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ABSTRACT

This research work aims to extend the application of the Building Informa-
tion Modeling methodology (hereinafter referred to as BIM) to the design
and management of maritime structures. To date, BIM has been usually
and widely adopted for the design, construction, and maintenance man-
agement of buildings and civil infrastructures, such as bridges and roads.
Accordingly, the associated information layers and classification systems
(e.g., Industry Foundation Classes, IFC) are well established and are suit-
able mainly for these types of structures.

Indeed, the same classes cannot be directly applied to maritime struc-
tures, such as vertical or rubble-mound breakwaters. Existing classes are
not able to describe specific properties such as the inherent geometric com-
plexity of maritime structures, nor do they allow for the representation of
the interaction between maritime structures and meteocean forcing (e.g.,
stability number, overtopping safety, etc.).

Therefore, this work aims to provide the technical and scientific com-
munity with a new tool, hereinafter referred to as “BIM for maritime struc-
tures” (BIMMs), which is based on a specific geometrical engine and a
companion BIM information system developed for maritime structures.
The proposed tool defines the information that must be assigned to each
component of maritime structures. Its applicability is demonstrated through
two real case studies, highlighting its feasibility and reliability in support-

ing both the design and maintenance of maritime structures.
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INTRODUCTION

1.1 General remarks

Building Information Modeling (hereinafter referred to as BIM) is a widely
adopted process in the building construction field. The BIM concept was
introduced in 1970 and it was used to manage construction projects by
architectural, engineering, and construction (AEC) industries (e.g., Bian-
cardo et al.,, 2020). Over the years, BIM has become the main resource
to integrate 3D geometric representation with physical, functional, and
semantic characteristics. These Semantic characteristics describe the func-
tional role and informational meaning of building elements, enabling their
classification, interpretation, and interoperability across different stages of
the project lifecycle.

Furthermore, BIM improves the planning process, design, and con-
struction of projects by offering a novel approach to design, construction,
and management (e.g., Biancardo et al., 2020).

In general, BIM platforms rely on the parametric definition of objects.
They are stored in libraries used to construct the whole 3D geometrical
model. This approach opens the door to the use of emerging technolo-
gies for the management of infrastructures that could help achieve safer
performance of the entire workflow. Moreover, its usage makes it possi-
ble to decrease maintenance costs and risk of information loss and design
mistakes, and at the same time, to generate considerable technical benefits
for all stakeholders involved in the design and maintenance tasks (e.g.,
Biancardo et al., 2020).

One of the most important features of the BIM methodology is the in-
teractive collaboration among the different actors involved in all of the
phases of the project in order to insert, extract, update, and modify in-
formation in the model. In this way, a dynamic model is achieved. The
model may contain additional information, such as costs, maintenance,
and safety instructions.
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It should be stressed that current BIM methodologies and standards
have been predominantly conceived for buildings and conventional civil
infrastructures. Hence, despite the maturity reached by BIM methodolo-
gies in the building sector, their applicability to non-conventional infras-
tructures, such as maritime construction, is still limited and remains a
topic of ongoing research that requires further investigation.

All the briefly outlined aspects — from the methodology up to the
identification of actors involved in the process, including the model and
the sharing of information — are outlined in the following chapters.

1.2 State of the art

Maritime structures are primarily constructed to ensure the operability of
port activities by limiting wave penetration within sheltered areas and
to provide protection against coastal flooding. Ports play a fundamen-
tal role in the economic development of countries, and the serviceability
and safety of maritime infrastructures are therefore critical aspects. In this
context, the availability of a centralized and structured database contain-
ing geometric, structural, operational, and maintenance-related informa-
tion would represent a significant advantage for the design, management,
and maintenance of maritime assets throughout their lifecycle.

Building Information Modeling (BIM), as already outlined, has been
widely and successfully applied in the building sector and represents a
promising methodology to address these needs. However, despite its ma-
turity in architectural and building applications, BIM remains underde-
veloped in the infrastructure domain, particularly for maritime structures,
both in design and maintenance processes (e.g., Valdepefias et al., 2020).
The literature addressing BIM applications in this field is still limited, al-
though several studies have investigated its potential use in port facility
management.

One of the most relevant contributions is provided by Valdepefas et al.
(2020), who proposed a BIM-based methodology specifically aimed at the
maintenance of port infrastructures. Their framework is articulated into
seven phases.

* Phase 1. Design phase and structures modeling in Autodesk Revit (a
widespread commercial BIM software).

® Phase 2. ” As-built” project and update of the digital model with the
data of the built structures.

® Phase 3. Implementation of maintenance parameters into the digital
model (e.g., date of surveys, defects, date of last maintenance, etc.).




* Phase 4. Inspections. One of the objectives that the new method aims
to achieve is to collect data from inspections directly from the Au-
todesk Revit model. The 3D model could be accessed from a portable
device (e.g., tablet).

® Phase 5. Generation of inspection files. In this phase the inspection
sheets in PDF format are generated and entered into the model.

* Phase 6. Planning tables. This phase consists of obtaining data from

the model to define medium- and long-term maintenance plans.

® Phase 7. Data extraction from the model for CMMS (a widespread
digital tool used to manage maintenance operations).

Overall, the methodology ranges from the design and modeling of
structures in commercial BIM software to data extraction for integration
with Computerized Maintenance Management Systems (CMMS). The pro-
posed approach demonstrates the effectiveness of BIM as a data repository
supporting inspection activities, maintenance planning, and information
exchange among stakeholders. Nevertheless, the methodology is mainly
focused on post-construction phases and does not explicitly address the
integration of BIM within the early design stages, nor its use as a decision-
support tool for engineering analyses.

Other studies have explored BIM applications in specific port-related
domains. For instance, Zhang and Chen (2018) applied BIM to the de-
sign of port handling systems, highlighting its potential to improve coor-
dination and efficiency during the design process. Similarly, Garibin and
Ol'’khovik (2019) proposed a workflow for monitoring the technical con-
dition of marine quay walls by linking Autodesk Revit with spreadsheet-
based tools. Their approach relies on data extracted from technical reports
and documentation related to the structures deployment, which are of-
ten the only available sources due to the frequent lack of original project
documentation. While the proposed framework enables the generation
of maintenance plans and supports both instrumental and visual inspec-
tions, it remains primarily oriented toward asset management and does
not provide a comprehensive integration of design, monitoring, perfor-
mance evaluation, and maintenance planning within an unified BIM envi-
ronment.

More recent researches have focused on integrating BIM with advanced
surveying technologies. In this context, Khoi et al. (2024) investigated
the combined use of Unmanned Aerial Vehicles (UAVs), Terrestrial Laser
Scanning (TLS), BIM, and Geographic Information Systems (GIS) to en-
hance the accuracy and efficiency of port infrastructure management. Their
methodology consists of two main phases: data acquisition (based on
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UAV-mounted LiDAR and photogrammetry sensors, along with TLS sur-
veys) and the subsequent creation of a detailed BIM model. The result-
ing model is georeferenced within a GIS environment and deployed on a
cloud-based platform, enabling real-time data sharing and collaboration
among stakeholders. Although this approach represents a significant ad-
vancement in terms of data integration and accessibility, it is mainly con-
ceived for monitoring and management purposes rather than for support-
ing design activities or engineering decision-making.

Overall, the reviewed literature demonstrates that current BIM appli-
cations for maritime infrastructures predominantly focus on management,
inspection, and maintenance tasks, often relying on commercial BIM soft-
wares combined with external tools such as CMMS, spreadsheets, GIS
platforms, or cloud-based systems. While these approaches have proven
to be effective in improving data organization and maintenance planning,
they generally lack integration with the early design phases and do not
support advanced engineering analyses or performance-based assessments.
Consequently, there is a clear need for the development of new BIM-based
frameworks capable of supporting both design, lifecycle management, and
maintenance planning of maritime structures, bridging the gap between

geometric modeling, information management, and engineering analysis.

1.3 Aims

Although BIM methodologies have already been applied to maritime struc-
tures, at least in a few cases, their use has so far been largely limited to
management and maintenance purposes. In most existing applications,
commercial BIM software, such as Autodesk Revit, has been adopted.
However, Autodesk Revit has been primarily developed for building-oriented
BIM workflows, and its application to maritime infrastructures requires
substantial adaptations. In particular, the lack of dedicated object libraries

for maritime structures and the limited flexibility of the information layer
constrain the development of detailed and infrastructure-specific BIM mod-
els.

The main aim of this PhD research is the development of an open-
source BIM-based platform capable of supporting both the design and
maintenance phases of maritime structures, with a specific focus on rub-
ble mound and caisson-type breakwaters. The proposed framework is in-
tended to overcome the limitations of existing BIM solutions by providing
a flexible and extensible environment tailored to the specific characteris-
tics of maritime infrastructures.

More specifically, this work aims to:

¢ define modeling guidelines for the creation of BIM objects represen-




tative of maritime structures and their components;

¢ develop simplified and semi-automatic procedures for constructing
detailed geometric models suitable for engineering analyses;

¢ integrate hydraulic verification tools for breakwater units within the

BIM environment;

* design and implement an informative layer specifically conceived
for maritime infrastructures, supporting lifecycle data management.

Through these objectives, the proposed platform seeks to bridge the
gap between geometric modeling, engineering analysis, and information
management, providing a unified tool to support decision-making through-
out the lifecycle of maritime structures.

1.4 Owutcomes

The main outcome of this PhD research is the open-source BIM-based plat-
form “Building Information Modeling for Maritime Structures” (BIMMSs).
It is conceived as an integrated environment to support the design, model-
ing, simulation, and maintenance of maritime structures, overcoming the
limitations of existing commercial BIM solutions. The platform is imple-
mented within the Blender environment and is articulated into two com-
plementary sub-tools: the Maritime Modeling Tool and the Deployment
Simulation Tool.

The Maritime Modeling Tool is designed to support the guided (and
semi-automatic) creation of detailed geometric models of maritime infras-
tructures and the assignment of an information layer specifically defined
for this type of structure. By combining Geographic Information System
(GIS) data with the Blender GIS add-on, the tool enables the generation
of accurate seabed and terrain models using Delaunay triangulation tech-
niques. Leveraging Blender’s advanced modeling capabilities, maritime
components are constructed in a modular and flexible manner, facilitating
the assembly of complex geometries such as rubble mound and caisson
breakwaters. Furthermore, the tool allows the export of geometric com-
ponents in standard formats and the systematic assignment of semantic
and technical information to each structural element, thus enabling a BIM-
compliant representation tailored to maritime infrastructures.

The Deployment Simulation Tool extends the modeling environment
by integrating physics-based simulations and engineering verification pro-
cedures, such as, stability check of rubble mound breakwaters with differ-
ent criteria (e.g., CIRIA, 2007) and overtopping verification (e.g., van der
Meer et al., 2016). This tool allows the simulation of breakwater unit place-
ment by exploiting Blender’s rigid body dynamics, enabling the analysis
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of deployment processes under gravity and contact interactions. Artifi-
cial units such as accropodes, tetrapods, or cubic blocks can be paramet-
rically defined and positioned with assigned physical properties, includ-
ing mass, friction, and damping coefficients. The simulation framework
is complemented by stability and hydraulic performance assessments, in-
cluding classical design formulations such as the Hudson formula and the
Van der Meer approach for both deep and shallow water conditions (e.g.,
CIRIA, 2007). Additionally, the tool provides functionalities to evaluate
overtopping-related aspects within the same integrated environment.

Overall, BIMMs represents more than a conventional geometric or BIM
model of a maritime structure. It aims to be an unified, open-source frame-
work that integrates geometric modeling, information management, physics-
based simulation, and engineering verification. By bridging the gap be-
tween design, analysis, and maintenance within a single platform, the
proposed tool provides a novel decision-support system for the lifecycle
management of maritime infrastructures.

1.5 Structure of the thesis
The thesis is structured as follows.

¢ Overview of Building Information Modeling approach (2) presents
the fundamental principles of the BIM methodology, covering geo-
metric modeling, information management, and the roles of the dif-
ferent stakeholders involved in the process.

* Overview of Maritime Structure design and maintenance (3) intro-
duces the main typologies of maritime structures and describes their
design methodologies. The chapter discusses stability verification of
armor units based on different design criteria and concludes with an

overview of maintenance and management planning.

* The proposed tool (4) describes the newly developed platform, BIMMs
(Building Information Modeling for Maritime Structures), detailing
its architecture, functionalities, and implementation.

¢ Practical applications (5) illustrates the application of BIMMs through
two case studies. The first case study focuses on a rubble mound
breakwater, while the second addresses a caisson-type breakwater.

¢ Concluding remarks (6) summarizes the main outcomes of the re-
search and discusses the implications and potential future develop-
ments of the proposed approach.




OVERVIEW OF BUILDING INFOR-
MATION MODELING APPROACH

2.1 General remarks

Building Information Modeling (BIM) is based on the continuous use of
digital models throughout the entire lifecycle of a built asset (e.g., Bor-
rmann et al., 2018). Digital representations are employed from the early
conceptual design stages through construction and extend into the long-
term operation and management phases. One of the main advantages of
BIM lies in its ability to improve information exchange and coordination
among the various stakeholders involved in a project.

More specifically, a Building Information Model represents a digital
and information-rich description of a facility. It includes a three-dimensional
geometric model defined at a specific level of detail, together with non-
physical entities such as spaces, zones, schedules, and a hierarchical project
structure. Each object within the model is associated with a well-defined
set of semantic attributes, including component type, materials, technical
properties, and cost-related information (e.g. Borrmann et al., 2018). The
type and structure of this information depend on the object classification,
which is typically defined through Industry Foundation Classes (IFC), as
discussed in the following chapters.

BIM provides significant advantages during the design development
phase. Conventional two-dimensional technical drawings are directly de-
rived from the three-dimensional model, ensuring consistency and auto-
matic updates of plans and sections. Moreover, the use of a digital build-
ing model during the tendering process enables a more accurate defini-
tion of required services and construction costs, supporting contractors
during bid preparation and facilitating precise cost control at later stages.
In this context, four-dimensional (4D) BIM links building components to

construction scheduling, while five-dimensional (5D) BIM further inte-
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grates cost information into the model (e.g., Borrmann et al., 2018). Al-
though beyond the scope of this work, according to current Italian regula-
tions, it is worth mentioning that environmental and sustainability infor-
mation can be integrated within seven-dimensional (7D) BIM, while six-
dimensional (6D) BIM is primarily associated with the management and
operation phases of existing structures.

2.2 Geometric Modeling

As already outlined, a Building Information Model contains the informa-
tion required to support the planning, construction, and operation of an
asset. Within the BIM environment, the three-dimensional geometric rep-
resentation of a structure plays a central role (e.g., Borrmann et al., 2018).
The availability of a consistent 3D model provides several advantages over

conventional two-dimensional documentation.

¢ In a BIM-based workflow, technical drawings are directly generated
from the three-dimensional model. As a result, plans, sections, and
elevations are automatically updated whenever the model is modi-
fied, significantly reducing the risk of errors associated with manual
revisions of 2D (unlinked) drawings.

¢ The three-dimensional representation enables the identification of
potential spatial conflicts between structural elements and surround-
ing (existing or to be designed) infrastructures, such as utility net-
works or transportation systems. Clash detection is a key aspect for
coordinating the activities of the different stakeholders involved in

the project.

¢ The 3D model facilitates the automatic computation of quantities,
which can be directly derived from the geometric properties of the
model elements, such as volumes and surface areas. The type and
level of detail of the extracted quantities typically depend on the IFC
classification assigned to each component.

Therefore, the digital three-dimensional representation of a structure
constitutes one of the fundamental pillars of the BIM methodology.

2.3 Industry Foundation Classes

BIM is based on the exchange of information. Indeed, the costs and the
time component are added to the 3D model in order to obtain 4D and
5D models. Information could also regard the work scheduling, materials
used to build each component of the structure, or equipment. The data




exchange avoids the need to re-enter data or information already created
manually and reduces the risk of errors (e.g., Borrmann et al., 2018).

For this purpose, Industry Foundation Classes (IFC) provide a compre-
hensive and standardized data format for the vendor-neutral exchange of
digital building models (e.g., Borrmann et al., 2018). In other words, IFC
standards allow to share building data among different software products.
A further important aspect is the detailed description of semantic informa-
tion, including the classification of building components within a common
hierarchy of types (e.g., Borrmann et al., 2018). IFC standards ensure one
of the most useful aspects of BIM methodology, i.e. the Interoperability:
the capability of the BIM model to share, through the IFC classification
standard format, the information of the model from one software product
to another. The IFC data model is very important for implementing BIM
concepts and is the basis of many standardization initiatives at an interna-
tional level.

The IFC data model is complex (e.g., Borrmann et al., 2018). To im-
prove its maintainability and extensibility, it is structured in different lay-
ers.

Core Layer contains the most elementary classes of the data model
which define the basic structures, key relationship and general concepts
which can be re-used and classified in the upper layers. The core of the
IFC comprises basic abstract classes such as Control Extension, Product Ex-
tension, and Process Extension.

The Product Extension describes the physical and spatial objects of a
building and their relationship. It includes the subclasses of IfcProduct,
such as IfcBuilding, IfcBuildingStorey, IfcElement, and IfcBuildingElement.

The Process Extension schema comprises the classes to describe pro-
cesses and operations.

Control Extension defines the classes to control objects through which it
is possible to assign them to physical and spatial objects.

Interoperability Layer defines the classes directly derived from classes
in the Core Layer and can be used by a range of different application
schemes, e.g. important building element classes such as IfcWall, IfcCol-
umn, IfcBeam, IfcWindow.

Domain Layer layer contains specialized classes that are applied to
specific application domains. These classes represent the leaf nodes of the
inheritance hierarchy. Classes defined at this level cannot be referenced by
other layers or by other schemas.

