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Gas Permeation Models for Dilatant Deformation of Rock Salt under 

Deviatoric Stress Conditions  
 
 

Guenter Pusch1  
 
 

Plyn permeačné modely pre dilatačnú deformáciu kamennej soli pri podmienkach deviatorického napätia 
Permeability of 30 rock salt cores were measured under various deviatoric stress conditions. A triaxial cell was designed                    

and built to measure the hydraulic properties such as the pore volume and permeability during the compression experiments.                         
To determine variations in the pore volume, a high precision pump was used and the pore volume changes as well as the gas 
permeabilities were recorded continuously as a function of time and stresses. A permeability reduction in the compression stage is not 
obvious although the decrease of pore volume appears to be a controlling phenomenon of the compression. Similarly to previous studies, 
a spontaneous increase in the permeability was observed shortly after the dilatancy boundary was exceeded, separating the compression 
from the dilatant deformation phase. At the end of the dilatant deformation, the permeability reaches a plateau value which afterward 
remains approximately a constant for low stress rates up to the fracture pressure. This allows the percolation of gas along the extended 
grain boundaries of the salt crystals and through the inter-crystalline flow paths and yields an increase of the permeability of 3 to 6 tens 
of order. Combined acoustic emission measurements performed with 8 sensors showed that the percolation begins equally throughout 
the core at the same time. The dilatancy and permeability are found to be controlled by many factors,most importantly by the minimal 
principal stresses. The end porosities of the stressed cores were correlated with the permeability in the form of a Kozeny-Carman type 
relationship. Semi-empirical and percolation flow models were applied to match the observed flow characteristics of cores with 
corresponding properties of the excavation damaged zone in the Asse salt mine.  
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Introduction 
 

The rock salt is considered to behave as an ideal caprock under reasonably high confining pressures.                 
Its tightness is related to the crystal structure and the visco-plastique deformability under high pressure 
conditions. However this ideal characteristics is only valid if the integrity of the rock salt is not disturbed               
by tectonic movements or artificial excavations like caverns or shafts involved in underground repositories. 
The excavation damaged zone (EDZ) along walls of underground cavities is a potential pathway for a waste 
migration. Modelling of the fluid transport along the EDZ has been a target of many experimental and in-situ 
studies. 

Interpretations from in-situ gas 
permeability tests have shown that                  
the EDZ has only a limited extension into 
the intact rock salt formation.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Simulated and measured permeabilities                   
in the EDZ of an underground salt mine  
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l crack spacing, L  
m dilatancy exponent  
n compression exponent  
P* percolation probability  
t critical percolation exponent  
α crack shape factor/ and the iot-coefficient  
θ hydraulic aperture shape and drag factor  
ε

v 
volume dilatancy  

φ porosity  

ω crack width, L  
σ normal stress, ML
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radial stress, ML
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ν Poisson constant  

 
The simulated data of the permeability extension with the distance from the cavern wall were 

determined with a mechanical model, calculating the dilatant pore-volume related permeability increase, 
caused by a difference between the radial and the tangential stress across the surface of the wall. The focal 
point of the coupling of mechanical and hydraulic properties of salt was the progressive experimental                            
and modelling work of Stormont, Serrata and Fuenkajorn in the early 90ies, who have applied the model 
theory of capillary networks of sedimentary rocks for the correlation of porosity and permeability of salt                       
as it was learned from Kozeny and Carman. The φ-k-correlation as a coupling algorithm seemed to be useful 
because the porosity change by dilatant effects is a geometrical factor, which can be integrated into the stress 
- strain relationship of mechanical models. The decisive difference between the rock salt and sedimentary 
rocks is the reasonably large primary porosity of sedimentary rocks, compared to the nil porosity of the intact 
rock salt. Consequently, without a change in the porosity, the permeability of the damaged zone could 
increase by a magnitude of several decades. Peach and Spears have concluded that the exponential increase 
of the salt rock permeability under deviatoric stress conditions must be caused by the opening of existing 
inter-crystalline boundaries or by the creation of intra-crystalline micro-fractures. The permeability 
development can therefore not be modelled by simple geometrical algorithms based on the crack width  

 

         (1) 
 
The application of the geometry based micro-fracture network model as for example the Warren-Root-

Model, the Chen and the Bai- Cubic Law Model as well as the Dual Porosity Models from Kazemy, Chen 
and Teufel, which were successful in modelling fracture networks in sedi-mentary rocks, failed                            
in the interpretation of permeability dilatancy effects of rock salts.  

The statistics was introduced in the development of fracture networks based on fractal dimensions                  
of penny-shaped cracks in the percolation theories published by Halperin, Feng, Sen, Guegen und von 
Dienen as well as by Peach.  

