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Abstract: The Search for Hidden Particles (SHiP) experiment is a new purpose fixed target facility
proposed for the CERN Super Proton Synchrotron accelerator to search for long-lived exotic particles
associated with Hidden Sectors and Dark Matter. This paper reports on the development of BIM
integrated design for the SHiP experiment, applied initially to the Decay Volume, a >2000 m?
conical steel vessel under a vacuum hosting several large particle physics detector systems. A BIM
methodology is used to address all the design phases of the Decay Volume of the SHiP experiment
from the conceptual planning to the constructive drawings production. This proposed workflow
is a basic plan to be repeated for each sub-component of the SHiP experiment in order to have
a full and overall integration of the experiment. In particular, the Decay Volume’s geometrical
and structural design and the simulation of its assembly process, both in factory and on site, are
proposed. Moreover, the use of collaborative platforms to speed up the ideas exchange, as the basis
of a highly multidisciplinary and complex project, is discussed. The complexity, multidisciplinary
nature, and size of the SHiP project severely challenge design information management. The final
plan to solve this issue is to have a BIM integrated design of each experiment sub-component, such
as that demonstrated in this work for the Decay Volume, in order to have a full and multidisciplinary
integration of the overall project.

Keywords: SHiP project; BIM integration; integrated design; Revit; Dynamo; Robot; Navisworks

1. Introduction

The Search for Hidden Particles (SHiP) experiment [1-5] is a new general purpose
fixed target facility proposed for the CERN Super Proton Synchrotron (SPS) accelerator
to search for long-lived exotic particles associated with Hidden Sectors and Dark Matter.
This paper reports on the development of BIM integrated design for the SHiP experiment,
applied in the first phase to the biggest SHiP component, the Decay Volume, a >2000 m?
conical steel vessel under a vacuum that should host several large particle physics detector
systems. The approach to design based on the Building Information Modelling (BIM)
methodology (AIA 2013, [6]) turns out to be of fundamental importance in the context of a
complex, multidisciplinary, and international project. Even at the first level of modelling
and design, it is necessary to have an integrated design that incorporates all of the sub-
components coming from groups of different disciplines to guarantee the exchange and
control of information between the various stakeholders. The BIM methodology allows
for the creation of virtual models of the different sub-components that may be extended to
store associated key information. The models provide mechanisms to ensure that updates
over time are coherently propagated and, above all, that consistent sets of information are
retrievable by the different actors of the process through the use of platforms by which
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it is possible to share the work flow and collaborate in real time. However, it should be
underlined that the BIM process proposed needs an accurate analysis of the information to
be exchanged to achieve these goals. This means that the information exchange between
project participants must be clearly identified. The author and receiver of each transaction
of information need to clearly understand the information content [7]. A correct procedure
for the exchange of information must also consider the interoperability and compatibility
between the design software used by the project participants. Then, the procedure of
information exchange and the file formats need to guarantee the interoperability. Moreover,
the use of BIM and the automation of the global model reduce the design time and the
non-conformities risk. It also allows for the projection of the construction and the planning
of services and future maintenance. This approach ensures that the design solution meets
the requirements from internal and adjacent systems and that the planning and costs for
the construction, operation, and maintenance of the device are under control. Often, these
aspects are otherwise defined only after the construction [8,9].

The use of BIM characterised the design of the Decay Volume in both the modeling
and structural design phases, as well as in the process definition phase for the realisation
and implementation of the device in the facility. The design of the Decay Volume has been
characterised by the writing of a visual scripting algorithm that allows for the creation of
complex geometries. This algorithm allows for the passing from static to dynamic design,
reducing the time for geometrical and structural modelling and optimising the model
through a series of comparisons between the different design solutions. The realisation
of the Decay Volume, from the production in the workshop of the various panels to the
assembly in the experimental area, has been divided into several work phases. This
procedure is very important since the manufacturing of the Decay Volume must respect a
high level of precision in the welding of the different pieces, and it is the most critical step
of the overall procedure. A failure to manage tolerances would build up to a level at which
the volume could not be fitted with the upstream vacuum end-caps and the downstream
flange towards the adjacent vacuum tank. Moreover, during each phase, using the digital
prototype, all the individual processes leading to the construction of the device have been
defined and designed, focusing on possible interferences that can arise during the whole
process and which could lead to incorrect execution with an increase in time and costs.