It is also worth highlighting the evolution of the IFC schema. Its de-
velopment began with IFC2 and has progressively evolved to the IFC4
schema. The IFC4 schema defines domain-specific models for architec-
ture, building services, construction management, electrical systems, and

structural elements.
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Figure 2.1. Inheritance hierarchy of IFC schema (e.g., Borrmann et al., 2018)

Resource Layer is the lowest layer that provide basic data structures
that can be used through the entire IFC data model. The most important
resource schemes include:

* Geometry Resource that contains the basic geometric elements such

as point, vectors, parametric curves, and surfaces.

¢ Topology Resource that contains all the classes to represent the topol-
ogy of a solid.

¢ Geometric Model Resource contains all classes to describe geometric
models such as IfcCsgSolid.

¢ Material Resource contains elements to describe materials.

¢ Utility Resource provides elements to describe the ownership and
version history of IFC objects.

In addition to the resources cited above, there are all of the resources that
include the schemes regarding Cost, Measure, DateTime, and Representa-
tion.

To better figure out the IFC structure, it is worth pointing out that in-
heritance hierarchy plays a crucial role in the IFC: it defines specialization
and generalization relationships (e.g., Borrmann et al., 2018).

The inheritance hierarchy follows a semantic approach: the meaning
of the objects is the basis to model inheritance relationships. The general
architecture of the class system is depicted in Figure 2.1.

The starting point is the root with its own class IfcRoot. It provides
basic functionality to identify an object using a Globally Unique Identifier
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(GUID), that allows to describe ownership and the origin of the object.

IfcObjectDefinition, IfcPropertyDefinition, and IfcRelationship are directly
derived from the root (e.g., Borrmann et al., 2018).

IfcObjectDefinition is a superclass that represents physical objects (e.g.
building elements), spatial objects (e.g. openings and spaces), and con-
ceptual objects such as processes, costs, and time. The IfcObjectDefinition
contains:

¢ IfcObject describes all the individual objects in the building project.
Its subclasses can be described as follows.

— IfcProduct can be assigned to geometric representation and are
positioned within the project coordinate system.

— IfcProcess is a process that occurs during the building project
(e.g. planning, construction, operation). Processes have a tem-

poral dimension.

— IfcControl describes an object that controls or limits another ob-
ject. Controls can be laws, guidelines, specifications, boundary
conditions or other requirements.

— IfcResource represents the use of an object as a part of a process.
— IfcActor is a human participant involved in the building project.

— IfcGroup is an aggregation of objects.
¢ IfcTypeObject contains the type of each element.

¢ IfcContext describes the generical information of the project.

IfcRelationship describes the relationships between the objects. The IfcProp-

ertyDefinition defines those properties that are not part of the IFC model.
Going deeper into the IFC schema, the IfcProduct is an abstract repre-
sentation of all objects. It has different subclasses.

e IfcElement is the superclass for a whole series of important basic classes

including IfcBuildingElement, which is the superclass for all building
elements such as IfcWall, IfcColumn, etc. Each class has its own prop-
erty template, for instance, IfcWall, among the computed properties
has NetVolume and NetSideArea.

e IfcSpatialStructure class is used to describe non-physical spatial ob-
jects. Its subclasses include IfcSite, IfcBuilding, IfcBuildingStorey, and
IfcSpace.

e IfcProxy serves as a placeholder for representation objects that do
not correspond to any of the semantic types so that they can still be
defined in the IFC model, and if necessary be assigned a geometric

representation.
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IfcProduct has further subclasses to describe objects that are embedded
within a spatial context such as IfcAnnotation, IfcGrid, and IfcPort (e.g. Bor-
rmann et al., 2018). The semantic classification that IFC elements follow,
joined with the inheritance hierarchy structure of the IFC, explains the re-
lationships between the objects. This property is the most important part
of the IFC data model.

2.4 BIM Project Management

Building Information Modeling is characterized by the structured creation
of three-dimensional models and by the systematic exchange of informa-
tion throughout the project lifecycle. While the geometric design focuses
on the consistent representation of physical components, as discussed in
Section 2.2, information exchange relies on standardized data structures
and workflows, typically implemented through the Industry Foundation
Classes (IFC) framework.

The level of geometric detail and the scope of information exchange
vary according to the different project phases and are driven by the client’s
information requirements. These requirements define the type, quality,
and amount of information to be produced, ensuring consistency with the
project specifications and objectives.

In a building project, the content and structure of information address
different aspects of each project phase. Typically, an information model
includes three-dimensional models, equipment schedules, technical spec-
ifications, inspection records, and test certificates. Since BIM covers the
entire lifecycle of a built asset, information exchange processes are struc-
tured by distinguishing between the project delivery phase and the asset
management phase (e.g. Borrmann et al., 2018). The overall structure of
the information flow is illustrated in Figure 2.2.

Referring to Figure 2.2, the Organizational Information Requirements
(OIR) define the high-level data and information needs of stakeholders
and directly influence the Asset Information Requirements (AIR).

The Project Information Requirements (PIR) translate organizational
objectives into project-specific information needs and support decision-
making processes at a strategic level within the organizations involved
(e.g., Borrmann et al., 2018). PIR are defined with reference to a specific
built asset and guide information production during the project delivery
phase.

The Project Information Model (PIM) supports the project delivery phase
and represents a primary source of information for the subsequent devel-
opment of the Asset Information Model (AIM). It is commonly used for
activities such as clash detection, construction scheduling, and cost esti-
mation, providing geometric data, spatial relationships, and equipment-
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Figure 2.2. Structure of the information model (e.g., Borrmann et al., 2018)

related information.

The AIM supports the operational and maintenance phases of the as-
set. It contains graphical and non-graphical information, including doc-
umentation, equipment registers, maintenance records, and cumulative
cost data, in accordance with the defined AIR.

Information exchanges between stakeholders are governed by the Ex-
change Information Requirements (EIR), which specify what information
must be delivered, when, and in which format. All information man-
agement processes are formalized within the BIM Execution Plan (BEP).
Due to the dynamic nature of construction projects, the BEP is continu-
ously updated and refined throughout the project lifecycle. It typically
defines management responsibilities, collaboration processes, modeling
standards, and the adopted information technology solutions.

Project management therefore plays a crucial role in the BIM process.
Given the involvement of multiple actors with different roles, objectives,
and perspectives, the successful implementation of BIM relies on the clear
definition of responsibilities and workflows. This coordination is com-
monly achieved through the adoption of a Common Data Environment
(CDE), which provides a centralized and controlled platform for informa-
tion sharing, thereby enhancing collaboration and maximizing the benefits
of BIM for all participants.




Ph.D. Thesis of Eng. Valerio Gianforte, University of L’Aquila

Model creation by respective model authors

N N v

Model coordination

FEDERATED
MODEL

MODEL 1

Figure 2.3. Workflow for the creation of a federated model (e.g., Borrmann
etal., 2018)

2.5 Common Data Environment (CDE)

The exchange of information in a BIM-based workflow requires a shared
digital space, commonly referred to as the Common Data Environment
(CDE).

The CDE provides controlled and differentiated access areas for the
various project stakeholders, enabling the structured sharing of data, doc-
uments, and processes throughout the project lifecycle (e.g., Borrmann
et al., 2018). Its primary role is to ensure that all participants operate on
consistent, updated, and validated information.

The need for a CDE arises from the fact that each actor involved in a
project typically develops their own discipline-specific model using dedi-
cated software tools. For this reason, the use of a single, monolithic model
is generally not recommended. Instead, collaborative BIM workflows are
based on the integration of multiple discipline-specific models.

Accordingly, several countries have adopted collaborative approaches
based on federated models (Figure 2.3). In this approach, each stakeholder
retains responsibility for their own sub-model, while coordination and in-
tegration are achieved through model federation.

All discipline-specific models and associated documentation are stored
within the CDE, which acts as the central repository for project informa-
tion. This centralized data management reduces information redundancy,
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Figure 2.4. Hierarchical organization of the actors involved in the BIM process

minimizes the risk of inconsistencies, and ensures the availability of the
most recent and approved data at all stages of the project. Furthermore,
the CDE establishes a structured framework for collaboration and coor-
dination among stakeholders, thereby supporting effective information
management and interoperability in BIM-based projects (e.g. Borrmann
et al., 2018).

2.6 Actors involved in the BIM methodology

The BIM process involves several actors with distinct roles and responsi-
bilities, organized according to a hierarchical structure (Figure 2.4).

The main figures involved in the BIM methodology can be summa-
rized as follows.

¢ BIM Manager. The BIM Manager is responsible for defining and su-
pervising the overall BIM strategy of the project. This role requires
a combination of technical, managerial, and IT-related skills. In par-
ticular, the BIM Manager:

- has a background in architecture or civil engineering, with ex-
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perience in construction project execution and a thorough un-
derstanding of workflows, information requirements, and re-
sponsibilities;

- possesses advanced knowledge in the development and use of
3D models, data models, and open data formats;

- has practical experience with IT systems and BIM software, in-
cluding system configuration and staff training;

- is familiar with international BIM standards, guidelines, and
employer’s information requirements;

— is capable of developing and delivering training programs and
documentation;

- acts as a communicator, team player, and leader, facilitating co-

ordination among stakeholders (e.g., Borrmann et al., 2018).

¢ BIM Coordinator. The BIM Coordinator manages and coordinates
information flows among the various disciplines involved in the project.
The main responsibilities of this role include:

- supporting the implementation and digitalization of BIM pro-

cesses;

- contributing to the development of the information manage-
ment plan;

- translating information requirements into discipline-specific tasks;
— supporting the BIM Manager in operational activities;
- managing clash detection and coordination procedures;

— defining and verifying the required levels of detail and infor-
mation of models and drawings;

- selecting appropriate tools and supporting team organization.

¢ CDE Manager. The CDE Manager is responsible for the efficient
management of the Common Data Environment, ensuring secure ac-
cess, version control, and compliance with agreed workflows. This
role contributes to improving collaboration efficiency and overall
project quality.

* BIM Specialist. The BIM Specialist is responsible for discipline-
specific modeling activities and information production. Depending
on the project scope, this role may focus on buildings or infrastruc-
ture works. The main tasks of the BIM Specialist include:

— creation and maintenance of 3D models and derived 2D draw-

ings;
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— implementation and use of object libraries required for project
development;

— execution of structural, facilities, or energy-related analyses, where
applicable;

— extraction and export of data required for quantity take-offs

and cost estimation.

In summary, BIM actors play a central role in the success of a BIM-
based project. Clear definition of responsibilities, effective coordination,
and appropriate skill sets are essential to fully exploit the potential benefits
of the BIM methodology.




OVERVIEW OF MARITIME STRUC-
TURE DESIGN AND MAINTENANCE

3.1 General remarks

Maritime structures are typically needed to create sheltered areas for port
operations or to mitigate coastal flooding risks. These structures can take
various forms, depending on water depth, environmental conditions, hy-
draulic forces, geotechnical characteristics, and structural requirements.

Understanding these factors is essential for defining the design, con-
struction, and maintenance processes, as well as for establishing the infor-
mation content that must be incorporated into a BIM-based workflow.

The key parameters considered during the design process can be sum-
marized as follows (e.g., CIRIA, 2007):

1. Environmental boundary conditions.
2. Hydraulic parameters.
3. Geotechnical parameters.

4. Structural parameters.

Environmental boundary conditions, including wave climate, currents,
water levels, foreshore geometry, and seabed characteristics, are largely
independent of the structure itself (e.g., Van der Meer, 1995). Designers
typically cannot influence these parameters; however, they are critical for
determining the loads acting on the structure and to select the most appro-
priate configuration of the structure. Hydraulic responses include wave
run-up, run-down, overtopping, transmission, and reflection. Geotechni-
cal parameters may include liquefaction potential, pore water pressure,
and hydraulic gradients. Structural characteristics comprise slope geom-
etry, rock mass properties, density, cohesion, porosity, permeability, and
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Figure 3.1. Basic scheme of assessment of rubble mound structure responses

cross-sectional dimensions, all of which are directly related to the stability
of both vertical and rubble-mound breakwater structures.

These parameters determine both external and internal loads (Figure 3.1).

External loads are associated with water motion over the structure, such
as wave impact, run-up, run-down, and overtopping, whereas internal
loads, for rubble mound breakwaters, describe groundwater flow within
the structure, pore pressure variations, and changes in the phreatic line.
The resistance of the structure to these loads determines its hydraulic and
structural performance, assessed through the stability of the entire cais-
son for vertical breakwaters and through the armor and filter layers, crest
walls, toe berms, and dynamically stable slopes for rubble mound break-
waters (e.g., Van der Meer, 1995).

A thorough understanding of these factors is essential to develop accu-
rate digital representations of maritime structures. By incorporating this
information into a BIM environment, it is possible to support both the de-
sign phase, including geometric modeling, verification of armor unit sta-
bility for rubble mound breakwaters, and simulation of hydraulic loads,
and the maintenance phase, ensuring that all relevant data are consistently
captured and accessible throughout the structure’s life cycle.

This chapter aims to provide to the readers with a brief overview of
the most useful aspects that are directly linked to the proposed BIM-based
tool.
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3.2 Breakwaters

3.2.1 Classification

The classification of breakwaters is commonly based on the dimensionless
parameter H/(AD), where H denotes the incident wave height, A is the
relative mass density of the material, and D represents a characteristic di-
ameter of the structural element, such as armor units, stones, gravel, or
sand (e.g., Van der Meer, 1995). This parameter, usually referred to as the
stability number, expresses the relative intensity of wave loading with re-
spect to the resisting capacity of the material and provides a unified frame-
work for comparing different types of maritime structures.

Based on the value of H/(AD), breakwater structures can be roughly
classified into three main categories: stable structures, statically stable struc-
tures and dynamically stable structures. The fundamental distinction be-
tween these categories lies in the level of damage that is considered ac-
ceptable under design conditions. In stable structures, no displacement is
allowed (i.e. caisson breakwater). In statically stable structures, no dam-
age or only negligible displacement of armor units is allowed, whereas dy-
namically stable structures are designed to accommodate controlled ma-
terial movement without compromising overall structural integrity.

Stable structures are characterized by very low values of H/(AD) (i.e.
lower than 1).

Statically stable structures are characterized by relatively low values of
H/(AD), typically in the range 1 < H/(AD) < 4. Under these conditions,
armor units are required to remain essentially immobile during design
storm events. Structural safety is ensured by selecting sufficiently large
and heavy units, often artificial blocks or large natural rocks, arranged
on uniform slopes. Damage, when allowed, is limited to minor local dis-
placements (i.e. rocking) that do not affect the global performance of the
structure.

Dynamically stable structures, by contrast, correspond to higher val-
ues of H/(AD), generally exceeding 6. In this case, the structural response
is governed by profile reshaping under wave action. Individual elements
such as stones, gravel, or sand are mobilized during wave run-up and
run-down phases, and the structure evolves until an equilibrium profile is
reached. This equilibrium is attained when the net cross-shore sediment
transport over successive wave cycles becomes negligible, resulting in a
stable configuration that can sustain further wave loading without pro-
gressive degradation.

A more detailed classification of maritime structures as a function of
H/(AD) is summarized below (e.g., Van der Meer, 1995).

e For H/(AD) < 1, caissons and seawalls. These structures are de-
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signed to remain fully intact under design conditions, and no dam-
age is tolerated. In this case, the characteristic dimension D may
represent the height or width of the structure rather than a particle
or unit diameter.

e For 1 < H/(AD) < 4, statically stable rubble mound breakwaters.
Limited damage may be allowed under extreme conditions, while
the overall geometry and functionality must be preserved. The ar-
mor layer generally consists of heavy artificial units or large natural
rocks, with D defined as the nominal diameter of the armor units.

e For 3 < H/(AD) < 6, S-shaped and berm breakwaters. These struc-
tures feature steep slopes above and below the still water level and
a gentler slope in between, aimed at reducing wave forces on the ar-
mor layer. The initial profile evolves during early storm events until
a dynamically stable configuration is achieved.

e For 6 < H/(AD) < 20, rock slopes and beaches. In this range, the
rock size is relatively small and cannot withstand severe wave at-
tack without displacement. Consequently, the equilibrium profile
becomes a primary design parameter.

e For 15 < H/(AD) < 500, gravel beaches. They are characterized by
continuous profile adjustment under varying wave and water level
conditions. Profile development plays a central role in the design

process.

e For H/(AD) > 500, sand beaches. These structures consist of very
fine material that is highly susceptible to erosion during storm surges,
and dune erosion as well as profile evolution represent key design
considerations.

It should be noted that the ranges of the stability number may partially
overlap, reflecting transitional structural behaviors and different design
philosophies.

The selection of the most appropriate breakwater typology depends
on several factors, including construction costs, technical feasibility, avail-
ability of materials, and owner preferences (e.g., CIRIA, 2007). Water
depth plays a particularly important role in this choice. Caisson break-
waters are often preferred in deep-water conditions, where the volume of
quarried rock required for rubble mound structures increases significantly
with depth. Conversely, rubble mound breakwaters are typically favored
in shallower waters, as they offer superior wave energy dissipation and
reduced wave reflection compared to vertical structures.

The choice of the breakwater cross-section is generally guided by a

combination of functional requirements, boundary conditions, material
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availability, construction considerations, and long-term maintenance as-
pects. These design choices directly affect the geometric configuration,
material properties, and performance indicators that must be explicitly
represented within a BIM-based information model. Functional require-
ments primarily concern harbor protection and operability, including the
minimization of wave energy within the harbor basin, the reduction of
wave disturbance at berths, and the navigability of access channels and
entrance areas. Boundary conditions needed at the design phase encom-
pass environmental parameters such as water depth, tides, currents, and
bathymetry, as well as construction-stage constraints related to meteoro-
logical conditions, environmental regulations, and logistical limitations.
Material availability is governed by local quarry characteristics, which de-
termine the maximum size and shape of armor stones or units. Construc-
tion considerations include access to the site, availability of equipment and
labour, and overall technical feasibility. Finally, maintenance requirements
must be carefully assessed, as rubble mound structures are often partially
submerged or difficult to access, leading to potentially significant long-
term maintenance costs. In some cases, larger armor sizes may be selected
to reduce maintenance demands over the structure’s operational lifetime,
despite higher initial construction costs.