 

         (2) 
 
The development of the number of micro-cracks is correlated with a threshold value of interconnected 

cracks, which can form a continuous flow path for the migrating fluid. This physical theory provides a good 
basis for modelling the exponential increase of permeability in the EDZ after exceeding a critical deviatoric 
stress resulting in a dilatant deformation of rock salt. Besides the physical correlations, empirical correlations 
exist, which are nothing more than a mathematical fit of the experimental permeability performance. Such 
empirical correlations have been published by Pusch and Weber for a dilatant deformation                            
of crystalline rocks with the following formula.  

 

       (3) 
The first term represents the compression effect of the hydrostatic deformation and the second term                  

the dilatancy effect, which are superposed in the equation. The coefficient A determines the minimum                      
of the function or the dilatancy boundary (begin of inelastic disintegration) and can therefore be equalled 
with the maximal elastic lateral strain in the biaxial Hook`s Law. This yields:  
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       (4) 
 
In this experimental study rock salt samples from the Asse salt mine have been investigated to study              

the development of the dilatant process, which causes the rock damage. Based on this measurements,                             
a correlation function had to be developed, which could be used as an integral element for the coupling                  
of the mechanical and hydraulic model.  

 
Experimental 

 
Core samples from the Asse Salt Mine in Germany were collected in intact rock salt area with                   

a cylindrical shape, the diameter of 6 cm and a the length of 30 cm. The compact samples were mounted                            
in the pressure cell of a triaxial-permeameter.  

 
          Tab. 1.  Technical Data of Triax-Permeameter Cells. 

T 100  T 300  Maximal Core Diameter and Length,                    
[ mm ] 30/100  60/300  

Max. Axial Stress, [Mpa]  230  80  

Max. Radial Stress, [Mpa]  160  50  

Volume Change Accuracy, [µl]  -  10  

Permeability Resolution,[ m
2] 10

-20
10

-20

Max. Temperature, [°C]  90  60  

 
Two different cells for various ranges of operating conditions are included in the rig, their features                  

are summarized in Table 1. The axial and radial stress on the core sample are controlled by a hydraulic unit 
and an electronic control device, which allow an independent rate control on the axial and the radial load.                             
The experimental design of the compression or extension test is programmable via the Diadem PC-software. 
The sample deformation was controlled by measuring the volume dilatancy of the cylindrical sample through 
a precise micro-liter pump and a strain gauge for the axial deformation. In the end faces of the cylindrical 
core sample and in the outer walls of the rock salt, acoustic sensors / converters from lead, zirconium                   
and titanat are placed in 3 equidistant planes along the axis and shifted at an angle of 120 °. The acoustic 
emissions can thereby be measured and registered in the PC-measurement system, using an 8-channel 
transient recorder chip.  

The end plates from Teflon were used in order to reduce the high friction between the steel pistons                       
and the end faces of the core sample. An excessive friction may hinder the equal extension of the end-zone                      
of the core sample resulting in an intensive compaction of end-zones. As a consequence, the permeability 
changes will not be equally distributed along the axis of the core. Most core samples are characterized                  
by an artificial permeability due to the release of stresses after coring. This artificial permeability has                      
to be compensated by a re-compaction of the core sample before the measurement begins. The re-compaction 
was achieved by an iso-static loading of 5 MPa for several hours. The gas flow through the cell and the core 
sample is controlled by a gas pressure regulator at a constant entrance pressure between 1 and 3 MPa                  
and a mass flow detector or, in the case of liquid flow, by a precise piston pump at the inlet and outlet                 
of the cell. This assembly allows the application of back-pressure during the test.  

In this study 30 tests have been performed under various conditions of the initial radial stress, loading 
rates of axial stress, pressure gradients for the gas flow, pore pressure, and the morphology of grains                      
in the rock salt. The results of this study are presented in the paper “Definition of the Dilatancy Boundary 
Based on Hydro-Mechanical Experiments and Acoustic Detection”, SMRI2002.  

In Figure 2, the measured properties of a compression test on an Asse rock salt sample, typical for this 
study, is shown. The initial radial stress after the re-compaction of the sample was 3 MPa and it was kept 
constant during the test.  

The permeability for gas can be calculated from the recorded mass flow values at the constant pressure 
gradient of 5 MPa/m using the corrected Darcy-formula for compressible media. For this primarily 
phenomenological experiments, the Klinkenberg-correction of the absolute permeabilities was not 
considered.  
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Figure 2 shows the volume change                 
of the rock sample measured by the micro-
liter pump, which yields a negative value 
during the compression phase of the experi-
ment until a minimum is reached. The parallel 
observation of the gas flow is marked                     
by a rather high scattering of data, due to               
the changing flow paths in an irregular 
network of inter-crystalline porosities                 
of the re-compacted sample.  
 