In summary, the BIM approach to support the integrated design of the SHiP exper-
iment, with particular focus on the Decay Volume from the conceptual planning to the
construction phase, is shown in this work. The Decay Volume’s geometrical and structural
design and the simulation of its assembly process, both in factory and on site, are presented
(Supplementary Materials). Moreover, the use of collaborative platforms improves and
speeds up the exchange of ideas, which is the basis of a highly multidisciplinary and com-
plex project. The final plan is to have a BIM integrated design of each sub-component of the
experiment, such as that demonstrated in this work for the Decay Volume, in order to have a
full and multidisciplinary integration of the overall project available to all the stakeholders.

2. General Overview of the SHIP Project

The SHiP research facility is composed of a large infrastructure with a dual detector
system (Figure 1). The upstream system is specialised in the direct detection of Dark Matter
and in performing measurements on neutrinos. The second detector system is dedicated
to searching for decays of so-called Hidden Particles. It consists of a 50 m long Decay
Volume (hereafter “DV” for brevity) followed by a spectrometer with an aperture of 5 m
x 10 m and by detectors for particle identification. Then, the muon shield is a crucial
element of SHiP [3,10,11]. It consists of a chain of magnets that deflect away from the
detector of the beam target’s high flux of muons. The deflected flux of muons defines
a conical region in which the DV and the detector systems are placed. To suppress the
background from neutrinos interacting in the fiducial volume, the DV must be maintained
at a pressure of <10-3 bar by means of a vacuum vessel. The downstream spectrometer is
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designed to accurately reconstruct the decay of the particles of interest and reject residual
background particles.

)
Particle ID
Decay spectrometer

Scatteringand

neutrino detector
Muon shield

Target and

hadron absorber

Figure 1. Overview of the SHiP experiment.

The SHiP’s vacuum vessel has a total volume of ~2040 m? and consists of two parts:
the volume in which a decay vertex is accepted and the spectrometer section. An upstream
and a downstream end-cap close off the ends of the vacuum vessel. The current baseline
for the background tagger system is based on a “Liquid Scintillator detector” [12], which
fills the compartments in the wall structure of the DV. The liquid scintillator is based
on the solvent Linear Alkyl-Benzene (LAB), adding 2 g/L Di-Phenyl-Oxazole (PPO) as
fluorophore. The detection of particles crossing the liquid scintillator is performed with
two photodetectors mounted to the outer wall of each compartment through holes of small
diameter. Moreover, the compartments will need hydraulic fittings for the circulation of
the liquid scintillator.

The dimensions of the experimental area (Figure 2) have been determined, starting
from the dimensions of the whole SHiP detector, including the services and the needs
during the assembly and installation.

Experiment Shielding mounds

Experiment surface hall g g
service building

K Experiment
underground hall

Figure 2. Layout of the SHiP experimental area.

The total length of the detector is around 120 m (Figure 3). In order to reduce the
background from the interactions of particles in the walls of the underground hall, the
width of the cave is 20 m, with the detector positioned in the centre. The assembly of the
entire detector determines the arrangement of the ground floor, access doors, and cranes
that will be used for handling loads. The various elements that make up the SHiP detector
will be present in parallel and assembled in the underground experimental hall. The DV
will be pre-assembled on site in a few large panels, which will be then lowered in the
underground experimental area, where they will be welded together and connected with
the other sub-components of the whole SHiP detector.
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Figure 3. The experimental underground hall.
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In designing the experimental area, both the implementation phase of the SHiP and the
maintenance and dismantling phase of the detector were taken into account. Furthermore,
a future reuse of the structure is foreseen [4].

3. Proposed BIM Workflow

This section presents the BIM procedure to address all the design phases of the DV
of the SHiP experiment from conceptual planning to constructive drawings production.
This proposed workflow is a basic plan to be repeated for each sub-component of the SHiP
experiment in order to have a full and overall integration of the experiment. The novelty
of the proposed BIM workflow is the implementation of a coded procedure that can work
independently in different fields of a multidisciplinary project. With the automation of the
design process through the virtual model and the use of interoperable software, it is also
possible to export the detailed information of the structural design directly to the numerical
control machines for the prefabrication of the various modules in the workshop [13-15]. It is
obvious to say that preliminary work should be done to set up the chain of the BIM oriented
software to be used by all the stakeholders of the project belonging to different subject
areas. Moreover, through the BIM methodology, it is possible to detect the interferences
that may occur during the construction of each sub-component of the experiment (in this
work, presented for the DV), such as checking if the components of the devices can be
transported within the experimental area through the access door of the experimental area.