It should be noted that the present study focuses specifically on con-
ventional rubble mound breakwaters and vertical (composite) breakwa-
ters. Dynamic stable structures, such as berm breakwaters, which may ex-
perience reshaping processes and longshore displacement of armor units
under wave action, fall outside the scope of this research. Consequently,
maintenance considerations related to long-term dynamic instability of re-
shaping structures are not addressed in the current framework.

The final design solution is typically obtained through an optimization
process that balances construction and maintenance costs while account-
ing for feasible construction methods (e.g., CIRIA, 2007). In this context,
water depth and material availability often represent the dominant cost
drivers.

The design of breakwater structures requires integrated hydraulic, struc-
tural, and geotechnical analyses that address all relevant failure modes.
Structural performances are evaluated with reference to both the Service-
ability Limit State (SLS) and the Ultimate Limit State (ULS) (e.g., CIRIA,
2007). The SLS describes the ability of the structure to fulfil its intended
function under normal operating conditions, while the ULS refers to the
capacity of the structure to withstand extreme loading scenarios without
catastrophic failure.

For rubble mound breakwaters, failure modes are primarily associated
with wave action and geotechnical instability (Figure 3.2).

For caisson breakwaters, failure mechanisms are mainly related to the
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Figure 3.2. Failure modes affecting rubble mound breakwater structures

high impact forces generated by breaking waves, which may induce slid-
ing, overturning, or bearing capacity failure of the caisson on its rubble
foundation (Figure 3.3).

3.2.2 Rubble mound breakwaters

Rubble mound breakwaters are multi-layered coastal structures designed
to dissipate wave energy through their geometric configuration and porous
features that enhances wave breaking. They typically consist of a core
made of relatively small quarry stones, protected by one or more armor
layers placed on the seaward slope, crest, and leeward slope. Between the
core and the armor layer, one or more filter layers are usually introduced
in order to prevent the loss of finer core material under wave action. In
addition, a toe berm is often deployed at the base of the seaward slope
to provide structural support to the armor layer and to improve overall
stability (Figure 3.4).

The main parameters governing the design of rubble mound breakwa-
ters can be summarized as follows (e.g., CIRIA, 2007).

* Crest freeboard, R. (m). The crest elevation is generally dictated by
acceptable overtopping discharge or wave transmission levels, in ac-
cordance with the functional requirements defined for the structure
and for the activities to be performed on the lee side. In addition,
overtopping rates can be assessed through experimental investiga-
tions in order to obtain more accurate estimates for the design of the
crest freeboard R, (e.g., Beltrami et al., 2005).

¢ Crest width, B (m). The crest width should be sufficient to allow
the placement of at least three natural rocks or artificial armor units.
This requirement becomes particularly important when significant

overtopping is expected.
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¢ Slope angle, a (deg). The slope should be as steep as practicable in
order to minimize the overall volume of the structure, while satisfy-
ing hydraulic and geotechnical stability criteria. For conventional
rubble mound breakwaters, slopes are generally not steeper than
1:1.5 (V:H). For artificial armor units, steeper slopes may be adopted,
depending on the guidance provided by the unit developer, with
values as steep as 1:1.33 commonly used.

¢ Layer thickness, ¢, and t,, (m). The thickness of armor (¢,) and un-
derlayer layers ¢, is typically determined using the following rela-

tionship:
ta, tu = 2kt Diso, (3.1)

where £; is the layer thickness coefficient accounting for packing
density effects, and D,,50 is the nominal diameter of the units. For
artificial armor units, recommended values of k; are usually pro-
vided by the unit developers. In general, the layer thickness can
be expressed as n ki D,, where D,, = ;/ 3D, D is the characteristic

dimension of the unit, and k; is the shape coefficient.

¢ Seaward toe level, h; (m). The water depth at the seaward toe typ-
ically ranges between 1.0H and 1.5H, and strongly influences the
required stone size for the toe berm.

¢ Leeward berm or shoulder level, i; (m). This parameter depends
on wave attack from the lee side and on the expected overtopping
discharge. As reported in CIRIA (2007), a depth of approximately
3 m can be considered acceptable in many practical applications.

¢ Toe width, B; (m). The toe width should allow the placement of at
least three armor units. The thickness of the toe berm is generally
governed by the same criteria adopted for the armor layer thickness.

* Bedding layer width, S; and S; (m). Unless specific erosion or scour
conditions are anticipated, the seaward bedding layer width is typ-
ically not less than S; = 2 m. The corresponding leeward bedding
layer width is often computed as S; = 0.5t,,. When significant scour
is expected, the bedding layer may act as an erosion control measure,
and its width should not be less than 6 m.

3.2.3 Vertical Breakwaters

Vertical breakwaters, sometimes referred to as caisson breakwaters, are
generally considered more economical, if compared to rubble mound break-
waters, in relatively deep water conditions, typically for water depths of
approximately 15 m or greater (e.g., CIRIA, 2007). A sufficient water
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Figure 3.5. Typical cross-section of a caisson breakwater structure
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depth is required to allow the placement and installation of the caisson
units, which are usually prefabricated concrete elements positioned on a
rubble foundation (Figure 3.5).

As water depth increases, the width of the caisson generally increases
in order to ensure adequate stability against wave-induced loads, result-
ing in a composite breakwater configuration. The design of caisson struc-
tures is governed by the potential failure modes illustrated in Figure 3.3,
which can be summarized as follows.

¢ Horizontal sliding (1), which occurs when the total horizontal wave
force exceeds the frictional resistance at the interface between the
caisson and its foundation.

¢ Overturning (2), involving rotation of the caisson around the lee-
side edge of the concrete structure.

* Geotechnical instability (4), which may develop along a circular
slip surface under unfavorable subsoil conditions.

¢ Toe damage and seabed erosion (5-6), resulting from wave action
in front of the caisson, potentially leading to instability of the rubble
foundation or erosion of the seabed adjacent to the toe.

* Subsoil liquefaction (7), which can be induced by wave impact forces

when the foundation consists of loosely packed sandy materials.

The design of caisson stability, associated with failure mechanisms (1)
to (4), is typically governed by extreme combinations of wave height and
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wave period. In contrast, instability of the toe berm (5) is generally linked
to severe storm conditions characterized by high significant wave heights,
often combined with low water levels. This distinction reflects the fact that
caisson failure may be triggered by a single extreme wave event (fragile
behavior), whereas damage to rubble foundations and toe structures usu-
ally develops through more gradual processes (ductile behavior).

Accordingly, different probabilities of exceedance are adopted in the
determination of design loads. The resulting design wave parameters in-
clude H; ., representing the design wave height relevant for caisson sta-
bility, and H, corresponding to the significant wave height used for the
design of the toe and foundation. It is worth noting that the primary cais-
son failure mechanisms, namely sliding and overturning (1-2), are not di-
rectly influenced by the properties of the rubble mound foundation, which
mainly affects toe stability and seabed response.

Last but not least, wave overtopping represents a further critical issue
for this type of structure. In order to optimize the design of the crown
wall, experimental campaigns are often carried out (e.g., Di Risio et al.,,
2007).

3.3 Wave loads and hydraulic response

To properly frame the design phase of maritime structures within a BIM-
based workflow, it is useful to provide a synthetic description of the wave-
related parameters that govern hydraulic loading and structural response.

Wave conditions are commonly characterized by the following param-
eters (e.g., Van der Meer, 1995).

* Wave height (/). The most widely adopted descriptor is the signif-
icant wave height, Hj, traditionally defined as the average height
of the highest one-third waves (H,,3). Under the assumption of
a Rayleigh distribution of wave heights, H; ~ H;/3 and is com-
monly considered equivalent to the spectral significant wave height
H,n0 = 4,/myg, derived from the wave energy spectrum (where my is
the zeroth spectral moment).

* Wave period (7). Each value of Hj is typically associated with a
peak wave period, T),. In some applications, the mean wave period
Ty, is adopted, which can be approximated as 7, = 0.97),.

* Angle of wave attack (3) defined as the angle between the wave
propagation direction and the normal to the structure alignment.

e Water depth (h).

Depending on the water depth, two limiting conditions can be iden-
tified: deep water and shallow water. In deep water conditions, the wave
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height distribution follows a Rayleigh distribution, making H, a suitable
representative parameter. In shallow water conditions, however, the high-
est waves in the wave train break, and the wave height distribution devi-
ates from Rayleigh. In such cases, alternative characteristic wave heights
are commonly adopted, such as Hsy (the wave height exceeded by 2%
of individual waves) or H; /1y (the mean height of the highest 10% of in-
dividual waves). For Rayleigh-distributed waves, these quantities can be
approximated as:

Hyy = 1.4 Hg, H1/10 =1.27H,. (32)

The influence of the wave period is expressed through the wave length.
Under deep water conditions, the wave length can be computed as Ly =
gT?/(27), where g denotes gravitational acceleration. In practical coastal
engineering applications, however, deep water conditions are rarely met
at the structure location, and offshore wave characteristics may differ sig-
nificantly from those acting on the structure.

To account for wave transformation on slopes and the associated break-
ing behavior, the Iribarren number, also known as the surf similarity param-
eter, is commonly introduced:

§=——+, (3.3)

where tan(«) is the slope of the structure and sy is the wave steepness,
defined as so = H;/Lo, with H, denoting the wave breaking height (e.g.,
CIRIA, 2007). Different empirical formulations exist for the estimation of
wave steepness and breaking height.

The surf similarity parameter can be used to provide a useful classifi-
cation of wave breaking types (Figure 3.6). In particular, spilling waves
occur for £ < 0.4, plunging waves for 0.4 < £ < 2, and collapsing or
surging waves for £ > 2.

When waves interact with a structure, extreme vertical oscillations may
develop along the slope. These oscillations are referred to as wave run-up,
R, and wave run-down, R;. Run-up is defined as the maximum vertical
level reached by water on the slope of a structure due to wave action (e.g.,
CIRIA, 2007). In design practice, the value R,y is commonly adopted,
representing the run-up height exceeded by only 2% of incoming individ-
ual waves (e.g., van der Meer et al., 2016).

As already outlined, rubble mound breakwaters basically consist of a
permeable mound protected by an armor layer composed of large quarry
stones or concrete units (e.g., van der Meer et al., 2016). The inherent
porosity and roughness of these structures significantly influence wave

run-up, overtopping, transmission, and reflection processes. Similar ar-
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Figure 3.6. Sketches of wave breaking types

mor units may also be employed in vertical breakwaters to protect the
concrete structure from direct wave impact.

Overtopping assessment can be carried out using two alternative method-

ologies: the Mean Value Approach and the Design and Assessment Approach
(e.g., van der Meer et al., 2016). For rubble mound structures, the mean

value formulation for wave run-up is expressed as:

Ru2%

7= 1.65 % 77 V8 §m—1,05 (3.4)
m0

with an upper bound given by:

1.
Ryay, 5 ) , (3.5)

= Vf.surging V8 | 4.0 — ——=—=
Hpp Jsurging ﬂ( Vb E&m—1,0

For £,,-1,0 > 1.8, the roughness factor 7 surging increases linearly up to
unity at &,,—1,0 = 10:

-~
Vfsurging = Vf + (’gm—l,(] - 1'8)872f- (36)

In the Design and Assessment Approach, the coefficients in Equations 3.4
and 3.5 are modified as follows:

Ru?%

S L759% v v §m—1,05 (3.7)

Ru2‘7 1.5
> =1.07 : 40— — | . 3.8
H, Yf,surging V3 ( o fm—l,O) ( )
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Table 3.1. Roughness factor values for different armor layer configurations

Armor type v

Smooth impermeable surface 1.00
Rocks, 1 layer (impermeable core) 0.60
Rocks, 1 layer (permeable core) 0.45
Rocks, 2 layers (impermeable core) 0.55
Rocks, 2 layers (permeable core) 0.40
Tetrapods 0.38
Dolosse 0.43
Accropode™ I 0.46
Accropode™ I, Xbloc®, CORE-LOC® 0.44
Cubipods, one layer 0.49
Cubipods, two layers 0.47

Once R, 59 is known, the probability of overtopping can be estimated

Pyy = exp [—( —1n(0.02) He )2

u2%

as:

: (3.9)

where R, denotes the crest freeboard. The above formulations tend to
provide conservative estimates of overtopping occurrence; therefore, F,,
represents an allowable exceedance probability (e.g., van der Meer et al.,
2016).

In design practice, overtopping is primarily quantified in terms of the
mean overtopping discharge ¢. For rubble mound breakwaters with steep
slopes (1:2 to 1:4/3), the mean overtopping discharge according to the
Mean Value Approach is given by:

q R 1.3
=0.09 exp | — <1.5 ) . (3.10)
gH3 [ HmO'Yf’YB ]

mO0

For the Design and Assessment Approach, the corresponding expres-

sion becomes:

q R 1.3
=1.35exp |— (1.35 C) : (3.11)
Hiovsvs

Representative values of the roughness factor v for different armor
types and layer configurations are reported in Table 3.1 (e.g., van der Meer
etal., 2016).

Table 3.1 reports representative values of the roughness factor v for
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various armor types and layer configurations (van der Meer et al., 2016,
e.g., ). It should be noted that v, calibration depends not only on the ar-
mor unit type but also on the selected calibration dataset, following the
methodology proposed by Molines and Medina (2015).

As shown in Equations (3.4)—(3.8), the influence of oblique wave attack
is accounted for through the factor vg. The § parameter is defined as the
angle between the wave direction and the normal to the structure (e.g.,
van der Meer et al., 2016). The reduction factor is computed as:

v5 =1 —0.0063 8], 0° < |8] < 80°. (3.12)

For 8| > 80°, the value at |5| = 80° is adopted. Wave height and
period are assumed to decrease linearly to zero for 80° < |3] < 90°, and
wave overtopping is neglected for |3| > 110° (e.g., van der Meer et al,,
2016).

Finally, wave transmission and wave reflection represent additional pa-
rameters of interest. Transmission is quantified by the transmission coeffi-
cient:

H; E;

C = — =
t HZ Eiv

(3.13)
where H; and H; denote transmitted and incident wave heights, respec-
tively, and E; and E; are the corresponding wave energies.

Wave reflection, which may lead to hazardous sea states in front of the

structure, is described by the reflection coefficient:

o, |[E,
R N 14
Cr="11 5 (3.14)

where H, is the reflected wave height and E, is the reflected wave energy.

3.4 Stability verification of crown walls

Crown walls represent a fundamental component of both vertical and rub-
ble mound breakwaters (Figure 3.9). They improve overtopping perfor-
mance and contribute to structural stability at crest level. Under severe
wave attack, crown walls are subjected to significant horizontal impact
forces and uplift pressures that may govern their structural design.

The stability verification is generally performed with reference to the
ultimate limit states of sliding and overturning (e.g., CIRIA, 2007).

Stability against sliding requires:

f(Fg — Fy) > Fg (3.15)

while stability against overturning requires:
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Mg — My > My (3.16)

where F{ is the self-weight of the crown wall, Fy; the uplift force, Fiy
the horizontal wave force, and f the friction coefficient, commonly taken
equal to 0.5 for concrete elements resting on rubble foundations. Mg, My,
and My denote the corresponding moments computed about the relevant
rotation point.

No universal method exists to predict wave loads on crown walls for
all geometric and hydraulic configurations. Among the formulations most
commonly adopted in practice are those proposed by Bradbury et al. (1988),
Pedersen (1996), and Martin et al. (1999). These approaches differ in their
physical assumptions and in the representation of the design sea state.

3.4.1 Bradbury formulation

The approach proposed by Bradbury et al. (1988) expresses the maximum
horizontal force as:

Hy
Fr = (pwgdcLop) (aR - b> (3.17)

where H; is the significant wave height, L,, the deep-water wave-
length corresponding to the peak period, d. the height of the crown wall
face, R., the armour crest level, and a, b empirical coefficients.

Due to limited data on uplift pressures, simplified pressure distribu-
tions are assumed. The horizontal pressure is taken as rectangular (pg =
Fp/d.), while the uplift pressure is assumed to decrease linearly from the
front edge to zero at the rear. The uplift force is therefore estimated as:

_ pwchLop Hy N
Fy = (2 ) <aRca b (3.18)

where B, is the base width of the crown wall.

3.4.2 Pedersen formulation

The formulation proposed by Pedersen (1996) relates the impact pressure
to extreme run-up levels. The horizontal impact pressure component is
defined as:

Pi = pwg(Ry 1% — Rea) (3.19)

where R, ( 1 is the run-up level with 0.1% exceedance probability and
R, is the vertical distance between SWL and the armour crest.

The corresponding horizontal force is:
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_ om (16 pi
Firoas = 021\ 5™ (L6piers + V5 depror) (3:20)
where
—mind Y
Yeff = min {5, dca} (3.21)
and
V = min {Kj, 1} (3.22)

The parameters involved in the formulation are illustrated in Figure 3.7.

Pi d,q
dnpmt
ﬁ\l\ (.
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Figure 3.7. Schematic representation of pressure distribution and geometric
parameters according to Pedersen (1996).

The associated overturning moment is:

My o19% = 0.55(deprot + Yers) Fro1% (3.23)

while the uplift pressure is:

PU01% = Vpi (3.24)

The validity of the formulation is limited to the parametric ranges re-
ported in Table 3.2.

Table 3.2. Parameter ranges for the method by Pedersen (1996).

Parameter Symbol Range
Breaker parameter using 75, ém 1.1-4.2
Relative wave height Hs/Re, 0.5-1.5
Relative run-up level R./Req 1-2.6
Relative berm width Reo/ B 0.3-1
Front side slope cot o 1.5-3.5
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3.4.3 Martin formulation

The methodology proposed by Martin et al. (1999) is formulated for bro-
ken waves impacting the crown wall and distinguishes between impact
and pulsating pressure components.

