


Help with instrument placement  
 


Build confidence in the safety case  
 
 
 


 


Purpose of the modeling 
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The role of modeling for a science-based safety case, under 
model-driven uncertainty reduction 
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FEHM : LANL developed multi-phase porous flow simulator 
  
 
FEHM.LANL.GOV 
 
Capabilities  
• 3-dimensional complex geometries with unstructured grids  
• saturated and unsaturated media  
• simulation of production from gas hydrate reservoirs  
• simulation of geothermal reservoirs  
• non-isothermal, multi-phase flow of gas, water, oil  
• non-isothermal, multi-phase flow of air, water  
• non-isothermal, multi-phase flow of CO2, water  
• multiple chemically reactive and sorbing tracers  
• preconditioned conjugate gradient solution of coupled linear equations  
• fully implicit, fully coupled Newton Raphson solution of nonlinear equations  
• double porosity and double porosity/double permeability capabilities  
• control volume (CV) and finite element method (FE) methods  
• coupled geomechanics (THM) problems (fluid flow and heat transfer coupled with 
stress/deformation) including non-linear elastic and plastic deformation, nonlinear 
functional dependence of rock properties (e.g. permeability, porosity, Young's modulus) 
on pressure, temperature and damage/stress  
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Recent key additions to FEHM capabilities include: 
  
New Salt Controller to decouple individual processes 
 
Hydrous mineral dehydration as a function of temperature 
 
New relative humidity boundary condition allows more realistic evaporation 
 
The ability to run simulations with combinations of vapor pressure lowering as 
functions of both salt concentrations and capillary pressure 
 
Isotopic fractionation capability with salt vapor pressure functions 
 
Improved numerical performance with temporal averaging of porosities and 
permeabilities.  
 
New vapor pressure/temperature initialization scheme 
 
All code changes now added to FEHM V3.2 with verification test problems 
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QA Example: Porosity Change  







Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA 


UNCLASSIFIED Slide 8 


QA Example: Isotopic Fractionation 


New Code     Before correction 
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QA Example: Variable Thermal Conductivity  


Salt Variable Conductivity Test                                                  
Comparison of Salt Conductivity Model to Emperical 


Function Results                     
  
Test Case                   Maximum  Error  Maximum   % Error  RMS 
Error 
Model intact                4.320E-05     9.014E-04       2.590E-06 
Model crushed            4.560E-05     3.669E-03       1.043E-05 
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Data from a beer can sized experiment (Olivella 2011) 
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Model Comparison: FEHM to CODE-BRIGHT 


FEHM                                      CODE-BRIGHT 


Preliminary test results not including the same retention 
curves and different porosity/perm functions 







Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA 


UNCLASSIFIED 


 Simulate recent LANL salt box experiments  
 
 
 
 


 Continue to improve and QA THC code  
 Add FEHM features to PFLOTRAN? 


 


Future Work 
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