A particular focus of this procedure is related to the design of the DV based on the
writing of a visual scripting algorithm in a visual programming environment (Dynamo
Software 2021, Autodesk, San Rafael, CA, USA, [16]), which allows for the creation of
complex geometries. This algorithm allows for the passing from static to dynamic design,
reducing the time for modelling and optimising the model through a series of comparisons
between the different design solutions. The data contained within the Revit Autodesk
2021 [17] software adaptive families, used to model the individual elements that make up
the DV, have been exported with the use of a specific scripting algorithm for this operation.
The structural analysis has been performed with the Robot Autodesk 2019 [18] software,
importing the geometric model of Revit into the software, which was transformed into
a structural model using the Analyse nodes contained in Dynamo. The realisation of
the DV, from the production in the workshop of the various panels to the assembly in
the experimental area, has been divided into several work phases. During each phase,
using the digital prototype, all the individual processes leading to the construction of
the device were defined and designed, focusing on possible interferences that can arise
during the whole process and which could lead to incorrect execution with an increase
in time and costs. To study this process, the Navisworks (2021) [19] software has been
used in order to combine the information from different software (information of the
terrain model created in the Infraworks (2021) [20] software, the experimental area model
designed with the CATIA (2019) [21] software, and the DV modelled in Revit). The
data contained within the Revit (2021) [17] software adaptive families, used to model the
individual elements that make up the DV, have been exported with the use of a specific
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scripting algorithm for this operation. The complete digital model has been connected to
the construction schedule defined in the Microsoft Project (2021) [22] software and imported
into Navisworks. Navisworks also identifies and corrects the interferences between the
various models and those that can occur during the assembly operations of the structural
elements of the device. The federated model in Navisworks has finally been imported in
the Autodesk BIM 360 (2021) [23] software for the purpose of sharing information and
coordinating models with all stakeholders, as presented in another case in [24]. A Timeliner
can be also added, displaying all the work phases on the screen in relation to the estimated
time for each of them. Then, it is possible to monitor the progress of the construction in
real time and intervene to restore any delays that could lead to an increase in construction
costs [25-27]. This whole procedure helps to minimise the risks of the incorrect design
and construction of the device during the whole process. The described procedure is
summarised in the flowchart presented in Figure 4.

BIM Authoring

Revit+Dynamo

Structural Design BOQ (Bill of Quantity)

ST 7
) Catia Infraworks |
Systems Model . Construction,
Navisworks Safety Model

Coordination Model,
Clash Detection

Common Data Environment,
Stakeholders Collaboration

Figure 4. Flowchart of the proposed BIM process.

4. Integrated Design Development of the Decay Volume

The DV has been designed with a steel structure in order to minimise the masses
and respect the geometry inputs of the experiment. The steel advantages are related to
its mechanical efficiency, lightness, ductility, the speed and accuracy of assembly on site,
the possibility of transformations and repairs, and the environmental sustainability for its
characteristics of recyclability. The more important conditions in the design process were
the allocation space for the liquid scintillator inside specific compartments around the DV
and the minimisation of the mass and width of the wall structure. Then, a box section
based on S355JO(J2/K2)W Corten steel elements has been chosen.

4.1. BIM Geometrical Model

One particularity of the context of the Decay Volume project is the lengthy optimisation
process to determine the design parameters. It involves several iterations of detailed physics
simulations, leading to recurrent changes and erasing or redrawing in order to evaluate
different alternative solutions. As a result, the chosen method is based on Parametric Design
with the help of Parametric Models that numerically represent the project’s geometry.
The parametric models have attributes (properties) that are fixed, called constrains, and
others that can vary, called parameters. The designer changes the parameters in the
parametric models to adapt or reconfigure for alternative solutions in order to avoid
erasing or redrawing [28].
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The parameters can be changed through the use of several drawings or modelling
functions. These functions can be activated through the implementation of an algorithm
that aims to speed up the process.

With the proposed workflow (see Section 3), the BIM computational design allows
for the design of highly flexible parametric geometries. In fact, the parameters are always
editable within the chain of nodes in which they are structured. Any changes to these
parameters are directly reflected on the geometry, allowing the user to dynamically analyse
all the possible options. The Dynamo work environment is structured with nodes and
relationships; the nodes manage specific functions (parameters, geometries, etc.), and are
connected to the other nodes, composing an uninterrupted flow of data.

