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SEABIM®), le jumeau numérique appliqué a la construction et a la gestion
patrimoniale de digue a talus

SEABIM®, the digital twin for rubble-mound breakwater construction and
asset management

Résumé de Particle: Les digues a talus de protection portuaire sont des ouvrages qui ont une
importance stratégique pour I’exploitation portuaire et sont soumis a des sollicitations de houle
conséquentes. Dans ce contexte, il est nécessaire d’assurer que la construction de la carapace
externe soit la plus fiable possible selon les regles de pose des concepteurs. De plus, des
auscultations réguliéres sont nécessaires sur toute la durée de vie de la digue. Ces inspections
permettent d’anticiper les actions de maintenance préventive afin d’éviter toute rupture partielle
qui pourrait entrainer des conséquences économiques majeures.

SEABIM® est un processus numérique breveté qui génére un modele 3D fiable et complet
d’une carapace préfabriquée. L’ algorithme retrouve dans un nuage de points haute résolution
(bathymétrie, LiDAR, photogrammétrie) la position et I’orientation des blocs béton qui
protegent le talus. Le modele 3D obtenu permet de vérifier I'imbrication des éléments,
d’identifier les blocs cassés par comparaison entre le nuage de points et le jumeau numérique
et d’appliquer des filtres automatisés de contrdle de placement. Grace a la superposition de
modeles 3D réalisés a des dates successives, le mouvement de chaque bloc est vectorisé. L’ outil
s’applique tant pour des projets a taille réel que pour des essais de modele physique en
laboratoire.

Cet outil a été appliqué sur de nombreux projets en France et a I’export depuis 2019 tant en
suivi de construction neuve qu’en phase de gestion patrimoniale (Nouvelle Route du Littoral,
Calais Port 2015, Aberdeen, Grand Port Maritime de La Réunion etc). En complément du
processus de modélisation, des exemples d’application concrets sont présentés.

De plus, SEABIM® intégre un module de segmentation de nuage de points pour les carapaces
en enrochements naturels. Ainsi, chaque enrochement est isolé afin de calculer ses
caractéristiques géométriques (diametre nominal, forme, densité de pose) selon les
recommandations du guide des enrochements et de suivre son déplacement temporel.
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Enfin, un module complémentaire permet la création du modele 3D de carapace a I’avancement
par le constructeur. Cet outil d’aide a la pose garantit un contrdle continu objectif de la qualité
de placement et d’imbrication des blocs afin de réaliser une construction la plus efficace et
robuste possible.

Article’s abstract : Breakwaters are strategically important structures for coastal activities and
are subject to considerable wave loads. In this context, it is necessary to ensure that the
construction of the outer layer is as reliable as possible, in accordance with the designers'
placement rules. In addition, regular inspections are necessary throughout the life of the
breakwater. These inspections enable to anticipate preventive maintenance actions in order to
avoid any partial failure that could have major consequences.

SEABIM® is a patented digital process that generates a reliable and complete 3D model of
breakwater precast concrete armor units. The algorithm uses a high-resolution point cloud
(bathymetry, LiDAR, photogrammetry) to determine the position and orientation of the
concrete blocks protecting the embankment. The resulting 3D model can be used to check the
interlocking of elements, identify broken blocks by comparing the point cloud with the digital
twin, and apply automated placement control filters. By superimposing 3D models produced at
successive dates, the movement of each block is vectorized. The tool can be used for both full-
scale projects and physical model testing in laboratory.

This tool has been applied to numerous projects in France and abroad since 2019, both in the
monitoring of new construction and in the asset management phase (Nouvelle Route du Littoral,
Calais Port 2015, Grand Port Maritime de La Réunion, etc.). In addition to the modelling
process, concrete examples of applications are presented.

SEABIM® also incorporates a point cloud segmentation module for natural riprap armours.
Each rock is isolated in order to calculate its geometric characteristics (nominal diameter, shape,
laying density) in accordance with the recommendations of the rock manual, and to monitor its
movement over time.

Finally, an additional module enables the marine contractor to create a 3D model of the armour
as the work progresses. This installation aid guarantees continuous, objective control of the
quality of the placement and interlocking of the blocks, to ensure that the construction is as
efficient and robust as possible.

Article :
1. Introduction et enjeux

Les digues maritimes a carapace préfabriquée constituées d’une seule couche (ACCROPODE™,
XBLOC®, CORE-LOC™ etc) nécessitent une pose parfaitement maitrisée selon les régles du
concepteur afin de résister aux houles de conception sur toute la durée de vie de ’ouvrage. Bien que ces

AIPCN - Journées méditerranéennes 2023 - Page 5



ouvrages soient résistants a des sollicitations plus fortes que des digues en enrochements, il est
nécessaire d’en assurer une inspection réguliére car I’évolution d’un dommage est plus rapide que pour
des enrochements naturels [2].

Les inspections de ces digues sont historiquement réalisées par des visites sous-marines exécutées par
des plongeurs professionnels. Néanmoins, ce type d’inspection est trés long et donc couteux pour des
digues de grand linéaire. De plus I’inspection réalisée uniquement sur la base de la vidéo s’avere
subjective en fonction de la fagon de filmer du scaphandrier et tres difficile a analyser pour les ingénieurs
en charge du contrdle car le géoréférencement des anomalies est approximatif et le visionnage de vidéos
est chronophage.

C’est dans ce cadre qu'un procédé numérique qui permet de créer un modele 3D complet de la carapace
de digue a partir de données haute résolution simples a obtenir de type nuage de points a été développé.

2. Article
2.1 Création du modele 3D

La premiére étape consiste a réaliser un scan de la carapace afin d’obtenir un nuage de points haute
résolution. Pour la partie aérienne de 1’ouvrage, une photogrammeétrie ou lasergrammétrie drone peut
étre réalisée a marée basse. Pour la partie sous-marine, un scan acoustique multifaisceaux doit étre
réalisée a marée haute (Figure 1).

N

FIGURE 1 — SCAN BATHYMETRIQUE ET PHOTOGRAMMETRIQUE DE LA DIGUE DU PORT DE CALAIS

L’algorithme de reconnaissance automatisée de forme 3D est alors appliqué sur le nuage de ponts afin
d’identifier la position et I’orientation de tous les blocs (Figure 2). On obtient donc un modéle 3D dans
lequel est présent chaque élément de la carapace de maniére compléte alors que le nuage de points levé
initialement ne permet de visualiser que le surface externe visible du bloc.
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FIGURE 2 — PRINCIPE D’APPLICATION SUR UN NUAGE DE POINTS

La zone immergée proche du niveau d’eau est toujours une zone blanche sans données pour la
bathymétrie, notamment a cause des bulles causées par les vagues et des réflexions acoustiques de la
surface libre. Il n’est cependant pas nécessaire de scanner 1’intégralité d’un bloc pour en retrouver la
position. Un nuage de points partiel du bloc suffit a la valider, ce qui permet de modéliser I’intégralité
de la carapace en zone intertidale méme dans des zones a faible marnage (Figure 3).

FIGURE 3 — DETECTION DE BLOC EN ZONE INTERTIDALE A PARTIR D 'UN NUAGE PARTIEL

Pour chaque bloc recalé par I’algorithme, la distribution de la distance entre les points au voisinage et
le modele 3D du bloc est calculée (Figure 4). Des critéres statistiques sont utilisés pour filtrer
automatiquement les blocs valides.
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FIGURE 4 — HISTOGRAMME DE REPARTITION DE DISTANCE - ABSCISSE : DISTANCE DU POINT AU BLOC
RECALE /ORDONNEE : NOMBRE DE POINTS PAR TRANCHE DE DISTANCE (TOUS LES 1 CM)

2.2 Controles automatiques de pose de la carapace

De nombreux filtres de contréle de la qualité de pose des blocs de carapace ont été développés afin
d’assister les entreprises de construction dans le contrdle qualité de leurs opérations, notamment :

Calcul du nombre de contacts d’un bloc avec ses voisins

e Vérification des blocs considérés en dehors du profil moyen qui présentent un risque

d’extraction de la carapace

e Vérification de la densité de pose des blocs

Analyse de I’orientation relative des blocs voisins afin de respecter une pose varice et en losange
(un bloc doit toujours reposer sur 2 blocs de la ligne inférieure)

e Détection des trous dans la carapace par lesquels un bloc de sous-couche pourrait étre extrait
L’ensemble de ces filtres sont représentés par des codes couleurs dans le modéle 3D (Figure 5) afin que
I’ingénieur en charge de 1’analyse de 1’ouvrage identifie rapidement les zones nécessitant un contrdle
accru.
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Blocs voisins a orientation similaire

Blocs hors profil

Blocs en colonne

Contacts entre blocs. Détection des aérations

FIGURE 5 — FILTRES DE CONTROLE DE POSE DES BLOCS

2.3 Controles automatiques de pose de la carapace

En comparant le modele 3D théorique généré de la carapace et le nuage de points original, il est possible
d’identifier des modifications de la forme théorique 3D des blocs donc notamment ceux qui se sont
cassés a la suite de contraintes mécaniques subies pendant I’installation ou par des efforts de houle. On
réalise pour cela un nuage de points différentiel sur lequel chaque point du nuage initial est colorisé
selon sa distance au modele 3D généré. Ainsi, une zone cassée du bloc présentera une distance au modéle
3D plus grande et apparaitra donc en rouge sur le différentiel (Figure 6).

(@) (b)

FIGURE 6 — (4) NUAGE DIFFERENTIEL DU BLOC CASSE, (B) MODELE 3D THEORIQUE DU BLOC

Enfin, la réalisation d’un modéle 3D a intervalle régulier ou apreés un événement météo-océanique
majeur permet de suivre dans le temps les mouvements unitaires de chaque bloc de carapace a une
échelle sub-décimétrique (la précision du modele 3D est directement liée a la précision des scans
réalisés). En effet, le mouvement de chaque bloc peut étre vectorisé en comparant sa position sur 1’état
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initial et ’état final. Cela permet d’identifier des effets de tassement, de grand glissement,
d’effondrement localisé ou d’extraction d’un bloc (Figure 7).

FIGURE 7 — VISUALISATION COLORISEE DU MOUVEMENT DE CHAQUE BLOC ENTRE DEUX LEVES ET
VECTORISATION DU DEPLACEMENT

2.4 Application pour les essais sur maquette physique

Tout comme a I’échelle réel, il est possible de réaliser le modele 3D de la carapace miniaturisée d’un
modele physique réalisé en laboratoire dans le cadre d’une étude de conception. Le scan est alors réalisé
une fois le bassin vidé a partir d’un scanner statique LiDAR ou d’une photogrammétrie statique calibrée
par des points de contrdle intégrés a la maquette. L’intérét de cette méthode est de pouvoir identifier les
mouvements de bloc (rocking, tassement etc) a la suite de chaque série de vague envoyée sur la maquette
(Figure 8).

FIGURE 8 — VISUALISATION DU DEPLACEMENT DES BLOCS SUR MAQUETTE PHYSIQUE
2.5 Segmentation d’enrochements naturels

L’algorithme de détection de forme 3D n’est pas applicable sur une digue en enrochements naturels car
la forme de chaque élément est variable et non réguliére. Afin de proposer une solution fiable pour le
contrdle de sous-couche de carapace ou de carapace en enrochements naturel, un algorithme de
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segmentation a été développé. Il permet d’isoler chaque bloc individuellement pour en faire le suivi et
calculer les caractéristiques générales de la digue (Figure 9).

FIGURE 9— SEGMENTATION D’ UN NUAGE DE POINTS BATHYMETRIQUE

A partir de la segmentation, il est possible de calculer des caractéristiques mathématiques de la couche
d’enrochements selon les critéres de calcul du métier [1] tel que le diamétre apparent de chaque bloc ou
la densité locale (Figure 10).

Local density 3.5m radius-(m-2)
177

FIGURE 10— FILTRE DIAMETRE APPARENT A GAUCHE, DENSITE LOCALE A DROITE

2.6 Outil d’aide a la pose de bloc

Un outil d’aide a la pose de bloc pour les entreprises de construction maritime a été¢ développé a partir
de SEABIM® en partenariat avec la société américaine TELEDYNE MARINE spécialisée en fourniture
de capteurs et logiciels pour I’hydrographie. L’outil permet de réaliser le modéle 3D tel que construit de
la carapace a I’avancement de la construction.
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Pour ce faire, un scan bathymétrique est réalisé aprés la pose de chaque bloc a I’aide d’un sondeur
multifaisceaux monté sur une téte rotative (Figure 11) placé sur une barge ou sur une pelle dédiée aux
activités de scan. Le logiciel spécialisé en acquisition de données nuage de points et en suivi de
construction de digues TELEDYNE PDS CONSTRUCTION (Figure 11) est utilisé pour la visualisation
du modele 3D en temps réel.

FIGURE 11— LOGICIEL TELEDYNE PDS CONSTRUCTION ET SCAN ROTATIF MOTIONSCAN

Le nuage de points est enregistré sur le logiciel spécialisé PDS qui transmet automatiquement a
I’algorithme SEABIM les données. La position exacte du bloc dans le nuage est alors identifiée par
I’algorithme et renvoyée a PDS afin d’en faire 1’affichage pour le grutier en charge de la pose (Figure
12).

FIGURE 12 — VISUALISATION DU SCAN A GAUCHE — POSITION DES BLOCS RETROUVES EN ROSE A DROITE

Un logiciel de post-traitement nommé SEABIM Editor a été développé afin que I’entreprise puisse
ensuite exporter le modeéle 3D de PDS et le mettre a jour pour le contrdle qualité de la pose (fusion de
modeles, modifications, renommage des blocs, application des filtres de controle, export).
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FIGURE 13 — RENDU 3D FINAL APRES POST-TRAITEMENT SEABIM EDITOR
3. Conclusion et perspectives

La numérisation 3D de digue est un outil innovant et versatile qui permet le suivi efficace de digue
monocouche en blocs béton préfabriqués grace a une analyse objective et simplifiée de I’état d’un
ouvrage dans le temps par tous les acteurs impliqués (maitre d’ouvrage, maitre d’ceuvre, entreprise,
assurances, experts judiciaires). Il en résulte un meilleur suivi et une économie substantielle car les
inspections sont réalisées en quelques heures pour les petits ouvrages jusqu’a quelques jours pour de
trés grandes structures. Une fois les conclusions sur I’état de la carapace remises au maitre d’ouvrage,
celui-ci peut gérer le plan d’entretien de son ouvrage en toute connaissance de cause. Les maitres
d’ouvrage pourront faire réaliser les inspections sur des bases réguliéres ou aprés des événements
significatifs. L’outil s’intégre ainsi logiquement dans les démarches de BIM (Building Information
Modeling), de DOE (Dossier des Ouvrages Exécutés) numériques et de gestion patrimoniale qui
s’imposent progressivement aux projets maritimes.
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The Way to Digitization
and the Integration of Intermodal Services in Ports

Abstract in French

Notre société mondiale d'ingénierie SENER ouvre la voie a la numérisation, a l'efficacité énergétique et
a la décarbonation des ports, ainsi qu'a I'amélioration de la gestion et de l'intégration des services li¢s a
la logistique et a l'intermodalité.

Dans cet article, nous allons présenter deux exemples d’enjeux clés de la digitalisation des ports : un
jumeau numérique d’un port et un systéme de gestion portuaire multimodale.

Un jumeau numérique a été développé par SENER a Port El Callao (Pérou) pour la numérisation de la
gestion des actifs portuaires. Cela a entrainé de nombreux avantages dans la prise de décision, dans
l'optimisation de I'exploitation et de la maintenance et dans la réduction des OPEX. Cela a également
apporté une sécurité accrue, assurant également un fonctionnement durable et une réduction de I'impact
environnemental. Ses fonctionnalités étaient la centralisation et l'accessibilité de I'information en temps
réel, les tableaux de bord et 'aide a la décision et la réduction des coiits.

Un systéme de gestion multimodale appelé Airis 11 Synchro dans le port de Séville (Espagne) a
également été développé par SENER et d'autres partenaires (Port de Séville, SIPORT, Université de
Séville, Université de Malaga). 1l s'agissait du suivi et de la gestion des trois modes de transport dans le
port (train, camion, bateau) pour obtenir leur synchronisation dans le temps. Ce systéme intermodal juste
a temps a été réalisé grace au suivi en temps réel des navires, des camions et des chemins de fer dans
les installations portuaires. Cela a permis une combinaison logistique conjointe plus efficace des
opérations maritimes et terrestres, ainsi qu’une réduction des temps d’attente au port et des émissions
de CO2. Une amélioration de la prévision des marées du niveau d'eau disponible pour maximiser le
tirant d'eau des navires était également nécessaire pour ce systeme de gestion multimodal. Cette
planification juste a temps des différents modes de transport a pris en compte la coordination entre les
compagnies maritimes/destinataires, le rail et la route, ainsi que le suivi des itinéraires maritimes. Dans
les chemins de fer, on a pris en compte la gestion du trafic ferroviaire et la visualisation des données des
trains, et dans les camions, la gestion des rendez-vous, l'attribution des créneaux horaires, la
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coordination des entrées et sorties, la surveillance du trafic en temps réel, la gestion des incidents et la
les données d’exploitation ont été prises en compte.

