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The article describes an approach to mesh generation allowing to address radioactive waste management tasks. The 
approach is based on object representation as a set of simple geometric shapes (primitives). Mesh characteristics (type, 
size, number of elements) are controlled at a primitive level. The program allows to combine primitives using boolean 
operations to describe complex objects (for example, intrusions in host rock and their intersections with excavations). 
To describe nested objects (for example, a radioactive waste container in a borehole or a borehole in a host rock), the 
program implements a hierarchy of primitives. This approach can be used to generate meshes of objects with regular 
geometry and/or layered structures. The program is written in Python language. The mesh is created by editing the 
input files in JSON format. 
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Introduction

Radioactive waste management provides for 
waste storage in purpose-designed containers at 
almost all stages of the process: from waste collec‑
tion to its removal from the biosphere. Despite its 
diversity, such containers nevertheless have quite 
universal shape: it can be axisymmetric cylindri‑
cal, rectangular or a combination of these shapes 
(Figure 1).

This relates both to the shape of the tanks them‑
selves and the shape of relevant storage facilities 
(Figure 2) with the exception of some cases, such as, 
for example, liquid radioactive waste injection into 
geological formations. 

Such versatility of forms subsequently resulted in 
a similarly universal approach to the generation of 
computational meshes discussed in this article.

The basic concept

Computational mesh is generated based on a set 
of simple elements — primitives. Each primitive is a 
hexagon with its faces having different shapes (Fig‑
ure 3). By combining primitives and changing the 
shape of their faces, one can create various objects 
from simple items (cube, cylinder, ball) to com‑
plex multi-layer engineered structures (containers, 
wells, tunnels).

Of course, based on this approach one cannot ac‑
curately reproduce the shape of a real object with all 
its small details and inhomogeneities. However, for 
calculation purposes, all objects are commonly re‑
duced to relatively simple elements, which, in turn, 
can be recreated using this method. Meshes made of 
primitives have an important advantage suggesting 
easy and reliable control over their quality — fine 

Models for the Safety Analysis of RW Disposal Facilities



Radioactive Waste № 1 (14), 202170

Models for the Safety Analysis of RW Disposal Facilities

70

tuning. From a topological perspective, each primi‑
tive, despite the free shape of its faces, is a hexagon, 
thus, the quality of the mesh can be managed over 
three directions: length, width and height. If vol‑
umes of arbitrary shapes are applied, the size con‑
trol is implemented immediately in all directions, 
which appears to be quite inconvenient, for exam‑
ple: when thin cylindrical shapes are simulated and 
it’s necessary to improve the mesh quality in the 
wall radially, the cell size also decreases vertically 
resulting in an increased number of grid elements 
and, consequently, increased computation time 
and resources.

Primitives are put together into complexes usual‑
ly reflecting some physical object or form (Figure 4). 
Such complexes, firstly, ease mesh operations since 

they can be used to describe it as a composition of 
separate large blocks. For example, in case of tasks 
associated with RW storage facilities, when the en‑
tire mesh actually involves many copies of the same 
object (for example, RW container), it’s considered 
sufficient to reproduce one container in the form of 
a complex and then to expand it to the entire stor‑
age facility.

Secondly, under this approach complexes, once 
created under other tasks, can be used further. For 
example, one can use once created containers when 
a new storage layout is considered, or, conversely, use 
an old layout, but with a new type of containers. If we 
draw an analogy between a computational mesh and 
a city, then the complexes can be considered as hous‑
es and the primitives as the building blocks or bricks.

Figure 1. Forms of containers for radioactive waste: a) cylindrical, b) rectangular, c) mixed

a)	 b)	 c)

Figure 2. RW storage facilities: a) spent fuel pool, b) near-surface repository, c) deep disposal facility

a)	 b)	 c)

Figure 3. Primitives: a) cube, b) cylinder, c) complex shape

a)	 b)	 c)
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Figure 5 presents the hierarchy of complexes. It 
should be emphasized that all primitives are ele‑
ments of complexes that for illustration purposes 
were shown as a red rectangle in the diagram.

