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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

▪ A lot of large cavities have been created all over the

world in salt rock mass since decades (solution

mining, storage of liquids and gases, waste disposal).

 cavern design and approval

 cavern operation for decades

but …

▪ How to safely, economically, and maintenance-

free as well as reliably abandon these special

kind of geotechnical constructions?

▪ Main aspects of safe as well as maintenance-free

cavern abandonment 

- long-term stability → 

no sinkholes at surface, no failure at salt dome flanks, 

no unacceptable seismic events, …

- long-term agreeability → limited surface subsidence

- long-term environmental protection → 

no or agreeable release of contaminants into groundwater

▪ Preconditions

- availability of experienced design and construction

techniques?

- acceptability by mining authorities / public?

Cavern Abandonment –

Background and Demands

DEEP.KBB GmbH, [1]

basically well 

experienced
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Some Historical Highlights

Expectations Observations Experiences

 Two basic theories Etzel Field Test Lab Tests

 in the 1980s 1991-1994 after 2000

▪ Macro-fracturization 

 instantaneous 

 creation of large 

 hydrofracs

    ? 

▪ Micro-fracturization 

 time-dependent 

 pressure-driven 

 infiltration / 

 permeation /

 percolation

0,220,22

pRM

▪ No macro-fracturization 

at pFl → pRM / pRM unknown

(geophones, hydrophones)

▪ Infiltration starts at 

pFl ≈ pRM

▪ Brine infiltration proceeds at 

elavated pressures

 Abandonment of brine-filled 

cavities basically possible

▪ Extending infiltration zone?

Konsortium „Druckaufbautest“, [4] 0
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2012: Numerical Simulation 
Wolters (2014), [5]
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a Look into our Toolbox including some Updates since 2019

Some Historical Highlights

SMRI

1996 Onset of Cavern Sealing and Abandonment Program

2000 Ratigan, J. – Status Report

2006 Crotogino et al. 

Cavern Well Abandonment Techniques – Guidelines Manual

Boundary conditions: - homogeneous rock salt mass

 - sufficient temperature equilibrium

→ brine-filled cavity can be sealed for an unlimited period of time 

without leading to uncontrolled fracturing of the surrounding rock 

mass

→ no uncontrolled brine expulsion is expected to take place into the 

covering rock mass, into drinking water aquifers or at the surface

…. several field tests, lab tests, and retrospective analyses in the following 

years
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Main Processes and Approaches 

for Physical Modelling

Main Questions Related to Load-bearing Behaviour of Sealed 

Brine-filled Cavities

Processes influencing fluid pressure / 

Ratigan (2000), [6]:

- salt rock mass creep / convergence

(low deviatoric stresses)

- salt rock mass / cavern fluid heat transfer

- salt dissolution / cavern fluid saturation

- cavern fluid transportation into formation 

→ perhaps most controversal issue

- cavern fluid transport through 

sealing plug / cementation

Key issues of uncertainties:

(1) Permeability of salt rock mass at 

complex stress states

(2) Hydraulic and mechanical integrity of 

well casing shoe

(3) Geomechanical modelling of fluid/salt 

hydraulic and mechanical interaction 

after sealing

(4) Influence of heterogeneous salt rock 

mass (texture, impurities, fault zones)

− supplement by Urai

Infiltration front (x,t)?

still impermeable salt rock massFurther infiltration 

front development?

Pore 

pressure?

Infiltration 

rate?
Specific infiltration 

volume?

secondary permeable 

salt rock mass

impermeable salt 

rock mass

time-dependent 

pressure change 

(infiltration process, 

convergence 

process)

Long-term load-bearing 

behaviour of the infiltrated 

salt rock mass?

Long-term efflux rate?

?
?

?

? pi ↑

pi ↑

pi ↓

pi ↓

pi ↓

(4)
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Two Main Processes and Approaches 

for Physical Modelling

▪ Creep Properties of Rock Salt at 

Small Deviatoric Stresses

closed cavity – 

deviatoric stresses

▪ Basic assumption, Ratigan (2000):

Salt rock mass underlying primary 

rock mass stress field is impermeable

▪ Pressure-driven Infiltration
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Main Processes and Approaches 

for Physical Modelling

Modelling of Creep Process Modelling of Thermohydraulic Process

 FLAC3D  TOUGH3

  communicating by using

  FTK-subroutines

Von Mises equivalent stress sV (MPa)

?
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

(4/1) Brine-filled Sealed Cavity – Limited Height / Shallow Depth

 Infiltration process / transient Darcy flow (Ks↑↓)

 infiltration rate: approx. 0.2 m³/a after 1,000 a and decreasing over time

 hydraulic connection: after approx. 350,000 a

 exfiltration rate: approx. 2-3∙10-4 m³/a

 convergence rate: approx. 1.5∙10-5 %/a after 1,000 a and decreasing

  to approx. 3∙10-8 %/a after hydraulic connection

Some Basic Findings 

regarding Examples from Practice

t ≈ 1,000 a

(?)

t ≈ 10,000 a t ≈ 100,000 a t ≈ 350,000 a
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

(4/2) Brine-filled Sealed Cavity – Large Height / Large Depth 

 Infiltration process / transient Darcy flow (Ks↑↓)

 Main parameters related to safety aspects:

 infiltration rate: approx. 75 m³/a

 hydraulic connection: after approx. 500 a

 exfiltration rate: approx. 60 m³/a

 convergence rate: approx. 0.003 %/a

t ≈ 50 at ≈ 20 at ≈ 10 at ≈ 5 a t ≈ 500 a

(?)