Abstract in English

Our global engineering firm SENER is leading the way towards digitization, energy efficiency and
decarbonization of ports, as well as improving the management and integration of services related to
logistics and inter-modality.

In this paper, we are going to present two examples of key issues in digitization of ports: a digital twin
of a port and a multimodal management port system.

A digital twin was developed by SENER in Port El Callao (Pert) for the digitization of Port Assets
Management. It resulted in many advantages in Decision Making, in Optimization of Operation and
Maintenance and in OPEX Reduction. It also gave an increased security, also providing a sustainable
operation and reduction of environmental impact. Its functionalities were centralization and accessibility
of information in real time, dashboards and decision support and cost savings.

A multimodal management system called Airis II Synchro in the Port of Seville (Spain) was also
developed by SENER and other partners (Port of Seville, SIPORT, Univ. of Seville, Univ. of Malaga).
It consisted in the monitoring and management of the three transport modes in the port (train, truck,
ship) to obtain their synchronization in time. This just-in-time intermodal system was done by real-time
tracking of ships, trucks, and rail at port facilities. This allowed a more efficient joint logistics
combination of maritime and land operations, and a reduction of waiting times in port and CO2
emissions. An improvement in the tides prediction of the available water sea level to maximize the draft
of ships was also necessary for this multimodal management system. This just-in-time planning of the
different modes of transport considered the coordination between shipping companies/consignees, rail
and road, and the monitoring of ship routes. In the railways, it considered the rail traffic management
and the train data visualization, and in the trucks, the reservation management appointments, the slot
assignments, the coordination of inputs and outputs, the traffic monitoring in real time, the management
of incidents and the operations data were considered.

1. Introduction and aims

In this paper, two examples of digitization of ports and multimodal port systems for improving the
integration of services related to asset management and logistic services, respectively, will be presented.

For the digitization of ports, an example of a digital twin developed by SENER for El Callao Port in
Peru will be presented.

Likewise, for the multimodality of logistic services, the Airis II Synchro project, in which SENER has
participated for the Port of Seville in Spain, will also be introduced.
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2. Article

2.1 Digital Twin of El Callao Port in Peru

The scope of the digitization project developed by SENER consisted in developing a digital twin for the
concessionaire APM Terminals Callao, representing it in a realistic and reliable way, while including
the existing infrastructure assets located in the concession area of the North Multipurpose Terminal of
the Port of Callao (“TNM”) in Peru.

A Digital Twin is a computer virtual representation that serves as the real-time digital counterpart of a
physical object or process. Digital Twins garner data from multiple sources, stemming from the lifecycle
stages of the object, generating key performance indicators (KPIs), optimizing performance and
streaming its management.

Figure 1 : APM Terminal at El Callao Port (Peru)

The scope of services provided by SENER for the configuration of the Digital Twin and the Functional
Design of the General Cargo Scales, included the following activities and functionalities:

e Creation of a digital twin using BIM methodology with a LOD 500 level for the entirety of the
TNM, oriented to maintenance and operation.

e Proof of concept integrating the digital twin with SCADA Ignition, focused on equipment related to
the main electrical intake.

e Configuration and definition of specific properties associated to hierarchical assets under the
operation and maintenance logic, suitable to be implemented in redesign or renewal projects planned
for the Terminal.

e Generation of a control panel embedded on a web platform for the management and maintenance of
the facilities under the domain of the digital twin.

e Use of the digital model for in-field data acquisition via mobile devices.
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e Supporting the topographic survey and LIDAR subcontractor for the generation of the model in
terms of field verification.

e Utilizing point cloud generation services to benefit modeling by means of BIM methodology.

e Capturing 360-degree photographs while realizing site visits, connecting it to the digital twin as so
that it’s depicted as a visual tool.

¢ Recording instructional videos for the digital twin categorizing these by intended roles and functions

¢ /) § 7" = )
& ' .E',: > E
- /

Figure 2 : Graphic outputs of the digital twin

SENER developed this digital twin using the BIM methodology, a first in the sector, which to date did
not have an application of these characteristics developed using this methodology. By employing BIM,
the pioneering digital twin of APMT Callao not only guarantees maximum reliability in terms of
functional, technical and operational uses, but it also makes it possible to gradually integrate the new
technologies and management systems that are being implemented in the organization.

The digital twin developed by SENER has allowed APMTC to manage infrastructure assets since 2020.
It is a data-based solution with integration flows that are used to manage large data processes and
computational power for larger virtual worlds. This tool makes it possible to check the status,
maintenance, dimension and operations of its infrastructure assets, structured by functional processes,
and to manage and adapt new innovations. The latter has proved crucial for the proper operation of the
terminal, as this is a brownfield terminal whose operation is very complex.

The Digital Twin provides a structured database for the information and documentation generated during
the project life cycle. Having this information is vital when validating objects, systems and designs. In
addition, the information is portable and coded, meaning that any authorized individuals can access it
even when they are not connected, through a virtual and autonomous, non-immersive experience,
displayed on computers and mobile devices such as tablets and smartphones. The digital architecture is
modular, flexible, synchronized, and easily expandable, and is able to adapt to the different functional
needs of the Terminal. It allows users to isolate elements, such as road surfaces, and discover
underground and hidden public services.

It also lowers the risk of the operation and can be used to size areas for different commercial purposes,
thus facilitating future designs. It has also improved communications with suppliers and among workers
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by providing them with tools to enable virtual presence, interactive virtual encounters, virtual
presentations, and more.

The digital twin allows to integrate information that, until then, had been scattered which will be useful
in the short term to redesign the terminal.

The digital twin was built by the aggregation of individual models, merging them in the process named
model federation. These models were hierarchical structured by processes and systems and include the
following:

= Buildings, foundations, gates, infrastructures
= Detailed bathymetry, topography and surroundings
= Fixed and mobile equipment, utilities, operation and signalling.

SENER developed a comprehensive dashboard that allows for the interaction of the BIM model with
other BBDDs (data bases) on top of Autodesk Forge using a webpage as a frontend interphase. The
coding is in JavaScript and Node.js for generating interaction and analysis of BIM models and data. The
Key Performance Indicators are shown as multiple charts and customized ad hoc for the project.

SENER also developed a button that allows the stakeholders to automatically generate key performance
indicators based on the metadata stored within the elements. This button is especially useful during the
operation & maintenance phases, as it allows stakeholders to see the overall health of the infrastructure
and search information while scrolling around the Digital Twin.

A second API was developed to tie together the 360-degree photographs taken during the site visits and
the Digital Twin. These photographs proved to play a huge role when designing the 3D models
underlaying the Digital Twin, as well as verifying some crucial data. Moreover, the application allowed
the users to navigate project drawings and be directed to the different paths taken during the site visit.

AP TERMINALS

DIGITAL TWIN DE LA TERMINAL NORTE DEL PUERTO DEL CALLAC - PERU

Figure 3 : Graphic 3D implementation of new gates in the digital twin
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2.2 Intermodal management system Airis II Synchro developed for the Port of Seville

The AIRIS II SYNCHRO system, developed among others by SENER for the Seville Port Authority,
optimizes land and sea transport management and favors synchronized intermodality between maritime
transport (ship) and land transport (freight train and truck) in the Port of Seville. A wide variety of actors
participate in the port operations of the Port of Seville, which are diverse, independent from each other
and with interests that are not necessarily aligned. For example: Port Authority (APS), ADIF, railway
companies, shipping agents, terminals, shipping companies, etc. In addition, if we add to this that the
Port of Seville is an inland seaport, we must take into account that its operations are also strongly
conditioned by the tide along the Guadalquivir River. With this project, the navigability along the river
is improved and a land traffic management and planning tool is created that allows reducing logistics
costs by reducing freight transport times and improving reliability in the logistics chain, as well as
increasing safety and security, and reducing CO2 emissions into the atmosphere. For this, technological
solutions are applied that, through the reception of information with external systems and with the ITS
(Intelligent Traffic Systems) and RIS (River Information Services) equipment deployed in the field
(ref.1), allow planning and monitoring of the different modes of transport and optimize transport
logistics in the port area.

To this end, actions have been developed focused on two objectives: to improve navigability along the
river and to improve intermodal operations.

2.2.1 Improving the navigability of the river estuary

Maritime traffic in the Guadalquivir River Estuary is mainly conditioned by the astronomical tide forced
into the river from the Atlantic Ocean through its mouth. In the Gulf of Cadiz, where it is located, the
ocean tide has an average amplitude of 1 meter and can reach 1.5 meters in spring tide conditions. The
second process in order of relevance is identified with non-periodic oscillations of meteorological origin,
generated mainly by atmospheric fluctuations of pressure and wind.

Figure 4 : Hydrodynamic Model of the Guadalquivir Estuary
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Once the validity of the hydrodynamic model developed by the University of Malaga and Siport in
predicting the astronomical tide was tested, the following studies focused on the description of the
meteorological tide and the effect of freshwater discharges from the dam at the head of the estuary. The
consideration of the joint effect of both phenomena, satisfactorily implemented, calibrated and validated
through the numerical model, led to a notable improvement in the prediction tables of the depths of the
still water level that conditions navigability at each point and instant of time in the estuary.

In inland ports, as is the case of the Port of Seville, where access is made by navigating through an
estuary, river or artificial canal, the entry operation of the Eurovia (European Waterway) E.60.02 can
be strongly conditioned by the tide or the level and river flow. In this type of ports, the development of
timing and risk analysis tools makes it possible to identify the “operational windows” and maximize the
draft of vessels in transit.

The estimation of the risk of stranding is obtained by applying the Monte Carlo method. A failure
function (stranding) is defined in which the probability distributions of all the variables involved are
considered, so that thousands of random navigation conditions can be simulated that allow the
probability of failure to be estimated.

This tool obtains the probability of contact of the vessel with the bottom in each individual operation,
so that it can be compared with previously established admissible probability values. The calculations
involve the variables of climate, bathymetry, type and characteristics of the vessel, navigation speed,
tidal wave and squat, which was simulated and also measured in situ.

Depth (m)

-2

Figure 5 : Model output of the width and draft (UKC) available for navigation in the river
2.2.2  Improvement of rail, maritime and road intermodal operations

Also, within the framework of the AIRIS I - SYNCHRO project for the Port of Seville, a synchromodal
railway planning and management web tool has been developed with triple functionality:
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* Plan the route of the railway convoys, optimizing their intermodal operations. In addition to
maintaining the lag times between consecutive trains, it is intended to facilitate compliance with the
planned schedules for trains in nodes before and after the Port of Seville in the logistics networks.

* Monitor the key elements that affect circulation: TAF/TSI messages, when project is finished, state of
level crossings (interrelation with the road mode) and presence of ships in the surroundings of the Port
of Seville (interrelation with the navigation mode).

* Integrate the solution into the technological infrastructure of the Port of Seville through the Advanced
Service Integration Platform (PAIS). From the PAIS, the necessary information is extracted about the
state of the facilities, the railway convoys and the links with the administrator/user of the port facilities.

Likewise, within the framework of the same project, SENER has developed the AIRIS SYNCHRO-
GAS tool for land traffic management and planning and synchromodal operation with triple
functionality:

e Manage and supervise the port's transportation modes (road, sea and rail).
e Plan the road traffic to the port using an access management tool and entry requests by trucks.
e Integrate all the previous tools so that they are accessible from a single platform.

On the one hand, it is a web application that allows real-time visualization of the port's three modes of
transport (road, sea and rail) based on the information shared by each of the modes. This allows the user
to plan operations using the tool, in which arrival and departure estimated time data (ETA and ETD),
freight, dock and other relevant information can be reflected for the programming of resources to
improve operations of ports.

On the other hand, a prior appointment tool (GAS: Gate Appointment System) has been developed for
trucks entering the port in such a way that they are synchronized as much as possible with the rest of the
modes of transport.

It is based on an APP for trucks and a web tool for the rest of the users. In it, the port entry slots for
trucks will be managed, depending on the needs at any given time. The carrier itself will reserve its entry
time to the port based on the assigned slots. This makes it possible to synchronize the arrival of the ship
and/or train with that of the truck. This results in savings in waiting times with the consequent reduction
of emissions into the atmosphere.

3. Conclusions and perspectives

The main conclusions of this paper about the way to digitization and the integration of intermodal
services in ports are the following:

e The digital twin developed by SENER in Port El Callao (Pert) for the digitization of the port
assets management resulted in many advantages in decision making, in optimization of
operation and maintenance and in OPEX reduction. It also allowed an operational reliability,
since failures were reduced or eliminated, an increased capacity, through a better availability
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and use of the Terminal, savings in life cycle costs, through the optimization of maintenance
activities, and security, since the number and magnitude of incidents were reduced.

e On the other hand, the numerical modeling tools developed to improve the navigability and
hydrodynamic behavior of the Guadalquivir River estuary made it possible to establish the
maximum entry and exit drafts depending on the tide level, as well as the operational windows.
They also provided information on critical sections, which is a very relevant indicator for the
maintenance of the navigable waterway. Likewise, precise and updated knowledge of the
bathymetry of the navigation channel made it possible to optimize the access and exit UKCs.

e Likewise, within the framework of the AIRIS II — SYNCHRO project for the Port of Seville, a
port management and planning web tool has been developed. On the one hand, it is a web
application that allows real-time visualization of the port's three modes of transport (road, sea
and rail) based on the information shared by each of the modes. This allows the user to plan
operations using said tool, in which arrival and departure data, freight, dock and other relevant
information for the programming of resources to improve port operations can be seen.

The perspectives of the implementation of these digitization tools are promising in terms of optimizing
cost and time savings in the port assets management and the efficiency of intermodal transport services.
Finally, the next arrival of new Al tools will surely boost the improvements in these innovation
techniques for smart port developments.
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Climate change minimization in port developments located in sensitive and
complex areas

Résumé de ’article: Le changement climatique et les émissions de gaz a effet de serre sont
actuellement I'un des problémes les plus urgents auxquels notre planéte est confrontée. On leur
attribue des effets négatifs et désastreux au niveau mondial, tels que la fonte des glaciers, la
désertification avec la découverte de la biodiversité et l'augmentation des phénoménes
météorologiques et climatiques extrémes. Les ports commerciaux jouent un role stratégique
dans le développement économique et social d'une société. Cependant, diverses pressions
environnementales sont également liées a ces activités stratégiques. Afin de garantir un
développement durable, il est donc essentiel de combiner les besoins opérationnels et de
développement avec le concept de durabilité environnementale, avec une référence particuliére
aux aspects du changement climatique et de la qualité de l'air. La recherche présente et discute
le développement et l'application d'un plan de surveillance avancé dans le contexte de
'expansion et de I'amélioration d'une grande zone portuaire, dans le but de minimiser les effets
négatifs potentiels sur le changement climatique. Les études expérimentales sont menées en
référence au port situé dans la municipalité de Salerne, dans une zone complexe, proche du
centre urbain. Les polluants atmosphériques traditionnels et émergents sont caractérisés et
mesurés a l'aide de stations de mesure de la qualité de l'air mobiles et fixes, équipées
d'instruments automatiques. Les activités de surveillance sur 4 ans sont présentées. La
méthodologie proposée montre l'importance d'une surveillance continue de la qualité de l'air
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lors de nouveaux développements ou d'expansions de ports, en particulier dans le cas de leur
localisation dans des zones sensibles, afin de permettre une véritable durabilité
environnementale. La recherche met en évidence une approche intégrée et durable dans la
perspective de I'économie circulaire et de la transition écologique pour la minimisation du
changement climatique dans les zones complexes.

Article’s abstract : Climate change and greenhouse gas emissions are currently one of the most
pressing issuess facing our planet. Negative and disastrous effects on a global level are
attributed to them, such as the melting of glaciers, desertification with the discovery of
biodiversity and the increase in extreme weather and climate events. Commercial ports play a
strategic role in the economic and social development of a society. However, various
environmental pressures are also linked to these strategic activities. In order to ensure
sustainable development, it is therefore essential to combine operational and development
needs with the concept of environmental sustainability, with particular reference to the aspects
of climate change and air quality. The research presents and discusses the development and
application of an advanced monitoring plan in the context of the expansion and enhancement
of'alarge port area, with the aim of minimizing the potential negative effects on climate change.
The experimental studies are carried out with reference to the Port located in the Municipality
of Salerno in a complex area, close to the urban centre. Traditional and emerging air pollutants
are characterized and measured with mobile and fixed air quality stations, with automatic
instrumentation. The 4-year monitoring activities are presented. The methodology proposed
shows the importance of providing continuous monitoring of air quality during new
developments or expansions of ports, especially in the case of their location in sensitive areas,
to enable real environmental sustainability. The research highlights an integrated and
sustainable approach in the perspective of circular economy and ecological transition for the
minimization of climate change in complex areas.

