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Abstract
In the Underground Rock Laboratory Mont Terri, research has been conducted for over 20 years into the storage of radioactive
waste in Opalinus Clay. The fitness for such storage depends on the prevailing geological material. Experiments and
multiphysics simulations investigate the long-term changes in the Opalinus Clay. The resulting data are highly multivariate,
and environmental scientists visually analyze the data using predefined color lookup tables. The fiber surfaces of Raith et
al. offer the researchers a new approach for visual analysis. However, the existing algorithm for the calculation is subject to
certain limitations due to special cases that lead to no or incomplete fiber surfaces. In this paper, we improve the fiber surface
algorithm of Raith et al., which reduces numerical errors and accelerates the existing algorithm. This improvement also makes
it possible that the interactor no longer needs to be closed and convex. We then use the Full-Scale Emplacement Experiment to
show how the improved algorithm can help in the visual analysis of multivariate data.

CCS Concepts
• Human-centered computing → Visual analytics; Scientific visualization;

1. Introduction

The analysis of subsurface processes relies on a detailed knowl-
edge of the precise location of geological horizons and fractures
in the area of interest. Each geological formation has its own set
of parameters, such as permeability and porosity of the material,
thermal conductivity, specific heat capacity, and thermal expansiv-
ity. Given these parameters as well as a finite element mesh repro-
ducing the structure of the subsurface volume enables researchers
to numerically simulate specific phenomena such as groundwater
flow, reactive transport, or the mechanic robustness of a specified
medium under increasing stress. For a model simulating coupled
thermo-hydro-mechanical processes, it is usual to calculate 20 or
more parameters, including changes in temperature, pressure, satu-
ration, displacement, stress, or strain.

Researchers in environmental sciences are used to visualizing
data via plots of time series or displaying scalar data on a plane
given predefined color lookup tables. However, complex models
simulate a large number of variables, many of which are dependent
on one another. Therefore, it is necessary to enable a meaningful
visual exploration of complex multivariate data using data subsets
generated based on non-trivial criteria, such as level sets in multi-
variate space.

One technique that is suitable for this purpose is fiber surfaces, as
they offer the possibility to work with multivariate level sets. How-
ever, the existing methods from the work of Raith et al. [RBN∗19]
have to be extended to overcome fundamental limitations. The ex-
tensions of the method reduce numerical errors, allow the investi-
gation of exactly planar tetrahedra, and offer the possibility to use
the fiber surface itself as an interactor. This superiority of the im-
proved algorithm is demonstrated by a typical exemplary data set
of multiphysics simulation.

2. Related Work

The role of visual analysis of multivariate data has been increasing
for decades. A survey on visualizing multivariate scientific data by
Fuchs and Hauser [FH09] introduces suitable visualization tech-
niques and identifies the most promising approaches. The visual
analysis of multivariate data was also mentioned as one of the chal-
lenges in the Dagstuhl Seminar 2014 [HCJ∗14]. Glyphs were men-
tioned as a standard technique for the analysis of multivariate data
in Chung et al. [CLKH14], and the importance of feature-based
techniques was emphasized in the work of Obermaier et al. [OP14]
and Carr [Car14].

Direct multiphysics analyzes are rare. One example has been
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published by Perdikaris et al. [PIG∗16] and analyzes flow-structure
interactions in a high-resolution numerical simulation of blood flow
within a brain aneurysm as well as the structural integrity of the ar-
terial wall.

Most multivariate techniques for visual analysis are based on
univariate data. The exploration of multi- or at least bivariate data
sets is, therefore, a challenging research topic. Carr et al. [CGT∗15]
made an important contribution by introducing an approach to the
extraction of fiber surfaces, i.e. the two-dimensional equivalent of
isosurfaces for a bivariate field. Specifically, fiber surfaces are the
inverse image of a polygon (or polyline) in the bivariate field. Kla-
cansky et al. [KTCG16] improved the above approach by proposing
a fast and accurate extraction method.

Jankowai and Hotz [JH18] present a general approach for the
visualization of multivariate data. They use feature level-sets and
traits. They define standard isosurfaces and the fiber surfaces of
Carr et al. [CGT∗15] as special cases of those. The user can select
single values as well as features. From this, a distance field between
the features in the attribute space is calculated and projected into
the spatial domain, where it is visualized by volume rendering or
marching cubes.