 
 
 
 
 
Fig. 2.  Typical compression test of poro-perm dilatancy 
on the Asse Rock Salt  
Sample AT3-011, σ

3 
= 3 MPa, the axial stress loading 

rate = 0,4 MPa/min  
 

However, when the compression–dilatancy boundary (C/D boundary corresponding to the minimum                 
in the volume expansion curve) is reached, the acoustic emission, the permeability and the volume expansion 
begin to increase sharply and steadily. The dilatant deformation ends when the permeability curve begins                  
to level off which is indicative for a sustainable plastic deformation. The build-up phase of the test was then 
terminated in order to avoid the fracture of the sample. The draw-dawn phase of the test is accompanied by                 
a levelling of the gas permeability and a rather small increase of the volume expansion corresponding to 
minor acoustic emissions.  

The volume change of the sample, measured with the micro-liter pump was used to the calculate 
porosity changes based on the assumption that the salt matrix is in-compressible. After terminating of the test                     
the sample was dismounted from the cell and the actual porosity was measured by the brine saturation 
method. The end-values were used to calibrate the porosity changes during the compression test.                            
The recorded acoustic emissions were introduced into the percolation model for calculating                              
of the permeability.  

Figure 3 represents a correlation of the end-values of porosities and the gas permeabilities of the EDZ.      
A correlation formula is given which is based on the classical Kozeny-Carman approach.  

 

          (5) 
 

(k is expressed in Milli-Darcies if φ is introduced in percentage)  
 

        (6) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Correlation of poro-perm dilatancies                 
for the EDZ in the Asse Rock Salt . 
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Hydraulic Modelling of the Gas Permeation under Dilatant Deformation Conditions  

 
Two conceptual structure models of rock salt can be considered as a starting point for the permeability 

development:  
1. The Structurally Dense Salt Model  

This model is based on a infinitely small primary porosity and humidity of the salt. The crystals are                   
in a perfect dense arrangement without voids along grain boundaries.  
2. The Fluid Residue Model  

This model is based on the assumption that traces of the residual brine can be found along certain grain 
or crystal boundaries resulting in a primary porosity.  

The hydraulic models based on these structural models, will be called the “Dilatant Permeability 
Model” and the “Displacement Flow Model”.  

The dilatant permeability model is a one-phase-flow model, which can be derived from the percolation 
theory of the generation and the propagation of inter-crystalline or trans-crystalline voids, interfering into                  
a network of flow paths, caused by the deviatoric stress situation in the rock specimen. For the displacement 
flow model, one or two phase-flow-concepts can be applied based on the capillary threshold pressure concept                             
of the displacement of wetting fluids by non-wetting.  

In this paper the structurally dense model is favoured and therefore the dilatant permeability model                 
is used.  
 
Semi-empirical Hydraulic Models for the Dilatant Permeability Concept  

The correlation formulas of geometric changes and stress conditions for example the Hou and Lux 
Model, taking into account anisotropic and time dependent effects (creeping) of the mechanical deformation, 
include many parameters of a tensor character (stress and strain), which are physically correct but very 
difficult to measure in experiments. Therefore, empirical correlations have been often used to couple directly 
the permeability change and the stress deviator (σ

1 
- σ

3
).  

An example of such a correlation for crystalline rocks is given in the following Figure 4 with                         
the formula correlated by Pusch/Weber which includes the shear stress failure boundary σ

f 
and is applicable 

for the poro-elastic deformation.  

       (7) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Permeability-
dilatancy experiments 
with Rotliegendes 
sandstones                         
and crystalline Rocks 
matched by the semi-
empirical poro-elastic 
correlation                             
by Pusch/Weber. 
 

For the poro-plastic deformation of salt specimens, a completely different permeability performance was 
observed in experiments presented in this study, which could be fitted by the following formula after Alkan 
and Cinar:  
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        (8) 

 
 
Dilatancy Boundary  

This empirical model was adopted to the experimental conditions in order to define the fitting 
parameters. It could be successfully applied to match the compression experiments with the Asse rock salt,               
as it can be seen from Fig. 5 and 6.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Permeability-dilatancy 
experiment for Asse rock salt matched 
by the poro - plastic correlation after 
Alkan/Cinar . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Permeability-dilatancy 
experiment for Asse rock salt matched 
by the poro- plastic correlation after 
Alkan/Cinar  

 
The fitting parameters for the 2 experiments presented in the previous figures are given in Table 2.  
 