Article :
1. Introduction and aims

Climate change, mainly due to the emissions and accumulation of greenhouse gases (GHG) in the
atmosphere, are considered to be the cause of the increase in the global average temperature of the earth's
surface (1). The World Meteorological Organization (WMO) has estimated that the temperature has
risen by approximately +1.15°C compared to pre-industrial levels, resulting in adverse effects, such as
intense climate events, glacier melting and sea level rise, with impressive impacts on ecosystems and
societies. GHG including CO,, CH4, NO», and O; have both natural and anthropogenic origins, including
fossil fuel use, deforestation, intensive agriculture, industrial processes, transportation and large civil
engineering projects building and exercise (2). Ports, essential for trade and economic development (3),
are complex infrastructures with diverse purposes, activities, geography, and applicable laws (4).
Among their main recognized environmental pressures are included gaseous emissions to air (3), in
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particular those relating to particulate matter (PM), nitrogen oxides (NOx), sulphur dioxide (SO2),
carbon monoxide (CO) and volatile organic compounds (VOCs) (6). Moreover, also ports can contribute
to greenhouse gas (GHG) emissions (7). According to the European Parliament, of the maritime sector’s
CO; emissions, between 6 and 7% are generated at berth in ports in the European Economic Area ().
Commercial maritime transport accounts for about 1 billion tons of CO, emissions annually and 2.7%
of global CO, emissions (8). In Europe, over of 90% of SO, emissions and significant contributions to
PM> 5, PMyo, and NOyx emissions, equal to 45%, 28%, and 35% respectively, are attributed to the port
activities (9). Prolonged exposure to atmospheric pollutants can lead to health issues like respiratory
diseases, emphysema, bronchitis, asthma, and other symptoms (/0). Consequently, controlling
greenhouse gas and air pollutant emissions is crucial for protecting human health and environment. This
concern has made environmental management an essential aspect of port activities as well (/7). Direct
and indirect approaches can be implemented in order to control these emissions. Direct approaches
involve specific actions, like as the installation of filters or scrubbers to directly reduce or eliminate
emissions of GHG and pollutants into the atmosphere. Indirect approaches focus on broader strategies
and policies that address the sources of these emissions, through the design and implementation of
monitoring systems to characterize, measure and monitor emissions in order to control them.
Furthermore, the monitoring systems provides real-time data on air quality to governments, researchers,
and the public, useful to make evidence-based decisions and drive transformation towards cleaner air
(12). Their application is therefore strongly suggested and has been growing in recent years. At present,
however, there are no standardized procedures, unique and unanimously shared guidelines that support
the proposer in the design and development of monitoring plans and systems. Furthermore, the real-
scale application of air quality monitoring in complex sites such as port areas is scarce and often does
not provide detailed information and evidence of the results. These elements can produce ineffective
systems, waste economic and human resources, and fail to achieve the result of protecting people and
the environment. A challenge of modern society is therefore aimed at defining procedures and support
tools for the development and implementation of effective air monitoring systems. This research fits
into the themes described with the aim of contributing to the lack of existing information. The study
focuses on the development, and application of an advanced monitoring plan in the context of the
expansion and enhancement of a large port area, with the aim of minimizing the potential negative
effects on air quality and climate change. The plan aims to monitor the main parameters for the control
of air quality in order to assess the pressures and intervene in case of potential negative values. The
design of the monitoring plan includes the identification of the monitoring points, of the indicators (such
as PMio, NOy, SO», O3), the sampling frequency and duration. Compliance with air quality standards
established by regulations is evaluated, and corrective actions are planned if critical non-compliance
aspects occur for improving air quality. The case study of Salerno port area is described. The results of
monitoring in the various stages of project implementation are reported and discussed.

2. The Port of Salerno expansion and enhancement

The commercial port of Salerno, located in the historic Porto district, has a long history dating back to
Roman times. Over time, it has undergone expansions and renovations, and it comprises four piers:
Molo Manfredi to the east, Molo Levante to the south, Molo Trapezio to the north, and Molo Ponente
to the southwest. The port handles both passenger and cargo traffic. In recent years, there has been a
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notable increase in passenger traffic, particularly attributed to the construction of the new maritime
station, as well as significant growth in cargo traffic, prompting investments in port technology and
capacity. However, physical constraints such as the shallow port seabed and the narrow entrance have
hindered further expansions. In response to changing global trends in the maritime sector, especially the
proliferation of increasingly larger container ships, planning and programming of design interventions
have aimed to enhance the port's position and competitiveness in the international market. The expansion
and enhancement of ports are essential to address the challenges of the current global scenario
characterized by economic growth and maritime transportation demand. These interventions go beyond
the creation of new infrastructure, encompassing technical, environmental, economic, and social
aspects. New port infrastructure must be developed sustainably, considering the protection of the marine
environment, the reduction of pollutant emissions, and the promotion of innovation in resource
management. Striking a balance between economic and environmental needs is crucial for a sustainable
future. The expansion can support cargo diversification, reducing reliance on specific sectors and
increasing resilience. Furthermore, expansion benefits the local economy through new job opportunities,
investments, and increased business activity. Anticipated benefits include more efficient management
of traffic, facilitation of international trade, and reduced waiting times for ships. Enhanced
competitiveness attracts prestigious ships and shipping lines, reinforcing the position in the global
supply chain. In summary, port expansion aims to improve capacity, efficiency, and competitiveness,
with benefits extending to the local economy, international trade, and overall infrastructure
development. Considering these needs, the latest and most recent port enhancement project, object of
the monitoring activities, has therefore identified three main interventions (A: enlargement of the
harbour mouth; B: extension of the Trapezio pier; C: deepening of port seabed), schematized in Figure
1 and described in the following paragraph.

4y

Figure 1 — Main upgrading and enhancement interventions
2.1. The upgrading interventions

The enlargement of the harbour mouth is aimed at allowing longer ships to enter the port basin and
involves the resection of the sub-billow pier for about 100 meters, apt to bring the size of the mouth to
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about 310 meters, again with reference to the part with greater depth. The intervention requires greater
protection of the dock from the foreseeable increase in the wave motion within it, for the satisfaction of
which the extension of the breakwater pier for about 200 meters. In addition, in order to ensure at least
one operational berth on each side, adequate to the size of the ships, it was planned to extend the pier
beyond the head bank (Trapezio pier). The intervention of deepening the seabed is aimed at satisfying
the fundamental and indispensable objective of allowing the entry into the port basin of vessels of draft
equal to or greater than 14 meters. To this end, the intervention modified the bathymetries with a total
volume dredged was about 2.9 million m® plus over dredging.

3. Environmental advanced air monitoring and control plan
3.1. The monitoring plan

The location of the sampling and monitoring stations have been selected based on the results of a specific
environmental impact assessment study. This choice took into account the characteristics of the
geographical and environmental context to collect data on air quality and meteorological conditions near
the port. Figure 2 provides details on the identification and positioning of the monitoring stations. Six
stations have been identified (ATMji, i=01-06), with three fixed within the port area (ATM01-ATMO03)
and the other three located in the surrounding zones, close to the main sensitive targets (ATMO04-
ATMO6).

Al

A

0 250m
—

Figure 2 - Identification of the monitoring stations (ATMi, i=01-06)

While Table 1 highlights the monitored parameters at each sampling stations, identified according to
their representativeness of potential emission sources, along with their corresponding reference values
established by regulations (ref). Furthermore, the monitoring plan also included the installation of a
complete weather station in ATMO02, with the monitoring of the main meteorological parameters, for
the purpose of evaluating the dispersive effects.
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Table 1 — Monitoring parameters and normative values (Italian Legislative Decree 155/2010)

Concentration threshold

Parameter Acquisition period Mediation period (D.Lgs 155/2010)
PMio 24 hours 24 hours 50 pg/m?
24 hours year 40 pg/m?
CO Average hourly value max of 8-hours moving average per day 10 mg/m’
1 hour 200 pg/m’
NO2 1 hour 1 hour (measured over 3 consecutive hours) 400 pg/m?
year 40 pg/m?
NOx 1 hour year 30 pg/m?

Benzene (CeHe) 24 hours year 5 pg/m?

1 hour 350 pg/m’
SO2 1 hour 1 hour (measured over 3 consecutive hours) 500 pg/m’
Daily average 125 pg/m?
1 hour 180 pg/m?
Ozone (03) I hour 8-hour moving average 120 pg/m?
Arsenic 24 hours 6,0 ng/m’
Cadmium 24 hours year 5,0 ng/m’
Nickel 24 hours 20,0 ng/m’
Benzo(a)pyrene 24 hours year 1,0 ng/m’

In accordance with the Environmental Impact Assessment (EIA) procedure to which the works were
subject and to guarantee the oversight of every potential interference, the monitoring plan was developed
and implemented for the three project stages (“ante-operam” (AO); “in corso d’operam” (CO) and
“post-operam” (PO)) with the different monitoring frequencies and number of campaigns (Table 2).

Table 2 — monitoring frequencies and number of campaigns for the different project stages

Phase/Stage Phase Campaign Total number
duration Frequency Duration of campaigns
ante-operam (AO) 4 months every 2 months 30 days for 2
gaseous pollutants
in corso d’operam (CO) 18 months every six-month and 5 days for
post-operam (PO) 24 months every six-month metals and [PA 4

4. Results and discussions

The data monitored by the weather station indicates that the average wind speeds during the three
different project stages range from 1-1.8 m s™'. The average daily temperatures resulted of 19.5°C, while
the relative humidity values average at 59.6%, with a peak of 64.4% during the AO phase. The results
obtained from the analysis of non-conventional pollutants, such as metals (particularly arsenic,
cadmium, and nickel) and PAHs (particularly benzo(a)pyrene), during the three different project stages
indicate that all values are below their detection limits and consequently well below their regulatory
limit value. Figure 3 shows the hourly averages of the measured concentrations throughout the
monitoring period for the analytes at all stations in the three project phases: AO, 10 and PO.
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Figure 3 - Comparison of priority pollutants in the three project phases for each monitoring station

Analysis of the results shows variability in analyte levels between different phases and stations. At
station ATMO1, lower average values are observed for pollutants such as CO, SO2 and C6H6 during
the PO phase compared to the other phases, while for the PM10 parameter slightly higher values are
recorded during the PO phase. The considerations change if different stations are considered. For
example, for ATMO04, where the values of CO, SO2 and C6H6 are lower during the AO phase, while
the values of PM 10 during the PO phase decrease. However, all the results recorded are well below the
regulatory reference values in the three project phases, thus demonstrating the environmental
sustainability of the works carried out and their negligible interference on air quality.

5. Conclusions

The research addresses the issue of minimizing climate change and atmospheric pollution through an
advanced environmental monitoring plan. The rigorous implementation of the monitoring plan emerges
as a crucial strategy to tackle this challenge. The measurement of greenhouse gas emissions, pollutants
and the adoption of dispersive models provides essential data to understand environmental issues and
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evaluate the effectiveness of mitigation policies. Continuous monitoring lays the foundation for
informed decisions and strategic adjustments over time, maximizing the efficacy of actions. Involving
governments, industries, non-governmental organizations, and civil society is essential for the success
of the plan, with international collaboration and data sharing as key elements. Through the
characterization, measurement, evaluation and continuous sharing of data it is then possible to identify
immediate and effective actions to tackle this challenge, by translating data into concrete policies and
actions, including transitioning to renewable energy, promoting energy efficiency, and adopting
sustainable practices. A tailored monitoring plan is the first fundamental element to address climate
change and pollution, combining accurate data, targeted policies, and collective actions for a more
sustainable future.
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« Cold ironing » facilities in the general interest ports of the Balearic Islands.

The Balearic Islands Port Authority (BPA), aware of the environmental impact caused by port
activity in its surroundings, began in 2016 studies for the implementation of measures for its
mitigation and to apply solutions that improve air quality in its ports.

When at berth, the ferries use their auxiliary engines to produce electricity at loading,
unloading and parking operations, with the consequent emission of polluting gases as well as
noise and vibrations.

The Onshore Power Supply (also called Cold Ironing) basically consists of connecting ships
to the land electricity grid in their port call, so that the auxiliary engines that maintain their
main basic systems can be turned off during their stay, avoiding sources of noise and
contamination near population.

The Port of Palma has been the first in Spain to develop an electrification project to supply
medium voltage electricity to the docked ferries, executed at Paraires Quay.

BPA is now going to replicate these projects in other ports under its management, with the
aim of complying with Directive 2014/94/EU of the European Parliament and of the Council
of October 22, 2014, which requires that Seaports provide for the availability of clean
alternative fuels, contributing to decarbonization and improving the environmental
performance of the transport sector, with the investment of 100 million euros, defined in its
Business Plan, with European Union financing.

The system will allow the reduction of sulphur dioxide (SO;), nitrous oxides (NOy),
particulate matter (PM,), volatile organic compounds (VOC), carbon dioxide (CO,) and
substances that deplete the ozone layer emissions.

In each port there will be:

For Medium Voltage connection, aimed at ‘ferry' type vessels, a supply point with a maximum
power demand of 1,600kW (2,000kVA), at a nominal voltage of 11kV, equipped with a
connection box with 2x350A triphasic connectors.

For Low Voltage connection, for ‘fast ferry' type vessels, a supply point with a maximum
power demand of 800kW (1,000kVA) is planned, at a nominal voltage of 400V, equipped
with a connection box with 5x350A triphasic connectors.

Projects in this phase, planned to be expanded, correspond to Alcddia, Eivissa, Ma6 and
Palma ports.
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1. Introduction.

On 12 May 2006, the Commission Recommendation of 8 May 2006 on the promotion of the
use of shore-side electricity by ships at berth in Community ports was published in the Official
Journal of the European Union.

The text contained the following recommendations:

1) Member States should consider the installation of shore-side electricity for use by ships
at berth in ports, particularly in ports where air quality limit values are exceeded or where
there is public concern about high levels of noise nuisance, and especially in berths
located close to residential areas.

2) Member States should take note of the information, set out in the Annex, on the cost-
effectiveness and feasibility of using shore-side electricity to reduce emissions on various
types of ships, routes and ports. However, environmental benefits and cost-effectiveness
should be assessed on a case-by-case basis.

3) Member States should work within the International Maritime Organisation (IMO) on
the ongoing revision of the International Convention for the Prevention of Pollution from
Ships (MARPOL Convention) to promote the development of harmonised international
standards on shore-side electricity connections, taking into account work already
underway.

4) Member States should consider providing economic incentives to ship operators to use
shore-side electricity offered to ships, taking advantage of the possibilities offered by
Community legislation.

5) Member States should promote awareness of shore-side electricity among local
authorities responsible for port areas, maritime authorities, port authorities, classification
societies and industry associations.

6) Member States should encourage port authorities and industry to exchange best
practices related to shore-side electricity supply and harmonisation procedures for the
provision of shore-side electricity.

7) Member States should report to the Commission on the measures they intend to take to
reduce emissions from ships in ports, particularly where air quality limit values are
exceeded.

Moreover, in the report Air quality is the second environmental priority for ports in 2022,
moving down one spot in favour of climate change. Air quality was the top priority for ports
between 2013 - 2021. Emissions in the air in ports are generated mainly by vessels, but also by
port operations, industrial activities and other related traffic, and include emissions of SOx,
NOx and particulate matter. These emissions have negative effects, creating poor air quality

2
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that affects the environment as well as port stakeholders and local communities. Since ports
are locations where a lot of transport modes and industrial activities come together, air quality
has become a key determinant of public "acceptance™ of port activity. It therefore remains a
key concern for European ports.

Figure 1. ESPO Environmental Report 2022 EcoPortsinSights 2022

The Port Authority, which manages the ports of Palma, Alcudia, Ibiza, Mahon and La Savina, which
are ports that are indissolubly integrated with the city due to their proximity and which are also located
in a setting of high natural value and which in most cases are environmentally protected, should
promote projects that comply with the Commission's recommendation and which are coherent with the
Authority's commitment to the environment.

2. Preliminary project

In 2011, the Port Authority decided to tackle a first preliminary project for what would be the first
medium voltage electrical connection to ships in Spain, and to do so we had to be aware of the
difficulties involved:
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e Significant investment for a project that was innovative for our country at the time and
therefore entailed a risk of not being used.

e Lack of a clear commitment from potential users of the OPS system, probably due to
the investment they had to make for the transformation of their ships and their lack of
interest in depending on the Port Authority for the energy supply.

o Lack of availability of the power required from the supplier with high power term costs.

