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ABSTRACT

Structural engineering, related to the design of strategic structures, is moving more and more in the direction
of structural simulation, integrating various domains of analysis, overcoming the vision of the calculation
of structures; concepts such as seismic analyses with soil-structure interaction, nonlinear analysis,
performance-based design, thermo-mechanical coupling, are now essential for the design and correct
interpretation of the density of reinforcement needed. Advanced FEM solvers, such as EDF’s code_aster,
have been designed to meet these needs with a high level of industrial validation, but lack the necessary
efficiency and practicability to construct a building model (an enriched building information model) and
manage all the information levels necessary for the numerical solution required, such as the management
and manipulation of loads and boundary conditions, including the definition of the interaction between soil
and structure, the correct definition of the masses and thermal conditions around them, the definition and
combination of the analyses related to static, seismic and thermo-mechanical domains, so that the design
guantities of interest, such as code verifications and calculation of the reinforcement are carried out in the
most scientifically reliable manner. This paper aims to illustrate how all these factors have been orchestrated
in an organic process to allow in a strategic sector, such as nuclear, to arrive from structural inputs to the
reinforcement densities in a totally transparent and industrially validated way.

INTRODUCTION

The civil engineering field increased sharply during the last few years with the development of new
concepts, the feedback of the previous projects and the evolution of the current regulations. Improvements
asking for a constant training of the engineers and leading to the use of more and more complex tools, often
from multiple sources and developed only for internal purpose. Tools which need to be imperatively under
control in order to ensure the full safety and security of the facilities (we can quote as major examples the
nuclear facilities which are in the responsibility of EDF).

At the same time, for economic reasons, the schedule of the construction needs to be always
optimized imposing shorter and shorter deliveries for the engineers to express their requirements to the
constructors.

This is why it is essential to have a qualified, efficient and user-friendly tool which facilitates the
work of the engineer with the automatization of numerical processes linked to the solver (meshing, writing
the data and the command files) and proposing optimal solutions for each case.

To address this challenging, AETHER Engineering, KOBE Innovation Engineering and EDF
started a partnership of development on 2018 with the goal to develop a tool based on web technology, also
in constant evolution and allowing to take advantage of the latest advances in terms of Human Machine
Interaction (HMI), and which relies on a mock-up drafted by user-experience. For increased flexibility, the
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tool exploits the mechanical solver EDF’s code aster (EDF, 2019), which is free, open-source and in
constant evolution, to take into account the needs expressed by the users.

In this partnership:

e AETHER Engineering is in charge of the development of the interface of the tool and also on the
development of all the algorithms regarding the pre-processing part, that contains all the procedures
needed to perform the numerical analyses with code_aster,

e KOBE Innovation Engineering is in charge of the development of all the algorithms regarding the
post-processing part, that contains all the procedures needed to process and evaluate the results of
the numerical analyses, including some development in code_aster,

e EDF is in charge of the requirements, validations and also of some developments in code_aster,
sharing this responsibility with KOBE.

Today, this tool integrates pre-design of reinforced concrete structures and is intended to integrate
steel carpentry, masonry structures, timber structures, and more widely, to propose a consensus on the
engineering methods of optimization and also on the format of the data to be furnished to the constructors.
Always with a goal of mutualization, some works of R&D have begun to find the best solutions to be
developed for the import and export functionalities not limited to the solver used (here code_aster).

The whole package was developed with an agile approach, fostering an ongoing exchange with the
final users, prioritizing ergonomic requests, allowing to save time and to increase the level of control of the
engineer.

THE ANALYSIS METHODS

Code_Aster in itself contains numerical methods to solve the totality of the typologies of structural analyses
and embeds a great number of macros and numerical procedures to evaluate and elaborate the numerical
results to furnish structural results and code verifications; moreover the code_aster semantic is in itself
similar to a low level programming language for mechanical and thermal analyses. One of the purposes of
this project was to create an ecosystem around the EDF solver to exploit its potential on the scale of big
buildings, automatizing the procedures related to the creation of the model and the processing of the results
to render its use sustainable for practicing engineers, minimizing the time required to perform code-based
analyses and verifications.
The automatized procedures allow performing the following analyses:

1. Static Linear Analysis,

2. Modal Analysis,

3. Response Spectrum Analysis with the complete quadratic combination (CQC) (Der Kiureghian
1979, 1981) for the modal responses and the “nuclear” Newmark (1975) combination for the
directional responses (Newmark 1975),

4. Modal and Response Spectrum Analysis with Soil-Structure Interaction,

5. Thermo-Mechanical Analysis.

THE TECHNOLOGIES

The following constraints dictated the choices made at the forefront of the IT technologies used:

1. The application shall operate in windows, ios, linux as well as on a browser; note that the
industrially validated version of code_aster operates only in linux,

2. The numerical solver shall operate both in a local machine and in a remote server, deployed with
a software as a service (SAAS) architecture,

3. The user shall have the possibility to rerun an analysis outside the software with an official version
of code_aster. This feature ensures a high level of transparency as the user can inspect the input
file generated for the code_aster analysis or even modify certain parts of the input file,
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4. The application shall feature a 3D model editor, designed specifically for building structures with
all the required features needed for structural design and analysis.

