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1 Introduction 

In several countries, clay stone is considered to be a possible host rock for the disposal 

of radioactive waste. Due to the low permeability of clay stone the generation and mi-

gration of gases inside the repository system is an issue that has to be considered in 

performance assessments. In the repository, gas is mainly generated by metal corro-

sion and degradation of organic matter, which may be part of low- or intermediate-level 

waste. The pressure build-up caused by gas generation changes the hydraulic state of 

the repository and may lead to contaminant transport or barrier violation. A good un-

derstanding of gas migration is needed to assess the impacts of gas generation and to 

allow safety statements with sufficient confidence. 

Shortly after repository closure, the most permeable path for gas migration is given by 

the excavation-damaged zone (EDZ). This pathway can be interrupted by the local 

removal of disturbed rock and subsequent emplacement of well-sealing technical barri-

ers. Preferential pathways may also be given along the interfaces between engineered 

barriers and the host rock. If gas does not manage to escape along these ways, it is 

forced to enter the host rock formation.  

Gas transport in the host rock becomes more efficient as gas pressure rises. This in-

crease of efficiency is not a gradual process but one that is controlled by pressure 

thresholds, which mark the onsets of new transport mechanisms. As pressure builds 

up, the simple diffusion process is first accompanied by visco-capillary flow and after-

wards by the opening of microscopic pathways [1], a process often referred to as 

“pathway dilation”. At even higher pressures, macroscopic fracturing may occur. If 

pathway dilation or fracturing takes place, a vertical escape of gas through the host 

rock is fostered by the upward-decrease of the lithostatic pressure [2]. However, heter-

ogeneities or anisotropies of the rock like bedding planes may favour other directions of 

gas migration.  

Which mechanisms of gas migration will come into effect during the evolution of a re-

pository can be influenced by means of repository design or waste conditioning. Provid-

ing room for gas storage or reducing gas generation, for instance, may regulate the 

velocity and amplitude of the pressure rise and prevent the occurrence of pathway dila-

tion or fracturing. Thus, the probability and relevance of each gas transport process 
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depends on the chosen repository concept and layout and cannot be determined in 

general. 

In order to study the process of gas migration in Opalinus Clay, Nagra has conducted 

several long-term in-situ tests at the Mont Terri Rock Laboratory, Switzerland. Since 

1999, four experiments have been carried out at the same site: The GP-A, GS, HG-C, 

and HG-D experiments, which used an array of four to five boreholes for fluid injection 

and monitoring. 

In the GP-A experiment, a hydraulic fracture has been created. This fracture was test-

ed in the following GS experiment [3]. From 2006 to 2009, after a period of possible 

self-sealing, the fracture was re-tested in the HG-C experiment [4, 5]. In order to inves-

tigate the behaviour of the undisturbed clay, a new borehole has been drilled within the 

framework of the HG-D experiment, approximately 1 metre below the expected location 

of the GP-A fracture. From 2009 to 2012, liquid and gas injection tests were performed 

using the new borehole. Both the HG-C and the HG-D experiment have been carried 

out in two phases. Phase 1 was a long-term water injection test and phase 2 a long-

term gas injection test. 

In the FORGE project, GRS contributed to the analysis and interpretation of the HG-C 

and HG-D experiments by numerical modelling. The main questions of this study were: 

• Which models are able to reproduce the experimental observations? 

• Do these models improve the understanding of gas flow in the clay host rock?  

It is well known that the two-phase flow theory is not able to capture many important 

aspects of gas flow in clay [6, 7]. Still, two-phase flow codes and modified versions are 

frequently used in the field of performance assessment for deep geological repositories 

[8-12]. Modellers apparently still find that the two-phase flow theory is a good descrip-

tion of many gas transport situations in clay and a good starting point for the derivation 

of more sophisticated models. Thus it is likely that two-phase flow models will remain in 

use in performance assessments for some time. The capabilities and limitations of two-

phase flow models should therefore be investigated thoroughly and in a differentiated 

way. This was also attempted in this study. 

In the present work, two categories of models were used. The first category was based 

on the two-phase flow code TOUGH2/EOS7, which has been written by the Lawrence 
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Berkeley National Laboratory, Berkeley, USA [13-15]. The second category comprises 

simple models for gas flow, which are referred to as “tube-chamber models” in the fol-

lowing. These models describe the flow of gas inside a tube, which is the connecting 

element between the injection borehole and an air-filled chamber. Different properties 

can be attributed to the porous medium inside the tube. 

The applied models appear to be simple in consideration of the fact that pathway dila-

tion results from the close interaction of hydraulic and mechanical processes. Although 

the mentioned codes are not hydro-mechanical codes, they consider the effects of hy-

dro-mechanical processes in a simplified way. The advantage of simplifying modelling 

approaches is that they bring out the main aspects of the system and avoid the genera-

tion of models with a lot of parameters whose individual relevance is difficult to see. 

Simplified models are far easier to understand in terms of cause and effect. On the 

basis of this understanding it will be easier to compose adequate conceptual and phys-

ical models in the future.  

The water and gas injection phases of the HG-C experiment and the gas injection 

phase of the HG-D experiment were investigated in chronological order. The original 

version of TOUGH2 was used first. From this starting point, model improvements were 

successively developed. 

Chapter 3 examines the water injection phase of HG-C by means of the original 

TOUGH2 code and a variable permeability model. The analysis of the gas injection 

phase of HG-C, which uses a pathway dilation and a tube-chamber model, is described 

in chapter 4. Chapter 5 investigates the gas injection phase of HG-D by means of an-

other tube-chamber model. The results are discussed in chapter 6 taking into account 

the results of the GP-A and GS experiments, which have been performed previously at 

the same site. General conclusions are drawn in chapter 7. 
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2 Site description 

At the experimental site, four boreholes (BGS1, BGS2, BGS3, and BGS4) of approx. 

12 m length have been drilled into the Opalinus Clay formation (shaly facies) perpen-

dicular to the bedding planes with a dip of approx. 50°. These boreholes were used for 

the GP-A, GS, HG-C, and HG-D experiments by Solexperts [4, 5, 16]. Boreholes BGS1 

and BGS2 were equipped with triple packer systems, boreholes BGS3 and BGS4 with 

“Fixed Re-Installable Micrometres” (FIMs) in order to observe the deformation of the 

Opalinus Clay (see Fig. 2.1). The bottom interval of each borehole was labelled “inter-

val 1”, the central interval “interval 2” and the top interval “interval 3”. The central inter-

val of BGS2 was used for the injection of water and gas in the GP-A, GS, and HG-C 

experiments. 

In June 2009, an additional borehole (BHG-D1) was drilled at the HG-C site. It was 

equipped with a triple packer system in November 2009 [16]. The central interval of 

BHG-D1 is located approximately 1 m below the expected location of the fracture which 

has been created in the GS-experiment (see Fig. 2.2). The equipment of the boreholes 

BGS1, BGS2, BGS3, and BGS4 remained the same as in the HG-C experiment. 

The HG-D experiment has been carried out in two phases. Phase 1 was a multistep 

water injection test which was performed in interval 2 of borehole HGD from 29th April 

2010 until 16th August 2010 (shut-in). Phase 2, a multistep gas injection test, followed 

from 29th December 2010 to 23rd February 2012. The experimental set-up was similar 

to that of the HG-C experiment. In the present study, only the gas injection phase of the 

HG-D experiment was investigated. 

Within the framework of the FORGE project, Nagra has provided field data and internal 

reports for the GP-A, GS, HG-C and HG-D experiments.  

 



6 

 

Fig. 2.1 3D view of the HG-C boreholes showing the orientation of the bedding 

planes (taken from [5]) 

 

Fig. 2.2 Schematic figure showing the relative location of borehole intervals in the 

HG-D experiment and the assumed shape and location of the fracture that 

has been created in the GP-A experiment (Figure used with kind 

permission of Nagra) 
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3 HG-C Phase 1 (water injection) 

3.1 Experimental results and data evaluation 

Fig. 3.1 shows the experimental devices for the pressurisation of interval 2 of BGS2 

(the packer system inside BGS2 and the monitoring boreholes are not displayed). The 

injection pressure was controlled by pressure vessel number 3. At the beginning of 

each pressure step, the vessel was pressurised with gas. Then, during the pressure 

step, the gas reservoir inside the vessel was shut in. Changes of injection pressure 

during a pressure step relate to the outflow of water from the pressure vessel and the 

expansion of the gas reservoir inside the vessel. 

The following raw data has been provided for phase 1 of the HG-C experiment: 

• Pressures in all packer intervals in kPa 

• FIM measurements in BGS3 and BGS4 in mm/m 

• Flow rates in ml/min. (time series “Qhigh” and “Qlow”; according to instructions 

from Nagra, the Qlow data should be used) 

• Pressure in pressure vessel 3 in kPa 

• Air temperature in °C 

• Weight of pressure vessel 3 in g 

Interval 2 of borehole BGS2 will be referred to as “injection interval” in the following. 

Consequently, the pressure measured in the injection interval and the flow into this 

interval will be referred to as “injection pressure” and “injection flow”, respectively. 

Six pressure steps with increasing pressure (named “1+”, “2+”, “3+”, “4+”, “5+”, and 

“6+”) and five pressure steps with decreasing pressure (named “5-“, “4-“, “3-“, “2-“, and 

“1-“) have been performed. The results of the pressure, flow, and deformation meas-

urements are displayed in Fig. 3.2 and Fig. 3.3. 

No problems have been reported regarding the FIM measurements. For the analysis of 

experimental phase 1, not all pressure measurements were used: 
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• Regarding borehole BGS2, only the pressure data of interval 2 for pressure step 2+ 
to 1- were used. The data for the other intervals were dismissed for the following 
reasons: 

− Interval 3 of BGS2 showed a quick response to the pressure rise in injection in-

terval 2 (see Fig. 3.2). According to Trick [4] the fast response could point to 

compressibility effects of the packer rather than to a packer bypass. However, 

there seemed to be a leakage between interval 2 and 3 during pressure step 1+ 

(12 bar) because of the rapid pressure decrease in interval 2 (indicating water 

loss from interval 2) and the corresponding strong response in interval 3.  

− Trick [4] has assumed that interval 1 had a connection to the atmosphere. Thus, 

the pressure measurements for this interval were not considered in this study.  

• Regarding borehole BGS1, only the pressure data of interval 3 were used. The data 
for the other intervals were dismissed for the following reasons:  

− During the redress of the packer system of borehole BGS1, a connection be-

tween interval 1 and the unsealed part of the packer mandrel has been detect-

ed [4].  

− Pressures of about 120 kPa (which are close to atmospheric pressure) have 

been measured in interval 2. This indicates that this interval was not at equilibri-

um with the pore water pressure. 

From the data, it was possible to estimate the injection flows in three ways: 

a) by using the flow meter measurements; 

b) by using the injection pressure measurements; these reflect the expansion of 

the gas bubble inside pressure vessel 3 and thus are a measure of the water 

volume that was expelled from the vessel; 

c) by using the measurements of the balance on which the pressure vessel rested; 

the weight measurements indicate how much water was in the vessel. 