Despite the difficulties, the preliminary project was carried out, choosing the dock in the port of Palma
closest to the city, which was the Peraires dock, and throughout the process, meetings were held with
the shipping companies that were potential users of the installation, from which intermittent support
was received, which served to support the development of a construction project that could be put out
to tender. The Port Authority's vision for OPS solutions meant that in two of the most important works
being carried out at that time (Explandas y Muelles Comerciales in the port of Ibiza and the Expansion
of the western quays of the port of Palma), the installation of a future OPS project was planned.

3. Construction project

The construction project served to deploy in the port of Palma de Mallorca the first green dock with a
connection point for the electrical supply of ferries, which will be able to supply a maximum power of
2,000 kVA at a frequency of 50-60 Hz suitable for the connection of ferries.

The main elements of the project are as follows:

e 2,000 kVA substation, equipped with a 2MVA frequency converter.

e 11 kV power supply line from the substation to the tap-off point on the quay side of the quay.

e Quay-side switchboard, with 2 three-phase connectors (integrating the earth connections),
3 pilot cables and fibre optics for communications). One connector will be used for the other
will be a back-up connector.

The connection point for the electrical supply to ships will be connected to the 2,000 kVA substation,
whose proposed location in the port is shown in Plan n® 2 -Area of Action and Plan Distribution-. This
substation, of a containerised type to allow it to be moved to another location in the port if necessary,
will be equipped with two transformers of 2,000 kVA each.

The power supply to the ships will be at a voltage of 11 kV at 50 or 60 Hz as required, so, as the
voltage available in the port is 15 kV at 50 Hz, the substation as a whole will have a transformation
ratio of 15/11 kV. The substation will also be equipped with frequency converters to convert the 50 Hz
frequency of the port's electrical network to a frequency of 50-60 Hz, as required, for the electrical
network supplying ships. The frequency conversion shall be carried out at low voltage at 690 V.

The frequency conversion system shall have a 15/0,69 kV 50 Hz step-down transformer at its input to
adapt the voltage level for frequency conversion. At the output of the frequency conversion system
there shall be a transformer to adapt the voltage level to the mains supply to ships with the
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transformation ratio 0,69/11 kV and a frequency of 50-60 Hz, as required. The transformers to be
installed will maintain galvanic separation between the connected ship and the existing electrical
network in the port, on the one hand, and the electrical network supplying ships, on the other.

From this substation there will be two supply lines to the switchboard on the quay, equipped with two
350 A three-phase connectors (in accordance with the IEC/ISO/IEEE 80005-1 standard), and with the
capacity to supply a ship. This switchboard shall be mechanically protected against damage by ship
stays.

Adequate switchgear shall be provided for all switching and protection of the system. In order to
improve the safety and operability of the manoeuvres carried out, the electrical system for supplying
ships will have an automated control and monitoring system that allows external connection for
centralised management of the port. The earthing system of the ship supply network must be
independent, so a specific earthing network will be installed for this purpose. The distribution network
feeding the ship connection point shall have an IT type neutral connection system without distributed
neutral.

4, Institutional support

During this time, two letters of support were received from two city councils (Valencia and Ibiza)
conveying the need to address projects in our ports that would eliminate polluting emissions, but
without a doubt the definitive support for the project came from the public body Puertos del Estado,
which proposed a proposal to a call for CEF funds that included various OPS projects in several
Spanish ports (Spanish Port Master Plan), including the Peraires dock project. This support, together
with the 50% rebate approved in the law accompanying the 2019 budgets on the tax for ships using an
OPS system during their berthing. This support was undoubtedly definitive for tendering this project,
which had a high budget (around €2m together with the cable management equipment).

5. Service provision

According to Regulation (EU) 2017/352 of the European Parliament and of the Council of 15
February 2017 establishing a framework for the provision of port services and adopting common rules
on financial transparency in ports, the port bunkering service is understood as the "provision of
bunkers, solid, liquid or gaseous fuel or any other source of energy used for the propulsion of the ship
and for the general and specific supply of energy on board the ship while at berth”, which would
include the service of supplying electricity to ships at berth in port, known by its acronym OPS
(Onshore Power Supply) or "Cold Ironing".

The operations included in the service are:

e Operation of the OPS installation: This activity involves the management of the monitoring
and control systems of the OPS installation in order to synchronise and transfer the electrical
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energy from the grid to the vessel, transforming the voltage and frequency of the grid to those
required by the vessel to which it is supplied.

Connection and disconnection of vessels: This activity involves the handling of the Cable
Management System to deploy the power cabling until it is made available to the vessel's crew
for connection to the corresponding dock socket, as well as the subsequent disconnection and
retraction of the cabling.

In order to guarantee the principle of free competition and to eliminate restrictions that would result in
a limited or even insufficient number of service providers, the service covered by this provisional
licence does not include the following:

6.

The acquisition of electricity for the provision of the service through this connection. Said
acquisition will correspond to the Port Authority for its sale to the vessel as a commercial
service by virtue of the provisions of the twenty-first additional provision of Law 24/2013, of
26 December, on the electricity sector, in the wording given by article 21.6 of Royal Decree
Law 15/2018.

The sale of electrical energy to the vessels supplied. The service provider will limit itself to
transferring energy to the vessels at berth, in accordance with the conditions established in the
licence. The sale of energy will be made by the APB directly to the vessel, in accordance with
the tariffs in force at any given time for the provision of commercial services. In order to take
into account the objectives and particularities of this new installation, a proposal to update
these tariffs is submitted to the APB Board of Directors, together with the provisional licence
model.

Maintenance of the OPS substation and the cable management system. These operations will
be carried out by specialised, accredited companies contracted by APB. The role of the energy
supply service provider will be limited in this case to coordinating with the maintainer to
resolve incidents and faults, and it must ensure that any faults have been duly resolved in order
to guarantee the provision of the service.

Projects in the development phase.

The new projects to be developed, which are currently in the project phase, are as follows:

Electrical infrastructure in the Port of Alcudia for the electrical connection of ships to land in
the first alignment of the Poniente docks. P.0.1112-G.

Electrical infrastructure for the connection of ships to land at the C6s Nou docks in the Port of
Mao. P.0.1113-G.

Electrical installation for supplying ferries in the first outer section of the Commercial Docks
of the Port of Palma. P.0.1357.

Electrical infrastructure at the Botafoc Docks for the electrical connection of ships to land in
the port of Eivissa. P.O. 1114-G.
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The projects and their execution will be financed with the subsidy from the programme of Support for
Sustainable and Digital Transport in competitive competition, approved by Ministerial Order of 13
December 2022, which resolves the procedure for awarding the first call for subsidies from the
Programme of Support for Sustainable and Digital Transport in competitive competition, in the
framework of the Recovery, Transformation and Resilience Plan - financed by the European Union -
NextGenerationEU), according to the bases of Order TMA/370/2022 of 21 April, published in the
Official State Gazette number 102, of 29 April 2022, modified by Order TMA/513/2022, of 30 May,
and by Order TMA/758/2022, of 27 July. Within the framework of the Recovery, Transformation and
Resilience Plan - financed by the European Union - NextGenerationEU.

The action is defined by the application PATSYD-22-00061 for the APB: Coordination,
communication and management, OPS for ferries in the port of Palma, OPS for ferries in the port of
Eivissa, OPS for ferries in the port of Alcudia, OPS for ferries in the port of Mad. For which a subsidy
of 4,923,875.47 € has been granted.

Within the aforementioned programme, this action is part of COMPONENT 6: Sustainable, safe and
connected mobility.

The objectives of the action are:

o Modernise, digitise and upgrade key transport infrastructures.

e To complete the European rail corridors as the backbone of mobility.

¢ Rebalance the modal split towards more sustainable modes.

e Improve intermodality and logistics.

e Promote the modernisation, digitisation and sustainability of transport and its
companies.
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The innovative ejectors' plant technology for sediment management in
harbours

Résumé de article: Plus de 90 % du commerce mondial s’effectue par transport fluvial, qui
constitue le moyen de transport de marchandises le plus important. Par conséquent, le
commerce mondial dépend de maniere cruciale de ports et d’un statut de navigation
(navigabilité) adéquats. Préserver une bonne navigabilité est un défi car I'acces aux ports et aux
voies navigables est souvent entravé, la grande majorité des 10,000 ports et havres dans le
monde souffrant de sédimentation. Traditionnellement, les sédiments a I’origine du probleme
sont excavés, enlevés et déplacés par dragage d’entretien. Néanmoins, le dragage n’est pas
efficace pour maintenir la navigabilité dans le temps. Cet objectif pourrait étre atteint grace a
une fréquence plus élevée des opérations de dragage, mais cela entrainerait des cotts plus élevés
et des procédures d'autorisation et de permis complexes. Le dragage d'entretien a é¢galement des
impacts environnementaux considérables puisque les opérations de dragage peuvent : 1) détruire
ou modifier significativement les habitats sous-marins et la flore et la faune qui y résident, ii)
remettre en suspension les sédiments et les contaminants déja présents dans le fond marin,
augmentant ainsi la concentration de solides en suspension dans la colonne d'eau avec des effets
néfastes. effets sur 1'écosystéme, iii) impact local sur les émissions de gaz a effet de serre, de
polluants et de bruit, iv) générer un déchet a éliminer, a savoir les déblais de dragage.

L'Université de Bologne a développé la technologie des « usines a éjecteurs » comme
alternative durable au dragage d'entretien. Il a été récemment testé¢ dans deux applications de
démonstration dans la Marina de Cervia et la Marina de Cattolica (Italie). L'éjecteur est une
pompe a jet ouverte (c'est-a-dire sans chambre d'aspiration fermée ni gorge de mélange) avec
une section convergente au lieu d'un diffuseur et une série de buses positionnées autour de
I'éjecteur. Chaque éjecteur est placé sur le lit d'eau et transfere 1'élan d'un jet d'eau primaire a
grande vitesse a un flux secondaire, un mélange d'eau et de sédiments environnants. Le mélange
sédiment-eau est ensuite transporté par un pipeline et déversé dans une zone ou les sédiments
peuvent étre captés par le courant d'eau naturel ou ne constituent pas un obstacle a la navigation.
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Le document vise a montrer les résultats produits par les deux activités de surveillance des
installations de démonstration, suggérant que la technologie est efficace et efficiente et que le
fonctionnement de l'usine de démonstration s'accompagne d'une amélioration de plusieurs
parametres liés a I'état écologique de 1'écosysteme marin dans la zone affectée. par les éjecteurs
dans un délai d'un an.

Article’s abstract: More than 90% of global trade is carried by waterborne transport,
constituting the most important means of transportation of goods. Therefore, global business
critically depends on adequate ports, harbours, and navigation status (navigability). Preserving
good navigability is challenging since port and harbour access and waterways are often
hampered, as the vast majority of 10,000 ports and harbours worldwide suffer from
sedimentation. Traditionally, the sediment that causes the problem is excavated, removed and
relocated through maintenance dredging. Nevertheless, dredging is not effective in maintaining
navigability over time. This objective may be reached through a higher frequency of dredging
operations but would result in higher costs and complex authorization and permit procedures.
Maintenance dredging also has considerable environmental impacts since dredging operations
can: i) destroy or significantly modify underwater habitats and resident flora and fauna, ii)
resuspend sediments and contaminants already present in the seabed, thus increasing the
Suspended Solid Concentration in the water column with adverse effects for the ecosystem, iii)
impact locally on greenhouse gas, pollutants and noise emissions, iv) generate a waste to be
disposed, i.e. the dredged material.

The University of Bologna has developed the “ejectors plant” technology as a sustainable
alternative to maintenance dredging. It has been recently tested in two demo applications in the
Marina of Cervia and Marina of Cattolica (Italy). The ejector is an open jet pump (i.e. without
a closed suction chamber and mixing throat) with a converging section instead of a diffuser and
a series of nozzles positioned around the ejector. Each ejector is placed on the waterbed and
transfers momentum from a high-speed primary water jet flow to a secondary flow, a mixture
of water and the surrounding sediment. The sediment-water mixture is then conveyed through
a pipeline and discharged in an area where the sediment can be picked up from the natural water
current or is not an obstacle for navigation.

The paper aims to show the results produced by the two demo installation monitoring activities,
suggesting that the technology is effective and efficient and that demo plant operation is
accompanied by an improvement in several parameters related to the ecological status of the
marine ecosystem in the area affected by ejectors within one year.
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Article :
1. Introduction and aims

The need to remove deposited material from water basins is a common feature shared by harbours, ports
and waterways. The most widely used solution to remove sediment deposits is dredging. Dredging is a
well-known and reliable technology. Nevertheless, in specific conditions (i.e. smaller marinas and
channels), dredging in shallow water requires scaled technologies that are less productive and more
expensive than standard configuration. While dredging can restore the desired water depth, it is not
without impact on sedimentation causes and, therefore, cannot guarantee avoiding sedimentation over
time. Furthermore, dredging operations can often interfere with navigation and other nautical activities
and imply environmental impacts on the marine ecosystem [1], like modifying marine habitat-related
organisms and disturbing contaminants already in the seabed. Consequently, maintenance dredging
operations often become too expensive and/or need to be allowed by normative framework due to the
related environmental impact.

New approaches have been developed over the years as alternative methods to dredging, and a broad
literature exists about innovative solutions to limit and/or solve sedimentation [1]. A promising solution
alternative to maintenance dredging is the so-called “ejectors plant” technology. The ejector (see Figure
1) is an open jet pump (i.e. without a closed suction chamber and mixing throat) with a converging
section instead of a diffuser and a series of nozzles positioned around the ejector. Each ejector is placed
on the waterbed and transfers momentum from a high-speed primary water jet flow to a secondary flow,
a mixture of water and the surrounding sediment. The sediment-water mixture is then conveyed through
a pipeline and discharged in an area where the sediment can be picked up again from the natural water
current or is not an obstacle for navigation. For example, with a primary water feeding flowrate of ~27
m*/h, a working pressure of ~2.4 bar and a discharge pipeline characterised by 60 metres in length, each
ejector can convey a peak sand flowrate at the discharge pipeline of about 2 m*/h (whole discharge
flowrate is ~34 m*/h) and a water pump power consumption of about 3.5 kW [2]. Ejector performance
changes due to i) discharge pipeline length and ii) sediment characteristics.

Secondary flow

Nozzle e \ s l oo _/ ;Jnvergmg

Primary flow . Delivery flow

—_— D ——p

i

Secondary flow

Figure 1 : Schematization of ejector geometry and operation.

The main novelty of the ejectors' plant is that it is designed and controlled to bypass the settling
sediments and not to remove them from the waterbed. This feature is essential in authorisation and
permit procedures since the mass balance in the area where the ejectors are installed can be considered
zero. Therefore, the ejectors’ plant operation is not equated to maintenance dredging. Moreover, the
continuous operation of the plant reduces the environmental impact to near zero since the sediment
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management follows the rhythm of nature. The technology is reliable as, generally speaking, jet pumps
have been applied for coastal applications since the 1970s. Regarding the ejectors' technology, it was
developed and tested in 2001 by the University of Bologna. In 2005, the first experimental plant [3] was
realised and tested in the port of Riccione in Italy. In 2012, a second experimental plant [4,5] was
implemented in Marina di Portoverde in Italy. Both installations were realised at harbour entrances and
designed to handle sand. Recently, two further ejectors’ plant installations have been realized in Italy.
A pilot installation was established in 2018 in Cattolica [6], and is still running, where, for the first time,
two ejectors were applied in the management of silt and clay sediments and installed in a river channel.
The first demonstrative installation has been completed in 2019 in Cervia [2]. The 10-ejector demo plant
operated continuously from June 2019 to September 2020, thus achieving the objective of the LIFE
MARINAPLAN PLUS project, which financed the realization and monitoring of performance and
impacts produced for a minimum period of 15 months operation.

The paper briefly introduces the ejectors’ plant technology concept and then summarises the results of
the monitoring actions implemented over time in the Cattolica and Cervia installations.

2. Techno-economic assessment of the ejectors’ plant

The pilot plant in Cattolica has been designed to feed with pressurized water up to two ejectors. Each
ejector is fed by its submersible pump. An inverter can control the water flowrate in each ejector feeding
pipeline. Pressure transmitters monitor the water pressure at the pump outlet. An electric multimeter
between the grid and the inverters measures power consumption. The pump operation can be scheduled
hourly, while the plant operation can be remotely checked and modified. Instrument readings have a
frequency of about one second. Still, data are saved only every five minutes in a local database that can
be remotely accessible to limit the data storage size. The pumps are installed near the entrance of a
towing basin, while the ejectors are located inside and outside the towing basin. The internal ejector has
been numbered as ejector n°2, while the external ejector is the n°1. The electric panel has been installed
very close to the pumps. Figure 2 shows the position of pumps, ejectors, and electric panel. The position
of the ejectors is approximate since they were not fixed on the stream bed. During the 12 months of
monitoring, the ejectors, particularly the ejectors n°2, were manually moved.

