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Foreword 

The work presented in this report was developed within the Integrated Project PAMINA: Per-
formance Assessment Methodologies IN Application to Guide the Development of the Safety 
Case. This project is part of the Sixth Framework Programme of the European Commission. 
It brings together 25 organisations from ten European countries and one EC Joint Research 
Centre in order to improve and harmonise methodologies and tools for demonstrating the 
safety of deep geological disposal of long-lived radioactive waste for different waste types, 
repository designs and geological environments. The results will be of interest to national 
waste management organisations, regulators and lay stakeholders. 

The work is organised in four Research and Technology Development Components (RTDCs) 
and one additional component dealing with knowledge management and dissemination of 
knowledge: 

- In RTDC 1 the aim is to evaluate the state of the art of methodologies and approaches 
needed for assessing the safety of deep geological disposal, on the basis of compre-
hensive review of international practice. This work includes the identification of any de-
ficiencies in methods and tools.  

- In RTDC 2 the aim is to establish a framework and methodology for the treatment of 
uncertainty during PA and safety case development. Guidance on, and examples of, 
good practice will be provided on the communication and treatment of different types of 
uncertainty, spatial variability, the development of probabilistic safety assessment tools, 
and techniques for sensitivity and uncertainty analysis. 

- In RTDC 3 the aim is to develop methodologies and tools for integrated PA for various 
geological disposal concepts. This work includes the development of PA scenarios, of 
the PA approach to gas migration processes, of the PA approach to radionuclide 
source term modelling, and of safety and performance indicators. 

- In RTDC 4 the aim is to conduct several benchmark exercises on specific processes, in 
which quantitative comparisons are made between approaches that rely on simplifying 
assumptions and models, and those that rely on complex models that take into account 
a more complete process conceptualization in space and time. 

The work presented in this report was performed in the scope of RTDC 4. 

All PAMINA reports can be downloaded from http://www.ip-pamina.eu.  
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1. Introduction 

The objectives of component four of the PAMINA project is to evaluate whether using more 
detailed and more realistic modelling approaches with the help of actual high-performance 
tools  

- provide an added value in comparison with more simplified approaches used by PA 
codes, and 

- are required to include processes not yet fully accounted for in performance assess-
ment. 

The evaluations consist in comparisons of the results from fully integrated models and sup-
porting numerical codes with a high level of geometrical accuracy and results from usual 
compartmental, semi-analytical or simplified models and codes. By performing three bench-
mark exercises, each focussing on specific processes relevant for repository designs in salt 
rock, the relevance, advantages and limitations inherent to each approach and their associ-
ated tools will be assessed. The three processes investigated are the 

- convergence of salt, the 

- intrusion of brine into a backfilled drift and the 

- radionuclide transport by density driven exchange. 

In a repository design in a rock salt formation, after placement of the waste canisters, the 
drifts, boreholes, and chambers will be backfilled. One of the key elements of the long term 
performance of a disposal facility in rock salt is the creep behaviour of the rock salt. The re-
maining void volume will decrease over time due to the convergence process. In a normal 
evolution, in general, all open volumes and volumes filled with compactable material, such as 
salt grit, are compressed and become very low permeable. This provides for the long-term 
isolation of the waste from our environment, since no medium is present that could mobilise 
and transport radionuclides from the waste forms to the geosphere. 

Complex codes have been used to develop and test creep models for rock salt, and have 
been validated in various in situ experiments (such as the subsequent BAMBUS projects in 
the Asse facility). These complex codes can now also be used to predict the creep behaviour 
in promising rock salt formations that have not yet been investigated. Since the complex 
codes are based on FEM or similar numerical methods, their application is limited to the pre-
diction of the convergence behaviour of one or two galleries of the whole repository. For PA, 
it is required to be able to model the convergence behaviour of each ‘compartment’ of the 
facility. The number of calculational nodes needed to model the complete facility with the 
complex codes is however far beyond the present hardware capabilities. Since the conver-
gence behaviour is a key ingredient to the long-term performance, alternative methods for 
application in PA codes have been developed. The results from PA codes and rock me-
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chanic codes are compared in chapter 2 to validate the applicability of the models imple-
mented in the PA codes. 

 

In general, there is no transport medium present from the very beginning in a repository in a 
salt formation. However, in other evolution scenarios one may consider the presence of brine 
inside the repository, e.g. by brine intrusion from either outside of the salt formation or from 
undetected brine inclusions in the neighbourhood of the repository. The intruding brine may 
successively fill up the residual voids within the backfilled drifts and chambers or boreholes 
of the repository, eventually gets into contact with the disposed wastes, where the brine be-
comes contaminated with radionuclides as soon as the container fails. Convergence of the 
salt rock or other processes like gas production may enhance the release of contaminated 
brine out of the repository into the overburden and finally into the biosphere. Thus, the proc-
ess of brine intrusion, where brine percolates through barrier systems like crushed salt back-
fill and the process of convergence of the salt rock as one of the relevant driving processes 
for a potential release of contaminated brine are important processes, which have to be un-
derstood very well. 

In the present codes used for the performance assessment of brine intrusion into backfilled 
drifts, the flow resistance of these drifts is assumed to be independent of the gas or brine 
saturation of the backfill. Although it is known that under unsaturated conditions, the flow 
differs from the fully saturated case, PA codes are usually using a constant permeability. 
Related processes like the settling of crushed salt when becoming wet or the dissolution of 
backfill by contact with unsaturated brine is often represented by a simplified model using a 
fit parameter. Therefore, a benchmark exercise is defined addressing the inflow of brine into 
a backfilled gallery. In Chapter 3, the results of this benchmark exercise is summarized and 
the results of two PA codes and the more complex code HYDRUS code, that takes unsatu-
rated flow into account, are compared.  

 

Because the creep of the rock salt under some conditions occurs relatively slow, other trans-
port processes for the contamination in the brine can be relevant. One of these processes is 
the density gradient driven exchange. For example, the density of brine in heated sections of 
the facility (due to heat generating waste) is decreased. This density difference leads to con-
vective exchange flows that have the potential of being more effective than advective trans-
port of contamination. Another process is the dispersive component of advective transport in 
porous media, which is characterised by the dispersion length. The results from PA codes 
and the more complex code PORFLOW is compared in chapter 4 to validate the applicability 
of the models implemented in the PA codes. 
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2. Benchmark on convergence 

2.1 Introduction 

The disposal of radioactive waste in a salt formation will take place in disposal chambers or 
disposal boreholes. These chambers and boreholes are connected with the shaft area via 
drifts and galleries. Since rock salt is a plastic material, it will flow (or creep) towards the area 
with decreased stress, i.e. towards the excavations. This means that with time the volume of 
the excavation decreases as long as the stress against the wall of the excavation is less than 
the lithostatic pressure. This process is referred to as convergence of the rock salt. 

In general, the convergence depends on the load capacity of the overlaying salt rock and 
overburden as well as on the pressure within the cavities and on the resistance of backfill 
material against compaction. As the pressure inside the cavity may originate from intruded 
brine or from gas, the expression fluid pressure will be used, except if the pressure of liquid 
or gas is meant in particular. 

The transport of contaminants, e.g. radionuclides, is influenced by the convergence in differ-
ent ways: If intrusion of liquid takes place at late times, the convergence has reduced the 
pore volume and only a small amount of brine would reach the disposed waste. In addition 
the flow resistance of backfilled cavities has been increased, so that the intrusion of liquid 
may be strongly impeded. On the other hand, after the drift and the disposal location are 
flooded with liquid, the convergence dominates the release of contaminated brine from the 
repository for the long-term. 

During liquid intrusion into a cavity the fluid pressure rises. At the beginning, this pressure 
corresponds to that of the liquid column in the cavity. If the liquid column extends up to the 
aquifer, the fluid pressure increases to the hydrostatic pressure corresponding to the depth of 
the respective cavity in the flooded disposal facility. The fluid pressure reduces the conver-
gence and thus sustains the cavity. If gas is produced and/or stored in the cavity, beside the 
pressure of liquid also that of gas reduces convergence. Due to flow resistances in the re-
pository the fluid pressure may rise above the hydrostatic value. This so-called hydraulic 
pressure intensifies the sustaining action of the fluid pressure and thus further reduces con-
vergence. 

In a backfilled cavity the progressive compaction of backfill reduces the convergence rate. 
From experimental investigations it turns out that dry backfill shows quite different compac-
tion behaviour than wet or brine saturated backfill. 

A benchmark exercise studying the effect of convergence of rock salt cavities for five differ-
ent test cases has been performed. It was investigated by this exercise, how reliable the 
simplifying assumptions and models in PA codes are in predicting convergence processes, if 
these predictions are compared to more complex process models implemented in rock me-
chanics codes. Furthermore, it was evaluated whether the more complex and more realistic 
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modelling approaches provide added value and whether they are required to include proc-
esses not yet fully accounted for in PA. 

The rock mechanics calculations have been performed by DBE-TEC with the FLAC code to 
get the results for a detailed modelling of the convergence process. The PA code calcula-
tions have been done by GRS using the LOPOS module of the EMOS code and by NRG 
using the REPOS1 code. Suitable parameter values for LOPOS and REPOS were derived by 
comparison to some of the results of the rock mechanics calculations. 

In the following, the test cases are described (chapter 2.2), followed by a detailed description 
of the conceptual models of convergence in the PA codes and the 3D rock mechanics code 
(chapter 2.3). In chapter 2.4 the results of the benchmark calculations with both PA codes 
are presented, and in chapter 2.5 the results of these calculations are compared. 

2.2 Benchmark tests 

2.2.1 Definition of test cases 

To compare the results from calculations with different models of convergence, as imple-
mented in the EMOS code (near-field modules REPOS used by NRG and LOPOS used by 
GRS), with each other and with those obtained from rock mechanics calculations with FLAC 
performed by DBE-TEC, several test cases have been established. The benchmark calcula-
tions are based on a simplified model of a repository in a salt formation consisting of a cavity 
as indicated in Fig. 2.2.1. The cavity might be a chamber or a gallery, the shaft gives the 
brine access to the cavity and provides the boundary conditions for the fluid pressure. The 
shaft has been considered only in the EMOS calculations, where it is modelled as a vertical 
circular tube backfilled with non-compactable material. Its permeability is selected to achieve 
a constant fluid pressure, with different values for the test cases. The realization of this fluid 
pressure is discussed below. To simplify the rock mechanics calculations a homogeneous 
isotropic rock formation around the cavity is assumed. 

                                                 
1 This code is sometimes referred to as REPOS-ECN, because it’s a modified version of the original REPOS 

module as implemented in the EMOS package of GRS. For simplicity, in the following it is called REPOS 
only. 
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Top of the salt formation

Groundwater level

Shaft

Cavity

Surface

800 m 500 m

4m

36 m

3.5 m

 

Fig. 2.2.1: Schematic representation of the repository 

 

The following test cases have been defined; see also the sketches in chapter 2.2.2. The re-
sults of the calculations in chapter 2.4 will refer to these cases by the numbers given in the 
bullets below. 

Case 1: 

- Open cavity with no backfill  

• 1a: no brine, atmospheric pressure 

• 1b: with constant fluid pressure, brine up to the top of the salt formation 

• 1c: with constant fluid pressure, brine up to the surface 

• 1d: with time dependent fluid pressure, brine up to the surface 

Case 2: 

- Backfilled cavity completely filled with crushed salt, atmospheric pressure 

• 2a: dry crushed salt 

• 2b: wet crushed salt 
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Case 3: 

- Backfilled cavity completely filled with crushed salt 

• 3a: with constant fluid pressure, brine up to the top of the salt formation 

• 3b: with constant fluid pressure, brine up to the surface 

• 3c: with time dependent fluid pressure, brine up to the surface 

Case 4:  

- Cavity with a layer of uncompactable material at the bottom 

• 4a: no backfill in the residual volume, no brine, atmospheric pressure 

• 4b: residual volume backfilled with crushed salt, no brine, atmospheric pressure 

Case 5: 

- Cavity filled with crushed salt around a steel container lying on the floor 

• 5a: no brine, atmospheric pressure 

• 5b: with constant fluid pressure, brine up to the top of the salt formation 

• 5c: with constant fluid pressure, brine up to the surface 

• 5d: with time dependent fluid pressure, brine up to the surface 

The results of the rock mechanics calculations of test cases 1a, 2a and 2b are used for the 
calibration of the convergence models implemented in EMOS. In the EMOS module LOPOS 
these are case 1a, to find the parameter values of the explicit time dependence of the con-
vergence rate (cf. chapter 2.3.1.2.2) and the asymptotic value of the convergence rate, i.e. 
the stationary value at late times. Cases 2a and 2b are expected to give the specific backfill 
parameters of the convergence model of EMOS. 

The FLAC code has been applied to a cross section of a cavity having the size and dimen-
sion as used in the BAMBUS project [ 1 ]. For the EMOS calculations a definite size of the 
cross section is not considered, however, its area is approximated by a rectangle as given in 
table 2.2.1. 

The fluid pressure dependence of the convergence is investigated under different boundary 
conditions. As a first variant, atmospheric pressure is applied. In the second variant, a hydro-
static pressure of brine is applied, where the repository is filled with brine up to the top of the 
salt formation. The third variant assumes a hydrostatic pressure from brine filled up to the 
surface. The corresponding hydrostatic pressure values are given in table 2.2.1.  

To simplify the benchmark calculations and to find a systematic behaviour of the pressure 
dependence, the test case models are adjusted in such a way that the fluid pressure remains 
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constant during the convergence process except in test cases 1d, 3c, and 5d. The time de-
pendent fluid pressures applied in test cases 1d, 3c, and 5d are calculated with the EMOS 
codes and then act as boundary conditions in the rock mechanics calculations. 

The convergence and backfill compaction are modelled differently in the codes. FLAC uses 
the constitutive law BGRa for the convergence of the salt rock and the CWIPP and/or Hein 
for backfill compaction (cf. section 2.3.4). LOPOS uses the parameters given in the LOPOS 
code description 1, where the values of the parameters are obtained by approximation of the 
FLAC results of test cases 1a, 2a and 2b. EMOS-ECN uses the formulas given in the RE-
POS code description with parameter values also obtained by approximation of the FLAC 
results (cf. 2.3.3). 

In test cases 4a and 4b a layer of concrete is assumed, whose elastic behaviour is consid-
ered in the FLAC code using parameters as given in table 2.2.1. In test cases 5a to 5d a 
steel container is assumed whose elastic behaviour is also considered using the correspond-
ing parameters of table 2.2.1. 

To model a constant fluid pressure in EMOS the following procedure was proposed: 

- A constant fluid pressure can be achieved in LOPOS by giving the shaft a very small 
flow resistance and connecting shaft and cavity perpendicular to each other, such that 
the convergence cannot increase the fluid pressure. 

In REPOS a constant very small resistance can be given to the cavity explicitly, neglect-
ing the relation between porosity and permeability of backfill.  

To model a time dependent fluid pressure in EMOS the following procedure was proposed: 

- A time dependent fluid pressure is automatically achieved in EMOS by giving the shaft a 
considerable flow resistance. Its value will be fixed after the convergence parameters 
are determined from the results of the rock mechanics calculation (case1a). 

To model the fluid pressure in FLAC the following procedure was proposed: 

- In FLAC the fluid pressure in the cavity is achieved by stress boundary condition, where 
the stress value can be constant as well as varying over time. 

For simplicity, the rock pressure and the hydrostatic fluid pressure are obtained assuming a 
depth-independent average rock density and an average brine density, respectively. 

In the following, the results for the convergence rate, the volume decrease, and – for back-
filled cavities – the porosity evolution are given as functions of time. In addition, the conver-
gence rates as functions of porosity are plotted for the backfilled cavities.  
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2.2.2 General data for the test case modelling 

Schematic representations of the repository model used in the various test cases are given in 
figures 2.2.2 to 2.2.5. Parameter values describing the geometry of the cavity, the depth of 
the repository, initial values of pressure, porosity etc. used in the various test cases and 
codes are given in table 2.2.1. The initial value of the convergence rate and its stationary 
value at very late times follow from the results of the rock mechanics calculation in test case 
1a. A number of parameters are specific for the different codes. These parameters are given 
in chapters 2.3 and 2.4.2 for the LOPOS code, and in chapter 2.4.3 for the REPOS code. 

100 m

3.5 m

4.1 m

no backfill, varied brine pressure

 

Fig. 2.2.2: Model cavity for cases 1a – d 

100 m

3.5 m

4.1 m

compactable backfill, varied brine pressure

 

Fig. 2.2.3: Model cavity for cases 2a,b, 3a – c 

100 m

3.5 m

4.1 m

compactable backfill, no brine

layer of uncompactable backfill (concrete) 1.5 m

 

Fig. 2.2.4: Model cavity for cases 4a, b 
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100 m

3.5 m

4.1 m

compactable backfill, varied brine pressure

block of uncompactible backfillsteel cylinder 1.6 m

 

Fig. 2.2.5: Model cavity for cases 5a - d 

Tab. 2.2.1: General data for test cases 

Parameter Case 1 Case 2 Case 3 Case 4 Case 5

depth of the repository referred to sea 
level: 
(reference level)  [m] 

-800 -800 -800 -800 -800

top of the salt formation [m] -300 -300 -300 -300 -300

surface [m] 36 36 36 36 36

groundwater level [m] 0 0 0 0 0

atmospheric pressure [MPa] 0.1 0.1 0.1 0.1 0.1

mean rock density [kg/m3] 2187 2187 2187 2187 2187

rock pressure at reference level [MPa] 17.94 17.94 17.94 17.94 17.94

brine density [kg/m3] 1200 1200 1200 1200 1200

hydrostatic pressure  
at the bottom of the cavity [MPa] 

a: 0.00
b: 5.89
c: 9.42
d: var.

a: 0.00
b: 0.00

a: 5.89
b: 9.42
c: var.

a: 0.00 
b: 0.00 

 
 

a: 0.00
b: 5.89
c: 9.42
d: var.

rock temperature at reference level [K] 310 310 310 310 310

initial value of backfill porosity 
(crushed salt) [-] 

- 0.35 0.35 0.35 0.35

stress exponent [-] 5 5 5 5 5

height of the cavity [m] 3.5 3.5 3.5 3.5 3.5

width of the cavity [m] 4.1 4.1 4.1 4.1 4.1
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Parameter Case 1 Case 2 Case 3 Case 4 Case 5

length of the cavity [m] 100 100 100 100 100

thickness of the layer of concrete at the 
bottom of the cavity [m] - - - 1.5 -

E module of concrete [MPa] - - - 15 000 -

sheer module í of concrete [-] - - - 0.25 -

diameter of the steel cylinder  
(hypothetic row of containers) [m] - - - - 1.6

length of the steel cylinder [m] - - - - 100

E module of steel [MPa] - - - 210 000 -

sheer module í of steel [-] - - - 0.30 -

 

2.3 Description of the models 

2.3.1 GRS (LOPOS) convergence model 

The convergence model used in the LOPOS code of GRS takes into account the effects of 
fluid pressure and backfill compaction. The values of the parameters of the convergence 
formula in general have to be derived from rock mechanics calculations corresponding to the 
properties of the geological formation at the repository site. In this project, the values have 
been derived from the rock mechanics calculations performed by DBE-TEC. 

2.3.1.1 Modelling  

The volume of a cavity decreases in time by convergence. The rate of decrease is calculated 
by 

( ) ( ) ( )tVtKtV
dt
d

⋅−= ,  2.3.1 

i.e. the volume change is proportional to the volume V(t) at time t and the proportionality fac-
tor is the convergence rate K(t). The convergence rate is, thus, defined as the volume 
change related to the current volume, and sometimes is called the logarithmic convergence 
rate. In LOPOS, the convergence rate is modelled as a product of factors and functions  
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Tptlocref fffffKK ⋅⋅⋅⋅⋅= φ ,  2.3.2 

describing the dependence of the convergence rate on different quantities, discussed in the 
following. 

The quantity Kref is called reference convergence rate. It gives the stationary convergence 
rate of a cavity containing neither backfill nor fluid, with reference conditions of the salt rock 
concerning temperature, rock pressure and composition of the salt, located on the reference 
level zref of the repository. The stationary value will be reached at the limit t → ∞. The re-
maining factors stand for the following dependencies: 

- floc : local properties of the surrounding salt rock, 

- ft  : “explicit time dependence” of the convergence process, 

- fp : resistance against convergence due to fluid pressure p of liquid or gas, 

- fφ  : resistance against convergence by the porous medium. This resistance depends 
on the porosity φ, which decreases by compaction of dry or wet backfill, 

- fT : acceleration of convergence by increase of temperature T due to heat producing 
waste. 

Local properties are the salt composition around the considered cavity, the depth z where the 
cavity is located, the distance to the margins of the salt dome, possible anhydrite layers or 
the presence of other cavities in the neighbourhood. “Explicit time dependence” refers to the 
time evolution of the convergence rate, which is not due to time dependence of fluid pres-
sure, porosity or temperature. The functions fp and fφ provide the dependences of the con-
vergence rate on the fluid pressure and on the backfill porosity, respectively. The function fT 
describes the temperature dependence of the convergence rate with respect to an increased 
temperature which lies above the local rock temperature and comes from heat producing 
waste. 

Some of the factors reduce the convergence rate, e.g. the support by fluid pressure or back-
fill compaction. These factors are, thus, smaller than one. Other factors increase the conver-
gence rate. These are the temperature increase and the explicit time dependence. These 
factors are greater than one. The dependence on local properties may either increase or 
decrease the convergence rate. 

In the following subsections the individual factors of eq. 2.3.2 are described in more detail. 
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2.3.1.2 Dependence on local properties  

In general, the convergence rate depends on local properties of the surrounding rock and on 
the depth where the cavity is located. The depth determines the convergence rate via the 
rock pressure as well as the rock temperature. All local properties are summarised in the 
factor floc, which, thus, describes a deviation from a reference situation and might vary from 
cavity to cavity. However, it is assumed to be constant in time. 

The specific value of floc is determined by comparing the convergence rate of a reference 
cavity with convergence rates obtained either from rock mechanics calculations for a cavity 
with neither backfill nor liquid but air under atmospheric pressure or from experimental inves-
tigations.  

2.3.1.2.1. Fluid pressure dependence  

The fluid pressure supports the rock formation and reduces convergence. The dependence 
of the convergence rate on fluid pressure is described by the function fp: 

( ) ( )
( )

m

R

atm
p zp

ptzppf ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

,1 . 2.3.3 

Here m is the stress exponent, p(z,t) the fluid pressure at time t in the depth z of the cavity 
and pR(z) the local rock pressure. For simplicity, the fluid pressure is reduced by the atmos-
pheric pressure patm so that the function fp becomes 1 for an air filled cavity (p = patm). 

In equation 2.3.3 the ratio between fluid pressure p(z,t) - patm and the local rock pressure 
pR(z) at depth z significantly influences the convergence rate. In an idealised infinite salt for-
mation the local rock pressure is determined by the density and thickness of the overlying 
strata. For a real repository in a limited, highly pierced salt rock it is more convenient to re-
place the local rock pressure in eq. 2.3.3 by an advanced approach  

( ) ( ) ( ) gzzfzpzp SrefprefRR R
ρ−⋅−= ,  2.3.4 

where pR(zref) is the rock pressure on the reference level zref, g refers to the acceleration of 
gravity, ρS defines the average rock density and (z - zref) is the distance of the considered 
floor from the reference level. The parameter 

Rpf  can be acquired from e.g. comparison of 

convergence rates with those resulting from rock mechanics calculations. 

At the beginning, the fluid pressure corresponds to the atmospheric pressure patm of about 
0.1 MPa. The stress exponent m is determined by the constitutive law of rock salt. A value of 
m = 5 is used here. During liquid intrusion the fluid pressure in the considered cavity is given 
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by the current fluid level and, in case of gas storage – mainly after production of gas in the 
cavity –, from increasing gas pressure. After filling of the cavity the fluid pressure is given by 
the hydraulic conditions in the repository and may rise significantly above the hydrostatic 
pressure. 

In general, the fluid pressure p changes with time and, thus, the convergence rate is “implic-
itly” time dependent via fluid pressure. The behaviour of the convergence rate, where differ-
ent constant and time dependent fluid pressures are applied, is investigated in the test cases 
given below. 

2.3.1.2.2. “Explicit time dependence” 

Investigations of cavities of a repository and rock mechanics calculations show that the con-
vergence rate of a recently excavated not backfilled chamber changes significantly with time 
and may be reduced over several orders of magnitude ([ 9 ], [ 4 ]). The time span during 
which the convergence rate approaches the stationary value depends on the fluid pressure 
inside the cavity. However, this time dependence also shows up for a constant or even van-
ishing fluid pressure. 

To describe this behaviour the function ft is introduced. For large times the convergence rate 
of a not backfilled cavity with constant fluid pressure and not increased temperature, located 
in the depth z, approaches a constant local value, i.e. with vanishing fluid pressure (fp ≡ 1) 
one has 

( ) locreft
fKtzK ⋅=

∞→
,lim ,  2.3.5 

where Kref is the stationary value at the reference level and Kref ·floc gives the local stationary 
value for a cavity in the depth z. 

With ongoing convergence the current value of the convergence rate K approaches the local 
stationary value Kref ·floc. For a simple implementation of this effect we assume a mono-
tonously decreasing function for ft which approaches 1 and depends on the history of the 
convergence process, i.e. 

( ) ( ) ( )∫∫∫ +
+=

+
+= t

S

t

t

t
dttK

A

dttKdttK

Af
00

0
''

1
''''

1

0

λ
,  2.3.6 

where the parameter λS refers to the previous history of the cavity from the excavation to the 
time-zero point of the model calculation. The integral of the convergence rate (right-hand 
side of the equation) yields the convergence of the cavity between t0 and the current time t. 
The further the convergence runs, the greater the integral will be and, thus, the denominator 
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of the above expression. The function ft approaches 1, where the parameter A will be used to 
fit this approach. 

From the definition of the convergence rate in eq. 2.3.1 follows  

( ) ( )⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=∫ tV

VdttK
t 0
0

ln'' ,  2.3.7 

where V0 is the initial volume of the cavity at time t = 0. Applying this expression yields the 
following formula for ft, 

( )VV
Af

S
t

0ln
1

+
+=

λ
.  2.3.8 

The two parameters λS and A are used to fit the convergence rate to results from rock me-
chanics calculation. If λS ≠ 0, it might be of advantage to substitute the parameter A by the 
following: 

For t = 0 one has K = K0, fp = 1, fT = 1, ft = 1+ A/λS and fφ = fφ(φ0), so that 

( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅⋅⋅=⋅=

S
locreflocref

AffKfzKK
λ

φφ 1000   2.3.9 

holds. Therefore, the parameter A can be replaced by  

( )
( ) ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

⋅
⋅= 1

0

0

φ
λ

φfK
zK

A
ref

ref
S . 2.3.10 

This procedure is advantageous, if the initial value K0 of the convergence rate at t = 0 can be 
taken from in-situ experiments or follows from rock mechanics calculations. The stationary 
value Kref cannot be directly found by in-situ experiments but may be determined by extrapo-
lation of measured time evolutions of the convergence rate or can be taken from results of 
rock mechanics calculations. The value of the backfill function fφ(φ0) follows from the formula 
given in the next chapter. 

