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From tomographic imaging to numerical simulations: an open-source
workflow for true morphology mesoscale FE meshes
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Abstract

Full-field techniques such as tomography are becoming progressively more central in the study of complex phenomena, in particular where spatiotemporal
evolution is crucial, as in moisture transport or crack initiation in porous media. These techniques provide a unique insight in the local process whose
quantification allows the improvement of our understanding and of the models describing them. Nevertheless, the model validation can be pushed further
by attempting to explicitly represent the heterogeneities and simulate their role in the processes. Once validated, these models can be used to perform
“virtual experiments”, and overcome the limitations of the experiments (e.g., sample size and number, fine control of the boundary and initial conditions).
This study proposes a connection between tomography images and mesoscale models through a workflow that mainly employs open-source tools. This
workflow is illustrated through the digitization of a Portland cement concrete sample, stemming from neutron tomographies and resulting in a numerical
finite element mesh. The proposed workflow is flexible, allowing for the conversion of images from various sources, such as x-ray or neutron tomographies,
to different numerical representations of the domain, such as finite element meshes or even a discrete domain required by discrete element methods,
while preserving real morphologies with an accuracy proportionate to the specific need of the problem. Beside its generalizability, our method also offers
automated labelling of the different domains and boundaries in both the volumetric and surface meshes, which is often necessary for assigning material
properties and boundary conditions. Finally, the series of image, geometry and mesh processing steps described in this work are made available on a
GitHub repository.
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thermal behavior, emerge from the cumulative effects of
micro and mesoscale structures and their interactions.

1 Introduction

Multiscale materials showcase diverse characteristics at
various levels of observation, often requiring consideration of
multiple scales to comprehensively describe their behavior
[1]. Concrete for instance, a subcategory of geomaterials, is
considered as a multiscale material due to its complex
structure and properties that emerge from interactions
across multiple length scales. Three length scales can at least
be considered for this material: the microscale, the mesoscale
and the macroscale. At the microscale, concrete comprises
cement paste, aggregates, and voids, with interactions
between cement particles and water, hydration product
formation shaping its microstructure. Moving to the
mesoscale, elements like aggregate arrangements, pore
distribution, the interfacial transition zone (ITZ), micro-cracks
play pivotal roles. At the macroscale, concrete's properties,
including compressive and tensile strength, elasticity, and

Many studies in the literature highlight the role of
mesostructure on the overall behavior of concrete
undergoing different types of loading. Those studies
especially emphasize the role of strain incompatibilities
between the cement matrix and the aggregates on
mechanical behavior [2], micro-cracks formation [3], failure
mechanisms [4, 5] damage under fire accidents [6], the effect
of cracks on the local permeability [7], etc. Besides
experimental evidence, mathematical models developed at
the mesoscale are of a great benefit to enhance the predictive
capacity of numerical approaches. In fact, most of the models
at the macroscale display a complex mathematical
formulation to describe the averaged energy, mass, and
momentum transfer of a homogenized material. Mesoscale
models are useful, not only to simulate processes at the
mesoscale, but also to help parameterize and validate
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macroscale models. This can be done either by simple
calibration or by use of sophisticated upscaling and
homogenization techniques [8, 9]. In addition, mesoscale
models can also be used to propose phenomenological
behavior laws that capture the impact of local processes [10].

It follows that mesoscopic models require a non-
homogeneous material field and that the generated mesh
should account for multiple domains. In addition to the
homogenized mortar phase (accounting for the sand fines
and cement paste), other domains could be added such as
aggregates, macro-pores, ITZ, etc. It should be noted that the
impact of the explicit representation of some of the domains
is still disputed in the literature and is highly dependent on the
type of physics to be modelled. For instance, while the ITZ
may play an important role in mechanical simulation, its
relevance in certain moisture transfer contexts may be
deemed negligible [11]. In addition, there is no agreement on
how to model this domain (zero-thickness cohesive element)
or what thickness should be attributed to it [12, 13].