O Ejector
Pump

Figure 2 : Location of ejectors plant in Cattolica [6].
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After more than one year of operation monitoring [6], the pilot plant effectively kept the water depth
constant in the towing basin. The pilot plant worked for 8475 hours, and based on the relation between
bathymetries and the operation regime, a mean power consumption of 5.5 kW can be considered optimal
to guarantee navigability and limit energy costs [6]. Considering an ejector's plant lifetime of 10 years
and yearly costs for operation and maintenance, a whole cost of 188,000 € over the 10 years has been
computed (i.e. about 19,000 € per year) [6]. The cost is competitive with maintenance dredging,
especially if indirect dredging costs (i.e. permit/authorization, sediment analysis, limitation of towing
basin operation due to navigability issues) are considered. The pilot plant is still in operation and under
continuous monitoring. Recently, the control strategy of the ejectors’ plant has been slightly modified
to optimize power consumption further. A water level sensor has been installed in Tavollo River to
monitor the tide variation. The idea is to optimize the night operation of the plant by increasing ejectors'
water flowrate feeding only when a falling tide is present since it can accompany well sediment transport
to the sea. The new operation mode is still under evaluation, and the results will be published in a
following paper.

The demonstrative ejectors' plant in Cervia was more complex, and its operation was accompanied by
an extensive monitoring plan [2]. The main objective of the ejectors' plant installed in Marina di Cervia
is to guarantee navigability at the harbour inlet while in operation. The plant consists of ten ejectors at
the harbour entrance, as shown in Figure 3. There are two pumps, each one feeding five ejectors. Each
pumping line has an auto-purging disk filter: the auto-purging cycle is activated once the pressure drop
in the filter reaches a certain level. An inverter controls the total pumped water flowrate, while the
flowrate for each ejector feeding pipeline is balanced through electro-valves. The total installed power
is about 80 kW. A local meteorological station has been installed to relate plant operation with sea
weather conditions (i.e. wind intensity and direction).

~_— Ejector
[ Discharge pipelines
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Figure 3 : Location of ejectors plant in Cervia [7].

The Cervia ejectors plant operated continuously from June 2019 to September 2020. Despite the
numerous problems encountered [7], which have been solved or for which a technical solution has been
identified, the effectiveness of the ejectors' plant is demonstrated by the ability of the plant to maintain
a navigable channel with a minimum water depth of 2.5 m, measured to the mean sea level leaving the
harbour; a condition previously never reached at the beginning of the summer season without dredging
operation. Concerning efficiency, the ejectors' plant consumption was higher than expected: starting
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from January 2020 until July 2020 (with a peak in June 2020), the uncontrolled growth of mussels in
the pipes and filters considerably increased the pressure losses in the system, forcing the pumps to work
with higher pressure, but with the same flow rate, compared to the operating conditions recorded in
2019. Various technical solutions alternative to chlorination are under evaluation to prevent the
proliferation of organisms in the pipes, such as low-frequency electromagnetism. For this reason, based
on the data collected in the first period of operation of the plant and the measured water flowrate for the
whole monitoring period, it is possible to assess the average consumption of each ejector in normal
conditions equal to 3 kW. Therefore, the annual consumption for the ten ejectors is approximately
252,000 kWh/year and about 55000 €/year of energy bill cost, while the annual maintenance cost is
estimated at 16,500 € based on 15 months of operation reached during the LIFE MARINAPLAN PLUS
project [8]. The ejectors' plant's annual operation and maintenance (O&M) cost is much lower than the
mean yearly cost spent for dredging and other sediment management techniques (like sediment
resuspension through dredger propellers) implemented in the area, which accounts for about 185,000 €.

3. Environmental assessment of the ejectors’ plant

One of the main results of Cervia ejectors plant monitoring is related to the comprehensive monitoring
of environmental impacts of plant operation, which includes i) integrity of seabed sediments and
communities, i1) underwater noise, iii) greenhouse gases (GHGs) and pollutant emissions through life
cycle assessment (LCA). Possible impacts of the ejectors plant on sediment characteristics, benthic and
fish assemblages need to be assessed simultaneously at various spatial scales, encompassing the full
extent of the environmental variability of the area where the ejectors are positioned. Sampling sites are
located in one putatively impacted location in front of the Marina di Cervia and in four control locations,
placed 600 m and 1200 m north, and 600 m and 1200 m south of the impact location, respectively
(shown in Figure 4).

416N

289000

Figure 4 : Map of Cervia research area.
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Two sampling areas (~800 m? each), 2030 m apart, were defined within each location. In particular,
the impact location includes two distinct areas: the ejectors (I1) and the outlets (12). Changes in the time
of the measured variables at each putatively impacted area were compared to the whole range of control
areas. The use of the ejectors’ plant technology resulted [9] in a reduction of the percentage of muddy
fraction (Figure 5A) and of the organic matter content (Figure 5B) present in the sediment in the areas
affected by the plant, compared to the initial values (samples taken in May 2018) conditioned by
previous dredging), thus approaching the mean values observable throughout the study in the control
areas.

Organic matter (%)
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Figure 5 : Proportions of the sediment granulometric fractions: medium sand >250 um, fine sand 250—
63 um; and mud <63 um (4) and percentage in weight of organic matter in the sediment (error bars
based on standard error) (B) [9]. Significant p-values are represented by the * (p < 0.05—*, p < 0.01—
* p < 0.001—**%).

Species richness of marine macro-invertebrates (as shown in Figure 6), initially reduced in the impacted
area near the harbour, probably as a result of previously repeated dredging, significantly increased eight
months after the ejectors’ plant began operation (i.e. February 2020), although remained below the
average for control sites, while the second sample analysis campaign revealed results in line with the
control areas [9]. These results suggest an improvement in the ecological status of the marine ecosystem
in the area affected by the plant within less than one year from the start of plant operation.
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Figure 6 : Mean number of macro-invertebrate species per sample in benthic communities (error bars
based on standard error) [9]. Significant p-values are represented by the * (p < 0.05—%*, p < 0.01—**
p < 0.001—**%),
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The impact of the ejectors' plant on underwater noise was assessed in September 2020, according to
[10]. The acoustic measurements were carried out by a specialised operator and by using the SQ26-05
sensor, a pre-amplified hydrophone produced by Sensor Technology. The measurements were carried
out on five sampling points (see Figure 7A): 1) nearest point from the hydraulic pumps (B1), ii) 60 m
from the hydraulic pumps (B2), iii) ~200 m from the hydraulic pumps and 150 m from point B2 (B5),
iv) near the discharge point of the ejectors, approximately 50 meters away (M3), and v) ~185 m from
point M3 (M4). Furthermore, the measurements were carried out with the ejectors' plant shut off and the
plant in operation in three different conditions: manual control at two different speeds of the centrifugal
pumps and automatic control (variable speed of the centrifugal pumps). While the assessment carried
out in sampling points M3 and M4 relates to the impact on the open marine environment, sampling
points B1, B2 and B5 were measured to evaluate the impact of submersible centrifugal pumps for Marina
di Cervia customers. All the acoustic data were analysed through MATLAB software. The ejectors
themselves had no impact on underwater noise level if compared with the ‘natural’ baseline, while only
in the case of monitoring point B1 a difference was found between the noise levels in the recordings
made with and without the hydraulic pumps in operation (see Figure 7B) [11].

140 - Monitoring point BI
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T T T T
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40

Pumps operating status

Figure 7 : Locations of the five measurement points (A) and box-plot of the average SPL values (on the
ordinates) for the different operating states of the hydraulic pumps (on the abscissas) (B) [11].

Nevertheless, the data were subjected to the Mann-Whitney statistical test for non-parametric
distributions to verify, in the presence of ordinal values from a continuous distribution, if two statistical
samples come from the same population. The results obtained indicate that the difference between the
measurements made with the inactive hydraulic pumps (‘off’ in Figure 7B) compared with the
measurements made with the hydraulic pumps ‘on’ and at different operating statuses (max, min and
automatic control in day #1 and day #2) is not statistically significant (p = 0.12, which is greater than
the significance value of 0.05) and therefore not attributable solely to the activity of hydraulic pumps.
The conclusion is that from the analysis of the acoustic data, it emerged that the impact of ejectors and
hydraulic pumps on underwater noise level is insignificant in the harbour environment.

Finally, the impact of the Cervia ejectors plant construction and operation on GHGs and pollutant
emissions was assessed through life cycle assessment (LCA), according to ReCiPe 2016 [12]. The
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categories selected to describe the impacts caused by the emissions and the consumption of natural
resources at midpoints are Global Warming Potential (GWP), fine particulate matter formation (PMFP),
photochemical oxidant formation (EOFP and HOFP) and terrestrial acidification (TAP). The impacts
are strongly related to ejectors plant efficiency and are influenced by i) mean power consumption and
i) emissions related to power source. In the case of the Marina di Cervia ejectors’ plant, the system was
fed by the grid. Therefore, the mean specific emissions of the Italian grid were considered. Two different
scenarios have been analysed in [11], one with lower efficiency (scenario #1, or 10 ejectors operating
with 6.3 kW mean power consumption per ejector) and one with higher efficiency (scenario #2, or 5
ejectors operating with 3.5 kW mean power consumption per ejector): the results are shown in Figure
8. Impacts can be strongly reduced, becoming near-zero, if the ejectors' plant is fed by renewable power,
which may be locally produced and/or purchased by the grid (i.e. certified green power). The comparison
with dredging equipment is under evaluation and will be published in a future paper.
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Figure 8 : Comparison of midpoint characterisation between the two scenarios [11].
5. Conclusions

The ejector’s plant, an innovative technology for sediment management in water infrastructure, has been
tested and validated in the last two years through demo plant applications at the port entrance of the
Marina of Cervia and in the Tavollo River in Cattolica (being both installations in Italy). The monitoring
activities involved several actions, which include effectiveness, efficacy, and environmental impact
assessment. The ejectors’ plant technology was demonstrated to effectively guarantee navigability over
time at reasonable costs and with near-zero environmental impacts. In particular, compared with
traditional dredging equipment, the ejectors’ plant technology can effectively manage sediment without
impacting marine flora and fauna; it reduces underwater noise emissions and, ideally, no pollutants and
GHG emissions are released if powered by renewable energy sources.
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NATURE-INCLUSIVE PORT INFRASTRUCTURES

Résumé de Particle:

Pour construire des infrastructures inclusives de la nature, les ports ont besoin de technologies
de construction innovantes et de nouvelles considérations en matiere de conception qui vont
au-dela des normes traditionnelles. L'utilisation des infrastructures portuaires comme outil a la
promotion de la biodiversité représente un changement de paradigme de conception, par rapport
a des mesures plus localisées telles que les récifs artificiels qui, souvent, ne font pas partie
intégrante des infrastructures portuaires. Dans ce contexte, ECOncrete s'est associé a plusieurs
ports pour démontrer comment la technologie de I'éco-ingénierie peut €tre utilisée comme
solution de conception inclusive & la nature pour promouvoir la création de divers habitats
marins en tant que partie intégrante des infrastructures portuaires.

L'objectif de ces projets est de catalyser un changement fondamental dans les pratiques pour la
conception et la construction des ports ou les infrastructures sont intentionnellement congues et
activement utilisées pour promouvoir la biodiversité, répondre aux exigences de compensation
environnementale, et soutenir la restauration de la santé et des services des écosystémes cotiers
et marins. Les résultats obtenus permettent de mieux comprendre les possibilités et les
avantages d'une infrastructure portuaire respectueuse de la nature et de fournir des orientations
et un modele aux praticiens.

Cette présentation mettra en lumicre les résultats écologiques et structurels de récents projets
portuaires et examinera comment les technologies de construction innovantes, la collaboration
en matiere de recherche marine et I'engagement interactif des parties prenantes peuvent
contribuer a faconner le role des ports afin de répondre activement a la nécessité de protéger la
biodiversité marine.
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Article’s abstract:

To build nature inclusive infrastructure, Ports require innovative construction technologies and
novel design considerations beyond the traditional industry standards. Leveraging needed port
infrastructure to promote and enhance biodiversity represents a shift in design paradigm,
compared to more localized measures such as artificial reefs that are often not a core part of the
port infrastructures. This shift is driving Nature-Inclusive Design (NID) innovation with the
goal to increase the ecological value of port infrastructures. In this context, ECOncrete has
partnered with several ports to demonstrate how eco-engineering technology can be used as
NID solution to promote the creation of diverse marine habitats as an integral part of Port
coastal and marine infrastructure.

The goal of these port-based projects is to catalyze a fundamental change in best practices for
the design and construction of ports where infrastructures are intentionally designed and
actively used to promote biodiversity, address environmental compensation requirements, and
support the restoration of coastal and marine ecosystem health and services. The results are
helping advance the understanding of the opportunities and benefits of nature inclusive port
infrastructure and provide guidance and blueprint for practitioners. Ultimately, these projects
are paving the way for new ‘Blue’ standards to be adopted to facilitate and accelerate the
implementation of NID solutions at ports.

This presentation will highlight ecological and structural results from recent port projects and
discuss how innovative construction technologies, novel marine research collaboration, and
interactive stakeholder engagement can help shape the role of ports to actively address the need
to protect marine biodiversity while meeting engineering and structural requirements. Specific
project examples will also be presented where NID solutions were implemented to meet project
environmental compensation requirements.

Article:
1. Introduction

Increasingly, the permitting and construction of port infrastructures requires the integration of
compensation measures to reduce potential ecological impacts and create opportunities to enhance and
restore marine biodiversity. Consequently, there has been a growing interest by stakeholders to integrate
NID solutions into the designs and construction of port infrastructure projects (1,2,3). Port engineers are
exploring how eco-engineered materials and technology can provide design solutions to address not
only structural and engineering requirements of port infrastructures but also the need to promote native
marine habitats, increase biodiversity and restore local coastal ecosystems.

Artificial structures have different physical, chemical, and biological characteristics than the natural
habitats they replace, often resulting in a reduction, or complete removal of intertidal and shallow
subtidal ecosystems (4).
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At the same time, artificial hard substrates associated with port infrastructure offer a newly constructed
habitat and, if designed correctly, can provide an opportunity for biodiversity enhancements. Structures
can be designed with environmentally sensitive materials and additional complexity to support increased
settlement, refuge, and feeding opportunities for a wide range of marine organisms.

Since 2012, ECOncrete has been pioneering research and development of ecological structural solutions
for coastal and marine construction (5,6,7). The core elements of ECOncrete technology are a suite of
science-based bio-enhancing concrete admixtures, complex surface textures, and nature-inclusive
designs that act in synergy to increase the ecological value of coastal and marine infrastructure. This
article presents results of port projects where ECOncrete technology was applied to promote marine
biodiversity as integral part of the infrastructures.

2. Nature-Inclusive Port Infrastructure Projects

2.1 Port of San Diego (US) — Eco-engineered coastal armor unit

In March 2021, ECOncrete launched a three-year pilot project in the Port of San Diego to
demonstrate an innovative design of an interlocking, 3.4 Metric ton precast concrete armor unit,
the Coastalock. This interlocking, regularly placed, multidirectional, water retaining single layer
concrete armor unit is designed to create well-defined local ecosystems that mimic natural rock
pools and provide high hydraulic stability (Figure 1). For the pilot, Coastalock armor units were
installed as armor protection in two sections of the port waterfront as replacement to traditional
riprap rock mound. The pilot represented the first Coastalock installation in the world and
included 74 interlocking single-layer armor units, to provide environmentally sensitive edge
protection. By design, the unit allows to generate the creation of multiple different habitats
(Figure 1).

Tidepools Surfaces
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Tunnels ves Tidepools

Figure 1. Coastalock installation orientation options to create multiple habitats
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During the project, a two-year monitoring plan was conducted aimed at evaluating the biological
productivity and ecological value of the Coastalock compared to the adjacent riprap rock at the
two waterfront sites. The monitoring plan was structured to provide data with respect to; 1)
Differences in diversity indices, including biodiversity, species richness, and species
abundance; 2) Differences in successional stages and biogenic build-up; 3) Differences in water
conditions between retained water within the units and nearby open water.