According to Trick [4], the flow meter measurements during the decreasing pressure 

phases are very noisy due to degassing effects. They have to be used with caution. 

A comparison between the pressure evolution in BGS2 and the balance data indicated 

that the latter was not very accurate. This was confirmed by Nagra. It was found that 
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there was a weight increase during a pressure decrease, which is not plausible be-

cause the pressure decrease was caused by an outflow of water from the pressure 

vessel.  

Methods a) and b) provide independent flow data. The models are therefore calibrated 

with regard to both pressure and flow measurements. 

 

 

Fig. 3.1 Set-up of phase 1 of the HG-C experiment (taken from [4]) 

  



10 

 

Fig. 3.2 Pressures and flows measured in the HG-C experiment (taken from [4]) 

 

Fig. 3.3 Deformation measurements of the HG-C experiment (taken from [4]) 
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3.2 Original TOUGH2 code 

3.2.1 Modelling grid and boundary conditions 

The geometry of the modelling grid is shown in Fig. 3.4 to Fig. 3.6.  

In Fig. 3.4, the floor of the access shaft is represented by a blue horizontal rectangle at 

the top of the picture. The orientation of the boreholes is perpendicular to the bedding 

plane. Due to the symmetry of the set-up, only one half of the domain was modelled.  

The pressure vessel and the piping were included in the model as a vertical column. 

The pressure vessel is represented by the upper part of the column, the piping by the 

lower part of the column. The piping was connected to interval 2 of BGS2 by an addi-

tional element connection. This connection exists in the TOUGH2 grid declaration only 

and cannot be seen in Fig. 3.4.  

In the TOUGH2 grid declaration, the volume of element PIPE was set to 20 l in order to 

provide enough water for water injection. Fluid was injected from element PIPE to the 

injection interval via the element LINK which was placed in interval 2 of BGS2. Water 

injection was achieved by imposing a gas pressure on the pressure vessel VESS. This 

expelled water from the vessel, expanded the gas phase and reduced the vessel pres-

sure. 

All model faces are no-flow boundaries. This implies that flow into the rock requires 

compressibility effects. 

Except for the injection interval (interval 2 of borehole BGS2), all packer intervals were 

represented by a single element (Fig. 3.5) in order to reduce calculation time. The in-

terval volumes did not represent the actual volumes and were corrected in the 

TOUGH2 grid declaration. 
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Since the largest pressure gradients were expected in the vicinity of the injection inter-

val, the radial grid was refined here (Fig. 3.6).1 

 

Fig. 3.4 Modelling grid for the simulation of the HG-C experiment with TOUGH2 

Key explanation: Letters T, C, and B appended to the borehole names stand for “top”, “cen-

tre”, and “bottom”, respectively. Thus, BGS2B stands for interval 1 of BGS2. 

 

                                                

1  A thin layer of 1 cm around the injection interval  (named “EDZ”) was introduced in order to keep the 
possibility of simulating a damaged zone. (Borehole damage zones were observed in some boreholes 
in Mont Terri). However, no use is made of this element layer in this study. Its properties are set to 
those of the intact clay. 
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Fig. 3.5 Same view as in the previous Fig. but without the clay rock 

 

 

Fig. 3.6 Detail of the modelling grid showing the discretisation of the BGS2 

borehole (The gas vessel is connected to interval 2 via the element “LINK”) 
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3.2.2 Reference case 

The reference case was based on information that was available at the beginning of 

the project. The reference case was used to analyse the principal behaviour of the sys-

tem if two-phase flow is assumed. 

The model system contains a liquid and a gas phase. The phases are composed of the 

components water and air (TOUGH2 was used in connection with the Equation-of-

State module EOS7). Gas diffusion and heat transport were neglected. Tab. 3.1 shows 

the main parameter values of the reference case. The rock matrix was assumed to be 

compressible2. An approximate temperature of 10 °C was applied. Advective flux be-

tween two adjacent elements was calculated using the weighted harmonic mean of the 

intrinsic permeabilities and an upstream-weighted mobility3. Upstream-weighting of 

mobilities is necessary to allow the propagation of phase fronts. 

The volume of the pressure vessel was corrected to account for the leakage that had 

probably occurred during pressure step 1+. During this step the pressure had dropped 

from 1.2 MPa to 0.847 MPa. Assuming that gas volumes and pressures change ac-

cording to the ideal gas law, the initial gas volume of 2 l had probably increased to ap-

prox. 2.83 l during the leakage. Therefore, the vessel volume was set to 2.8 l in the 

model in order to achieve a realistic gas volume for the following pressure steps. 

The results of the simulation are shown in Fig. 3.7 to Fig. 3.10 together with the meas-

ured data. Fig. 3.7 shows a good agreement of the simulated pressures and those 

pressures that were measured in interval 2 of BGS2 for the pressure steps 2+, 3+, 5+, 

3-, 2-, and 1-. The pressure drop that has been measured during step 1+ was probably 

caused by a leakage. In the simulation, the pressure was set to the measured value at 

the beginning of each pressure step. The subsequent pressure drop reflected the evo-

lution of the vessel pressure due to the expansion of the enclosed gas bubble.  

                                                

2  The TOUGH2 parameter “compressibility” C (the relative porosity change per pore pressure change) is 
calculated from the specific storage Ss by C = Ss / (φ ρ g) - cl, where φ is the porosity, ρ the density of wa-
ter, g the gravitational acceleration and cl the compressibility of water. 

3  In the language of TOUGH2 the term 𝑘 𝑘r 𝜇⁄  is called “mobility”, where k is the intrinsic permeability, 𝑘r 
the relative permeability of the phase and 𝜇 is its viscosity. 



15 

In the simulation, no pressure signal was received in intervals 1 and 3 of boreholes 

BGS2 and BGS1 (Fig. 3.8). However, there was a pressure response in interval 2 of 

BGS1. The stronger reaction in the central interval of BGS1 (interval 2) probably attrib-

utes to the higher permeability parallel to bedding. The effect of anisotropy is also visi-

ble in the measured and simulated deformation in borehole BGS3 (Fig. 3.9). Both, sim-

ulation and measurements, show the strongest response in the central interval (interval 

2), which probably attributes to the anisotropy that is introduced by the bedding of the 

clay. 

Tab. 3.1 Parameters of the reference case (phase 1 of HG-C) 

Parameter Opalinus clay (shaly facies), EDZ, 
BGS3 and BGS4 

Other packer 
intervals 

pipe vessel 

intrinsic  
permeability 

5 E-20 m² || 
bedding plane 

5E-21 m² ⊥ 
bedding plane 

Within range for shaly 
facies 

1 E-15 1 E-15 1 E-15 

porosity 0.13 0.10 to 0.16 [17] 0.95 0.95 1 

Specific  
storage 

1.5E-6 1/m Estimation from pre-
liminary Analyses 
(oral information by 
Nagra)  

0 0 0 

Relative  
permeability  
function 

krl=S*³ 
krg=(1-S*)³ 
S*=(Sl-Slr) 

/(1-Slr) 
Slr=0.001 

Power law with expo-
nent between 2 and 3 
reported for Callovo-
Oxfordian clay 

Same as for 
clay (less 
relevant) 

as for clay 
(less relevant) 

as for clay 
(less relevant) 

Capillary  
pressure  
function 

No capillary 
pressures 

No gas phase injec-
tion into the rock in 
phase 1 of HG-C 

No capillary 
pressures 

No capillary 
pressures 

No capillary 
pressures 

Initial pressure 
for  
equilibration 

0.68314 MPa = pressure in 
BGS2-i2. Assump-
tion: equilibrated with 
pore water pressure 

0.68314 MPa 
(boundary 

condition for 
interval 2 of 

BGS2) 

0.68314 MPa 0.68314 MPa 

Initial pressure 
for HG-C  
phase 1 

Result of 
equilibration 

 Result of 
equilibration 

Result of 
equilibration 

Result of 
equilibration 

Initial gas  
saturation for 
equilibration  

0.001 > 0 to avoid possible 
numerical problems in 
case of changes in 
the number of phases 

0.001 0.001 0.001 

Initial gas  
saturation for 
HG-C phase 1 

Result of 
equilibration 

 Result of 
equilibration 

Result of 
equilibration 

0.999 
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Fig. 3.7 Pressure in the injection interval of BGS2 (reference case) 

 

 

Fig. 3.8 Pressure response in BGS1 (reference case) 

The measured pressure decrease in interval 3 might indicate a leakage or an incomplete 

equilibration with the pore water pressure of the rock.  
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Fig. 3.9 Deformation in BGS3 (reference case) 

A decreasing trend of the displacement measurements stands for dilation. The measured 

dilation in interval 2 corresponds to a porosity increase in the simulation. 

 

The simulated injection flows were considerably lower than the measured injection 

flows (see Fig. 3.10; “Qlow” denotes the measured data). This finding contradicts the 

quite good fitting results for the injection pressures (Fig. 3.7) because the pressure 

slopes are a direct consequence of the injection flows. This indicates that the gas vol-

ume inside the pressure vessel at the end of pressure step 1+ has been underestimat-

ed.  
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Fig. 3.10 Flow into the injection interval in the reference case 

 

3.2.3 Parameter variation 

The behaviour of the flow system at the HG-C site was investigated by varying single 

properties against the reference case. 

3.2.3.1 Reducing porosity with constant specific storage 

In this simulation case, the porosity of the clay was multiplied by a factor of 0.5 and the 

specific storage Ss was kept constant. Since the TOUGH2 parameter “compressibility”  

C = Ss / (φ ρ g) - cl 

depends on both porosity and specific storage, the compressibility of the clay had to be 

adapted to the new porosity.  

The simulated injection pressures (Fig. 3.11) and injection flows (Fig. 3.12) did not 

show any deviation from the reference case. However, the reduced porosity caused a 

strong porosity increase in the central interval of the remote boreholes BGS3 and 

BGS1 (see Fig. 3.13 and Fig. 3.14). This can be explained by the reduced water vol-

ume inside the rock, which can be compressed in order to store additional water. The 
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constant specific storage guarantees a constant storage capacity of the rock so that the 

reduced effect of water compression had to be compensated by a higher porosity in-

crease (i. e. matrix compression). For the flow process there is not much difference 

whether the space for the storage of additional water is provided by water or matrix 

compression. Therefore, a variation of porosity has no influence on water flow under 

saturated conditions provided that the specific storage is kept constant. 

 

Fig. 3.11 Injection pressures 

 

Fig. 3.12 Injection flows (interval 2 of BGS 2) 
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Fig. 3.13 Porosity change in interval 2 of BGS3 

 

Fig. 3.14 Pressure response in BGS1 

3.2.3.2 Increasing specific storage 

Specific storage was increased by a factor of 10 in this simulation case. Fig. 3.15 

shows slightly steeper pressure curves indicating higher injection flows. Fig. 3.16 con-

firms this observation. Flows are generally increased by a higher specific storage of the 

clay. 
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Fig. 3.15 Pressure evolution in interval 2 of BGS 2 

 

 

Fig. 3.16 Flow into interval 2 of BGS 2 
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The raised compressibility of the clay led to a stronger porosity increase in the central 

interval of BGS3 (Fig. 3.17). However, the pressure signal did not arrive at the more 

distant borehole BGS1 (Fig. 3.18). Probably, it was now possible to store most of the 

injected water in the vicinity of the injection interval due to the increased specific stor-

age. 