This led to the creation of a web application, developed with the scalable microservices architecture,

based on the following technologies:

e Salome-Meca official EDF version, and code_aster through the “asterStudy” APIs, for the mesh

creation and the numerical analysis run,

e Three.js, an open-source JavaScript graphical library for the model editor, the visualization of the
mesh and of the generated results on the mesh,
Vue.js, an open-source JavaScript framework for building User Interface (UI) on the web,
Electron, an open-source framework for developing cross-platform desktop applications,
Node.js, an open-source runtime, for executing JavaScript code server-side,
Go, an open-source programming language,
gRPC protocol buffer, an open-source remote procedure call,
Docker, an open-source technology for the deployment of applications inside software containers,
MongoDB, an open-source, non-relation, document-based Database Management System.

The Ul of the application is developed with vue.js and with the use of three.js for the visualization of 3D
geometries and results obtained from the analyses in the form of contour and diagram plots. Electron is
used to build the application for all the required operating systems. Docker is used to deploy the back-end
components of the microservices and gRPC is used to connect the services and exchange data.

THE ARCHITECTURE

The design, implementation and management of the ecosystem, was based on the software architecture
illustrated in Figure 1.
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Figure 1. Software Architecture

The User Experience (UX) is separated in three main phases that involve the entire analysis and
design workflow. These three phases are managed inside the application by a process that we call
“Orchestration”. These phases are:
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1. “Model Editor” for the definition of the geometry of the structure and the loads and boundary

conditions,

“Mesh Creation and Visualization” for the creation and visualization of the mesh of the structure,

3. “Numerical Analysis and Results Visualization” for the definition of the analysis cases, their
execution and the visualization of the results obtained.

N

Model Editor

The “Model Editor” Ul is dedicated to the construction and representation of the building model, as shown
in Figure 2. The user has the possibility to draw the structural elements of the structure (beams, slabs,
columns, walls) and to define their associated sections and materials. The user can also define static loads,
distributed or concentrated masses, boundary conditions and restraints, as well as soil-structure interaction
specifications. The outcome of this workflow is an enriched building information model, in the form of a
Jjson file, that contains all the information about the structure needed to create the geometrical model for
the mesh discretization and to create the input file for the code_aster analysis. With reference to this precise
key point of our process, we would like to point out that our own format has been built specifically for this
project, which meets the requirements of being agnostic of code_aster and concepts of computational
mechanics, so that it meets the requirements also of extensibility, scalability, adaptability to our specific
structural methods. These features could also allow in the future to interface it with the BIM formats
currently on the scene to build interoperability and import/export functions with other applications.

Loads, BCs Building

Information Model

Geometry 0000

Figure 2. “Model Editor” workflow
Mesh Creation and Visualization

The “Mesh Creation and Visualization” Ul permits to the user to create the numerical model to perform the
structural analyses and to specify the characteristics of the mesh and visualize it, as shown in Figure 3.

After defining in the Ul the specifications of the mesh, such as the discretization length and the
meshing algorithm, the workflow comprises of three main components: (1) the “Pre-Salome” component,
which pre-processes and finalizes the building model for the creation of the geometry and the mesh in
Salome-Meca, (2) the “Mesh Creation” component, which, with the data returned from the previous
component, creates the mesh, and (3) the “Get Mesh-Info” component, which is the parser of the mesh .med
file and which returns the data that are visualized in the application.
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Figure 3. “Mesh Creation and Visualization” workflow
Numerical Analysis and Results Visualization

The “Numerical Analysis and Results Visualization” Ul is dedicated to the definition of the analysis cases,
the initiation of the code_aster calculation and eventually the visualization of the results, as shown in Figure
4.