Matrix complex is seen as a basic one. It is a 
three-dimensional mesh used to create computa‑
tional meshes of objects with a regular structure: in 
the cells of this mesh one can set various materials 
and boundary conditions, deformations, primitives 
and other complexes. Since other complexes can 
be placed into the cells, one can generate complex 
nested recursive computational meshes, for exam‑
ple, other "Matrices" can be emplaced into each cell 
of the "Matrix" and etc.

Polygon complex is used to generate meshes 
based on a series of polygons and is applied to im‑
port some geometry from other software.

ComplexPrimitive is often required to create a 
complex composed of one primitive.

RegularMatrix and RegularBoundMatrix are used 
to create symmetrical repeating geometries such as 
vaults or tube bundles.

The Cylinder is used to construct multilayer cy‑
lindrical geometries (containers, drums, etc.); it can 
be also used to alternate cylindrical geometry with 
the rectangular one, for example, to accommodate a 
container within a cubic block (as seen in Figure 1c).

All meshes are generated using ComplexFactory 
allowing to standardize the process of mesh gen‑
eration regardless of what complexes and primi‑
tives it is made of. An input file in json format is 
used as an input to the "factory". At its output, the 

"factory" generates a computational mesh file. Since 
the input files may be interconnected with other in‑
put files, the generation process will be as the one 
shown in Figure 6.

The main input file 6.json with possible intercon‑
nections with other input files 1-5.json at the out‑
put is fed to the input of the executable script "fac‑
tory" complex_factory.py, then the mesh.msh mesh 
is generated by the factory.

The gmsh package [1] is used to generate compu‑
tational mesh. However, even though the considered 
approach was based on the package capabilities, it 
can be basically transferred to another generator if 
its capabilities are similar to gmsh. To date, gmsh 
is de jure the most common (cited) package used 
by the scientific community to generate meshes 
(4,906 citations as of January 2021 with an average 
of 500 citations per year). It has a broad functional‑
ity, providing integration with the OpenCASCADE 
CAD system [2] and API based on languages com‑
monly used today (C, C ++, Python and Julia) and 
is also evolving quite dynamically. The code itself 
uses libraries for mesh operations: Netgen [2] and 
Mmg3d [3].

Figure 4. Complexes: a) a cylinder made of 5 primitives, b) a ball made of 7 primitives,  
c) cross-section of a complex shape (27 primitives)

a)	 b)	 c)

Figure 5. Hierarchy of complexes

Figure 6. Mesh generation process
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There are two meshing kernels available in gmsh: 
geo and occ. The geo kernel is a standard software 
core providing all functions required for mesh gen‑
eration. The occ kernel is a kernel extension sup‑
plemented by OpenCascade CAD package capabili‑
ties [4]. Its main advantage is seen in its ability to 
use Boolean operations with volumes (Constructive 
solid geometry, CSG) allowing to create complex 
shapes from a combination of simple ones by ap‑
plying logical operations.

 Figure 7 shows the process of a complex shape 
formation based on a cube, a ball and cylinders us‑
ing the Boolean operations of intersection, union 
and subtraction. Thus, for example, when the mesh‑
es are generated, intersections of RW emplacement 
wells with rock inhomogeneities (intrusions, crush‑
ing zones, etc.) are reproduced under the process of 
geological RW repository modelling.

However, this algorithm has certain disadvantag‑
es. Due to a large number of items inside the well 
(containers, engineered safety barriers (EBS)), the 
running speed of the algorithm sharply decreases 
since intersection operations are required for each 
item. After this operation is completed for one 
well, the number of items increases, which slows 
down the intersecting operation for the next well, 
etc. Another issue is associated with possible for‑
mation of small volumes resulting in the thicken‑
ing of the computational mesh and, accordingly, a 
sharp increase in its size. In practice, the algorithm 
runs either for a limited number of wells (1-4) or for 
wells without an internal structure, i.e., consisting 
of a homogeneous material. However, its versatility 
(with the intersections that can be reproduced for 
any volumes) makes it quite helpful, for example, 

when it comes to intersections with volumes built 
in third-party software without additional prepro‑
cessing and analysis.

DDFRW modeling

Below considered is a mesh generation process 
for a deep RW disposal facility (DDFRW) [5], which 
consists of a number of wells with RW and EBS con‑
fined in them. Wells are allocated in the bedrock 
in an orderly manner accounting for two zones ac‑
cording to the corresponding RW activity level.