The “explicit time dependence” of the convergence rate is investigated in the test cases. 
Convergence rates obtained with the above formula are then compared with those from rock 
mechanics calculations and those from the alternative approach given by NRG. 
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2.3.1.2.3. Backfill dependence  

In a backfilled cavity the convergence is strongly reduced by the continuous compaction of 
the backfill material. For backfill material consisting of crushed salt, the resistance against 
convergence can be described by a function of the backfill porosity. In general, there is a so-
called reference porosity which describes a limit of the porosity of the backfill, below which a 
resistance against convergence occurs. For higher porosity there is no resistance and with 
lower porosity the resistance may completely suppress the convergence. This dependence 
of the convergence rate on the backfill porosity is described by the function fφ(φ,φr), for which 
in ref. [ 3 ] the following relation was derived, 

( ) ( )
( )[ ]

m

m
r

r
r g

hf
−

⎥
⎦

⎤
⎢
⎣

⎡

⋅
+= 1,

,1,
φφφ
φφφφφ   for φ < φr ,  2.3.11 

where the quantity φr is the reference porosity. The reference porosity will take the same 
value for similar backfill materials but may differ, if other materials than crushed salt are 
used. In the derivation of eq. 2.3.11 also the constitutive law of secondary creep of rock salt 
has been used. Thus, the exponent m is the same as in eq. 2.3.3. Since the porosity, in gen-
eral, is time dependent an additional time dependence of the convergence rate results.  

There are some boundary conditions which the porosity function should fulfil. Since there is 
no reduction of the convergence rate for porosities greater than φr one has 

( ) 1, =rf φφφ   for φ ≥ φr .  2.3.12 

Furthermore, the resistance against convergence sets up continuously at φ = φr, i.e. 

0=
= r

d
df

φφφ
.  2.3.13 

For very small porosity the convergence rate may behave like that of a single pore, i.e. a very 
small cavity with no backfill. Thus, one has fφ(φ) ≈ φ or 

1
0

=
= r

d
df

φφ
.  2.3.14 

For a vanishing porosity the function fφ(φ) approaches zero, i.e. 

( ) 00 ==φf .  2.3.15 
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Applying these boundary conditions to the functions h(φ,φr) and g(φ,φr) in eq. 2.3.11 one has 

( ) 10 ==φh ,  2.3.16 

( ) 0== rh φφ ,  2.3.17 

0=
= rr

d
dh

φφφ
  2.3.18 

and for g(φ,φr) 

( ) 10 ==φg   2.3.19 

Instead of a second order approximation for h(φ,φr), which is used in [ 3 ], a third order ap-
proximation is used here, 
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φ

φ
φ

φ
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and for g(φ,φr) instead of a linear approximation, a second order approximation is used, 

( )
2

210, ⎟⎟
⎠

⎞
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⎛
++=

rr
r gggg

φ
φ

φ
φφφ .  2.3.21 

With the above boundary conditions some of the parameters in 2.3.20 and 2.3.21 are fixed 
as 

10 =h ,  2.3.22 

( )12 23 hh +−= ,  2.3.23 

213 += hh   2.3.24 

and 

10 =g .  2.3.25 
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This finally yields 
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and 
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Thus, 3 parameters h1, g1 and g2 remain as fitting parameters. Their values can be deter-
mined by comparing convergence rates with results from rock mechanics calculations. The 
additional parameter φr which is assumed to be specific for different backfill materials, is not 
used as fitting parameter.  

Determination of the parameters of the porosity function fφ is the task of test case 2. The ear-
lier PSE-formula [ 3 ] for the support property of backfill can be derived from 2.3.11 by using 
h1 = -2, g1 = -1 and g2 = 0. 

2.3.1.2.4. Temperature dependence 

An increase of temperature in and around the cavity yields a higher convergence rate. This 
effect is described by the function fT(T). The temperature increase is caused by heat produc-
ing waste and can result in several ten degrees above the local rock temperature. The tem-
perature function is taken from ref. [ 3 ] and was modified in ref. [ 12 ]. With this modification 
one has 
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where 

1Q , 2Q     activation energies of the creep process, 

12 QQQ −=Δ    difference between these parameters, 

refz     reference level, 

( )refG zT     rock temperature at the reference level, 

refzzz −=Δ    difference between the cavity’s floor and the reference level, 

( ) TzTzT GG ∇⋅Δ−=   local rock temperature in depth z, 
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T∇      geothermal gradient, 
( ) ( )zTTzT G+Δ=    local temperature in depth z and 

TΔ      temperature increase above the local rock temperature. 

The parameter a ≠ 0 allows for taking into account different creep behaviour of rock salt in 
different temperature regions, where the different activation energies Q1 or Q2 apply. 

2.3.2 Parameter dependences of GRS model 

In the following the dependences of the convergence rate on the model parameters are in-
vestigated, calculated with the LOPOS module of the EMOS code. The model parameters to 
be varied are the initial convergence rate K0, the reference convergence rate Kref  and the 
backfill parameters h1, g1 and g2. The simplified model of a repository is used here as dis-
cussed in chapter 2.2.1. Variations of K0 and Kref, respectively, are based on test case 1a, 
where all the other convergence and design parameters remain fixed. Variations of h1, g1 and 
g2, respectively, are based on test case 2a, where a backfilled cavity is used. Again, all the 
other convergence and design parameters remain fixed. The parameter variations are per-
formed under the pressure boundary condition of a constant atmospheric pressure of 0.1 
MPa everywhere in the repository.  

As in the rock mechanics calculation the simulation time starts immediately after excavation 
at time t = 0, in eq. 2.3.8 for the explicit time dependence, used in the GRS model, the pa-
rameter λS should be zero. In the present implementation of the model within the LOPOS 
code, corresponding to eq. 2.3.10, a λS value of zero cannot be used. Since, however, due to 
the increasing value of K0 in eq. 2.3.10, when λS approximates zero, the function ft in eq. 
2.3.8 then only depends on the product K0·λS and it is, therefore, justified to use a very small 
value of λS instead of zero. Consequently, in all test cases below, the fixed value λS = 10-6 is 
used. The initial convergence rate K0 is varied between K0 = 50 a-1 and K0 = 150 a-1, in the 
following.  

The reference convergence rate Kref in many cases can be directly obtained from rock me-
chanics calculations by extrapolating the respective results to very large times. The time evo-
lution of the convergence rate for a variation of Kref between Kref = 1.5·10-3 a-1 and 
Kref = 3.5·10-3 a-1 is investigated. 

2.3.2.1 Dependence of the convergence rate on K0 and Kref 

With the parameter λS being fixed, for test cases 1a to c there are only two fitting parameters 
left: K0 which stands for the “initial value” of the convergence rate and Kref which provides the 
limit at late times. The general behaviour of the convergence rate resulting from the GRS 
model, when K0 is varied, is shown in figure 2.3.6. Here, a fixed value Kref = 2.5·10-3 [1/a] is 
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used. With increasing K0 the curves of the convergence rate are shifted, on the logarithmic 
scale almost parallel, to larger values. The change of the convergence rate by varying the 
parameter Kref is given in figure 2.3.7, where a fixed value K0 = 100 [1/a] is used. Figure 
2.3.7 demonstrates that with smaller Kref the approach to the stationary values occurs at later 
times.  

Of course, with the parameter K0 the convergence rate at early times can be fitted to results 
of rock mechanics calculations, while with the parameter Kref the convergence rate value at 
late times can be modified. Both parameter variations show, however, that the steep de-
crease of the convergence rate curves at early times cannot be changed by variation of 
these parameters.  
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Fig. 2.3.6: Variation of the parameter K0 

 



 
 

PAMINA Sixth Framework programme, 08.12.2009 30 
 
 

Time [a]

C
on

ve
rg

en
ce

ra
te

[1
/a

]

10-3 10-2 10-1 100 101 102 103 104 105
10-3

10-2

10-1

100

Kref = 1.5 10-3

Kref = 2.0 10-3

Kref = 2.5 10-3

Kref = 3.0 10-3

Kref = 3.5 10-3

/abt/projekte/pamina/notizen/WP-4.1/lay/k-var-kr-new.lay

 

Fig. 2.3.7: Variation of the parameter Kref 

2.3.2.2 Dependence of the backfill resistance on the backfill parameters 

The convergence rate behaviour on variation of the backfill parameters h1, g1, and g2 is in-
vestigated using the simplified model of a repository, defined for test case 2a in chapter 
2.2.2. The parameters K0, Kref and λS take the following values: 

K0 = 100 [1/a], Kref = 2.5·10-3 [1/a], λS = 10-6. 

In figure 2.3.8 the time evolution of the convergence rate for a variation of h1, only, is given, 
while the parameter values of g1 and g2 are fixed to g1 = -1 and g2 = 100. Figure 2.3.9 shows 
the corresponding results for the time evolution of the backfill porosity. 
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Fig. 2.3.8: Variation of the backfill parameter h1: convergence rate 

Variation h1: porosity
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Fig. 2.3.9: Variation of the backfill parameter h1: backfill porosity 

An effect on the convergence rate, of course, cannot be expected before the backfill porosity 
goes below the reference porosity (cf. eq. 2.3.12), which occurs at about 14.3 a. With de-
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creasing values of h1 the convergence rate increases when the backfill porosities are close to 
the reference porosity. As a consequence the porosity than decreases faster and the con-
vergence rate becomes significantly smaller. At late times the convergence rate curves are 
almost parallel on the logarithmic scale. This parallelism is not observed for backfill compac-
tion. Therefore, the parameter h1 will not be varied for fitting the convergence rates in the test 
cases below. 

In figure 2.3.10 the time evolution of the convergence rate for a variation of g1 is given, where 
the parameter values of h1 and g2 are fixed to h1 = -2 and g2 = 100. Figure 2.3.11 shows the 
corresponding results for the backfill porosity.  
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Fig. 2.3.10: Variation of the backfill parameter g1: convergence rate 
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Variation h1: porosity

Time [a]

P
or

os
ity

[-
]

10-3 10-2 10-1 100 101 102 103 104 105
0

0.1

0.2

0.3

0.4

0.5
g1 = -1
g1 = 100

g1 = 101

g1 = 102

g1 = 103

/abt/projekte/pamina/notizen/WP-4.1/lay/f-var-g1.lay

Reference porosity

 

Fig. 2.3.11: Variation of the backfill parameter g1: backfill porosity 

Again, an effect on the convergence rate cannot be expected before the backfill porosity 
goes below the reference porosity. The influence of the g1 parameter variation on the poros-
ity evolution is less pronounced than that of parameter h1. To see any effect of the variation 
of g1, its value must be varied over several orders of magnitude. The results then are similar 
to that obtained with a variation of the parameter g2, at least at late times (cf. figures 2.3.12 
and 2.3.13, below). It turns out, that a variation of g1 for fitting the convergence rates is not 
necessary. The PSE value of g1 = -1 is therefore applied for all test cases below. 

In figure 2.3.12 the results for a variation of g2 are given, where the parameter values of h1 
and g1 are fixed to h1 = -2 and g1 = -1, respectively. Figure 2.3.13 shows the corresponding 
results for the backfill porosity.  
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Fig. 2.3.12: Variation of the backfill parameter g2: convergence rate 

Variation h1: porosity
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Fig. 2.3.13: Variation of the backfill parameter g2: backfill porosity 

Variation of g2 shows the characteristic behaviour of more or less wet backfill on the conver-
gence rate, i.e. an increase of the convergence rate at the beginning of its support and con-
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sequently a greater resistance against compaction at later times. The parameter g2 will, 
therefore, be used as fit parameter for dry and wet backfill. 
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2.3.3 NRG (REPOS) convergence model 

In situ measurements and laboratory measurements on rock salt samples show that the clo-
sure rate of excavations in rock salt formations can largely be described by secondary 
creep2. The in situ measurements show that the secondary creep condition develops in days 
to weeks. Moreover, the in situ deviatoric stresses are small and constant, allowing the sec-
ondary creep condition to remain until the volume of the excavation has reduced to zero. 
Secondary creep is usually expressed in a Norton law: 

ij

n

u

eq
ij SA ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

⋅

σ
σ

ε  2.3.29 

⋅

ε ij strain rate tensor (year-1) 
A coefficient in Norton’s creep law (year-1) 
σeq equivalent stress (MPa) 
σu unit stress (1 MPa)  
n stress exponent 
Sij deviatoric stress tensor 

In a Universal Testing Machine (UTM) this equation simplifies to: 

n

u

UTMA
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d

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=−=

⋅

σ
σε l

l
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 2.3.30 

where: 

⋅

ε  strain rate of the sample (year-1) 
l length of the rock salt sample in the UTM (m) 
t time (year) 
AUTM coefficient similar to the coefficient in Norton’s creep law [year-1] 
σ stress applied by the UTM on the sample (MPa) 
σu unit stress (1 MPa)  
n stress exponent 

In a UTM, secondary creep will lead to a constant strain rate, which is also called stationary 
creep or steady state creep. The coefficient A in Norton’s creep law, see eq. 2.3.29, can be 
derived from AUTM, as measured in a UTM. 
                                                 
2  For the in situ geometry secondary creep does not result in stationary creep or steady state creep. 
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However, it must be recognised that the measurements result in broad ranges for the values 
of A and n. Factors that influence the in situ determined values of A and n are: 

1. the amount and the nature of in homogeneities in the internal structure of the 
rock salt and its (chemical) composition; 

2. the amount of moist in the rock salt; 

3. the deformation history of the rock salt; 

4. uncertainty in the actual value of the lithostatic stress at some distance from the 
excavation; 

5. the value of the activation energy Q, where the temperature dependency is 
commonly accounted for through the Arrhenius law: A = A0 exp(Q/RT). 

These factors also imply that values of A derived from measurements in a laboratory (UTM) 
can deviate significantly from the in situ values, since in homogeneities, deformation history 
and uncertainty in the stress conditions are not represented in the Universal Testing Ma-
chine, mainly due to the preparation and (small) size of the sample. 

At a temperature of about 320 K, most reported in situ values for A are in the range of 10-8 to 
10-7 year-1, and n is in the range of 5 - 6. This broad range causes large uncertainties in the 
predictions of the convergence rate: in practical situations the uncertainty bandwidth (the 
ratio between the maximum and the minimum predicted convergence rate) is about 30. 

2.3.3.1 Convergence of Rock Salt – Transient Convergence (REPOS) 

The transient convergence model was developed ([ 10 ], [ 9 ]) as a quasi-analytical solution 
to eq. 2.3.29 for a spherical and a cylindrical shape of the excavation. In the original version 
of REPOS it was assumed that the convergence rate of excavations was constant (i.e. 
steady state), see e.g. EVEREST Fig 7.4.6.1 [ 4 ]. However, true steady state creep will only 
occur in a geometry and stress field that is obtained in a Universal Testing Machine. The 
rock salt geometry surrounding an excavation differs from the geometry of a rock salt sample 
in a Universal Testing Machine, and it can be shown that secondary creep will result in a 
gradually decreasing convergence rate for the in situ geometry. Moreover, the stress field in 
the surrounding rock salt depends on the elastic behaviour. It was already recognised in the 
EVEREST project that this transient behaviour of the rock salt creep should not be ignored. 
Using these ingredients an equation is found that is very similar to steady state creep as in 
eq. 2.3.30: 

n

u

tc tA
dt
dV

V
K ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=−=

σ
σ)(1

 2.3.31 



 
 

PAMINA Sixth Framework programme, 08.12.2009 38 
 
 

where: 
K convergence rate of the excavation (year-1), which is constant in the secondary creep 

condition 
V volume of the excavation (m3) 
t time (year) 
Atc time dependent coefficient (year-1) 
σ difference between the stress against the wall of the excavation (practically zero for 

an open excavation) and the lithostatic stress at some distance from the excavation 
(equal to the lithostatic stress at the location of the excavation if the rock was undis-
turbed) (MPa) 

σu unit stress (1 MPa)  
n stress exponent 

Atc decreases gradually with time, and its effect on κ is described by an analytical equation in 
combination with an integral that can be calculated by a numerical procedure. The procedure 
that is used to obtain the convergence rate at some time t is as follows. First a dimensionless 
time τ is calculated using eq. 2.3.32. 

)1(
3* −−
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⎠

⎞
⎜⎜
⎝

⎛
== n

u

u

EA

dt
t
dtd

σ
σσ

τ  2.3.32 

Then the dimensionless convergence rate κ can be found by a pre-calculated ‘key curve’ of κ 
versus τ, which is shown in Figure 2.3.14. This ‘key curve’ contains amongst others the inte-
gral mentioned above. 
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Fig. 2.3.14: Normalised time vs. normalised convergence rate for n = 5 and E = 25 GPa 

The actual convergence rate can be calculated from the dimensionless κ using equation 
2.3.33: 

n

u n
AK ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
==

σ
σκκκ 33*  2.3.33 

It should be noted that the coefficient A in equations 2.3.32 and 2.3.33 is the coefficient for 
secondary creep. In principle the value of A can be measured in a Universal Testing Ma-
chine, but, as mentioned before, the laboratory conditions deviate significantly from in situ 
conditions, so laboratory measurements on (small) rock salt samples often lead to values of 
A that are not applicable to the in situ condition. 

2.3.3.2 Performance of the Transient Convergence Model 

In the BAMBUS project report [ 1 ] the results of convergence measurements in a “Non-
backfilled Borehole” are reported. To test the performance of the transient convergence 
model as implemented in REPOS (NRG), is compared with one of these measurements. 
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Tab. 2.3.1 Data for the performance test of the transient convergence model 

Experimental data 

Depth 1250 m 

Initial diameter 600 mm 

Temperature 320 K 

Lithostatic pressure 26 MPa 

Duration of the test 150 days (4 years) 

Fit data 

Best fit for A(320 K)* 3.88E-7 year-1 

Best fit for n 5 

Youngs modulus E 25 GPa (fixed in REPOS) 
*Note: this value is 3.7 times higher than what is used by default in REPOS 
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Fig. 2.3.15: Comparison of the REPOS convergence model with the measurements in a 
deep open borehole (free convergence at 1230 m depth) 
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Fig. 2.3.16: Comparison of the REPOS convergence model with the measurements in a 
deep open borehole (free convergence at 1230 m depth), and the extrapola-
tion to closure of the borehole 

Figure 2.3.15 shows that in the first days to months a relatively fast convergence occurred, 
and after that a slowly decreasing convergence rate is found. The overall shape of the model 
curve does not fit well enough with the measured data to allow extrapolation to much longer 
times. It must however be noticed that in [ 9 ] various measurements are reported that sup-
port the transient convergence model. 

Figure 2.3.17 shows the points in (dimensionless) times of the measurements shown in Fig-
ures 2.3.15 and 2.3.16. 
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Fig. 2.3.17: Normalised time vs. normalised convergence rate for n = 5 and E = 25 GPa, 
including the measurement represented in dimensionless time and dimen-
sionless strain rate 

2.3.3.3 Compaction of Crushed Salt 

2.3.3.3.1. The coupled creep model (CCM) 

In REPOS (NRG), two processes that contribute to compaction of crushed salt are imple-
mented [ 14 ], [ 4 ]. The modelled processes are: 

1. Recrystallization-facilitated Dislocation Creep 

2. Pressure Solution Creep 

These processes govern the compaction at low porosities (< 20%) and relatively low stresses 
(< 40 MPa). At high porosities the process of grain rearrangement often governs the compac-
tion behaviour of the crushed salt, which is not accounted for in the model. 

The compaction rate β is calculated as: 

recrPSdt
dV

V
βββ +=−=

1
 2.3.34 

where: 

β compaction rate (1/year) 
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V volume of the section of the excavation that is backfilled with crushed salt (m3) 
βPS compaction rate (1/year) due to pressure solution 
βrecr compation rate (1/year) due to recrystallization-facilitated dislocation creep 

βPS and βrecr are given by: 
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where: 

Brecr constant (μm2/year), typically in the range from 5.33E+9 to 7.99e+11 μm2/year 
dg grain size (μm) 
dH activation energy for the recrystallization-facilitated dislocation creep process (typi-

cally 65000 J) 
R gas constant: 8.314 J/mol.K 
T temperature (K) 
h(φ) porosity dependence of the recrystallization-facilitated dislocation creep process [ 10 ] 

– Figure 2.3.18 
σ stress applied on the crushed salt (MPa) 
σu unit stress (1 MPa) 
Q moisture factor 
Aps constant (μm2/year/MPa ), typically in the range from 2.78e+6 to 1.57e+8 

μm2/year/MPa 
f(φ) porosity dependence of the pressure solution creep process [ 10 ] – Figure 2.3.18 
S fraction of the pore space filled with brine [ 10 ] 
Sfull value of S where PS is fully active, in the range from 0.2 to 0.8 
Vbrine volume of the brine in the pores 
Vpore volume of the pores 
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Fig. 2.3.18: The functions f(φ) - pressure solution creep (left) and h(φ) - recrystallization-
facilitated dislocation creep (right) 

2.3.3.3.2. Compaction behaviour of the Bambus Backfill Mix (BBM) 

The compaction model has been calibrated for relatively small grain sizes (70 - 600 μm). For 
the benchmark larger grain sizes are assumed than used for the calibration of the model. 
Moreover, the assumed backfill mix has a very broad grain size distribution. 

Tab. 2.3.2: Grain size distribution of the BAMBUS-backfill mix (BAMBUS-I ‘Asse Salt’ – 
initial porosity: 31%) 

Sieve size (mm) Sieve passage (mass-%) 

31.5 100.00% 

16 97.10% 

8 86.89% 

4 66.79% 

2 39.29% 

1 20.53% 

0.5 11.26% 

0.25 6.49% 

0.125 2.97% 

0.063 0.49% 

0.001 0.07% 
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The effect of the grain size distribution on the rheological behaviour of crystalline materials is 
still an issue of ongoing research. In [ 13 ] two extreme approaches are used to quantify the 
effect: 

1. Stress is uniform throughout the material 

2. Strain rate (or convergence rate) is uniform throughout the material 

It is shown that assuming uniform stress will always give larger overall strain rate than as-
suming uniform strain rate. The actual strain rate is expected to be found between these two 
extremes. Another result mentioned in [ 13 ] is that the difference between the two ap-
proaches has a maximum when the standard deviation of a log-normal grain size distribution 
(applied to the number of grains) is about 0.8. For small (< 0.1) and large values (> 1.4) of 
the standard deviation, the two ‘extreme’ methods give the same result. The BAMBUS Back-
fill Mix does not fit the lognormal grain size distribution as defined in [ 13 ], but the root of the 
variance of a logarithmic representation of the grain size distribution has a value of > 1000. 
Even though there are large differences between the reference material used in the paper 
[ 13 ] and the backfill mix assumed here, it is reasonable to conclude that for the backfill mix 
both approaches should give similar results and should be adequate to cover the effect of the 
grain size distribution. 

Since the assumption of uniform stress is mathematically much easier to apply, this ap-
proach is chosen. For each grain size class specified in table 2.3.2 the convergence rate at a 
given stress level can be determined, and also their contributions to the total strain rate of the 
backfill mix. 

In the present version of REPOS (NRG) the calculation of the mechanical balance between 
converging rock salt, the backfill material and brine uses a single grain size value. To reflect 
the grain size distribution of the backfill, a porosity dependent grain size is introduced, the 
effective grain size deff. Figure 2.3.19 shows the effective grain size as a function of the po-
rosity of the Bambus Backfill Mix. 
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Fig. 2.3.19: Effective grains size that represents the ‘Bambus Backfill Mix’ 

2.3.3.3.3. Test of the CCM2-BBM salt grit compaction model 

The performance of the Coupled Creep Model for the Bambus Backfill Mix (in short: the 
CCM2-BBM model) has been tested by a comparison with measurements on the Bambus 
Backfill Mix as reported in the BAMBUS-I final report [ 4 ]. The experimental results reported 
in Bambus-I, figures 3.2 (BGR experiment) and 4.8 (FZK experiment) have been plotted in 
stress-strain diagrams (see Figures 2.3.20 and 2.3.21). Also the expected in situ ranges 
have been plotted. 
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Fig. 2.3.20: Comparison of the CCM2-BBM model with measurements reported in Bam-
bus-I (BGR experiment reported in Figure 3.2 in the Bambus-I report) 

From Figures 2.3.20 and 2.3.21, the following observations are made: 

1. The CCM2-BBM model under predicts the strain rate at low stress (1 MPa) and 
high strain rate (1 year-1), i.e. at early times after disposal. 

2. The CCM2-BBM model tends to over predict strain rates at high stress (20 MPa) 
and low strain rates (1e-3 year-1 = ca. 1e-11 s-1) 

3. The in situ compaction seems to occur in the Recrystallization-facilitated Disloca-
tion Creep range rather than in the PS range. 

4. The measured slopes in the Recrystallization-facilitated Dislocation Creep range 
are steeper than in the CCM2-BBM model (σn against σ5, where the measured 
value of n > 12). 

In [ 8 ] the result of a more extensive study of the FZK measurements reported in table 3.4 in 
[ 1 ] is reported. Here it is concluded that the best estimate for the exponent n is 3.812. It is 
also mentioned in both reports that especially the BGR measurements (Figure 2.3.20) are 
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affected by friction in the Universal Testing Machine during the compaction of the sample. At 
relative low stress the force is below the limiting friction, and the piston will not move. At 
stress levels where the limiting friction is just exceeded, the exponent n seems to be very 
high. 
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Fig. 2.3.21: Comparison of the CCM2-BBM model with measurements reported in Bam-
bus-I (FZK experiment reported in Figure 4.8 in the Bambus-I report) 

2.3.3.3.4. Conclusion 

The CCM2-BBM model has a firm experimental basis, but only for relative small grain sizes. 
Moreover, the experimental data are obtained from a sequence of related experiments [ 14 ]. 
These experiments clearly show Pressure Solution driven compaction. This process also has 
a firm theoretical basis, i.e. it is based on basic thermo dynamical principles. The experi-
ments also confirm the empirical model for Recrystallization-facilitated Dislocation Creep, in 
particular that the creep rate is proportional to σ5. However, it was also observed that for 
large stresses (larger than 20 MPa) the measured values of the power increase to 8 and 
higher. 