Test ID No  
σ

3
MPa  

σ
1C/D

MPa  
p

g
MPa  

A  
10

4 B  
c  

10
-6 m  n  

AT3-006  3  6  1,5  3,07  -2,5  5  6,8  0,5  

AT3-011  3  6,5  1,5  2,56  -2,5  5  6,7  1,5  
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Percolation Models for the Dilatant Permeability Concept  
The percolation is known as a random geometrical distribution process that fills sites in a lattice form 

cluster of sites. The sites are occupied at a given time with a probability of p. If the occupation probability 
increases, the sites are interconnected to form structures of finite clusters. With a further increase,                         
the occupation probability reaches a critical value p

c, which results in coupling of the clusters to form an 
infinite connectivity. The concept of percolation is closely associated with the permeation of fluids through 
fractured media.  

The typical development            
of the acoustic emission sites during 
the triaxial permeability measu-
rements is given in Fig. 7 to demon-
strate the different stages in analogy 
to the percolation process with                      
the initiation and growth of                         
the connectivity in the rock salt.  
 
 
 
 
 
 
 
Fig. 7.  Acoustic emission sites determined 
during  the triaxial compression tests-  
The cross section of a cylindrical core                  
(6x30 cm)  

 
Fig. 7a shows that the clusters are small and isolated, the occupation probability is very low.                         

As the deviatoric stress increases, p increases too and the clusters of opened cracks merge together and grow 
(Fig. 7b). This stage is considered as critical probability, i.e. p = p

c
, where infinite clusters may exist. For         

an infinite cluster, there is no measuring unit a to scale the lattice properties. In other words, at p
c 
the lattice 

becomes self similar; local de-tails                        
of the lattice become irrelevant and the lattice                
is said to have universal quantities which can me 
modeled using a fractal concept. The fractal 
dimension for the Asse cores before and after                     
the triaxial measurements were determined                   
by using the “box-counting method” as shown              
in Fig. 8 for the two tests.  
 
 
 
 
Fig. 8.  Fractal dimensions of the Asse rock salt samples from 
microscopic  measurements.  

 
The fractal dimension above the percolation threshold probably shows the backbone clusters                       

as an interconnected flow network. From the homogeneous distribution of this clusters it is obvious that                
the nature of the volume increase can be more probably related to an extension of inter-crystalline boundaries 
than to the development of trans-crystaline cracks.  

The coincidence of the critical percolation probability and the permeability dilatancy, where                           
the permeability begins to increase sharply, is assumed. For many physical systems near and above                             
the percolation threshold, the physical quantities observed have power law dependencies on the system 
parameters. The same is valid for the permeability:  

         (9) 

       (10) 
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For a simple approach to the percolation probability above the threshold value p
c
, the geometrical 

expression proposed by Peach, is applied. The critical percolation exponent t is introduced as the backbone 
cluster size in relation to the fractal dimensionality, as discussed in Yuval et al.:  

        (11) 
where B(p) is the probability of the bonds belonging to the backbone. Since only a rare information                     
is available on the stress-and time dependent functions of the geometrical parameters θ, α and ω, and                             

the conversion of the acoustic events into                   
a probability function is not quite clear,                     
a dynamic modelling of the gas percolation                  
in a permeability-dilatancy experiment was 
not yet possible. Therefore, the probability 
function was used to match the observed 
permeability increase in the experiment                   
AT3-011. The geometrical parameters were 
derived from microscopical observations                     
of the stressed cores in the final stage.  
 
 
 
 
Fig. 9.  Matching the results of the k-φ correlation 
developed for the EDZ using the simplified.  
Peach model and the geometric parameters from 
microscopic measurements.  

 
An acceptable match was obtained for the case where t is equal to 1,3 which leads to B(p) of 0,76.  
For a better definition of the dynamic percolation development below and above-near critical region,                  

the occupation probability and percolation threshold values should be effectively coupled with measurable 
physical parameters. The microseismic method is a promising tool, provided that the resolution                       
of the geometrical dimensions can be increased. For the sample size used in this study it was not yet possible.  

 
Conclusions 

 
The results of the experimental study of the dilatant deformation of natural samples (re-compacted)                  

of the Asse rock salt could be used to characterize the mechanical/hydraulic behaviour of the build-up                      
of the excavation damaged zone with the aid of semi-empirical correlations and the permeability performance 
is matched with a simplified percolation correlation after Peach, using measured fractal dimensions                     
and microcrack geometry factors. The nature of the network of voids, being responsible for the observed                        
gas conductivity, is predominantly an extension of crystal boundaries (homogeneous distribution                       
of acoustic events) rather than prevailing  transcrystalline microfractures.  
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