The results from the 2-year biological monitoring program show the community structure of the
Coastalock have presented increasing trends of species richness and diversity throughout the
monitoring events compared to the adjacent control rocks, which have been in place for decades
(Figure 2). The CL cavities constitute a newly introduced water-retaining habitat that was
missing at the riprap rocks. This new habitat enables the recruitment of multiple species of algae
and invertebrates, resulting in the establishment of a diverse marine community. This effect is
amplified in the upper row, which acts as a separate pool during low tide. The water-retaining
feature enables multiple species of marine organisms to thrive in this newly introduced habitat
that could not inhabit riprap rocks of the same tidal height (Figure 3).
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Figure 2. Figure 11. The difference of COUNT (A) or COVER (B) -monitored species diversity
between ECOncrete CL deployed and the control rocks, at three different tidal heights, 26
months post-deployment. Error bars represent standard deviation. * = p<0.05, **=p<0.01, ***
=p <0.001, ****=p<0.0001.
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Figure 3. Biological development on the Coastalock units 26 months post deployment

2.2 Port of Malaga (Spain) — Eco-engineered quay wall blocks

In 2022, ECOncrete technology was integrated into the production of quay wall blocks for the
construction of a vertical breakwater as part of the establishment of the new IGY marina
infrastructure at the Port of Malaga. To enhance the ecological value and increase the biological
productivity of the vertical concrete breakwater, ECOncrete technology was used to produce
the mass concrete blocks. The blocks were designed to maximize the complexity and the surface
area of the concrete and create a stable, well-defined ecosystem that mimics a more natural
environment (Figure 4). ECOncrete’s technology was embedded into the upper two rows,
located above the sea surface and down into the subtidal zone, creating a more favorable tidal
zone.

The preliminary results from the first biological monitoring event 13 months post-deployment
show the community structure of ECOncrete's blocks has significantly higher results, both in
species richness and biodiversity, compared to the control blocks. The enhanced richness of
ECOncrete's blocks in this project is due to the prosperity of each species separately and together
promoting a more stable ecosystem compared to the adjacent control that might be influenced
by it, and yet didn't sow the same success. This is followed by the count-monitored species
diversity showing a significantly higher result on ECOncrete’s blocks, which strengthens the
claim for enhanced recruitment based on the design. The enhanced seawall was significantly
more inhabited with suspension feeder species such as different Sabelidae, Serpulidae, and
Spirobidae worm species, as well as Barnacles and Bivalves. Those species have the ability to
remove suspended matter and different compounds from the water column, helping in aquatic
remediation systems, decreasing anthropogenic nutrient input, and improving water clarity and
quality (23,24).
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Figure 4. IGY marina vertical breakwater, designed with ECOncrete Mass Concrete Blocks.
Left — at installation; center — 3 months post-installation; right — 13 months post-installation.

This project was featured in a recent report published by PIANC: Guidelines for Sustainable
Recreational Navigation Infrastructure (2023). This report provides guidelines for a design
process and illustrates project features that can achieve sustainability goals. It also outlines the
benefits that sustainable infrastructure provides, as an economic engine with social and
environmental benefits, in sustainable tourism, in large infrastructure projects, in urban
waterfront projects, and as part of broad conservation strategies.

2.3 Port of Vigo (Spain) — Living Ports project

In 2023, the Living Ports project was launched at the Port of Vigo to demonstrate eco-
engineered port infrastructures. ECOncrete leads the project, an interdisciplinary consortium of
4 partners: ECOncrete, DTU (Technical University of Denmark), Port of Vigo, and Cardama
shipyard. The project is a large-scale deployment across two sites in the Port of Vigo: 1) 330m2
ECOncrete seawall panels with 90m2 control, concrete-based seawalls. 2) 100 Coastalock units
weighing 3.4 tons each, placed with a slope angle of 1:1 (Figure 5). The project also features a
moored underwater observatory that provides the public interactive access to observe the marine
life developing on the seawall structure. Biological and structural monitoring is being conducted
by the Technical University of Denmark (DTU) and ECOncrete and for the first time, noise
pollution reduction of ECOncrete infrastructure is being studied. Monitoring efforts will
continue for two years with intervals ranging between 3-6 months. Results from 3 and 6 months
post-deployment revealed that the community structure shows increasing trends of species
richness throughout the monitoring events compared to the adjacent control rocks and seawall

(Figure 6).
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Figure 6. Biological development 3 MPD; (A) A crab of the specie Necora puber thet found a
shelter inside the Mangrove seawall pocket, the wall is covered with red algae (B) The
dominant observed green algae (Ulva sp. and Enterophorma sp.) covering an Azuri seawall
pocket with Pomatoceros sp. polychaetas and a small Tripterygion delaisi fish. (C) Azuri
seawall covered with the dominant green algae species, with Barnacles and a Limpet on the
clear grazed area. (D) Pomatoceros sp. polychaetas and a Phallusia mammillata tunicate
within the CL cavity. (E) CL unit in low tide covered with Ulva sp. algae.

3. Conclusion

These port-based projects demonstrate that with the use of innovative materials and
technologies, ports can achieve both structural and ecological goals when designing port
infrastructure. In this context, ECOncrete technology unlocks new opportunities to adapt the
design of port infrastructures to meet environmental compensation measures and promote
marine biodiversity.
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Construction of sustainable quay walls
Résumé

Dans le secteur de la construction, des producteurs de matériaux se sont engagés a réduire
progressivement leur empreinte carbone avant d'arriver a la neutralité carbone avant 2050.
Mais dés aujourd’hui les ingénieurs et investisseurs peuvent réduire 1'impact environnemental
de nouveaux ouvrages portuaires. L'impact environnemental peut étre calculé au moyen
d'une Analyse du Cycle de Vie (ACV), une méthode scientifique transparente et
équitable qui permet de comparer des solutions alternatives. Il faut ¢galement évaluer le cotit
total du cycle de vie en prenant en compte les colts de conception et de construction,
l'entretien et la déconstruction, ainsi que les avantages découlant de la réutilisation et/ou du
recyclage futur des matériaux.

Par ailleurs, les concepteurs doivent remettre en question leurs pratiques car leur objectif doit
étre le meilleur compromis entre l'impact environnemental et le colit d'une structure.
L'inconvénient est que les études nécessiteront plus de temps et plus de ressources. Des
méthodes de conception tombées dans I'oubli, telles que les murs de quai avec des ancrages
sous le niveau de I'eau, peuvent conduire a des économies significatives de mati€res premieres
et a une empreinte carbone plus faible.

Actuellement, les matériaux « écologiques » sont généralement plus chers, p.ex. la production
d’acier a partir d’¢électricité de sources renouvelables réduit d'environ 30 % le Potentiel de
Réchauffement Global (PRG) des palplanches produites a partir de 100 % de ferraille dans
un four a arc électrique.

Il en découle que les investisseurs publics et privés doivent adapter leurs procédures d'appel
d'offres afin d'inclure un bonus pour les critéres environnementaux. Aux Pays-Bas, une
méthode de monétisation basée sur le prix fictif d’indicateurs environnementaux et d’un
bonus écologique, appliquée depuis 2015, permet une comparaison équitable des différentes
offres.



La tragabilité des matériaux et le suivi de I’ouvrage ne doivent pas étre négligés: des données
completes et fiables sur la performance de la structure faciliteront la prise de décision en fin
de vie: prolonger la durée de vie, réhabiliter ou remplacer 1’ouvrage.

Une ACV réalisée par ArcelorMittal sur base d’une étude technique d’un bureau
d’ingénieurs-conseils indépendant a démontré pour une étude de cas bien spécifique une
différence de PRG de pres de 50 % entre deux alternatives d’un mur de quai. Elle met en
¢vidence I’influence des hypothéses de fin de vie, des bases de données et des Déclarations
Environnementales de Produits a différents stades de la conception, ce qui peut conduire a des
conclusions contradictoires.

Abstract

European governments have set their agenda for reaching carbon neutrality by 2050 latest. In
the construction industry, manufacturers are under pressure and many already committed to a
stepwise reduction of their carbon footprint before achieving carbon net-zero in 2050.

Design engineers and investors can reduce the environmental impact of new port structures.
The environmental impact of a structure can be determined through a Life Cycle
Assessment (LCA), a transparent and fair scientific method to compare alternatives,
whereas their sustainability can be assessed through the Total Life Cycle Cost, considering
not only design and construction costs but also maintenance, deconstruction costs, as well as
benefits from future reuse and/or recycling of materials.

Designers shall continuously challenge their design practices, their goal being the best
compromise between the lowest environmental impact and the cost of a structure. The
drawback is more time consuming and resource intensive projects, due to extensive
geotechnical investigations, design of more cross-sections, etc. Design methods fallen into
oblivion, such as quay walls with anchors below water the water level, can lead to significant
savings in raw materials, and consequently, to a lower carbon footprint.

Currently, materials with lower environmental impacts are usually more expensive. For
instance, renewably produced electricity reduces the Global Warming Potential (GWP) of
steel sheet piles produced from 100 % scrap in an Electric Arc Furnace (EAF) by
approximately 30 %, but it is more expensive. Hence, public and private investors should
adapt their tendering procedures to include a bonus for environmental criteria. In the
Netherlands, a monetisation method based on the shadow price of environmental indicators
is implemented since 2015. It allows a fair comparison of environmental criteria of different
bids and allocates a predefined bonus.

Traceability of materials and monitoring of the structure should not be neglected: extensive
and reliable data about the performance of a structure facilitates taking an informed decision
at the End of Life (EoL): extend the service life, rehabilitate, or build a new structure.

This article focuses on an LCA performed by ArcelorMittal in collaboration with a Belgian
consulting engineer that showed for a specific case study a difference in GWP of almost
50 % between two quay wall construction methods and highlights the impact of using



different assumptions for EoL, different databases or Environmental Product Declarations
(EPD) at different design stages, which can lead to contradictory conclusions.

1 Introduction and aims

Buildings and infrastructure have a significant impact on worldwide greenhouse gas emissions (GHG).
The main contribution to CO,-eq. emissions comes from the embodied carbon of the materials used in
buildings, roads, port structures, waterways, retaining walls, and so on. The estimated impact varies by
source, but a good estimation is that the steel and concrete industries are very carbon dioxide
(CO»-eq.) intensive and account for around 15 % of the global GHG.

As an example, during the last decades, the quay walls in German ports have been executed with steel
sheet piles and steel combi-walls. The environmental impact of these steel structures is already
relatively low when using steel manufactured in an Electric Arc Furnace (EAF), a technology that was
developed more than 30 years ago and that reduces drastically CO,-eq. emissions by recycling scrap
(steel). However, the steel industry still needs to address the steelmaking process based on iron ore
which represents approximately 75 % of the worldwide production. The cement and concrete
industries face a difficult challenge that can hardly be solved in the short term: many research projects
have shown that slight reduction of the carbon footprint can be achieved during the next years, but the
cement industry relies on a breakthrough technology to achieve carbon neutrality.

Some European governments have set as their goal the achievement of carbon neutrality by 2050, with
an interim target of around 50 % reduction by 2030. To foster innovation and investments,
governments will need to assist the heavy industries in their decarbonisation efforts, for instance by
building the infrastructure to produce and transport the huge amounts of renewable electricity and
“green” hydrogen that will be needed to decarbonise the steel industry.

Additionally, due to the ongoing and future investments, “green” steel (although there is no definition
of it yet), which is in fact steel with “low(er)” carbon emissions is more expensive than the steel
produced via the primary route, which consists in transforming iron ore into iron, and then into steel in
a Blast Furnace and Blast Oxygen Furnace (BF/BOF). Forecasts show that steel with a carbon net-zero
impact will be even more expensive. Major steel manufacturers have already vowed to achieve net-
zero carbon emissions before 2050, with a clear strategy and roadmap. It is important to understand
that this objective is slightly different from achieving carbon neutrality, and can be confusing, but this
is outside of the scope of this paper.

Hence, in less than three decades, the key elements of infrastructure and buildings will have “almost”
no environmental impact. But can the construction industry mitigate its environmental impact right
now? For sure, it can reduce its impact through a few simple actions: reduce the use of natural
resources, reuse components, recycle all the elements that are not fit for reuse anymore, .... Steel is a
good example of circularity: 100 % of the recovered steel can be recycled in an EAF to produce new
steel elements with at least the same quality and grades as the original steel (scrap). Furthermore, steel
produced via the secondary route (EAF) has also a carbon footprint around five times lower than steel
from the primary route BF/BOF.

Optimisation of the design and construction processes, improvements in the manufacturing processes,
innovative and lighter structural elements contribute to preserving natural resources, and can be
achieved in many cases with high yield strength steels, concrete with high compression strength, new
shapes and geometries, etc. Designs of port structures can also be optimised by reducing the
uncertainties on the soil characteristics (more borelogs), by analysing more cross-sections, etc.



Optimisation usually requires more human resources and may increase the complexity of the
execution at the jobsite, but the ultimate goal for each project is to reach the best compromise between
the lowest environmental impact and the cost.

2 Sustainable quay wall construction

The main challenge in the construction of quay walls (see example in Figure 1) and similar
infrastructures is to deal with the uncertainties of the geotechnical parameters (variability of the soil
properties, water levels,...) and actions (seismic events,...). Additional uncertainties are specific to the
construction materials, such as steel corrosion rates in a marine environment. The optimisation of a
retaining structure can be rather complex because apart from the uncertainties mentioned above, the
length of the retaining wall elements, the position and the number of anchors, the length of the anchor
wall elements and their distance from the headwall, all these parameters have a direct impact on the
technical solution. An experienced engineer can solve a purely technical problem, but it gets more
complex when adding the environmental impact as a key parameter.
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Figure 1. Port of Ronne — Denmark. New cruise ship terminal (2019).

Do sustainability criteria add a layer of complexity? Additional parameters and scenarios need to be
analysed in detail, but it is merely a new approach to design than additional workload. For instance,
from a technical point of view, high strength steels and high strength concrete reduces the amount of
(raw) materials needed and the total cost (there may be some exceptions), but is their environmental
burden compensated by the reduction of the bill of materials? A complete Life Cycle Assessment
(LCA) of several alternatives, based on Environmental Product Declarations (EPD) of the selected
materials and/or products, is the right method to draw a fact-based conclusion. Though in the
feasibility phase, this might be a legal challenge in the case of public works, it is always preferable to
use EPDs of the materials/products that will effectively be used in the perspective project. Using
unrealistic data or scenarios at the feasibility stage may exclude solutions that might end up having the
lowest environmental impact.

Currently, one concern is the cost of products with a lower carbon footprint. It is a fact that these
products are usually more expensive, be it because of the production processes or for other reasons.
For instance, steel produced in an EAF consumes high amounts of electricity. In countries where the
energy mix has high CO»-eq. emissions, the manufacturer can purchase certificates of renewable
electricity to “offset” the CO,-eq. emissions of the grid. Depending on the steel product and
manufacturer, switching to renewable electricity can reduce the CO»-eq. emissions by 20 % to 40 %.
However, the cost of these “Guarantee of Origin” certificates increases the overall production cost. In



the private industry, investors may accept to pay a premium, but in public procurement, the contract is
usually awarded to the lowest bidder. To move in the right direction, the construction industry needs
clear guidelines and methodologies, based on scientific facts, to determine the added value of solutions
with lower environmental impact. As an example, the Dutch government introduced in 2015 a
monetisation method based on the EMVI (Economisch Meest Voordelige Inschrijving), translated into
English as the Most Economically Advantageous Tender (MEAT). It is based on the shadow pricing
of several environmental indicators and applies to public tenders in the Netherlands for infrastructure
and buildings. The method is briefly explained in Chapter 5.

3 Case study — cruise ship terminal

The main goal of the case study is to compare the environmental impact of two alternatives for the
construction of a quay wall of a 200 m long cruise ship terminal in a Belgian port. The environmental
impact is performed through an LCA. The alternatives are a steel sheet pile wall driven into the ground
and a diaphragm wall (reinforced concrete). The design of the quay wall was subcontracted to the
Belgian consulting engineers Tractebel (Engie Group) which is specialized in port design. The
engineers considered the typical soil conditions of the Belgian coast (sand and silty clay) and assumed
a service life of 50 years. The steel sheet pile and diaphragm walls were designed according to the
relevant Eurocodes. The engineers analysed the execution aspects, potential deconstruction, and
recycling of materials. Reuse was not considered because the probability to reuse elements of such
structures after 50 years is quite low.

