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• Corrosion products change the bentonite transport 
properties… prescribed corrosion rate is reduced

• Reactive transport in bentonite includes: multi-porosity 
concept (free bulk water for reactions and transport), ion-
exchange and surface sites, atmospheric gases, kinetic 
precipitation/dissolution.

• Software: PHREEQC and iCP (PHREEQC+COMSOL 
Multiphysics)

• Thermochimie database

• Design by Škoda JS (Forman et al., 2021)
• Outer case of carbon steel: 

predictable uniform corrosion during 
limited time … this study

• Inner case of stainless steel: 
provides the final lifetime, with a 
passive corrosion regime under 
favourable conditions (temperature
, pH, …)  after the outer case lifetime 
period

• SÚRAO, EURAD2/InCoManD
• Corrosion product layer between steel and bentonite (microscale, 

electrochemistry)
• More realistic bentonite pore water concept (higher ionic strength, 

exchangeable cations are part of the pore water – “single porosity”)
• Temporal changes of diffusivity related to periodic mechanical 

damage of the corrosion product layer (coupled processes)
• Resolving the numerical sensitivity (discretization etc.)
• Computing speed-up 

Discretisation effects – convergence to analytical solution

Introduction
• Research for Czech spent nuclear fuel disposal 

program (SÚRAO).
• Specific concept of disposal package (canister) 

and local bentonite sources.
• Support for the canister lifetime proof in the 

future safety case
• Continuation of previous experimental and 

modelling studies on steel corrosion in 
bentonite (Gondolli et al., 2018).

• Results: Šembera et al. 2025, SÚRAO report 
TZ837/2025/Eng

The work was performed as part of
 the Radioactive Waste Repository 
Authority (SÚRAO, Czechia) project, 
“Research support for the safety 
assessment of a deep geological 
repository”, contract SO2021-053. 
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Reaction-transport results

Software
• PHREEQC

• Common geochemical code (freeware by USGS) 
containing simple 1D transport

• Postprocess of porosity change from evaluated 
precipitated/dissolved mineral volume

• iCP
• Coupling between PHREEQC and COMSOL Multiphysics 

(commercial software by Amphos21)
• Diffusion coefficient depends on evaluated porosity 

(two-way coupling)
• Thermochimie database

PHREEQC
1cm cells, 10cm interval
10 days step, 10 years total

• Laboratory corrosion tests: (Forman et al. 2021, Gondolli et al. 2018, Smart et al 2024)  
• Archaeological analogues: corrosion products on excavated artefacts)
• Rates of 0.1-20 m/year
• Anoxic corrosion products: magnetite, chukanovite, siderite
 

Czech bentonite from local deposits
• Ca-Mg type
• BaM … “bentonite and montmorillonite”
• BCV … “bentonit Černý vrch“ = deposit name

Pore water composition setting: simple salts 
and granite water for preparation, bentonite 
pore water (BPW) for the final model (oxic 
and anoxic) 

Model: synthetic granite water (SGW) 
equilibrated with bentonite minerals, fitting 
to laboratory data (various m/V ratios)

• Shape stability is the limiting 
collapse mode

• Enough strength for uniform 
reference load (swelling 
pressure + hydrostatic + 
uncertainty)

• Contact forces can produce less 
favourable loads on the inner 
case

• To explain discretisation sensitivity and PHREEQC vs iCP differences
• Chemically simplified: Fe2+ only transport, kinetic magnetite precipitation, 

CO2, no other minerals, fixed concentration boundaries, fixed porosity 
• Linear first-order kinetics 
• Analytical solution for asymptotic 

steady state  versus numerical at 10 d

𝑟 = 𝑘(1 − 𝑆𝑅𝑀𝑎𝑔)

BC

SR=1

Evaluated case:  bentonite pore water (BPW2) + oxic/anoxic conditions, two temperatures. 

iCP
Nonuniform discretisation starting at 1mm
1 day / variable steps, 10 years total

Fe

(carbon 
steel)

bentonite

Minerals, corrosion products, gases, cation exchange

PHREEQC cells

COMSOL discretisation
Chemical cells

iCP

Auxiliary cell: initial solution = BPW2, 
kinetic dissolution of iron (prescribed rate)

k = 4.47×10-9 mol·m-2·s-1  

(1 m/year)
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Solubility 
(diffusion only)

BC: c_Fe=1.25

BC: c_Fe=0

• Models precipitate the minerals
 according to observations

• Results of the two models differ quantitatively
• Strong effects of discretisation

• Coupling effect of the porosity not visible 
during the (shorter) simulation time
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Mechanical strength modelling
Reaction-transport modelling

CZ bentonite

Minerals KP carbonate
Rate input
Rete changing by porosity
Sensitivity discretisation

• Czech bentonite from local 
deposits … Ca-Mg type, reference 
material BCV … “bentonit Černý 
vrch“ = deposit name

• Pore water composition measured 
and modelled (prior work) … BPW

elasto-plastic problem with hardening

Varying thickness
ANSTYS
Stress strain meas
Two collapse – strength limit buckling stab

Outer on inner – contact

Reference uniform
All under limit

log pCO2 = -3,2
No goethite

No CO2
All equilibrium minerals

log pCO2 = -3,2
Equilibrium goethite

Reference calculation
- Anoxic
- CO2
- Kinetic minerals

corrosion depth 

(mm)

casing thickness 

(mm)

Outer casing WDP 1000 49 16

Outer casing WDP 440 49 16

Inner casing WDP 1000 34.5 5.5

Inner casing WDP 440 31.5 3.5

corrosion 

depth (mm)

critical load 

(MPa)

15 85.62

20 67.13

25 51.15

30 38.15

35 27.19

40 17.84

45 10.35

50 5.68

Reference finite element model (verification)

• Variable (coupled model)
• Fixed (uncoupled) 
• 1 year / 5 years

Elasto-plastic model with hardening

Geometry used for thickness 
variations due to corrosion

Static calculation – strength limit

Buckling calculation – shape stability limit

Calculation with corrosion product 
volume load – radial model

Calculation of inner case load – contact problem

Chukanovite

Siderite

Effect of porosity change

Results – precipitated mineral profiles

Deformation mode example

Resulting limits

Reference 
Load 20MPa

Yield limit

For reference 
load 20MPa

Von Mises stress

Collapsed outer 
case = load

Inner case

Von Mises stress

Load placement
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