Sauber et al. [STS06] use a different approach, showing cor-
relations between three-dimensional scalar fields by introducing a
multi-field graph. Each node corresponds to a correlation field that
combines at least two fields. This approach allows deciding which
correlation fields should be investigated. This work has been im-
proved by Nagaraj et al. [NNN11] by introducing another measure
of comparison.

The first approaches of automatic identification of impor-
tant regions have been shown in the early work of Jänicke et
al. [JWSK07]. They employ local statistical complexities described
by partial differential equations. This approach differs from our in-
teractive selection approach.

In this work, the fiber surfaces of Raith et al. [RBN∗19] are used.
Here, the fiber surfaces of Carr et al. [CGT∗15] are extended to
a three-dimensional attribute space for the analysis of symmetric,
three-dimensional second-order tensor fields. These surfaces are
defined as fiber surfaces of invariant space, i.e., as models of sur-
faces in the range of a complete set of invariants. Based on this,
Blecha et al. [BRS∗19] used fiber surfaces to study a multiphysics
simulation of a generic model of a nuclear waste repository.

Blecha et al. [BRP∗20] generalized the fiber surfaces of Raith
et al. [RBN∗19] to work with any number of scalar fields defined
on a tetrahedral mesh, i.e., from R3 to Rn in the range. They in-
troduced a new fiber surface extraction algorithm which does not
only extracts the triangles of the fiber surface components but also
refines the tetrahedral input grid to the subset, which lies inside the
restraining hypersurfaces. The n-dimensional hypersurface is built
using multiple convex objects in multiple three-dimensional views
of subspaces of the whole attribute space. Advancing that approach,
the algorithm used in this work can work with interactors that do
not have to be closed and convex.

In the following, we will apply an improved fiber surface algo-
rithm to simulation results based on an experiment conducted in

the Underground Rock Laboratory Mont Terri, reducing numerical
errors, and simultaneously accelerating the algorithm.

3. Underground Rock Laboratory Mont Terri

The Underground Rock Laboratory (URL) Mont Terri [BM17] was
established in the Canton of Jura in northwestern Switzerland in
1996. It is located more than 250 m under the Jurassic Mountains
in a thick layer of Opalinus Clay. When considering the deep ge-
ological storage of radioactive waste, this type of claystone is of
particular interest to researchers, because Opalinus Clay is almost
completely water-impermeable and therefore considered an alter-
native to the disposal in crystalline or salt rock. The laboratory is
used for research purposes only, and no radioactive waste is actu-
ally stored there, nor will the tunnel system be used for this purpose
at any point in the future. Instead, more than 140 experiments have
so far been conducted regarding the development of methodolo-
gies and the characterization of Opalinus Clay. These experiments
have advanced the determination of rock parameters using innova-
tive borehole geophysics, improved the methodology for character-
ization of pore-water and microbial activity, and gained a new un-
derstanding of diffusion and retention processes of radionuclides in
and through claystones. Demonstration experiments allow tests on
a 1:1 scale to be carried out over a long period, ranging from years
to decades. Numerical simulations support many experiments for
planning purposes and process understanding (see Figure 1). The
numerical results of one of these experiments, the Full-Scale Em-
placement (FE) experiment, will be used to demonstrate the poten-
tial of our improved fiber surface algorithm.

Figure 1: Overview of the Underground Rock Laboratory Mont
Terri. Domains of models supplementing current experiments are
outlined as wireframe meshes, incl. the Full-Scale Emplacement
experiment shown in red (data source for tunnel system: swisstopo)

The FE Experiment aims to model the construction, waste em-
placement, backfilling, and early stage evolution of spent fuel or
high-level waste repository tunnel. Instead of canisters containing
radioactive material, heaters are placed on pedestals within a tun-
nel of 10 m length, and 2.3 m diameter. Scoping calculations indi-
cate that the surface of the heaters will reach a peak temperature
of 100 to 195 degrees Celsius, depending on the buffer material
used. The end of the tunnel is filled with concrete and bentonite,
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the remaining open space in the tunnel is filled with a selection of
special backfilling materials (incl. the heater elements themselves)
and then sealed by a concrete plug with a thickness of 1.4 m (see
Figure 2). More than 1,600 sensors in the near- and far-field are
observing the effects of the experiment on the surrounding forma-
tion of Opalinus Clay, measuring temperature, relative humidity,
deformation, pore water pressure, total pressure, and many other
parameters [MGV∗17].