Writing this algorithm avoids the manual insertion of all the elements that form the
Decay Volume, reducing the time for modelling. In addition, with this modelling approach,
the accuracy of the model increases and the modelling errors are reduced during the
insertion of the various elements. The fundamental nodes for writing the algorithm are the
Code Blok and Point.ByCoordinates nodes, used to create points in space. By entering the
coordinates in the first node and connecting it to the second node, the user can view the
points in the X, y, and z plan. The Line.ByStartPointEndPoint node allows for the drawing of
a line between two nodes, specifying the initial and final nodes. After drawing the external
lines of the Decay Volume and inserting the PolyCurve.ByPoints node (Figure 5a,b), the
points in the y-z plane are connected through a polyline.

................

. o

(a) (b)

Figure 5. (a) PolyCurve.ByPointsnode; (b) Connection between the initial the final nodes.

TheClosedCurve.Offset + node allows for the production of an offset of the polyline
inside or outside, as needed. In the specific case, an internal offset of 0.34 m is made,
equal to the height of the vertical stiffening member. To increase the number of polylines,
the Number Slide node is used. After drawing the polylines, with the relative offsets, an
internal surface through the Surface.ByLoft node is created. The Surface.PerimeterCurves
node (Figure 6a,b) divides the surface in correspondence to the external and internal nodes
of the polylines.

(a) (b)

Figure 6. (a) Surface.ByLoft node; (b) Surface.PerimeterCurves node.
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The Family Types node allows the user to select the families of elements contained in
Revit for the modelling of the objects. The Decay Volume consists of steel panels, which
form the internal sheet, the external sheet, and the vertical and longitudinal stiffening
members. All these elements, despite having a shape similar to a trapezoid, are different
from each other in size. Then, it is necessary to use the families of loadable elements,
which, unlike the system families, are created in external RFA files and imported into
the design project. Loadable families use an adaptive component called Generic Model
Adaptive.rft. They are flexible components and can adapt to different design scenarios.
Adaptive components are made up of adaptive points that can be used to position the
components or can act as manipulation points. Using the Adaptive.Component.ByPoint
node (Figure 7), an adaptive component is assigned to each group of nodes.

montante._verticalemontante verticale + | Fammily Type

AdaptiveComponent.ByPaints

Figure 7. Adaptive.Component.ByPoint node for the insertion of adaptive families within the
generated surfaces. As the conclusion of this phase, a 3D model of the Decay Volume is obtained in
Revit, and its view is presented in Figure 8.

=

L

5m

Figure 8. 3D view of the Decay Volume as implemented in the structural analysis. The box section is
made up of the following members.

The inner and outer steel sheets possess a thickness of 20 mm, with the exception of
the last 16.4 m, along which the thickness is 30 mm (see Figure 9a).

The transversal stiffening members are spaced by 800 mm, with a thickness of 10 mm
and a height of about 400 mm (see Figure 9b). In particular, the height is equal to 300 mm
in the first 14.4 m due to a specific requirement of remaining inside the envelope defined by
the deflected muons background, while it is 410 mm for the following 19.2 m and 390 mm
for the last 16.4 m.

The longitudinal stiffening elements possess a thickness of 10 mm and an interspacing
varying from 804 mm to 1702 mm (see Figure 9c).
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(b) (c)

Figure 9. (a) Inner steel sheet; (b) Transversal stiffening members; (c) Longitudinal stiffening members.
The dimensions of the double wall structure change along the 50 m length of the Decay Volume.
The initial cross-section of the Decay Volume is about 3 m x 5.5 m (external steel sheet). The final
cross-section is about 6 m x 12 m (external steel sheet). The design of the structure leads to a total of
1848 compartments for the liquid scintillator detector. Studies with a prototype compartment in the
test beam have verified that the dimensions given by the vessel skeleton of about 800 mm x 1200 mm
are acceptable. The total weight of the structure and plates forming the Decay Volume is about
550 tonnes.

4.2. BIM Structural Model

The model generated in Revit through the use of the Dynamo has been imported
into Robot using a node called AnalyticalPanel. ByCurves, which is located in a Dynamo
package. By inserting this node within the visual script algorithm, it is possible to create a
direct connection between Revit and Robot.