The designed sheet pile wall consists of a headwall and an anchor wall: AZ 46-700N, steel grade

S 460 GP, 24.5 m long for the headwall, anchored with 30 m long tie-rods of 64 mm diameter, in steel
grade S 500 and spaced 1.4 m apart, to a 7.5 m long anchor wall, using AZ 20-800 sheet piles in

S 460 GP (see Figure 2). The diaphragm wall consists of an 800 mm thick reinforced concrete wall,
25.5 m long, and executed in concrete of class C35/45 using CEM I cement, anchored with two 22.0 m
long active anchors spaced 1.5 m apart and with different inclinations.
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Figure 2. Case study - cross sections: steel sheet piles (left) and diaphragm wall (right)

4 Life Cycle Assessment of the case study

The comparison of the results of the LCA are limited to one of the key environmental indicators, the
Global Warming Potential (GWP, expressed in kg CO»-eq.), but in a more in-depth analysis, to



prevent shifting a burden from the GWP to other environmental impact categories, multiple
environmental indicators must be considered. The construction cost and speed of execution were key
parameters considered for the financial analysis. The original case study was carried out in 2019, and
this paper is an extension that integrates new environmental data for the steel structure: over the last
few years, several steel manufacturers launched products with supposedly lower embodied carbon.

The financial analysis showed that based on the cost price structure in 2020, the steel sheet pile
solution was 15 % more cost-effective. The difference rose above 20 % when taking into account the
service life and deconstruction phases.

The original LCA performed by ArcelorMittal’s environmental specialists [1] underwent a peer-
review by a panel of two French and one Dutch independent experts. The conclusion for the original
base scenario is that over the complete lifecycle of the quay wall (Modules A — D), the GWP of the
diaphragm wall is 44 % higher than the one of the steel sheet pile wall. The LCA considers the
production (cradle to gate: modules A1-A3), the transport of the main construction materials to the
jobsite (module A4), the installation (module A5), the end of life that includes the deconstruction and
waste processing after the service life (module C), and benefits outside the system boundaries such as
recycling of steel (module D). The assumption for steel sheet piles is that they can be recovered and
100 % recycled.

To limit the influence of statistical noise from mixing data from different databases, the LCA used
Environmental Product Declarations in conformity with ISO and European standards (such as

EN 15804 [2]) and publicly available in 2020 from the same program operator IBU-¢.V. in Germany
for EcoSheetPile [3], steel rebars [4] and concrete [5].

The main change in the analysis performed in 2022 is the use of steel sheet piles EcoSheetPile™ Plus
[6] and steel rebars XCarb® [7] that replace the initial EPD for standard reinforcing bars produced with
a mix BF/BOF and EAF [4]. EcoSheetPile™ Plus and XCarb steels are produced in an EAF with

100 % renewable electricity and from almost 100 % scrap. To meet the mechanical properties of the
required steel grades, which are usually better than the ones from the original scrap, finetuning of the
chemical composition is done in the Ladle Furnace (LF) by adding small amounts of alloys, and as a
consequence, the recycled content of steel scrap is approximately 99 %. Another change in the LCA
analysis is the use of an EPD from the Dutch MRPI program operator [6], which is due to the
unavailability of an adequate EPD in IBU that covers the high strength steel grades of EcoSheetPile
Plus. Finally, to simplify the analysis, only the production stages (Modules A1-A3) are discussed in
this paper (see Table I).

Table 1. Global Warming Potential (GWP) of the materials based on EPDs (finished product)

EPD EPD GWP - Modules Al - A3
gr;egrf;g} GWP Unit
EcoSheetPile™ Plus (EAF)  MRPI (NL) 368 kg COz-eq./t
EcoSheetPile™ (EAF) IBU (DE) 520 kg COz-eq./t
Rebars (mix EAF & BF/BOF) IBU (DE) 1230 kg COsz-eq./t
Rebars XCarb® (EAF) IBU (DE) 300 kg COsz-eq./t

Concrete C35/45 IBU (DE) 244 kg COs-eq./ m?




The base scenario of the LCA shows a lower carbon footprint of Modules A1-A3 of the

EcoSheetPile Plus wall, the difference being 32 % compared to standard steel sheet piles EcoSheetPile
(see Figure 3). The use of XCarb® rebars reduces the carbon footprint of the diaphragm wall, the
difference here is 37 %. The impact of renewable energy on the steel elements decreases the gap
between the steel sheet pile solution and the diaphragm wall solution from the original +76 % to

+69 %. The use of renewable electricity for the production of steel elements does not change the
conclusion from the original analysis: the sheet pile solution has still the lowest carbon footprint,
the difference being now 69 % (Modules A1-A3). Renewable electricity reduces the CO:-eq.
emissions for both alternatives but switching from the EPD with a mix of EAF and BF/BOF routes
to a pure EAF route in combination with renewable electricity (XCarb rebars) has a higher impact on
the diaphragm wall solution, although the quantity of steel rebars in the diaphragm wall is relatively
low.

Note that the new version of the LCA has not yet been peer-reviewed.

Global Warming Potential (GWP) - Production (Modules Al - A3)
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Figure 3. Comparison of the Global Warming Potential of the different solutions (Modules A1-A3)

A sensitivity analysis will also consider the influence of a few key parameters, such as the reduction of
the sheet piles thickness due to corrosion. Additionally, the use of low carbon emissions concrete
compatible with a marine environment will complete the LCA in a next phase.

It is also important to note the difference between the results of the whole lifecycle (Modules A —C
and D) compared to the production phase (Modules A1-A3). The original LCA considered the whole
lifecycle and the difference in CO»-eq. emissions between the two alternatives was 44 %, which is less
than 69 % in the above analysis. The explanation is quite simple and yet a little confusing for a
layman: generally speaking, the contribution of Module D (benefits beyond the system boundaries) for
EAF steel has a positive value, even when 100 % of the steel is recycled at the end of life! Indeed, the
production of one tonne of steel requires more than one tonne of scrap, whereas at the end of the
lifecycle, there can be a maximum of one tonne of scrap available for recycling, so that the “benefit”
beyond the system boundaries is effectively treated as a “burden” to the environment. Neglecting the
potential burdens of Module D in similar cases does not reflect the physical environmental impact of a
product.



5  Public procurement — monetisation of environmental criteria

Public authorities can foster the use of construction materials and products with a lower environmental
impact, by adding simple, yet robust environmental criteria into the procurement processes, and
rewarding the contractors that work out solutions with the best compromise between cost,
environmental and social impacts. These additional non-financial criteria can be implemented through
different methods, for example, a monetisation method. The shadow price method in the
Netherlands [8] transforms multiple environmental indicators into a single economical cost
indicator (ECI), which in turn is used to calculate a fictitious credit (bonus) to be added to the
financial bid. It is a simple, transparent, and quite fair approach to compare alternatives at each stage
of the project. The public authorities include a bonus (premium) in their tenders that varies from 5 %
to 15 % of the overall estimated cost for bids that achieve the predefined minimum environmental
impact (ECI score). This approach is as well a very efficient incentive for manufacturers and
contractors to reduce their environmental footprint. Along with the low carbon footprint criteria for
products, transport modes and short delivery routes should be additional criteria to be applied in these
tenders.

As an example, in the Dutch method, the weighing coefficient for 1 tonne of CO»-eq. emissions is
50 €, but this value can be adapted for each project. The method considers other environmental
indicators than CO»-eq., thus preventing a shift of a burden from the carbon emissions to other
environmental indicators that may be as detrimental to humans or to the planet. To ensure a fair and
unbiased comparison, the Dutch method uses exclusively national EPDs [9] and environmental data
from the Dutch NMD [10]. Generic environmental data (non-product specific) from the NMD are
penalized by using a specific penalty factor to account for uncertainties. Finally, offers that exceed a
specific ECI threshold may be simply discarded.

6 Reduction of the use of natural resources - Design optimisation

Design optimisation encompasses the choice of safe, yet representative geometries, soil properties, and
actions such as vertical surcharge loads. The dredge level has a non-neglectable impact on the design,
so it should be based on realistic future operations of the quay wall, rather than designing for
unrealistic / potential larger vessels. The reduction of the carbon footprint can as well be accomplished
through innovative solutions, improving design standards, or analysing enough cross-sections to adjust
the solution (i.e. the steel profiles and their lengths) to the variable soil properties along the quay wall.

Quay walls with two or more anchor levels, where at least one is below the seawater level, can result
in substantial savings in the consumption of (natural) resources. However, this concept has fallen into
oblivion, most probably because the installation procedure is slightly more complex and riskier.
Although it was often used a few decades ago in France and abroad, today, hardly any contractor is
keen on installing tie rods a few meters below the mean seawater level. A quay wall for a cruise ship
terminal in the Port of Ronne in Denmark (see Figure 4) executed in 2019 is kind of an exception.
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Figure 4. Quay wall with tie-rods installed below lowest water level - Port of Ronne, Denmark (2019)

The significant reduction of the bending moments and of the length of the sheet piles allows using
lighter and shorter sheet piles. It might be even possible to switch from a heavy combined wall system
(i.e. HZ-M type) to a standard corrugated sheet pile wall (Z or U-type). In any case, it results in
cheaper construction, less consumption of steel and consequently, a lower environmental impact.

Finally, design optimisation may require extra human and financial resources, but without a doubt, it
preserves natural resources. One drawback is the reduced flexibility for later upgrades, for instance, to
repurpose the structure (i.e. due to higher variable loads, new applicable design standards, higher
dredge level,...), or to cope with unexpected actions / events that can occur during the execution /
installation phase, such as obstacles in the ground, local soil irregularities,....

7  Conclusions and perspectives

The new Life Cycle Assessment proves that it is possible to further reduce the carbon footprint of the
construction of quay walls by at least 20 % by using construction products with a lower environmental
burden. Steel produced from scrap in an Electric Arc Furnace with 100 % renewable electricity
reduces the carbon footprint of a quay wall, whether it has been executed with steel sheet piles
(difference of 32 %) or with a diaphragm wall reinforced concrete (difference of 37 %). In the base
scenario of the case study analysed in this paper, the LCA limited to the production stage (Modules
A1-A3) shows that the steel sheet pile solution has a lower carbon footprint compared to a
diaphragm wall, the difference being 69 %. However, these findings cannot simply be transferred to
other structures or to other locations due to the influence of local parameters such as soil conditions,
etc.

Products with low carbon emissions tend to be more expensive, hence, public authorities and private
investors will play a major role in the achievement of the decarbonisation of the construction industry:
they shall develop fair, unbiased, and transparent evaluation methods and tender procedures that
reward products and solutions with the lowest environmental impact. The Dutch monetisation
method, based on the shadow prices of environmental indicators, can serve as a template for
developing a method in other countries.
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Extreme events and importance of their identification: the study case of
Salerno Port

Article’s abstract: Vertical breakwaters are frequently employed for the protection of ports or
coastal areas. It is known that, above all, repeated breaking wave impacts on a dike wall can
cause the breach of the structure, and consequently, the total failure. This is usually experienced
when in shallow water conditions, or for structures with large mounds and wide berms.
Therefore, a proper prediction of impact loads on vertical walls is essential for the design of
such structures, already during the preliminary phases. This study aims to guide engineers and
designers in accurately identifying impact loads on vertical structures, highlighting the
importance of avoiding potential underestimations. In this regard, a special focus is given in
this paper for the study case of the Salerno Port, which faces the homonymous Gulf in
southwestern Italy. Since it plays a fundamental role in the transport system of the whole south-
central Italy, detailed interventions for the expansion of docks, the excavation of the seabed and
the widening of the port mouth have been planned, to adapt the infrastructures to the advent of
ever larger ships. To this aim, an extension of 200m of the principal pier (with an angle of 18°
with respect to the latter) has been considered, by laying five REWEC3®-type caissons, to
produce alternative energy. However, both the laying depth and the structure geometry could
likely trigger violent impact loads on the structure, which occurrence could have threatened the
effective implementation of the project. Therefore, a large experimental campaign has been
carried out by the HR Wallingford, properly reproducing the 200m REWEC3® extension, to
reliably evaluate the occurrence of impact loads. Physical tests detected, inter alia, violent
impact loads on the caisson face, particularly on the REWEC3® cells, reaching local values 10
times greater than those given by literature formulations. As a result, careful revisions have
been needed, including deepening of the head seabed to -14.5m, resecting of caissons septa at
the REWEC3® cells, strengthening of both wave wall and the internal sections to account for
impacts.

1. Introduction

Vertical breakwaters are commonly used to protect harbour areas worldwide, with a significant number
of them being built along the Italian coast, in Europe. Typically, these defence structures consist of a
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single, vertically oriented concrete caisson that is located atop a rubble mound foundation. The
noteworthy success of this structural typology can be ascribed to several contributing factors. Primarily,
this type of breakwater proves to be a superior choice, particularly in deeper waters. It offers advantages
in terms of performance, construction speed, standardization, environmental impact, as well as
construction and maintenance costs, when compared to the more traditional rubble-mound structures.

Despite their considerable achievements and established utility, these structures are vulnerable to
catastrophic damage caused by storms, as evidenced by [1]. Indeed, although failures stem from various,
intricate factors (e.g. [2]; [3]) encompassing hydrodynamic, geotechnical, morphological, and structural
aspects, wave breaking stands out as the most prevalent source of damage, even in scenarios where
depth-induced breaking is not expected. Moreover, since high irregularity and short-crestedness of real
sea states strongly affect breaking, its occurrence cannot be totally avoided, even in deep water
conditions. Hence, it becomes evident that a precise analysis must be carried out to prevent
reconstruction scenarios, which, in the case of vertical structures, would involve costs that are likely 2
to 3 times greater than the original construction ones [4].

In this frame, the Salerno port mouth adaptation project takes a central stage. This project was needed
for bringing one of the key ports in south-central Italy in line with the increasing size of ships, thereby
enhancing its economic and commercial significance. Particularly, the installation of a series of
REWEC3®-type caissons [5] for alternative energy has been considered, to provide additional benefits
to the economies of the area. Nonetheless, during the design phase, the possible occurrence of severe
impact loads on the structure was identified, producing a potential threat to the successful realization of
the project.

This study is aimed at leading engineers and designers towards the accurate identification of impact
loads on wvertical structures, while emphasizing the significance of avoiding their potential
underestimation. The case study of the Salerno port provides a relevant context for understanding this
matter. In the following, after providing a contextual overview of breaking wave loads, the Salerno port
project will be outlined along with its identified critical aspects. Then, the experimental campaign by
the HR Wallingford will be briefly resumed, and careful revisions of the project described.

2. Identification of breaker on vertical structures

A primary objective concerning researchers over the latest decades was to identify the main shapes
assumed by the wave surface at the wall [6 and 7]. [4] adopted a wave grouping based only on the
characters of the hydro-dynamic actions, dividing the waves at the structure in the following four major
groups:

I.  Quasi standing waves. This condition is given by non-breaking waves reflecting on the wall.
Pressures and forces gently vary in time, oscillating to a greater extent than the caisson.

Il.  Slightly breaking waves. Include those waves that start to break in front of the breakwater as an
upward deflected breaker. The force time history generally shows a double peak the first of
which is higher than the second one.

III.  Wave impacts. This condition occurs when the waves break directly on the structure with almost
vertical front surface at the moment of impact or as a plunging breaker with small or large
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cushion of air inducing loads of much greater intensity and shorter duration than the quasi-static
loads. The force history generally exhibits an impulsive zone characterised by high forces with
shorter duration followed by a longer-lasting quasi-static force.

IV.  Broken waves. In this case the collapse breaking point is far enough in front of the wall. This
loading case exhibit small impact pressures and total forces.

The breaking criterion proposed by [4], was used to refine the Parameter Map ([4] and [7-9], important
engineering tool, originally introduced by [10a,b], aimed at improving the reliability of the design
procedures of vertical breakwaters and making informed decisions regarding the expected design wave
conditions at the structure. By considering new dataset of experimental tests, the authors found out
particular combinations of wave conditions, bottom slope, berm and vertical wall profile on the
generation of impact loads, as shown in Figure 1.

"Vertical” Low Mound High Mound High Mound Crown Walls
Breakwater Breakwater Breakwater Composite Rubble Mound Breakwater
[ hy <03 | [03<hy <06 | [o6<m <09 | [ 09<hy < 10 | | by, > 1.0 |
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Figure I — the Parameter Map from [4]

As evident, the occurrence of impact load conditions gets concerning in situations characterized by large
waves and becomes particularly critical when combined with a foundation mound characterised by
moderate dimensions.

The method is worldwide recognised as a reliable tool for prediction of possible loading cases in front
a simple vertical or composite breakwater; however, for peculiar cases, it is conceivable that predictions
may necessitate reliance on either physical or numerical models.

3. The Salerno Port

Salerno, a city with a rich maritime heritage, homes one of the most significant port areas of central-
southern Italy, involving the commercial zone known as 'Molo Manfredi' and the tourist port named
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'Molo Masuccio Salernitano'. It faces the homonymous Gulf in southwestern Italy, and represents a
critical nodal point for the logistics of import/export businesses dealing with many different goods (e.g.
the FCA, Fiat Crysler Automobiles, new cars pass through this port).