Figure 2: Set-up of the Full-Scale-Emplacement experiment within
the finite element mesh of the model domain.

Numerical simulation codes are used to simulate the Thermo-
Hydro-Mechanical (THM) processes in and near the tunnel as well
as the far-field, to assess the uncertainty of the propagation of pa-
rameters. Based on the specification by the FE-Modelling Task
Force [AM19], a numerical model of the FE experiment has been
set up in OpenGeoSys [KBB∗12, KSG∗18, BFK∗19]. Required
sub-tasks include the verification of both code and calculation using
generic benchmarks, the back-analyses of THM-observations us-
ing monitoring data for model calibration, and the validation of the
model itself by predicting the evolution of parameters given chang-
ing thermal loads. The model domain has a size of 100×100×80m
with the tunnel located in the center of the block. The domain of
the OpenGeoSys-model consists of 170,000 hexahedra. The tunnel
itself (incl. heaters, pedestals, backfill, shotcrete, and disturbance
zone) and the near field use a very fine discretization, with ele-
ments becoming larger with increasing distance to the tunnel. In-
put data and simulation results have been pre- and post-processed,
respectively, using the OpenGeoSys Data Explorer [RBK14] and
ParaView [AGL05]. The simulations calculate the development of
temperature, pressure, saturation, velocity, stress, strain, and dis-
placement over 5,800 days. The output data used for the subsequent
visualization via our fiber surface algorithm included 115 timesteps
at increasing intervals, resulting in a total of about 16 GB of data.

4. Improved Fiber Surface Extraction

In the work of Raith et al. [RBN∗19], special cases were consid-
ered where the calculation of the fiber surfaces leads to no or in-
complete fiber surfaces. One of these cases is the numerical error
in the calculation of the intersection points. These errors occur in
small tetrahedra, especially in the repeated calculation of intersec-
tion points. Another case is perfectly planar tetrahedra. This case
was not considered in the algorithm of Raith et al. because there
was no bijection between the invariant space and the physical do-
main. As a result, these cases led to holes in the fiber surfaces.

In the data sets considered here, too many of these errors oc-
curred, so that a visual analysis was no longer possible (see Fig-
ure 3a). To solve this problem, we redesigned the extraction algo-
rithm to reduce the numerical errors so that that becomes possible
to process planar tetrahedra.

In a preprocessing step, the modified algorithm first calculates
the Hesse normal form of all interactor triangles to reduce the nu-
merical errors in a double calculation. In a second preprocessing
step, we test if the points of a tetrahedral cell are on different sides
of a plane of the triangles. If not, no interaction is possible. Oth-
erwise, we use a new algorithm to calculate the intersection points
between the co-domain tetrahedra and the triangle of the interactor.
The new calculation of the intersection points is based on a clas-
sical clipping algorithm from computer graphics, the Sutherland-
Hodgman algorithm [SH74].

Algorithm 1 Calculation of a Fiber Surface with clipping algorithm

Require: Grid OSG in Object Space, Intersecting Tetrahedra Tet,
list of triangles Tri from interactor

1: preprocessing Save Hesse normal form for all tri ∈ Tri in
Normals

2: for all tetrahedra tet ∈ Tet do
3: for all triangles tri ∈ Tri do . subject polygons
4: if Test intersection tet and tri then . used Normals
5: set PointList = p ∈ tri
6: for all face f ∈ tet do . clip polygons
7: for all points pi, p j ∈ PointList do
8: calculate distances of pi and p j to face f
9: if both distances are smaller or equal to 0

then
10: add both points to NewPointList
11: projection both points in OSG
12: else if only one distance is smaller or equal

to 0 then
13: add inner point to NewPointList
14: projection inner point in OSG
15: add intersectionpoint between pi p j

and face f to NewPointList
16: projection intersectionpoint in OSG
17: else if both distances are greater 0 then
18: do nothing
19: end if
20: end for
21: set PointList = NewPointList
22: end for
23: end if
24: triangulation of the intersectionPlane
25: end for
26: end for

This algorithm (see Algorithm 1) requires a list of all points in
the subject polygon and the clip polygon as input to calculate the
intersection points. All the interactor triangles are used as subject
polygons, and the faces of the co-domain tetrahedra are used as clip
polygons. So each triangle in the interactor is clipped with the faces
of the tetrahedra. The resulting intersections from the co-domain
are simultaneously projected to the domain.

c© 2020 The Author(s)
Eurographics Proceedings c© 2020 The Eurographics Association.