Three complexes are used to generate the compu‑
tational mesh: Cylinder, Matrix and RegularMatrix. 
Cylinder is used to model wells with their axisym‑
metric shape, RegularMatrix is used to reproduce 
two zones with ordered wells (Cylinder), Matrix is 
used to accommodate two zones with wells (Regu‑
larBoundMatrix) in the bedrock.

Figure 8 presents the structure of the input files 
used to build the complexes. The files nkm_ hlw_
core.json and nkm_ilw_core.json are assembled 
from three types of input files reflecting the base 
of the well (nkm_xiyjz0.json), its top (nkm_xiyjz1.
json) and the intermediate part with RW contain‑
ers (nkm_xiyjzk.json), the number of which can 
vary, i. e. any number of RW containers can be set. 
In the input file nkm_hlw_ilw_core.json, zones 
with wells are oriented relative to each other. In the 
nkm_hlw_ilw.json file, zones are accommodated 
within the bedrock. Additionally, the upper input 
file of the hierarchy nkm_hlw_ilw_conf.json can be 
set to a configuration file with a customized com‑
plex “factory”.

Figure 9 presents a computational mesh struc‑
tured from tetrahedral elements. To create a hexa‑
hedral and/or unstructured mesh, one should in‑
troduce relevant changes to the root configuration 
file nkm_hlw_ilw_conf.json. In case of changes 
introduced to repository layout, changes are in‑
troduced to the zone files: nkm_hlw_core.json 

Figure 7. Boolean volume operations

Figure 8. Structure of DDFRW input files: 
red — Matrix complex, green — RegularBoundMatrix,  

blue — Cylinder, gray — configuration file
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and nkm_ilw_core.json. If changes are associated 
with wells and/or RW containers, changes are intro‑
duced to the files: nkm_xiyjz0.json, nkm_xiyjz1.
json and nkm_xiyjzk.json.

This approach allows to change parameters of a 
computational mesh through the input file in an 
automatic mode, for example, in case of multivari‑
ate calculations implemented for an object when 
searching for its optimal layout. It also allows to 
import some part of a computational mesh, for ex‑
ample, one zone of the mesh, to another project 
by copying the input file associated with this zone 
and the input files associated with the wells. This 
enables effective application of already available 
solutions under new projects. Of course, there will 
be some difficulties in reconciling the parameters 
of old and new models, but the internal parameters 
reflecting the geometry of each zone remain the 
same.

Examples

Presented below are some examples of meshes 
generated for RW management calculations using 
the approach presented in the article.

Figure 10 presents a DDFRW layout with relevant 
excavations: the wells are plotted as a structured 
mesh, whereas the excavations and the bedrock 
(not shown in the figure, fills the entire space sur‑
rounding the object) are unstructured.

Unstructured areas with poorly controlled mesh 
quality are generated when it appears impossible to 
combine several structured geometries or because 
of a high cost of such a combination. For example, 

tunnels are axisymmetric or rectangular in their 
cross-section, which can be reproduced as a struc‑
tured one. Vertical wells have the same shape, but a 
combination of these objects is no longer an ordered 
shape and requires an unstructured insert, which 
complicates mesh generation making the algorithm 
less reliable and less controllable by the user.

In case of curved geometry, such as a rock mass 
intrusion (Figure 11), combination of objects be‑
comes even more difficult. Well-intrusion intersec‑
tion forms a curved surface and it’s considered al‑
most impossible to set this surface in a manual way. 
However, even if it appears possible, there is a very 
limited set of parameters allowing its control.

 In this case, OpenCASCA DE kernel with boolean 
operations on volumes is used. In fact, each vol‑
ume is viewed as a primitive: in the computational 
mesh, it intersects any other forming new surfaces 
at the intersections usually having a curved shape. 
After that, a disordered computational mesh is cre‑
ated in them, the size of which is controlled indi‑
rectly, for example, along the shortest face in the 
volume. This greatly complicates the control over 
the computational mesh generation due to pos‑
sible occurrence of very small volumes with a small 
edge length and, accordingly, a severe thickening 
of the computational mesh in the intersection re‑
gion, which is clearly seen in the figure. With an 
increase in the number of intrusions and/or wells, 
potential occurrence of such volumes increases due 
to which it either becomes impossible to generate 
a computational mesh being adequate in its size or 
the available computer RAM is exceeded. Also, an 
increase in the number of objects leads to a sig‑
nificant increase in the computational complexity 
of the problem, which is quite difficult to estimate 
since after each Boolean operation, the number of 
objects for new operations increases.