 

Fig. 3.17 Porosity change response in BGS 3 

 

Fig. 3.18 Pressure response in BGS1 
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3.2.3.3 Increasing permeability 

Horizontal and vertical permeabilities were doubled in this simulation case. This had a 

strong impact on injection pressures and flows. The slope of the pressure curves 

steepened (Fig. 3.19), injection flows increased (Fig. 3.20), and the central interval of 

BGS 1 experienced higher pressures (Fig. 3.21). A strong effect was also noticed in 

borehole BGS 3 (Fig. 3.22). 

 

Fig. 3.19 Pressure evolution in interval 2 of BGS 2 

 

Fig. 3.20 Flow into interval 2 of BGS 2 
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Fig. 3.21 Pressure evolution in BGS1 

 

 

Fig. 3.22 Porosity change in BGS 3 
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3.2.4 Parameter fit 

The previous analysis of the reference case indicated that the assumed initial gas vol-

ume of the pressure vessel was wrong. In order to fit injection pressures and injection 

flows at the same time, the initial gas volume of the pressure vessel was used as a 

fitting parameter.  

Parameter fits were conducted on a trial-and-error basis with respect to both injection 

pressures and injection flows. The pressure data of BGS 1 was neglected because the 

data for the central interval was not reliable. Tab. 3.2 shows the results of the model 

calibration (other parameters according to the reference case). 

With this parameterisation, the pressure curves agreed very well with the measure-

ments of the pressure steps 2+, 3+, 4+, 5+, 3-, 2-, and 1- (Fig. 3.23). No satisfying fit 

was achieved for the highest pressure step (step 6+) and the subsequent steps 5- and 

4-. The fit of the flow curves was significantly improved (Fig. 3.24) but of minor quality 

for steps 5+ and 5-.  

The deviations observed at pressure steps 5- and 4- indicate the existence of a pres-

sure threshold above which the injection of water was facilitated. For this reason a 

model with pressure-dependent permeability was developed (see the following sec-

tion). 

 

Tab. 3.2 Fitted parameters of the original TOUGH2 code for phase 1 of HG-C 

Intrinsic permeability of clay,  
EDZ, BGS3 and BGS4 

7.4 E-20 m² || bedding plane 
7.4 E-21 m² ⊥ bedding plane. 

Initial volume of the gas vessel 5 liters 
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Fig. 3.23 Measured and fitted injection pressures (original TOUGH2 code) 

 

 

Fig. 3.24 Measured and fitted injection flows (original TOUGH2 code) 

The noise in the measured flow data attributes to degassing effects 
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3.3 Variable permeability model 

3.3.1 Model description 

This model is a modified version of the TOUGH2 code. It is characterised by a pres-

sure threshold above which permeability becomes pressure-dependent. 

In TOUGH2, the flow Fβ  of phase β  is determined by a generalised Darcy law 

)(r, gp
k

kF ββ
β

ββ
β ρ

µ
ρ

−∇−= . 

Here, k is the intrinsic and kr,β the relative permeability, ρβ the density and µβ the dy-

namic viscosity. g is the vector of gravitational acceleration and pβ  the pressure of the 

phase. In the modified version of this equation, the relative permeability is multiplied by  

𝑝 − 𝑝thr

𝑝ref − 𝑝thr
�
𝑘ref

𝑘
− 1� + 1 ,   with   𝑝ref − 𝑝thr   and  𝑘ref > 𝑘 

if 𝑝 > 𝑝thr. (The relative permeability is modified instead of the intrinsic permeability in 

order to have the modification in the upstream-weighted term of the flux equation.) Mo-

bility thus increases linearly above the pressure threshold 𝑝thr so that 

𝑘ref
𝑘r,β

𝜇𝛽
     at     𝑝 = 𝑝ref.    

The relative permeability is only modified in the direction parallel to the bedding. It was 

assumed that the anisotropic fabric of the clay facilitates crack opening and propaga-

tion in this direction. 

3.3.2 Parameter fit 

Using the variable permeability model, parameter fits were conducted with respect to 

the injection pressures and injection flows. The gas volume in the pressure vessel was 

used as an additional fitting parameter. Good curve fits were found using the parame-

ters listed in Tab. 3.3. 
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Tab. 3.3 Fitted parameters of the variable permeability model for phase 1 of HG-C 

Intrinsic permeability of clay,  
EDZ, BGS3 and BGS4 

7.4 E-20 m² || bedding plane 
7.4 E-21 m² ⊥ bedding plane 

Initial volume of the gas vessel 5 liters 

𝒑thr 5 MPa 

𝒑ref 6 MPa 

𝒌ref 5 E-18 m² 

 

The simulated injection pressures and injection flows are plotted in Fig. 3.25 and  

Fig. 3.26, respectively, together with the measured values. Both plots display a good 

curve fit. This applies especially to the highest pressure step (6+), for which no match 

was achieved with the original TOUGH2 code. The curve fits for the following two pres-

sure steps (5- and 4-) are of minor quality, indicating the existence of irreversible or 

hysteretic processes. 

 

Fig. 3.25 Pressure in the injection interval of BGS2 
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Fig. 3.26 Injection flow 

The noise in the measured flow data attributes to degassing effects 

 

3.4 Chapter summary 

Phase 1 of HG-C was simulated assuming homogeneous properties of the host rock. 

The original TOUGH2 code was unable to reproduce the pressure and flow curves at 

the highest pressure step (step 6+). Better results were achieved using a modified ver-

sion of TOUGH2 with variable permeability (“variable permeability model”). In this 

model, the mobility of water increases if a threshold pressure of 5 MPa is exceeded. 

This indicates the presence of pathway dilation in the experiment. However, both mod-

els were unable to reproduce steps 5- and 4-, which is an indication for irreversible or 

hysteretic processes. 

The compression of the clay matrix as well as water compression were the main 

mechanisms for water uptake in the closed system. In the simulations, water injection 

rates depended strongly on the permeability of the clay. An increased specific storage 

led to higher injection rates, too, because it was now possible to store more water in 

the vicinity of the injection interval. This also reduced the travel distance of the pres-

sure signal. 
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In order to calibrate the model against the injection pressures and injection flows at the 

same time, the initial gas volume of the pressure vessel had to be introduced as an 

additional fitting parameter. This is an indication of erroneous assumptions regarding 

the initial gas volume inside the pressure vessel or regarding the amount of gas leak-

age during pressure step 1+.  
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4 HG-C Phase 2 (gas injection) 

4.1 Experimental results and data evaluation 

Nagra provided the following raw data for the gas injection phase of the HG-C experi-

ment (phase 2): 

• Pressures in all packer intervals in kPa 

• FIM measurements in BGS3 and BGS4 

• Flow rates in nml/min. The gas flow was too low to be measured directly. There-

fore the gas flow into the rock (not the one into the injection interval) was de-

duced from the decrease of the total gas volume inside the injection system and 

the pressure measurements by Solexperts. 

Nitrogen has been used for gas injection. In the experiment, the injection pressure was 

increased in five steps. During each pressure step the gas pressure vessel was shut-in. 

Fig. 4.1 shows the pressure evolution in the three intervals of the injection borehole. 

Interval 3 of the injection borehole responded very fast to the first pressure step, which 

might be an artificial effect. Incomplete sealing was detected for interval 1 of BGS1 and 

interval 1 of BGS2. The pressure measurements for these intervals were therefore 

dismissed. Fig. 4.2 shows the experimental set-up. 

 

Fig. 4.1 Pressures in the three intervals of borehole BGS2 (taken from [5]) 



32 

 

 

Fig. 4.2 Experimental set-up of the HG-C gas tests (taken from [5]) 
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4.2 Applying the variable permeability model 

Phase 2 was first simulated with the variable permeability model, which had also been 

applied for phase 1 (section 0). The same model grid and parameters were used. For 

phase 2, the injection interval was completely desaturated in the model. The molar 

mass of the gas component was set to that of N2.  

As the gas volume in the experimental devices was unknown, the injection pressure 

was set as a time-dependent boundary condition (i. e. the injection pressure did not 

depend on the injection flow). The injection flows were used for model calibration. In 

the following, all gas flows refer to volume flows that are normalised with regard to the 

reference condition of 0.1 MPa and 21° C. 

The modelling results show a striking difference between the simulated and measured 

injection flows (Fig. 4.3). Only small flow peaks were produced by the model. This 

might attribute to the low relative gas permeability of the almost saturated rock and to 

the fact that water has to be flushed out of the rock in order to gain space for the enter-

ing gas phase, which does not seem to be an effective mechanism for gas entry. 

Apparently, the variable permeability model was not able predict the gas injection 

phase of the HG-C experiment. Therefore, alternative models were developed for this 

test phase.  

 

Fig. 4.3 Injection flows 
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4.3 Pathway dilation model 

In the HG-C experiment, gas injection was dominated by thresholds. According to  

Fig. 4.4 the main gas entry event started on day 147 (pressure step HI5) with a precur-

sory gas flow, which set in on day 100 (pressure step (HI4). This indicates that the ini-

tial threshold for the main gas entry ranged between 2.34 MPa and 3 MPa at the site. 

In view of the findings described in the previous section it is unlikely that gas entered 

by displacement of water from saturated pores. More likely is a pressure-driven dilation 

of pathways.  

As shown by Fig. 4.4, gas was still injected on day 225 although the injection pressure 

had already dropped to 1.57 MPa, i. e. below the initial threshold for gas entry. If path-

way dilation indeed was the main mechanism for gas entry then the process clearly 

had irreversible or at least hysteretic components.  

In this study, models with pressure-dependent permeability, porosity and gas entry 

threshold were tested. Yet, none of these models was capable of creating and main-

taining a low pressure regime in the rock, which would allow for the observed long-

lasting injection flow. This suggested the presence of an additional mechanism for 

pressure reduction inside the rock. These considerations gave rise to the formulation of 

a pathway dilation model, which introduces a pressure-dependent rate of porosity 

change (“dilation rate”). With a positive dilation rate, pressures are successively re-

duced in the rock due to an expansion of the contained gas phase. This allows the up-

take of gas over long periods of time. The TOUGH2 code was extended to implement 

this model. 
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Fig. 4.4 Measured injection pressures and injection flows (phase 2 of HG-C) 

4.3.1 Conceptual model 

It is assumed that micro cracks open in the rock if the pore pressure exceeds a certain 

pressure threshold. The aperture of the cracks depends on pore pressure. The opening 

of cracks causes a macroscopic dilation of the rock. 

The crack network shall be divided into main flow paths and dead end branches (see 

Fig. 4.5). The opening of dead end branches shall be a time-dependent relaxation pro-

cess causing the mean porosity to increase with time. The macroscopic permeability 

shall be controlled by those parts of the crack network that constitute the main flow 

paths. Since the number of main flow paths shall not increase with time and crack ap-

ertures are in equilibrium with pressure, the macroscopic permeability is only pressure-

dependent but not explicitly time-dependent. Permeability and porosity are independent 

in this crack network model. 