The structural analysis has been implemented with the finite elements software
Robot [29]. The steel plates have been modelled as two-dimensional shell members incor-
porating all the properties of the plate behaviour. The plates have the two main stresses
in the plane of the plate, and there are axial load, shear, and flexure in the thickness of
the plate. A fine mesh has been used in the calculations. Figures 10-13 present the stress
paths on internal and external steel sheets and transversal and longitudinal steel elements,
respectively. With respect to the local axes shown, x is represented with cyan colour, y with
green colour, and z with red colour. The Figures refer to the ultimate condition combination
(UC in the Figures) of the loads (Eurocode 0, 2002, [30]), which has been proven to be the
most critical for the verification. However, the same maps have also been obtained for
the seismic condition and serviceability combinations of the loads (Eurocode 0, 2002 and
Eurocode 8, 2004, [31]). The stresses’ safety verifications performed in accordance with the
international standards for the steel plates (Von Mises equivalent stress and critical instabil-
ity stress verifications, Eurocode 3, 2006, [32]) are satisfied. The serviceability verifications
on the maximum displacements are also satisfied.

:::::::

0175 00
3049330 2200000
= iioms
5347680 —
. 06795
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795105 :
B 50 4060 B 4553000

(a) (b)
Figure 10. Internal steel sheet stress path: (a) UC ox; (b) UC oy.
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Figure 13. Longitudinal stiffening members stress path: (a) UC ox; (b) UC oy.

4.3. BIM Model Rapid Visualisation

The data contained within the elements of the model generated in Revit were exported
using a Dynamo script. The script allows the user to export the output data and directly
report them on a Microsoft Excel (2021) [33] type spreadsheet format. The various elements
contained within the Generic Models category have been called up using the All Element
of Category node. They have been connected with a series of nodes to know the surface,
the volume, the element ID, and the name. All this information has been sent to the
Data.ExportExcel node through the List Create node. The Data.ExportExcel is used to write
information in an Excel sheet. To use this node, it is necessary to specify, through the File
Path node, the Excel file on which to write the information. The sheet name is indicated
with the String node connected to the sheet name, while two Code Block nodes have been
used for startRow and startCol, respectively, to indicate at which row and column to start
compiling the file. The data are written in the order to be used in the List Create node. With
the All Element of Category node, all elements within the Revit Generic Models category
are recalled. The nodes have been used to extrapolate different information: the total
number of elements, the ID of each individual element, the name, the area, and the volume.
The Data.ExportExcel node exports the selected data to an Excel file. Table 1, moreover,
shows a part of the Excel file written with Dynamo.
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Table 1. Excel sheet written with Dynamo.

Total Numbers of Elements 3748
Element ID Element Name Area (m?) Volume (m?)
300519 Internal_Panel_RG_1 9.04 0.18
300772 Internal_Panel_RG_2 11.54 0.23
301263 Internal_Panel_RG_3 12.32 0.24
301832 Internal_Panel_RG_4 13.09 0.26
302334 Internal_Panel_RG_5 13.87 0.27
302934 Internal_Panel RG_6 14.64 0.29
305528 Internal_Panel_LF_2 11.54 0.23
306218 Internal_Panel _LF_3 12.32 0.24

4.4. Issues Solved through the BIM Methodology

With the use of BIM, the solution of a series of potential problems that would have
emerged with a traditional design can be simplified. The DV has been modelled with the use
of BIM software, trying to reach a level of development comparable to the construction level
(LOD, 2020, [34,35]), which allows the manufacturer to have all the information necessary
to make each single element of the DV. To achieve this goal, a Dynamo algorithm has been
written, which, in addition to reducing the time for modelling, increased the geometric
precision of the model. Furthermore, with the automation of the modelling process, it
has been possible to make various comparisons between the different structural models,
supporting the designers in choosing the most performing geometry. Figure 14a—c show
three different models used during the optimisation phase. By changing the parameters
in Dynamo, the external dimensions can easily be varied, the number and position of the
longitudinal and vertical stiffening members can be changed, existing elements can be
removed, and new elements can be inserted. These operations can be done quickly and
easily because the software used is BIM oriented. Moreover, the use of this BIM oriented
software permits the exchange of information through the use of open IFC (2020) [36]
formats, which allow for interoperability between the various software.

(b) (c)

Figure 14. (a) Changes in the external dimensions; (b) Changes in the number of vertical stiffeners;
(c) Model without external panels.