Scaling up the CCM2-BBM model to large grain sizes and to a broad grain size distribution 
can be done mathematically as described in the previous section.  

The experimental results described in Bambus-I [ 1 ] show that: 

• The CCM2-BBM model does insufficiently account for compaction due to grain rear-
rangement. This process is much more effective for broad grain size distributions than 



 
 

PAMINA Sixth Framework programme, 08.12.2009 49 
 
 

for narrow grain size distributions. For the Bambus Backfill Mix grain rearrangement 
seems to be the dominant process for porosities larger than 20%. 

• The measured slopes in the Recrystallization-facilitated Dislocation Creep range for the 
Bambus Backfill Mix investigated here (Figures 2.3.20 and 2.3.21) are steeper than in 
the CCM2-BBM model (σn against σ5, where the measured value of n > 12). However, 
this may be due to friction in the Universal Testing Machine. Other measurements (see 
[ 8 ]) suggest that n = 3.812. 

• The experiments do not show the Pressure Solution Creep (PS) behaviour, but also do 
not contradict the PS behaviour, except for one specific data point, since stresses and 
strain rates are almost always out of the PS range. 

2.3.3.4 Key data used in the NRG benchmark calculations 

Transient Convergence Model 

Two parameters, the coefficient in Norton’s creep law [year-1] A and the stress exponent n as 
defined in equation 2.3.30 depend on local site conditions. For the benchmark it was decided 
to choose n =5. The value of A was not specified, but the default value in REPOS i.e. A(T = 
310 K) = 2.08E-06 1/s and σu = 1 MPa, gives a good match with the results of the other part-
ners. 

Crushed Salt Compaction Model 

The CCM2-BBM model as implemented in REPOS does not account sufficiently for compac-
tion due to grain rearrangements. Therefore, the threshold for compaction resistance in RE-
POS has been set to 20%, i.e. in the calculation it is assumed that crushed salt with a poros-
ity larger than 20% does not resist to compaction at all. The stress exponent for Recrystalli-
zation-facilitated Dislocation Creep has been left to 5. 
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2.3.4 Models of 3D convergence calculations with FLAC 

2.3.4.1 Convergence and Rate of Convergence 

The behaviour of an excavated cavity over time is described by the convergence and the 
convergence rate. The convergence C  describes the total volume change compared to the 
volume at the beginning.  

( ) ( )
0

0

V
tVV

tC
−

=  2.3.38 

with:  

0V  Volume at the time of excavation  
( )tV  Volume at the current time 

Starting at a value of 0 at the beginning, a value of 1 is reached with entire convergence of 
the volume, i.e. the excavation is closed completely. 

The convergence rate κ& describes the velocity of the current volume change related to the 
current volume. 

( ) ( )
( )tV
tVt

&
& −=κ  2.3.39 

with:  

( )tV&  Velocity of the volume change at the current time 

It has to be noted that there are two frames of reference within these two equations. These 
are the initial state in case of the convergence C , eq. 2.3.38, represented by V0, and the 
current state in case of the convergence rate κ& , eq. 2.3.39, represented by V. These differ-
ent frames lead to the fact that the rate κ& cannot be derived directly from the convergence 
C  over time, thus, the ratio between the current volume and the initial volume has to be 
taken into account as an additional multiplicative factor. 
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where 

( )tC&  Derivation of the convergence over time 
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On the other hand, κ  as integration of κ& over time leads to 
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tVt −−=−= 1lnln
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κ  2.3.41 

Typical phases of the convergence behaviour of an empty cavity are shown in figure 2.3.22. 
The convergence behaviour over time is divided into four periods depending on the conver-
gence rate: A transient phase I at the beginning with a decreasing convergence rate caused 
by stress redistribution, a nearly stationary phase II, a contact period III with very variable 
rate due to the development of contacts between the walls, the floor, and the roof as well as 
the final closure period IV, where the remaining cavity in the knuckles of the roof will be 
eliminated. The first nearly vertical fall of the convergence rate marks the limit between these 
two last phases. 
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Fig. 2.3.22: Convergence and convergence rate of an empty cavity 

The convergence rate during phase II, IIκ& , offers only small changes in the reference case 
of an empty excavation. So, the convergence rate in this period is also called stationary con-
vergence rate statκ& . The value itself is given by the minimum during this phase before con-
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tacts start to appear, the duration of the stationary phase II is determined by an admissible 
deviation of 20 % compared to this value of stationary convergence rate. Thus, the stationary 
convergence rate is marked at a single point in time. The average value IIavg ,κ&  is the mean 
value over time during this period. Hence, the characterising parameters, which particularly 
mark the second period, are the following: 

t1 Start of phase II with nearly stationary convergence rate 
t2 End of nearly stationary phase II 
C1 Convergence at the beginning of the nearly stationary convergence phase t1 

C2 Convergence at the end of the phase with nearly stationary convergence t2  

statκ&  Stationary convergence rate 
IIavg ,κ&  Average convergence rate in phase II 

If the convergence rate is shown as a function of the convergence, it appears that phase II is 
the decisive phase of the closing process of a cavity without backfill, figure 2.3.23. More than 
80% of the convergence occurs in phase II and less than 10 % during the contact period and 
the final closure period.  

The end of period III, t3, marks the time where floor and roof meet. It depends on the initial 
geometry whether the floor and the roof meet at this point in time or both walls. The system 
behaviour changes significantly in both cases which leads to a steep decrease in the conver-
gence rate. 
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Fig. 2.3.23: Convergence rate as a function of convergence in an empty cavity 

The mathematical representation of the in-situ closing process is influenced by the discretiza-
tion and the numerical method used. This influence becomes apparent in the number and the 
intensity of the contacts. It can be seen in the discontinued evolution of the convergence rate 
starting approximately in the second half of period II. The increase in the convergence rate 
until the end of period III is motivated physically. It has to be noted that spalling probably oc-
curs in-situ if no essential supporting pressure affects the contour of the excavation. Besides, 
it is insignificant whether the supporting pressure is caused due to fluid or backfill. The pos-
sibility of spalling is not considered in the continuum models used here. 

The behaviour of a cavity which is backfilled with a porous compactible material is described 
in a similar way, however, convergence and convergence rate have to be replaced by com-
paction and compaction rate. Thus, the equations given above, eq. 2.3.38 to 2.3.41, are also 
valid if convergence is replaced by compaction. Nevertheless, according to the initial porosity 
of this porous compactible backfill material, the compaction (convergence) reaches only the 
value of the initial porosity at the final state of complete compaction instead of a value of 1. 
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Fig. 2.3.24: Porosity as a function of compaction with an initial porosity of 0.35 

The porosity η  is related to compaction by eq. 2.3.42. This function is shown in figure 2.3.24 
for a given initial porosity 0η =0.35. 

( ) ( )
( )tC

tC
t

−
−

=
1

0η
η  2.3.42 

The behaviour of the cavity’s backfill compaction process over time is shown in figure 2.3.25. 
The convergence rate of the empty cavity is added for comparison. The compaction process 
is also divided into four periods: A transient phase I at the beginning with decreasing com-
paction rate caused by stress redistributions similar to the behaviour of the empty cavity, a 
phase II with small changes in compaction rate, a compaction phase III with increasing back-
fill pressure and thus decreasing compaction rate, and a final phase IV, where the remaining 
very small amount of porosity in the backfill material is eliminated. Essentially, phase IV is 
characterised by the elastic behaviour of the mostly compacted backfill which goes on until 
the initial rock pressure is attained. 
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Fig. 2.3.25: Compaction and compaction rate of a cavity backfilled with crushed salt 

It has to be noted that there is no difference between the behaviour of an empty cavity and a 
backfilled cavity during period I, figure 2.3.25. The reason for this is the negligible amount of 
compaction including only a small backfill pressure which does not affect the convergence. 
During period II, the compaction gains some geo-mechanic importance but its influence is 
still small. Nevertheless, due to the increasing backfill pressure during period II and espe-
cially later during period III, figure 2.3.26, the compaction rate decreases monotonically. This 
leads to a behaviour with less distinctive stationary behaviour during phase II, and the dura-
tion of phase II is much shorter than the duration of period II in an empty cavity. Thus, in the 
case of a backfilled cavity, phase II is defined by the maximum of the derivation of the con-
vergence rate over time, i.e. the change of velocity of the closure. Also, unlike in the conver-
gence process of the empty cavity, no distinguished contacts occur due to total backfill of the 
cavity. 
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Fig. 2.3.26: Backfill pressure over porosity in a cavity filled with dry crushed salt 

While the consideration of only phase I and II leads to suitably good results for a cavity with-
out backfill material, such a simplified approach is not suitable to describe the convergence 
behaviour of a backfilled cavity. So, the knowledge of backfill resistance during compaction is 
essential for backfilled cavities. 

Generally, the characterizing convergence rate during phase II, i.e. the stationary conver-
gence rate, shows one of the following behaviours: 

- The convergence rate has a stationary behaviour: IIstat κκ && =  

- The convergence rate passes a minimum during phase II: min,IIstat κκ && =  

- The convergence rate decreases during the whole time but the deviation of the conver-
gence rate over time IIκ&&  passes a maximum: ( )max,IIIIstat κκκ &&&& = . 

2.3.4.2 Numerical Model 

2.3.4.2.1. Material behaviour 

In the following the constitutive laws are quoted for the materials used. These materials are 
rock salt as host rock, crushed salt as backfill material, salt concrete in the case of a ground-
covering layer for cavities that are partly backfilled, and steel for the cask. Only mechanical 
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effects are considered. Thermal effects are taken into account as long as they are caused by 
the naturally existing thermal gradient in the host rock, but no influence due to heat produc-
tion from the emplaced waste or the hydration of the concrete. In general, all material behav-
iour is assumed as homogeneous and isotropic. Basically, the respective constitutive laws 
are described by an additive decomposition of the different parts of the strain rate tensor. 
Often, Hooke's law is applied for the elastic behaviour, hence, it is a linear relation between 
stresses and elastic strains. 

The host rock is described by an elastic-viscoplastic constitutive law with a Young’s modulus 
of E = 25 GPa and a Poisson ratio of ν = 0.27 as material parameters of the elastic part. The 
viscoplastic behaviour, also called creeping, is a multiplicative decomposition of a power law 
according to the J2 flow theory for the stress part and an Arrhenius term for thermal behav-
iour, [ [ 2 ] ]. The given constitutive law, eq. 2.3.43, describes only stationary creeping and no 
transient behaviour. 

( ) ( ) ( ) n
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Q
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t
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⎝

⎛
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−

σ
σ

ε
ˆ

&

 2.3.43 

where 

T(z)  Absolute temperature 
( )tcr

effε&   Effective stationary creep rate 
( )teffσ   von Mises effective stress 
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )ttItttStStStJt iiijijijjiijeff σσσσσ ⋅=−=⋅== 31,,:233 002  

( )tijσ   Stress state 
( )tSij   Stress deviator 
( )t0σ   Hydrostatic stress 

The material parameters are a structural factor A = 0.18 1/d, an activation energy 
Q = 54 kJ/mol, the universal gas constant R = 8.314 J/(mol·K), and a standardisation stress 
σ̂  = 1 MPa. The stress exponent n = 5 is already given by the benchmark definition in sec-
tion 2.2.1. 

Crushed salt is described by a porous elastic-viscoplastic constitutive law. Instead of the 
original version in FLAC3D [ 7 ], an extended version of the constitutive law is used to de-
scribe the compaction behaviour. The modifications are to address a more detailed stress 
dependence and to include a temperature dependence. The essential points of this material 
law are:  

- Fractional density FD 

( ) ( ) ( )tttF
f

D η
ρ
ρ

−== 1  2.3.44 
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( )tρ   Current density 
( )tη   Current porosity 

- Porosity-dependent Young’s Modulus E 
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- Porosity-dependent viscoplastic compaction 
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- Porosity-dependent shear deformation 
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The material parameters for the compaction behaviour result from an adjustment to the data 
in [ 1 ]. The following parameters are used: Density at total compaction, i. e. density of rock 
salt, ρf = 2187 kg/m3, Young’s Modulus at total compaction, i. e. Young’s Modulus of host 
rock, Ef = 25 GPa, the Poisson ratio ν = 0.27 is also the same as for rock salt, material pa-
rameter cE = 8.3, and the material parameters for viscoplastic compaction B0 = 1.04·1020 s-1, 
B1 = 6.6, B2 = -0.027 m3/kg, B3 = 0.33. B0 = 5,85·1021 s-1 is used for wet backfill. The initial 
porosity η0 = 0.35 is already given in the benchmark definition, chapter 2.2.2. The material 
parameters for shear deformation, eq. 2.3.47, correspond to those of rock salt. Remark: 
Compaction is admissible if the stress state is within the range of pressure, the final compac-
tion is not yet reached, and only in the direction of porosity reduction. The behaviour under 
shear conditions reaches the behaviour of intact rock salt at total compaction due to the frac-
tional density. 

The material behaviour of salt concrete is purely elastic. The material parameters are already 
given in chapter 2.2.2 with a Young’s Modulus of E = 15 GPa and a Poisson ratio of ν = 0.25. 
Also, the material behaviour of the cask is assumed to be elastic. The given parameters are 
Young’s Modulus E = 210 GPa and Poisson ratio ν = 0.3. 

2.3.4.2.2. Geologic and geometric situation 

The length of the excavation is assumed to be very large. Thus, the calculations are carried 
out with the assumption of plain strain conditions. The excavation geometry used is compa-
rable to the geometry in the BAMBUS project, [ 1 ]. Figure 2.3.27 shows the drift’s cross-
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section. The dimensions of the whole drift are: 4 m width on the floor level, 0.25 m wall cur-
vature push vault, 2.5 m width of the horizontal part of the roof, and 3.5 m drift height. A fur-
ther cross-section is shown in  2.3.27 in addition to the used cross-section. The stationary 
convergence rate for this improved profile is approx. 35 % higher than the convergence rate 
of the BAMBUS drift if empty cavities are compared. It should be noted that both cross-
sections are realistic. The higher rate is the result of the larger width and the stress-optimised 
design of the drift profile. 

 

Fig. 2.3.27: Drift profile in two different cross-sections 

The symmetry of the drift is used in the model, 2.3.28. The outer edges of the calculation 
area are at a distance of approx. 80 m to the symmetry line in horizontal direction, to the roof 
in upper vertical direction as well as to the floor in lower vertical direction. The zone size on 
the contour amounts to 0.15 m to 0.2 m. The discretization of the system results in a total of 
2288 zones and 2359 nodes in a plane. Contact elements are on the outline of the excava-
tion to detect imminent contact between floor, wall, and roof. The 3D-code FLAC3D is used, 
[ 7 ]. In order to simulate plain strain conditions, only one column of elements exists in axial 
direction. FLAC3D is a numerical code based on the finite difference method. 



 
 

PAMINA Sixth Framework programme, 08.12.2009 60 
 
 

FLAC3D 3.10

Center:
 X: 4.000e+000
 Y: 0.000e+000
 Z: 2.500e+000

Rotation:
 X:   0.000
 Y:   0.000
 Z:   0.000

Dist: 4.651e+002 Size: 1.000e+001

Material areas
Rock salt
Drift

 

Fig. 2.3.28: Discretization of the drift 

The boundary and initial conditions are as follows: No displacements in normal direction and 
no friction in tangential direction on all boundaries except the upper one which is loaded with 
stress conditions. These stress conditions are a normal stress according to the initial stress 
state on that level. The initial stress state is supposed to be lithostatic isotropic with a stress 
level of 17.94 MPa at floor level and a gradient with respect to the given host rock density. 
The temperature is set to a constant 36.85 °C over space and time in the whole model. The 
calculation period covers a time period of 100,000 a. 

Two fixed water levels are considered in the case of fluid pressure: A fluid pressure of 
5.89 MPa represents a brine level up to the top of the salt dome and a fluid pressure of 
9.42 MPa a brine level up to the surface. As a third case of a flooded state, a time-dependent 
fluid pressure is regarded. There is no time between excavation and backfilling and/or flood-
ing in all cases of backfilling and flooding and, thus, no time of free convergence in these 
cases. 

The cross-section of the drift is 14.52 m2 at the initial state. The lower 5.95 m2, i.e. 41 % of 
the whole cross-section of the drift, are concreted if salt concrete is used, 2.3.29. If a cask is 
taken into account, 2.3.30, it is modelled with a diameter of 1.6 m and a contact area on the 
floor of 0.4 m width. With 1.99 m2, the cask shares about 14 % of the drift cross-section at 
the beginning of the convergence process. 



 
 

PAMINA Sixth Framework programme, 08.12.2009 61 
 
 

FLAC3D 3.10

Center:
 X: 4.000e+000
 Y: 0.000e+000
 Z: 2.500e+000

Rotation:
 X:   0.000
 Y:   0.000
 Z:   0.000

Dist: 4.651e+002 Size: 1.000e+001

Material areas
Rock salt
Salt concrete
Open space

 

Fig. 2.3.29: Discretization with salt concrete 
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Fig. 2.3.30: Discretization with cask in the drift 
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2.4 Results of the benchmark calculations 

2.4.1 Application of the 3D model FLAC 

The five cases and their variations from chapter 2.2.1 are re-grouped depending on their 
backfill situation because the concrete on the floor and the emplaced cask do not have much 
influence on the convergence. Besides, the variations of case 2 are represented twice to 
show the influence of the backfill material under different conditions: 

- without backfill: Case 1 (a to d) and Case 4a 

- pure backfill:  Case 2 (a and b) 

- dry backfill:  Case 2a, Case 4b, and Case 5a 

- wet backfill:  Case 2b, Case 3 (a to c), and Case 5 (b to d) 

The results are shown in three figures each for every group: First, the development of the 
convergence over time is given, second, the convergence rate over time is shown, and third, 
the convergence rate over convergence is given. Convergence has to be replaced by com-
paction resp. convergence rate by compaction rate if backfill is considered. 2.3.31 to 2.3.33 
show the results for the cases without backfill material, 2.3.34 to 2.3.36 give the results for 
the pure backfill cases, 2.3.37 to 2.3.39 show the results for dry backfill, and 2.3.40 to 2.3.42 
show the results for wet backfill. At this point, the general description of convergence behav-
iour in chapter 2.3.4.1 should be referred to. The characteristic data regarding time points, 
specific values of convergence rate and convergence are summarised in table 2.4.1. 
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Tab. 2.4.1: Characteristic parameters of the convergence process 
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1a Empty 2.7·10-3 2.7·10-3 25 11 - 1050 94 - 1400 99 -

1b fluid pressure 
5.9 MPa 3.6·10-4 3.8·10-4 125 7 - 9000 97 - 11000 99 -

1c fluid pressure 
9.4 MPa 6.6·10-5 6.6·10-5 350 4 - 55000 98 - 65000 99 -

1d var. fluid 
pressure 6.0·10-5 6.1·10-5 475 5 - 70000 99 - 80000 99 -

2a dry backfill 3.4·10-3 3.2·10-3 10 6 31 40 14 25 1200 35 0

2b wet backfill 2.8·10-3 2.7·10-3 15 8 29 70 21 18 300 35 0

3a 
wet backfill, 
fluid pressure 
5.9 MPa 

3.6·10-4 3.4·10-4 100 6 31 650 22 16 1900 35 1

3b 
wet backfill, 
fluid pressure 
9.4 MPa 

6.5·10-5 6.2·10-5 350 4 32 3750 22 17 12000 35 0

3c 
wet backfill, 
var. fluid 
pressure 

5.5·10-5 5.5·10-5 650 6 31 4750 25 13 12000 35 0

4a partly con-
crete 2.5·10-3 2.3·10-3 30 12 - 1200 94 - 1500 98 -

4b 
partly con-
crete and dry 
backfill 

3.5·10-3 3.4·10-3 7 5 32 25 10 28 1420 35 0

5a cask, dry 
backfill 4.1·10-3 3.9·10-3 7 5 31 25 12 26 1000 35 0

5b 

cask, wet 
backfill, fluid 
pressure 
5.9 MPa 

3.7·10-4 3.6·10-4 150 9 28 700 25 13 1600 34 2

5c 

cask, wet 
backfill, fluid 
pressure 
9.4 MPa 

7.4·10-5 7.1·10-5 300 4 32 3500 24 15 7500 33 3

5d 
cask, wet 
backfill, var. 
fluid pressure 

7.0·10-5 6.7·10-5 375 5 32 4000 25 13 7500 33 3
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Figures 2.3.31 to 2.3.33 give the results for the group without backfill. The main effect is the 
fluid pressure. This effect is discussed separately later with the normalised results. Two fur-
ther aspects with small influence on the convergence rate are the salt concrete in the lower 
part of the excavation and the time-depending fluid pressure. The small effect from the salt 
concrete in the lower part of the excavation can be observed when the results without fluid 
pressure are compared. The stationary convergence rate in the case of the concrete layer is 
approx. 7 % less than in the case of an empty cavity, the values of the average rate during 
phase II differ by 13 %, figure 2.3.32. This difference between the average values is the re-
sult from contact behaviour, thus, it is also caused numerically. Basically, it depends on the 
filling degree and the material properties of the concrete to what extent the introduced con-
crete layer influences the convergence behaviour. It is a non-linear dependence between the 
influence on convergence rate and filling degree, so the low influence of the concrete layer 
shown here cannot be generalised for any filling degree. This non-linear behaviour is the 
interference between geometry and additional stability. The geometric aspect is the height-
width relation of the remaining open space if a salt concrete layer is at the bottom. Here, the 
geometry of the open space is flattened compared to the initial geometry, which leads to an 
increase in the convergence rate. A stability aspect comes from the concrete layer, which 
restrict the uplift of the floor. A blocked movement from this side reduces the convergence 
rate. It has to be noticed that no strength limit is considered for the concrete layer, hence, 
breakage of the layer is not taken into account. Over all, with increasing filling degree of the 
cavity with salt concrete the influence on the convergence rate may become stronger.  

The other aspect within this group is the influence of the time-depending fluid pressure com-
pared to the calculation with a fixed fluid pressure of 9.4 MPa. The difference in the conver-
gence behaviour between both variations appears less during phase I, which is the phase of 
stress redistributions as well as the period of the biggest pressure difference between fixed 
and time-depending fluid pressure, but during the stationary phase II between approx. 800 a 
and 4000 a. Though a stationary convergence rate lower by approx. 9% is observed with 
variable fluid pressure, table 2.4.1, the average value of the convergence rate during period 
II varies only by about 7%. This behaviour is not the result of the current pressure difference 
between the two cases because the difference during these years is in the range of 0.4 % to 
0.3 % but caused by the viscoplastic material behaviour. At about 2000 a, the convergence 
behaviour with variable fluid pressure starts to approximate the level of fixed fluid pressure. 
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Fig. 2.3.31: Convergence over time for variants without backfill 
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Fig. 2.3.32: Convergence rate over time for variants without backfill 
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Fig. 2.3.33: Convergence rate over convergence for variants without backfill 

The influence of the different material behaviours of the dry and wet backfill on the increase 
of the supporting backfill pressure is shown in the second group. The behaviours of these 
two materials do not differ from their mathematical descriptions, a difference exists merely in 
the values of the factor which describes the creep intensity, eq. 2.3.46. As already shown in 
the comparison of the convergence behaviour of the open cavity and the cavity filled with dry 
backfill, figure 2.3.25, the influence of the backfill starts to become apparent in period II. The 
use of another mathematical description, e.g. as given in [ 1 ], may influence this point in time 
slightly. As the wet backfill reacts with a lower backfill pressure compared with the dry mate-
rial under the same compression state, i. e. the same compaction and the same compaction 
rate, the convergence behaviour of the variation filled with wet material follows the behaviour 
of the open excavation a little bit longer. Due to the higher compaction rate, the state of total 
compaction is reached earlier than in a cavity filled with dry backfill. This increase in backfill 
pressure, especially in the range of higher stresses and thus in the range of lower porosity, is 
the point of main interest if backfill is taken into account. Unfortunately, the material behav-
iour of crushed salt shows significant uncertainties, in particular in the range of low porosities 
but also with respect to the amount of humidity. The aspect of low porosities is currently be-
ing investigated in several projects. Accordingly, changes can arise in the predicted behav-
iour with improved data in the range of low porosities. 
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Fig. 2.3.34: Compaction over for variants with pure backfill 
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Fig. 2.3.35: Compaction rate over time for variants with pure backfill 
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Fig. 2.3.36: Convergence rate over convergence for variants with pure backfill 

Figures 2.3.37 to 2.3.39 show the results for dry backfill. The aspect of an emplaced con-
crete layer is taken up again in this group, however, with respect to backfill instead of an 
open remaining space. The difference between the stationary rates of the variants with con-
crete layer, C4b, and with pure backfill, C2a, is about 3 %, which is less than in the variations 
without backfill, C4a and C1a. However, if the convergence rate over time is compared, the 
difference in the convergence rate considering a concrete layer is in the same range. De-
pending on time, the convergence rate from the variants with concrete layer is between 
approx. 15 % above and below the corresponding rate without the layer. Beside the concrete 
layer, a further variation is included in the group investigated here with the cask variation, 
C5a. This cask leads to an increase in the convergence rate during the first two phases 
compared to the case of pure backfill while the convergence rate of the variant considering 
the concrete layer is below this rate. This behaviour changes later while the backfill pressure 
increases. The variant with the cask and the one with the concrete layer are the upper and 
the lower limits of convergence behaviour within this group. Within these variants, the time of 
nearly total compaction, t3, is reached in the range between 1,000 a and 1,500 a. The differ-
ence in the convergence rate between these two variants and their average value for a given 
fixed time amounts to up to 8 %. This amount is the same as already observed within the 
group without backfill. 
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Fig. 2.3.37: Compaction over time for variants with dry backfill 
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Fig. 2.3.38: Compaction rate over time for variants with dry backfill 
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Fig. 2.3.39: Compaction rate over compaction for variants with dry backfill 

Figures 2.3.40 to 2.3.42 show the results of the variations with wet backfill material. Beside 
the main effect from fluid pressure, two aspects with minor effect are considered. These are 
the cask and the time-depending fluid pressure. Both effects were already taken into account 
before. If a cask is considered, the convergence rate for a fixed given time is approx. 10 % to 
15 % higher than without cask. This behaviour was already found at a comparable rate with 
dry backfill. As with the variations without backfill material, the fluid pressure is the decisive 
quantity in the calculations with backfill with wet crushed salt. The convergence behaviour is 
determined by the long-lasting pressure; hence, no significant difference exists in the behav-
iour under pressure varying over time and constant fluid pressure of 9.4 MPa. All in all, the 
effects of the supporting pressure of the fluid are comparable to those in an unfilled excava-
tion. 
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Fig. 2.3.40: Compaction over time for variants with wet backfill 
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Fig. 2.3.41: Compaction rate over time for variants with wet backfill 
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Fig. 2.3.42: Compaction rate over compaction for variants with wet backfill 

Normalized results 

EMOS codes without an own geo-mechanical part use a multiplicative decomposition of 
separate functional parts if  to a reference fReκ&  to include additional or differing aspects, 
e.g. depth, temperature, backfill behaviour, or fluid pressure on convergence behaviour. 