From its inception, the Port of Salerno has experienced ever-increasing growth, a trend that remains
active even to the present day, attracting ever larger businesses. However, the evolution of maritime
transport and the related designs of ships necessitate the accommodation of larger vessels (with a deeper
draught) compared to those that can operate at Salerno. Therefore, an adaptation was needed to ensure
their secure entry, transit, and mooring within the port.

Starting from 2010, Campania Region approved the functional-technical adaptation of the port,
including the expansion of docks, the excavation of the seabed and the widening of the port mouth. The
latter aspect turned out to be particularly challenging, as the initial phase of the project revealed specific
drawbacks linked to the occurrence of impact loads on the structure. A detailed description is given in
the following section.

4. The functional-technical adaptation of the Salerno port

The preliminary project developed in 2010 aimed at ensuring continuity with the existing structure while
simultaneously enhancing its performance. A decisive factor for the chosen design solutions was the
interplay between significant project actions and the characteristics of the poor foundation soils. Then,
the solution considered an extension of 200 meters of the principal jetty, following an inclined alignment
of 18° with respect to the jetty. This extension was finally planned through the installation of 5 cellular
caissons of the REWEC3®-type, aimed at generating alternative energy. Each caisson has an overall
length of 32 meters, a body width of 22.50 meters and a variable height since the first three caissons
reach 13m, while the last two 11m to create a transition between new and existing structure. However,
this aspect determined an irregularity step, as shown in Figure 2b. Therefore, installation seabed reaches
a depth of -11.50m for caissons n. 1, 2 and 3, while caissons n. 4 and 5 a depth of -9.40m. Moreover,
caissons are positioned atop a 4m tout-venant vibro-replaced layer (deepened in the first contribution to
the conference [11]), while the foot is protected trough a rubble mound of 7m wide and 3m high (Figure
2).

The final project submitted for the bidding process received a positive opinion, with some prescriptions
by the Technical Advisory Committee (CTA). In fact, the relevant dimensions of the toe-protecting
berm, along with the large wave conditions at the structure, led to suspicions of highly impulsive actions,
according to the parameter map approach discussed in the above paragraph.

Therefore, the CTA suggested that, above all:

[...] “Verify, along the entire development of the caissons of the pier the occurrence of violent impulsive
actions on the structure caused by breaking waves, by means of physical model tests. In the presence of
strongly impulsive breaking waves, as indicated by the Technical Instructions of the Council for Public
Wortks, the vertical wall configuration is not suitable. In the presence of breaking waves, in Europe, the
preferred structural configuration is the rubble mound breakwater.”
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and then:

[...] if the occurrence of violent impulsive load is ruled out, but the occurrence of breaking waves on
the wall-type breakwater is confirmed, perform a thorough probabilistic analysis of the risk of collapse
of the breakwater using a dynamic approach in addition to the conventional pseudo-static stability
verification.

[ Principal jetty extension L=200m ‘

Figure 2 — (a) General plan of the technical-functional improvement project for the port of Salerno.
(b) Detail of the extension of the main pier. (c) Section of the REWEC3®-type caisson.

Consequently, according to the instructions issued by the CTA, the design phase was further improved
by conducting physical tests on three-dimensional models. These tests were carried out within the
experimental basins at HR Wallingford. The primary aim was to evaluate the impulsive forces exerted
on the structure due to breaking waves, along with assessing the stability of the caissons when subjected
to such forces.

4.1. The experimental campaign by HR Wallingford

The physical model was constructed at a geometric scale of 1:40, reproducing the extension of the jetty
for a length of about 200 m. The model also incorporated representations of the cellular caissons
equipped with REWEC3® cells (see Figure 3 a and b). Moreover, segment of the existing port jetty was
integrated to simulate its effect on wave transformation and to analyse the hydraulic behaviour of the
transitional section between the two structures (existing and future).

Namely, the study aimed to determine:

» the wave actions on the REWEC3® caissons, particularly focusing on evaluating the conditions of
impulsive pressure that can occur along the front face of the structure, especially on the partitions
exposed to the direct wave motion;

» the reflection coefficient of the new REWEC3® caisson structures.
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» the hydraulic stability of the extension against waves, specifically concerning the stability of the
foot protection blocks and the stones composing the toe-protecting berm;

» the overtopping flows at key positions along the structure;

» the wave diffraction within the dredged channel at the head of the structure.

The hydrodynamic pressures acting on the external vertical face, at the base of the caisson, and at the
entrance of the REWEC3® cell were measured using a pressure sensor system (Figure 3¢). This system
allowed for the assessment of the intensity of hydrodynamic loads induced by the incident wave motion
on the structure. Additionally, it provided information about the spatial variability of both impulsive and
pseudo-static loads.

Figure 3 — (a) general overview of the physical model for the pier extension of Salerno Port (b)
irregularity step (c) pressure sensor systems placed at caissons

In addition to the geometric variations of the structure, the pressure sensors were redistributed along the
structure at the transverse membranes of the empty chambers and the internal covering. This
redistribution aimed to improve the monitoring of the stresses acting on the structure.

Finally, experimental tests (Figure 4) revealed global actions on the caisson lower than the design forces
determined using the Goda/Sainflou theory, thereby not compromising its overall stability. However,
impact loads have been detected at the locations of the REWEC3® cells and specifically during the crest
phase (Panels (b) and (c) of Figure 4). Notably, peak values exceeded those estimated by literature
formulas by more than 10 times, highlighting potential local vulnerabilities of the caisson's structure. In
addition, despite the good hydraulic stability of the toe protections, some critical issues have been
detected at the irregularity step (Figure 4a).
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Figure 4 — experimental tests results. (a) particular of the damage at the irregularity step (b) frame of
a test (c) damage undergone by cassions

5. Salerno port project adjustment

Given the results of the experimental campaign, a substantial number of the concerns raised by the CTA
were validated, leading to the implementation of several modifications in the project.

First of all, levelling of the seabed of the 5 caissons to a uniform elevation of -13 meters have been
modified, and consequently the foundation was aligned at an elevation of -11.40 m. Then, caissons No.
4 and No. 5 have been extended in height to align them with the consistent foundation level at an
elevation of -11.40m.

Moreover, given the significant impact loads, on the one hand the partitions of the REWEC3® cells
have been resected, to reduce the vulnerability of the structure. On the other hand, an increase of
reinforcements in the sections experiencing higher stresses was needed to account for the loads resulting
from the impulsive actions.

Finally, a deepening of the head seabed to a depth of -14.5m to account for the designed dredging
interventions of the seabed.

6. Conclusions

Despite considerable success and established utility of vertical wall structures in protecting port and
coastal areas, they can be vulnerable to catastrophic damage caused by breaking waves and their possible
related impact loads. Literature provides well reliable tools for the preliminary detection of such violent
actions, but high irregularity of real sea states that strongly affect breaking, pose a challenge to their
accurate prediction. In this frame is included the functional-technical adaptation of the Salerno port. In
fact, the preliminary design phase outlined that both the laying depth and the structure geometry could
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likely trigger violent impact loads on the structure, which occurrence could have threatened the effective
implementation of the project. Then, an experimental campaign was needed to assess the magnitude of
the possible impulsive loads, occurring at the front face of the structure. Physical tests detected, inter
alia, violent impact loads on the caisson face, particularly on the REWEC3® cells, reaching local values
10 times greater than those given by literature formulations, so leading to a careful revision of the
designed structure. In conclusion, main purpose of the present contribution is leading engineers and
designers towards the accurate identification of impact loads on vertical structures, while emphasizing
the significance of avoiding their potential underestimation. The case study of the Salerno port provided
a relevant context for understanding this matter.
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Modernisation et restauration innovantes des écluses limitant les
interruptions de navigation : exemple de Méricourt

Résumé : Le réseau navigable a grand gabarit francais comporte de nombreuses écluses de
conceptions, dimensions et d’ages différents. Aujourd’hui, une partie de ces ouvrages nécessite
la réalisation de travaux importants de modernisation ou de restauration. Ces besoins résultent
majoritairement soit de problémes structurels historiques ou récents sur les ouvrages pouvant
mettre en cause in fine leur pérennité ou leur disponibilité, soit d une évolution du trafic actuel
ou a venir en termes de fréquentation ou de dimensions de bateaux. Les travaux qui découlent
de ces besoins consistent la plupart du temps en la reconstruction d’une partie des ouvrages, a
la réalisation de nouvelles écluses en parallele de celles existantes ou encore d’allongement des
écluses existantes impliquant systématiquement des interventions lourdes a I’intérieur du
chenal de navigation.

Les écluses concernées se situent généralement sur des axes de navigation tres fréquentés pour
lesquels des travaux longs dans le chenal de navigation impliquant un arrét de service auraient
des conséquences tres importantes pour les usagers. Ainsi, le principal enjeu de ces opérations
de modernisation ou de restauration réside dans le fait de pouvoir mettre en ceuvre des solutions
innovantes permettant de limiter au maximum I’impact sur la navigation et sur les arréts de
service des écluses.

Les écluses de Méricourt constituent un exemple de cet enjeu et des dispositions imaginées et
mises en ceuvre pour permettre la réalisation des travaux sans interruption de la navigation. Le
site de M¢éricourt, situ¢ sur la Seine dans le département des Yvelines, relie le port maritime du
Havre a la ville de Paris, et représente 30% du trafic fluvial hexagonal en contribuant au passage
de preés de 250 navires par semaines via deux écluses a grand gabarit actuellement en service
respectivement de 160 m et de 185 m de longueur. Les travaux réalisés sur ce site ont pour
objectif non seulement de restaurer globalement les deux écluses dont les bajoyers et les terre-
pleins ont subi au fil des années des déformations considérables tant en termes d'alignement
que de verticalité remettant en question leur stabilit¢ mais également d’allonger la seconde
écluse afin de disposer de deux ouvrages de 185m de longueur utile. Afin de maintenir la
navigation durant les travaux de reconstruction des bajoyers des deux ouvrages et
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d’allongement de la seconde écluse, il a été nécessaire de faire appel a des solutions innovantes
en termes de phasage de réalisation et de mise en ceuvre d’aménagements provisoires.

Abstract : The French wide-gauge navigable network includes a large number of locks of
different designs, sizes and ages. Today, some of these locks require major modernisation or
restoration work. These needs are mainly the result of historical or recent structural problems
in the locks, which could ultimately jeopardise their durability or availability, or of current or
future changes in traffic levels or boat sizes. The work required to meet these needs usually
involves rebuilding part of the structures, building new locks alongside existing ones or
extending existing locks, which systematically involves major work inside the navigation
channel.

The locks concerned are generally located on very busy shipping routes, where lengthy works
in the navigation channel involving a stoppage of service would have very serious consequences
for users. Therefore, the main challenge of these modernisation or restoration operations is to
be able to implement innovative solutions that minimise the impact on navigation and lock
service stoppages.

The locks at Méricourt are an example of this challenge and of the measures devised and
implemented to enable the work to be carried out without interrupting navigation. The
Meéricourt site, located on the Seine in the department of Yvelines, links the seaport of Le Havre
to the city of Paris, and accounts for 30% of France's river traffic, contributing to the passage
of nearly 250 ships a week via two wide-gauge locks currently in service, 160 m and 185 m
long respectively. The aim of the work being carried out on this site is not only to restore the
two locks as a whole, the jambs of which have undergone considerable deformation over the
vears in terms of both alignment and verticality, calling into question their stability, but also to
extend the second lock so as to have two structures with a usable length of I85m. In order to
maintain navigation during the works to rebuild the abutments of the two structures and to
lengthen the second lock, it was necessary to use innovative solutions in terms of the phasing
of the works and the implementation of temporary facilities.

1. Introduction et enjeux

Le réseau navigable a grand gabarit en France représente environ 30% du réseau global. Sur ce linéaire
certaines écluses présentent des désordres importants souvent issus de défauts de conception ou de
construction. Les désordres les plus importants qui poursuivent leur évolution dans le temps peuvent
conduire in fine a une rupture d’une partie de I’ouvrage. Il apparait donc indispensable de pouvoir
corriger les défauts initiaux et des restaurer ces désordres. En paralléle de la restauration des ouvrages,
certains axes de navigation sont également concernés par des besoins d’évolution de trafic et des classes
de bateaux qui doivent les emprunter. L.’une des réponses partielles a ces évolutions consiste a accroitre
la longueur utile de certaines écluses existantes en construisant une nouvelle téte (aval ou amont) et en
allongeant ainsi leur sas.
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La restauration des dégradations les plus importantes ou I’allongement des sas des écluses constituent
des travaux importants sur périodes de plusieurs mois — voire plusieurs années. Au regard du trafic
fluvial actuel sur le réseau navigable a grand gabarit, aucune interruption de navigation longue ne peut
étre envisagée au niveau des écluses. Le principal enjeu consiste donc a imaginer des solutions
innovantes permettant la réalisation de ces travaux tout en limitant au maximum leur impact sur la
navigation et sur les arréts de service des écluses. Ces solutions impliquent I’utilisation de techniques
particuliéres conjuguées a des phasages de réalisation tres fins élaborés autour de quelques périodes de
chomages les plus courtes possibles (généralement de [’ordre quelques semaines). Le second enjeu de
ces travaux lourds, réalisés directement sur des ouvrages maintenus en service, consiste a garantir la
pérennité des infrastructures de génie civil existantes et des équipements en fonctionnement durant
toutes les phases de construction. Cette contrainte ajoute une complexité supplémentaire dans les
phasages a imaginer et sur la conception d’aménagements provisoires pour assurer et contrdler la
stabilité des parties d’ouvrages existantes.

L’ensemble de ces enjeux se retrouvent sur le projet de restauration et d’allongement des écluses de
Meéricourt. Le site de Méricourt, localisé sur la Seine, est constitué de deux écluses a grand gabarit
respectivement de 160m et 185m de longueurs utiles, structurellement dépendantes 1’un de 1’autre, qui
présentent des pathologies historiques remettant en cause leur pérennité. Au-dela de la stabilité des
ouvrages, I’axe sur lequel se situent les écluses est non seulement tres fréquenté, interdisant toute
interruption de navigation, mais est également amené a évoluer en termes de fréquentation et de gabarit
de bateaux, impliquant la nécessité d’allonger la seconde écluse afin de disposer de deux ouvrages de
185m de longueur.

2. Présentation des ouvrages de Méricourt

Les écluses de Méricourt sont situées sur la
Seine, dans le département des Yvelines, a
une soixantaine de kilomeétres a 1’aval de
Paris. Le bief de Méricourt est long de 48
km environ et les ouvrages se situent en
aval des ouvrages d’Andrésy et en amont
des ouvrages de Notre-Dame-de-la-

Rouen

Poses-Amfreville
~ PK = 202,00

LA SEINE

Netre Dame de la Garenne
~ PK = 161,100

L'OISE
Portde

Gennevilliers

A
Méricourt
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Garenne. Tratou Paris
LA SEINE  rx=44600
’ o . Bougival ©
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constituent un enjeu important pour le
trafic fluvial car elles permettent Ie
franchissement de la moitié du trafic circulant sur la Seine, soit 250 bateaux chaque semaine.

Figure 1 — Localisation des écluses (source VNF)

Le site de Méricourt comprend depuis la rive gauche vers la rive droite :

- Une écluse désaffectée de gabarit 140 m x 12 m construite en 1878 en magonnerie, actuellement
batardée et tenant le niveau du bief amont,
- Un terre-plein coté berge (7PB),
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- 1écluse de gabarit 160 m x 17 m x 5 m construite
dans les années 1960, équipée de deux portes
busquées (écluse n°l),

- Un terre-plein central (TPC) accueillant le local
de commande des deux écluses en service et du

barrage, y
- Une écluse de gabarit 185 m x 12 m x 4,5 m /' N
également construite dans les années 1960, Sarrage da navigation

constituée a I’origine d’un sas de 160 m équipé de
deux portes busquées, dont la longueur a été

portée a 185 m au début des années 70 par j Ecluse n°2 (185 m x 12 m)
i i u v a I’aval (écluse (
I’installation d’une porte levante a 1’aval (écl
n02) 4 Ecluse n*1 (160 m x 17 m)
9

- Un terre-plein coté Seine (7PS),
- Un barrage de régulation reconstruit en 1960,

composé de 5 passes dont 2 navigables en crue,

- Une centrale hydroélectrique équipée d’une passe Figure 2 — Vue en plan des écluses (source :
a poissons. Google Earth)

Les tétes amont et aval des deux écluses sont en béton armé. Les sas, quant-a-eux, sont constitués de
bajoyers en rideaux de palplanches tirantés les uns aux autres, de radiers en colcrete (gros béton) sur Im
d’épaisseur servant de butons aux rideaux de palplanches et de terre-pleins remblayés avec les matériaux
du site lors de la construction des ouvrages (sables a passages limoneux a argileux) surplombant le
substratum composé de craie plus ou moins altérée.
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