This gives rise to the following conceptual model: 

• There is a threshold pressure 𝑝thr below which the main flow paths are closed. This 
means that the permeability component which attributes to the crack network van-
ishes for pore pressures below the threshold pressure. 
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• For a pore pressure 𝑝 > 𝑝thr, the pressure threshold 𝑝thr decreases from an initial 
value 𝑝thr

0  to a lower limit 𝑝thr
min  with increasing pressure 𝑝 (irreversible softening 

against microscopic tensile failure). 

• Gas permeability is anisotropic and increases linearly with pressure difference 
𝑝 − 𝑝thr. There is no gas permeability if 𝑝 < 𝑝thr. 

• Porosity is variable and time-dependent. Porosity change is governed by a “dilation 
rate” 𝑑𝜙dil/𝑑𝑡, which increases linearly with 𝑝 − 𝑝thr and becomes zero for pres-
sures below the current threshold pressure. This implies that, except for 𝑝 ≤ 𝑝thr, 
porosity grows steadily. Yet, the system equilibrates because the gas phase inside 
the pores expands due to the dilation of the rock causing a decrease of pore pres-
sure. This process continues until the pore pressure reaches the threshold pressure 
𝑝thr so that the dilation process stops. 

 

 

Fig. 4.5 Conceptual model of the dilation process 

Rock dilation is caused by a pressure-induced opening of crack networks (black and grey 

lines).  The mean permeability of the rock is controlled by the apertures of those cracks 

forming main flow paths (black line). Since crack apertures are expected to be in equilibri-

um with pressure, permeability is not expected to be explicitly time-dependent. Permeability 

is therefore defined as a pressure-dependent function in the model. Over time, dead end 

crack branches open (lines in dark and light grey). This relaxation process continuously in-

creases the mean porosity of the rock but does not affect permeability. The time-dependent 

increase of porosity is described by a pressure-dependent rate of porosity increase (“dila-

tion rate”) in the model. 
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The time-dependent increase of porosity reflects a time-dependent damage to the rock 

on the micro-scale. The model is only applicable for a low degree of damage and crack 

connectivity so that dead end crack branches can still exist. This should be reflected in 

porosities remaining well below 1 during the equilibration process. 

It is likely that most of the pore water is not in direct contact with micro cracks. In order 

to avoid overestimation of phase interactions, the following simplifying assumptions 

were made: 

• water is immobile 

• water is not compressible 

• no gas is dissolved in the water. 

Also, the compressibility of the matrix was set to zero to clarify the effects of pathway 

dilation. With all these assumptions the system virtually is a one-phase flow system.  

4.3.2 Mathematical model 

In the model, irreversible softening against microscopic tensile failure is achieved by 

reducing the threshold pressure 𝑝thr. 𝑝thr
𝑖  is the threshold pressure at time step 𝑖, with 

𝑖 = 0 at the beginning of the simulation. 𝑝thr
𝑖  is defined by means of a pressure �̂�thr, 

which is the threshold pressure that would develop in undisturbed rock by applying 

pressure 𝑝:  

�̂�thr =
𝑝 − 𝑝thr

0

𝑝soft − 𝑝thr
0 �𝑝thr

min − 𝑝thr
0 � + 𝑝thr

0       for      𝑝soft ≥ 𝑝 ≥ 𝑝thr
0  

�̂�thr = 𝑝thr
min      for      𝑝 > 𝑝soft 

�̂�thr = 𝑝thr
0       for      𝑝 < 𝑝thr

0  . 

�̂�thr decreases from 𝑝thr
0  to 𝑝thr

min as 𝑝 rises from 𝑝thr
0  to 𝑝soft. An irreversible softening can 

now be introduced by 

𝑝thr
𝑖 = min�𝑝thr

𝑖−1, �̂�thr� . 
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The flow equation of TOUGH2 was replaced by the following equation in order to im-

plement the effect of pathway dilation on the mobility of the gas phase: 

).( gasgas
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(4.1) 

Here, k is the intrinsic and kr,gas the relative gas permeability, ρgas is the density, µgas the 

dynamic viscosity of the gas phase, and g the vector of gravitational acceleration. kdil is 

a pressure-dependent gas permeability of dilated pathways. The tensor Kdil,i introduces 

anisotropy. The two terms in the large brackets of equation (4.1), which determine the 

gas flow in the orginal pore space and in the pore space gained by pathway dilation, 

can be weighted separately in the spatially discretised equation. The term for the dilat-

ed pores is always upstream-weighted. 

The permeability of the pore space gained by dilation kdil was defined by the relation-

ship  

𝑘dil = �𝑝 − 𝑝thr
𝑖 �𝐶1      for      𝑝 ≥ 𝑝thr

𝑖  

where 𝐶1 is a calibration parameter. If the pressure is below the threshold pressure, 𝑘dil 

is zero. 

Porosity 𝜙 was defined as the sum of the initial porosity 𝜙0 and the porosity gained by 

dilation 𝜙dil: 

𝜙 = 𝜙0 + 𝜙dil   with  𝜙dil = 0    for    𝑡 = 0. 

𝜙dil is called “secondary porosity” in the following. The change of 𝜙dil is controlled by 

the equation 

𝑑𝜙dil

𝑑𝑡
= �𝑝 − 𝑝thr

𝑖 �𝐶2      for      𝑝 ≥ 𝑝thr
𝑖 . (4.2) 

If the pressure is below the threshold pressure, 𝑑𝜙dil
𝑑𝑡

 is set to zero. The pathway dilation 

model is now parameterised by the six parameters 𝐶1,𝐶2,𝑝thr
0 ,𝑝thr

min, 𝑝soft, and Kdil,. 
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In order to achieve a 1-phase flow system, water was immobilised by setting the per-

meability of the original pore space 𝑘 to zero. A flow of gas can therefore only establish 

itself by pathway dilation.  

In order to eliminate gas storage by processes other than pathway dilation, the density 

of water was kept constant and the solubility of the gas component in the liquid phase 

was set to zero. This way, neither water compression nor gas dissolution can take 

place. (The consequences of water compression and gas dissolution are described in 

section 4.4.)  

In order to eliminate further gas storage effects, the initial pressure of non-dilated grid 

elements was set to 1000 Pa below the initial threshold pressure. This prevents that 

significant amounts of gas have to flow from dilated to non-dilated grid elements in or-

der to raise the pore pressure to the initial threshold pressure for dilation. Such a flow 

would take place because of the small gas saturation of approximately 10-5 that was 

introduced as an initial condition for numerical reasons4. Without raising the initial pres-

sure to close to the initial threshold pressure, the initial gas saturation would provide an 

artificial storage for gas. The elevated initial pressure does not cause any artificial flow 

between non-dilated elements because the permeability of non-dilated elements is  

zero.  

  

                                                

4  In the simulations, the initial gas saturation was much smaller than the porosity changes caused by 
dilation. 
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4.3.3 Parameter fit 

The dilation model was calibrated with the aim to fit the injection flows to the measured 

flow data. Satisfactory fits were achieved with the parameter set displayed in Tab. 4.1. 

The results of the best-fit calculation are plotted in Fig. 4.6. The time axis ranges from 

day 90 to day 240 and covers the pressure intervals HI4 (starting on day 100) and HI5 

(starting on day 147). In the experiment, a small flow of gas has been detected in step 

HI4 which was not reproduced in the simulation. However, there is quite good agree-

ment for interval HI5. 

Tab. 4.1 Fitted parameters of the dilation model for phase 2 of HG-C 

𝑪𝟏 2.1E-27 m²/Pa 

𝑪𝟐 5E-17 sec-1Pa-1 

𝒑thr
𝟎  2.35 MPa 

𝒑thr
min 1.1 MPa 

𝒑soft 2.4 MPa 

Kdil (1, 1, 𝑘3) with 𝑘3 = 0.1 

 

 

Fig. 4.6 Gas flows of the best-fit calculation together with the measured flows 
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Fig. 4.7 shows the evolution of the secondary porosity at nine different grid elements. 

The lengths displayed in the key of Fig. 4.7 denote the distances between the centre of 

the respective grid element and the border of the injection interval. All element centres 

are placed on a line which is aligned normal to the borehole axis and runs through the 

centre of the injection interval. 

According to Fig. 4.7, dilation was detected 135 cm away from the injection borehole 

but there was no sign of dilation at a distance of 150 cm. At distances beyond 114 cm, 

the rate of porosity change decreased to zero already after a few days. Therefore, the 

active dilation zone had a width of about 1 m.  

At the beginning of pressure step HI5 all points started to dilate at the same time, which 

means that the dilation zone already reached its final width shortly after the first pres-

sure pulse of HI5. The different rates of porosity change were caused by the general 

pressure decrease with increasing distance.  

 

Fig. 4.7 Secondary porosity at different distances from the border of the injection 

interval 

The reduction of the threshold pressure is displayed in Fig. 4.8 for five different grid 

elements. The initial threshold pressure is 2.35 MPa. Triggered by the pressure pulse 

of step HI5 there are softening reactions in the entire dilation zone. For distances up to 

88 cm the threshold pressure drops to the minimum value prescribed by parameter 



42 

𝑝thr
min (1.1 MPa). At distances of 114 cm, 135cm, and 150 cm there is less softening 

because the pressure does not reach 𝑝soft .  

 

Fig. 4.8 Threshold pressures at different distances from the border of the injection 

interval 

The pressure evolution is plotted in Fig. 4.9 for ten different grid elements. Before step 

HI5, all elements were at the initial pressure of 2.34 MPa. At the time of the HI5 pres-

sure pulse, all grid elements dilated simultaneously. However, each grid element expe-

rienced a different pressure at this time, which reflected the prevailing pressure gradi-

ent. The pressure gradient at the beginning of pressure step HI5 therefore controlled 

the extent of the dilation zone.   

After gas entry, pressures decreased due to the expansion of the gas phase caused by 

the given dilation rates. Pressures reached the threshold pressure at distances of 

114 cm, 135 cm, and 150 cm (Fig. 4.9) and remained constant afterwards because of 

the vanishing permeability. This means that the gas phase was shut-in at the threshold 

pressure. 
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Fig. 4.9 Pressures at different distances from the border of the injection interval 

4.3.4 Parameter variation 

The sensitivity of the model was investigated by varying single parameters against the 

fitted values. To appraise the effect of such variations it has to be remembered that the 

injection pressure was defined as a pressure boundary condition, while in the real sys-

tem it is coupled to the injection flow. Due to the boundary condition, the model may 

produce vanishing or even negative injection flows while the injection pressure is de-

creasing. This could never be the case in the real system where every pressure de-

crease is a consequence of a positive gas flow into the rock (provided that there is no 

leakage from the experimental devices).  
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4.3.4.1 Varying the dilation rate 

The dilation rate (the rate of porosity change) is controlled by the parameter 𝐶2. As 𝐶2 

was increased there was also an increase of the gas flow, and vice versa (see  

Fig. 4.10). The change of gas flow was not proportional to the change of 𝐶2. 