3.4.3.0.1 IMPACT PRESSURE

Pi = CuwlPw9So (3.25)
RC(I
S,=H (1 - & ) (3.26)
2
Cwl = 2.9 [(%) cos oz] (3.27)

For the protected portion:

Pi = Cw2CuwiPwdSo (3.28)
B,

cw2 = 0.8 exp <—10.9> (3.29)
LP

3.4.3.0.2 PULSATING PRESSURE

pp(z) = Cw3pwg(So + Reg — Z) (330)
cw3 = aexp(co) (3.31)

H 2
Co=C¢C <Lp — b) (3.32)

The empirical coefficients a, b, and ¢ depend on berm width and ar-

mour size, as summarized in Table 3.3.

Table 3.3. Empirical coefficients for pulsating pressure calculation (CIRIA, 2007).

B,/ D50 a b c

1 0.446 0.068 259.0
2 0.362 0.069 357.1
3 0.296 0.073 383.1

Uplift pressures are derived consistently with the horizontal pressure
distribution at the base of the front face, with impact contribution vanish-
ing at the heel.
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Figure 3.8. Schematic pressure distribution and definition of geometric and
hydraulic parameters according to Martin et al. (1999).

Figure 3.8 provides a schematic overview of the pressure distribution
and the parameters governing the Martin formulation.

The verification methods for crown walls are not implemented in the
tool developed in the present work, whose current scope is limited to ge-
ometric and BIM modelling and deployment simulation. The integration
of structural verification procedures represents a natural extension of the
framework and constitutes part of ongoing research.

3.5 Stability analysis

Once the main design parameters and related hydraulic response have
been defined, the hydraulic stability assessment can be introduced.

Different approaches must be used depending on the type of struc-
ture considered. For rubble mound breakwaters, the stability of the armor
layer is typically evaluated using empirical formulae derived from phys-
ical model tests or field observations. In contrast, for caisson breakwa-
ters, stability is assessed through limit state analyses that consider sliding,
overturning, and bearing capacity failure modes.

The evaluation of the hydraulic stability of rock-armored coastal struc-
tures relies on a combination of hydraulic loading parameters, material
characteristics, and structural configuration (e.g., CIRIA, 2007). For clar-
ity, the governing parameters can be grouped into four categories:

e wave and current attack;

¢ characterization of armorstone;
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* cross-sectional geometry of the structure;
¢ structural response.

A key non-dimensional parameter summarizing the interaction be-
tween wave loading and material resistance is the stability number, which
relates the characteristic wave height to the size and density of the protec-
tive material. The stability number N; is defined as:

H

NS = A
AD

(3.33)
where:

H = wave height (m), typically taken as the significant wave
height H or the spectral significant wave height H,,,9. Un-
der deep-water conditions, Hs ~ Ho;

A = relative buoyant density (-);

D = characteristic diameter (m), depending on the structure
type. For armorstone, D is commonly the median nomi-
nal diameter D,,50, defined as the median equivalent cube
size. For concrete armor units, the nominal diameter D,, is
used, which depends on unit geometry.

The relative buoyant density is computed as:

A=Pr—Po_Pr_ g (3.34)
Pw Pw
where p, is the apparent mass density of the rock (kg/m?) and p,, is the
density of water (kg/m?). For concrete armor units, p. is used in place of
Pr-

Another crucial parameter controlling wave-structure interaction is
the surf similarity parameter (Iribarren number), £ (see Eq. 3.3). Its com-
putation requires an estimate of the wave steepness and, consequently, of
the breaking wave height H;. Several approaches are available in the liter-

ature. For instance, Goda proposed an expression for surf-zone steepness
(e.g., Goda, 2010):

I —A{l—exp [—1.5L0 (1+15tan 9) , (3.35)
where L is the deep-water wave length, § denotes the seabed slope angle
(so that tané is the bottom slope), and A is an empirical coefficient (for

regular waves, A = 0.17).

To estimate the breaking wave height, Kamphuis proposed alternative
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Figure 3.9. Governing parameters related to the breakwater cross-section

formulations (e.g., Kamphuis, 1991). The first expression is:

27h
Hy, = 0.0955 exp(4m) Ly tanh (2) , (3.36)
b
where:
m = bottom slope (tan «);
Ly = breaking wave length (m);
T, = peak wave period (s);
h = breaking water depth (m).
A second formulation reads as:
Hy, = 0.56 exp(3.5m) h. (3.37)

In practical applications, the first Kamphuis formulation is often preferred
because it accounts for wave period (or wave length) in addition to slope
and depth (e.g., Kamphuis, 1991).

Once an appropriate breaking criterion is selected, the wave steepness
50 and the corresponding & can be evaluated.

Beyond hydraulic loading, cross-section geometry significantly affects
stability. As discussed in (e.g., CIRIA, 2007), structural parameters can be
grouped into (i) geometric parameters defining the cross-section and (ii)
parameters associated with construction and placement conditions. Fig-
ure 3.9 provides an overview of the principal geometric descriptors.
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The main geometric parameters include:

e crest freeboard relative to the still water level (SWL), R.;
e armor crest freeboard relative to SWL, R.,;

e difference between crown wall and armor crest, d.,;
¢ structure height relative to the seabed, d;

e structure width, B;

e width of the armor berm at the crest, B,;

* thickness of armor, underlayer, and filter, ¢,, t., tf;
¢ seaward slope angle, a (deg);

¢ depth of the toe below SWL, hy;

¢ length of the berm, L.

Among these, R, and B are primarily governed by allowable overtop-
ping, while crest width can also be influenced by construction constraints
(e.g., CIRIA, 2007).

As with the previously cited parameters, the berm configuration—expressed
through its length Ly,—also plays a crucial role in the stability of rubble
mound breakwater structures. A submerged berm can significantly in-
fluence the seabed soil response and the occurrence of momentary lique-
faction phenomena around and beneath the breakwater foundation under
dynamic wave loading (e.g., Celli et al., 2019, 2020). Furthermore, a sub-
merged berm with a length greater than usual enhances the overall stabil-
ity of the armor layer (e.g., Celli et al., 2018), as it reduces the wave loads
acting on the upper slope of the armor layer.

Additional parameters describing construction-induced conditions in-
clude:

¢ porosity of the armor layer;
¢ permeability of the armor, filter, and core;
* packing density (placement density) of the armor layer.

Armor layer porosity depends on unit shape and grading as well as
on placement method (e.g., CIRIA, 2007). For concrete armor units, an
expression for layer porosity is:

N [/M\?3 N V
R I (it 1 =1, .
! [ ”kt<ﬂc> ] [ nkth;] (339
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where:

N = number of armor units per unit area (m~2);
n = number of armor layers (-);

ki = layer thickness coefficient (-);

M = mass of a concrete armor unit (kg);

pe = mass density of concrete (kg/m?);

V = volume of the armor unit (m?);

D,, = nominal diameter of the armor unit (m), D, = k;/ 3D,
where k; is the shape coefficient and D is a characteristic
unit dimension (e.g., block height).

Permeability is not typically expressed through a conventional Darcy
formulation at the scale of these structures; instead, a notional permeability
factor P is commonly adopted (e.g., van der Meer, 1988). A simplified
alternative is to use ratios between characteristic diameters of core and
armor materials (e.g., CIRIA, 2007).

The packing density provides information on the placement pattern

and can be used to estimate the number of armor units per unit area:

1 —ny) B n k(1 —ny)

ta(
N = —
Vv D%so ’

(3.39)

where ¢, is the armor layer thickness, commonly expressed as t, = n ki Dy,50.

Hydraulic stability is ultimately assessed by relating wave loading to
acceptable levels of structural response. One widely used approach is
based on damage level indicators, which quantify armor unit displace-
ment within a reference area and are often associated with no-damage or
limited-damage criteria. A classical formulation in this context is the Hud-
son formula, derived from model tests under regular wave conditions for
non-overtopped rock structures with permeable cores (CIRIA, 2007):

prgH?®

Wiy = — 98
07 K A3 cot(a)’

(3.40)
where Wi is the median armorstone weight, H is the design wave height
at the toe (typically H;), Kp is a stability coefficient (-), p, is the appar-
ent rock density (kg/m?), A is the relative buoyant density, and « is the
slope angle. For design purposes, a limited displacement of armor stones
(approximately 0-5%) is often considered acceptable (e.g., CIRIA, 2007).
Under a no-damage criterion, the Shore Protection Manual (SPM) suggests
Kp = 3.5 for breaking waves and Kp = 4.0 for non-breaking waves on
the foreshore (e.g., , US).

The Hudson formula is attractive due to its simplicity; however, it ex-
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hibits important limitations:
¢ itis based on experimental tests performed with regular waves only;
¢ it does not explicitly account for wave period or storm duration;
¢ it does not provide a description of damage progression;

¢ itis applicable to non-overtopped structures and specific permeabil-
ity conditions.

Expressed in terms of the stability number and adopting H, 1o, the
Hudson relationship can be written as (e.g., CIRIA, 2007):
H; (Kp cot a)l/3

= . 41
A D50 1.27 (341)

For this formulation, typical values are Kp = 2.0 for breaking waves and
Kp = 4.0 for non-breaking waves.

While Eq. (3.41) corresponds to a fixed damage level, it can be extended
by introducing a damage parameter Sy (e.g., van der Meer, 1988):

H,

=0.7(K 1/3 g4 42
ADom 0.7(Kpcota) /= Sz°, (3.42)

where S; = A./D2, and A, denotes the eroded cross-section area (m?). In
this formulation strongly Kp also reflects permeability effects, with rep-
resentative values of Kp = 1.0 for impermeable cores and Kp = 4.0 for
permeable cores (e.g., van der Meer, 1988).

A more comprehensive stability framework was developed by Van der
Meer (1995), explicitly accounting for storm duration (through the num-
ber of individual waves), damage level, wave breaking type, wave period,
and structure permeability. For deep-water wave conditions, separate ex-

pressions are provided for plunging and surging waves:

* Plunging waves (&, < &.):

" = Cp PP <> 0, 3.43
ADys50 o VN mn (3.43)
¢ Surging waves (&, > &.r):
H S, \°2
— =, P13 () P 3.44
AD.m ~ Em (3.44)

where N is the number of incident waves at the toe (-), &, is the surf sim-
ilarity parameter computed using the mean wave period 7}, P is the no-
tional permeability factor, typically 0.1 < P < 0.6 (e.g., CIRIA, 2007), and
the coefficients are commonly taken as Cp; = 6.2 and C = 1.0.
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The transition between plunging and surging regimes is governed by

a critical surf similarity parameter:

1
Cpl :| P10.5 (3.45)

o = [Po'gl vtan o
Cs
For relatively gentle slopes (cot &« > 4), only the plunging formulation is

typically applied (e.g., CIRIA, 2007).

For shallow water conditions, wave loading and wave height distri-
butions deviate from Rayleigh behavior, and stability is better described
using higher-percentile wave heights (e.g., Hyy). Furthermore, the surf
similarity parameter is often computed using the energy period 7,—1 0,
extending the applicability of the method to intermediate and shallow wa-
ter conditions (e.g., Van Gent et al., 2003). In this context, the Van der Meer
expressions can be rewritten as:

¢ Plunging conditions ({10 < &qr):

H Sa\"?*/ H
S = Cp POE <d > < - > e 3.46
ADnps0 4 VN Hyy, S=io (3.46)

* Surging conditions (s_10 > &.):

H Sy 0.2 / 11
* _ —c,p013 () ( s )\/cota s_10)", (347
ADys0 VN Hyy, (&s-10) (3.47)

where Hyy, is the wave height exceeded by 2% of the incident waves at
the toe, {s_1,0 is computed using the energy wave period T,_1,0, and
Tim—1,0 = m—1/mo. Based on regression analyses of shallow-water tests
(e.g., Van Gent et al., 2003), typical coefficients are C},; = 8.4 (standard de-
viation ¢ = 0.7) and C = 1.3 (standard deviation o = 0.15). The validity
range of the shallow-water formulation is reported in Table 3.4.

In practical stability checks, useful within the frame of a BIM work-
flow, the wave conditions are first established (using the preferred wave
breaking and transformation criteria) and the armor unit characteristics
are defined during the design stage. Given the limitations of the Hudson
approach, the Van der Meer formulations provide a more complete basis
for stability assessment under both deep- and shallow-water conditions.
In the present work, stability is considered satisfied when the design me-
dian nominal diameter of the armor layer is greater than or equal to the
diameter required by the selected stability formulation:

DnSO,design > Dn50,method . (348)
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Table 3.4. Range of validity of parameters in Van der Meer formulae for shallow

water conditions

Parameter Symbol Range
Slope angle tan o 1:4-1:2
Number of waves N < 3000
Wave steepness (based on 1,,) Som 0.01-0.06
Surf similarity (using T5;,) Em 1-5
Surf similarity (using T5,—1,0) €s—1,0 1.3-6.5
Wave height ratio Hyy/H, 12-14
Deep-water wave height over toe depth Hgo/h 0.25-1.5
Armorstone gradation Dyss/Dnis 1.4-2.0
Core—armor ratio D50,core/ Dnso 0.0-0.3
Stability number H,/(ADy50) 0.5-4.5
Damage level Sq < 30

3.6 The design of the armor layer

The design of the armor layer depends on the typology of the protective
units adopted, as different armor units require specific placement and de-
ployment strategies.

Natural rocks and simple concrete units, such as cubes, are generally
placed using a random placement technique. In these cases, stability is
mainly ensured by unit mass, layer thickness, and overall porosity, rather
than by controlled interlocking.

By contrast, complex-shaped concrete armor units, such as Accrop-
odes™, require a specific design phase for their placement and deploy-
ment. These units are specifically shaped to promote interlocking and
stability through controlled positioning, rather than relying solely on self-
mass.

Just for instance, Accropodes™are single-layer concrete armor units
designed to provide high hydraulic stability with reduced material vol-
ume. They are precast in concrete using specialized moulds and are placed
on the breakwater slope following a specific placement pattern. A de-
tailed placement plan must be then defined during the design phase to
ensure correct orientation, contact points, and interlocking between adja-
cent units.

Tetrapods are another type of artificial concrete armor unit, character-
ized by a four-legged geometry that enhances interlocking and energy dis-
sipation. Like Accropodes™, Tetrapods are prefabricated using dedicated
moulds (Figure 3.10).

Unlike Accropodes™, Tetrapods are typically placed in two layers us-
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Figure 3.10. Tetrapod concrete armor unit (Photo of the author)

ing a random or semi-random placement technique. Stability is achieved
through mutual interlocking between units, combined with adequate layer
thickness and porosity.

It is worth to be highlighted that differences in placement philosophy
may have direct implications for BIM-based modeling, as they require dif-
ferent levels of geometric detail and information granularity depending
on the armor unit typology.

3.7 Management and maintenance

One of the key aspects influencing the design of both rubble mound and
vertical breakwaters is the long-term management and maintenance.

Maintenance activities should be planned within a structured manage-
ment strategy developed during the design stage, taking into account the
entire service life of the hydraulic structure, including performance re-
quirements and life-cycle costs (e.g., CIRIA, 2007).

The relationship between initial investment, maintenance actions, and
failure risk can be expressed through the minimization of the following
objective function:

min {I + PV(M) + PV(R) + PV (PpCp)}, (3.49)

where:
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I initial investment cost of the structure,

M cost of monitoring and routine maintenance,
R cost of repair or replacement,

Pr probability of failure,

Cr consequences (costs) associated with failure,
PV(.) present value operator.

This formulation highlights the strong relationship between design de-
cisions, inspection strategies, maintenance planning, and acceptable levels
of risk.

Reliable methods are therefore required to evaluate the condition of
the structure in order to:

* assess damage caused by specific events;
¢ predict the remaining service life of the structure;
¢ plan maintenance, rehabilitation, or replacement interventions.

In general, management and maintenance strategies for maritime struc-
tures (e.g., CIRIA, 2007) can be classified as follows:

¢ Failure-based maintenance, where intervention occurs only after
failure. This strategy is acceptable only when the consequences of

failure are minimal.

¢ Periodic maintenance, based on inspections or interventions per-
formed at predefined time intervals.

¢ Use-based maintenance, where maintenance is scheduled after a
certain number of operational cycles.

¢ Load-based maintenance, where deterioration is related to the oc-
currence of heavy loading events, which must be monitored.

¢ Condition-based maintenance, which relies on systematic inspec-
tions and monitoring of the physical condition of the structure.

To ensure that the selected maintenance strategy remains effective, a
comprehensive management plan must be implemented and maintained
throughout the entire life cycle of the structure (Figure 3.11).

An effective management strategy aims to guarantee structural func-
tionality while meeting end-user requirements in a cost-effective manner.
In particular, a management plan should:
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Figure 3.11. Workflow of a management plan for maritime structures

* maximize structural performance while minimizing total life-cycle

costs;

¢ identify required maintenance and monitoring measures and their
objectives;

¢ schedule maintenance and inspection activities;

¢ assess the current service level and physical condition of all compo-
nents within the system;

¢ adapt to changes in policy, budget constraints, and operational pri-
orities;

* preserve knowledge and experience to prevent loss of information

over time.

Management plans can be conceptually divided into a static and a dy-
namic component (e.g., CIRIA, 2007):
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Static component Dynamic component

Introduction Evaluation of past performance
Description of the infrastructure Medium-term planning (e.g. five-
system and its subdivision into year horizon): measures and costs

management units

Policy framework, target condi- Long-term strategic planning
tions, and functional requirements

Management philosophy

The static component is periodically reviewed to account for changes
in policies, user requirements, or unexpected structural performance (e.g.,
CIRIA, 2007). The dynamic component defines the operational measures
required to manage the system, including inspection activities, mainte-
nance actions, and associated costs.

In summary, a comprehensive management plan for maritime struc-
tures should include the following essential elements:

¢ periodic inspection of the structure and monitoring of environmen-
tal conditions and structural response;

¢ evaluation of inspection and monitoring data to assess physical con-
dition and performance relative to design assumptions and prede-
fined service levels;

¢ definition of appropriate responses based on evaluation results, in-
cluding:

no action,

repair of localized damage,

rehabilitation of part or all of the structure,

replacement of components whose estimated service life is shorter
than that of the overall structure.

