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Bentonite Backfill in Repository Tunnels

Figure: Courtesy of NAGRA



THMC Perturbations in Bentonite Barrier

Modified from Leupin et al, 2014 

• Thermal process: Heat emission from waste and transport through barriers
• Hydrological process:  Transient de-saturation and re-saturation of bentonite and host rock
• Mechanical process: Stress evolution from swelling and heat
• Chemical process: Mineralogical changes, solute transport, and radionuclide migration



The Effect of Higher Temperatures: Going from 100oC Max to 200oC Max 

Dual Purpose Canisters: From Dry-Cask Surface Storage 
to Disposal in Geologic Repositories? 

• Enhanced THM Effects:
– Thermal pressurization (damage?) and 

complex moisture transport processes, 
including convection of vapor

– Delayed saturation of bentonite

– Strong gradient with heterogeneous 
time-dependent density evolution 
(differential swelling)

• Possible Geochemical Effects:
– Illitization and other alterations, possibly 

affecting swelling properties

– Possible impact on diffusion and 
sorption properties



Integrated Research Plan: Going from 100 oC Max to 200 oC Max 

Can waste package and bentonite buffer temperature safely be raised  to 200oC, without 
causing performance relevant alteration and damage in barrier behavior? 

Component behavior at given 

temperature & pressure conditions

Barrier system perturbation and 

evolution 

Performance assessment

Fundamentals of Physico-Chemical Alterations

• Laboratory imaging/characterization of heated samples

• Detailed coupled prcesses modeling of individual components

Barrier System Behavior

• Laboratory or in situ testing of barrier systems 

• Validation of predictive process models for system behavior

• Predictions of engineered and natural barrier perturbations

• Optimization studies (e.g., alternative backfill materials)

Performance Assessment

• Include high temperature effects in performance assessment models

• Determine scenarios and parameters with significant impact on high-

temperature repository performance

• Conduct performance assessment for different thermal designs

Lab and field experiments (HotBENT)

Micro-structural analysis

Performance assessment modeling



Outline of this Presentation: Going from 100 oC Max to 200 oC Max 

• FEBEX-DP: Long-term demonstration experiment at 100 oC

• Exploratory simulations for 200 oC: THMC modeling of generic repository

• Laboratory testing: High-temperature column tests at 200 oC (ongoing)

• HotBENT: Long-term demonstration experiment at 200 oC (just started)

Can waste package and bentonite buffer temperature safely be raised  to 200oC, without 
causing performance relevant alteration and damage in barrier behavior? 



FEBEX Experiment at Grimsel Test Site in Switzerland

Heating Starts at 100oC in 1997 Heater #2 Dismantling in 2015

• What are the bentonite and near-
field rock properties during & after 
hydration and thermal alteration? 

• Will bentonite blocks become a 
homogeneous buffer material? 

• Do we have suitable prediction 
tools for coupled behavior?

Heater #1 Dismantling in 2002

Lead: NAGRA; Partners: DOE, SURAO, ANDRA, BGR, RWM, Obayashi, KAERI, ENRESA, CIEMAT, SKB



3D Moisture Distribution and Bentonite Density After 18 Years of Heating 



Mineral Alterations in Materials and at Interfaces

Bentonite-Canister Interface 

Bentonite-Shotcrete Interface 



Transport Properties as a Function of Temperature Exposure

• 50 cm from axis (Section 48)
• T= 95°C
• Moisture Content18%

• 50 cm from axis (Section 59)
• T= 20°C
• Moisture Content  25%

Cold Zone:

Heated Zone: Up to 10% lower U(VI) adsorption on altered bentonite
• Adsorption is lower in presence of 2 mM Ca compared 

to 0.1 mM Ca.
• Adsorption decreases as pH increases.



Synthesis of FEBEX-DP Findings

(Kober et al., FEBEX-DP Dismantling Synthesis Report,)



Two types of bentonite

Opalinus Clay Two cases for comparison: 

“high T” and”low T”
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• Chemical model: aqueous complexation, minerals dissolution/precipitation and ion exchange

• Bentonite swelling model accounts for chemical alteration of clay minerals

Exploratory THMC Simulations for Long-Term Evolution of Bentonite at 200 oC
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Key findings:
• Modest ilitization occurs, temperature plays a key role, and bentonite-rock interaction is important
• Type of bentonite matters and supply of K and Al from surrounding groundwater is the key
• Swelling stress decreases as a result of chemical changes and such decrease varies case by case (our 

results suggest swelling stress decrease of up to 12% for FEBEX bentonite and 45% for Kunigel) 

Exploratory Simulations for Long-Term Evolution of Bentonite

A: Bentonite near waste package B: Bentonite near host rock 



CT Scanning Electrical Resistivity Tomography

Time-lapse in situ survey and 
inversion 

Packed-in cross-well 
electrodes array

Voltage 

applied

Potential 

measured

• Sensors for fluid pressure, temperature, stress

• Flow rates and chemistry of inflow/outflow

• Dismantling and sampling planned

High-Temperature Column Tests at LBNL (Started June 3, 2019)



Long-term Density Evolution From CT Imaging

1 day 4 days 8 days 22 days 40 days 89 days 162 days 254 days

Radially averaged CT density map for the heated column. The heater in the center is shown on the left of each column.
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Long-term Density Evolution From CT Imaging

1 day 4 days 8 days 22 days 40 days 89 days 162 days 254 days

Mineral precipitation



High-Temperature In Situ Test at Grimsel Test Site: HotBENT



HotBENT – An International Partnership

Timeline Towards HotBENT:

• 2013: first discussions with international 
partners about high-T emplacement

• 2015: joint paper with NAGRA about 
research needs, including in situ test

• 2016: international coalition building 
2018: official HotBENT partnership (five 
full & four associated partners)

• Since 2019: preparation and installation 
of in situ test (Nagra leadership)

• 2021: HotBENT heaters turned on Lead: NAGRA; Partners: 
DOE, SURAO, NUMO, RWM, 

BGR, Obayashi, ENRESA, 
NWMO



HotBENT – Modular Design

 Four modules 
 Differences in heating temperature, bentonite, time length and w/o concrete liner 

 Two experimental time lengths  
 H3 and H4 will run for 5-10 years; H1 and H2 will run 15-20 years

 Two bentonites
 Wyoming (MX-80); BCV (Czech Republic bentonite)



HotBENT – Operational Phase Started September 9, 2021



Summary: Going from 100 oC Max to 200 oC Max 

• Generic THMC modeling at higher temperatures (200 oC) 

- Illitization is enhanced at higher temperature and affected by many chemical factors

- Smectite dissolution leads to reduction in swelling stress, which varies spatially and temporarily 
Illitization and its effect on swelling stress differs for different type of bentonite

- Bentonite with high swelling capability may safely sustain higher temperatures and raising 
maximum temperature to 200 oC seems feasible

• High-temperature column tests

- Frequent CT-scans track well the hydration front and property changes in bentonite

- Scans show evidence for precipitation of minerals near the heater

- No evidence for excessive thermal pressurization and mechanical damage

- Dismantling of hydration test is ongoing

• Large scale in situ demonstration test just started operating at the Grimsel Test Site



Thank You !
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High-Temperature Column Tests (Started June 3, 2019)
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