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Abstract  

Safety assessments in nuclear waste management typically include the analysis of thermo-mechanical (TM) 
coupled processes. The TM behavior of the host rock is, amongst other aspects, dependent on the prevalent 
geological geometry. This study aims to evaluate the impact of uncertainties in geometry on the TM rock 
behavior. It is one of the very first studies aiming to bring uncertainties of structural geological models and 
numerical simulations together. 
To analyze the influence of geological geometries, a simplified model of the region around the Mont Terri rock 
laboratory was created. A 3-D structural geological model was set up and uncertainties of the lithological 
contacts were quantified by means of stochastic simulations, resulting in an ensemble of 89 model realizations.  
These realizations were transformed to a 2-D numerical model. In this numerical model, TM simulations were 
computed over a simulation time of 500 years, employing the Finite Element Method. To simulate a heat source 
of nuclear waste the lower edge of the model was set to 100°C. 
The results of these simulations show mean temperature variations of 90.89 °C and 92.70 ° after 500 years, with 
a maximum stress varying between 0.02 MPa and 0.16 MPa of elastic shear energy density and according mean 
cumulative displacements ranging from 30 cm to 38 cm. The presented results indicate that different model 
geometries and differences in material properties lead to noticeable variabilities of the TM behavior of 
claystone.  
However in this case, these variabilities would not significantly affect the integrity of the rock. 
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1. Introduction 

Safety assessments present an important part for nuclear waste management (BGE 2020; SKB 2015; Nagra 
2002). The safety assessments, along with the safety case, demonstrate that the safety requirements for the 
disposal of nuclear waste are fulfilled. One important aspect of the safety assessments is the evaluation of 
thermo-mechanical (TM) effects created by elevated temperatures in host rock and overburden. Important tools 
for the safety assessments are coupled numerical models, which allow the evaluation of these effects (Birkholzer 
et al. 2019; Rühaak et al. 2017; Rühaak et al. 2014). These numerical models generally incorporate geometrical 
information from 3-D geological models to parameterize the simulations according to properties in major 
geological domains. However, this information about the geometry of the subsurface is not completely certain. 
Since this knowledge about the subsurface is based on different data, e.g. data from mapping, drillings or 
seismic explorations, it involves uncertainties due to resolution, measurement errors etc. These uncertainties 
have been addressed in different studies by e.g. Rühaak et al. (2015), Wellmann & Caumon (2018) or Wellmann 
et al. (2010). With a view to the disposal of nuclear waste this leads to the following questions: How do 
uncertainties in geometry affect the respective TM-behavior of the rock? Will these effects have an impact on 
the rock integrity and therefore the safety of the system? Within the Swiss Sectoral Plan for Deep Geological 
Repositories the Nagra has performed computational cases in 1-D considering different thicknesses of rock 
layers (Nagra 2014). However, uncertainties regarding geometry are not investigated in more detail (e.g. by 
considering higher dimensions or other geometrical aspects) and by now, the authors are not aware of any 
respective studies. Therefore, to investigate these questions, a workflow was established to study the effects of 
uncertainties of a 3-D geological model on a respective 2-D TM coupled numerical model. 

2. Methods 

For the purpose of this study a generic model was developed based on the Opalinus Clay in Mont Terri (Fig. 1). 
A 3-D geological model of the Opalinus Clay was created and the uncertainties of the lithological contacts were 
statistically assessed, leading to multiple model realizations with thickness variations of the different lithological 
units. For each model realization, one TM numerical simulation was conducted. This simulation covered a time 
span of 500 years directly after the disposal of the nuclear waste and results included calculated stress, strain and 
temperature. The results of all simulations from all stochastic modelling realizations were then compared to 
obtain an insight on the variability and the impact of the uncertainties. 

Set up of the 3-D geological Model 

For this study a generic, simplified model of the Opalinus Clay around the Mont Terri Rock Laboratory was 
created. As input data a geological map of the underground rock laboratory and orientation measurements 
(strike and dip measurements) were used (Fig. 1).  