Within this context, BIM represents a powerful tool not only for design
but also for long-term management and maintenance. By relating an up-
to-date information layer with each structural component inspection unit,
by continuously updating it through inspection and survey activities, BIM
enables efficient data management, supports decision-making processes,
and minimizes the risk of information loss throughout the structure’s life
cycle.
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THE PROPOSED TOOL

4.1 General remarks

This chapter introduces BIMMs (Building Information Modeling for Mar-
itime Structures), a novel tool developed to support the design, modeling,
maintenance, and analysis of maritime infrastructures. BIMMs is devel-
oped within the framework of Blender and integrates two complementary
sub-tools, each addressing a specific phase of the design and verification

process:

1. Maritime modeling tool. This module, in combination with the ad-
dons Blender GIS and Bonsai BIM, enables the creation of detailed
and semantically enriched BIM models of maritime structures. It al-
lows users to generate accurate geometric representations of break-
waters including, for rubble mound breakwaters, cross-sections, ar-
mor layers, and filter layers, while ensuring interoperability with
standard BIM formats.

2. Maritime deployment tool. This module, for rubble mound, lever-
ages Blender’s built-in rigid body physics engine to simulate the de-
ployment and placement of breakwater armor units. In addition, it
supports the assessment of armor unit stability and the calculation
of wave overtopping discharge, thereby establishing a direct link be-
tween the geometric model and hydraulic performance analyses.

The workflow relies on some pre-processing steps. GIS software is em-
ployed to obtain site-specific bottom contour lines and the alignment of
the structure to be reproduced within the BIM workflow. These data are
then used to construct the cross-section geometry of the maritime structure
using Blender’s modeling tools. The resulting objects are exported as STL
files and imported into BIMMs to generate a detailed seabed model. Sub-
sequently, the complete geometric model of the breakwater is assembled,
and the BIM model is created by integrating geometric and informational
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Figure 4.1. Workflow of the proposed tool

layers through Bonsai BIM (Figure 4.1).

By combining GIS data, advanced 3D modeling, and physics-based
simulation, BIMMs enables a seamless transition from design to analysis,
providing a comprehensive platform that supports both conceptual and
detailed design stages of maritime infrastructure projects. Unlike conven-
tional BIM tools, BIMMs explicitly embeds maritime engineering knowl-
edge into both the geometric modeling process and the associated infor-
mation structure. This integrated approach facilitates the concurrent con-
sideration of design, structural stability verification, and hydraulic perfor-
mance assessment within a single interoperable BIM environment, effec-
tively bridging the gap between traditional maritime engineering practice
and modern digital design methodologies and digital tools for long term

maintenance planning.

4.2 Maritime modeling tool

4.2.1 General overview

Maritime Modeling Tool: enables the design of a detailed geometric model
of maritime structures. Before explaining how the tool is organized, it is
worth noting that the modeling process begins with the use of GIS soft-
ware to define the longitudinal development of the structure (development
line, i.e., the line that runs along the center of the structure) and the bathy-
metric contour lines used to create the seabed model.

Within the Blender user interface, the tool is organized into a set of
sub-menus (Figure 4.2):
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Figure 4.2. User interface of the proposed tool for modeling maritime structures
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Create Bottom: generates the seabed model starting from bottom con-
tour lines obtained using GIS software.
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sponding cross-sections along it.
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Figure 4.3. Core element modeled as a cross-section in the Blender user interface

11. BIM Tools: allows the creation of BIM storeys and the assignment of
(specific) IFC properties.

Each sub-menu is described in detail in the following sections.

4.2.2 Export STL

Each object modeled within the Blender user interface is exported through
a specific command, which automatically saves it as an STL file in a direc-
tory created by the tool. This approach ensures a streamlined workflow by
reducing the risk of errors during the preparation of geometric models for
subsequent BIM-based processes thanks to the minimization of manual
operations.

For rubble mound breakwaters, each structural component is repre-
sented by a cross-section (Figure 4.3). Once modeled, each cross-section is
positioned at its design elevation, in accordance with the corresponding
hydraulic and geotechnical requirements. Similarly, vertical breakwaters
are modeled using cross-sections for all constituent layers, with the excep-
tion of the caisson, which is represented as a fully three-dimensional object
(Figures 4.5 and 4.6).

To enable automated STL export and to ensure consistency across the
different structural components, each modeled element is related to a spe-

cific identification name according to the conventions defined within BIMMs.

For rubble mound breakwaters, the adopted naming convention is as fol-

lows:

* (00_core: core elements
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e 01 filter firstLayer: first filter layer

¢ 01 _filter_inshore: inshore boundary of the first filter layer

* 01 filter_offshore: offshore boundary of the first filter layer
* 02 filter_layer_inshore: second filter layer, inshore side

* 02_filter_layer_offshore: second filter layer, offshore side

* (03_berm_inshore: berm, inshore side

* 03_berm_offshore: berm, offshore side

* 04_armor_bottom_inshore: bottom armor layer, inshore side
* 04_armor_bottom_offshore: bottom armor layer, offshore side
* 04_armor_layer_inshore: main armor layer, inshore side

* 04_armor_layer_offshore: main armor layer, offshore side

For vertical breakwaters, objects are renamed according to the stratifi-
cation of layers (Figure 4.5):

e (00_core

01 filterLayer

02 _secondFilterLayer

03_crawn _wall

e (04 _caisson

Figure 4.4 presents the complete library of objects used to build the
structural model, with each component consistently named according to
the established conventions. By activating the Export STL function, the tool
automatically exports all selected objects to the correct directory, ensuring
seamless integration with subsequent stages of the BIM workflow.

It is worth noting that the roundhead components are modeled dif-
ferently from the body elements. Instead of cross-sections, the head is
represented by a truncated conical geometry (Figure 4.7). This representa-
tion allows for a more accurate description of the geometric and hydraulic
behavior at the boundary of the structure.

The naming convention adopted for the head elements follows the
same logical structure as that used for the body elements:

o liead_core

* head filter_firstLayer
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9. W ObjectMode v~ View Select Add Object GIS 12, Global ~ (D & Mix « (& AR O O00CE -

] Ja JuliH Options

00 _core

01_filter_inshore or offshore

03 berm _inshore or offshore

Figure 4.4. Object library for rubble mound breakwaters developed as plans in
the Blender user interface

Figure 4.5. Object library of the vertical breakwaters structure developed as
plans in the Blender user interface
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Figure 4.6. Caisson modeled as a three-dimensional object in the Blender user
interface

Figure 4.7. Head core component modeled as truncated conical section
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Figure 4.8. Structure of the bathymetry shapefile in the GIS environment,
showing contour line attributes including the mandatory elevation field ELEV

* head filter SL

* head_armor_layer

Through this structured approach to modeling, naming, and export-
ing, BIMMs ensures that all maritime structure components are consis-
tently defined and fully compatible with subsequent simulation and anal-
ysis modules, including the deployment simulation and stability verifica-

tion of armor units.

4.2.3 Create bottom

The Create Bottom sub-menu consists of a single button with the same
name. This functionality operates in conjunction with the Blender GIS
add-on, enabling the direct integration of geospatial data into the three-
dimensional modeling workflow.

To generate a detailed bathymetric representation of the site, including
contour lines and the development line of the structure, GIS software is
tirst employed at the pre-processing stage. The resulting shapefile must
contain all relevant elevation data and must be structured as outlined in
Figure 4.8. The figure shows the attribute table of the contour line file, in
which elevation values are stored in the field labeled ELEV (the name of
this field is mandatory for correct processing by the tool).

Upon activation of the Create Bottom function, a Delaunay triangula-
tion is performed to generate a detailed seabed surface model from the
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User Perspective

(1) Collection | bottom_model

Figure 4.9. Bottom surface mesh generated via Delaunay triangulation using
Blender GIS and integrated within the Create Bottom tool

input contour line shapefile (Figure 4.9). This triangulation procedure en-
sures that the resulting mesh accurately captures the (geo)spatial variabil-
ity of the bathymetry, thereby providing a reliable geometric representa-
tion of the sea bottom for the subsequent modeling of the maritime struc-
ture.

Similarly, the shapefile corresponding to the development line must
include an elevation field labeled ELEV to ensure consistent vertical align-
ment with the bottom model. This structured and standardized approach
guarantees that all geospatial and elevation data are coherently incorpo-
rated into the BIM-based modeling workflow, providing an accurate geo-
metric reference for subsequent design, simulation, and analysis phases.

4.24 Modeling Tools

The Modeling Tools sub-menu comprises five core functionalities designed
to support the structured import, placement, and replication of breakwa-
ter components within the Blender environment.

* D-Line: enables the import of the development line of the structure
directly from its directory into the Blender scene. The imported line
serves as the primary geometric reference for positioning all subse-

quent structural elements.

* Body: allows the import of cross-sectional elements along the devel-
opment line. The tool also provides the option to define the spacing
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Figure 4.10. Development line imported into the Blender scene.

between consecutive cross-sections through a specific dialog win-
dow.

o Simulated: imports the simulated breakwater units into the scene,
enabling further visualization and post-processing analyses.

* Head: facilitates the placement of head components at the endpoint
of the development line.

* Duplicate along the curve: by selecting both the development line and
the simulated objects, this function automatically replicates the ob-
jects along the entire curve, ensuring consistent alignment and spac-
ing.

The development line is typically imported into the Blender scene after
the bottom model has been generated (Figure 4.10).

More specifically, the D-Line tool converts the input shapefile into a
curve object, which is subsequently used as a geometric reference for the
placement of all structural components.

To import the body components, the development line must first be
selected. Upon executing the Body command, a directory containing the
available cross-sectional elements modeled before are displayed. The se-
lected element is then imported and distributed along the curve (Figure
4.11). This procedure is repeated for each structural component, ensuring
accurate spatial alignment along the development line.

Finally, the head components are imported at the endpoint of the de-
velopment line, ensuring a geometrically consistent transition between the
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Figure 4.11. Core components imported along the selected development line in
the Blender scene.

main body and the head of the breakwater within the 3D model.

4.2.,5 Linking Tools

The Linking Tools are designed to establish geometric connections between

cross-sectional elements, ensuring continuity and structural coherence along

the breakwater body. Connections must be performed exclusively be-
tween sections of the same type. The toolset comprises six distinct com-
mands:

* Link Sections: by selecting a reference cross-section, this command
automatically links all sections sharing the same name (Figure 4.12).

¢ Link 1by1: enables manual linking of cross-sections on a one-by-one
basis, providing increased control when dealing with complex or ir-
regular geometries.

* Fill Mesh: fills gaps in the mesh by closing empty faces or holes that
may remain between connected sections.

e EX-Vertex: particularly useful at junctions where consecutive sec-
tions have differing dimensions. This command projects the selected
vertex onto the closest vertex of the subsequent section (Figure 4.13).

* Create Face: allows the creation of faces by selecting edges generated
through the EX-Vertex command (Figure 4.13).
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Link Sections

Figure 4.12. Functionality of the Linking Tools in connecting cross-sectional
elements.

* Join AL-AB: connects the component named 04_armor_layer with its
corresponding element 04_armor_bottom, ensuring a seamless transi-
tion between the armor layer and the armor bottom.

4.2.6 Create Collections

The Create Collections tool provides functionalities aimed at improving the
organization and visual clarity of the Blender workspace (Figure 4.14). The

available commands are:

* New Collection: enables the creation of a new collection within the
Blender environment, facilitating a more structured organization of
the scene. The tool also allows the assignment of different colors to
the selected objects grouped within the newly created collection.

* Move Objects: allows selected objects to be transferred to an exist-
ing collection, preserving a clear and hierarchical organization of the
project elements.

Through this tool, selected objects can be assigned individual colors
and grouped into newly created collections, which may be renamed ac-
cording to project-specific requirements. This approach enhances both
organizational efficiency and visual readability within the modeling en-
vironment.

4.2.7 Boolean Tools

This sub-menu provides a set of commands designed to apply Boolean
subtraction operations between different objects in a structured and auto-
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Figure 4.13. Linking two sections with differing dimensions using the EX-Vertex
and Create Face commands.

Figure 4.14. Functionality of the collection tool: creation of a new collection and
assignment of colors to selected objects.
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Core2Head —l

Figure 4.15. Application of the Core2Head command provided by the Boolean
Tools.

mated manner. The Boolean Tools sub-menu includes the following func-

tionalities:

¢ Core2Head: performs the Boolean subtraction between elements whose
names start with 00_core and the head component named head_core.
To execute this operation, the core objects must be selected, as illus-
trated in Figure 4.15.

¢ FL2Head: performs the Boolean subtraction between elements whose
names start with 01 _filter firstLayer and the head component named
head filter_firstLayer. The corresponding filter objects must be selected
before running the tool.

* SL2Head: performs the Boolean subtraction between elements whose
names start with 02_filter_layer and the head component named head _filter_SL.
The corresponding filter layer objects must be selected.

¢ AL2Head: performs the Boolean subtraction between elements whose
names start with 04_armor_layer and the head component named head_armor_layer.
The appropriate armor layer objects must be selected.

* Bottom: performs the Boolean subtraction between the selected ob-
jects and the bottom model. This command is particularly relevant
for maritime structures, as it ensures that the modeled elements con-

form to the seabed topography.

The operational workflow is identical for all head-related commands,
producing consistent results across the different structural components.
The Bottom command differs as it aligns the modeled elements with the
seabed profile (Figure 4.16).

60



Bottom I—l

Figure 4.16. Application of the Bottom Boolean tool, aligning the core model
with the seabed.

4.2.8 Positioning Tools

The Positioning Tools sub-menu is designed to accurately place the various
structural components after the Boolean subtraction operations have been
completed. The available commands are described as follows:

¢ Z-Inshore: when a bedding layer is present, this layer defines the
reference bottom. This command positions all selected elements on
the inshore side above the bedding layer (Figure 4.18).

* Z-Offshore: positions the selected elements above the bedding layer
on the offshore side (Figure 4.18).

o Align Armor: the armor layer is divided into two components, namely
the bottom and the upper layer, for both the inshore and offshore
sides. This tool aligns the bottom part of the armor layer with the
underlying filter layer (Figure 4.18).

* Align Berm: aligns the berm with the armor bottom, ensuring correct
positioning relative to the underlying layers (Figure 4.19).

¢ F-2-F: aligns the selected objects with the filter layer (Figure 4.17).

¢ F-2-C: aligns the selected objects with the core layer, ensuring both
vertical and horizontal consistency along the structure.

4.2.9 Vertices Tools

The tools within this sub-menu are designed to adjust and correct the po-
sitions of vertices associated with the different structural components. The

available commands are:
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o F-2-F

Figure 4.17. Application of the F-2-F command: alignment of selected elements
with the filter layer.
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Figure 4.18. Operation of the Z-Inshore and Align Armor tools: positioning of
armor elements relative to the bedding and filter layers.
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Figure 4.19. Operation of the Z-Inshore and Align Berm tools: correct alignment
of the berm relative to the armor bottom.

o Align F-Verts: aligns the bottom vertices of the filter layer to their
correct positions above the bedding layer (Figure 4.20). To apply
this command, the relevant objects must be selected. The tool allows
the user to specify either the inshore or offshore side.

o Align AL-Verts: adjusts the positions of the bottom vertices of the ar-
mor layer. The selected objects are aligned with their corresponding
targets, with the option to choose either the inshore or offshore side
(Figure 4.21).

o Align AL-Filter: aligns the bottom vertices of the selected armor layer
elements with the underlying filter layer. As with the other com-
mands, the user can select the inshore or offshore option (Figure 4.20).

4.2.10 Head Building Tool

The Head Building Tool is the most advanced sub-menu developed within
the proposed tool, and operates in combination with the Boolean Tools. Its
primary function is to create the head model by extracting and spinning
vertices generated through the boolean subtraction operations. From the
resulting vertex circles, truncated cone solids are generated for each struc-
tural component, from the core to the armor layer. Particular attention is
paid to the junction points between the head and the body of the structure.

It is important to note that all commands within this sub-menu must

be applied after performing the corresponding boolean subtraction. For
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1- Select the object : Cancel
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Figure 4.20. Operation of the Align F-Verts tool: adjustment of the filter layer
vertices above the bedding layer.

Offshore

1- Select the object T=rr Cancel

3- Outcome

Figure 4.21. Operation of the Align AL-Verts tool: adjustment of the bottom
vertices of the armor layer.
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Vertex spin

Figure 4.22. Workflow of the Vertex Spin tool.

istance, head_core must first be subtracted from 00_core (Figure 4.15). The
sub-menu consists of the following commands:

e Vertex Spin: extrudes and rotates a selected vertex around a speci-
fied rotation center. The rotation angle can be defined via a pop-up
menu. The procedure requires the following steps:

1. Perform the boolean subtraction between the selected objects

and the corresponding head component (e.g. 01_filter_firstLayer
with head filter_firstLayer, see Figure 4.22).

. Switch the Blender scene into edit mode (press TAB from object
mode).

. Define the rotation center, typically located along the develop-
ment line. Select the development line, switch to edit mode, se-
lect the end point, press Shift+5+2, and return to object mode.

. Select the element containing the target vertex, enter edit mode,
choose the vertex to rotate, and run the command. Set the rota-
tion angle so that the final vertex aligns closely with the element
edge.

The tool also allows the user to specify the number of vertices to
extrude from the selected one; the number must be consistent across
all generated curves.

* Sep Verts: separates the generated vertex curve from the original ele-

ment. Running the command creates a new mesh. This operation is
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Figure 4.23. Operation of the Sep Verts tool.

Figure 4.24. Surface generated using the Build Surface tool.

repeated for multiple vertices to generate a detailed surface (Figure
4.23).

Build Surface: generates a surface between two curves created with
Vertex Spin and Sep Verts. Both curves must have the same number of
vertices and identical orientation. Selecting the curves and executing
the tool produces a surface named HeadSurface (Figure 4.24).