∏⋅=
i

if fReκκ &&  2.3.48 

Here, the reference is the behaviour of the open and dry excavation in the given reference 
scenario. Thus, no fluid pressure is considered in the reference scenario. The focus in these 
final representations, figures 2.3.43 to 2.3.45, lies on the additional functional part of the fluid 
pressure resp. on the normalization with fluid pressure. The results of the calculation without 
backfill and with wet backfill are compared to each other within a common frame. Further-
more, the convergence rate and the time are standardised in the calculations with respect to 
the fluid pressure. The transformation occurs on the basis of the effective pressure difference 
and the material law of the surrounding rock salt. 
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where 

p(t)  Fluid pressure 
iσ   Initial lithostatic stress 

The value of the stress exponent n is the same as in eq. 2.3.43, i.e. n = 5. Note that stress 
components are signed positive for tension and negative for pressure. So, the value of the 
initial lithostatic stress is negative. 
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Fig. 2.3.43: Convergence (compaction) over time for variants without and with wet backfill 
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Fig. 2.3.44: Convergence rate over time for variants without and with wet backfill 
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Fig. 2.3.45: Convergence rate over convergence for variants without and with wet backfill 
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Figures 2.3.43 to 2.3.45 show the results normalized by fluid pressure. A red line marks the 
reference of an open non-flooded cavity in these figures. The range between the results of 
different calculations during the transient phase I of the convergence process is a little bit 
larger than during the stationary period II. In the first period, the results of the reference sce-
nario are nearly almost close to the top of all variations. The variants with lower convergence 
rate are in a range up to 40 % less during this transient phase compared with the reference 
case. The duration of this phase is a relatively short period which is not so significant for the 
long-term safety. The difference is caused by the fact that the normalization using equation 
2.3.49 and eq. 2.3.50 does not completely describe the aspect of the stress redistribution 
around the excavation at the beginning. Within the stationary phase, there are more variants 
with slightly higher convergence rates than the reference case. Due to the increasing backfill 
pressure, all variants can be placed either in the group of backfilled cavity or in the group of 
cavities without backfill. Within each group the convergence behaviour is close to each other 
over the whole time. 

2.4.2 Application of the LOPOS model to the test cases 

The GRS model of convergence is applied to test cases, for which results of rock mechanics 
calculations are given by DBE-TEC. The reference convergence rate Kref in many cases can 
be directly obtained from the rock mechanics calculations by extrapolating the respective 
results to very large times. Since in the rock mechanics calculation the simulation time starts 
immediately after excavation at time t = 0, in eq. 2.3.8 for the explicit time dependence, used 
in the GRS model, the parameter λS should be zero. However, for very small times the func-
tion ft only depends on the product K0·λS (cf. Appendix B) and it is, therefore, justified to use 
a very small value of λS instead of zero and a corresponding large value of K0. Consequently, 
in all test cases below, the fixed value λS = 10-6 is used. 

2.4.2.1 Results of test cases 1a, 1b, and 1c 

The comparison of the convergence rates, calculated with different but constant values of the 
fluid pressure (cf. test case description in chapter 2.2.2), with those of the rock mechanics 
calculations is presented in figure 2.4.1, while figure 2.4.2 shows the time evolution of the 
volume of the cavity. The best match of the results is achieved with K0 = 80 [a-1] and 
Kref = 2.5·10-3 [a-1]. With these parameter values it is found that for all the three constant-
pressure boundaries the convergence rates as well as the volumes match really well. 
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Fig. 2.4.1: Comparison of convergence rates: Cases 1a, 1b, 1c 
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Fig. 2.4.2: Comparison of time evolution of volumes: Cases 1a, 1b, 1c 
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2.4.2.2 Results of test case 1d 

In figure 2.4.3, the convergence rates obtained with the LOPOS model are compared for 
some test cases. For case 1a atmospheric and for case 1c a constant hydrostatic pressure is 
applied, which corresponds to a completely brine-filled repository and a negligible flow resis-
tance of the cavity, the shaft segment and its sealing. In case 1d the cavity and the shaft are 
continuously flooded over a time span of 50 a. During this period the fluid pressure in the 
cavity increases, until it reaches the hydrostatic pressure of the completely filled repository. 
Additionally, the shaft sealing permeability is reduced to 10-16 m2, which after 50 a yields a 
hydraulic pressure increase in the cavity above the hydrostatic value, which is driven by the 
convergence, when brine is squeezed out of the cavity through the high flow resistance of 
the shaft sealing. 

At the beginning, the convergence rate equals that of case 1a (air filled cavity). With increas-
ing fluid pressure the convergence rate is reduced. After increase of the fluid pressure above 
the hydrostatic value, the convergence rate is reduced below that of case 1c (completely 
filled repository). While the fluid pressure decreases to the hydrostatic value, the conver-
gence rate curve approaches that of case 1c. The case 1d time evolution of the cavity’s vol-
ume is shown in Fig. 2.4.4. At the beginning it follows that of case 1a and later it approaches 
that of case 1c, as to be expected.  
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Fig. 2.4.3: Convergence rate and fluid pressure of cavity in test cases 1a, 1c and 1d 
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Fig. 2.4.4: Volumes and fluid pressure of cavity in test cases 1a, 1c and 1d 

Figure 2.4.5 shows the result of the rock mechanics calculation and that of the LOPOS calcu-
lation for case 1d. Here, a clear difference between the results can be observed at very early 
times. However, in the rock mechanics calculation the convergence rate is calculated from 
the cross section reduction of the cavity by numerical differentiation. In LOPOS the conver-
gence rate is calculated directly with the formulas given in chapter 2.3. The consequences of 
the different convergence rates at early times are negligible as can be seen in Fig. 2.4.6, 
where the time evolutions of the volumes are compared. 
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Fig. 2.4.5: Comparison of convergence rates: Case 1d 

 

Time [a]

V
ol

um
e

[m
³]

10-4 10-3 10-2 10-1 100 101 102 103 104 105
0

500

1000

1500

Case 1d: FLAC (DBE)
Case 1d: LOPOS (GRS)

/abt/projekte/pamina/notizen/WP-4.1/lay/v-case1d.lay

 

Fig. 2.4.6: Comparison of time evolution of volumes: Case 1d 
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2.4.2.3 Results of test cases 2a and 2b 

Figure 2.4.7 shows the results of the convergence rate calculations of cases 2a and 2b. The 
LOPOS results are obtained by fitting only the parameter g2, which is assumed to be respon-
sible for the difference in the convergence rate results for dry and wet backfill. A parameter 
value of g2 = 102 gives a good match with results from the rock mechanics calculations for dry 
backfill. For wet backfill g2 is increased to g2 = 104, giving also a good match. 

Fig 2.4.8 shows the time evolution of the cavity’s volume. The coincidence with results from 
the rock mechanics calculation is really well. 
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Fig. 2.4.7: Comparison of convergence rates: Cases 2a and 2b 
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Fig. 2.4.8: Comparison of time evolution of volumes: Cases 2a and 2b 

2.4.2.4 Results of test cases 3a to 3c 

Figure 2.4.9 shows the results of the convergence rate calculations of cases 3a and 3b. 
Here, the same constant fluid pressures as in cases 1b and 1c are taken as boundary condi-
tions. The parameter value g2 for wet backfill is used. No additional parameter fits are neces-
sary to get the results given in the curves. Fig. 2.4.10 shows the time evolution of the cavity’s 
volume. The coincidence with results obtained from the corresponding rock mechanics calcu-
lations is really well. 



 
 

PAMINA Sixth Framework programme, 08.12.2009 82 
 
 

Time [a]

C
on

ve
rg

en
ce

ra
te

[1
/a

]

10-4 10-3 10-2 10-1 100 101 102 103 104 105
10-5

10-4

10-3

10-2

10-1

100

Case 3a: FLAC (DBE)
Case 3a: LOPOS (GRS)
Case 3b: FLAC (DBE)
Case 3b: LOPOS (GRS)

/abt/projekte/pamina/notizen/WP-4.1/lay/k-case3a-b-c.lay

 

Fig. 2.4.9: Comparison of convergence rates: Cases 3a and 3b 

 

Time [a]

V
ol

um
e

[m
³]

10-4 10-3 10-2 10-1 100 101 102 103 104 105
0

200

400

600

800

1000

1200

1400
Case 3a: total volume
Case 3a: pore volume
Case 3b: total volume
Case 3b: pore volume

/abt/projekte/pamina/notizen/WP-4.1/lay/v-case3a-b-c.lay

 

Fig. 2.4.10: Comparison of time evolution of volumes: Cases 3a and 3b 
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2.4.2.5 Results of test case 3c 

In case 3c the fluid pressure is raised as in case 1d. Here, the LOPOS model yields the 
same hydraulic pressure in the cavity, since the backfill of that cavity has almost no influence 
on the flow resistance of the repository as a whole. This effect can be explained by the seg-
ment structure, where the rather flat cavity is located perpendicular to the shaft segment. The 
results given in the following figures are obtained with no additional parameter fitting. 

Figures 2.4.11 and 2.4.12 show the results of the LOPOS calculations. Convergence rates 
and volumes resulting for case 2b (air filled cavity and wet backfill), case 3b (completely filled 
repository) and case 3c (progressive fill-up of the repository) are compared. The conver-
gence rate of case 3c shows the influence of the increased pressure. At the beginning it fol-
lows that curve of 2b, after 50 a the over pressure in the repository reduces the convergence 
rate below that of case 3b, but at late times it approaches that of case 3b. Figure 2.4.12 
shows the corresponding time evolution of the cavity’s volumes. 

Figures 2.4.13 and 2.4.14 show the results of the rock mechanics calculation compared with 
those of the LOPOS calculation. Again, there are some differences between the results for 
the convergence rates. The same explanation as for case 1d holds. Figure 2.4.14 shows the 
time evolution of the total and the pore volume of the cavity. Although the convergence rates 
differ, the volumes match rather well. 
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Fig. 2.4.11: Convergence rate and fluid pressure of cavity in test cases 2a, 3b and 3c 
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Fig. 2.4.12: Volumes of cavity in test cases 2b, 3b and 3c 
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Fig. 2.4.13: Comparison of convergence rates: Case 3c 
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Fig. 2.4.14: Comparison of time evolution of volumes: Case 3c 

2.4.2.6 Results of test cases 4a and 4b 

In cases 4a and 4b a layer of incompactable material is assumed to be placed at the bottom 
of the cavity. In case 4a the remaining volume is not backfilled, in case 4b the remaining vol-
ume is filled with dry backfill. In these cases the volume which is influenced by convergence 
is reduced to that of the empty or the backfilled part of the cavity, respectively. The volume 
filled with incompactable material does not change during convergence of the cavity. 

Figure 2.4.15 shows the results for the convergence rate, which is the same as in the corre-
sponding case 1a (cavity without backfill) and almost the same as in case 2a (cavity with dry 
backfill), respectively. Only for late times the smaller volume of compactable backfill reduces 
the convergence rate. Figure 2.4.16 shows the results for the time evolution of the cavity’s 
volume. The results are obtained with no additional parameter fits. The coincidence with re-
sults from the rock mechanics calculations is really well. 



 
 

PAMINA Sixth Framework programme, 08.12.2009 86 
 
 

Time [a]

C
on

ve
rg

en
ce

ra
te

[1
/a

]

10-4 10-3 10-2 10-1 100 101 102 103 104 105
10-5

10-4

10-3

10-2

10-1

100

Case 4a: FLAC (DBE)
Case 4a: LOPOS (GRS)
Case 4b: FLAC (DBE)
Case 4b: LOPOS (GRS)

/abt/projekte/pamina/notizen/WP-4.1/lay/k-case4a-b.lay

 

Fig. 2.4.15: Comparison of convergence rates: Cases 4a and 4b 
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Fig. 2.4.16: Comparison of time evolution of volumes: Cases 4a and 4b 
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2.4.2.7 Results of test cases 5a to 5c 

In cases 5a, 5b, and 5c it is assumed that a steel container is place on the floor of the cavity. 
Different hydrostatic fluid pressures are present in the cavity as given in cases 1a, 1b, and 
1c. Figure 2.4.17 shows the convergence rates. The results are almost the same as obtained 
for cases 2a, 3a and 3b, respectively, except for late times where the smaller volume of 
compactable backfill reduces the convergence rate. Figure 2.4.18 shows results for the time 
evolution of the cavity’s volume. Comparison with the corresponding results from rock me-
chanics calculation shows a really good match. 
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Fig. 2.4.17: Comparison of convergence rates: Cases 5a, 5b, 5c 
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Fig. 2.4.18: Comparison of time evolution of volumes: Cases 5a, 5b, 5c 

2.4.2.8 Result of test case 5d 

In case 5d the fluid pressure is raised as in case 1d. Additionally, compared to case 3c, the 
steel container is place at the bottom of the cavity, reducing the backfill volume which can be 
compacted. Again the LOPOS model yields the same hydraulic pressure in the cavity, since 
the backfill of that cavity has almost no influence on the flow resistance of the repository as a 
whole. The results given in the figures are obtained with no additional parameter fitting. 

In Figures 2.4.19 and 2.4.20 the results of the LOPOS calculations for cases 5a, 5c and 5d 
are compared. The convergence rate of case 5d shows the influence of the increased pres-
sure. At the beginning it follows that of case 5a. Again, after 50 a, the convergence rate de-
creases below that of case 5c, due to the hydraulic over pressure. At late times it approaches 
the case-5c curve. Figure 2.4.20 shows the corresponding results for the time evolution of 
the cavity’s volumes. 

Figures 2.4.21 and 2.4.22 show the results of the rock mechanics calculation compared with 
those of the LOPOS calculation. Again, there are some differences between the results for 
the convergence rate. The same explanation as for case 1d holds. Figure 2.4.22 shows the 
time evolution of the total and the pore volume of the cavity. Although the convergence rates 
differ, the volumes match really well. 
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Fig. 2.4.19: Convergence rate and fluid pressure of cavity in cases 5a, 5c and 5d 
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Fig. 2.4.20: Volumes of cavity in test cases 5a, 5c and 5d 
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Fig. 2.4.21: Comparison of convergence rates: Case 5d 
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Fig. 2.4.22: Comparison of time evolution of volumes: Case 5d 
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2.4.3 Application of the NRG model (REPOS) to the test cases 

2.4.3.1 Case 1 – Open cavity with no backfill 

The brine intrusion is modelled to occur at 10-2 years; consequently cases 1b, 1c and 1d 
show a significant drop at about 10-2 years. At this point in time the convergence rate de-
creases proportionally to the decrease of σ5, where σ is the difference between the pressure 
against the wall of the excavation and the lithostatic stress at some distance from the exca-
vation, as defined for eq. 2.3.30.  

Moreover, in the calculation scheme the increment of the dimensionless time Δτ depends on 
the actual timestep Δt⋅σ4, i.e. the increment of the dimensionless time step decreases by a 
factor 5, resp 20 and 26 for the cases 1b, 1c and 1d. As a consequence, the decrease with 
time of the dimensionless convergence rate κ is much smaller for the cases 1b, 1c and 1d 
compared to 1a. In Figure 2.4.24 this results in the almost horizontal ‘platforms’ directly after 
the brine intrusion. An alternative calculation scheme to deal with the sudden change in σ is 
discussed in [ 5 ].  

Figure 2.4.23 shows that the effects that occur in the first year do not have significant effects 
on the volumes and porosities in the system, and do not have a significant impact on the long 
term convergence rates. 

 

Tab. 2.4.1: Description and data for Case 1 

 Description Key data 

Case 1a no brine, atmospheric pressure pair = 0.1 MPa 

Case 1b with constant fluid pressure, brine up to the top of 
the salt formation 

pbrine = 5.89 MPa 

Case 1c with constant fluid pressure, brine up to the surface pbrine = 9.42 MPa 

Case 1d with time dependent fluid pressure, brine up to the 
surface 

pbrine = 9.42 + 
 pdyn MPa 
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Fig. 2.4.23: Comparison of time evolution of volumes: Cases 1a, 1b, 1c and 1d (REPOS 
result 1c is not visible, because the line is concealed by REPOS result 1d) 

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05

Time (a)

C
on

ve
rg

en
ce

 ra
te

 (1
/a

)

Case1a: REPOS (NRG)
Case1a: FLAC (DBE)
Case 1b: REPOS (NRG)
Case1b: FLAC (DBE)
Case 1c: REPOS (NRG)
Case 1c: FLAC (DBE)
Case 1d: REPOS (NRG)

 

Fig. 2.4.24: Comparison of convergence rates: Cases 1a, 1b, 1c and 1d 
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Fig. 2.4.25: Convergence rate and fluid pressure of test cases 1c and 1d 
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2.4.3.2 Case 2 – Cavity backfilled with Crushed Salt 

Figure 2.4.26 shows the evolution of the volume of the cavity (starting at 1435 m3 and de-
creasing to 932 m3), and the evolution of the pore volume (starting at 502.25 m3, since the 
initial porosity of the backfill is 35%, and decreasing to zero). 

The following observations are made: 

• After 63 years the porosity has reached 20%. In the REPOS calculation it has been as-
sumed that backfill with a porosity larger than 20% the backfill does not resist compac-
tion. 

• After 320 years, in case 2b (brine saturated backfill), the porosity found in the FLAC cal-
culation has become almost zero. The porosity found with REPOS is larger, about 1.5% 
at 320 years. This explains the larger convergence rate found with REPOS for times 
larger than 320 years when the backfill is lower than 1%. At this porosity, the permeabil-
ity of the compacted backfill is so small, that even at the very small convergence rate of 
< 10-5 per year the brine gets more or less trapped in the pores and a brine pressure 
build-up occurs. 

 

Tab. 2.4.2: Description and data for Case 2 

 Description Key data 

Case 2a cavity backfilled, no brine, atmospheric pressure pair = 0.1 MPa 

Case 2b cavity backfilled, saturated, atmospheric pressure pbrine = 0.1 MPa 
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Fig. 2.4.26: Comparison of time evolution of volumes: Cases 2a and 2b. The volume of the 
cavity and the pore volume are shown (starting at about 500 m3). 
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Fig. 2.4.27: Comparison of convergence rates: Cases 2a and 2b 
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2.4.3.3 Case 3 – Cavity backfilled with crushed salt, saturated and hydrostatic pressure 

Figure 2.4.28 shows the evolution of the volume of the cavity (starting at 1435 m3 and de-
creasing to 932 m3), and the evolution of the pore volume (starting at 502.25 m3, since the 
initial porosity of the backfill is 35%, and decreasing to zero). 

The brine intrusion is modelled to occur at 1E-2 years; consequently cases 3a, 3b and 3c 
show a significant drop at about 1E-2 years. At this point in time, the convergence rate de-
creases. This sequence of events is already discussed in Section 2.4.3.1.  

Tab. 2.4.3: Description and data for Case 3 

 Description Key data 

Case 3a with constant fluid pressure, brine up to the top of 
the salt formation 

pbrine = 5.89 MPa 

Case 3b with constant fluid pressure, brine up to the surface pbrine = 9.42 MPa 

Case 3c with time dependent fluid pressure, brine up to the 
surface 

pbrine = 9.42 + 
pdyn MPa 
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Fig. 2.4.28: Comparison of time evolution of volumes: Cases 3a, 3b, and 3c. The volume 
of the cavity and the pore volume are shown 
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Fig. 2.4.29: Comparison of convergence rates: Cases 3a, 3b and 3c 

2.4.3.4 Case 4 – Cavity with a layer of incompactable material at the bottom 

The geometric configuration for this benchmark case is shown in section 2.2.2. 

Tab. 2.4.4: Description and data for Case 4 

 Description Key data 

 Cavity floor covered with a Concrete Layer (615 m3)   

Case 4a no backfill in the residual volume, no brine, atmospheric 
pressure 

pair = 0.1 MPa 

Case 4b residual volume backfilled with crushed salt, no brine, 
atmospheric pressure 

pair = 0.1 MPa 

 

The impact of incompactable objects in the excavation on the convergence is not automati-
cally set in REPOS, i.e. it has to be adjusted by user input. Two extreme options to model the 
effect of the layer of incompactable material on the floor of the cavity have been applied: 

1. Modified backfill properties 
2. Modified rock salt geometry 
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For option 1 it is assumed that the impact of the incompactable material can be fully accom-
modated by modifying the backfill properties, i.e. a representative backfill is assumed which 
properties are chosen in such a way that it behaves similar to the actual system. The under-
lying assumption is that the potential rock salt convergence is not affected by the incom-
pactable material (i.e. the mechanical behaviour is like a incompactable fluid - or the incom-
pactable object is fully encapsulated in the backfill). In option 2 it is assumed that the layer of 
incompactable backfill only affects the rock salt convergence, and has no effect on the com-
paction properties of the residual volume (i.e. the open volume in case 4a, or the volume 
backfilled with crushed salt in case 4b).  

Option 1: Modified backfill properties 

For the REPOS calculations it can been assumed that the (non-compacting) concrete layer 
on  the floor of the cavity does not influence the potential convergence rate of the rock salt as 
long as there is an open volume in the cavity. For case 4a this means that the calculated 
convergence rate of the rock salt is identical to case 1a (Open cavity with no backfill, atmos-
pheric pressure) as long as the volume of the cavity (initially 1435 m3) is larger than the vol-
ume of the concrete floor (615 m3). For case 1a, at 405 years the volume of the cavity has 
decreased to 615 m3 and the convergence will immediately stop, since the remaining volume 
of the cavity is filled with incompactable concrete. (Note: the very small but non-zero com-
paction rate calculated with REPOS for case 4a after 405 years is an artefact of the approxi-
mation REPOS uses to model a non-backfilled open volume.) 

For case 4b it is important to recognise that modifying the backfill properties will imply that 
the compaction rate of the crushed salt is larger than the convergence rate of the rock salt. 

Figure 2.4.30 shows the evolution of the volume of the cavity (starting at 1435 m3 and de-
creasing to 615 m3 for Case 4a, and to 1178 for Case 4b), and the evolution of the pore vol-
ume (starting at 820 m3 for case 4a, and for Case 4b at 278 m3, since the initial porosity of 
the backfill is 35%, and decreasing to zero). 
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Fig. 2.4.30: Comparison of time evolution of volumes: Cases 4a and 4b using the modified 
backfill properties option in REPOS. The volume of the cavity and the pore 
volume are shown 

Figure 2.4.31 shows the convergence rate of the residual volume (i.e. the open volume for 
case 4a, and the backfill volume for case 4b). The peak at 405 years for case 4a is explained 
by the fact that at that time the residual volume has become almost zero, while the volume 
change rate dV/dt is not zero, causing ε = -1/Vresidual dV/dt running up to infinity. 
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Fig. 2.4.31: Comparison of convergence rates of the residual (open or crushed salt) vol-
ume in the cavity: Cases 4a and 4b using the modified backfill properties op-
tion in REPOS 

Figure 2.4.31 shows that the convergence rate of the residual volume as predicted by RE-
POS are larger than the convergence rate predicted by the FLAC calculation. The assump-
tion in the REPOS calculation, that the concrete floor of the cavity does not influence the 
potential convergence rate of the rock salt (as long as there is an open volume in the cavity) 
will actually lead to an overestimation of the convergence rate, since the rock salt has to flow 
around the incompactable but also not deformable concrete. This takes extra energy and 
leads to a smaller convergence rate. In FLAC this flow process is modelled, so this could 
explain the smaller convergence rate found with FLAC. 

Option 2: Modified rock salt geometry 

Here it is assumed that the incompactable material at the bottom of the cavity is a part of the 
rock salt surrounding the residual volume in the cavity. Moreover, it is assumed that the in-
compactable material does not affect the overall rock salt convergence behaviour. This 
means that only the rock salt geometry has changed. A change in the geometry of the rock 
salt surrounding the cavity implies that the geometry of the cavity is changed. For this option 
it means that the size of the cavity as specified in the REPOS user input is 2m x 4.1 m (see 
Figure in section 2.2.2), and the backfill material is air (case 4a) or crushed salt (case 4b).  
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Figures 2.4.32 and 2.4.33 show that the results for this option agree well with the FLAC re-
sults. This actually means that the assumption that the incompactable material is part of the 
rock salt, and that it does not disturb the rock salt convergence process (but only changes 
the geometry) is a valid assumption. 
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Fig. 2.4.32: Comparison of time evolution of volumes: Cases 4a and 4b using the modified 
rock salt geometry option in REPOS. The volume of the cavity and the pore 
volume are shown 

The rock salt indeed needs additional energy to flow around the concrete (as concluded from 
Figure 2.4.31), and this slows down the convergence process. Interestingly, the impact of 
this effect can be approximated very well by assuming a smaller excavation, i.e. reducing the 
volume of the excavation by the volume of the incompactable material. 
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Fig. 2.4.33: Comparison of convergence rates of the residual (open or crushed salt) vol-
ume in the cavity: Cases 4a and 4b using the rock salt geometry option in 
REPOS 

2.4.3.5 Case 5 – Cavity filled with crushed salt around a steel container lying on the floor 

The Figure in section 2.2.2 shows that the steel canister is fully surrounded by crushed salt, 
apart from a small area where the cylinder is touching the floor of the cavity. In this geometry 
it is unlikely that the incompactable steel cylinder can affect the rock salt convergence ge-
ometry. It is expected that option 1 (see Section 2.4.3.3) ‘modified backfill properties’ will give 
the best result. 