The Opalinus Clay in Mont Terri consists of three different facies, the shaly facies, the sandy facies and the 
carbonate-rich sandy facies (Bossart et al. 2017). However, for sake of simplicity only two facies, the sandy and 
the shaly facies, were implemented in this study. The carbonate-rich sandy facies was treated as part of the 
sandy facies and was parameterized accordingly. The 3-D geological model was created with GemPy, an 
implicit geological modeling program (de la Varga et al. 2019). The final model covers an extent of about 230 m 
in x-direction, 310 m in y-direction and has a vertical extent of 100 m. A sketch of this model is displayed in 
Fig. 2. The model units of the sandy and shaly facies were assigned according to the corresponding parameters, 
which are shown in Table 1. 

 



 

Fig. 1 Input data used fort the 3-D geological model, including a geological map displaying the geological contacts and 

orientation measurements (modified from Mont Terri Project (2021)) 

Table 1. Overview of the parameters used for the TM coupled Simulations. Parameters, which are generally distinguished 
by anisotropy, are represented by their values normal to the bedding (N). All values for the shaly facies were obtained from 
Bossart et al. (2017)(a). The density values and the mechanical rock parameters for the sandy facies were also derived from 
Bossart et al. (2017)(a), whereas the thermal conductivity value was attained from Jahn et al. (2016)(b). The thermal 
expansion coefficient and the specific heat capacity for the sandy facies were estimated (c). 

 

 

Bulk Parameter 
Shaly Facies 

(Best estimate) 

Sandy Facies 

(Best estimate) 

Density [kg/m3] 2450 a 2520 a 

Thermal Conductivity (N)  
[Wm-1K-1] 

1.2 a 1.7b 

Thermal Expansion Coefficient (N) 
[1/K] 

4.2E-06 a 1.0E-05c 

Specific Heat Capacity [J kg-1 K-1] 1155 a 1000 c 

Poisson Ratio (N) [-] 0.33 a 0.22 a 

Young's Modulus (N) [GPa] 2.8 a 6 a 



Assigning uncertainties and producing multiple model realizations 

Two different types of uncertainty were assigned to the input data of the 3-D geological model with the aim to 
produce multiple stochastic model realizations of the initial 3-D model. First a location uncertainty was 
allocated to the coordinates of the lithological contacts. It was assumed, that the shape of the interface itself is 
correct but the location in north-south direction is uncertain. This uncertainty was defined by assigning a normal 
distribution to the lithological contact points, allowing the contacts of the different model realizations to shift in 
x,y-direction (corresponding to north-south) . Based on the thicknesses of the geological layers it was decided to 
use a normal distribution with standard deviation of 7 m. Furthermore an orientation uncertainty was assigned to 
the orientation measurements of the lithological contacts. For this purpose, a Von Mises-Fisher distribution 
(Pakyuz-Charrier et al. 2018) with a concentration parameter of 50 is allocated to the orientation measurements, 
generating a larger scatter within the orientation data (Fig. 2). With these distributions assigned to the input 
parameters, 100 stochastic model realizations were generated, each showing slightly different geometries with 
variations in layer thickness, location and strike and dip. 

 

Fig. 2 Sketch of the 3-D model showing the location and orientation uncertainty of the lithological contacts. A normal 

distribution with a standard deviation of 7 m was assigned to the location of the contacts points and a Von Mises-Fisher 

distribution with a concentration parameter of 50 was assigned to the orientation measurements 

It is important to note that the choice of the geological modeling method and the parameters of the interpolation 
function would present additional aspects of geometrical uncertainty (e.g. Wellmann & Caumon 2018). These 
are not considered in this study, due to the simplified geometry, where geometrical uncertainties are mainly 
related to the data configuration. This is discussed more thoroughly in the section 4.  

Implementing the numerical simulations in 2-D 

To perform 2-D numerical simulations one cross-section was extracted from the initial 3-D model and from 
each stochastic model realization. All cross-sections were discretized into triangular meshes using Triangle 

(Shewchuk 1996) under consideration of the geological interface positions. The resulting meshes display an 
average of about 25,000 Elements and 13,000 nodes. After creating the meshes, the respective rock parameters 
were assigned to the sandy and shaly facies according to the geological model, utilizing the parameters 
according to Table 1.  