Previous studies at the mesoscale suggest different methods
to build the required multi-domain mesh. In [14], the
generated mesostructure of the aggregates consisted of
diameter-varying disks/spheres and their variation followed
an experimental particle size distribution curve, thus
respecting the volume fraction of aggregates in the concrete
volume. However, the simplification in the aggregates shape
overlooks the influence of their true morphology. In addition,
no explicit modeling of the ITZ is considered despite its proven
effect on the failure mechanism in mechanical simulations. In
[15], a THM model is introduced featuring spherical
aggregates and a weak interface transition zone (ITZ) to
simulate concrete behavior. However, neither the particle
size distribution nor their shape was accurately accounted for,
raising concerns about the model's representativeness in
simulating real concrete materials. In [4], a simple and
straightforward mapping scheme between a XCT*-informed
voxelized mesostructure and a regular cubic mesh is
proposed. In fact, this approach involves transforming each
voxel into eight-noded hexahedral cubic elements.
Consequently, directly operating on the initial tomography
data is not feasible due to the resulting excessive element
count. To address this, compressing the image (scaling it
down) becomes necessary in order to decrease the voxel
count. However, this compression introduces inaccuracies in
representing the volume fractions of the segmented phases,
demanding meticulous sensitivity analysis to determine the
appropriate compression level. In Stamati et al. [16], a
projection-based method of a trinary segmentation of a XCT
on a tetrahedral mesh is proposed. The resulting mesh is
however non-conformal and results in having shared mesh
elements between the different domains. This necessitates
non-conventional FE techniques capable of managing strong
discontinuities, like the Extended or the Embedded Finite
Element Method (XFEM and EFEM, respectively). On the
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other hand, the formulation of those methods are especially
beneficial to predict crack initiation and propagation and can
be parameterized with only a few number of parameters
easily identified through conventional experiments.

In [10], a fully-coupled meso-scale THM model is proposed to
study the effect of a single big aggregate on the overall
behaviour of a mortar sample. However, the conformal mesh
used in this study was generated between a volume-
equivalent ellipsoid and a cylinder since the big aggregate was
oval-like shaped. No workflow was therefore proposed by the
authors to transition from the tomography to the conformal
mesh. Finally, a weakly-coupled THM mesoscale model is
proposed in [17] that applied a similar mapping scheme to
that in [4], however, this time the mesostructure was
obtained after a series of image processing steps applied to
the original neutron tomography.

With the increasing number of experiments that employ
advanced imaging techniques such as (but not limited to) x-
ray and neutron tomography (see for instance the following
literature reviews [18, 19, 20] and the following studies at
low-temperature [21], moderate temperature [22], high
temperature [23, 24, 25] and cracked medium [26], etc), there
is a need to propose a method that bridges the experimental-
numerical gap between complex heterogeneous 3D images
obtained by tomography experiments and the 3D
morphology-conserving digital representation of such
features using multi-domain FE meshes. This work presents
two possible pipelines for this purpose (a hybrid,
predominantly MATLAB-based approach and a full Python
approach). Toillustrate that, the step-by-step series of image-
processing and computational geometry methods devised on
the workflows are applied to a neutron tomography of a
concrete sample tomography to obtain a conformal multi-
domain mesh that can be used for FE applications.

2 Material and Methods
2.1 General Workflow

The example used in this communication is that of a concrete
sample that underwent THM processes while being scanned
using x-ray and neutron tomography simultaneously. The
concrete mixture is composed of cement, sand, gravels and
water. The detailed composition of the sample is described in
[22].

The neutron tomography of the concrete sample was
acquired at the NeXT-Grenoble beamline [27]. Specifically,

900 projections were acquired over a 360" rotation. All the
image acquisition parameters are detailed in [22] and the

data can be found at:

https://doi.ill.fr/10.5291/ILL-DATA.UGA-60.

The sets of radiographies were then reconstructed into the
corresponding 3D volumes by means of the Feldkamp (FDK)
back projection algorithm, as implemented in the commercial
software X-act (from RX-solutions).
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Besides the aforementioned medianing of the radiographies,
some small corrections for beam hardening were also applied
during the reconstruction step.

The reconstructed image can be seen as 3D neutron
attenuation field where the aggregates have a lower neutron
attenuation than the surrounding mortar matrix (cement
paste and sand fines which shape is not detectable by the
image resolution) due to their distinct water content, as seen
in Figure 1a). In fact, water molecules heavily attenuate
neutrons due to the presence of Hydrogen element (which
has a very strong interaction with neutrons). Therefore, based
on the distinct gray value between the aggregates and the
surrounding mortar, an intensity-based segmentation is used
to separate between these two components.