 

Fig. 4.10 Varying the dilation rate using parameter 𝑪𝟐 

Interpretation 

In the model, gas can only enter if the dilation rate is larger than zero. The parameter 

𝐶2, controlling the dilation rate directly via equation (4.2), therefore has an immediate 

effect on gas injection. However, the high value of 𝐶2 (factor 10) probably caused a 

pressure decrease in the vicinity of the injection borehole. This reduced the width of the 

dilation zone to less than 72 cm (Fig. 4.11) and consequently reduced the uptake of 

gas. Therefore, gas injection was not proportional to 𝐶2. 
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Fig. 4.11 Dilation rates if parameter 𝑪𝟐 is multiplied by a factor of 10 
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4.3.4.2 Varying the permeability of dilated elements 

The permeability of dilated elements is controlled by the parameter 𝐶1. Injection flows 

were significantly affected in step HI5 as 𝐶1 was varied (see Fig. 4.12).  The change of 

the injection flow was nearly proportional to the change of 𝐶1.  

Interpretation 

Parameter 𝐶1 controls how fast the pressure signal can travel from the injection interval 

into the rock. It therefore determines how many grid elements will manage to reach the 

threshold pressure for dilation. This again controls the width of the dilation zone, which 

explains why 𝐶1 has such a strong influence on gas flow. 

 

Fig. 4.12 Varying permeability using parameter 𝑪𝟏 

4.3.4.3 Varying the initial threshold pressure 

The initial threshold pressure was decreased to 2.3 MPa, 2.2 MPa, and 2.1 MPa. 

These values are below the maximum pressure of pressure step HI4 so that a gas flow 

already established itself in step HI4.  

As Fig. 4.13 shows, the variation changed the shape of the flow curves. The same 

curves are obtained for initial thresholds of 2.2 MPa and 2.1 MPa. For these initial 
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thresholds, an elevated flow peak develops at the beginning of step HI5 and the injec-

tion flow decreases more quickly in the following days. The tendency towards a quicker 

decrease of gas flow is also visible in step HI4 (starting on day 100). 

Interpretation 

The decrease of gas flow that is visible in step HI4 for initial thresholds of 2.2 MPa and 

2.1 MPa was not caused by a decreasing dilation rate. As Fig. 4.14 illustrates, the dila-

tion rate remained almost constant during pressure step HI4. More likely, the noticed 

decrease of gas flow reflects the decreasing injection pressure.  

The sharp flow peak at the very beginning of step HI5 (same calculation case) attrib-

utes to the fact that there was already dilated pore space existing. This pore space had 

been created in step HI4. The pressurisation of the additional pore space in step HI5 

required a flow of gas, which was visible as a flow peak. 

Using an initial threshold of 2.1 MPa there was a quicker decrease of the injection flows 

during step HI5. This can be explained by the fact that a reduced initial threshold allows 

the gas to enter the rock already at lower pressures, i. e. in pressure step HI4. This 

reduces the dilation-driven relative increase of the gas-filled porosity in pressure step 

HI5, which acts as a gas sink inside the rock by expanding the gas phase and lowering 

pore pressures. The effect of dilation on gas flow therefore also depends on the 

amount of gas that is already present inside the rock. 
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Fig. 4.13 Varying the initial pressure threshold 𝒑thr
𝟎  for pathway dilation 

 

Fig. 4.14 Secondary porosity of the element nearest to the injection borehole for an 

initial threshold of 2.1 MPa 
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4.3.4.4 Varying the minimum threshold pressure 

The degree of softening against microscopic tensile failure is determined by the pa-

rameter  𝑝thr
min. The threshold pressure falls to the value of this parameter if the pressure 

reaches 𝑝soft.  

In the best-fit calculation 𝑝thr
min was set to 1.1 MPa. The effect of increasing and lowering 

this value can be studied in Fig. 4.15. For a value of 2.2 MPa the gas flow decreased 

and occurred only between day 147 and 160. The gas flow increased for a value of 

0.55 MPa. Of all model parameters, parameter 𝑝thr
min is the one with the strongest long-

term influence on gas flow. 

Interpretation 

As the minimum threshold pressure was raised to 2.2 MPa, the decreasing pore pres-

sures arrived at the threshold pressure earlier. This stopped dilation, permeability van-

ished and the injection flow ceased. This process represents the closure of a certain 

part of the pore network, which is relevant for flow. 

 

Fig. 4.15 Varying the residual pressure threshold 𝒑thr
min for pathway dilation 



50 

4.3.4.5 Varying the softening pressure 

The pore pressure for which the threshold pressure reaches its lowest possible value is 

determined by the parameter 𝑝soft. In the analysis it was only possible to increase this 

parameter because the fitted value of 𝑝soft (2.4 MPa) was already close above the initial 

threshold pressure of 2.35 MPa (𝑝soft always has to be larger than the threshold pres-

sure). Fig. 4.16 shows how the injection flows changed as 𝑝soft was set to 2.6 MPa and 

2.8 MPa, respectively. The injection flows clearly decreased with increasing value of 

𝑝soft. 

Interpretation 

For an increased value of 𝑝soft, distant points find it more difficult to raise the pore pres-

sure to 𝑝soft and thus to achieve full softening. Thresholds for dilation therefore remain 

higher so that dilation stops earlier. This reduces the injection flow. 

The difficulty to reach full softening is highlighted by the threshold evolution for 𝑝soft = 

2.8 MPa (see Fig. 4.17). The rock failed to reach full softening (𝑝thr
min=1.1 MPa) already 

31 cm away from the injection borehole (114 cm for the fitted parameters).  

 

Fig. 4.16 Varying the pressure threshold 𝒑soft for maximum softening 
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Fig. 4.17 Threshold pressure at different distances for 𝒑soft = 2.8 MPa 

4.3.4.6 Varying anisotropy 

The anisotropy of permeability was varied by means of the tensor Kdil. Only the third 

component 𝑘3 of the tensor was changed. This component is oriented perpendicular to 

bedding, i. e. parallel to the borehole axis.  

Fig. 4.18 shows the effect of setting 𝑘3 to 0 and 1. Apparently, anisotropy had no strong 

influence on gas flow.  

Interpretation 

An increase of 𝑘3 increases the width of the dilation zone perpendicular to bedding. 

This change of width is probably small compared to the length of the injection interval. 

Changes in 𝑘3 therefore only have a low impact on gas injection. This is a conse-

quence of the experimental set-up. 
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Fig. 4.18 Varying isotropy 

4.3.5 Alternative parameter fit 

It was possible to achieve a good curve fit with an alternative parameter set (see  

Tab. 4.2). The difference to the first fit (Tab. 4.1) is a higher value of 𝐶2 (responsible for 

the dilation rate). The increased dilation rate is compensated by a lower value of 𝐶1 

(controlling the permeability). Fig. 4.19 shows the quality of this fit.  

Tab. 4.2 Alternative parameter fit for the dilation model 

𝑪𝟏 1.6 E-27 m²/Pa 

𝑪𝟐 1 E-15 sec-1Pa-1 

𝒑thr
𝟎  2.35 MPa 

𝒑thr
min 1.1 MPa 

𝒑soft 2.4 MPa 

Kdil (1, 1, 𝑘3) with 𝑘3 = 0.1 
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Fig. 4.19 Gas flows for the alternative set of fitted parameters 

The two fitted parameter sets produced a different width of the dilation zone. Using the 

alternative parameters, pathway dilation was absent at a distance of 31 cm (Fig. 4.20). 

Thus, the dilation zone was much narrower. Calibrating the model only against the in-

jection flow is apparently not sufficient to determine the model parameters uniquely. 

 

Fig. 4.20 Secondary porosity at different distances from the border of the injection 

interval (alternative parameter set) 
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4.4 Models with increased phase interaction 

Two model variants were derived from the pathway dilation model in order to investi-

gate the effects of processes that provide additional gas storage inside the rock. The 

“water compression model” was yielded by turning on water compression in the path-

way dilation model. The “gas dissolution model” was derived from the pathway dilation 

model by turning on gas dissolution. Dissolving gas means that gas can be stored with 

increasing pressure and is again released with decreasing pressure. Both models as-

sume that the interface between liquid and gas phase in the rock is large enough to 

produce considerable phase interactions like water compression or gas dissolution. 

Fig. 4.21 shows the injection flows which were calculated by the water compression 

model. Obviously, the injection flows decreased faster.  

The effect of gas dissolution can be seen in Fig. 4.22. Gas dissolution apparently had a 

strong effect on the injection flows. These decreased so fast that they even caused a 

backflow. The model allows a backflow only if the pressure remains above the thresh-

old pressure (otherwise the permeability would be zero). These high pressures were 

probably caused by the outgassing of the liquid. This process finally inverted the pres-

sure gradient and created the backflow. 

Both simulations show that additional gas storage in the rock leads to a faster decrease 

of the injection flows. The results of the previous section suggest that no parameter of 

the pathway dilation model would be able to compensate the fast decrease of injection 

flows in order to fit the measured data. This leads to the conclusion that gas dissolution 

and water compression do not play a major role in the system, which probably attrib-

utes to a small interface area between water and gas. This again might be caused by a 

high localisation of dilating gas pathways. 
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Fig. 4.21 Injection flows with and without water compression 

 

 

Fig. 4.22 Injection flows with and without gas dissolution 
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4.5 Tube-chamber model 1 

In the pathway dilation model described before, a pressure-dependent injection flow 

was created by introducing a pressure-dependent dilation rate of the rock. However, 

other ways of introducing a pressure-dependent injection flow should be possible. For 

example, a similar behaviour could be achieved by using a remote air-filled chamber 

which is charged with gas by the injection interval. The magnitude of the injection flow 

would then depend on the pressure difference between chamber and injection interval. 

These considerations provided the impulse for the development of the tube-chamber 

model, which is described in the following.  

4.5.1 Model description 

The tube-chamber model is a simple representation of a preferential pathway that runs 

from the injection interval to a remote air filled chamber. The connection between both 

is established by a tube, which contains a porous medium. The remote chamber may 

be a borehole or a drained part of the rock or of a fracture. Fig. 4.23 shows the princi-

pal set-up. There is no liquid in the entire system. If the gas pressure inside the injec-

tion interval exceeds that of the chamber, gas is pressed through the tube and into the 

chamber. Consequently, the chamber pressure increases. 

A pressure, density, and viscosity gradient will evolve along the tube if there is a pres-

sure difference between the injection interval and the chamber. In order to simplify the 

description of the system it was assumed that the flow of gas through the tube can be 

described by Darcy’s law using an effective pressure gradient, density and viscosity. If 

𝑝1 is the pressure of the injection interval, 𝑝2 the chamber pressure and 𝑥 the length of 

the tube, the effective pressure gradient shall be 

𝑝1 − 𝑝2
𝑥

. 