5. Integrated Construction Design of the Decay Volume (DV)

The presented study, in addition to providing a high level of detail useful for the
construction phase of the DV, also focuses on a careful assessment of the assembly phases
in the factory and in situ. The fundamental principle is to give preference to a high
level of prefabrication in the factory since it gives access to multiple equipment (different
deformation control devices/tools) and production machines with already established
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process control protocols. In fact, there are many more possibilities and machines to correct
unexpected deformations in the factory than in situ. This choice is assumed to allow for
the reduction of imperfections/errors in the assembly phase on site. Consequently, the
proposed fabrication processes are divided into two phases. The first one concerns the
prefabrication in the factory of all the components necessary to construct the device from
as few components as possible. The second phase is the on-site assembly process requiring
manual processing. The first phase is subject to a high level of control in terms of both
precision for the production of all the components of the device (numerical control machines,
laser cutting, etc.) and of the working environment, such as temperature, powders, and
external agents. The second phase carried out on site consists of joining together the
basic modules produced in the factory, following a certain assembly scheme, to form the
16 panels that will subsequently be welded together underground in the final location of
the SHIP detector, as discussed below. Even if the second phase will be accompanied by a
tight survey and process control, the manual processing on site makes it more susceptible
to inaccuracies in the assembly phase. Hence, the development study for the DV focuses on
reducing the operations to be carried out in the second phase. The BIM strategy proposed
has allowed for the efficient optimisation of all the construction details in order to design
the DV with as few points of insertion and conjunction as possible, so as to reduce the
number of assembly operations on site and within the experimental area. In addition, BIM
has allowed for the iteration of the complete construction sequence from the factory to the
final installation through virtual assembly simulations. This has also been indispensable to
exchange information with the stakeholders of associated and adjacent systems in order to
discuss the global installation scenario, required equipment, and tooling, as well as possible
interferences with the other planned operations.

5.1. Factory Production

The BIM integration aims to guarantee the quality of the process and to reduce the
errors during the factory production. In fact, the BIM automatically generates the produc-
tion files for the control production machines. The automation in the file transmission
guarantees a higher quality level with respect to the simple papers with the drawings
transmission. Additionally, the tolerances should be put in the integrated BIM model and
controlled during the production process, such as the quality control on the used steel. The
construction sequence envisages production in the factory workshop of basic modules with
a width of 2.4 m and variable heights, using numerical control machines with a thermal
break (laser, plasma, ox fuel). The width is chosen to respect transport standards, and the
variable heights correspond to the full dimensions of the lateral sides of the DV, varying
between 5.50 m and 11.90 m (external steel sheet). The welds will be carried out following
specific procedures and sequences that allow for controlled and programmed thermal
contributions for the parties involved in this process, and they will finally be verified with
appropriate techniques to check that the welding respects the required standards. During
the assembly phase of the individual modules in the workshop, any deformations will
be corrected by means of special procedures (“localised heating” and similar procedures),
which are shared and endorsed by the Italian Institute of Welding in Genoa, which is
authorised to produce structures and equip them with CE mark up to the most severe
execution class (EXC4) foreseen by UNI EN 1090-1 (2012) [37] and -2 (2018) [38]. The basic
modules that make up the DV consist of an internal panel, a series of vertical and horizontal
stiffeners, and external panels for closing the individual cells in order to contain the liquid
scintillator, as presented in Figure 15a—d.

The realisation of the single module will be carried out with numerical control and
laser cutting machines, using data from the parametric objects that make up the 3D model
of the DV and extrapolating the necessary information with the use of a special algorithm
created in Dynamo, as shown in Figure 14. The assembly sequence first involves joining
the vertical stiffeners (Figure 16a) previously subjected to chamfering on the internal panel
by means of welds with complete penetration of filler material. The next step consists of
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inserting and welding the horizontal elements that define the individual cells (Figure 16b).
All chamfered elements are full penetration welded. The external panels are welded in
the last step following the procedure previously described (Figure 16c). The welds will be
carried out in multiple passes to avoid the excessive heating of some areas, which could
modify the mechanical characteristics of the steel material.

(a) (b) () (d)

Figure 15. Single panel: (a) internal panel; (b) vertical stiffening; (c) horizontal stiffening; (d) external

panels.

(a)

(0)

Figure 16. (a) Vertical stiffener welding; (b) Welding of horizontal stiffening elements; (c) Welding of
external panels.