The thermal and mechanical processes were simulated while considering the energy and momentum balance. 
For the energy balance, the heat transport equation without convective heat transport and without source and 
sink terms was taken into account (Rühaak et al. 2014; Ingebritsen et al. 2006): 𝜌𝑐 𝜕𝑇𝜕𝑡 =  ∇ ∙ (𝜆𝑇∇𝑇)  (1) 

where 𝜌 is the density [kg m-3], 𝑐 is the specific heat capacity [J K-1 kg-1], 𝜕𝑇/𝜕𝑡 is the time rate of change of 
temperature [°C s-1], 𝜆𝑇 is the thermal conductivity [W m-1 K-1] and ∇𝑇 the temperature gradient [°C]. The nodes 
at the lower model boundary were assigned a Dirichlet boundary condition, setting the initial temperature to 
100 °C. This boundary conditions simulates the heat source of the nuclear waste container. The temperature of 
100 °C is selected since it is the maximum temperature limit defined by the German site selection act 
(StandAG). All remaining nodes are assumed to be in equilibrium and are assigned an initial temperature of 
35 °C. The side boundaries were set to a Neumann boundary condition with zero flux. Considered here is 
furthermore a setting where a second waste gallery would be added at a regular vertical spacing and, 
accordingly, the top boundary condition was set equally to zero flux. For the mechanical calculations and the 
consideration of linear momentum balance, the linear elasticity equation was considered (Rühaak et al. 2014; 
Alberty et al. 2002): (𝜆 + 𝜇)𝑔𝑟𝑎𝑑 𝑑𝑖𝑣 𝐮 + 𝜇∇2𝐮 =  −𝐟 (2) 

Where 𝜆 is Lamé’s first parameter [-], 𝜇 is Lamé’s second parameter [MPa], 𝐮 the displacement vector and 𝐟 the 
volume force. Since temperature differences are sources for stress and induce volume changes, the volume force 𝐟 must be considered, which is denoted as following (Rühaak et al. 2014): 𝐟 = 𝐷𝛽∆𝑇 (3) 

All model boundaries were set to a Dirichlet boundary condition with a vectorial displacement equal to zero. 
This decision was made based on the deep geological location of the repository, where the load of the 
overburden would not allow any displacement. The simulations were then performed over a time period of 500 
years, using time steps of 25 years. To obtain detailed insight into the processes during the immediate time after 
disposal, another simulation was run over a time period of 100 years and with time steps of 5 years. 
The equations were solved with a Finite Element discretization scheme implemented in in Matlab, using a code 
based on Alberty et al. (1999) and Alberty et al. (2002). In addition to temperature as a simulation result, the 
elastic shear energy density, to display stress, and the displacement, to display strain, were calculated. The 
results from all TM simulations from all stochastic model realizations were compared to each other, to obtain an 
insight on the variability of stress, strain and temperature. Furthermore, multiple observation points were 
assigned to the meshes, to compare the results of the TM simulations regarding their location within the mesh 
(Fig. 3). 

 



Fig. 3 (a) Cross-section of the initial model showing the defined observation points and the lower thermal boundary 

condition, which is fixed at 100 °C. The remaining boundaries are set to zero flux. For the mechanical calculations all 

boundaries are fixed and equal to zero. (b) Cross-section of the initial model showing the triangulated mesh. 

3. Results 

This study assesses the uncertainty of lithological contacts resulting from uncertainties in the geometric input 
data configuration by means of stochastic simulations. Subsequently, TM coupled simulations were performed 
on the cross-sections of multiple model realizations produced by the stochastic modelling process. In the 
following subsections, the results of the uncertainty quantification and the TM simulations will be described in 
detail, separately. 