This means that the compaction rate of the crushed salt is larger than the convergence rate 
of the rock salt, initially by a factor 1.16. Taking into account that the residual volume is back-
filled, the maximum value of this factor is 1.33. 
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Tab. 2.4.5: Description and data for Case 5 

 Description Key data 

 Crushed salt around a steel container(201 m3) lying 
on the floor 

 

Case 5a no brine, atmospheric pressure pair = 0.1 MPa 

Case 5b with constant fluid pressure, brine up to the top of 
the salt formation 

pbrine = 5.89 
MPa 

Case 5c with constant fluid pressure, brine up to the surface pbrine = 9.42 
MPa 

Case 5d with time dependent fluid pressure, brine up to the 
surface 

pbrine = 9.42 + 
pdyn MPa 

 

Figure 2.4.34 shows the evolution of the volume of the cavity (starting at 1435 m3 and de-
creasing to 1003 m3), and the evolution of the pore volume (starting at 431.9 m3 and de-
creasing to zero). 
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Fig. 2.4.34: Comparison of time evolution of volumes: Cases 5a, 5b, 5c and 5d using the 
modified backfill properties option in REPOS. The volume of the cavity and the 
pore volume are shown. (The curves for case 5c are almost fully concealed by 
the curves for case 5d.) 
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Fig. 2.4.35: Comparison of convergence rates of the volume backfilled with crushed salt: 
Cases 5a, 5b, 5c and 5d using the modified backfill properties option in RE-
POS 

For study purposes Figure 2.4.36 shows the convergence of the volume backfilled with 
crushed salt using the modified rock salt geometry option in REPOS. As can be expected, 
this option deviates from the FLAC results. The difference is relatively small, since the rela-
tive volume of the steel cylinder is small (compared to the cavity), and therefore the assumed 
change in rock salt geometry is also small. 
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Fig. 2.4.36: Comparison of convergence rates of the volume backfilled with crushed salt: 
Cases 5a, 5b, 5c and 5d using the modified rock salt geometry option in RE-
POS  

2.5 Conclusions 

In the preceding chapters, the results of benchmark tests are separately described for the 
process-level code FLAC and the PA codes LOPOS and REPOS, respectively. The results 
from the PA codes and the rock mechanic code are compared to validate the applicability of 
the models implemented in the PA codes. 

Convergence of open excavations at various fluid pressures 

Two different boundary conditions have been investigated in this benchmark which are first 
constant and second variable fluid pressure boundary condition. In both cases the parame-
terisation of the EMOS model has been achieved by fitting the results of the EMOS calcula-
tion to those of the FLAC code for the first case of each set of cases for the respective 
boundary condition. The parameters than have been used to model the other cases within 
each set. With these parameter values it is found that for all the three constant-pressure 
boundaries and the variable pressure boundaries, the convergence rates as well as the vol-
umes match really well the results from the FLAC code. 

In general the also results obtained from REPOS agree well with those from FLAC. This was 
expected since the basic model and parameters for rock salt creep in REPOS and FLAC 
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have been chosen in such a way that the results match. Nevertheless, the results show that 
the approach used in REPOS to solve the creep equation in an axi-symmetrical geometry, 
can be applied to a more rectangular shaped excavation.  

A question has been raised with respect to the method that is implemented in REPOS to 
calculate the response to a sudden increase in the fluid pressure in the excavation. For the 
benchmark considered in this report this specific transient effect has a marginal impact. 
However, it would be worthwhile to develop a (future) benchmark where brine intrusion oc-
curs after 20 to 100 years. 

It is also recognised that the convergence of the host rock is strongly affected by the impact, 
geometry and properties of the large scale in homogeneities in the overall rock salt forma-
tion. This means that the values for the model parameters for the convergence model for a 
real site have cannot be derived from the comparison to the rock mechanic code, but have to 
be determined in situ at the location of interest. 

Convergence of backfilled excavations at various fluid pressures 

For the EMOS code only one additional parameter was used to model the different bench-
mark cases for backfilled excavations, which is parameter g2 chosen accordingly for dry and 
wet backfill. No additional parameter fits are necessary compared to the benchmarks for 
open excavations to achieve the results given. The coincidence with results obtained from 
the corresponding rock mechanics calculations is really well. While there are some differ-
ences between the results for the convergence rates, this does only slightly affect the match 
between the results for the calculated volumes from the EMOS and the FLAC model. Since 
the volume is the essential parameter for the radionuclide transport calculation, this small 
discrepancy in the convergence rates is of no impact on the PA calculations. 

While for dry backfill it seems that the CCM2-BBM model as implemented in REPOS is over-
estimating the resistance to compaction compared to the FLAC model, for wet backfill, both 
REPOS and FLAC predict a very small resistance against compaction, leading to behaviour 
similar to a non-backfilled (open) excavation. The convergence rate is than dominated by the 
rock salt convergence. 

The assumed behaviour of the backfill in the Recrystallization-facilitated Dislocation Creep 
range (i.e. ε ~ σ5) is not confirmed in the experiments on the Bambus Backfill Mix, neither is 
there a proper theoretical basis for the Recrystallization-facilitated Dislocation Creep model. 
The experimental results suggest that especially at low porosities the compaction resistance 
is larger than the models predict. 

Convergence of excavations that contain non-compactable objects 

The results for test cases accounting for non-compactable objects by the LOPOS model 
were obtained without any additional parameter fitting. The non-compactable objects were 
either introduced by a reduced volume of the cavity or by the use of waste containers. The 
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results are very similar compared to those of the benchmarks with only compactable backfill, 
since the non-compactable objects only affect the convergence for late times when the 
smaller volume of compactable backfill is notable. Additionally, this yields the same hydraulic 
pressure in the cavity, since the backfill of that cavity has almost no influence on the flow 
resistance of the repository as a whole. The coincidence with results from the rock mechan-
ics calculations is really well. 

The impact of non-compactable objects in the excavation on the convergence is not auto-
matically set in REPOS, i.e. it has to be adjusted by user input. The benchmark clearly 
shows that this adjustment in the REPOS input is not straightforward, but on the other hand it 
seems possible to derive some rules of thumb from the FLAC results. In complicated cases a 
FEM calculation such as with FLAC will be needed to decide what user input is needed for 
the specific case. This input can also be used for other complex cases if the overall geometry 
is similar. 

 

Generally spoken, the results from both PA codes LOPOS and REPOS match considerably 
well to those of the rock mechanics code FLAC. There are some differences between the two 
PA codes LOPOS and REPOS which are due to the fact that the calibration of the models is 
different. While LOPOS calibrates the parameter values to some results of the 3D rock me-
chanics calculations, the REPOS parameters are calibrated completely independently to re-
sults of the previous BAMBUS project [ 1 ]. Thus, some of the occurring differences can be 
explained by this different calibration. The good correlation between the PA and the process-
level code yields to the overall conclusion that no additional development of the PA codes 
currently has to be envisaged to enhance the modelling of the convergence process. 
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2.7 Appendix 

2.7.1 Asymptotic behaviour of the convergence rate (LOPOS) 

In the following, the limits of the convergence rate are investigated, which the GRS model 
yields for a cavity directly after excavation, i.e. at the limit t → 0, and for very late times, i.e. 
at the limit t → ∞. At the beginning, the fluid pressure is equal to the atmospheric pressure, 
the cavity is not backfilled and the temperature is not increased. Consequently, one has 
fp = 1, fφ = 1 and fT = 1. For an integration of eq. 2.3.1, however, it is sufficient, that all these 
three functions are constant and one has 
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Integration of eq. A.1 yields the inverse function of ft(t) 
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where  

Tplocref ffffKC φ= .  A.3 

This expression is suitable to investigate the limit of the convergence rate for t = 0. For very 
small λS, i.e. λS → 0, which holds for t0 → 0, the function ft tends to infinity: 
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The right hand side of A.2 can be expanded and one has 
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This result is obtained for very small λS (not necessarily 0) considering first order term of λS. 
For t ≈  0, i.e. ft  1, approximately one has 
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Using eqs. 2.3.2 and A.7, the ratio 0
2,1η  of the convergence rates K(p1) and K(p2) with con-

stant but different fluid pressures p1 and p2 yields 
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For late times t → ∞, on the other hand, one has 
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This characteristic behaviour is also shown by convergence rates resulting from rock me-
chanics calculations. 
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2.7.2 Estimation of the initial convergence rate (LOPOS) 

For very early times after the excavation of a repository the initial convergence rate can be 
calculated explicitly. For this purpose the approximation of the function ft (eq. A.7) giving the 
explicit time dependence of the convergence rate at small times can be used. One has 

( ) ( ) ( ) ( )tfTffpfKfK tTprefloc ⋅⋅⋅⋅⋅= φφ  B.1 

as given in eq. 2.3.2. Initially one has atmospheric pressure patm in the cavity and there is no 
compaction of the backfill, additionally the temperature in the cavity equals the rock tempera-
ture TS, thus 

( ) 1=atmp pf , ( ) 1=≥ rf φφφ  and ( ) 1=ST Tf .  B.2 

Therefore, the relation A.7 of appendix A reduces to 
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Replacing A with the help of eq. 2.3.10, where K0 is the initial value of the convergence rate 
at t = 0, eq. B.3 yields 
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where 
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must hold. Solving eq. B.4 for K0 one finally has 

( )
refref

locS

KK
f
tKtK +

⎭
⎬
⎫

⎩
⎨
⎧

−
≈

=
2

0
02

λ
.  B.6 

This equation also shows that the initial convergence rate K0 goes to infinity, if λS goes to 

zero. However, integrating B.3 shows, that the volume decrease is proportional to t  and, 
hence, tends to zero. Additionally, if K0 becomes very large compared to Kref, eq. B.4 can be 
approximated by 
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which shows that the convergence rate at very early times depends on the product of the 
parameters, λS·K0, only. This dependence can be used for estimating the K0 value when λS is 
very small. 
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3. Benchmark on brine intrusion into a backfilled drift 

3.1 Introduction 

In a normal evolution of a repository design in rock salt, no transport medium is present in 
the repository in a salt formation. In case of the analysis of altered evolution scenario, brine 
intrusion may occur from either outside of the salt formation or from undetected brine inclu-
sions in the neighbourhood of the repository. In both cases, intruding brine may successively 
fills up the residual voids within the backfilled drifts, chambers or boreholes of the repository, 
eventually get in contact with the disposed waste Contaminated brine may then be pressed 
out of the salt formation by convergence of the salt rock or other processes like gas genera-
tion. Thus, the process of brine intrusion, where brine percolates through an unsaturated 
backfill (e.g. crushed salt), is an important safety relevant process, which has to be imple-
mented with sufficient accuracy in a PA code 

In the present performance assessment (PA) codes used to model brine intrusion into back-
filled drifts, the flow resistance of these drifts is assumed as independent of the gas or brine 
saturation of the backfill. The permeability only varies as a result of the changing porosity, 
but not as a function of the gas saturation. Some simplified model, based on a single (fitted) 
parameter, may be included in the PA codes to account for instance for the settling of 
crushed salt when becoming wet or the dissolution of backfill by contact with unsaturated 
brine. To test the relevance of unsaturated flow processes in case of brine intrusion into a 
backfilled gallery, a benchmark is performed by GRS and NRG. Three different models were 
used: a numerical 3D programme (HYDRUS2D/3D) [ 5 ] and two PA codes, LOPOS [ 2 ] and 
REPOS [ 6 ]. 

HYDRUS software package is able to simulate two- and three-dimensional variably-saturated 
water flow and the transport of heat and solutes, including sequential first-order decay reac-
tions. The HYDRUS program numerically solves the Richards equation for saturated-
unsaturated water flow and convection-dispersion type equations for heat and solute trans-
port. The water flow part of the model considers prescribed head and flux boundaries, 
boundaries controlled by atmospheric conditions, free drainage boundary conditions, as well 
as a simplified representation of nodal drains. First- or third type boundary conditions can be 
implemented in both the solute and heat transport parts of the model. The governing flow 
and transport equations are solved numerically using Galerkin-type linear finite element 
schemes.  

LOPOS and REPOS are two near-field modules used in different versions of the PA-code 
package EMOS, and allow a great flexibility in handling complex geometrical structures and 
various features, events and processes. The geometry of the modelled system is ap-
proached by discretizing the relevant parts, or features, in segments. To each segment, a 
model is assigned – the so-called ‘segment model’, in which the relevant events and proc-
esses are taken into account. 
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3.2 The conceptual model and data for the test case 

The model comprises a backfilled drift (grey) of length L with an adjacent fully-saturated shaft 
at the left, and an empty chamber at the right (Fig. 3.1). The drift is initially dry. The chamber 
acts as a sink for the outflow from the drift. The initial state of the backfilled region is charac-
terised by the porosity φs, the permeability k and the residual water/brine saturation φr. The 
interface with the disposal chamber may be completely permeable, allowing water to drain 
freely at atmospheric pressure. 

 

Backfilled drift (k, φs, φr, L) Chamber (sink) 

Z1

Z2  

Fig. 3.1: The conceptual model of the Test Case 

The test case is to be calculated for the following parameter values for  

- L = 50 m 

- k = 10-14 m2 and 10-18 m2 

- φs corresponding to power law from [ 3 ] eq. (29)  

- z1 ≈ -800 m, z2 ≈ -805 m 

Calculated quantity at x=L: 

- impermeable (x ≥ L): head  

- atmospheric pressure (x ≥ L): outflow  

Two data sets, displayed in Tab. 3.1, are considered in the following calculations, which de-
scribe water movement through an initially dry low and, respectively, high permeable back-
filled drift. The variation of the permeability k with porosity φs is specific to crushed salt back-
fills and it is given by k = 2.540·10-10· φs

 4.175 [ 1 ]. The saturated hydraulic conductivity Ks de-
pends on permeability k, water density ρ and viscosity μ and is given by 

μ
ρgkK s =  3.1. 

The soil water retention, φ(h), and unsaturated hydraulic conductivity, K(h), functions are 
given by Mualem-van Genuchten model [ 5 ]. The van Genuchten parameters φr, φS, α, n and 
l are given in Tab. 3.1. The calculations have been performed with a permeable boundary to 
the right.  
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Tab. 3.1: Input data for the two models case 1 (high permeability drift) and case 2 (low 
permeability drift). 

Parameter PAMINA 1 PAMINA 2

Depth of the drift [m] 800

Length L, and height H of the drift [m] L = 50 m, H = 5 m

Viscosity [Pa·s] 0.0017

Density [kg/m3] 1200

Van Genuchten parameters 

Residual water content φr [-] 0.001

Coefficient α [-] 0.2

Exponent n [-] 3.7

Pore connectivity parameter l [-] 0.5

Permeability [m2] 10-14 10-18

Ssaturated soil water content φS [-] 0.088 0.0097

Hydraulic conductivity Ks [m/s] 6.92·10-8 6.92·10-12

The relationship between the water content θ [-], and the suction pressure (pressure head), h 
[m], for PAMINA 1 and 2, usually called soil-water retention curves, are displayed in figure 
3.2. This curve is a characteristic for different types of soils (materials). Soil suction, ex-
pressed as negative pressure values (as patm = 0) can change from zero, when water content 

volume of water
total volume of soil

θ =  3.2 

approaches to porosity n, to 100 m when the material is very dry. When the soil is not satu-
rated, water flows downward by gravity flow through interconnected pores that are filled with 
water and, to a lesser extent, as a film flowing along particle surfaces in pores incompletely 
filled with water. The behaviour at low water contents (residual moisture) reflects the fact that 
soil never completely looses all of its water. At the lower limit of the moisture content, water 
coats the solid soil matrix. When the liquid coating becomes too thick to be held by surface 
tension, a droplet will pull away and be drawn away by gravity. With increasing water con-
tent, more pores fill, and the rate of water movement increases. As the soil approaches to 
saturation, hydraulic conductivity, and consequently the rate of water movement, increases. 
Low permeability soils have lower hydraulic conductivity and fill slower then high conductivity 
materials. Darcy law is valid for unsaturated flow, although the unsaturated hydraulic conduc-
tivity varies with the water content. 
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Fig. 3.2: Water-soil retention curve for PAMINA 1 (high permeability) and PAMINA 2 
(low permeability) cases 

3.3 Results of the test case 

3.3.1 HYDRUS calculations 

3.3.1.1 Modelling 

Two or three-dimensional isothermal, uniform Darcian flow of water in variably-saturated rigid 
porous media in which the air phase is assumed to play an insignificant role is mathemati-
cally described by Richard’s equation: 

A A
ij iz

i j

hK K K S
t x x
θ ⎡ ⎤⎛ ⎞∂ ∂ ∂

= + −⎢ ⎥⎜ ⎟⎜ ⎟∂ ∂ ∂⎢ ⎥⎝ ⎠⎣ ⎦  3.3, 

where θ is the volumetric water content [-], h is the pressure head [m], S is a sink term, KA is 
the dimensionless anisotropy tensor, and K is the unsaturated hydraulic conductivity function. 
Unsaturated hydraulic conductivity depends on the saturated hydraulic conductivity Ks [m/s], 
and the relative hydraulic conductivity Kr by: 

( ) ( ) ( ), , , , , , , ,s s rK h x y z K x y z K h x y z=  3.4 
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The unsaturated hydraulic properties soil water retention (θ(h)) and hydraulic conductivity 
K(h) are generally highly non-linear functions of the pressure head. The soil water retention 
and hydraulic conductivity used in the current exercise are given by van Genuchten expres-
sions: 
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where 

m = 1-1/n, n>1, Se is the effective water content, 

and θr and θs is the residual and saturated water content, respectively; α is the inverse of the 
air-entry value, n is the pore-size distribution index, and l is a pore-connectivity parameter. 

The backfilled drift is modelled as a 50 m long and 5 m high, 2-dimensional porous media. 
The top of the drift is located 800 m below the earth surface. The flow domain of 250 m2 was 
discretized in 3092 triangular elements and 1657 nodes, corresponding to a distance of 0.5 
m between two adjacent nodes. 

The initial pressure head distribution is depth-dependent, and it mimics a dry environment, 
close to the residual moisture content (0.001). Thus, the values of the pressure head im-
posed on the top of the drift and corresponding to an initial moisture content of 0.0012, are -
18.7 m for PAMINA 2 variant and -47.5 m for PAMINA 1 variant, respectively. 

The top and the bottom of the drift are assumed impermeable. At the left, the drift is in con-
tact with a water reservoir under hydrostatic equilibrium. The boundary condition to describe 
such a situation is given as depth varying pressure head, between z1 = -800 m and 
z2 = -805 m. At the right, at x = L, a seepage face is assumed, through which water leaves 
the saturated part of the flow domain. The length of the seepage face is not known a priori. 
The code assumes that: a) the pressure is uniformly equal to zero along the seepage face, b) 
water leaving the saturated zone along the seepage face is immediately removed by no mat-
ter which removal mechanism [ 5 ]. 

3.3.1.2 Results 

The temporal evolution of the average outflow rates for PAMINA 1 and PAMINA 2 are shown 
in figures 3.3 and 3.4, respectively. Water breakthrough appears at 22.78 days (PAMINA 1) 
and 61.2 years (PAMINA 2), respectively.  
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Fig. 3.3: PAMINA 1 - Average right boundary water flux (outflow) 
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Fig. 3.4: PAMINA 2 - Average right boundary water flux (outflow) 
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The moisture front through the backfill is rather sharp for both cases, as shown in figures 3.5 
and 3.6. The pressure head remains at the initial value until the moisture front arrives, then it 
reaches the zero pressure head and it becomes active (i.e., water flows through it). 

 

Fig. 3.5: Advance of the moisture front in the high permeable backfilled gallery 
(PAMINA 1 case). 



 
 

PAMINA Sixth Framework programme, 08.12.2009 120 
 
 

 

Fig. 3.6: Advance of the moisture front in the low permeable backfilled gallery 
(PAMINA 2 case). 
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The right boundary is considered a seepage face in the modelling, through which water 
leaves the saturated part of the flow domain. As a consequence, the breakthrough times in 
different locations of the right boundary are influenced by the rise of the height of the satu-
rated front. This is shown in figures 3.7 to 3.10. Water leaves the flow domain sooner in the 
lower parts of the boundary. As the moisture content increases to saturation, the height of 
the seepage face increases. The breakthrough times for points located closer to the upper 
boundary (point N2, at z = -800 m) are delayed compared to those which are closer to the 
bottom (point N1, at z = -805 m). For the low permeability case (PAMINA 2), the domain at-
tains saturation at t = 60.7 years (22.54 days, for PAMINA 1) at the bottom, respectively at t 
= 61.2 years (22.84 days) at the top, as shown in figures 3.7 and 3.9. The pressure head 
increases gradually in the same time interval to 0, until full saturation is attained (figures 3.8, 
and, 3.10 respectively). The effect of the different water contents between high and low po-
rosity cases can be seen from the evolution of the pressure heads. The moisture content at 
the top is lower then at the bottom, due to gravity which pulls down the water droplets. Con-
sequently, suction is lower at the top, compared to the bottom. 
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Fig. 3.7:  PAMINA 2 - Temporal evolution of the water content for observation points on 
the right boundary N1(50, -805), N2(50, -800.5) and N3(50, -802.5). 
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Fig. 3.8:  PAMINA 2 - Temporal evolution of the pressure head for observation points on 
the right boundary N1(50, -805), N2(50, -800.5) and N3(50, -802.5). 
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Fig. 3.9:  PAMINA 1 - Temporal evolution of the water content for observation points on 
the right boundary N1(50, -805), N2(50, -805) and N3(50, -802.5). 
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Fig. 3.10:  PAMINA 1 - Temporal evolution of the pressure head for observation points on 
the right boundary N1(50, -805), N2(50, -805) and N3(50, -802.5). 

The water inflow and outflow rates, averaged over the height of the gallery, are shown in 
figure 3.14, and figure 3.15 for PAMINA 2, respectively. The inflow rates show a plateau at 
the onset of the flow, of approximately 8·10-4 days (2·10-6 years – the first 5 time steps) for 
the variant PAMINA 1, and 2·10-3 years (the first 10 time steps) for variant PAMINA 2. During 
the progressive saturation of the backfill, infiltration (inflow) rates decline exponentially and 
asymptotically towards a near constant value, corresponding to the saturated hydraulic con-
ductivity of the flow domain (and to the associated pressure head). The infiltration in the low 
conductivity variant is lower compared to the high conductivity case, and the saturation is 
completed accordingly at a much later time. The differences in infiltration between the two 
cases are important, around 4 orders in magnitude. 

The outflow rates are constant in both cases (the outflow starts after complete saturation of 
the drift). Due to the difference in the hydraulic conductivity between PAMINA 1 and 2 (four 
orders of magnitude), the outflow rate is much higher in PAMINA 1 then in PAMINA 2.  

3.3.2 Calculations with the PA code LOPOS 

3.3.2.1 Modelling 

LOPOS is a near-field module of the performance assessment (PA) code package EMOS 
[ 6 ], which allows a great flexibility in handling complex geometrical structures and various 
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features, events and processes. The geometry of the modelled system is approached by 
discretizing the relevant parts, or features, in segments. To each segment, a model is as-
signed – the so-called ‘segment model’, in which the relevant events and processes are 
taken into account. 

If the segment i is filled with brine, the following flow balance equation is valid 

,i j i
j i

S Q
≠

=∑
 3.6 

where the index j describes the neighbouring segments to i. The parameter Si,j indicates the 
brine flow from segment i to segment j, while the source term Qi describes the convergence 
brine flow. This convergence brine flow results as a consequence of the convergence proc-
ess due to the reduction of the cavity volume of the segment i. For a not-converging drift 
segment, Qi = 0. 

In porous media the Darcy-law is valid for the brine flows Si,j  

( )1
, ,i j i j i jS R p p−= −

 3.7 

where Ri,j indicates the flow resistance of the Darcy-medium between the centres of the 
segments i and j. 

The flow resistances R of backfilled drifts, boreholes and chambers can be illustrated as 
function of the permeability k as follows, 

LR
Fk
μ

=
 3.8 

where μ indicates the dynamic viscosity, L the length and F the cross-section of the backfilled 
cavity. The flow resistance is therefore dependent on geometric parameters (L, F, k) as well 
as on dynamic characteristics of the brine μ.  
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The resistance to flow from segment i to the neighbouring segment j is calculated as follows: 

a) Segments i and j are in line:  ( )jiji RRR +⋅=
2
1

,
 

b) Segment j joins segment i 
vertically: 

 

 

 
iji RR

2
1

, =
 

c) Segment i joins segment j 
vertically:  RjR ji 2

1
, =

 

 

d) Segments i and j vertical: 

 

 

 

 

0, =jiR  (rulled out) 

Vacant or partially filled segments leave their mark in the equation system in the form of 
boundary conditions. Since these boundary conditions change in the course of time respec-
tively from one segment to another due to further flooding of segments, the equation system 
also changes with time. For that reason, the equation system has to be extended eventually 
by further segments after each time step, and therefore by further equations. 

The boundary conditions for the brine pressure in vacant and incompletely filled segments 
are defined in the following. The atmospheric pressure is ignored in all segments. For that 
reason, a pressure of zero MPa will prevail in vacant segments, in partially filled segments 
the brine pressure is calculated from the height hi of the brine in the segment i, 

i L ip g hρ=  3.9 

where pi indicates the brine pressure in segment i, g indicates the acceleration due to gravity, 
ρL indicates the density of the brine, and hi indicates the height of the current brine level in 
segment i. 

The hydrostatic pressure appearing in partially flooded horizontal drifts during the inflow 
phase can be ignorable small in many cases as opposed to the hydrostatic brine pressure in 
flooded segments. 

The brine pressure for the neighbouring incompletely filled segments appears as boundary 
condition in the flow balance equation pj = 0. In case the segment i is horizontal, then the 
height of the brine level hi can be expressed by the brine volume L

iV , the pore volume P
iV  

and the height Hi of the segment 
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i iP
i

Vh H
V

=
 3.10 

The system modelled for the Test Case is a sequence of three segments: a water reservoir 
(saturated shaft), a dry backfilled drift and an empty gallery, acting as water sink. 

For modelling of the test case with LOPOS code, a horizontal segment structure, with rec-
tangular cross-section has been created, as shown in 3.11. The segment model HIQQN3 
has been assigned to the water reservoir, which is also the contact point to the geosphere. 
The backfilled gallery and the sink were described by the model HKSQNN. 

  

Fig. 3.11: Segment structure and associated segment models used with LOPOS code. 

The HIQQN3 segment model is modelling the constant water inflow/outflow rates in a hori-
zontal segment. Segment model HKSQNN describes water (and contaminant) movement 
through a horizontal gallery with non-compactable backfill. The gallery is modelled as a geo-
metrical volume with high pore volume to allow water inflow over long time (“source”). Inflow 
into the gallery stops after complete flooding. During flooding, water pressure rises with in-
crease in the water level. When the segment is completely flooded, water pressure reaches 
hydrostatic pressure. 

In order to assess the effect of spatial discretization on the results; the drift segment has 
been discretized either into 50 parts (in the following called blocks), each one 1 m long, or 
into one segment.  