From the Ul the user can select the load cases and loads combination, select the mesh for which
the analysis will be performed and initiate the code_aster calculation. After that, the workflow comprises
of three main components: (1) the “Pre-Code Aster” component, which creates the input file for the
numerical analysis with code_aster, based on the building information model, the mesh and the type of
analyses selected, (2) the “Code_Aster Run” component, which initiates the solver as a service, incapsulated
in a docker container, and (3) the “Get Result-Info” that is the parser of the mesh file enriched with the
result fields and which returns this data that are visualized in the application.
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Figure 4. “Numerical Analysis and Results Visualization” workflow
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MODELLING WORKFLOW FOR AN INDUSTRIAL CASE STUDY

This section presents a case study that is used to demonstrate the practical application of the software for
the structural analysis and the determination of the reinforcement density in an industrial building.

The structure is a typical building of power plant site, with plan dimensions of 45.4m by 19.6m and
a height of 32.8m, as shown in Figure 5. The building consists of a foundation slab, structural walls, slabs,
columns and beams and is made of reinforced concrete of C20/25 and C25/30 class. In this example, for
reasons of expressive clarity, we will show an analysis for vertical and horizontal static loads and the results
from a modal analysis of the structure.

For the definition of the geometry, the user first defines a horizontal canvas that is used to define
in a fast and user-friendly approach the structural elements for each level. For example, for columns and
walls only the base points are necessary to be defined by the user. The Ul features a project tree panel on
the left part of the screen, as shown in Figure 6a, which contains all the elements for each level and allows
to modify their characteristics, such as the associated section and material, via an object property panel on
the right part of the screen. A greater level of interactivity with objects is ensured by the mouse-picking
functionality that permits to highlight and select any structural element. A dedicated method has been
developed to insert openings in walls and slabs of the structure and to be able to modify them quickly,
considering their importance for their consideration in the construction for nuclear purposes

The project tree panel contains also all the geometries of the loads and boundary conditions
assigned in the model, as shown in Figure 6b, with the possibility to modify, delete and visualize them on
the structure. The project tree shows also the additional masses, the thermal loads in this environment and
the geometry and stiffness and damping properties for the consideration of the soil-structure interaction.
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Figure 5. Geometry and configuration of the case study building
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Figure 6. (a) Geometry creation and inspection, and (b) load assignment and inspection
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After the creation of the geometry and the loads and boundary conditions, the mesh of the building,
shown in Figure 7a, is created. Slabs and walls are modelled with 4-noded shell elements, while beams and
columns with 2-noded beam elements. In this case, the NetGen meshing algorithm available in Salome-
Meca is used but there is also the possibility to employ the MG-CADSurf algorithm.

The following step is the definition of the load cases and load combinations, the execution of the
analysis and the visualization of the results. Figure 7b and Figure 7c show the displacement contours and
the deformed shapes obtained from one of the static load cases and for one of the modal shapes, respectively.
In this phase the Ul offers a seamless way to browse and visualize all the results obtained for all the analysis
types, the associated load cases and load combinations and the associated field components. This part has
been developed as a fully functional .med and .hdf5 based 3D engine for mesh and associated fields
visualization, with three.js libraries, and has then been integrated in the Civil Works Tool.

For a structure in reinforced concrete, as in this case, the user can also request the calculation of
the reinforcement density and visualize it as shown in Figure 7d, with the possibility to visualize the
envelope values among all the combinations defined. The reinforcement density calculation is based on the
CAPRA and MAURY (1978) methodology that is implemented in a dedicated function in code_aster only
for 2D elements: this approach has been extended with the Bresler method applied on 1D elements and
the process of calculation has been automatized for several load combinations; in addition, an optimization
method for reinforcement calculation (the section cut method) is under development.
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Figure 7. (a) Mesh of the building, (b) displacement contour from a static analysis, (c) displacement
contour from a modal analysis, and (d) shear reinforcement density contour from a static analysis

CONCLUSIONS

The calculation of design quantities of great importance in structural design, such as the density of
reinforcement in strategic nuclear structures, not only requires the development of complex processes and
complex Ul and UX implementations, but also numerical solvers of proven industrial validity and with
great technological capabilities. In addition to this, it is necessary that such an ecosystem operates in a
totally transparent way that allows the user to physically view the files that define the analyses and to
externally rerun the analyses with the solver only. Within this context, the open-source nature of code_aster
with the industrial validation provided by EDF represents one of the strongest players in the market
nowadays.

Starting from the concepts of industrial validation, transparency, and seamless Ul and UX
implementation, a consortium of three companies comprised of AETHER Engineering, KOBE Innovation
Engineering and EDF has developed a software for the structural solution of problems related to structural
engineering, in the awareness of the importance for the future of the integration of increasingly advanced
procedures of high scientific rigor and a particular attention to the suggestions of users, who are present in
development teams, that are always the primary driver in the ergonomic choices.
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