Uncertainties of the 3-D geological model 

To visualize the results of the uncertainty quantification, the uncertainties are presented by a plot of cell entropy 
(Fig. 4). The cell entropy is based on the Shannon entropy (Shannon 1948). The Shannon cell entropy is a 
common tool to represent spatial uncertainty in geological models. It is calculated based on the formation 
probabilities in the model cells (Wellmann & Regenauer-Lieb 2012). An entropy equal to 0 indicates no 
uncertainties, whereas maximum entropy reflects highest uncertainties – where uncertainties are always 
referring to the underlying cell outcome and are strictly limited to the validity of the geological model and the 
assigned parameter distributions. Fig. 4 shows the cell entropy over the entire cross-section s1. It can be 
observed that high cell entropies accumulate at the lithological interfaces. Further away from these contacts, the 
entropy reduces to a value of zero. With increasing depth, the overall entropy increases, spreading out in a cone-
like manner. The maximum entropy values reach 1.5 and are observed from 50 m depth to 100 m depth where 
more than two outcomes are possible, between the shaly facies 2, sandy facies 2 and shaly facies 1. 

 

Fig. 4 Uncertainty visualized by cell entropy. Higher values of cell entropy indicate higher uncertainty 

Stress, strain and temperature development in the initial model 

The mean temperature of the initial model increases from 35.76 °C to 92.00 °C, over the simulation time of 500 
years. Overall higher temperatures were noted in the sandy facies compared to the shaly facies. Furthermore, 
temperatures increase with proximity to the nuclear waste container (Fig. 5). 

Maximum elastic shear energy density values range from 0.14 MPa to 0.28 kPa in the initial model. The stress 
peak is observed directly at the first time step, at 25 years after disposal. The peak is located at the interfaces of 
host rock and nuclear waste container (at the lower boundary of the model, see Fig. 7) and the interface of the 
different facies, shaly facies 2 and sandy facies 2. After the disposal, the stress decreases rapidly approaching 
zero. Displacement is also highest at the beginning of the simulation, decreasing with ongoing time and 
resulting in a mean cumulative displacement of 0.36 m after 500 years. 



 

Fig. 5 Temperature development throughout different observation points within the initial model. POI 1 and 2 are the 

points furthest away from the nuclear waste container, whereas POI 10 and 11 are closest to the nuclear waste container. 

Circles represent observation points within the sandy facies and squares represent observation points within the shaly 

facies.  

Comparison of all stochastic models 

Reflecting the results of the stochastic models, maximum values in time of the mean temperature of all model 
realizations range between 90.89 °C and 92.70 °C. Mean temperatures of the model realizations deviate from 
the initial model by a maximum of -1.41 °C. The distribution of mean temperature values for all model 
realizations at different time steps indicate that the spread of results increases with time. Assuming a normal 
distribution (Fig. 6a), the maximum standard deviation accounts 0.47 °C. 

Maximum values of elastic shear energy density in time and space vary between 0.02 MPa and 0.16 MPa, with a 
mean value of 0.08 MPa. Maximum elastic shear energy density values of the stochastic models deviate to a 
maximum of 0.12 MPa to the initial model. The distributions of the maximum elastic shear energy density 
values for all realizations depict that the spread of this measure decreases over time. Assuming a normal 
distribution, the maximum standard deviation amounts to an elastic shear energy density of 0.03 MPa after the 
first time step. Cumulative mean displacement values vary between 0.30 m and 0.38 m. Values in displacement 
deviate to a maximum of 5.5 cm from the initial model. 

a

 
b



 
Fig. 6 (a) The left graph shows the maximum deviations of mean temperature from all stochastic models to the initial 

model. On the right the variability of mean temperature is displayed after 500 years, by a normal distribution with a 

standard deviation of 0.47 °C. (b) The left graph shows the maximum deviation of elastic shear energy density of all 

stochastic models to the initial model. On the right the greatest variability, after 5 years, of elastic shear energy is displayed 

by a normal distribution with a standard deviation of 31 kPa. 