3.3.2.2 Results 

Temporal evolution of the water level, height of the water table, outflow rates and pressures 
from the gallery for the modelling variant with one block are shown in figures 3.12 and 3.13. 
The height of the water level rises during the fill-up phase from zero to the height of the seg-
ment, while the water content approaches saturation (cf. figure 3.12). As shown in figure 
3.13, the outflow starts with first drops of water in the gallery. When the segment is com-
pletely flooded, the pressure rises to hydrostatic and the flow rate out of the gallery reaches a 
plateau. The water pore volume and pressure in the drift increase gradually to saturation, 
respectively hydrostatic pressure.  
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Fig. 3.12:  LOPOS model (1 block) - Temporal evolution of the pore water volume and of 
the height of the water table in the gallery. 

 

Fig 3.13:  LOPOS model (1 block) - Temporal evolution of the outflow from the gallery 
and of the pressure. 
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The times when fully-developed flow starts for both discretizations are shown in table 3.2. 
For the high conductivity case (PAMINA 1), where the two codes show very good agreement, 
discretization offers a result which is closer to the one obtained with a specialized code. The 
discretization introduces a delay in the flow calculation with one time step for each block. 
Flow through unsaturated domain is slower then saturated flow, which is implemented with 
LOPOS code, and with appropriate choose of the time steps the discrepancy between the 
two approaches could be handled. The situation is the other way around when flow through a 
low permeable domain is to be modelled. In this case, a coarser discretization seems more 
favourable, as the results from PAMINA 1 point out. 

Tab. 3.2:  Times when fully-developed outflow start (times of attaining the plateau), and 
the corresponding outflow rates averaged over the height of the drift. 

Case Discretization Time and (Relative dif-
ference %)

Average outflow
 rate [m3/a]

LOPOS7 - PAMINA 
1 

1 block 
21.535 d

(95.6 – 94)
186.7

50 blocks 
22.63 d

(100.5 – 99.1)
186.8

HYDRUS – PA-
MINA 1  

bottom – top  22.52 d – 22.84 d 175.164

LOPOS7 - PAMINA 
2 

1 block 
64.72 a

(106.2 – 105.7)
0.01885

50 blocks 
65.62 a

(108.1 – 107.2)
0.01885

HYDRUS – PA-
MINA 2  

bottom – top  60.7 a – 61.2 a 0.017525

The water inflow and outflow rates are shown in figure 3.14 for PAMINA 1, and figure 3.15 for 
PAMINA 2 calculation cases, respectively. The initial time steps are different between 
LOPOS and HYDRUS. LOPOS7 starts with Δt = 10-3 years, while HYDRUS 2D/3D has an 
initial Δt of around 10-8 years. Consequently, in the figures the onset of the inflow is set to t0 = 
10-3 years. At early times of up to 10-2 a, the water inflow rates are slightly overestimated with 
the 50-blocks model, and strongly underestimated with the 1-block model (by comparison to 
HYDRUS 2D/3D calculations) (cf. figures 3.14 and 3.15). Afterwards, the inflow obtained with 
the 1-block model is higher then HYDRUS water inflow, while the 50-blocks model inflow rate 
is similar to HYDRUS. The time of reaching steady-state is nevertheless the same, no matter 
of the discretization scheme used. For low permeability domain, the inflow rates obtained 
with the discretized model show a step-like behaviour. This is an effect of the pressure in-
crease in each block at the time of complete filling. 
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Fig. 3.14: Inflow and outflow into/out of a high permeable backfilled drift (PAMINA 1). 
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Fig. 3.15: Inflow and outflow into/out of a low permeable backfilled drift (PAMINA 2). 
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The outflow rates obtained with LOPOS7 are higher then the HYDRUS results with about 
7.6% in the low permeability case, and 6.6% for the high permeability case respectively. 
LOPOS simulations show earlier breakthrough times (about 0.055 years) then HYDRUS re-
sults (approx. 0.06 years), at very low rates. That is a consequence of the modelling ap-
proach in LOPOS that allows water to flow out of the drift even if this is not completely filled 
(saturated). The outflow rates increase with several orders in magnitude at the time of the 
complete filling of the gallery. Enhancement of the outflow rate takes place earlier for highly 
permeable case, and later for the low permeability case, compared to HYDRUS simulations. 
Such behaviour indicates an overestimation of the domain conductibility for the high perme-
ability case, while for the low permeability case, the conductive characteristics are underes-
timated. 

Cumulated inflow and outflow rates obtained with LOPOS7, for high and low permeability 
cases are shown in figures 3.16, and, respectively in  3.17. For the high permeability case, 
compared to HYDRUS results, the amount of water entering into the modelled domain at t = 
50 days is 7% higher for the non-discretized model, and 11% when discretization is involved. 
The corresponding cumulated outflows are with 13%, respectively 11% above the HYDRUS 
results. When the permeability is low, the cumulated inflow (at t = 100 years) obtained with 
LOPOS7 is 10% higher then HYDRUS results, no matter the discretization used. The cumu-
lated outflow drops below HYDRUS results with 2%.  
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Fig. 3.16:  Cumulated water inflow and outflow rates for the high permeability case 
(LOPOS7 vs. HYDRUS2D/3D). 
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Fig. 3.17:  Cumulated water inflow and outflow rates for the low permeability case 
(LOPOS7 vs. HYDRUS2D/3D). 
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Preliminary calculations with LOPOS have been performed considering an initially wet gal-
lery, to take into account the residual water content (θr = 0.001). For the low permeability 
case, the results were not very different compared to the case when the residual water con-
tent was not taken into account. For the high permeability situation though, significant differ-
ences were obtained, especially for the discretized model. The differences might be caused 
by the fact that, while with HYDRUS model the residual water volume is not free water. With 
LOPOS the residual water content is considered as free, available to flow water. As a result, 
outflow starts earlier then in the dry gallery, with a much higher rate (three to five orders in 
magnitude) as shown in figure 3.18. The residual water volume flows out before the onset of 
the water inflow from the inner neighbouring block. Then, as more water flows into the block, 
the pressure starts to rise, and the outflow is re-established. The difference between the 
early outflows for the two discretization schemes is of about two orders in magnitude. 

 

 

Fig. 3.18:  Simulation of the residual water content in the gallery. 
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3.3.3 Calculations with the PA code REPOS 

3.3.3.1 Modelling 

REPOS is the near-field module of the version 4 of the PA code package EMOS [ 6 ]. It is a 
predecessor of LOPOS that is discussed in Section 3.3.2. The original EMOS code devel-
oped by GRS is extended by NRG/ECN in the past years, mainly with the focus on the mod-
elling of convergence and creep related processes. For the present calculations, the version 
ccm2 [ 4 ] is used.  

As in LOPOS, REPOS is representing a repository by a combination of different segment 
models. For the segments used in the given benchmark system, the brine flow Si into a seg-
ment i is calculated in REPOS by multiplying the difference of the hydrostatic pressure p on 
both ends of a segment with the inverse resistance Rinv:  

)(]/[ 3
outininvi ppRamS −=  3.11 

with Rinv defined as 

μ
i

i

i
inv

k
L
A

aMPamR =⋅ ]/[ 3   3.12 

and μ indicating the dynamic viscosity of the brine, ki the permeability (in m2), Li the length 
and Ai the cross-section of a segment i3.  

To correct for the lower resistance of a segment when it is only partially filled, REPOS has 
the possibility to define a multiplicator that makes REPOS using twice the value of Rinv for 
calculating the transport of brine during the inflow phase.  

The system modelled for the test case is a sequence of three segments: a water reservoir 
(saturated shaft), a dry backfilled drift and an empty gallery, acting as water sink. 

For modelling of the test case with REPOS code, a horizontal segment structure has been 
created, as shown in figure 3.19. The center field segment model STMF1 has been used to 
model the brine filled shaft. The backfilled gallery is represented by the STOVE1 model and 
for the sink the ESALG1 model is used.  

                                                 
3 dependend on the kind of segment, a segment can contain more than one resistance, e.g. a dam and a 
backfilled area 
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Fig. 3.19: Segment structure and associated segment models used with REPOS.  

In order to assess the effect of spatial discretization on the results; the drift segment has 
been represented by either one or 50 segments of the STOVE1 model.  

In REPOS, an empty segment can only get flooded when the previous segment is totally 
filled. This behaviour of REPOS may introduce a small delay of brine transport because the 
status of a segment must be first change from “inflow” to “full”, before in the following time 
step the inflow in the next cell will be calculated. In case of 50 consecutive segments as in 
the present benchmark, the delay is cumulating; the error introduced by this behaviour may 
be as large as 50 times the maximum time step size dtmax

 4. To limit the error of the calcu-
lated breakthrough times in case of the 50 segment model to less than 1%, dtmax values of 
5·10-3 days and 0.01 a are necessary (for the high and low permeability cases, respectively). 
However, such small values of dtmax may result in very large numbers of time steps, therefore 
for the benchmark an adapted scheme for dtmax is used. Tab. 3.3 summarized the maximum 
time step size dtmax used for the calculation. 

Tab. 3.3 Values of dtmax used for the REPOS benchmark calculations 

dtmax  
high permeability case

k=10-14 m2
low permeability case

k=10-18 m2

1 segment 10-4 a 0.1 a

50 segments 10-5 a 0.01 a

3.3.3.2 Results 

When the heights of the gallery and the effects of unsaturated flow are neglected - as in case 
of the REPOS model - the breakthrough of brine can be calculated by 

invhydr

back
filled Rp

V
at

2
][

⋅
=  3.13 

With a backfill volume Vback of 2.425 m3, a hydrostatic pressure phydr of 9.45 MPa and an in-
verse resistance Rinv of 0.0175 m3/a, the gallery segment should be filled in 69.3 years and 
23.0 days for the low and high permeability case, respectively.  

                                                 
4 the actual time step size may be smaller than dtmax, because REPOS adapts dynamically the time step sizes 
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The breakthrough times and outflow rates calculated by REPOS (Tab. 3.4) are very close to 
the values derived with equations 3.13 and 3.11. The minor deviations found are less than 
0.5% and are irrelevant for practical purposes.  

Tab. 3.4 Breakthrough times and outflow rate calculated by REPOS 

model 
high permeability

k=1·10-14 m2
low permeability

k=5·10-19 m2

breakthrough time outflow rate breakthrough time outflow rate

REPOS, 1 
segment 23.0 days 0.0175 m3/a 69.3 a 175 m3/a

REPOS, 50 
segments 23.0 days 0.0175 m3/a 69.5 a 175 m3/a

analytical 23.0 days 0.0175 m3/a 69.3 a 175 m3/a

HYDRUS2D 22.6 days 60.6 a 

Figure 3.20 shows the evolution in time of the amounts of brine in the gallery and the brine 
saturated porosities for the single segment models of the high and low permeability cases. 
The amount of brine increases linear in time, due to the constant resistance of the segment 
models in the inflow phase. Figure 3.21 shows the outflow rate of brine from the gallery and 
the hydrostatic pressure in the gallery on a log-log scale as calculated by REPOS. For the 
segment model used for the gallery, a hydrostatic pressure is - unlike in LOPOS - only attrib-
uted to the segment when it is saturated with brine. Consequently, no outflow out of the 
segment occurs before the segment is fully saturated, too.  
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Fig. 3.20 Amount of brine in a gallery (solid line) and saturated porosity in the gallery 
(dotted line) as calculated by REPOS 
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Fig. 3.21 Outflow rate of brine from the gallery (dotted line) and hydrostatic pressure in 
the gallery (solid line) as calculated by REPOS 
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Figures 3.22 to 3.25 show the time evolution of the inflow and outflow rates for both cases. In 
Figures 3.22 and 3.24, for the single segment models it can be seen that the inflow rate de-
crease by a factor of two as soon as a segment is filled and Rinv is set back to its original 
value. In case of the 50 segment models, the flow diminishes with every additional segment 
that is hydraulically coupled to the shaft. Note that the steps in figure 3.24 at early times are 
less steep than in 3.15 due to the larger time step size chosen (see also Tab. 3.3). The out-
flow rates in figures 3.23 and 3.25 shows, that - unlike in LOPOS - in REPOS no outflow from 
a segment occurs as long as it is not saturated with brine.  
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Fig. 3.22 Inflow rate of brine to the gallery for the high porosity case (k=10-14 m2) as cal-
culated by REPOS 
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Fig. 3.23 Outflow rate of brine from the gallery for the high porosity case (k=10-14 m2) as 
calculated by REPOS and HYDRUS 
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Fig. 3.24 Inflow rate of brine to the gallery for the low porosity case (k=10-18 m2) as cal-
culated by REPOS 
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Fig. 3.25 Outflow rate of brine from the gallery for the low porosity case (k=10-18 m2) as 
calculated by REPOS 

Figures 3.26 to 3.29 show the time evolution of the cumulative inflow and outflow rates for 
both cases. For the cumulative flows, the results of the REPOS and HYDRUS2D calculations 
are very close together, and the small differences found can be attributed to the differences 
in breakthrough times as discussed before (the flow rates are virtually the same - see Tab. 
3.4). 
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Fig. 3.26 Cumulative inflow of brine into the gallery for the high porosity case (k=10-14 
m2) as calculated by REPOS and HYDRUS 
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Fig. 3.27 Cumulative outflow of brine from the gallery for the high porosity case 
(k=10-14 m2) as calculated by REPOS and HYDRUS 
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Fig. 3.28 Outflow Cumulative inflow of brine into the gallery for the low porosity case 
(k=10-18 m2) as calculated by REPOS and HYDRUS 

1E-05

1E-04

1E-03

1E-02

1E-01

1E+00

0 20 40 60 80 100

REPOS, low porosity, 1 segment
REPOS, low porosity, 50 segments
HYDRUS, low porosity

time [a]

cumulative outflow [m3]

 

Fig. 3.29 Cumulative outflow of brine from the gallery for the low porosity case 
(k=10-18 m2) as calculated by REPOS and HYDRUS 
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3.4 Comparison of results and conclusions 

The benchmark exercise is aimed to compare the agreement between a code specialized for 
modelling two-, or –three-dimensional unsaturated flow (HYDRUS) and a performance as-
sessment one-dimensional code (near-field module LOPOS and REPOS of different versions 
of the EMOS code). PA codes are generally designed to model features and events that de-
velop over large timescales, while specialized codes may grasp more precisely phenomena 
that develop over shorter time intervals. 

3.4.1 HYDRUS and LOPOS 

There is a good agreement between the results obtained for the Test Case with HYDRUS 
and LOPOS codes. A slight discrepancy can be observed in the inflow rate calculations. At 
very early times – up to 10-2 years, LOPOS results (for the discretized variant) are slightly 
higher compared to HYDRUS, of around 30% for PAMINA 2 calculations, and 23% for PA-
MINA 1, respectively. After that time, the discrepancies are strongly reduced, to only 6-7%. 
The difference is due the size of the initial constant time steps used in LOPOS (100 time 
steps of 0.001 years), and it is reduced when the code is adjusting the time mesh size. Since 
LOPOS is dedicated for calculations of saturated water and contaminant transport, it is using 
the hydraulic conductivity (i.e., the inverse resistance) of the saturated domain. As a result, 
the flow calculated with LOPOS is faster. The difference in the inflow rates calculated with 
LOPOS and HYDRUS is diminishing in time, due to the increase of the water content and, 
consequently of the hydraulic conductivity of the simulated domain. Nevertheless, both codes 
show very good agreement regarding the times of complete filling of the drift. 

The agreement between the two codes is good for the outflow rates (6 to 7% higher outflow 
rates obtained with the PA code LOPOS7), despite the fact that LOPOS7 code cannot simu-
late accurately the residual water content. For this reason, this feature was not captured with 
the models used for the calculations. Nevertheless, if the modelled environment has a very 
low residual water content, such as rock salt, the differences in the results are negligible. 
Both codes simulate breakthrough of water through the saturated height of the right bound-
ary (i.e., water can flow out of the domain through the seepage face). 

The discretization has an important effect on the results, and this is more obvious in the in-
flow rates. The calculated outflow rates are influenced by discretization: for the high perme-
ability domain a finer discretization offers more accurate results (compared with HYDRUS 
outcome). 

In conclusion, LOPOS PA code complies with the expectancy when compared with a proc-
ess-level code for processes developing within relatively short timeframes (up to tens of 
years). 
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3.4.2 REPOS and HYDRUS 

Comparison of the breakthrough times calculated with REPOS and HYDRUS (Tab. 3.4) 
shows that neglecting the effects of the unsaturated flow, the two dimensional extent of the 
gallery and the diffusion/dispersion results in an overestimation of the travel time in REPOS 
of about 11% for the low permeability case and less than 2% in the high permeability case. 
The inflow rate for the high permeability case from the REPOS calculations with 50 segments 
in figure 3.22 is very close to the results gained with HYDRUS (figure 3.14). The inflow rate 
for the low permeability case (figure 3.24) is also quite comparable to the results gained with 
HYDRUS (figure 3.15). It should be noted that the large inflow rates in the beginning of the 
calculation are not that relevant as they appear on the log-log scale.  

The simplified segment model used in REPOS is - compared to the complex numerical simu-
lations performed with HYDRUS - resulting in sufficient precise results for practical purposes. 
The results of the benchmark do therefore not show the necessity for a code improvement. 

3.4.3 REPOS and LOPOS 

The LOPOS outflow rates are slightly higher then the corresponding REPOS results, but the 
difference does not exceed 10%. By enhancing the flow resistance (that controls the flow 
rates) as long as a segment is not completely filled, REPOS could calculate the expected 
breakthrough time accurately. LOPOS calculates resistance to flow as for a fully saturated 
domain. The different approach LOPOS uses, enables it to take the flow of water through a 
seepage boundary into account. This feature in LOPOS allows water to flow out during the 
filling of a segment, while in the segment model used in REPOS, outflow only can occur after 
complete filling of the simulated domain. These different approaches explain partially the 
differences between the results of LOPOS and REPOS. The LOPOS code uses the resis-
tance to flow corresponding to the saturated conditions, which gives higher water flow rates 
and earlier breakthrough times. 

3.4.4 Conclusion 

The comparison of the segment based PA codes REPOS and LOPOS and the finite element 
based code HYDRUS shows a considerable degree of agreement for all four benchmark 
cases. The differences between the PA code and the finite element code are less than 20% 
in all cases and can be attributed for the major part to the neglect of the unsaturated flow by 
the two PA codes. Although the PA codes underestimate the breakthrough times, the results 
are sufficiently precise for practical purposes.  

The use of 50 segments in the PA codes delivers for REPOS no advantage against the use 
of a single segment but can introduce some extra delay to the transport of brine. This extra 
delay can - however - be limited to irrelevant small numbers by the choice of proper maxi-
mum times step sizes. 
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As for LOPOS, discretization adds also a delay to the transport of brine. The discretized 
model gives a better fit of the breakthrough time by progressively increasing the inverse re-
sistance to flow, as new flooded segments join to the flow system.  

Although there is a very good agreement between results obtained with LOPOS and HY-
DRUS codes, in order to improve the accuracy of the results, LOPOS code could be modified 
to appropriately take into account the variation of the hydraulic conductivity during the inflow 
phase. 
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4. Benchmark on convective flow 

4.1 Introduction 

After the emplacement of radioactive waste canisters in a repository in salt, the waste cham-
bers or boreholes as well as the galleries may successively be backfilled with salt grit as part 
of the closure procedure. After backfilling of the all excavated volumes and backfilling and 
sealing of the shafts the repository will be closed. 

One aspect that is important in a repository in salt is that after backfilling of the drifts, bore-
holes, and chambers the remaining void volume will decrease over time due to the conver-
gence process of the surrounding rock salt. In a normal evolution, in general, all open vo-
lumes will close and compactable material, such as salt grit, will be compressed and become 
impermeable at a certain point in time. This provides for the long-term isolation of the waste 
from our environment, since no medium is present that could mobilize and transport radio-
nuclides from the waste forms to the geosphere. 

An important altered evolution scenario that has to be considered in the performance as-
sessment of a repository in rock salt assumes the intrusion of brine into the repository and 
the subsequent corrosion of waste packages and the leaching of radionuclides into the brine. 
Because of the creep of the rock salt and the associated convergence of the brine filled vo-
lumes, the brine carrying the radionuclides will gradually be squeezed out of the salt forma-
tion and pressed into the overburden. 

Because the creep of rock salt under hydrostatic conditions is relatively slow, other transport 
processes for the contamination in the brine can be relevant. One of these processes is the 
density gradient driven exchange of fluids in adjacent open volumes that are connected by 
e.g. a gallery. In case, for example, the density of brine in heated sections of the facility (due 
to heat generating waste) is decreased due to thermal expansion, a density difference may 
arise between brine in the heated section and in a non-heated section. Density differences 
may also arise from the chemical interaction between brine and the materials that may be 
used to immobilize the waste, such as cement. Such density differences may lead to convec-
tive, density-driven exchange flows that have the potential to carry radionuclides throughout 
the different sections of a repository. In some cases the density-driven exchange flows can 
be more effective than advective transport of contamination.  

In a salt-based repository for radioactive waste buoyancy-driven flows between two volumes 
(e.g. a waste chamber and a shaft) may in general only occur if cement is used for the im-
mobilization of the radioactive waste [ 8 ]. Upon the intrusion of brine into the waste chamber, 
an ionic exchange reaction between the brine and the cement may occur, and change the 
chemical composition of the brine. This may affect the brine density. Depending on various 
conditions, such as composition of the intruding brine, type of cement, other materials in the 
waste, the density of the brine may increase or decrease. For this study it has been assumed 
that the brine density decreases as a result of the reaction with the waste. The resulting den-
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sity difference between the two considered volumes that can be connected by a gallery or a 
shaft can be a driving force for a free convective flow [ 8 ]. This situation is schematically de-
picted in Fig. 4.1. 

Cemented
Waste

Disposal chamber
lower density brine Shaft

higher density
brine

Density-driven exchange flow

 

Fig. 4.1  Density-driven exchange flow of brine through a gallery 

In Fig. 4.1 the dashed line in the gallery represents the interface between lighter and heavier 
brine. The lower density brine flows counter-currently on top of the higher density brine. This 
flow pattern, where two fluid layers are flowing more or less horizontally on top of each other, 
is named a ‘stratified flow’. Because of the density difference between the two brine layers, 
vertical flows are suppressed in the vicinity of the interface between the high- and low-
density brine. The buoyancy will prevent brine moving from one ‘stratum’ to the other. 

This benchmark exercise aims to compare the results from PA codes and a more complex 
code like PORFLOW to validate the applicability of the models for density-driven exchange 
flows that are implemented in the PA codes.  

4.2 Benchmark tests 

4.2.1 Geometry 

The test case comprises a backfilled gallery (grey) with an adjacent disposal chamber at its 
left side (green), and a volume modelling a shaft on the right (blue).  
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Fig. 4.2:  Test case for investigating the radionuclide transport by density-driven ex-
change 

The disposal chamber on the left side has the following characteristics (see also 4.5): 
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- The density of the converted brine is constant and at the lower value (1274 kg/m3) 

- The disposal chamber releases 3 different nuclides with distinct values of the effective 
diffusion coefficient but otherwise have the same and constant properties. The concen-
tration Ci of the nuclides is set at a constant value of 100 Bq/m3. 

- The disposal chamber acts as a source of low-density brine so that, in addition to the 
density-driven exchange flow, different values of an advective flow from left to right are 
established (see also below). 

The back-filled gallery is characterised by constant values of the porosity n, the permeability 
k and complete brine saturation, as given in 4.5. It is assumed that the nuclides do not ad-
sorb on the salt grit backfill. 

The shaft on the right side has the following characteristics (see also 4.5): 

- The density of the fresh brine is constant and at the higher value (1300 kg/m3); 

- The shaft is a sink volume for both the advective flow and the 3 different nuclides that 
are released in the waste chamber.  

4.2.2 Advective flow rates 

Based on 4.1 and the parameter values in the following 4.5 the value of the density-driven 
exchange flow in the absence of an addiiotnal advective flow is estimated as Qexchange,0 = 
2,19·10-7 m3/s (6,93 m3/yr). In the benchmark exercise the values of the advective flow rate 
have been imposed as a source of brine in the disposal chamber, taking into account that 
Qadvective =n * Qexchange,0 , with n = 1,2,3,4. By imposing these discrete values of the advective 
flow rate of brine, additional to the density-driven exchange flow, it can be established when 
the density-driven exchange flow is counteracted by the advective flow, and how the trans-
port of nuclides with different values of the diffusion coefficient is affected. 

4.2.3 Modelling aspects 

Since the involved processes are slow the test case will only consider stationary conditions. 
For the horizontal case that is considered here the main flows will occur between the dispos-
al chamber and the shaft, and variations of the nuclide concentrations are anticipated to oc-
cur primarily in the XZ-plane (cf. Fig. 4.2). Therefore the test case will be solved for a 2D 
geometry.  

4.2.4 Parameter values  

An overview of the numerical values of the different input parameters is given in table 4.5.  
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Tab. 4.5:  Overview of model parameters 

1 Calculated with the relation 3,90·10-10·n4,18  

Section Symbol Value Comments
Brine 
Dynamic viscosity μ 1,5·10-3 Pa s
Density 
   - Higher value (“ fresh” brine 
   - Lower value (“converted” brine) 
Density difference 

 
ρ 
 
Δρ 

1300 kg/m3

1274 kg/m3

26 kg/m3 (2%)
Gallery 
Length L 30 m
Width W 4 m
Height H 4 m
Diffusion coefficient of nuclide 1 D1 3,0·10-10 m2/s  0,00947 m2/y
Diffusion coefficient of nuclide 2 D2 3,0·10-9 m2/s  0,0947 m2/y
Diffusion coefficient of nuclide 3 D3 3,0·10-8 m2/s  0,947 m2/y
Partition coefficient of nuclides  kD 0.0 m3/s No adsorption
Backfill material (Salt grit) 

Porosity n 0,35
Constant value, 

no 
convergence

Permeability1 k 4,84·10-12 m2

Density ρsalt 2200 kg/m3

  
Disposal Chamber  
Constant lower density value of brine ρ 1274 kg/m3

Constant concentrations of nuclides 1, 
2, 3  

C1, C2, 
C3 

100 Bq/m3

Imposed advective flow rates  Source
 Qadvective =0 * Qexchange  0,0 m3/s 0,0 m3/yr
 Qadvective =1 * Qexchange  2,19·10-7 m3/s 6,93 m3/yr
 Qadvective =2 * Qexchange  4,39·10-7 m3/s 13,9 m3/yr
 Qadvective =3 * Qexchange  6,58·10-7 m3/s 20,8 m3/yr
 Qadvective =4 * Qexchange  8,78·10-7 m3/s 27,7 m3/yr
Shaft 
Constant higher density value of brine ρ 1300 kg/m3

Constant concentrations of nuclides 1, 
2, 3  

C1, C2, 
C3 

0.0 Bq/m3 Sink

Sink for the advective flow rates, im-
posed in the “Disposal Chamber”  
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4.2.5 Output values  

The following steady-state output values are of interest in the benchmark (see also Fig. 4.3) 
and are used for comparison of the result of the different models: 

- The nuclide concentrations C1, C2, C3 along the Z-axis in the centre of the gallery at 
7,5 m, 15 m (middle of the gallery), and 22,5 m; 

- The pressure distribution along the Z-axis in the centre of the gallery at at 7,5 m, 15 m 
(middle of the gallery), and 22,5 m; 

- The Darcy velocity distribution along the Z-axis in the centre of the gallery at at 7,5 m, 
15 m (middle of the gallery), and 22,5 m;  

- The total brine flow rate Qadvective + Qexchange along the Z-axis in the centre of the gallery at 
at 7,5 m, 15 m (middle of the gallery), and 22,5 m; 

- The net exchange flow rate due to the density-driven exchange Qexchange along the Z-axis 
in the centre of the gallery at at 7,5 m, 15 m (middle of the gallery), and 22,5 m; 

- The acitivity flux (Bq/a) of the nuclides at the exit of the gallery. 

and optionally (cf. Fig. 4.4): 

- The concentration profiles of the three nuclides in the XZ-plane of the gallery; 

- The velocity vectors in the XZ-plane of the gallery. 