The assembly in the workshop allows for the checking for defects and the quality
assurance of the welds through a series of specific tests and techniques such as penetrating
liquids, ultrasound, and radiography. The liquid scintillator detector relies on the continu-
ous circulation and purification of the liquid. Vertical flow paths for the lateral DV walls
and horizontal flow paths for the bottom and top walls have been envisaged with the help
of holes in the longitudinal and lateral stiffening members, respectively. Detailed hydraulic
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simulations and the optimisation of the sizes and locations of the holes are required to
achieve efficient and complete circulation with no formation of bubbles. At the same time,
the flow paths have non-negligible impacts on the structural optimisation and safety checks
of the DV. The BIM procedure has been indispensable in allowing for many schemes to
be evaluated. The most promising scheme consists of quarter-circle shaped holes with
a radius of 30 mm located at the edges of the stiffeners, as presented in Figure 17. This
configuration minimises the risk of air bubbles trapped inside the corner welds, where they
could lead to oxidation of the weld. Furthermore, this scheme ensures the proper sealing of
the connected plates as well as the cleaning of the areas affected by the holes.

L 800.00 mm L 800.00 mm |

340.00 mm

| | . >

Figure 17. Detail of the internal holes at the corners with a radius of 30 mm.

In addition, the liquid scintillator detector requires that the external panels of each
compartment are fitted with two Wavelength-shifting Optical Modules (WOMs) for the
detection of light generated by particles crossing the compartments. The specifications for
the required holes and the fittings on the external panels (Figure 18) are the result of studies
and optimisation by the detector team.

Figure 18. Holes on external panels with a diameter of 70 mm for inserting the liquid scintillator light

detection devices.

5.2. In-Situ Assembly Procedures

The number of basic modules that can be pre-assembled into wall sections at the
surface assembly area on-site depends on the maximum capacity of the bridge crane
that will be used for manipulating and lowering the pre-assembly into the underground
experimental hall. For the specific case, a bridge crane with a capacity exceeding 44 tonnes
has been agreed to. In this scheme, the DV has been divided into four sections to minimise
the number of welds to be made within the underground experimental hall. As a result,
the 2.4 m factory-made basic modules will be transported to the construction site (expected
distance of 1000 km) to be assembled into wall sections of a maximum of six modules.
This strategy is considered optimal to ensure the exact dimensions and flatness of the wall
sections. An alternative based on the pre-assembly of DV sections, each with a length
of 3 x 2.4 m basic modules, has been studied. Simulations of the construction scenario
indicate that this could lead to misalignments (max 1-2 mm) between the adjacent sections
that are difficult to correct. The problem is mitigated with the 12 m continuous flat wall



Designs 2022, 6, 48

14 of 19

section in the baseline scenario. Figure 19 shows the various elements used to join the
two basic modules.

I‘

(@) (b) (c)

Figure 19. Joining between 2.4 m basic modules: (a) 2.4 m panels; (b) horizontal stiffening;

(c) external panels.

The first operation is the welding between the basic modules. This is followed by the
insertion of the horizontal stiffening members and the fitting of the external panels. As
in the factory, the welds will be completely penetrated with filler material on elements
subjected to chamfering. To ensure perfect flatness between the various modules assembled
on site, a straightening process will be performed by applying localised heating in specific
points. It is a procedure to correct an unexpected deformation. Figure 20 shows the main
phases that lead to the complete union between two basic modules.

(a)

(b) (c)
Figure 20. (a) Internal welding; (b) Horizontal stiffening; (c) External panels.

It is crucial to plan the mounting sequence underground. After the transport within
the experimental area by mechanical means and the lowering underground with the
bridge crane, the wall sections will be positioned at the planned location using slides
and an accurate survey. The whole process has been simulated to identify the possible
interferences that can occur during the entire construction phase of the device. In particular,
the pre-assembled wall sections are transported within the experimental area by means of
a mammoth-type mechanical device into the surface hall on top of the underground hall.
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It is first raised and then moved to the opening that connects the ground floor with the
basement, and it is finally lowered and positioned on special slides to be brought to the
final position where it will be mounted. The most important operations are the transport
within the experimental area, the handling of loads with the use of the bridge crane, and
the insulation of the panel on the SHIP detector (Figure 21). The operation is shown in
Figure 22 for the vertical wall sections (the lateral walls), but the same approach is also
used for the horizontal wall sections (the upper and lower walls).

(b) (c)

Figure 21. Assembly of the DV as simulated by Navisworks: (a) panel transport in the experimen-
tal area; (b) panel lifting by means of the bridge crane; (c) panel assembly at the location of the
SHIP detector.

(b)

Figure 22. Interference between models in Navisworks: (a) size of the access opening; (b) the height
of the underground hall.