Figure 9. Cross-section of a generated mesh

Figure 10. Possible layout of the underground DDFRW section

Figure 11. An example of Boolean operations: intersection 
of an intrusion (yellow) in a rock (gray)  

with an EBS-fitted well (red, green)
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As practice shows, this approach enables the gen‑
eration of computational meshs for a limited num‑
ber of wells and intrusions (up to 10) or several in‑
trusions and hundreds of wells, nevertheless, hav‑
ing a primitive homogeneous environment inside 

Figure 12 shows that it’s possible to generate 
non‑axisymmetric sections for modeling purposes, 
for example, to simulate the imperfection in the 
shapes of a container or a well, provided that the 
computational mesh remains structured, which in‑
creases the reliability and quality control  Figure 13 
provides an example of a DDFRW layout design  
The wells are reproduced as a structured computa‑
tional mesh, whereas the bedrock is unstructured  
This results in almost uncontrollable thickening of 

the mesh in the area between the wells, neverthe‑
less, allowing to accommodate the wells with dif‑
ferent types of containers 

Figure 14 provides an example of a cell with 
RW containers in a surface storage facility under 
forced air cooling  The cell section contains both 
circular and rectangular sections, while the com‑
putational mesh remains structured  Since it’s 
possible to copy already created geometries, one 
can reproduce blocks of cells under an arbitrary 
layout 

Figure 15 presents wells assuming a trench layout 
with a structured computational mesh inside of the 
trenches 

Figure 16 provides an example of geometry im‑
port from the Micromine geological package [6]  
The imported geometry (orange) represents rock 
intrusions that intersect the envisaged wells (tur‑
quoise)  The OpenCASCADE kernel with Boolean 
intersection operations was used to process the 
intersections 

Figure 12. An example of a multilayer curved geometry based 
on the Matrix complex

Figure 13. DDF RW wells (part)

Figure 14. RW containers accommodated in a storage facility 
with forced cooling

Figure 15. DDFRW (trench concept, part)
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The OpenCASCADE kernel was also used to model 
a thermomechanical URL experiment (Figure 17) [7]. 
Tunnel and well volumes were subtracted from the 
rock volume (gray). This computational mesh can 
be generated directly as well with all its volumes 

and surfaces, including intersections, being speci‑
fied explicitly. However, in practice this would be a 
much more labor-intensive task than the automat‑
ed calculations with Boolean operations applied on 
elementary easily set forms.

It is important that the system of boolean op‑
erations is built into the general concept of the 
approach with only one parameter in the upper 
configuration file required to be changed to allow 
its inclusion. For example, if we want to add an in‑
tersection with another mesh generated without 
Boolean operations, we don’t need to introduce any 
changes to their input files: all intersections will be 
calculated automatically.

Conclusion

The approach described allows to generate com‑
putational meshes to address RW management 
modeling problems. Meshing is done by editing the 
input files.

This approach enabled a three-dimensional cal‑
culation of DDFRW thermal mode with varying de‑
grees of detail: for most wells, a simplified model 
was chosen with a detailed one build for several 
wells. Thus, assessment both of large-scale pro‑
cesses such as heating of the surrounding rock and 
small-scale ones (heating of container walls) can be 
combined under a single calculation.

For the moment, the main focus areas requiring 
further advancement can be summarized as follows:

1) accumulation of an input file database to ad‑
dress some new problems;

2) addressing the problems requiring Boolean op‑
erations with volumes (for example, intersection of 
bedrock intrusions and excavations);

3) import of geometries from third-party soft‑
ware (for example, import of real bedrock forms 
from purpose-developed software);

4) optimization and support of the computer code, 
as well as addition of new capabilities.

Despite the fact that the software has been de‑
veloped and tailored to address RW management 
problems, this approach can be applied in address‑
ing other problems with similar geometries, for ex‑
ample, such as:

1) wires, boxes, pipelines of various configurations;
2) objects with a repeated structure: foundations, 

tanks, warehouses, multi-storied residential build‑
ings, supercomputers;

3) multilayer composite materials.
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