Disposal
chamber

Shaft

X

Y
Z

7,5 m 15 m 22,5 m
 

Fig. 4.3: Location of the Z-axis in the centre of the gallery at different distances from 
the disposal chamber 
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Fig. 4.4: Location of the XZ-cross-section in the centre of the gallery  

4.3 Description of the models 

4.3.1 Extended analytical model 

The buoyancy-driven flow between two volumes at different elevations that are connected by 
a gallery that may be inclined is illustrated in figure 4.5. In this case it is supposed that the 
lower (left) volume represents a waste chamber which is partially filled with cemented waste 
containers. As a result of the corrosion of cement by Mg-rich Q-brine, the Q-brine in the 
waste chamber is converted into the lower-density Mg-depleted C-brine. The lower-density 
fluid is then transported by natural convection from the lower chamber to the upper chamber. 
If the upper volume or chamber contains or is connected to a source of higher-density fluid, 
an exchange flow pattern can develop as indicated in figure 4.5. 

 

Lighter
Fluid

Heavier
Fluid

ϕ
 

Fig. 4.5: Density-driven flow in a gallery 

For the exchange flow in respectively the lower part (Qex.bottom) and the upper part (Qex.top) of a 
horizontal gallery the following equations apply:  

L
gWkH

Q rgal
bottomex μ

ρρ
8

)(2

,
l−⋅

−=    with ρℓ < ρr 4.1 
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   with ρℓ < ρr 4.2 

where: 

W (m) width of a gallery 

Hgal (m) height of a gallery 

g (m/s2) gravity constant 

ρℓ (kg/m3) density of low-density fluid 

ρr (kg/m3) density of high-density fluid 

k (m2) permeability 

μ (Pa⋅s) dynamic viscosity of the fluid 

L (m) length of the gallery 

An important feature of rock salt as a host rock for a repository is the plastic behaviour of the 
material. Induced by the pressure of the surrounding rock, openings in salt rock tend to con-
verge. This means that rock salt has the ability to seal the waste containers from its sur-
roundings. In addition, the convergence of rock salt induces a volume decrease of excavated 
chambers. When these chambers are filled with brine, the convergence process may act as 
a driving force to squeeze out the brine from the chambers. For the situation considered in 
the present report of an already present buoyancy-driven exchange flow, the additional ad-
vective flow can partially counteract the exchange flow. Taking that into account the advec-
tive flow may become so large that the density-driven exchange flow is suppressed com-
pletely. 
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Fig. 4.6: Pressure distribution in a horizontal gallery - top: no advective flow; middle: 
advective flow of light fluid reduces density-driven exchange flow of heavy flu-
id; bottom: advective flow of light fluid counteracts density-driven exchange 
flow of heavy fluid 

The effects of an advective flow of low-density fluid on a buoyancy-driven flow has been indi-
cated schematically in figure 4.6. It changes the pressure distribution amongst the height of 
the gallery and it affects the locus of the height h in the gallery of the dividing line between 
the lower-density fluid in the upper part and the higher-density fluid in the lower part of the 
gallery. The pressure gradient ΔPex,0 determines the magnitude of the velocity, and therefore 
the buoyancy-driven exchange flow, in the upper and lower parts of the gallery. 

It was derived in [ 5 ] that the locus of the dividing line between the lower-density fluid and 
the higher-density fluid can be obtained from: 
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))*2/(1(5.0 0,exadvgal PPHh ΔΔ−∗=  4.3 

which can be converted to: 

))4/(1(5.0 0,exadvgal QQHh −∗=  4.4 

The exchange flow rate Qex,0 in the absence of an advective flow rate can be calculated with 
equation 4.1. From equation 4.4 it follows that for Qadv = 0, h = 0.5Hgal and the buoyancy-
driven exchange flow has a maximum flow area available, which implies that in that case Qex 
has its maximum value. On the other hand, for Qadv = 4*Qex,0, h = 0 and the buoyancy-driven 
exchange flow of high-density fluid on the bottom of the gallery is completely suppressed by 
the low-density advective flow.  

The assumptions made in the present section have been validated with PORFLOW simula-
tions for the cases of fully developed density-driven exchange flows and additional advective 
flows in a horizontal gallery. 

4.3.2 PORFLOW Model 

This section describes the PORFLOW model for the simulations of buoyancy-induced mixing 
in a model of a horizontal gallery as described in the definition of the benchmark. The results 
of the calculations have been used to examine quantitatively whether the flow of brine 
through a gallery can be described with the model as outlined in the preceding section, both 
for a natural-circulation flow and a combination of natural-circulation flow and advective flow. 
This is relevant with respect to the modeling of the transport of fluid in the EMOS computer 
program. 

The PORFLOW software package, that has been developed by Analytic and Computational 
Research, Inc. (ACRi) is a comprehensive mathematical model for the steady-state or tran-
sient simulation of multi-phase fluid flow, heat transfer, and mass transport processes in va-
riably saturated porous and fractured media [ 1 ]. The geologic medium may be anisotropic 
and heterogenous, and may contain distinct embedded elements such as, discrete fractures 
or boreholes within a porous matrix. The code provides a unified theoretical treatment of 
concepts relevant to fluid flow and transport.  

The PORFLOW model of the horizontal gallery has been depicted in figure 4.7. The model 
consists of a two-dimensional rectangular geometry of 32 m length and 4.0 m height. The 
"third" dimension of the model has been modeled by one cell of width 4.0 m. The grid con-
sists of cell sizes 0.125 x 0.125 x 4.0 m (width x height x depth). 
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Fig. 4.7: PORFLOW model of a gallery 

The volume is filled with non-sorbing material that simulates the salt grit inside an actual gal-
lery. Relevant parameters such as the porosity and permeability have been set according to 
the benchmark specifications (table 4.5)]. In the left as well as in the right 2 m of the compu-
tational model ( the “High-mixing zones”) the values of the permeability k and the diffusion 
coefficient D have been set respectively 10 and 103 times higher than the values in the Gal-
lery section. This has been done to obtain a thorough mixing in these zones and so to minim-
ize the boundary and/or entrance/exit effects near the boundaries of the computational model 
at X = 0 m and X = 32 m. The left 1 m of the computational model contains a source of lower-
density brine. It models the inflow of low-density brine (ρℓ = 1274 kg/m3) from the adjacent 
waste chamber. The right 1 m of the model contains a source of higher-density brine 
(ρr = 1300 kg/m3) and represents a shaft.  

The simulations including additional advective flow rates were performed in one single POR-
FLOW run. The additional advective flow rates were modeled as steps of n times (n = 0, 1, 2, 
3, 4, see also table 4.5) the buoyancy-driven exhange flow rate Qex,0 (density-driven ex-
change flow without advection). Upon each step of the imposed advective flow rate the simu-
lation was performed as long as necessary to obtain a stationary flow field in the gallery. The 
advective flow was imposed as a flow of low-density brine on the left side of the model as 
depicted in figure 4.7.  

The radionuclides C1, C2, and C3, that are released in the disposal chamber have been mod-
eled as solubility-limited sources in the Disposal Chamber section of the model. The concen-
trations of the nuclides in that section have been set a constant values of 100 Bq/m3. Upon 
the development of the flow field, both with and without advective flows, the nuclides will be 
transported throughout the gallery. Note that the radionuclides C1, C2, and C3 are distin-
guished by their respective diffusion coefficients (cf. table 4.5). 

The concentrations, velocities and pressures were monitored at different vertical planes in 
the PORFLOW model, at 7.5 m (X = 8.5 m), 15 m (X = 16 m, middle of the gallery), and 
22.5 m (X = 23.5 m) into the gallery (see also Fig. 4.3).  
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4.3.3 REPOS model 

REPOS is a modular uni-dimensional, two-layered numerical code. On the first layer are the 
segment models, by which various components of the repository system are described in 
terms of individual FEPs. The second layer refers to models of various events and processes 
that might take place in the repository. The segment model is an assembly of geometrical 
features, material properties, events and processes characterizing a particular repository 
component. 

The output of each segment model consists of time-dependent parameters describing motion 
(water and contaminant flow rates) and state (pressure, temperature, concentration). The 
output parameters are averaged values over the pore volume of the segment. Motion pa-
rameters are assigned to the segment inner and outer boundaries, while state parameters 
are assigned to the centre of the segment. 

The density gradient may be due to temperature or concentration changes. The magnitude of 
the exchange flow under steady state condition is calculated with the following equation [ 2 ]: 

L
WgkH

L
TWHgkQ C

exchange
ρ

μν
β Δ

⋅−
Δ

⋅=
88

22

 4.5 

where: 

Qexchange (m3/s) the exchange rate of the brine 

g m/s2 gravity 

k m2 permeability 

β K-1 thermal expansion coefficient 

H m height of the gallery 

W m width of the gallery 

ΔT, ΔρC (K, kg/m3) temperature, density difference 

μ (Pa·s) dynamic viscosity 

ν (m2/s) kinematic viscosity 

L (m) length of the gallery 

The transport rate of material i, Qi, due to exchange processes and diffusion-dispersion is 
calculated as: 
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Δ
⋅⋅+⋅⋅−−⋅= ))(()( ,,, α  4.6 

in which Ci,left and Ci,right are concentrations of material i in the left, respectively right com-
partment, A (m2) is the cross-section area of the flow domain, n (-) stands for porosity, Dm 
(m2/s) is the molecular diffusion coefficient (temperature dependent) and αL is the dispersion 
length (m). 

The advective transport rate is calculated as: 

leftirightleftadvectiveadvectivei CQQ ,,, ⋅= →  4.7 

The fictive diffusion flux, respectively diffusion activity flux are given by: 

L
ATDVD Δ

Φ
−=

)(&  4.8 

x
CATDAD ∂

∂
Φ−= )(&  4.9 

where D(T) is the temperature-dependent diffusion coefficient, T is the temperature, A is the 
cross-section of the section, Φ is the porosity, C(x, t) is the concentration and ΔL is the length 
over which diffusion takes place (either length of the section as in model DVOVE1, or length 
of the sealing, as in model ESALG1, or it may be specified by user, as for model SGMIF2). 

Two models have been set up for the calculation. The processes considered in the exercise, 
their correspondent segment models together with the constraints and requirements that 
needed to be addressed in the modeling with EMOS code are summarized in Tab. 4.6. The 
discretization of the drift is illustrated in figure 4.9 and figure 4.8. 

Model 1: 

The constraints imposed on the expected output parameter values, namely prescribed space 
points for which output values were requested, could only be fulfilled by division of the drift in 
sections, in such a way that the space points for the output (left and right boundaries, and x = 
7.5 m, 15 m, and, respectively 22.5 m) are to be located in the middle of the sections. That 
implied adding an additional segment model to the drift. 

One of the characteristic features of the EMOS code is that it assigns averaged values of the 
state parameters to the centre of the segment. The requirements imposed on output values 
for prescribed locations inside the drift lead to considering an artefact in the model, at the 
expense of increasing artificially the pore volume of the drift. An increase of the pore volume 
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in the drift adds more dilution to the dissolved concentrations, and also a delay of the output 
fluxes.  

Nuclide concentrations at given locations, pressure, exchange and advective fluxes can be 
calculated with this model. However, although pressures and prescribed advective flow val-
ues could be obtained, the total resistance of the drift could not be preserved, and therefore 
the results are not conclusive for the purpose of the exercise. Calculations with this particular 
setting are not presented in the report. 

 

 

Fig. 4.8:  Model 1 The segment structure used for the EMOS code. Section highlighted 
in red represents the drift that has to be modeled. Sections in black illustrate 
the segment structure used in EMOS. 
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Tab. 4.6: Processes considered for the benchmark calculation and the corresponding 
models in EMOS code. 

Process/Phenomena/ 
Constraints 

Requirements Segment 
model 

Remarks 

FLOW 

Constant advective 
flow Qadvective 

Qadvective = N· Qexchange, N = 
0, 1, 2, 3, 4; 
Constant concentration 
source term (Ci = 100 
Bq/m3); 
Source of the advective 
flow through convergence; 
 

ESALG1 Very permeable sealing 
(two orders of magnitude 
lower than the backfill) 

Density-driven flow, 
due to Mg concentra-
tion gradient between 
the shaft and the 
waste chamber 

Qexchange = 6.93 m3/y; 
 
Additionally, diffusion flux 

DVOVE1 Density-driven flow simu-
lated through temperature 
gradient driven flow; 
Dispersion neglected by 
setting appropriate input 
parameter values 

The interface to geo-
sphere (the shaft) 

Sink term (Ci = 0.0 Bq/m3); 
 

SGMIF2 Large volume segment, to 
mimic interface to geo-
sphere (the shaft); 
very permeable sealing; 

INPUT / OUTPUT 

Input and output pa-
rameter values at im-
posed space points 

Boundary conditions at: 
x = 0.0 m (left boundary); 
x = 30.0 m (right boundary) 

- 

Model 2: The drift has 
been modeled as consist-
ing of 1 component (30 m 
– long). 
Model 1: The drift has 
been modeled as consist-
ing of 5 components, each 
7.5 m-long. 

Output parameters at x = 
7.5 m, 15 m, and 22.5 m - 

 

Model 2: 

If, on the other hand, the desired output for comparison with other codes is the boundary 
radionuclide flux, or cumulated activity boundary flux, then there is no need for discretization 
of the drift, and the pore volume and system resistance to flow can be conserved. The model 
is illustrated in figure 4.9. 
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Fig. 4.9: Model 2. Drift section is not discretized. 

The model used for the drift (DVOVE1) cannot account directly for Mg concentration gradi-
ent- driven flow. The Mg concentration is transferred as input parameter to the segment 
model, and it is the result of a special type of model for emplacement drift for medium-active 
waste. The Mg concentration could not be assessed with sufficient accuracy to obtain the 
prescribed concentration gradient. Therefore, the density-driven flow was simulated by 
means of temperature gradient. This effect is accounted for in the segment model. 

EMOS calculates the density-driven flow as superposition of two effects that can result in 
density differences: through concentration of the dissolved substances and through tempera-
ture gradient. The resulting flow is calculated according to equation 4.5. 

The effect of the concentration gradient was mimicked solely by use of the temperature gra-
dient, by setting the concentration difference to zero. The value of the equivalent tempera-
ture-driven flow is met with the parameter values given in [ 2 ], and with 

9
5 1059.9

8
×==

ν
βgkF . For the chosen drift segment model, parameters are not influenced 

by temperature, or by temperature gradient. The temperature gradient applies between the 
first and the last drift sections, as shown in figure 4.9. 

The source term is modelled with ESALG1 segment model. The ESALG1 model is used to 
simulate the source term for emplacement of various types of containers with radioactive 
waste in a backfilled and sealed drift. The backfill is supposed to undergo convergence, while 
the sealing is rigid. The model takes into account exchange processes (diffusion, dispersion, 
density gradient and gas) through the sealing. 

The source term is a reservoir of contaminants, and has to provide a constant water flow 
throughout the simulation time. This is obtained by means of convergence of a very large 
cavity filled with water. With adequate choice of the parameter values, the prescribed values 
for the advective flow were met. The ‘no-flow’ case was modeled by setting the convergence 
rate to a very small value (8.9701·10-16 y-1), corresponding to a value of the advective flow of 
10-10 m3/y. 

The convergence flow, CV& , is calculated in EMOS according to: 
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)();;( tVTpKVC ⋅Φ−=&  4.10 

where K(p, Φ, T) represents the convergence rate of the backfill material, and V(t) is the time-
dependant void volume. The convergence rate is a function of pore water pressure p, poros-
ity Φ, and temperature T, and the functional dependence is: 
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where indices G stands for rock, and r for the reference level. Q1 and Q2 represent activation 
energies for two salt rock creep mechanisms, and a is an empirical parameter. 

The prescribed advective flow was obtained using appropriate values of the reference con-
vergence rate (which is an input parameter in EMOS), calculated with the formula: 
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where 
Ak

LR μ
=0  is the flow resistance of the segment.

 
 

The initial pore volume of the source segment was assigned in such a way to ensure a re-
duction of the pore volume at t = 100 y of less then 1%. The contaminant dissolved activity in 
the pore water is set to 108 Bq, and the resulting source concentration activity applied to the 
left boundary of the drift is 100 Bq/m3. The temperature of the source segment is set at the 
rock temperature. Thus, exchange via temperature gradient does not take place in the seal-
ing. Dispersion processes are discarded by setting the dispersion length value to zero. Gas 
production is also discarded. The only exchange process left is due to diffusion that affects 
the outflow of the activity from the source section. Diffusion coefficient (dispersion, also) is a 
global parameter, and since the exercise requires diffusion processes to be taken into ac-
count in the drift, it cannot be neglected. 
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The interface to the geosphere (the shaft, in our exercise) was modelled as a non-converging 
backfilled drift with a very permeable and non-converging sealing, using the SGMIF2 seg-
ment model. 

In fact, the model assumes that the backfill converges. The code allows for local variations of 
the convergence rate, and this feature was used to model the backfill in the interface section 
as a rigid, non-converging environment. 

The model stands for interface of the near-field with the geosphere, and it models spontane-
ous groundwater intrusion into the disposal system, followed by expulsion of intruded con-
taminated water back into the far-field. The dissolved contaminants are transported by ad-
vective flow, and are subjected to diffusion/dispersion in the sealing. Exchange effects are 
taken into account in the sealing, and are modeled by means of two input parameters, 
namely effective length and cross-section. No temperature dependence was assigned to this 
segment either, and as for the rest of the model, mechanical dispersion has been neglected. 

In EMOS code, instantaneous saturated conditions are achieved by considering that the 
segment receives instantaneously a volume of water above a threshold value (106 m3). 

4.3.4 d3f and r3t models 

The programs d3f and r3t [ 3, 4 ] are part of a set of programs which were developed to model 
the water and contaminant transport in the overburden of a nuclear waste repository. Be-
sides these two programs, there are pre- and post processors to handle the data and to 
visualize the results. The abbreviation d3f stands for “distributed density-driven flow”, while r3t 
stands for “radionuclides, reaction, retardation and transport”. 

The numerical model d3f was developed from 1994 to 1998 while r3t was generated from 
1998 until 2003. Six and four working groups, respectively, of German or international uni-
versities were involved in the development lead-managed by GRS. Both of the codes use 
Finite-Volume discretisation and unstructured grids to enhance the resolution of hydro-
geological heterogeneities. Adaption techniques controlled by a-posteriori error estimators 
are applied to the grid and the time steps to ensure the optimal length in time and space. As 
the most effective solvers for large and sparse systems of equations multigrid algorithms are 
taken. Additionally the entire codes are parallelised so that they can be run on workstations, 
PCs, cluster of PCs, and massively parallel computers, too. 

4.3.4.1 The density-driven flow model d3f 

Figure 4.10 shows the 2d model and its boundary conditions for the density-driven flow simu-
lation. The model has a length of 30 m and a height of 4 m. Top and bottom boundary are 
closed for flow and transport. At the left hand boundary a value of c = 0 as a Dirichlet bound-
ary condition for the concentration represents the Mg-depleted brine, that has a density ρ of 
1274 kg/m³. A constant velocity is defined as a Dirichlet boundary condition too, whereas 
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vexchange,0 = k · Qexchange,0/16 m² with k = 0 to 4 for the different cases. At the right hand bound-
ary a hydrostatical pressure is assumed. In case of the velocity field indicates a brine inflow 
over this boundary, the concentration is set to c = 1 representing Mg-rich brine with a density 
of 1300 kg/m³. Otherwise concentration on the boundary assumes the value of the nearest 
node inside. 

 

Fig. 4.10:  d³f-model for the density-driven flow simulation 

The parameters used for flow modelling are summarized in table 4.7. Density is a linear func-
tion of Mg-concentration. The test case description gives no specifications of dispersivity and 
diffusivity of the Mg compounds, therefore generally applied, low values are used. 

Tab. 4.7: Overview of model parameters 

Parameter value

Porosity n  0.35

Permeability k 4.84·10-12 m²

Longitudinal dispersivity αL 
Transversal dispersivity αT 

0.1 m²/s
0.01 m²/s

Diffusivity D 1.0·10-10 m²/s

Minimum density ρmin 
Maximum density ρmax 

1274 kg/m³
1300 kg/m³

Dynamic viscosity μ 1.5·10-3 Pa s

vexchange,0 k · 1.36875·10-8 m/s

A triangulation with 71 808 elements was used for the flow and transport simulations, what 
results in a triangle edge length of about 0.055 m. 

4.3.4.2 The nuclide transport model 

Based on the velocity fields calculated by d³f, the transport of three different nuclides was 
simulated using r³t in a next step. These nuclides only differ in their diffusion parameters. 
Effects as sorption and radioactive decay were neglected. 

The transport model with its boundary conditions is depicted in figure 4.11. The left boundary 
is tagged with a concentration of 100 Bq, and the concentration is set to 0 Bq at the right 
hand boundary in case that an inflow is detected. Otherwise the concentration assumes the 
value of the closest node inside the gallery. 
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c = 100 Bq c inout 0 Bq

 

Fig. 4.11:  r³t-model for the simulation of nuclide transport 

The velocity field and the triangulation were adopted from the d³f model. Table 4.8 shows the 
parameters used for the transport modelling.  

Tab. 4.8:  Overview of transport model parameters 

Parameter value

porosity n  0.35

rock density 2200 kg/m³

longitudinal dispersivity αL 
transversal dispersivity αT 

0.1 m²/s
0.01 m²/s

diffusion coefficient nuclide 1 
diffusion coefficient nuclide 2 
diffusion coefficient nuclide 3 

3.0·10-10 m²/s
3.0·10-9 m²/s
3.0·10-8 m²/s

4.4 Results of benchmark calculations 

4.4.1 Application of PORFLOW and the extended analytical model 

The results of the PORFLOW calculations are discussed in the following sections. When ap-
plicable, the PORFLOW results are compared with the extended analytical model. 

4.4.1.1 Exchange flow rates 

At the start of the simulations the 'sources' of the scalar C and those of the nuclides C1, C2, 
and C3 become effective. As a result of the imposed density differences, a buoyancy-driven 
flow starts to develop. The advective flow rates Qadv of low-density brine were imposed in five 
different steps ranging from 0 (no advective flow) to 4 times the fully-developed buoyancy-
drive exchange flow Qadv,0 (without advection). 

Figure 4.12 shows the calculated exchange flow rates Qex of brine through the lower part of 
the gallery (colored curves) as a function of the imposed advective flow rates Qadv of low-
density brine. This plot shows that starting from a gallery filled with high-density brine and no 
additional advective flow (Qadv = 0), it takes several years for low-density brine to establish a 
stationary flow pattern in the gallery as a result of the density differences between the oppo-
site sides of the gallery. This plot also confirms that for each additional advective flow rate of 
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low-density brine the simulation was extended sufficiently long to reach a stationary condi-
tion. 
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Fig. 4.12: Exchange flow rate through the lower part of the gallery (colored curves) as a 
function of advective flow rates of low-density brine, at different locations in 
the gallery - PORFLOW 

In the cases where additional advective flow rates of low-density brine are imposed (at the 
left side of the gallery) it takes a period of several years for the flow field to reach a new sta-
tionary condition. As a result of the advective flow of low-density brine the buoyancy-driven 
exchange flow is more and more suppressed. If the advective flow rate Qadv has reached 4 
times the magnitude of the buoyancy-driven exchange flow Qex,0 (without advection) the flow 
of the higher density brine has completely been terminated. This is in line with the theoretical 
model.  

The buoyancy-driven exchange flows that have been derived from the PORFLOW calcula-
tions under stationary conditions have been compared with the theoretical model in figure 
4.13 and table 4.9. This comparison shows that the agreements between the PORFLOW 
results and the theoretical model are quite well, although the theoretical model calculates 
somewhat lower values of the exchange flow rates than the PORFLOW model. A probable 
cause of this may be the fact that in the PORFLOW calculation the dividing plane between 
the two opposite flows is not flat and located in the middle of the gallery, but is instead “S-
shaped (see next section). In addition, PORFLOW also calculates a velocity component in 
the vertical direction. These two features are not captured by the theoretical model.  
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For the case Qadvective =4 * Qexchange,0 a slightly negative value for the exchange flow rate is 
calculated by PORFLOW. The probable reason is that in this case the simulation is not ex-
tended long enough to obtain a fully stationary flow field. 
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Fig. 4.13: Comparison of PORFLOW results and model calculations for the buoyancy-
driven exchange flow rates 

 

Tab. 4.9 Comparison of PORFLOW results and model calculations for the buoyancy-
driven exchange flow rates 

Imposed advective flow rate 
Source

m3/yr
Qex (PORFLOW)

m3/yr
Qex (Model)

m3/yr

Qadvective =0 * Qexchange,0 0.0 7.84 6.93

Qadvective =1 * Qexchange,0 6.93 4.66 3.90

Qadvective =2 * Qexchange,0 13.9 2.03 1.73

Qadvective =3 * Qexchange,0 20.8 0.22 0.43

Qadvective =4 * Qexchange,0 27.7 -0.02 0.00
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4.4.1.2 Density profiles 

Figure 4.14 shows the density profiles, calculated by PORFLOW, inside the gallery for differ-
ent values of the additional advective flow rate of low-density brine under stationary condi-
tions. The source of low-density brine is located on the left whereas the source of high-
density brine is located on the right side of the gallery.  