 

4. Discussion 

Uncertainties of the 3-D geological model 

From the uncertainty visualization (Fig. 4) it could be observed, that with increasing depth, cell entropy values 
increase, also covering greater areas over the whole cross section. This indicates that uncertainty in the 
geometric model increases with greater depth. This observation can be explained by the assigned distributions 
for location and orientation uncertainty. The location uncertainty, defining the position of each interface at a 
depth of zero, leads to only slight uncertainties at the top of the cross-section. The orientation uncertainty leads 
to the increasing uncertainty with depth, since it increases radially into the ground. Even slight variations of the 
dip angle at the model surface can lead to significant variations at greater depths within the model. In 
conclusion, it can be said, that even though uncertainties are characterized at the surface, they are greater at 
depth. This is also presented in other studies, e.g. in Wellmann & Regenauer-Lieb (2012). It should be noted 
here, that this is not a complete uncertainty quantification of the generic model. First of all, the exact choice the 
assigned distributions, as well as the parameters of these distributions, will depend on the available data type 
(e.g., Wellmann et al., 2010; Pakyuz-Charrier, 2017; Wellmann & Caumon, 2018). Various other types of 
uncertainties exist, which must be taken into account for a complete uncertainty analysis. Most importantly, the 
geometric modeling assumption itself, characterizing property distributions in the subsurface, as well as the 
choice of the interpolation model and the associated parameters could be evaluated in addition to the interface 
data considered here(Wellmann & Caumon 2018). Still, the selected aspects of geometric uncertainty will be 
relevant in a realistic setting and we aim to contribute to a consideration of these uncertainties with the study 
presented here. 

Stress, strain and temperature development in the initial model 

Looking at the temperature distribution throughout the cross-section, we observe that the temperature does not 
propagate evenly through the section and over time (Fig. 5). Higher temperatures are recorded in the sandy 
facies compared to the shaly facies. This results from the different thermal conductivity values of both facies. 
The two sandy facies have a higher thermal conductivity, presenting a value of 1.7 W m-1 K-1. In contrast both 
shaly facies present a thermal conductivity of 1.2 W m-1 K-1. This difference results from the increased amount 
of quartz in the sandy facies. From this observation it can be deduced that the temperature propagates faster in 
the sandy facies compared to the shaly facies. At shallower depth the ratio of sandy facies to shaly facies 
increases compared to greater depth due to orientation of the formation. Therefore, an overall temperature 
increase in the sandy facies is more prominent at shallow depth.  

While examining the stress distribution within the cross-section, it is observed that maximum stress during the 
first time step occurred at the model-container interface and at lithological contacts (Fig. 7). The peaks at the 



model-container interface can be interpreted as a result from the highest temperature difference directly at the 
model container interface. Peaks at lithological contacts can be explained by the temperature differences 
resulting from thermal rock property changes and from variations in the mechanical rock properties.  

a 

 
 

b 

Fig. 7 Temperature (a) and stress development (b) within the initial model after the first time step (25 years). The dashed 

lines display the lithological contacts between the different facies. Furthermore, the location of the maximum stress is 

indicated in (b)  

The displacement decreases with time. Again, showing that the deformation will terminate after the rock has 
reached the equilibrium temperature of 100 °C. The displacement presented here can be regarded as a measure 
to visualize the internal strain of the rock. The Dirichlet boundary conditions for the mechanical calculation 
represent the mechanical regime of the disposal site set 1’000 m below the surface. The nuclear waste repository 
and the superimposed claystone is subject to the loading of the overburden. Therefore, it can be assumed, that 
thermal expansion is limited at this depth and internal deformation is predominant. 

Comparison of all stochastic models 

The variability of mean temperature values of the single model realizations is interpreted as the result from 
different shale-sand ratios. Due to the higher thermal conductivity of sand, higher temperatures are reached 
sooner in the sandy facies compared to the shaly facies. Model realizations with sandy facies showing greater 
thicknesses are characterized by higher mean temperatures. On the opposite, model realizations with sandy 
facies of smaller thicknesses and shaly facies of greater thicknesses, display lower mean temperatures (Fig. 8 A, 
B). 