Some Basic Findings 

regarding Examples from Practice
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

(4/2) Brine-filled Sealed Cavity – Large Height – some state variables

(Ks↑↓)

(Ks↑↓) (Ks↑↓)

(Ks↑↓)

convergence rate

infiltration rate

exfiltration rate

infiltration volume

exfiltration volume

fluid pressure at cavern roof

rock mass pressure at cavern roof

Some Basic Findings 

regarding Examples from Practice
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

(4/2) Brine-filled Sealed Cavity – Large Height – some state variables

ϕs = 0.2 %

(Ks↑↓)

pore pressure

rock mass pressure

Ks ≈ 10-18 m²

simulation step n

simulation step n-1

Some Basic Findings 

regarding Examples from Practice
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

(4/3) Brine-filled Cavern System – Shallow Depth / t = 200,000 a

3D-Simulation

Some Basic Findings 

regarding Examples from Practice
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

(4/4) Solid-filled Sealed Cavity – Shallow Depth / Backfilled
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transient Darcy-flow

- two-way

before consolidation after consolidation waste sample

(slurry) (solid material with residual pore fluid)
≈ 30% of pore fluid is squeezed out under consolidation pressure conditions !!!

Laboratory at 

Chair for Geomechanics and multiphysics Systems of 

Clausthal University of Technology
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finally 
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Some Basic Findings 

regarding Examples from Practice
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Some recent Extensions of our 

Modelling Approach and Simulation Software

Hydraulic anisotropy

 hydraulically isotropic salt rock mass  hydraulically anisotropic salt rock mass

Assumptions:
− steeply layered 

arrangement of 

salt crystal structure

− pressure-driven 

infiltration leads to 

bigger opening of 

grain boundaries and 

thus to hydraulically 

anisotropic material 

behaviour (secondary 

permeability in 

infiltration zone)

− secondary 

permeability in 

infiltration zone 

parallel to layering 

direction is 10 times 

higher than normal to 

layering direction

↓

upwards movement 

of infiltration front is 

faster
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Some recent Extensions of our 

Modelling Approach and Simulation Software

Fabric heterogeneity

 micro-scale  cavern-scale

Scenario (micro-scale):

− Rock salt block (1m x 1m x 1m) gets infiltrated from 

the bottom due to an slowly increasing fluid pressure.

− Infiltration threshold limit for each zone of the 

discretized model varies randomly between -1 MPa 

and 1 MPa due to fabric heterogeneities within the 

salt block.

→ Fingering effect at infiltration front induced by 

fabric heterogeneities in the rock salt is clearly 

visible in the simulation results!

Scenario (cavern-scale):

− Rock salt mass surrounding a sealed brine-filled 

cavern gets infiltrated.

− Fabric heterogeneities are considered in the numerical 

simulation by randomly varying infiltration threshold 

limit.

→ Infiltration zone does not show relevant fingering 

effects exept for some non-infiltrated isolated 

zones with very high infiltration threshold limits!
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Numerical Simulations in the Framework of Cavern Abandonment –

a Look into our Toolbox including some Updates since 2019

Concluding Remarks

(a) State of the art – some aspects - 2024

(a/1) Large progress in understanding of basic mechanisms, physical modelling, 

numerical simulation techniques, as well as understanding of 

load-bearing system during past decades

(a/2) - Simulation of brine-filled sealed cavities / cavern fields

- Simulation of slurry-filled sealed cavities / cavern fields

How to consider / handle heterogeneities? How to handle imponderabilities?

(a/3) Quantification of safety-relevant state variables regarding long-term behaviour
→ convergence rate → subsidence rate

→ hydraulic connection → time of intact salt rock mass

→ exfiltration rate → rate of released fluids into environment

(b) Further improvement of reliability (reduction of uncertainties) 

Enhanced validation of relevant physical processes:
- creep properties at low deviatoric stresses / cavern convergence

- development / recreation of secondary permeability in salt rock mass?

- influence of inhomogeneities →  hydraulic anisotropy

 →  fabric heterogeneity

                                                … some more?

basically 

possible

→ period under observation?

→ maximum permissible value?
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Thank you for your attention!
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