5.3. BIM Construction Scheduling

The entire construction site with DV pre-assembly and final assembly has been simu-
lated using Navisworks with the goal of optimising the management of the entire construc-
tion process. The integrated model, including the experimental area, with the terrain, road
infrastructures, and buildings surrounding the area has been created using virtual models
generated with different software. All these models, once imported into Navisworks, have
been federated into a single model, as presented in Figure 23.

After the model import phase, the following step regards the Timeliner tool settings
using the Work Breakdown Structure (WBS) created with Microsoft Project. It reports all the
main processing phases associated with a certain time for the realisation. It starts from the
construction of the on-site infrastructure up to the assembly of the DV at the final location of
the SHIP detector. A work-breakdown structure (WBS) in project management and systems
engineering is a deliverable-oriented breakdown of a project into smaller components. A
work breakdown structure is a key project deliverable that organises the team’s work into
manageable sections. Each work is assigned to a BIM element in Navisworks corresponding
to a specific phase in the time of the realisation of the entire system.
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Figure 23. Image of the experimental area with Autodesk Navisworks.

5.4. Interferences between Construction Tasks

The verification of the interferences between the various models has been done through
Navisworks using the Clash detection function. It allows for the setting of a series of rules
to check for interferences throughout the construction process. Each update of the specific
in situ mounting operations of the other sub-components of the experiment is followed by
a check of the full compatibility with the operations related to the other sub-components
and to their timeline. Examples of problems are identified here only with reference to the
assembly strategy of the DV. The tolerance management and the size of the access opening
(Figure 22a) between the surface hall and the underground area have been studied. For
example, it was found that the height of the underground area had to be increased to allow
for the assembly of the last DV sections (Figure 22b).

The interferences have been evaluated with the Navisworks clash detective function,
with which, by setting a series of rules, it is possible to verify the interferences between
the various objects. For example, the rules have been defined to check if there is an
interpenetration between the elements of the decay and the flooring of the experimental
area. A tolerance of 0.01 m has been set for this verification. This means that if the distance
between the decay elements and the floor is less than 0.01 m, the software reports an error.
As an example, an image has been shown (Figure 24) corresponding to a clash of the panel
and floor. The image shows two elements of different colours that do not respect the
minimum distance of 0.01 m. This issue was addressed by changing the elevation of the
Decay Volume.

5.5. Repository of All the Information for All the Stakeholders of the Project

The models generated through the BIM methodology during the whole design and
realisation process of the DV will be shared in a virtual work area in order to produce a
common management and coordination with all the various stakeholders. The projects
can be viewed directly through a browser, which allows the user to interact with the
3D models by browsing and searching for information and also to view them from any
device, including mobile devices. Within specific review areas, all changes made to the
project will be visible in real time, and reports will be sent to all team members. Specific
authorisations will also be issued to determine who can download the files and for how
long. All data are protected, backed up, and recoverable. In this paper, this aspect of the
BIM methodology was dealt with only theoretically, as it is not yet a subject of the study
and because information about the other sub-components has not yet been implemented.
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Figure 24. Results Clash detective between decay and flooring experimental area.

5.6. Summary of Issues Solved through the BIM Methodology

With the BIM methodology, it has been possible to study, define, and optimise all the
assembly phases of the DV, starting from the construction phase to the phase of joining the
various panels within the experimental area. The main objective has been to verify that
the hypothesised assembly procedure is feasible and to determine how it affects the entire
process of making the device. With the use of Navisworks, the assembly phases within the
experimental area were verified through the timeline.

6. Conclusions

This paper reports on the development of BIM integrated design for the SHiP experi-
ment, applied in the first phase to DV, a >2000 m? conical steel vessel under a vacuum that
should host several large particle physics detector systems. The BIM approach to support
the integrated design of the DV from the conceptual planning to the construction phase
is shown. The geometrical and structural design of the DV has been presented. The BIM
geometrical model has reduced the time required for modelling and has increased the
geometric precision of the model. Moreover, with the automation of the modelling process,
it has been possible to make various comparisons between the different structural models,
supporting the designers in choosing the most performing geometry. The simulation of
the assembly process of the device is proposed, both in factory and on site. The assembly
phases within the experimental area were also verified through the timeline. The use of
collaborative platforms to speed up the exchange of ideas, as a basis for a highly multidisci-
plinary and complex project, is discussed. The final plan for the entire SHiP experiment
project is to have a BIM integrated design of each sub-component of the experiment, such
as that demonstrated in this work for the DV, in order to have a full and multidisciplinary
integration of the overall project.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/designs6030048 /s1, Video S1: Assembly of the DV.
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