Considering the results from the mechanical calculations, the greatest standard deviation of maximum elastic 
shear energy density was recorded directly at the first time step (Fig. 7; Fig. 6). It can be interpreted, that this 
variability is linked to the temperature development during the first steps. During these time steps, the 
temperature developments of the different model realizations depict different ascending temperature gradients. 
As previously mentioned, with ongoing time, the change in mean temperature decreases, approaching zero. This 
indicates the decreased spread of stress values over all model realizations with increase in time. As previously 
mentioned, the temperature differences result from the ratio of shaly to sandy facies. Therefore, it can be 
assumed that the thickness of the facies also correlates with the stress. Realizations with higher values show 
significantly thicker sandy facies compared to the realizations with lower values (Fig. 8 C, D). This supports the 
interpretation that the stress is influenced by the geometry. 



 

Fig. 8 Cross sections of various model realization: number 20 (a), which displays the highest mean temperatures and 

model realization; number 87 (b), which shows the lowest values in mean temperature. Cross-sections of model realization 

number 99 (c), which displayed the highest values of elastic shear energy density; and of model realization number 77 (d), 

which showed the lowest values. 

However, high temperatures do not always correlate with high stress values (Fig. 6, e.g., model no. 64, model 
no.20). The model realizations of maximum and minimum temperature do not correspond to the realizations of 
maximum and minimum stress. Therefore, the facies thickness cannot be the only factor at play. It can be 
presumed that also the geometric relation and orientation of the different facies and the simulated heat source to 
each other, such as e.g. the number of lithological contacts touching the lower model boundary, affect the 
resulting stress outcome. 

5. Conclusion 

The construction of a generic 3-D model, its’ uncertainty analysis and subsequent 2-D TM coupled simulations 
allowed the assessment of temperature, stress and strain variabilities. This study provides an insight into the 
impact of material contrasts and geometries associated with geological 3-D models on rock integrity and on 
safety assessments. In order to study this impact, an uncertainty was assigned to all input data of the generic 3-D 
geological model. 2-D TM coupled simulations were performed over a time period of 500 years on cross-
sections of different realizations of this generic model. After assigning the uncertainty to the input data, the 
resulting uncertainties were studied within the 2-D slices. Results displayed that uncertainties increased with 
depth and at lithological contacts. 

The results of the TM coupled simulations present maximum mean temperature variations between 90.89 °C 
and 92.70 °C after 500 years. This temperature range is primarily linked to the different layer thicknesses of 
sandy and shaly facies in combination with different thermal conductivity values of each facies. Temperatures 
are elevated in the sandy facies and proximal to the source of heat. Furthermore, a stress variability was 
generated, ranging between maximum values of 0.02 MPa and 0.16 MPa of elastic shear energy density. These 
variations are related to different temperature developments shortly after the model initiation and to differences 
in mechanical rock parameters. Peaks in stress were recorded at interfaces between facies and the simulated heat 



source. Mean cumulative displacements vary between maximum values of 30 cm and 38 cm. Maximum 
deviation to the initial model, the best possible model, account 1.4 °C of mean temperature, 0.12 MPa of 
maximum elastic shear energy density and 5.5 cm of mean cumulative displacement. 

The observed variabilities are overall rather small. Regarding the variability of elastic shear energy density it 
can be assumed that the integrity of the rock and the safety of the disposal system would not be affected. 
Especially taking into consideration the high confining pressures at the depth of disposal, the simulated stress in 
this study would not affect the host rock negatively. However, other sources of stress might add and my lead to 
a violation of the stability criteria. 

To develop a broader and more detailed understanding of the influence of 3-D geological models and 
uncertainties further studies are advisable. For a more detailed consideration of uncertainties in the geological 
model, these studies could include e.g. the creation of a more detailed 3-D geological model, variations in 
uncertainty distributions assigned to the input data and their correlations, the consideration of the interpolation 
method itself and the spatial distribution of parameters within each geological layers, for example using 
geostatistical approaches. For a more detailed representation of the repository system, the physical process 
simulation could be extended to consider hydraulic processes or more advanced material models, e.g. 
incorporation of other parameters, such as porosity or anisotropy. 

 

The model files and the code is available on request, please contact the corresponding author. 
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