B-Curve: creates a curve that follows the bottom profile by applying
an Intersect boolean operation between the surface and the bottom.
The surface HeadSurface must be selected (Figure 4.25).

New B-Curve: generates a new curve from selected vertices of im-
ported elements. Using the B-Head command, vertices from the bot-
tom components are selected in edit mode. The tool creates two ob-
jects: a curve for importing other elements along it, and a mesh for
building surfaces using Build Surface (Figure 4.26).

Offset Circle: creates an offset of the selected circle. The user sets the
rotation center, selects the circle, runs the command, and specifies
the offset distance in a pop-up menu (Figure 4.27).
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Figure 4.25. Operation of the B-Curve tool.

New B-Curve I—l

Figure 4.26. Generation of a new curve with the New B-Curve tool.

Offset Circle I—l

Figure 4.27. Operation of the Offset Circle tool.
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Figure 4.29. Linking between the body and the head of the structure using
L-Head tool.

® B-Head: imports bottom elements along a selected curve. A pop-up
menu allows choosing among three element types: 01_filter_inshore/offshore,
03_berm_inshore/offshore, and 04_armor_bottom_inshore/offshore. The num-
ber of copies and the tangent direction along the curve can be ad-
justed (Figure 4.28).

® [-Head: links the bottom elements of the head to the corresponding
bottom elements of the body. The user selects an element, enters edit
mode, selects a vertex, and sets it as the new object origin and rotation
center using Set Origin. The tool allows specifying the number of
copies and the rotation angle between them. All objects must share
the same origin to correctly link the rotated copies (Figure 4.29).
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Set Origin l

Figure 4.30. Operation of the Set Origin tool.

In summary, the commands described above are used to generate the
different layers of the head model. Not all commands are required in every
case; their usage depends on the complexity of the head geometry and

design requirements.

4211 Set Origin

The Set Origin sub-menu provides functionality to define the origin point
of an object and to correct potential geometry issues related to normals. It
consists of the following commands:

* Set Origin: this command allows the user to set the origin of a se-
lected object at a specific vertex. To use the tool, the object must be
selected and switched to edit mode. Then, the desired vertex is se-
lected and the command executed (Figure 4.30).

* Compute Normal: when objects are built through extrusion, Blender
may encounter issues in computing the correct volume due to incon-
sistent normals. This command recomputes the normals for all se-
lected objects, ensuring that subsequent operations, such as boolean
subtraction and surface generation, function correctly.

This sub-menu is particularly important for ensuring accurate align-
ment, rotation, and volume computation when constructing complex com-
ponents, such as head elements and armor layers, in the modeling work-

flow.

4.2.12 BIM Tools

The BIM sub-menu provides commands to manage and assign BIM-related
data to the modeled elements. The available tools are as follows:
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* BIM Storey: this command moves all selected elements into a storey
collection created in Bonsai BIM. The original collection from which
the elements were moved is automatically deleted.

* My Data: this tool enables the user to assign custom properties to
each object. For maritime structures, the following attributes have
been defined:

— Design return period, Tr

- Significant wave height, H

Significant wave height at the toe of the structure, H;

Peak period correlated to significant wave height, 7},

Peak period at the toe of the structure, T}, _¢e

Rock density, ps

Rock porosity, p

Nominal diameter, D,,5q

— Slope, tan

— Minimum sea level, A,
— Maximum sea level, h,,qz
— Depth, h

— Damage parameter, Sy

- No-damage parameter, K,

When the command is executed, a template containing these prop-
erties is opened. The user sets the values manually, which are then
stored as custom quantity (QTO) properties of the selected element.

It is important to highlight that the model parameters — including
rock and armor porosity — can be dynamically updated, enabling the
analysis to reflect temporal variations and different construction stages.

Within this parametric framework, recent studies have demonstrated
the effectiveness of Blender for the accurate placement and arrangement
of armor units in breakwater modeling. In particular, the works Molines
et al. (2021) and Munoz-Palao et al. (2024) present practical workflows
that enhance both precision and efficiency in positioning individual units.
These contributions provide a methodological reference for the modeling
strategy adopted in this research.

To integrate this modeling approach within a BIM-oriented environ-
ment, a BIM project must first be created using the Bonsai BIM add-on for
Blender.
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4.3 Maritime deployment tool

The Maritime Deployment Tool has been developed to simulate the place-
ment of armor units within the digital model. The tool allows the user
to isolate a specific portion of the structure by temporarily hiding all non-
selected objects. The isolated section may correspond to critical areas, such
as geometric transitions, slope variations, or the head of the breakwater,
where a detailed evaluation of unit arrangement and spatial configuration
is required.

Rigid body properties can be assigned to the selected elements, en-
abling the execution of deployment simulations based on Blender’s built-
in physics engine. In addition, the tool implements several design and ver-
ification methods, including the Van der Meer and Hudson formulations
(e.g., CIRIA, 2007) and the overtopping discharge formula (e.g., van der
Meer et al., 2016).

The tool is organised into a set of sub-menus, listed as follows:

* Export BW: exports the armor units to a dedicated directory automat-
ically created by the tool;

* Hide Section: hides all non-selected objects, allowing the user to focus
on a specific portion of the structure;

* Create Grid: generates a regular grid of armor units;

* R-Body Properties: assigns rigid body properties to the selected ob-
jects;

¢ D-Simulation: performs the armor unit deployment simulation;

e Stability & Owvertopping: carries out stability checks using different
methods and computes the overtopping discharge.

Each sub-menu is described as follows.

4.3.1 Export BW

This tool enables the export of armor unit models. To use it, the .blend
file must first be saved; subsequently, the user selects the object to be ex-
ported and executes the command. The tool automatically creates a dedi-
cated directory in which the exported object is stored.

Several types of breakwater armor units can be modelled and exported
using this functionality, including:

e Cubes;

e Cubipods®;
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Export BW

Figure 4.31. Working of Export BW tool

* Accropodes™;
¢ Tetrapods.

Figure 4.31 illustrates the operation of the command. The left-hand im-
age shows an example of a cube-shaped armor unit modelled in Blender,
while the right-hand image displays the directory structure automatically
generated by the tool for storing the exported geometry.

4.3.2 Hide Section

Maritime structures typically extend over large distances. For both dimen-
sional and computational reasons, the simulation of armor unit deploy-
ment is therefore carried out on selected portions of the structure rather
than on the entire model. These portions generally correspond to critical
areas, such as zones where the cross-section changes or the head of the
structure.

This sub-menu provides tools to isolate specific sections of the model
by controlling object visibility within the Blender scene. It consists of the
following commands:

* Hide OBJS hides all objects that are not currently selected in the Blender
scene. To execute this command, the objects of interest must be se-
lected beforehand.

¢ Unhide OBJS performs the opposite operation of the Hide OBJS com-
mand, restoring the visibility of all previously hidden objects in the

scene.
Figure 4.32 illustrates the use of the Hide OBJS tool to isolate a specific

section of the structure for deployment simulation.

4.3.3 Create Grid

This tool enables the generation of a structured grid of armor units, which
represents the starting configuration for the deployment simulation. The
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Figure 4.32. Hiding objects using Hide OBJS tool

grid is built by duplicating a reference armor unit and positioning its
copies according to geometrical entities selected by the user (vertices, edges,
faces, or curves). The procedure is fully parametric and ensures repeata-
bility of the armor layout.

The sub-menu includes the following commands:

* Create EV-Grid operator allows the generation of armor unit grids
starting from either a vertex or an edge. Internally, the tool retrieves
the spatial coordinates of the selected geometrical entity and uses
them as reference points for instancing the armor units. Transla-
tion vectors are computed according to user-defined offsets along
the global Cartesian axes.

The tool can be used in two different modes:

1. Vertex-based grid: the user selects a single vertex in Edit Mode
and runs the command. The algorithm extracts the global coor-
dinates of the selected vertex and imports a single copy of the
reference armor unit at that location. Through the pop-up dia-
log, the user defines the translation offsets along the x, y, and z
axes, which are directly applied to the imported object.

Figure 4.33 illustrates the complete workflow: selection of the
reference armor unit, identification of the target vertex, defini-
tion of the placement parameters, and final positioning of the
element. This approach is particularly useful when a precise
initial placement of the first armor unit is required, for instance

in geometrically complex areas of the structure.

2. Edge-based grid: the grid is generated along a selected edge.
Once the edge is identified in Edit Mode, the tool computes its
direction vector and length. The reference armor unit is then
duplicated multiple times, and each copy is translated along
the edge direction using a step size defined by the user.
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1- Select the object D e 2- Pressing TAB and select vertex |

CTTTT

4- Press EV-Grid in the window

Figure 4.33. Different steps to follow for importing the breakwater element on
specific vertex through the EV-Grid tool

The number of instances and the offsets along the x, y, and
z axes are assigned through the pop-up window. The result-
ing grid follows the geometrical alignment of the selected edge
(Figure 4.34). This mode is typically employed to generate the
first row of armor units along the slope of the structure.

¢ Create F-Grid: extends the grid generation to a surface. Its usage
requires the prior placement of the first row of armor units. After
selecting a face in Edit Mode, the tool evaluates the face normal and
generates multiple rows of duplicated elements by applying a trans-
lation along the normal direction.

The number of rows and the vertical offset along the z-axis are spec-
ified by the user (Figure 4.35).

* Create SL-Grid enables the generation of additional rows of armor
units between two existing ones. The user selects two reference ob-
jects, and the tool computes the intermediate positions by interpo-
lating their spatial coordinates.

A user-defined number of copies is then distributed between the se-
lected units, with an optional vertical offset applied along the z-axis
(Figure 4.36).

Additional commands are provided to refine the spatial arrange-
ment of the grid:

* Offset Circle applies a vertical offset to a selected curve object. The
offset value can be specified through a dialog window.
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4- Press EV-Grid in the window

Figure 4.34. Different steps to follow for importing the breakwater elements
along specific edge through the EV-Grid tool

1- Switch in edit mode — 2- Select the edge

4- Press F-Grid in the window

Figure 4.35. Different steps to follow for importing the breakwater elements
along specific face through the F-Grid tool
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1- Import objects on specific vertices [

L, G O B Mix v @

3- Press SL-Grid

Figure 4.36. Different steps to follow for building the rows of the grid through
the SL-Grid tool

¢ Z-Offset translates selected objects along the vertical axis by a user-
defined amount.

¢ Create H-Grid generates a grid of armor units distributed along a
circular path, typically used for the head of rubble mound breakwa-
ters.

¢ Apply XYZ-Rotation applies deterministic rotations to selected ob-
jects around the global x, y, and z axes (Figure 4.37).

¢ Apply R-Rotation enables to apply a random rotation to selected
objects. Objects must be selected to perform the tool (Figure 4.38).

¢ C-Converter converts mesh objects into curve representations, facili-
tating the generation of the first armor row along curved geometries,
especially in head sections of rubble mound breakwaters.

4.3.4 R-Body Properties

The sub-menu has been developed by integrating a reduced version of
Blender’s Rigid Body panel directly into the add-on user interface. This
integration simplifies the workflow and enhances usability, allowing users
to access the most relevant parameters without interacting with Blender’s
default physics panels.

Rigid body simulations are employed to reproduce the motion and in-
teraction of solid objects under physical laws. In Blender, the rigid body
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Figure 4.37. Different steps to follow for the usage of Apply XYZ-Rotation tool
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Figure 4.38. Different steps to follow for the usage of Apply R-Rotation tool
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engine is tightly integrated with the animation system, allowing physical
simulations to coexist with keyframe-based transformations.

Two distinct types of rigid bodies are defined. Active bodies are dy-
namically simulated and respond to forces, collisions, and constraints,
whereas passive bodies remain static during the simulation and are di-
rectly controlled by the animation system (e.g., Blender Foundation, 2025).

Once the distinction between active and passive rigid bodies is estab-
lished, the parameters governing the rigid body simulation can be intro-
duced and discussed in detail.

¢ Shape defines the collision representation adopted by the rigid body
solver. Collision shapes can be grouped into two main categories:
primitive shapes and mesh-based shapes.

Primitive shapes (box, sphere, capsule, cylinder, and cone) (e.g., Blender
Foundation, 2025), offer the best performance in terms of computa-
tional cost and memory usage. However, they provide only a sim-
plified approximation of the actual geometry. In this case, the ob-
ject dimensions are derived from its bounding box, and the centre of
mass is always assumed to coincide with the geometric centre of the
primitive.

Mesh-based shapes are computed directly from the object geometry
and therefore provide a more accurate representation of complex el-
ements. Among them, the Convex Hull shape is particularly relevant:
it consists of a convex envelope surrounding the object geometry,
representing a compromise between geometric fidelity, numerical

stability, and computational efficiency.

* Mass represents the weight of the armor unit and directly affects its
dynamic response during collisions and deployment.

¢ Friction defines the resistance to relative motion between contacting
bodies and controls the amount of velocity dissipated during colli-

sions.

¢ Collision Margin is introduced to improve numerical stability and
performance by defining a tolerance distance near the object surface
within which collisions are still detected. Its behaviour depends on
the selected collision shape. For some shapes, the margin is embed-
ded within the collision representation, whereas for others it intro-
duces a visible gap between colliding objects.

The margin is embedded for the following shapes:

- Sphere

— Box
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— Capsule
- Cylinder

— Convex Hull
The margin is not embedded for the following shapes:

- Cone
— Active Triangle Mesh

— Passive Triangle Mesh

In general, better numerical results are obtained when the collision

margin is set to a non-zero value.

¢ Linear Damping controls the gradual loss of linear velocity over
time, simulating energy dissipation mechanisms such as hydrody-
namic resistance.

¢ Deactivation improves both performance and numerical stability by
allowing rigid bodies to enter a sleep state when they are not in-
volved in significant interactions (e.g., Blender Foundation, 2025).
Rigid bodies are initially deactivated and become active only when
they are within the proximity of a moving active rigid body. The
proximity check is based on the object bounding box.

The values of the model parameters, including linear damping, col-
lision margin, and others, are selected following the methodology pre-
sented by Molines et al. (2021).

In the native Blender rigid body panel, several additional parameters
are available. However, the subset described above is sufficient to real-
istically simulate the deployment of armor layer units in rubble mound
breakwater structures.

Two distinct cases must be considered when using the tool: active and
passive rigid bodies. In rubble mound structures, armor units are treated
as active bodies, while all underlying components (e.g. filter layers, core,
and seabed) are defined as passive bodies. The workflow is identical in
both cases: first, the relevant objects are selected, the parameters are as-
signed, and finally the Assign Rigid Properties command is executed. The
only difference lies in the activation of the corresponding Active (Figure
4.39) or Passive option (Figure 4.40).

4.3.5 D-Simulation

This sub-menu enables the execution of the placement simulation of break-
water armor units. As previously discussed, numerical simulations are
performed only on selected portions of the structure—namely, representa-
tive trunk sections or the head, rather than on the entire breakwater. This
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v R-Body Properties

Rigid Body Settings

Type: Active
Mass 1000.00
Friction 1.00
Linear Damping 1.00

. Convex Hul

+ Use Margin
Collision Margin

+ Can Deactivate
Start Deactivated

Deforming Mesh

ceicicic

= Assign Rigid Body

Figure 4.39. Assignment of the active rigid body properties to the breakwater
units

v R-Body Properties
Rigid Body
Type Passive

Mass 8000.00

Friction 1.00
Linear Damping 1.00
Collision... Convex Hull
+ Use Margin
Collision Margin
+ Can Deactivate
Start Deactivated

Deforming Mesh

= Assign Rigid Body

Figure 4.40. Assignment of the passive rigid body properties to the breakwater
units
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Figure 4.41. Different steps to follow for the usage of B-Walls tool

choice is motivated by both computational efficiency and the localized na-
ture of the phenomena of interest.

To correctly perform the simulation, artificial boundary walls must be
introduced to bound the analyzed domain. These boundaries prevent ar-
mor units from escaping the selected section during the simulation and
ensure physically meaningful results. Once the boundary geometry has
been properly defined, the deployment simulation can be executed.

In summary, the sub-menu is composed of the following tools:

¢ Create B-Wall enables the creation of boundary walls as planar sur-
faces. Each wall must be assigned the rigid body properties prior to

the simulation. To use the tool, first select the reference object—typically

a core element—then switch the scene to edit mode and select the rel-
evant face. Running the command, it imports a plane at the center
of the selected face. A pop-up window allows the user to define
an offset along the x-axis for the plane’s position. Once imported,
standard Blender modeling tools can be used to scale and adjust the
plane to match the desired boundary dimensions (Figure 4.41).

* Run Simulation executes the numerical deployment simulation of
the breakwater units (Figure 4.42). To perform the simulation, the
relevant objects must be selected. The tool allows the user to de-
fine key parameters such as the time delay between successive unit
drops, the starting time, and the duration of the falling process. These
parameters help to reproduce a deployment behavior as close as pos-
sible to real-world conditions. Finally, the simulation can be baked to
store the computed motion for subsequent analysis or visualization.
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Figure 4.42. Different steps to follow for the usage of Run Simulation tool

4.3.6 Stability and overtopping

This sub-menu allows the verification of breakwater stability through dif-
ferent design methods, as well as the computation of wave overtopping
discharge (Chapter 3, see Sections 3.5 and 3.3).

The Stability & Overtopping sub-menu includes the following function-
alities:

* Wave Breaking Criteria: applies different wave breaking criteria
(Chapter 3, see Section 3.5). In particular, this tool computes the
wave breaking height and identifies the wave breaking type accord-
ing to Goda’s criteria (Goda, 2010, e.g., ) and the Kamphuis formu-
lations (Kamphuis, 1991, e.g., ).

After running the command, a dialog window opens (Figure 4.43),
allowing the user to set the parameters required by the selected method.
Once the computation is completed, the tool exports a CSV file re-
porting the adopted method, the wave breaking height H;, the sig-
nificant wave height, and the corresponding wave period.