It should be noted that in the case presented herein, the focus
is to obtain a mesh considering only coarser aggregates (with
an equivalent spherical radius of 4mm or more, as seen in the
particle size distribution curves presented in Figure 1 d),
where the sieved image is compared to the original image),
hence, the distinction between pores and aggregates is not
required, as the former are way smaller than the threshold
size. Simultaneous segmentation of the pores and aggregates
exist in the literature, such as the multimodal analysis of
neutron and x-ray tomographies as obtained in the NeXT
equipment, and described by Roubin et al. [28].

The result of this operation is a binary image of the
aggregates, as shown in Figure 1 b). However, since the sand
and gravels granulometry ranges from fractions of a
millimeter to several millimeters, the binary image shows
sand particles which shape is represented by a few voxels
only. This largely increases the computational cost of the
meshing process, as a consequence, discarding small sand
fines is needed for practical purposes. A possible solution for
this is to use watershed algorithms to label each particle and
characterize it by its equivalent spherical radius, as seen in the
sequence of Figures 1 c), e) and f). In this study, the specific
value of 4mm was chosen somewhat arbitrarily to establish a
cutoff. Below this threshold, the aggregates were not treated
as separate entities; rather, their collective influence was
integrated into the behaviour of the homogenized mortar
phase. Itis also important to highlight that the accuracy of the
method is partly function of the richness of the image of
origin. The approach proposed herein is, in this respect,
agnostic to the origin of the image (e.g., Neutron, x-ray or
magnetic resonance imaging) and its quality. The required
accuracy is, conversely a function of the specific application,
e.g. some first order description of the shape of grains (in the
order of tens/hundreds of microns) in granular media seem
to be sufficient to capture some of the more salient aspects
of the process [29], but a much richer description and smaller
scales is known to be needed for crack propagation in
crystalline solids. Furthermore, there may be a necessity for a
meticulous sensitivity analysis concerning the threshold value
in certain scenarios, such as mechanical failure simulations.
Additionally, it's imperative to rigorously assign the effective
properties of the homogenized phase.

However, as observed by the authors during the analysis, the
performance of the watershed algorithm in separating each

aggregate individually is not flawless and some small particles
can be mistakenly associated to a large particle in some cases.
To remove those persistent particles, denoising filters
(despeckle filter) or binary operations (a series of erode-dilate
operations) can be used.

The next step is to downscale the denoised binary image -
resulting in the representation present in Figure 1 g) - and to
apply a marching cube algorithm to obtain a surface mesh of
the aggregates. A 3D surface smoothing algorithm is then
applied to smooth the voxelized morphology of the
aggregates, as depicted in Figure 1 h). Additional processing
steps can sometimes be required in order to fix the surface
mesh (in case it is not watertight, or it presents intersecting
shells problems or even if it requires remeshing, etc).

Finally, the aggregates surface mesh can be imported to a
capable meshing software or library to generate the multi-
domain tetrahedral mesh, as shown in Figure 1 i). A labelling
step of the different mesh surfaces might be needed to assign
the boundary conditions of the yet-to-be-solved numerical
problem, this can be observed in Figure 1 j).

The full pipeline that includes the different image, geometry
and mesh processing steps can be visualized in Figure 1.

2.2 Detailed Workflow 1: Hybrid MATLAB-
Python (HMP) approach

This first approach is a hybrid one that uses Python scripts for
the preliminary imaging processing of the tomography and
for the mesh format conversion, and that relies heavily on a
MATLAB toolbox called GIBBON (The Geometry and Image-
Based Bioengineering add-On) [30]. GIBBON is an open-
source MATLAB toolbox that includes CAD, geometry and
image processing tools. This toolbox interfaces free open
source softwares such as TetGen [31] that possesses quality
meshing capabilities. A MATLAB license is required for this
part of the proposed methodology.