As a result of the density difference between the left side and the right side of the gallery, the 
buoyancy-driven flow develops and is maintained as long as the density differences exist. 
The higher-density brine flows from right to left on the bottom of the gallery. On top of the 
high-density brine, the low-density brine flows from left to right. Note that the dividing plane 
between the two opposite flows is not straight or located at a uniform height throughout the 
length of the gallery. Instead, the dividing plane is “S”-shaped. This geometrical feature is not 
captured by the theoretical model derived in section 4.3.1.  

When more and more additional advective flow of low-density brine is injected into the left 
side of the gallery, the locus of the “S”-shape is driven more and more towards the right side 
of the gallery. Note that even in the case that the advective flow rate Qadv = 4*Qex,0, there is 
still a density profile present inside the gallery. However, the buoyancy-driven flow of high-
density brine from right to left has come to a stop in that case. 

Another remarkable feature is the low degree of mixing in the vertical plane of the gallery. 
The density profile shows that in the vertical direction the mixing zone is only about 70 cm in 
height. This means that the two layers of brine are well separated on top of each other. 
Above and below the mixing zone the low-density brine and the high-density brines have an 
almost uniform density profile. 
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Fig. 4.14: Stationary density profiles in the gallery for different advective flow rates - 
PORFLOW 

A schematic sketch of the density profiles that has been calculated using the analytical mod-
el has been depicted in figure 4.15. The locus of the dividing line between the higher density 
fluid and the lower density fluid has been obtained from equation 4.4.  
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Fig. 4.15: Density profiles in the gallery for different advective flow rates - extended ana-
lytical model (schematic draft) 

4.4.1.3 Pressure distribution 

The pressure distribution in the gallery determines the magnitude and the direction of the 
advective and exchange flows. In figure 4.16 an indication is given of the pressure gradient in 
the gallery during the buoyancy-driven flow and for the combination of the exchange flow and 
advective flows.  

It can be noticed from figure 4.16 that for the buoyancy-driven flow only (Qadv=0*Qex,0) the 
pressure gradient across the gallery is distributed symmetrically between the upper half and 
the lower half of the gallery, and that at a height of 2.0 m (cf.: h in equation 4.4) the pressure 
difference equals zero. In the upper half of the gallery, the pressure difference is positive, 
resulting in a flow from left to right, whereas in the lower half the pressure difference is nega-
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tive. This results in a buoyancy-driven flow in the lower part of the gallery from the higher-
density area (right) to the lower-density area (left).  

The pressure gradient as calculated with the analytical model has been depicted in figure 
4.17. It is clear that the S-shaped pressure gradient profile has not been captured with the 
analytical model. However, the average values of the pressure gradient obtained from the 
PORFLOW calculations match the pressure gradient values of the analytical model within 
approximately 10%. 
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Fig. 4.16: Pressure gradient in the gallery - PORFLOW 
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Fig. 4.17: Pressure gradient in the gallery - analytical model  

4.4.1.4 Velocity profiles 

The Darcy velocity profiles as calculated by PORFLOW in the middle of the gallery 
(X = 15 m), are depicted in figure 4.18. Figure 4.19 shows the Darcy velocity profiles that 
have been calculated using the analytical model. 

In the case of no advective flow (Qadv = 0*Qex,0) , the velocity profile is symmetrical and oppo-
site in direction in the lower part and the upper part of the gallery. The Darcy velocity in the 
bottom part as well as in the top part equals 1.16 m/year, and, with a backfill porosity of 0.35, 
the average velocity equals 3.31 m/year. Taking into account the development of the velocity 
profile along the gallery this means that it will take approximately 9 years for fluid to flow from 
one side of the gallery to the opposite side. 

In the case of additional advective flows, the Darcy velocities are shifted to higher values and 
the velocity profiles become less symmetrical for the larger advective flow rates. Figure 4.18 
shows that in the middle of the gallery (X = 15 m), in the case of Qadv = 4*Qex,0, PORFLOW 
still calculates that the low-density brine flows in the direction opposite to the direction of the 
advective flow. The velocity in that location is however small.  
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Fig. 4.18: Darcy velocity profile in the gallery at X = 15 m 

The Darcy velocity profiles that have been calculated using the analytical model (4.19) 
roughly catch the PORFLOW results. The average values that can be obtained from the 
PORFLOW results match the values of the analytical model by approximately 10%. The dif-
ference can be explained by the straightforward approximation of the analytical model, and 
the fact that the analytical model does not comprise longitudinal velocity components. 
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Fig. 4.19: Darcy velocity profile in the gallery - analytical model 

4.4.1.5 Effect of diffusion on nuclide exchange efficiency  

The extended analytical model does not account for the effect of diffusion on the nuclide ex-
change efficiency. Diffusion will in general cause a net movement of nuclides from the high 
nuclide-concentration flow layer to the flow layer with a low nuclide-concentration. The POR-
FLOW model includes diffusion and thus allows to evaluate the effect of diffusion. Three nuc-
lides (or species) C1, C2 and C3 have been considered, each with different diffusion coeffi-
cients (C1: slow diffusion; C3: fast diffusion).  

Examples of the concentration profiles of the nuclides C1, C1, and C3, at different locations in 
the gallery have been depicted in the following figures. These plots reveal that: 
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- for the non-advective case, Qadv = 0*Qex,0, the concentration profiles in the middle of the 
gallery (X = 15 m) are symmetrical in vertical direction, which is in line with the calcu-
lated velocity profiles; 

- for the advective cases, Qadv > 0*Qex,0, the concentration profiles are more and more 
shifted towards the right-hand side of the gallery, i.e. in the direction of the advective 
flows; 

- for smaller values of the diffusion coefficients of the nuclides, the nuclides are hardly 
mixed in vertical direction throughout the gallery. An additional advective flow does not 
enhance this vertical mixing of nuclides; 

- for larger values of the diffusion coefficients of the nuclides, the nuclides are distributed 
more evenly in the gallery both in horizontal and in vertical direction. 

In relation to the calculated velocity profiles these observations imply that in case radionuc-
lides are released inside a waste chamber and transported by diffusion and/or advection 
through a gallery, no back-flow of nuclides exists that might be caused by density-driven 
buoyancy flows. This is also revealed when the nuclide fluxes are considered, see next sec-
tion. 
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Fig. 4.20: Concentration distributions in the gallery for non-advective flow, C1 (diffusion 
coefficient D1 =  3.0·10-10 m2/s), C2 (D2 =  3.0·10-9 m2/s) and C3 (D3 =  
3.0·10-8 m2/s) 



 
 

PAMINA Sixth Framework programme, 08.12.2009 177 
 
 

 

Bq/m3

100
90
80
70
60
50
40
30
20
10
0

0.0                        Xgallery 15.0                                         30.0

4.0

2.0

0.0Z g
al

le
ry

0.0                        Xgallery 15.0                                         30.0

4.0

2.0

0.0Z g
al

le
ry

0.0                        Xgallery 15.0                                         30.0

4.0

2.0

0.0Z g
al

le
ry

0.0                        Xgallery 15.0                                         30.0

4.0

2.0

0.0Z g
al

le
ry

No diffusion

C1

C2

C3

 

Fig. 4.21: Concentration distributions in the gallery for the case Qadvective = 4 * Qexchange, 
C1 (diffusion coefficient D1 =  3.0·10-10 m2/s), C2 (D2 =  3.0·10-9 m2/s) and 
C3 (D3 =  3.0·10-8 m2/s) 

4.4.1.6 Nuclide activity fluxes 

The net nuclide fluxes [Bq/a] of the three nuclides C1, C2, and C3 at the exit of the gallery as 
calculated by PORFLOW are depicted in figure 4.22. This figure shows that: 

- in the non-advective flow case (Qadv = 0*Qex,0) a net flow of nuclides is established as a 
result of the buoyancy-driven exchange flow that carries along the nuclides from the 
waste chamber, where they are released, through the gallery to the shaft section; 

- for the case Qadv = 0*Qex,0 the net flow rate of nuclides is smaller for the nuclides with the 
larger values of the dispersion coefficient (C4 < C3 < C2). This observation indicates that 
part of the nuclides with the larger values of the dispersion coefficient are transported 
back in the direction of the waste chamber by the higher-density fluid through the lower 
part of the gallery; 

- as a result of the diffusion-driven exchange flow the total flow of nuclides may be en-
hanced compared to the non-advective flow case (e.g. for the nuclides C2 and C3 for the 
cases Qadv = 1*Qex,0 and Qadv = 2*Qex,0) if an additional advective flow exists from the 
waste chamber to the shaft section; 
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- in case of a better dispersion (larger values of the diffusion coefficient), the flow rates of 
nuclides follow more closely the “No Diffusion” case if an additional advective flow exists 
from the waste chamber to the shaft section. 

These observations are important in relation the Safety Case in that respect that in the case 
of advective flow rates from a waste chamber through a gallery to an adjacent shaft the total 
flow rates of radionuclides may be enhanced as a result of the buoyancy-driven exchange 
flow that may exist in a gallery due to differences in the fluid density on both sides of the gal-
lery. 
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Fig. 4.22: Activity flux at the exit of the gallery (X = 30 m) for the nuclides C1 , C2 and C3 
for different advective flow rates  

4.4.2 Application of REPOS 

The specifications of the benchmark exercise envisage modeling of the exchange processes 
involved in water flow and contaminant transport through a backfilled drift, subjected to den-
sity variations. The model used for simulation of the benchmark exercise with EMOS/REPOS 
code consists of three parts: the source-term, the drift, and the contact to geosphere. 

The source term is described through a flooded large cavity undergoing convergence, in 
which dissolved contaminants are spread homogeneously in the pore water. The source term 
provides the constant concentration on the left boundary of the drift, and inputs the advective 
water flow into the drift. 
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The advective and exchange fluxes obtained with EMOS for all 5 variants through the drift 
are represented in figure 4.23 and figure 4.24 respectively. Both models tested (drift discre-
tised in 5 parts, or drift not discretised) have provided the values specified in the test case. At 
higher values of the convergence rate, a slight decrease of the resulting flow can be ob-
served in figure 4.23. The decrease of the advective flux at t = 1000 years ranges between 
99.1% for k = 1, to 95.3% for k = 4.This is due to enhanced convergence that was needed to 
implement such a value of the advective flux, combined with limitation of the volume of the 
source segment. In order to maintain a constant value of the advective fluxes for a longer 
time, one has to increase the volume of the source cavity. Pressure in the drift is hydrostatic 
(10 MPa). 

 

 

Fig. 4.23: Advective fluxes produced by convergence of the source model (EMOS model 
1 and 2). 
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Fig. 4.24:  Exchange fluxes in the drift (models 1 and 2). 

The density-gradient was implemented via an equivalent temperature gradient. As shown in  
4.24, the associated exchange flux obtained with EMOS has the value of 6.912 m3/y and it 
matches the value imposed in the problem specification (99.7% of the prescribed value). The 
diffusion fluxes are constant: 1.77·10-3 m3/y for D1 = 3·10-10 m2/s, 1.77·10-2 m3/y for D2 = 3·10-

9 m2/s, and 1.77·10-1 m3/y for D3 = 3·10-8 m2/s respectively. The difference in the values of the 
diffusive fluxes in the source segment (ROOMW) and the drift is due to the fact that the 
length of the source sealing is shorter then the length of the drift, and the porosity of the 
source sealing is much higher then the porosity of the drift backfill. 

The activity fluxes flown into the drift through the left boundary, and the activity fluxes flown 
out of the drift are shown in figure 4.25. The average concentrations in the drift are shown in 
4.27. The inflow fluxes are shown in dotted lines, and outflow fluxes are depicted in continu-
ous lines. The “D = 3·10-10 m2/s” calculation case has no symbol attached, while “D = 
3·10-9 m2/s” is marked with a circle, and respectively “D = 3·10-8 m2/s” with triangle. Line col-
ours point for the characteristics of the advective flow. Thus, dark blue is assigned to k = 0, 
green to k = 1, cyan to k = 2, and red to k = 4. 

Mobilization of the contaminant starts at t = 0.1 years. In one timestep, the entire activity is 
mobilized into the pore water of the source segment. Inflow into the drift starts at t = 0.2 
years (respectively, outflow from the source section). The constant concentration of 100 
Bq/m3 is attained in the next timestep (at t = 0.3 y), for all the simulation cases. 
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The influence of the diffusion into the source sealing on activity outflow from the source seg-
ment is negligible, with the exception of the no-flow cases (k = 0). This is due to the preva-
lence of the advective (due to convergence of the backfill) transport, as shown in figure 4.25. 

The outflow from the drift starts at the third timestep, at t = 0.4 y, from zero and, later in time, 
it reaches a sort of stationary state, characterized by equal inflow and outflow rates. The 
times of attaining this state (constant concentration profiles, as shown in figure 4.27) are in-
fluenced by the advective transport. For constant advective flow, exchange processes affect 
the time of attaining the plateau. Higher diffusion delays the attainment of a more or less sta-
tionary release. 

In the absence of density driven flow and advection, the activity fluxes are due to diffusion 
only, and they are considerably smaller, between seven (for enhanced diffusion) and, re-
spectively one order in magnitude (for low diffusion). It can be seen that the effect of ex-
change processes consists of enhancement of the release rates. When advection is present, 
lack of exchange by density-driven flow causes decrease of the activity flow to cca 91% for 
small diffusion, respectively 99.5% for increased diffusion. In the absence of exchange, activ-
ity rates show a slower increase in time. The contribution of the exchange processes to con-
taminants release rates is diminishes with enhanced diffusion. That suggests that higher dif-
fusion slow down exchange processes, by accelerating the mixing process. Thus, the con-
centration gradients within the domain are reduced. 

Figure 4.26 shows the activity fluxes from the drift, but on a linear scale. It can be seen that 
for the no-flow case (k = 0) the activity flux increases with the diffusion coefficient of the nuc-
lide while it is the other way round for all cases taking advection into account. This result for 
the no-flow case clearly contradicts the results found from the PORFLOW and d3f/r3t (see 
next section) simulations, where it is found also for the no-flux case that the activity flux in-
creases the slower, the higher the diffusion coefficient of the nuclide. This is due to radionuc-
lides that are transported by diffusion from low density brine in the upper layer of the drift into 
the higher density brine in the lower part of the drift. Consequently, the transport direction of 
those radionuclide is changed into the opposite direction. 

Despite the equal input and release rates, the concentrations in the drift settle below the in-
put boundary concentration (cf. figure 4.27). This is because of the contribution of the ex-
change processes only, since sorption is not considered.  

For the no-flow case, diffusion and temperature (density) gradient are the only driving forces 
for contaminant transport. The average concentrations, assigned to the center of the drift, are 
higher with increasing of the diffusion coefficient.  
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Fig. 4.25:  Inflow and outflow activity fluxes [Bq/years] for the drift. 

               k = 0                k = 1                k = 2                k = 3                k = 4

D = 3·10-8 m2/s:                      outflow             inflow 

D = 3·10-10 m2/s: outflow inflow         inflow; D = 3·10-9 m2/s:                outflow 
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Fig. 4.26:  Outflow activity fluxes [Bq/years] for the drift for k=0, 1, 2 and 3. 

 

Fig. 4.27:  Average concentrations in the drift. 
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The time dependence of the cumulated activity fluxes, for the three types of contaminants, is 
shown in figures 4.28, 4.29, and 4.30 respectively. In all simulations, the disposed inventory 
was not completely released from the system up to 100 years. 

 

Fig. 4.28:  Cumulated activity inflow and outflow for low diffusion case (D1 = 3·10-10 m2/s). 
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Fig. 4.29:  Cumulated activity inflow and outflow for medium diffusion case (D2 = 3·10-9 
m2/s). 

 

Fig. 4.30:  Cumulated activity inflow and outflow for high diffusion case (D3 = 3·10-8 m2/s). 
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Cumulated inflown and outflown mass from the drift, at t = 100 years, relative and absolute 
releases are shown in 4.10. Relative released mass refers to the activity flown into the drift; 
absolute released mass refers to the total dissolved activity in the source segment (108 Bq). 
Calculation cases are labelled as DiQk, where D stands for the diffusion coefficient, i = 1, 2, 3 
represents each of the three values considered for diffusion, Q stands for the advective flow, 
and k is the multiplication factor (Q = k*Qexchange). 

The results presented in table 4.10 show that slower exchange processes, combined with 
higher advective rates give the highest relative release (above 90%). An output of the indi-
vidual contributions from each transport mechanism is not yet implemented in EMOS, there-
fore it is difficult to analyse the individual contributions of each transport mechanism. 

Tab. 4.10: Cumulated in- and out- activity fluxes, relative and absolute variation of the re-
leased mass at 100 years. 

Case  Cumulated 
 outflow [Bq] 

Cumulated
 inflow [Bq]

Relative released 
mass [%] 

Absolute released 
mass [%]

D1-Q0 12.75 69127.44 0.02 0.00001

D1-Q1 68664.92 138253.50 49.67 0.06866

D1-Q2 137389.35 207284.82 66.28 0.13739

D1-Q3 206021.36 276315.44 74.56 0.20602

D1-Q4 274674.10 276315.44 99.41 0.27467

D2-Q0 119.34 128.28 93.03 0.00012

D2-Q1 65509.86 69199.09 94.67 0.06551

D2-Q2 132156.18 138175.39 95.64 0.13216

D2-Q3 199357.13 207016.79 96.30 0.19936

D2-Q4 266828.33 275701.72 96.78 0.26683

D3-Q0 603.93 1255.02 48.12 0.00060

D3-Q1 57178.84 69619.56 82.13 0.05718

D3-Q2 123974.46 138409.54 89.57 0.12397

D3-Q3 191949.83 207184.78 92.65 0.19195

D3-Q4 260172.53 275838.16 94.32 0.26017
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4.4.3 Application of d3f and r3t 

4.4.3.1 Simulation of flow with d3f 

The steady state density profiles and velocity fields inside the gallery resulting from the d³f-
simulations are shown in figure 4.31. The lower density brine flows, in case of k = 1 to 4 addi-
tionally driven by advection on the left hand boundary, from the left to the right at the top of 
the domain, while the higher density brine inflows from the right hand boundary at the bot-
tom. With growing inflow velocity of the lower density brine, the interface to higher density 
brine moves more and more to the right, while the mixing zone becomes smaller. 

 k = 0 

 k = 1 

 k = 2 

 k = 3 

 k = 4 

 

Fig. 4.31: Steady state ensity profiles and velocity fields as results of d³f-simulations for 
the different cases of inflow 
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Compared to Porflow, d³f needs no mixing zones, because the different brine densities are 
given as boundary conditions. Therefore the interface reaches the corners of the modelled 
domain without any disruption. Because d³f uses a finer grid size than Porflow, one can ex-
pect less artificial diffusion effects. A difference in the results consists in the larger transition 
zone as a result of d³f simulation compared to Porflow. In case of d³f a diffusivity coefficient 
of only 10-10 m²/s was used and dispersivity coefficients of 0.1 m²/s and 0.01 m²/s, respec-
tively. 

The velocity profiles in the centre of the gallery (x = 15 m) are depicted in figure 4.32. In con-
trast to Porflow, the profile is not symmetrical in case of no advective flow, which is probably 
an effect of diffusion. The Darcy velocity is about 1.01 m/y at the top of the gallery, and 0.77 
m/y at the bottom. 
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Fig. 4.32:  Relative values of Darcy velocity in the centre over the height of the gallery at 
the steady-state 

The nuclide concentrations in the gallery for two cases are depicted in figure 4.33 and 4.34. 
In case of non advective flow and lower diffusion coefficients the r³t-results obviously show a 
much larger transition zone than the Porflow-results. In case of Qadvective = 4 · Qexchange,0 this 
effect diminishes. One reason of this difference is at least the larger diffusion zone in the 
density driven flow model, as already seen in figure 4.31. As mentioned above, the finite vo-
lume grid may not cause a larger transition zone because only half the grid size of Porflow 
was used by d³f and r³t. Dispersion effects are also to rule out as a reason because disper-
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sivity is scaled by velocity in the equations, and therefore one would expect a larger effect if 
Qadvective = 4 · Qexchange,0. 

 nuclide 1 

 nuclide 2 

 nuclide 3 

 

Fig. 4.33:  Nuclide concentration in the gallery for non-advective flow 

 nuclide 1 

 nuclide 2 

 nuclide 3 

 

Fig. 4.34:  Nuclide concentration in the gallery for the case Qadvective  =  4 · Qexchange,0 
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Figure 4.35 shows the activity flux through the right hand boundary for the different inflow 
velocities. Here, the red curve, representing the largest diffusion coefficient, is in all cases 
the curve of least slope, while it is the steepest and reaches the largest values in case of the 
highest inflow velocitiy of the Porflow results. In case of k = 0 to 3 the steady-state outflow 
calculated by r³t is slightly smaller than in the Porflow case, but much higher than in the re-
sults of EMOS. Otherwise, the steady-state results of all three Codes fit very well for the 
higher velocities considered. 
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Fig. 4.35: Activity flux at the exit of the gallery for the nuclides 1 to 3 for different advec-
tive flow rates 

4.5 Conclusions 

A theoretical model has been advanced to describe the buoyancy-driven flow of brine as a 
result of density differences in horizontal galleries in the presence of an additional advective 
flow. The model has been verified with calculations using the PORFLOW code. 

The calculational results show a reasonable to almost quantitative agreement with the results 
of the theoretical model with regards to the buoyancy-driven exchange flow. The model pre-
dicts that the buoyancy-driven flow through a horizontal gallery is completely suppressed by 
an additional advective flow if the so-called critical advective flow rate equals 4 times the 
non-advective buoyancy-driven flow rate (⏐Qadv⏐ ≥ 4*Qex,0). The results of the PORFLOW 
simulations also confirm this value of the critical advective flow rate.  
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If however the advective flow is less than 4 times the non-advective buoyancy-driven flow, 
the buoyancy-driven exchange flow results in an enhancement of the total flow rate from a 
converging waste chamber through a gallery to an adjacent shaft. As a consequence, the 
enhanced fluid flow can carry nuclides through the gallery also at an increased rate. For the 
Safety Case this means an increased release of radionuclides in a shaft, which may lead to 
somewhat enhanced dose rates into the biosphere. 

The PORFLOW results show that for nuclides having relatively small values of the diffusion 
coefficient, the mixing of nuclides between the two overlying fluid flow layers is almost ab-
sent. For nuclides having relatively large values of the diffusion coefficients considerable 
mixing of nuclides between the two overlying layers can be expected. This effect reduces the 
net transport of nuclides from a waste chamber through a gallery to an adjacent shaft since 
part of the nuclides will mix with the fluid layer on the bottom part of the gallery and will there-
fore be transported back into the direction of the waste chamber. 

2D simulations which have also been performed with the program package d3f/r3t show a 
good agreement with the results from the PORFLOW code with respect to the density and 
radionuclide distributions calculated from both programs. However, there are some differ-
ences in the details which are most probably due to the different ways of the implementation 
of the boundary conditions. 

The results from the PORFLOW and d3f/r3t models were finally compared to simulations per-
formed with the PA code EMOS. With regard to capabilities of EMOS code to represent con-
vective transport processes it has to be concluded that the EMOS code cannot represent the 
convective driven transport of radionuclides in a sufficient way. This is in particular obvious 
for the test cases without an additional advective component of the flow. In this case, the 
activity flux released from the drift increases with the diffusion coefficient. This contradicts the 
results found from the PORFLOW and d3f/r3t simulations, where it is found also for the no-
flux case that the activity flux increases the slower the higher the diffusion coefficient of the 
nuclide. As stated above, this behavior is due to the vertical transport of radionuclides be-
tween the two layers of different density which is not considered in the 1D PA code.  
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5. Conclusions 

Three benchmarks have been performed in the PAMINA project to test whether relevant 
processes for a repository in a rock salt formation are adequately represented in the current 
PA codes. The benchmarks were performed by comparing the results from simulations with 
detailed state of the art process level codes with those of current PA codes from NRG and 
GRS. The three processes regarded are the convergence of void spaces in the repository 
mine, the inflow of brine into a backfilled gallery and the density driven flow. 

For the convergence benchmark the results of the two PA codes REPOS and LOPOS were 
compared with the result of the rock-mechanic program FLAC3D for 14 different test cases. 
The simulations with LOPOS use the results of the program FLAC for the simplest test case 
for calibration. The model parameters derived from this calibration are used to model all 
other cases without any further adaptation. While the LOPOS model is therefore depending 
on the rock-mechanics calculations by FLAC the convergence model used by REPOS is 
calibrated independently on experimental results. 

It has been shown that both PA codes are able to represent the convergence process in an 
adequate way and no current need for program development to represent the convergence 
process in one of the PA codes used was identified. 

For the brine intrusion benchmark the results of the two PA codes REPOS (NRG) and 
LOPOS (GRS) were compared with the 3D process-level code HYDRUS which is capable to 
simulate variably-saturated flow. For this benchmark, the van Genuchten approach was used 
in HYDRUS to model the unsaturated flow. There is a good agreement between the results 
obtained for the test case with HYDRUS and the two PA codes. In both cases the agreement 
has been found to be better for the test case with a low permeable backfill, representative for 
the later lifetime of a repository, when the backfill already has been compacted by conver-
gence. The use of a finer discretization in the PA models yielded better results in some de-
tails, but the differences where not significant with regard to the total amount of water flown 
from the drift (i.e. the cumulated outflow) an important parameter for the description of the 
filling of the repository in case of brine intrusion. It has been shown that both PA codes are 
able to represent the inflow to a backfilled drift in an adequate way in comparison with the 
van Genuchten model. 

In the third benchmark for buoyancy driven flow the results of two process level models with 
the codes PORFLOW and d3f/r3t have been compared with a semi-analytical model and the 
PA code REPOS. The results from the two process-level model show some differences that 
can be explained by the different boundary conditions used. 

The results from the semi-analytical model show a reasonable to almost quantitative agree-
ment with the results of the process-level code with regards to the buoyancy-driven ex-
change flow. From the comparison of the results of the process-level simulations with RE-
POS it has to be concluded that the REPOS code cannot represent the convective driven 
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transport of radionuclides in an adequate way. This is in particular obvious for the test cases 
without any additional advective component of the flow. In this case, the activity flux released 
from the drift shows a completely different dependency of the total radionuclide flow on the 
diffusion coefficient compared to the results of the process-level codes PORFLOW and 
d3f/r3t. The representation of the convective transport processes in the REPOS code will 
have to be further developed in the future. 