* Hudson Method: applies the Hudson formula to assess the stability
of breakwater units (e.g., CIRIA, 2007).

When the command is executed, a pop-up window opens (Figure
4.44), allowing the user to define the parameters required for the
stability check.

* Van der Meer DW: performs the stability check using the Van der
Meer formulation under deep-water conditions (e.g., CIRIA, 2007).

Running the command opens a dialog window for parameter defi-
nition (Figure 4.45). The tool allows exporting a CSV file containing
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h (Water depth)

Hudson Method

p_s (Breakwater density, kg/m®)

p_w (Water density, kg/m?)

g (Gravity acceleration, m/s?)
Hs (Wave Height, m)
K_d

cotg(a)

Figure 4.44. Pop-up window displayed when running the Hudson Method

command.

Method: Kamphuis (2)
H_s (Wave Height)
2- Kam phUiS 1 T_p (Peak Period)

0.00
0.00
0.00

3- Kamphuis 2 tan (@) (Bottom slope) 0.01

B:ompute H_b and exportto CSV

Figure 4.43. Dialog window of the Wave Breaking Criteria tool.

Method:

H_s (Wave Height)

T_p (Peak Period)

h (Water depth)
tan(B) (Bottom slope)
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1.33
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Method:

H_s (Wave Height)
T_p (Peak Period)
h (Water depth)
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9.81
0.00
0.00
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Van der Meer offshore Van der Meer SW

H_b (Breaking Wave Height, m) 0.00 H_s (Wave Height at toe, m)

Hs (Offshore Wave Height, m) 0.00 T_p (Peak Period at toe, s)
- '

Tp (Offshore Peak Period, s) 0.00 p_s (Breakwaters density, kg/m?)

_s (Breakwaters density, kg/m* 2650.00 :
ps Y. kg/m?) p_w (Water Density, kg/m®)
p_w (Water density, kg/m?) 1028.00 - -

g (Gravity acceleration, m/s?)
g (Gravity acceleration, m/s?) 9.81
Fs (Shape factor)
Fs (Shape factor) 0.00
C_pl (Plunging Coeff.)
C_pl (Plunging Coeff.) 6.20
. C_s (Surging Coeff.)
C_s (Surging Coeff.) 1.00

P (Permeability) 0.60 P (Permeability)

cotg(a) 0.00 cotg(a)

Sd (Damage Level) 2.00 Sd (Damage Level)

N (Number of Waves) 1000.00 N (Number of Waves)

0.00
0.00
2650.00
1028.00
2.81
0.00
8.40
1.30
0.60
0.00
2.00

1000.00

OK Cancel OK Cancel

Figure 4.45. Stability check using the Van der Meer formulation in deep-water
(left) and shallow-water (right) conditions.

the parameters and results of the stability analysis, including:

- wave breaking type;

- &, surf similarity parameter computed according to the Iribar-
ren formulation;

- &, critical value of the surf similarity parameter according to
the Van der Meer formulation;

- N, stability number;
— D, 50, nominal diameter [m];
— Vi0, unit volume [m3];
— M50, unit mass [t];
— stability check result (Satisfied or Not satisfied).
* Van der Meer SW: performs the stability check using the Van der
Meer formulation under shallow-water conditions (e.g., CIRIA, 2007).

The command opens a dialog window for parameter input (Figure
4.45). Similarly to the offshore formulation, the tool exports a CSV
file reporting all quantities required for the stability assessment.

¢ g-Overtopping: computes the overtopping discharge using empiri-
cal formulations (e.g., van der Meer et al., 2016).

When the command is executed, a pop-up window opens (Figure
4.46), allowing the user to set the required parameters and to select
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q-Overtopping

HmO (Spectral wave height, m)

Tp (Peak period, s)

g (Gravity acceleration, m/s?)

Rc (Freeboard, m)

B (Incident wave angle, deg)

y_f (Roughness factor)

y_b (Berm factor)

v_B (Wave angle factor)

cotan(a)

tan(a) (Structure slope)
Rubble Mound

[/overtopping_results.csv

oK Cancel

Figure 4.46. Pop-up window of the overtopping tool based on the empirical

formulations (e.g., van der Meer et al., 2016).

4.4

the structure type (rubble mound or vertical wall). The tool exports

a CSV file containing the following information:

— Qmean, Mean overtopping discharge [m?3/s/m];
— Qmaz, Maximum overtopping discharge [m3/s/m];

- P, overtopping probability;

&m, surf similarity parameter;

structure type.

BIM Modeling

44.1 Genaral aspects

This section describes the different steps required to build a detailed BIM

model.
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A BIM model is a geometric model in which additional information
layers, namely time and economic aspects, are associated with the 3D repre-
sentation. In this way, the model evolves from a traditional 3D parametric
model into a 5D model. More specifically, the time dimension refers to the
duration required to complete the scheduled construction or maintenance
activities, while the economic dimension includes all costs associated with
the planned works. Furthermore, each structural element is assigned a
specific IFC class according to its component type.

The BIM modeling process follows a defined sequence, summarized as
follows:

e creation of the 3D geometric model;
¢ assignment of a specific IFC class to each structural component;

¢ grouping of components into their respective containers using the
BIM Storey command provided by the Maritime Modeling Tool;

* creation and assignment of materials to each structural component;

¢ definition of the time dimension by creating work tasks and work
schedules;

¢ association of each structural element with the corresponding work

item in order to compute its cost.

4.4.2 Preliminary Steps

This section summarizes all the operations required to complete the 3D
geometric model and to generate an IFC model enriched with its corre-
sponding properties. In order to obtain a detailed BIM model of a mar-
itime structure, it is important to underline that specific IFC classes for
this type of infrastructure do not currently exist. To overcome this limita-
tion, a dedicated informative layer has been developed and integrated with
the automatically computed properties of the IfcWall class.

Starting from the geometric model shown in Figure 5.14, the following
steps are performed to generate the IFC model:

1. selection of all elements sharing the same name;
2. assignment of the appropriate IFC class to the selected elements;

3. assignment of custom properties through the My Data command,
which writes a predefined informative layer;

4. creation and assignment of IFC materials for each structural compo-

nent.
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To obtain a consistent and structured IFC model, the steps described
above must be followed in sequence. In particular, the most suitable IFC
class for maritime structural components is IfcWall, as rubble mound and
caisson breakwater structures can be semantically interpreted as wall-like
elements. This choice offers significant advantages in terms of property
management, since several geometric and quantitative attributes can be
computed automatically (Table 4.2).

The IFC class assignment can be further customized according to the
specific role of each structural component (Table 4.1).

Products IfcElement
Class IfcWall
Predefined Type USERDEFINED
UserDefined Type CORE
Contexts Model / Body / MODEL_VIEW

Table 4.1. Blender template used to assign the IFC class.

This approach allows the UserDefinedType field to be freely specified by
the user. In addition, all components are grouped under specific IfcBuild-
ingStorey entities (Figure 4.47), enabling a hierarchical organization of the
project and facilitating model management.

The main quantity properties associated with the IfcWall class are re-
ported in Table 4.2.

Property Type
Height float
Length float
Width float

NetVolume float

Table 4.2. Template of quantity properties for the IfcWall class.

In addition to standard IFC quantities, custom properties are assigned
to each structural component. These properties are predefined and listed
in Table 4.3.

It should be emphasized that environmental variables such as signifi-
cant wave height (H;), peak period (7},), and wave direction are intrinsi-
cally probabilistic and are typically associated with specific return periods
for a given site. In the present framework, the wave parameters reported
in the informative layer (Table 4.3) are introduced as input values derived
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IfcBuilding/My Building

IfcBuilding/My Building

5 h ore sec

(berm_offshore_sec_B

IfcProject/My Project

structure_line_sec_B

Figure 4.47. Organization of the structural components into different BIM
storeys.
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Property Type
Dy50 float
H, float

Ty float

Hj toe float
T} toe float
Emax float
Emin float

h float

tan « float
Sq float

K, float
NetMass float

Table 4.3. Template of custom properties assigned to each structural component.

from preliminary design conditions corresponding to selected return peri-
ods. The probabilistic characterization of environmental variables remains
outside the scope of the proposed BIM-based modeling approach.

All property fields are filled manually, with the exception of NetMass,
which is computed automatically according to the following expression:

m = (Zo'o’zj) (1-p) (4.1)

where V' is the volume obtained from the IfcWall quantity properties,

ps is the rock density, and p is the porosity.

Finally, materials are associated with each IFC component. Rubble
mound breakwater structures are composed of two main material types:
concrete, used for armor units, and natural rock, used for the remaining
structural components. Natural rock materials are further subdivided ac-
cording to stone size categories. Specifically, the core is composed of tout
venant material; the first filter layer, its bedding layer, and the offshore
part of the second filter layer are composed of Category 1 stones; the berms
and the inshore part of the second filter layer are composed of Category 2
stones. The armor layer consists of concrete breakwater units, such as ac-
cropodes. Stone categories are defined based on rock weight.

Accordingly, multiple IfcMaterial entities are created: one for concrete
and several for natural rocks, namely Tout Venant, Category 1, and Cate-
gory 2. In the case of caisson breakwater structures, natural rocks are used
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for the bedding layer, while concrete is used for both the caisson and the
crown wall, with rock categories defined in the same manner as for rubble
mound structures.

4.4.3 Construction of the 4D Model

A 4D model extends a 3D geometric representation by integrating a tem-
poral component. In this work, the 4D model incorporates scheduled con-
struction activities along with their corresponding durations. The devel-
opment is carried out using the Construction Scheduling tool provided by
Bonsai BIM. The tool is organized into the following sub-menus:

e Work Plans

Work Schedules

Work Calendars

* Animation Color Scheme

4D Tools

The Work Plans sub-menu allows the creation of a work plan by fill-
ing in the corresponding template (Table 4.4). The Work Schedules sub-
menu enables the generation of scheduled works directly associated with
the work plans and allows the selection of type options: PLANNED, AC-
TUAL, USERDEFINED, and NOTDEFINED. Work Calendars define work-
days and holidays, while the Animation Color Scheme and 4D Tools sub-
menus generate visualizations and animations of the construction phases.

Name string
Description string
ObjectType string

Identification string
CreationDate automatically filled
Purpose string
Duration string
StartTime automatically filled
FinishTime string
PredefinedType string

Table 4.4. Template for Work Plans in Bonsai BIM.
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The 4D modeling process follows a specific sequence. First, the work
calendar is defined by specifying workdays and holidays. To build the
calendar, the user sets its name, defines work and exception times, and
enables the Edit Work Calendar option (Figure 4.48).

@ 1 work Calendars Found E 1 Work Calendars Found +

@ Unnamed v Edit Work Calendar

@ Section B construction @

(U GClgn88aniNEXLGG + Add Work Time + Add Exception Time

Name: Section B construction

o e 6 +

Description:

ObjectType: 1 Work Calendars Found

Identificat.. FH section B construction

® O O

Predefined... NOTDEFINED qr Add Work Time + Add Exception Time

<

> WorkDays 2025-01-01 - 2030-0... X
A Unnamed Cancel
Name: Chri
B 1 work Calendars Found ar DataOrigin: MEASURED
FH section B construction [x] Sestbe
ar Add Work Time + Add Exception Time

29 Unnamed v Cancel
YEARLY_BY_DAY_OF_MONTH

Name: WorkDays

DataOrigin: MEASURED

UserDefin...

01/0 25

01/01/2030 22 123 @24 25 26

& Daily —

Recurrence Interval

Occurs N Times

Figure 4.48. Workflow for defining work calendars.

The second step is the design of a detailed work schedule. Based on
the structural components, the schedule is organized as follows:

¢ Core deployment
¢ First layer deployment

— Core covering
— Inshore bedding layer
- Offshore bedding layer

* Second layer deployment

— Inshore elements

— Offshore elements
¢ Berm deployment

— Inshore
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— Offshore
* Armor layer deployment

— Inshore

— Offshore

v Work Schedules

I; Currently editing: secB[PLANNED] Q
Schedule tools Settings Work Schedules

‘EE Generate ... gRe-talculateSc... E;B Schedule Columns
ently editing: secB[PLANNED] @

W Select Assi... W Select Unassi...
Schedule s Settings

Task Tools
: St F® schedule Columns

+ Add Summary Task = e Tzatract All W Select Assi... ¥ Select Unassi...

@ Baselines
ID Name
Task Tools
+ Add Summary Task [SCELL A Contract All
N
# Edit + Add [0 copy X Delete

A2 5 O,

ID Name

Work Schedules

Currently editing: secB[PLANNED] Q

Schedule tools Settings
€]2 Generate ... £ Re-calculate Sc... §® schedule Columns
¥ Select Assi... W Select Unassi...
¢ Baselines
= Setup Default Columns

Special v Calendar vAz L +

IfcTaskTime.ScheduleStart

Figure 4.49. Interface of the Construction and Schedules tool.

To create the work schedule (Figure 4.49), the user clicks the Add Sum-
mary Task button to define work tasks, then links each task to its corre-
sponding IfcTaskTime and calendar. Using the Task ICOM tool, each struc-
tural component is associated with its respective task (Figure 4.50). The
duration and end date of each task are computed by defining and linking
work resources through the same tool.

The resource hierarchy is structured as follows:

e Crew

— Labor
+ Equipment
+ Material

* Product
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Task Tools

+ Add Summary Task Expand All Contract All

€ cancel

D Name Finish Duration Calendar

¥ Ph2 sec_B = - = sec_B
* Ph2.1 Core deployment
¥ Ph2.2 Fir

Task ICOM

Inputs (0) + W Select Resources (0) i) Outputs.. + — W Select

Show Nested Show Nested Show Nested

¥ core_sec_B

Figure 4.50. Linking work tasks with their corresponding structural
components.

For instance, the SecB construction represents a crew, while the labor
corresponds to the realization of individual structural components, such
as the core (Figure 4.51). Each labor is associated with equipment and
assigned a Productivity Rate, representing the material mass deployed per
day. Using Task ICOM, this information enables the calculation of task
durations and end dates (Figure 4.52).

Repeating the described procedure for all components yields the final
4D model, including a detailed Gantt chart and scheduled works (Figure
4.53).

4.4.4 Construction of the 5D Model

The 5D model extends the 4D model by integrating cost information, tak-
ing advantage of the 5D functionalities provided by Bonsai BIM. This al-
lows associating each cost item with its corresponding unit of measure-
ment. For instance, material costs are linked to quantities expressed in
tons, while equipment-related costs are referenced to time units. This as-
sociation is possible because the 5D tools are directly integrated with the
project’s resources and work plans.

The creation of a detailed 5D model involves the following steps:
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v Resources
& 36 Resources Found
E Add SubContract

SubContract : Equipment
[

Name

construction

1Y ~ ey T — -
. ;Y Crane/Core deployment

v K First Layer deployment

Schedule Work (Derived) @ 0h*
Schedule Usage

~

“C No productivity data found +

Add Crew

-

@ Material -] Product

0=0 /7 x

Schedule Usage

Figure 4.51. User interface of the resources tool.

@ Resource Tools

1. Compute the usage time of each equipment during each construc-

tion phase.

2. Create a cost schedule tree.

3. Link each cost item to its corresponding work task, Ifc component,

and unit of measurement.

The Usage Time is calculated (Figure 4.54).

The 5D model is then developed using the Cost tool provided by Bonsai

BIM. First, the project currency is selected. The cost structure is organized

(Table 4.5).
Name Quantity Unit Value Total Cost
Core deployment - - -
Materials tons currency tonsx currency
Equipment Work hours currency Hours x currency

Table 4.5. Structure of the cost schedule tree.

The material quantity is directly linked to the Ifc model, while the work

hours correspond to the Usage Time computed previously through the Re-
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v Resources

36 Resources Found
Add SubContract

SubContract Y  Equipment

Name

v K First Laye

S

x

Schedule Work @ 157.5414844d

Schedule Usage 0.00

Figure 4.52. Computation of work durations based on deployment rates.

l" Inherited Productivity Rate: 2000.0 NetVolume / 1 day,

Add Crew

-

Edit Productivity

NetVolume

1 H

Name

sec_B
05/03/25 09/08/25

Task ICOM

¢# Crane/Core de... 0.00

Min

Cancel

Duration Calendar

1217d * sec_B
158d

Inputs (0) ar |\ Select Resources (1) i) + — Outputs (1) + — ¥ Select

Show Nested Show Nested

Show Nested

¥ core_sec_B

sources Tool (Table 4.5). The total cost is calculated automatically based on

the linked quantity and unit value (Figure 4.55).

Following this workflow, the 5D model is complete. Bonsai BIM allows

exporting a detailed spreadsheet containing all costs (Figure 4.56).
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Format: Day Week Month Quarter

- First layer doplayment

FL
FL offshore
- Second layer deployment

Berm deployment
Berm inshore Crane/Berm inst
Berm affshore Crane/Berm offs

- Armor layer deployment
AL ins
AL offshore

Qul Qo2 Qu3

W4 Qi Qb2 QW3 Qud QW1 Qb2 QW3 Qi QW Qu2 Qi3

Figure 4.53. Gantt chart and scheduled works generated from Bonsai BIM.

Schedule Work (Derived) © 216057h*
Schedule Usage 0.00

,F Current Productivity Rate: 3500.0 NetVolume / 1 day, 0:00:00 " X
v Resource Quantity Sets

ResourceBaseQuantit

Qto_ConstructionEquipmentResourceBaseQuantities

v /| Qto_ConstructionEquipmentResourceBaseQuantities

OperatingTime

E() Resource Tools

Figure 4.54. Computation of the equipment operating time.