After reconstruction, the aggregates and the sand particles
are easily distinguishable from their surrounding matrix given
their distinct attenuation value (see Figure 1 a)). It follows that
applying a simple intensity-based threshold is sufficient to
segment the aggregates in the raw image. This operation is
basic and can be performed in any software or library with
image processing capabilities, resulting in Figure 1 b).

As mentioned in the previous section, the small aggregates
which have a sphere-equivalent diameter below an arbitrary
value of 4mm for instance are to be removed. This was
possible by applying a watershed algorithm [32] which labels
individual sand and aggregates particles - shown in Figure 1 c)
- and assign a sphere-equivalent diameter to each one of
them. In this work, this operation was done using the SPAM
Python package [33].

The previous operation, although very effective and capable
of removing most of the aggregates below 4mm, allows some
small particles to be mistakenly attributed to large particles
(see forinstance the difference between Figure 1f) and Figure
1 g) as smaller ones are removed). To get rid of these
impurities, multiple denoising filters could be used such as the
despeckle filter or by simply applying multiple Erode-Dilate
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operations. Multiple softwares and packages provide
implementation of such filters and binary operations. In this
work, the despeckle filter implementation of ImageJ software
[34] was used and was applied multiple times.

The binary image was then downscaled and a Marching Cubes
Algorithm [35] was applied on the processed binary image to
extract the outer shell of the aggregates. The resulting surface
mesh is then smoothed using SurfaceSmooth function [36]
from the MATLAB file exchange, leading to the surface mesh
shown in Figure 1 h). Alternative functions in GIBBON such as
PatchSmooth can also be used for this purpose with two
possible smoothing methods (Laplacian or Humphreys-
Classes smoothing).

It should be noticed that these algorithms are parametrized
enabling thorough control of the process, and thus it may
require trial-and-error tests for selecting the appropriate set
of parameters to balance the smoothing properly and achieve
representative geometries. The complexity of this stage can
be also related to the shape of the aggregate as rounded
natural ones (such as the ones considered in the example
presented in this work) are easier to smooth than artificial
grinded raw material with sharp edges.

Once the aggregates surface mesh is smoothed, we create a
cylindrical surface mesh and we use the TetGen [31] GIBBON
interface to create the multi-domain tetrahedral conformal
mesh illustrated by Figure 11i).

Finally, the mesh can be converted to multiple formats using
the meshio library [37].

We note that all of the described steps in this pipeline are
available on the GitHub repository at:
https://github.com/ANR-MultiFIRE/TomoToFE.

2.3 Detailed Workflow 2:
approach

a Python-based

The current workflow is proposed as a completely open-
source alternative to Workflow 1. It presents the advantage
of having all the required steps within a single software, from
the tomography image to the finite element mesh. If a Python
package is used for the numerical modeling stage, the whole
process can be set up on a single reproducible environment.
One potential downside when constructing a pipeline using
multiple libraries is the possibility of encountering
compatibility issues such as namespace collisions or version
conflicts. Nevertheless, all the packages herein can operate
simultaneously within the same environment without facing
any dependency conflicts.

The process starts with the reconstructed tomographies
stored as a stack of files .tiff. Due to faster load times and the
possibility of compression, the stack is converted to a .npz file
based on the NumPy Python library [38]. Next, the same
image processing applied in Workflow 1 is applied, starting
from the segmentation of the different phases through
thresholding the image and following with the labeling of
each individual aggregate through the watershed algorithm
of [32], shown in Figures 1 b) and 1 c), respectively.

The next step in the workflow is the removal of smaller
aggregates that were mistakenly labeled as a part of a larger

aggregate (undersegmentation). In order to do so a
succession of erode-dilate operations is applied to the image.
In the proposed pipeline, the tomography image stored as a
NumPy array is cast in a UniformGrid object from the PyVista
library [39]. It should be mentioned that the SPAM library or
scikit-image [40] can be employed as well; however, as
further steps will take advantage of functionalities of PyVista,
the current methodology adopts the PyVista implementation
of the erosion-dilation process, as a mean to reduce the
number of transitions between distinct Python libraries. As a
bonus, the PyVista library enables the fast rendering of
tridimensional images within the Python integrated
development environment (IDE).