The effective gas density inside the tube was assumed to be the density of an ideal gas 

at the mean pressure: 

𝜌eff =
𝑝1 + 𝑝2

2
𝑀
𝑅𝑇

. 
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With this approximation and by introducing effective values also for the permeability 

and viscosity, Darcy’s law for the mass flow of gas through the tube takes the form  

𝑄 =
𝑘eff(𝑝,𝑝thr)𝐴𝜌eff

𝜇eff
∙
𝑝1 − 𝑝2

𝑥
. 

Here, 𝑘eff is the pressure-dependent permeability of the porous medium in the tube, 𝐴 

is the cross-sectional area of the tube,  𝜇eff the effective dynamic viscosity of gas, and 

𝑥 the distance between injection interval and chamber.  

A pressure threshold 𝑝thr
𝑖  for gas flow was introduced in analogy to the pathway dilation 

model. 𝑝thr
𝑖  is the threshold pressure at time step 𝑖 with 𝑖 = 0 at the beginning of the 

simulation. The effective permeability 𝑘eff of the porous medium was defined by 

𝑘eff = �𝑝1 − 𝑝thr
𝑖 �𝐶1     for    𝑝1 ≥ 𝑝thr𝑖          and         𝑘eff = 0     for    𝑝1 < 𝑝thr𝑖 .    

Using this definition and substituting 𝜌eff, the equation for mass flow reads 

𝑄 = �𝑝1 − 𝑝thr
𝑖 �(𝑝12 − 𝑝22)

𝐶1𝐴 𝑀
2 𝜇eff 𝑥 𝑅𝑇

      for      𝑝1 ≥ 𝑝thr𝑖     

with 𝑄 = 0 for 𝑝1 < 𝑝thr
𝑖 . The volumetric flow for   𝑝1 ≥ 𝑝thr𝑖  at reference pressure 𝑝ref 

and reference temperature 𝑇ref can now be calculated by 

𝑄vol = 𝑄
𝑅𝑇ref
𝑀𝑝ref

= �𝑝1 − 𝑝thr
𝑖 �(𝑝12 − 𝑝22)

𝐶1𝐴 𝑇ref
2 𝜇eff 𝑥 𝑇𝑝ref

   

With the fitting parameter 

𝑐 =
𝐶1𝐴 𝑇ref

2 𝜇eff 𝑥 𝑇𝑝ref
 

the formulation of the volumetric flow simplifies to  

𝑄vol =  �𝑝1 − 𝑝thr
𝑖 �(𝑝12 − 𝑝22)𝑐. 
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A pressure-dependent softening of the porous medium was described to occur by re-

ducing the threshold pressure with increasing interval pressure. A pressure  �̂�thr was 

introduced in order to calculate the threshold pressure 𝑝thr
𝑖 . �̂�thr is the reduced thresh-

old pressure that would develop in undisturbed rock by applying the injection pressure 

𝑝1:  

�̂�thr =
𝑝1 − 𝑝thr

0

𝑝soft − 𝑝thr
0 �𝑝thr

min − 𝑝thr
0 � + 𝑝thr

0       for      𝑝soft ≥ 𝑝1 ≥ 𝑝thr
0  

�̂�thr = 𝑝thr
min      for      𝑝1 > 𝑝soft 

�̂�thr = 𝑝thr
0       for      𝑝1 < 𝑝thr

0  . 

Softening was then introdruced by 

𝑝thr
𝑖 = min�𝑝thr

𝑖−1, �̂�thr� . 

By setting the mass flux equal to the mass increase inside the chamber, the rate of 

pressure change inside the chamber was calculated using the ideal gas law: 

𝑑𝑝2
𝑑𝑡

= 𝑄vol
𝑇 𝑝ref
𝑇ref𝑉

. 

Here, 𝑉 is the volume of the chamber. The initial condition is 𝑝2(𝑡 = 0) = 𝑝2,ini. 

 

  

Fig. 4.23 Sketch of the tube-chamber model 
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4.5.2 Results 

The calibration of the tube-chamber model against the measured flow data yielded the 

parameter values listed in Tab. 4.3. 

Tab. 4.3 Fitted Parameters for the tube-chamber model 

𝒄 5.0E-28  m3 s-1 Pa-3 

𝒑𝟐,𝐢𝐧𝐢 0.7 MPa 

𝒑thr
𝟎  2.35 MPa 

𝒑thr
min 1.1 MPa 

𝒑soft 2.4 MPa 

V 0.004 m³ = 4 l  (good fits achievable for V > 4 l) 

𝑻 21 °C 

𝑻ref 21 °C 

𝒑ref 0.1 MPa 

The simulated and measured flows are displayed in Fig. 4.24. There is a good agree-

ment between both curves. The chosen chamber volume was relatively large, which is 

the reason why the chamber pressure only rose to approx. 1 MPa (Fig. 4.25). It was 

found that V = 4 litres was a lower limit for which good fits could be achieved (see  

Fig. 4.24). Above V = 4 l the flow curve were not sensible against the parameter V. 

 

Fig. 4.24 Measured and simulated flows (tube-chamber model 1) 
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Fig. 4.25 Interval pressure (boundary condition) and simulated chamber pressure 

(tube-chamber model 1) 

 

 

Fig. 4.26 Measured and simulated flows using different chamber volumes (tube-

chamber model 1) 
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4.6 Chapter summary 

Five models were applied to phase 2 of the HG-C experiment: 

• The variable permeability model with pressure-dependent permeability, 

• the pathway dilaton model with pressure-dependent dilation rate, dilation thresh-
old, softening and minor phase interaction (absence of water compression and gas 
dissolution), 

• the water compression model, which is the pathway dilation model with activated 
water compression, 

• the gas dissolution model, which is the pathway dilation model with activated gas 
dissolution, and 

• tube-chamber model 1 with flow threshold and softening.  

The variable permeability model and the water compression and gas dissolution mod-

els were unable to reproduce the measured injection flows. Good fits were achieved 

with the pathway dilation model and with tube-chamber model 1.  

Findings for the pathway dilation model 

• At the beginning of pressure step HI5, the dilation zone grew quickly to its final 
width. The width of the dilation zone was controlled by the pressure gradient in the 
clay. As soon as the pressure threshold was locally exceeded, the threshold was 
reduced (softening against microscopic tensile failure) and dilation commenced with 
a pressure-dependent dilation rate. The gas phase expanded and the pressure de-
creased. As soon as the decreasing pressures reached the threshold pressure, di-
lation stopped and the gas phase was shut-in at the threshold pressure. 

• The model allowed a good fit of the gas flow measurements for pressure step HI5. 
However, different parameter sets which produced different widths of the dilation 
zone were able to deliver good fits. This implies that the flow data itself is not suffi-
cient to determine the geometry of the dilation zone uniquely. 

• The permeability of the dilated pores has a strong influence on the rate of gas injec-
tion and the width of the dilation zone.  

• The dilation rate has a minor influence on the rate of gas injection because the 
width of the dilation zone decreases with increasing dilation rate.  
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• In the long term, injection flows are mostly influenced by the maximum degree of 
softening, which is expressed by the minimal threshold pressure.  

• Although gradual softening was introduced by parameter 𝑝soft, immediate softening 
(𝑝soft closely above 𝑝thr

0 ) was used in all parameter fits and yielded satisfying re-
sults. Omitting 𝑝soft would therefore be a possibility to simplify the model even fur-
ther. 

• Varying the permeability perpendicular to bedding did not have a major effect on 
gas flow. This probably attributes to the large length of the injection interval. 

Findings for tube-chamber model 1 

• The model assumes a drained cavity that is connected to the injection interval. At 
the experimental site, such a cavity could be an existing borehole or a part of the 
given hydro frac that has been drained by previous gas tests. It was estimated that 
the volume of this hypothetic cavity is not smaller than 4 litres.   
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5 HG-D Phase 2 (gas injection) 

5.1 Experimental data and interpretation 

The following data was provided for the gas injection phase of the HG-D experiment by 

Nagra: 

• Pressures for all three intervals of boreholes BGS1, BGS2, and HGD in kPa. 

• FIM measurements for boreholes BGS3 and BGS4. 

• Injection flow rates in nml/min. As the flow measurements were too noisy, the 

gas flow into the rock (not the flow into the injection interval) was deduced from 

the decrease of the total gas volume inside the injection system and the pres-

sure measurements by Solexperts. 

• Two time series were provided for the injection flow. The first time series was 

calculated from the pressure of the pressure vessel, the second one from the 

pressure of the injection interval (interval 2 of borehole HGD). The flow data de-

rived from the pressure in the injection interval represents the main flow data. 

The provided data are plotted in Fig. 5.1 to Fig. 5.6. A time window of 162 days was 

chosen for all plots. This corresponds to the time window for which flow data were 

available. Time zero refers to the beginning of 29th October 2010 (midnight). 

The two time series for gas flow are displayed in Fig. 5.1. Apparently, there is a good 

match between the flows that were calculated from the pressure of the pressure vessel 

and from the pressure of the injection interval (HGDi2), respectively. The latter flow 

data was used for the analysis.  

Injection pressures and injection flows are displayed in Fig. 5.2. Compared to the gas 

injection phase of HG-C (Fig. 4.4, p. 35), higher flows were achieved in HG-D although 

the injection pressures were generally lower.  

Further on, there is no obvious gas entry pressure in phase 2 of HG-D. In contrast, flow 

thresholds were present in all simulations that reproduced the gas injection phase of 

HG-C. It is not clear whether the missing flow threshold in HG-D is an artefact. Howev-

er, the two experiments are substantially different and a blind prediction of phase 2 of 
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HG-D is apparently not possible with the models and parameter sets that were used for 

phase 2 of HG-C.  

  

Fig. 5.1 Flow rates during gas injection (HG-D experiment) 

 

 

Fig. 5.2 Pressure in the injection interval and injection flow 
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Despite the lack of flow thresholds, interval 1 of borehole BGS1 showed a distinct 

pressure reaction on day 116 and thus a threshold-driven transport (Fig. 5.3). The re-

action appeared during the fourth pressure step as the injection pressure was raised to 

2300 kPa (Fig. 5.4). Interval 1 of BGS 1 also responded a second time on day 139 after 

a second pressure cycle. At that time the injection interval was pressurised with 

2000 kPa. 

Intervals 1 and 3 of borehole HGD showed a very slight response after day 120, which 

was too weak to be analysed (Fig. 5.5).  

 

Fig. 5.3 Pressures measured in interval 1, 2, and 3 of borehole BGS1 
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Fig. 5.4 Injection pressure and pressure in interval 1 of borehole BGS1 

 

 

Fig. 5.5 Pressures in borehole HGD 
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The pressure measurements in interval 1 of borehole BGS2 were erroneous. The other 

intervals, 2 and 3, showed a general pressure increase (Fig. 5.6). There was a distinct 

pressure increase after day 143, which corresponds to the time of the second pressure 

reaction observed in interval 1 of borehole BGS1. 

 

Fig. 5.6 Pressure evolution in interval 2 and 3 of borehole BGS2 

Interval 3 of borehole BGS3 gave erroneous FIM data. The other intervals did not show 

any significant reaction compared to the amplitude of the signal’s noise.  