96



(]

Currently editing: BoQ[ESTIMATE]

Schedule tools Settings

Project Currency E:B Schedule Columns

T,Export spreadsh Ly Generate spreadsheet br
¥ Assigned W Unassigned

Cost Item Tools

+ Add Summary Cost Eap@iu P
Vahis Tntal Onct -

Name Quantit

[

Currently editing: BoQIESTIMATE]
Settings
Generate spreadsheet bro.. 8 Project Currency [§® Schedule Columns

signed W Unassigned
Item Tools
4 Add Summary Cost  Expand All Contract All
v Edit + Add + Copy X Delete
Name Quahtit Value Total Cost
C R
0.00 EUR

3160829 4SS0EUR| 13832141 @
e .

ested

' Core deploym... 0.00m3| %

Figure 4.55. Calculation of total cost for specific tasks and structural

components.

E¥BoQ| &
@ Predefined Type: PRICEDBILLOFQUANTITIES
' Updated On: 3/14/2025

¥ BoQ

Quantity | Unit | Cost(EUR) | Total Cost (EUR)

Identification Name

Ph2 ~ South quay sec B construction 20810575.24 *

Core deployment 16 312 188.56 *

Materials 315082.97 . 15 186 999.10

Equipment 2161.00 1125 189.46

~ First layer deployment 4 498 386.68 *

Materials 76 745.70 3699 142.89

Equipment 1535.00 L 799 243.79

1 Identification dl Description Quantity - Unit Rate Subtotal

2 1 South quay sec B construction 0,00 20.810.232,74 €

3 11 1 Core deployment 0,00

4 111 2 Materials 315082,00 48,20 15.186.952,40 € <
5 112 2 Equipment 2161,00 520,60 1.125.016,60 €

6 12 1 First layer deployment 0,00

7 121 2 Materials 76745,70 48,20 3.699.142,74 €

8 122 2 Equipment 1535,00 520,60 799.121,00 €

Figure 4.56. Spreadsheet of project costs generated using the Bonsai BIM cost

tool.




PRACTICAL APPLICATIONS

5.1 General Remarks

This chapter presents two practical applications of BIM modeling. The
tirst application focuses on rubble mound breakwater structures, while
the second concerns caisson breakwater structures.

Both models are developed using the newly implemented BIMMs tool,
demonstrating its capabilities in creating detailed, structured, and seman-
tically enriched BIM representations of maritime infrastructure.

In particular, the two applications are intended to demonstrate the flex-
ibility of BIMMSs in addressing both rubble mound and vertical breakwater
typologies, as well as new design and existing infrastructure management
scenarios. The Ortona case (rubble mound breakwater) highlights the ca-
pability of the tool to handle complex geometries and construction plan-
ning, while the Civitavecchia application (composite breakwater) shows
its potential for maintenance-oriented BIM workflows. These applications
allow to highlight how BIMMs is a comprehensive framework for the dig-
ital modeling, analysis, and life-cycle management of maritime structures.

5.2 Rubble Mound Breakwaters: The South Quay of
Ortona Port case

This section presents a practical application of geometric and BIM-based
modeling for a rubble mound breakwater structure. The case study con-
sidered is the south quay of Ortona Port, located in the Abruzzo region of
southern Italy (Figure 5.1).

The structure is of rubble mound type, with two changes in cross-
section along the body and a distinct head section. Figure 5.2 shows the
type sections of the south quay, from section A to section C.

Sections are detailed as follows:
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Figure 5.1. Geographical loca

SEZIONE TIPO A .
eata 1150

tion of Ortona Port

Asse g3

SEZIONE TIPO B

saat 80 e hase ags
- 4375
5
wioronTo A S -
< e
Uy, % 1 LA N
o ” ¥ > o
2 2y 2 R e
s s = "%,h
—ah—y
;y“fs Sy \l\., <,
N
f’:‘ G ol N
R / %, v
s 3 1 <2 & & Htoe—i 3
e — g 1 e 8 pol R e -3
casmast 3> T g e i ingozzamento toren Sk
e e e e
SEZIONE TIPO G — o
Seaia 11180 s - Asse aga
o
o poxmo £ e o
4 ﬁ’& » 4
3 \e 20 3
s M o a7 “ &2
<7 5 = B,
o ) e s o,
& “,
” d e
w ’,‘“ S 3 Tout bonant A e,
— oy S —
e %,
o 1 & ¥ Lo
Jr—. o ; [
et e e M Oy St s .
== —;— ————— S e e e e e e e e e e e e ]

Figure 5.2. Type sections of the south quay of Ortona Port

* Section A includes core, filter laye
layer (3-7 t rocks).

r (300-700 kg rocks), and armor

¢ Section B is the most complex, with different inshore and offshore

sides: core, first filter layer (100-5

00 kg rocks), second filter layer

(1-3 t inshore, 0.5-1 t offshore), berm (1-3 t rocks), and armor layer
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of Accropodes™(8 m? inshore, 4 m? offshore).

¢ Section C has similar inshore/offshore sides: core, first filter layer
(100-500 kg), second filter layer (2—4 t), berm (2—4 t), and armor layer
of Accropodes™(10 m? both sides).

* Section D (head) follows Section C: core, first filter layer (100-500
kg), second filter layer (2—4 t), berm (2—4 t), armor layer of Accrop-
odes™(10 m? both sides).

Modeling starts from the most complex head section (Section D). First,
the bottom model is generated using the Bottom command, then devel-
opment line for Section C is imported. Objects intersecting the bottom
(00_core_sec_C and 01 filter_firstLayer_sec_C) are imported first, and sections
are linked with Link Sections. Collections are created to keep the workspace
organized.

Head and body elements are processed with boolean operators Core2Head
and FL2Head, as shown in Figure 5.3.

2- Outcome of FL2Head

Figure 5.3. Outcomes of Core2Head and FL2Head commands

The head solid is built using Vertex Spin to generate vertex circles, sep-
arated with Sep Verts, and surfaces created with Build Surface (Figure 5.4).

1. VERTEX SPIN OUTCOME FEEL 1. BUILD SURFACE OUTCOME

Figure 5.4. Building head layers using Vertex Spin and Build Surface

Bedding layers and berm are modeled with B-Head and L-Head tools
(Figure 5.5).

The second filter layer is modeled similarly, using Vertex Spin and New
B-Curve for bottom alignment (Figure 5.6).
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. B-HEAD OUTCOME (Sl - . L-HEAD OUTCOME

Figure 5.5. Outcomes of B-Head and L-Head tools

Figure 5.6. Geometrical model of core, first filter layer, and second filter layer

The armor layer is split into bottom and body. Bottom curve is cre-
ated using New B-Curve (Figure 5.7) and surfaces are generated along the
curve. Alignment is performed using Z-Inshore, Z-Offshore, Align Armor,
and Align AL-Verts.

1. VERTICES SELECTION . NEW B-CURVE OUTCOME

Figure 5.7. Outcome of New B-Curve for the armor layer

Final geometrical model of the armor layer is shown in Figure 5.8.

Berm and bedding layers are linked with the body using B-Head and
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ar Porspec
(1) Collection

Figure 5.8. Final geometrical model of the armor layer

L-Head (Figure 5.9).

Figure 5.9. Final geometrical model of section C of the structure

Sections B and A are modeled following similar steps, including boolean
subtraction with the bottom, mesh filling using Fill Mesh (Figure 5.10), and
alignment of filter layers with Align Filter and Align F-Verts (Figures 5.11,
5.12).

Transition zones between sections B and C are modeled using Ex-Vertex
and Create Face (Figure 5.13).

Regarding the armor layer, it is important to note that the placement
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. SUBTRACTION OTCOME |

. Ex-Verts OUTCOME

Figure 5.13. Linking section B and C using vertex extrusion and face creation

of Accropode™ armor units follows predefined installation patterns and
controlled orientation criteria to achieve adequate interlocking and hy-
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1. PLAN VIEW [ s

Figure 5.14. Final geometrical model of the south quay of Ortona Port

draulic performance. The proposed BIM framework does not simulate
the physical placement process nor analyze feasible placement grids. The
digital representation is therefore intended as a parametric modeling ap-
proach rather than a construction simulation tool.

The BIM model extends the 3D model to 4D and 5D, with Gantt chart
for construction scheduling (Figure 5.15) and a bill of quantities summa-
rizing costs (Figure 5.16).

2025 2026 2027
Qrt On2 Gm3 Qwe Gt Gu2 Qud Que QW Quz Qw3

QWt Qnf Q82 QN3 QA O Qb2 QW3 Qid Q81 O

Figure 5.15. Gantt chart of the construction process

1d [ Hierarchy B8 index B 1dentification B Description Bl Quantity B unit B3 * cost B Rate Subtotal B2 totatprice E
26680 1 0 Ph2 South quay sec B construction 0,00 20.810.232,74 €
26682 11 1 Core deployment 0,00

26684 111 2 Materials 315082,00 48,20 15.186.952,40 €

26686 112 2 Equipment 2161,00 520,60 1.125.016,60 €

26687 12 1 First layer deployment 0,00

26688 121 2 Materials 76745,70 48,20 3.699.142,74 €

26690 122 2 Equipment 1535,00 520,60 799.121,00€

Figure 5.16. Bill of quantities for the south quay of Ortona Port

The application of the proposed BIM-based platform to the rubble mound
breakwater of the South Quay of Ortona Port demonstrates clear advan-
tages compared to conventional design workflows. Traditionally, rub-
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ble mound structures are designed through fragmented processes, where
cross-sections are drafted in 2D CAD environments and hydraulic stability
verifications (e.g., Hudson or Van der Meer formulations) are performed
independently using spreadsheets or external calculation tools. This sepa-
ration may lead to information loss and inconsistencies between geometric
assumptions and verification parameters. In the proposed framework, ge-
ometric modeling, hydraulic stability checks, and structured information
management are integrated within a unified BIM environment. Armor
layers, filter layers, core materials, and toe berms are defined as parametric
objects enriched with structured attributes, enabling coherence between
geometry and engineering verification procedures. If the configuration
must be changed during the design phase, the updating of the model (and
the inherated information) is quick and efficient. The automatic derivation
of 2D drawings and sections directly from the 3D model ensures consis-
tency between design documentation and the actual structural configura-
tion, significantly reducing the risk of drafting errors and misalignment
typical of conventional CAD-based approaches. It should be noted that
the modeled distribution of armor units represents a design configuration
in particular for single layer armours. The actual post-construction ar-
rangement can only be accurately determined through dedicated field sur-
veys (e.g., bathymetric surveys or photogrammetric techniques). Within
the proposed BIM environment, survey-derived geometries can be incor-
porated into the digital model, enabling alignment between theoretical
design assumptions and real conditions. The IFC-based classification of
structural components further guarantees interoperability and long-term
accessibility of information, supporting traceability of inspections, inter-
ventions, and performance indicators throughout the lifecycle of the break-
water.

5.3 Composite Breakwaters: The Civitavecchia Port
case

The adopted case study is the caisson breakwater in front of “Terminal

Bramante” in the port of Civitavecchia, Lazio region (Figure 5.17).

Figure 5.18 highlights the specific study area of the caisson structure.

The structure consists of:
* Bedding layer composed of:

— Tout-venant layer
— First filter layer with natural rocks (1-3 t)

— Second filter layer with natural rocks (3-7 t)

e Caissons
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Figure 5.18. Geographical detail of the caisson study case

* Curved crawning wall

e Tetrapods placed as guardian stones to protect the caisson toe

The first step is to model all the objects. As done for the rubble mound
breakwater, the bottom model is created with the Bottom command. Next,
the development line of the structure is imported, allowing upload of all
components from the bedding layers to the caissons. Plane objects are im-
ported with a step equal to the caisson length and linked using Link Sec-
tions. Objects intersecting the bottom are subtracted to follow the bottom
trend. The Collection Tool groups objects of the same type into collections
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(Figure 5.19).

Figure 5.19. Modeling steps to build the bedding layer

To complete the bedding layers and construct the caissons and crawl-
ing wall, the same workflow is applied (Figure 5.20).

Figure 5.20. Geometrical model of the caisson breakwater structure

Regarding the placement of the armor units, it is important to under-
line that their actual position is derived from detailed field survey data.
Taking this aspect into account, the units are deployed within the model
using the Deployment Simulation Tool.

To enhance computational efficiency while maintaining modeling con-
sistency, the deployment procedure is first carried out for a single caisson.
The resulting configuration is then replicated along the alignment of the
structure using the Duplicate Along Curve command, with the offset set
equal to the caisson length (Figure 5.21).

Since the structure already exists, a management and maintenance plan
can be created (Chapter 4, see Section 4.4). Each object can be assigned an
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Figure 5.21. Different views of the complete caisson breakwater model

"EXISTING” condition, including tetrapods, with the following proper-
ties:

Displacement

Scour Depth

Structural Condition

Replacement Needed

These properties enable detailed monitoring and planning of mainte-
nance work (Figure 5.22).

s A x

2025-11-07

Nov 2025 - Week 45 Nov 2025 - Week 46

Resource Usage 03 04 05 06 07 08 09 10 11 12 13 14 15 16

Tel 3
03 04 05 06 u7I10 1112 13 14I

Description B Quantity B unit B * cost
Replacement 0
Tetrapods 11 196.45 2160.95

Figure 5.22. Tetrapod condition properties and Gantt chart of maintenance
schedule and costs

The composite breakwater case study at Civitavecchia Port further con-
firms the advantages of the proposed open-source BIM framework over
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traditional methodologies. In conventional practice, geometric drawings
of caissons and rubble foundations are typically managed in 2D CAD sys-
tems less often in 3D CAD systems, while stability verifications of armor
unit and hydraulic assessments are performed separately through inde-
pendent calculation tools. This fragmented workflow limits data consis-
tency and traceability and may lead to information loss. In contrast, the
proposed platform integrates caisson geometry, foundation layers, and as-
sociated structural and hydraulic parameters within a single parametric
digital model. This integration ensures coherence between geometric con-
figuration and stability verification processes, reducing the likelihood of
inconsistencies between design assumptions and structural checks. As in
the rubble mound case, 2D drawings are automatically generated from the
3D model, guaranteeing consistency between documentation and struc-
tural configuration while improving efficiency during design modifica-
tions (e.g., crest elevation changes or caisson dimension updates). With
specific reference to armor units such as tetrapods, the BIM model pro-
vides a parametric and geometrically coherent representation of their de-
sign distribution. However, the actual in-situ position of these elements
can only be accurately determined through dedicated survey campaigns.
The integration of survey data into the BIM environment enables the up-
dating of the digital model, effectively supporting the development of a
digital twin aligned with real structural conditions useful during the life-
time of the structure. The adoption of IFC-based classes ensures seman-
tic interoperability and facilitates structured maintenance planning, im-
proving long-term management of caisson elements and associated rubble

foundations.
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CONCLUDING REMARKS

BIM methodology is widely applied to the building sector and in the last
years it is spreaded in civil infrastructures such as bridges and roads. Ap-
plications to ports and, maritime structures in general, are still limited to
management support and maintenance planning starting from the design
phase. Nevertheless, regulatory frameworks have progressively indicated
the road to digitizing the whole lifecycle of maritime structures, even by
indicating that BIM approach must be adopted mandatory. Despite this
evolution, BIM methodologies specifically tailored to maritime structures
is still challenging. Indeed, the lack of object libraries specific for maritime
structures and the limited flexibility of the information layer constrain the
development of detailed and maritime structures-specific BIM models.

This work is an attempt to address this gap by developing a specific
tool (Building Information Modeling for Maritime Structures, BIMMSs) for
the geometric modeling and BIM-based representation of rubble mound
breakwaters and vertical breakwaters. The intrinsic complexity of these
structures is not related only to construction techniques, but also to the en-
vironmental context, to the design challenges associated with wave-structure
interaction, variable bathymetric configuration, and irregular geometries.
Hence, the aim of this work is to provide the technical and scientific com-
munity with a comprehensive (and practical) tool that enables the creation
of detailed geometric models and their extension into BIM models. Basi-
cally, it allows the creation of detailed three-dimensional geometric mod-
els and their extension into enriched BIM models through the definition of
a structured informative layer associated with each structural component.

The core of this work is then the development of an open-source BIM-
based platform capable of supporting both the design and maintenance
phases of maritime structures. The proposed framework is intended to
overcome the limitations of existing commercial BIM solutions by provid-
ing a flexible and extensible environment tailored to the specific character-

istics of maritime structures.
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BIMMs is basically composed by three main parts: the (geometrical)
modeling tool, the deployment tool and the informative layer definition.
Each component plays a crucial role in ensuring that the BIM model is
both geometrically accurate and rich in information.

BIMMs is described in detail through the thesis. Two practical appli-
cations are presented, one for a rubble mound breakwater and one for a
vertical breakwater. The two applications are intended to demonstrate
the flexibility of BIMMs in addressing both rubble mound and vertical
breakwater typologies, as well as new design and existing infrastructure
management scenarios. The rubble mound breakwater case highlights
the capability of the tool to handle complex geometries and construction
planning, while the composite breakwater case shows its potential for
maintenance-oriented BIM workflows.

The two case studies — the rubble mound breakwater of Ortona Port
and the composite caisson breakwater of Civitavecchia Port — demon-
strate that the proposed open-source BIM platform provides measurable
procedural advantages over conventional design and maintenance meth-
ods. Unlike traditional workflows, typically characterized by fragmented
tools (2D CAD drafting, spreadsheet-based calculations, and external main-
tenance records), the proposed framework centralizes geometric model-

ing, hydraulic verification, scheduling (4D), cost estimation (5D), and maintenance-

related information within a unified environment. The adoption of IFC-
based classes ensures semantic interoperability and long-term sustainabil-
ity of data, while the automatic linkage between 3D models and 2D doc-
umentation reduces the risk of human error and information loss and
improves revision efficiency.Overall, the platform contributes to work-
flow optimization, improved traceability of structural components, and
enhanced decision-making capabilities throughout the lifecycle of mar-
itime infrastructures.

Overall, this work demonstrates that BIM methodology can be effec-
tively applied to maritime structures by providing a specific tool that is
made available to the scientific community within the frame of an open-
source approach. Future developments may include the integration of
additional analysis tools, such as structural analysis and hydrodynamic
simulations, to further enhance the capabilities of the BIM platform for
maritime structures.
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