11



F. Raith et al. / Visual Analysis of a Full-Scale-Emplacement Experiment in the Underground Rock Laboratory Mont Terri using Fiber Surfaces

A further advantage of using the clipping algorithm is that the
sequence of the intersection points is known, which simplifies the
triangulation of the resulting cut surface. These adjustments sim-
plify and accelerate the algorithm and make it possible to investi-
gate areas that could not be detected before (see Figure 3b).

A side-effect of the new algorithm is that the previous assump-
tion from Raith et al., stating that the interactor must be closed and
convex, is now obsolete.

(a) Fiber surface without clipping algorithm.

(b) Fiber surface with clipping Algorithm.

Figure 3: Extraction of the fiber surface from an attribute space
(Temperature-Saturation-Stresszz) for a specific area around the
tunnel. Figure 3a shows the extraction with the Fibersurface al-
gorithm by Raith et al. and Figure 3b shows the improved Fiber-
surface algorithm from this work.

5. Visual Analysis

In the past, visual analysis of THM-simulation results of the FE ex-
periment via OpenGeoSys was done via Paraview [AGL05]. Sev-
eral simulated variables of interest are displayed in parallel, and a
suitable color lookup table is chosen. Developments over time, such
as the propagation of temperature during the heating phase of the
experiment, the resulting desaturation of the claystone and the sub-
sequent changes in the vertical stress in the formation around the
tunnel, are explored during the analysis of the model results (see
Figure 4). Results of that analysis obviously depend on the intuition
and experience of the scientist performing said analysis, as effects
may only become apparent by correct placement of the clipping
plane and the selection (and possibly the adjustment) of suitable
color lookup tables (LUTs). Even then, only parts of the data can
be viewed at a time, and it is difficult to understand the propagation
of variables within 3D space thoroughly.

The improved fiber surface algorithm allows the user to visual-
ize the data in several ways. Some particularly suitable approaches
for the analysis of results from the FE experiment are briefly intro-
duced in the following.

Extract Fiber Surface

The improved fiber surface algorithm allows the user to view the
entire object space at once and select a linear combination of three
attributes from the simulation results. This is the simplest analysis

Figure 4: Visual exploration of three variables (temperature, satu-
ration, vertical stress) via ParaView.

option, and it is very effective when a region of interest needs to
be analyzed in more detail. Figure 5a uses an attribute space con-
sisting of eigenvalues of the stress field. The λma jor is mapped to
the x-axis, the λintermediate to the y-axis and the λminor to the z-axis.
The blue wireframe is the mapping of the object to the attribute
space, and the red wireframe is a cube interactor used to select a
conspicuous area. The intersection between the interactor and the
wireframe forms the fiber surface. This fiber surface is shown in
object space in Figure 5b. Besides, the temperature is displayed on
this surface to visualize the relationship.

The three heaters and the surrounding tunnel are clearly visible
in object space. At the timestep shown, the temperature on the sur-
face of the heaters is increasing strongly, but due to the backfill
material, the surrounding tunnel is getting only marginally warmer.
With the fiber surface in Figure 5b, it becomes immediately obvi-
ous that the stresses are asymmetrically propagated during the FE
experiment. This effect would have been complicated to detect us-
ing the visualization techniques used before (i.e. a combination of
LUTs and clipping).

Sliding Fiber Surface

Another potential visual analysis creates a fiber surface with a slider
through attribute space. With this technique, it becomes easy to give
a first impression of the entire attribute space to quickly analyze
simulation errors or the general distribution in the attribute space. It
is also possible to analyze an area of interest where it is not possible
to identify a single position.