The FIM in interval 1 of borehole BGS4 gave erroneous values after about 120 days. 

The FIM measurements of intervals 3 and 2 showed a general linear trend which was 

difficult to correlate to any of the prescribed pressure steps. 

5.2 Tube-chamber model 2 

5.2.1 Model description 

A second tube-chamber model (“tube-chamber model 2”) was derived from tube-

chamber model 1 in order to simulate phase 2 of the HG-D experiment. In this model, 

the permeability of the tube is constant. 
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We used the same formulation for the effective pressure and effective gas density as in 

tube-chamber model 1 and introduced effective values also for the permeability and 

viscosity. Herewith, Darcy’s law for the mass flow of gas through the chamber was cal-

culated by  

𝑄 =
𝑘𝐴𝜌eff
𝜇eff

∙
𝑝1 − 𝑝2

𝑥
=

𝑘𝐴𝑀
2𝜇eff𝑥𝑅𝑇

∙ (𝑝12 − 𝑝22). 

In this equation, 𝑘 is a constant permeability of the porous medium inside the tube. The 

volumetric flow at reference pressure 𝑝ref and reference temperature 𝑇ref was calculat-

ed by 

𝑄vol = 𝑄
𝑅𝑇ref
𝑀𝑝ref

=
𝑘𝐴 𝑇ref

2 𝜇eff 𝑥 𝑇𝑝ref
(𝑝12 − 𝑝22)   

Gas flow leads to a pressure change inside the chamber which can be determined us-

ing the ideal gas law: 

𝑑𝑝2 =
𝑅𝑇
𝑀𝑉

𝑑𝑚 =
𝑅𝑇
𝑀𝑉

𝑄𝑑𝑡 

with 𝑝2(𝑡 = 0) = 𝑝2,ini as initial condition. This leads to 

𝑑𝑝2
𝑑𝑡

=
𝑘𝐴

2𝜇eff𝑥𝑉
∙ (𝑝12 − 𝑝22). 

By introducing the fitting parameter  

𝑑 =
𝑘𝐴

2𝜇eff𝑥
 

the equations for volumetric flow and pressure change simplify to 

𝑄vol =
𝑑 𝑇ref
𝑇𝑝ref

(𝑝12 − 𝑝22)        and         
𝑑𝑝2
𝑑𝑡

=
𝑑
𝑉
∙ (𝑝12 − 𝑝22). 
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5.2.2 Results 

The calibration of tube-chamber model 2 yielded the parameter values listed in  

Tab. 5.1. 

Tab. 5.1 Fitted parameters for tube-chamber model 2 

𝒅 6.0E-14  m3 s-1 Pa-1 

V 0.002 m³ = 2 l 

𝑻 21 °C 

𝑻ref 21 °C 

𝒑ref 0.1 MPa 

 

The flow values simulated with these parameters are displayed in Fig. 5.7 together with 

the measured flows. There was remarkable agreement between both curves, indicating 

that the assumption of a missing flow threshold was correct. The high frequencies were 

reproduced very well, too. However, this may be an artificial effect because the exper-

imental flow data have been calculated from the injection pressure. Therefore, the 

noise of the pressure signal was probably superimposed on the flow curve. 

The lacking flow threshold points out that the injection interval has had a hydraulic con-

nection to an undrained cavity, which might have been a part of the rock or of the ex-

perimental devices. It is therefore not sure whether the flow data are of artificial nature.  

The characteristics of the rock are probably better reflected by the pressure measure-

ments of borehole BGS1. The pressure reactions which have been observed here (see 

Fig. 5.4, p. 66) indicate that gas has percolated through the rock mass between the 

boreholes HGD and BGS1, and that this percolation was governed by a flow threshold. 
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Fig. 5.7 Measured and simulated flows for the gas injection phase of the HG-D 

experiment 
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6 Discussion 

The main goal of this study was to simulate the HG-C and HG-D experiments, which 

have been carried out at the Mont Terri Rock Laboratory, and to improve the under-

standing of gas migration in disturbed and undisturbed clay rocks. Another aim was to 

point out the limitations of typical performance assessment approaches as, for in-

stance, two-phase flow and homogenisation. 

Successful modelling approaches 

Different numerical models were presented that were able to accurately reproduce the 

injection flows measured in the HG-C and HG-D experiments. A modified version of the 

code TOUGH2 with pressure-dependent permeability was used to simulate the water 

injection phase of HG-C. For the gas injection phase of the same experiment, a path-

way dilation model, also based on TOUGH2, provided satisfying results. A special fea-

ture of this model is the time-dependency of the porosity change. This reflects a time-

dependent relaxation of the rock with networks of microscopic pathways that are not in 

equilibrium with pressure. Another model that was developed for the simulation of the 

gas injection phase of HG-C was the tube-chamber model. The tube-chamber model is 

a simple representation of a preferential pathway (a tube containing a porous medium) 

between the injection interval and an air-filled chamber. The air-filled chamber may be 

a drained part of a borehole or a fracture inside the rock. A tube-chamber model 

proved to be sufficient for the simulation of the gas injection phase of the HG-D exper-

iment, too. Different models were needed to simulate the water and gas injection phase 

of the HG-C experiment. This indicates that a universal model for water and gas injec-

tion still has to be found. 

The study points out that simple modelling approaches are able to reproduce the main 

aspects of the water and gas injection experiments under study. The simplifications 

used in the models include single-phase flow, homogeneous distribution of dilating 

cracks and the omission of a coupled simulation of flow, stress, and strain evolution. 

The possibility to omit detailed hydro-mechanical coupling is surprising in view of the 

well-known importance of hydro-mechanical interactions for gas migration at high pres-

sures. Gerard et al. [18], for instance, have stated the need for a strong hydro-

mechanical coupling to reproduce the development of preferential pathways in samples 

of Callovo-Oxfordian argillite. The applied models showed that the mechanical pro-
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cesses in the experiments were simple enough to be approximated by time- and pres-

sure-dependent relations for porosity and permeability. This shows that coupled hydro-

mechanical modelling is not always mandatory for processes with hydro-mechanical 

interactions. 

Deriving system properties 

The fact that two models reproduced the flow measurements of the HG-C experiment 

shows that there is no unique physical interpretation of the gas injection phase of the 

HG-C experiment. The applied tube-chamber model postulates that the injected gas 

finds its way to a remote air-filled space. This space might be a borehole or some part 

of the rock that could have been drained during the previous GS-experiment. The 

pathway dilation model suggests another mechanism. In this model, gas injection is 

caused by a certain rate of porosity increase inside the rock. A possible reason for 

such a time-dependent porosity increase is a gradual opening of dead-end crack 

branches that increases the mean porosity in the clay rock.  

This clearly shows that the success of a model to reproduce experimental data does 

not automatically imply physical correctness and improvement of system understand-

ing. Experimental phenomena may as well be matched by models that are physically 

incorrect. The two models – the pathway dilation model and the tube chamber model – 

that were able to provide agreeable fits for the gas injection phase of HG-C cannot both 

be correct at the same time. 

Understanding a system by modelling is difficult if more than one model matches the 

experimental data. Yet, even then it may be possible to unravel the processes if there 

are common aspects which run through all models like a red line. The commonalities or 

invariants of the models likely reflect a feature of the system. The pathway dilation 

model and tube-chamber model 1, which were used to simulate the gas injection phase 

of the HG-C experiment, share the following features: 

1. There was no water flow in any of the two models. Also, gas and liquid phase did 
not interact. (Tube-chamber model 1 does not contain any water and the pathway 
dilation model does not consider water flow, water compression, or gas dissolution.) 
It should be noted that models that included water compression and gas dissolution 
did not manage to fit the experimental data in this study. 

2. A threshold pressure has to be exceeded in order to trigger gas injection.  
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3. Once triggered, gas flow persisted even if the injection pressure fell below the initial 
threshold pressure for gas flow. This “softening” of the material against microscopic 
tensile failure was described in both models by a lowering of threshold pressures. 
The same mathematical formulation and the same and threshold-related parameter 
values were used in this respect. 

4. In the pressure regime for the assumed process of pathway dilation, the injection 
flow was approximately proportional to the injection pressure minus the threshold 
pressure. The pathway dilation model generates this flow behaviour by introducing 
a pressure-dependent dilation rate whereas tube-chamber model 1 generates it by 
a Darcy flow to a distant chamber or cavity. 

Assuming that these aspects indeed reflect properties of the system, the following two 

conclusions can be drawn for the gas injection phase of HG-C. Firstly, the system is 

virtually a single-phase flow system with minor interactions between the liquid and gas 

phases. For example, gas flow does not need to displace water as would be the case 

in the classical two-phase flow theory. Secondly, gas flow is dominated by pressure 

thresholds, which are amenable to quantification. (The general threshold behaviour of 

the system is also visible in the water injection phase of the HG-C experiment.) 

Interpreting thresholds 

The HG-C experiment was regarded as the main resource for the investigation of the 

flow system. The following thresholds were observed here: 

• a threshold of 5 MPa above which water injection was facilitated, 

• a threshold of 2.35 MPa for initial gas injection, 

• a shut-in threshold of 1.1 MPa for the gas injection phase. 

Caution is advised with regard to the HG-D experiment because no flow threshold was 

observed here. This is unusual for clay rock and might indicate an artefact. Although no 

flow threshold could be detected in the gas injection phase of the HG-D experiment, a 

sudden pressure response was noticed in interval 1 of borehole BGS1 as the injection 

pressure reached a value of 2.3 MPa. This pressure corresponds to the threshold 

pressure for gas injection during the HG-C experiment. 
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It is interesting to compare the noticed threshold pressures to the threshold pressures 

that have been observed at the same site in the GP-A and GS experiments5 [3]: 

• In the GS experiment, the threshold for fracture re-opening by water injection was 
4 MPa (phase “hydro 2”). This pressure is lower than the re-opening threshold of 
5 MPa that was noticed in the water injection phase of HG-C. The higher value may 
indicate that mechanical healing took place in the time between the two experi-
ments.  

• In all experiments, pressures for fracture opening were higher than for fracture clos-
ing both for water and gas injection (phases “hydro 3” and “gas 3” of the GS exper-
iment and phase 2 of the HG-C experiment). Possibly, fracture asperities have in-
troduced a frictional resistance against fracture opening or closure. 

• There is a remarkable match between the gas injection thresholds of about 
2.350 MPa observed at HG-C and HG-D and the fracture opening threshold of 
2.350 MPa that has been noticed in phase “gas 3” of the GS experiment during the 
injection of gas into the drained fracture.  

All in all, there seem to be two threshold levels for the fractured rock at the site: One at 

2.35 MPa for gas injection and another at about 4 MPa to 5 MPa for water injection. It 

is interesting to relate these thresholds to the stress state reported for the Opalinus 

Clay at the Mont Terri Rock Laboratory. In-situ stress measurements of Corkum and 

Martin [19] have yielded values of 6.5 MPa, 4.0 MPa, and 2.2 MPa for the first, second, 

and third principal stress axis, respectively (positive numbers for compression). Accord-

ing to Martin & Lanyon [20] the undisturbed bedding normal stress at the site falls be-

tween 4.2 MPa and 4.6 MPa.  