Next, with the tomography image comprising only the
aggregates whose sizes lie in the range of the mesoscale
feature of interest, a marching cubes algorithm is utilized to
obtain a surface mesh from the aggregates. It should be noted
that because of the PyVista implementation of the marching
cubes’ algorithm, some aggregates are not watertight, and
some holes on the surface mesh of the aggregates are
observable. PyVista itself has a functionality that can fill holes,
however, depending on the hole size, the surface mesh can
be coarse at such regions, which can pose problems in the
finite element mesh generation step.

Thus, the PyMeshFix library [41] is used to fill the holes and
performing a refinement of the region that is patched. After
that, the surface mesh can be recast as PyVista PolyData
object and each aggregate can be separated as independent
submeshes.

The next stage aims to create .stl files for each aggregate for
loading within the Gmsh software [42], this can be done using
PyVista, which can also be used for performing surface
smoothing on the aggregates. The researcher can choose to
either apply a Laplacian smoothing or a method based on
Taubin’s algorithm, which is the one selected in the current
workflow due to its volume-preserving capability, which leads
to Figure 1 h). This stage can be optional depending on the
features of the structure that is being analyzed. For natural
aggregates, for instance, this step is less relevant than for
objects containing tubular geometries with sharp corners.

This stage also can highlight the flexibility of the proposed
workflow which allows to simply alter the geometry of
features of interest, for example to assess the role of one or
more heterogeneities in the system, which would be virtually
impossible experimentally.

Finally, with all the .stl files from each individual aggregate,
Gmsh can be used to create the overall structure of the
object, mark the external boundaries, and most importantly,
the internal boundaries between matrix and aggregates, and
the whole domain can be meshed. Local mesh refinement can
be applied with the information on the internal boundaries,
resulting in Figure 1 i). This can also be crucial for different
numerical models, as it might be required to define
constitutive laws that represent the interfacial transition zone
between the different phases. Finally, as proposed in
Workflow 1, the mesh can be converted to the format
required for the numerical method tool of choice, by also
using the meshio library [37].
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Figure 1. Individual stages of the general workflow, starting from a) the neutron tomography image, b) the segmented phases, c) the labeled
aggregates, d) the digital sieving of the aggregates, e) the sieved aggregates larger than 4mm, f) the relabelled image, g) resulting image after
erosion-dilation process, h) the surface mesh, and, finally, i) the obtained volumetric mesh with j) the detail of the mortar and aggregates.
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3  Conclusions

Heterogeneity plays a crucial role in multiple processes.
Nonetheless, traditionally the material response is simulated
neglecting this heterogeneity because of a lack of insight in
their role as well as to simplify the numerical formulation.
Additionally, limitations on available techniques hindered the
observation and comprehension of the dynamics of such
process in-situ.

Currently, though, such context changed, and the current
work proposes a streamlined open-source workflow to obtain
finite element meshes from tomography images. This setup
enables mesoscale analysis on an arbitrary number of
features of interest.

The novelty of the methods proposed herein lies on the
flexibility and simplicity of the tools, as the same process can
be extended to different fields of application, as well as
considering different tomography images (such as x-rays
instead of neutrons or even the mathematical models that
will be used for the simulation of the process, such as both
continuum approaches such as FEM, or even the discrete
techniques as discrete element modelling — DEM). In the case
of DEM, not exemplified in the workflows presented herein,
the required representation of the microstructures is
achieved by exporting the features of interest (such as the
aggregates) in .stl files that can be converted and imported by
the simulation software. This enables the creation of
assemblies comprising spherical particles of equivalent
volume, achievable through standard DEM techniques, or the
utilization of aggregates reflecting their authentic
morphology, possible in the scope of more sophisticated DEM
techniques. Finally, all the code is documented and available
at GitHub for the reader (https://github.com/ANR-
MultiFIRE/TomoToFE), making its adoption by anyone readily
available regardless of their level of expertise in the fields of
imaging and numerical simulations, which previously posed a
complex learning curve for such analysis.

4  Supplementary Code

The supplementary code for the workflows can be found in
the following GitHub repository:
https://github.com/ANR-MultiFIRE/TomoToFE,

while the considered data can be found at:

https://doi.ill.fr/10.5291/ILL-DATA.UGA-60.
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