In Figure 6 uses the same attribute space from the simulation re-
sults of the FE experiment that has been used as in Figure 4. Here,
the temperature is mapped to the x-axis, saturation to the y-axis,
and vertical stress to the z-axis. The attribute space can be recog-
nized by the interactor in the Figures 6a, 6c, 6e. Figures 6b, 6d, 6f
show the corresponding fiber surface in object space. In this exam-
ple, we investigated a region where the saturation is very high but
has not yet reached the maximum. The interactor is sliding along
the z-axis through the attribute space. Temperature is again mapped
onto the fiber surface, showing the areas around the heater elements
illustrated in Figure 2. This area is especially interesting for the
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(a) Attribute space (b) Object space

Figure 5: Interaction of the interactor (red) with the attribute space of the FE experiment (blue) (5a) and visualization of the extracted fiber
surfaces in the object space (5b). The temperature is mapped to this fiber surface.

engineers because the effects of increased temperature on the sur-
rounding tunnel and clay formation are key questions of the exper-
iment.

Connected Fiber Surface

Our final visual analysis uses connected fiber surfaces. These be-
come possible because interactors no longer have to be closed and
convex. The calculated fiber surface itself is used as a new inter-
actor in another attribute space to display the values in that sec-
ond space. This method is especially interesting when an interac-
tor from the object space is displayed in the attribute space and
is directly mapped back into the object space as a new interactor.
Because the tetrahedra penetrate each other in attribute space, not
only the interactor in object space is identified again but also all
areas that have the same combination of attributes as the original
interactor.

In Figure 7, this method is applied to the simulation results of
the FE experiment. First, a simple interactor is used to extract a
fiber surface from the attribute space in Figure 4, which represents
the three chambers and the tunnel entrance (see Figure 7a). From
this, the marked blue chamber is selected and used as the new in-
teractor (see Figure 7b). The blue interactor is now mapped into the
attribute space of the stress eigenvalues and used as the new inter-
actor (see Figure 7c). The resulting fiber surface created in object
space is shown in Figure 7d, covering not only the original inter-
actor but also all other areas with the same attribute combination.
The temperature has been mapped onto the fiber surface again, to
improve analysis.

6. Conclusion

In this work, we used the data from the underground rock labo-
ratory Mont Terri, where a large number of experiments on the
storage of radioactive waste in claystone are conducted. For the

results of a multiphysics simulation of one of these experiments,
the full-scale emplacement experiment, we presented an improved
fiber surface extraction algorithm for visual analysis. This improve-
ment allows us to study perfectly planar tetrahedra and reduces the
numerical errors of the original algorithm. Besides, the algorithm
was redesigned to enable the visual analysis of these perfectly pla-
nar tetrahedra, and a clipping algorithm was used to calculate the
intersections between the interactor triangles and the object tetra-
hedra. The improved fiber surface algorithm facilities several novel
ways to visualize data, some of which have been applied to nu-
merical results of the FE experiment. We have shown that with the
fiber surface algorithm, the user can get an overview of the whole
object domain reasonably fast. Previously hard to detect phenom-
ena, such as the asymmetry of the stress propagation, become rea-
sonably easy to detect. A particularly exciting prospect for visual
analysis is the use of the fiber surface itself as an interactor. This
method has become possible because the interactor does not have
to be closed and convex.

With this new algorithm, their much potential for future anal-
yses. Here, only a first overview of the FE experiment could be
given. These investigations need to be extended and refined in
collaboration with domain scientists and may also be applied to
other experiments from the URL Mont Terri. The work of Blecha
et al. [BRP∗20], which extends the fiber surface to n-dimensions,
could also contribute to a more thorough investigation. Further-
more, interactivity suffers from the use of complex interactors,
which is why a corresponding acceleration of the algorithm is an
important goal for future work. Moreover, automatic recognition
of interesting areas in the attribute space is also an extension that
would substantially support researchers during the analysis of mul-
tivariate data.
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(a) Attribute space (b) Object space

(c) Attribute space (d) Object space

(e) Attribute space (f) Object space

Figure 6: Selection of 3 slider positions. The attribute space shows the eigen stress (6a, 6c, 6e) and in the interactor (red). In the object
space (6b, 6d, 6f), the temperature is mapped to the fiber surface. For better localization, the tunnel entrance and the 3 inclusions are shown
as blue wireframe.
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(a) Attribute
space

(b) Object space (c) Attribute space (d) Object space

Figure 7: Extraction of a fiber surface from the attribute space (Temperature-Saturation-Stresszz) with a simple interactor (7a). A section
(blue) of the fiber surface is marked and used as a new interactor (7b). With this interactor a fiber surface in the attribute space (λma jor-
λintermediate-λminor) is extracted (7c), which is mapped back into the object space (7d). The temperature was mapped to this fiber surface.
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