There is a striking similarity between the re-opening pressures for water injection 

(4 MPa for GS and 5 MPa for HG-C) and the normal stress on the bedding plane 

(4.2 MPa to 4.6 MPa). This is a strong indication that the fractures that have been cre-

ated in GP-A and reactivated later on in GS and HG-C are mainly aligned parallel to 

bedding. The assumption that fractures were opened by water injection was confirmed 

in phase “hydro 2” of the GS experiment. In this phase, FIM measurements of borehole 

3 (interval 2) showed a sudden dilation event. This rather points towards a fracture 

                                                

5  Enachescu et al. [3] related these thresholds to the opening or closure of a fracture. 
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opening process than to an elastic deformation. The very acute response measured in 

interval 2 of borehole BGS1 also indicates non-elastic deformation. 

The observed thresholds for gas injection (2.35 MPa) agree quite well with the estimat-

ed minimum principal stress of 2.2 MPa. This suggests the opening of fractures or fis-

sures that are aligned normal to the axis of the minimum principal stress (which does 

not exclude that the gas phase also employed fractures that were created parallel to 

bedding). 

Although there is no direct evidence for the existence of dilating gas pathways in the 

experiments, some arguments speak in favour of pathway dilation. The mentioned cor-

relation between the stress state and the injection pressures for gas entry suggests 

that there is a transition to tensile failure on the pore scale. This non-elastic process 

would explain the sharp onset of gas entry that was noticed in the HG-C experiment. A 

localised crack propagation process resulting in a high localisation of pathways would 

explain why gas injection could only be modelled by ruling out phase interactions in the 

present study.  

Interpreting the characteristics of water flow 

There is something curious about the pressures that were needed for water injection. 

Firstly, one would not expect a fracturing pressure as high as 9.027 MPa (GP-A exper-

iment) in view of the stress normal to bedding (4.2 MPa to 4.6 MPa) and the respective 

tensile strength (0.5 MPa as reported by Martin and Lanyon [20]). Secondly, it is not 

obvious why the water did not activate fractures normal to the minimal principal stress 

axis. The normal stress on these fractures (2.2 MPa plus tensile strength of approx. 

1 MPa)6 is much lower than the normal stress on the bedding planes (4.2 MPa to 

4.6 MPa plus tensile strength of 0.5 MPa). 

It seems that water finds it more difficult than gas to enter the rock. This is probably not 

only caused by the higher viscosity of water. A higher viscosity would attenuate the 

hydraulic propagation of the pressure signal and delay the dilation process. The very 

sharp pressure response of borehole BGS1 in phase “hydro 2” of the GS experiment, 

                                                

6  A tensile strength of 1 MPa to 1.5 MPa parallel to bedding and of 0.5 MPa normal to bedding was re-
ported by Martin and Lanyon [18]. 
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which was correlated with a dilation event, clearly differs from such an attenuated be-

haviour. Also, the higher viscosity of water would not be able to raise the threshold 

pressure for dilation as it was observed. 

The fact that the minimum principal stress was not relevant for water injection rather 

indicates that water was unable to activate fissures that were aligned normal to the axis 

of minimum principal stress. Possibly, the apertures of these fissures were so small 

that the thickness of the water films, which were adsorbed to charged clay minerals, 

became relevant. This might have reduced the effective porosity and impeded the flow 

of water, which was necessary for fissure creation and opening. 

However, after a prolonged period of fracture drainage, it has been possible to inject 

water at pressures near to the minimum principal stress (phase “hydro 2” of the GS 

experiment). Eventually, the fissures normal to the minimum principal stress axis were 

altered by the previous drainage of the rock. The drying process possibly opened these 

fissures or destroyed the good fit of the fissure walls.  

Opening fractures by water injection seems to be less difficult parallel to bedding. Stud-

ies of the three-dimensional pore space geometry of Opalinus Clay have shown a pref-

erential orientation of pore paths parallel to the bedding plane with low tortuosity [21, 

22]. This should indeed facilitate water flow and thus a pressure-driven dilation of 

pathways. 

The observed difficulty to inject water may depend on the boundary conditions or on 

the pace of the pressure build-up. Therefore, care has to be taken when transferring 

the above findings to other circumstances. Future experiments should investigate the 

possibility to inject water at lower pressures if the pressure is raised more slowly.  

Relevance of tensile strength for gas migration 

The fact that similar thresholds for gas injection were observed for disturbed rock (HG-

C) and undisturbed rock (HG-D) shows that tensile strength was not relevant for gas 

migration at the experimental site. However, there is some uncertainty whether undis-

turbed rock has been tested in the HG-D experiment. The relevance of tensile strength 

for dilation-driven gas migration in clay rock under repository conditions should there-

fore be confirmed by further experiments. 
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7 Conclusions 

The present modelling study succeeded to reproduce the injection flows of the HG-C 

and HG-D experiments with high accuracy. A modified version of the code TOUGH2 

with pressure-dependent permeability was used to simulate the water injection phase 

of HG-C. For the gas injection phase of the same experiment, a pathway dilation mod-

el, which was also based on TOUGH2, was developed. A special feature of the path-

way dilation model is the time-dependency of the porosity change, which reflects a 

time-dependent relaxation of the rock with networks of microscopic pathways that are 

not in equilibrium with pressure. Another type of model, which was developed for the 

simulation of the gas injection phases, is the tube-chamber model. The tube-chamber 

model is a simple representation of a preferential pathway (the tube) between the injec-

tion borehole and a remote air-filled chamber. The chamber may be a drained part of a 

borehole or a fracture inside the rock. 

The fact that two models reproduced the flow measurements of the HG-C experiment 

shows that there is no unique physical interpretation of the gas injection phase of the 

HG-C experiment. The applied tube-chamber model postulates that the injected gas 

finds its way to a remote air-filled space. This space might be a borehole or some part 

of the rock that could have been drained during the previous GS-experiment. The 

pathway dilation model suggests another mechanism. In this model, gas injection is 

caused by a certain rate of porosity increase inside the rock. A possible reason for 

such a time-dependent porosity increase is a gradual opening of dead-end crack 

branches that increases the mean porosity in the clay rock. 

Both models, the pathway dilation model and the tube-chamber model, are based on 

strong simplifications like single-phase flow. No hydro-mechanical coupled modelling 

has been performed although the dilation process was in fact caused by hydro-

mechanical interactions. Yet, simplifying modelling approaches do have advantages 

because they bring out the main aspects of the system and avoid the generation of 

models with a lot of parameters whose individual relevance is difficult to see. The ap-

plied models showed that the mechanical processes in the experiments were simple 

enough to be approximated by time- and pressure-dependent relations for porosity and 

permeability. This shows that coupled hydro-mechanical modelling is not always man-

datory for processes with hydro-mechanical interactions. 
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The simulations showed no evidence of phase interactions such as water displace-

ment, water compression or gas dissolution in the gas injection experiments under 

study. (Models with increased phase interactions were not able to fit the measured da-

ta). This indicates that the interface between gas and liquid phase was small during the 

experiments, which again suggests a high localisation of gas pathways. Initial thresh-

olds for gas injection roughly agreed with the minimum principal stress for disturbed 

rock. This and the non-linear character of the flow response indicate the presence of 

dilating pathways. Shut-in thresholds were lower than the initial thresholds for gas in-

jection, indicating hysteretic processes. 

The undisturbed rock, which was tested in the HG-D experiment, showed the same 

threshold for gas injection as the disturbed rock. This suggests that tensile strength 

was not relevant for gas migration at the experimental site. However, there is some 

uncertainty whether undisturbed rock has been tested in the HG-D experiment. There-

fore, this finding and its transferability to other sites and conditions should be confirmed 

by further experiments. 

In order to inject water into the saturated system, the injection pressure has to be con-

siderably higher than the minimum principal stress. This phenomenon cannot be ex-

plained by viscosity effects alone. Water seemed to be unable to activate fissures 

aligned normal to the axis of minimum principal stress. Possibly, the apertures of such 

fissures are so small that water adsorption at mineral surfaces becomes significant and 

advective flow is impeded. Due to the specific pore structure of the clay it is easier to 

establish a water flow along the bedding planes than across the bedding planes. This 

may explain why water apparently prefers to open fractures parallel to the bedding 

planes (at pressures near to the normal stress on these planes). The difficulty to inject 

water might decrease if injection pressures are raised more slowly, as would be the 

case in a repository. Although HG-C and HG-D are long-term experiments, pressurisa-

tion has been performed quickly. Slow pressurisation could lead to different filter char-

acteristics of the clay with regard to water flow.  

The two-phase flow theory in its pure form does not seem to be appropriate to describe 

the observed experimental phenomena. Especially, the noticed lack of phase interac-

tions conflicts with this theory. In the two-phase flow theory, gas and liquid share the 

same pore space, which means that water has to be displaced in order to inject gas 

into a saturated rock. Also, phase interactions are more intense because gas flow is 

less localised. The concept of intrinsic permeability, which is part of the two-phase flow 
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theory and which postulates phase-independent filter characteristics of the rock, be-

comes meaningless if different pore spaces are used for liquid and gas flow. 

The two-phase flow theory is widely considered to be applicable if pathway dilation is 

absent and swelling effects remain negligible. The theory may therefore still be a rea-

sonable starting point for the development of performance assessment models that 

also cover the effects of pathway dilation. This study shows that this can be done by 

implementing pressure- and time-dependent relations. However, two-phase flow mod-

els and derivatives usually assume homogeneity and scale-independency. It has to be 

investigated under which circumstances this is tolerable for highly localised flow paths. 

Also, the geometry and scale-dependency of gas flow paths has to be studied. 

Performance assessment codes must have a certain degree of simplicity in order to 

cope with large spatial scales or long periods of time. The study showed that simplified 

assumptions, such as single-phase flow, homogeneous distribution of dilating cracks 

and omission of hydro-mechanical coupled simulations, can be successful in describing 

experimental phenomena. However, this does not imply that the models are also suita-

ble for predicting gas migration under conditions relevant to deep geological reposito-

ries. The physical processes of gas migration have to be understood more thoroughly 

in order to be sure that the simplified models capture the main aspects of gas migra-

tion. Hydro-mechanical modelling might help to understand the detailed mechanisms of 

pathway dilation and confirm the validity of simplified modelling approaches. 

The onset of pathway dilation increases the complexity of gas migration. However, the 

observed absence of strong phase interactions raises hope to find performance as-

sessment models with manageable complexity in the future.  

Yet, predicting gas migration in dilating pathways under repository conditions remains a 

complicated task. The prospects to find appropriate performance assessment models 

for this complex process in the future should therefore be balanced against engineering 

options that keep gas pressures below the threshold for pathway dilation. A pressure 

reduction could, for instance, be achieved by providing additional pore space for gas 

storage or by reducing gas production, for example, by waste conditioning, container 

design or reduced water access to corrodible metals. A pressure limitation would con-

tribute to the simplicity and robustness of both the repository system and the safety 

assessment. 
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