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Abstract:

Extreme weather events, such as stormwater and flooding, have become increasingly frequent
over the past few decades. They pose significant challenges to human life, infrastructure, and
urban environments. Italy is known for its rich cultural heritage; however, many of them are
quite vulnerable to extreme weather events due to their geographical location and the nature of

cultural heritage itself.

Valentino Castle (Castello del Valentino) is a significant World Heritage Site. Located along
the Po River and closely connected to the river's groundwater system, this castle is facing

escalating flood risks due to the increasing frequency of extreme weather events.

In recent decades, Historic Building Information Modeling (HBIM) has become an important
tool for the preservation, restoration, and archiving of historic buildings. In addition, an
emerging trend is to integrate HBIM with other disciplines to provide multifaceted insights for

heritage conservation.

This study is dedicated to integrating HBIM and Geographic Information System (GIS) to gain
a comprehensive understanding of the impacts of various flood scenarios on Valentino Castle.
The process involves detailed and targeted modelling and information management of
Valentino Castle by an HBIM system. Subsequently, a GIS system is used to conduct complex
analysis, simulation, and visualisation of various flood and stormwater scenarios. The findings
derived from this analysis will not only offer valuable guidance but also provide
recommendations for flood prevention and enhancement programmes specifically designed to

protect cultural heritage sites.

It should be noted that Valentino Castle serves as a case study to evaluate and validate the
proposed approach, which is intended to be adapted and generalised to other cultural heritage
sites. Through this HBIM-GIS framework, the study contributes to the protection and

conservation of valuable cultural heritage in the face of flood risks.

Keywords: HBIM-GIS Framework, Integrated application, flood impact analysis, 3D

visualisation



Chapter 1 Introduction
1.1 Overview of Climate Change, Extreme Weather, and Flooding in Italy

Floods are among the most devastating natural disasters, profoundly impacting human
populations and cultural heritage worldwide. The risk of flooding is expected to increase due
to climate change and other factors. Floods result in significant losses of life, extensive
infrastructure damage, and displacement of communities, disturbing local economies and

causing long-term financial hardships [1], [2].

According to the report /I clima in Italia nel 2023, Italy has experienced significant climatic
changes, characterized by rising temperatures and shifting precipitation patterns. From 1981,
the average temperature has increased at a rate of (+0.40 + 0.04) °C per decade, with the
maximum temperature increasing by (+0.42 + 0.05) °C per decade and the minimum
temperature by (+0.38 & 0.04) °C per decade. Heatwaves and warm nights have become more
frequent, with record-breaking events in 2023, particularly in July and October. Despite the
absence of statistically significant trends in annual and seasonal precipitation during the period
from 1961-2023, the precipitation in 2023 decreased by 4% compared to the climate average.
In the latter half of 2023, persistent droughts affected regions such as Sardinia and Sicily, while

localised extreme rainfall events caused severe flooding, especially in central Italy [3].

The frequency of extreme weather events, such as floods, wildfires, and heatwaves, continues
to increase, significantly affecting Italy. In 2024 alone, 351 extreme weather events were
recorded, exceeding 300 for the third consecutive year and representing a 485% increase
compared to 2015. Prolonged drought (+54.5%), river flooding (+24%) and intense rainfall
(+12%) were the main causes of damage. Northern Italy experienced 198 such events, with
Emilia-Romagna being the hardest hit (52 events), followed by Lombardy (49) and Sicily (43).
Although not among the highest, Piedmont also experienced 22 events. Among provinces,
Bologna (17 events) recorded the highest number, while Rome and Ravenna followed with 13
each, and Turin recorded 12 events. In major cities, Rome suffered the most (8 events),

followed by Genoa (7) and Milan (6) [4].

From 2010 to October 31, 2023, the Osservatorio Citta Clima recorded 684 instances of
flooding caused by intense rainfall, 166 river overflows, and 86 landslides also triggered by
heavy rains, accounting for 49.1% of the total documented extreme weather events. During this
period, both flooding caused by intense rainfall and river overflows events exhibited an overall

increasing trend year by year. (Figure 2). Sicily (86 floods), Lazio (72), and Lombardy (66)



were the most affected regions. River overflows were most frequent in Lombardy (30 cases),
Emilia-Romagna (25), and Sicily (18). Large cities like Rome (49 floods), Bari (21), and Milan

(20 river overflows) have become particularly vulnerable [5, pp. 3-8].

Cultural heritage sites are especially at risk, as floodwaters erode foundations, submerge
structures, and degrade materials, leading to irreversible damage and the loss of cultural
identity [6]. The areas previously considered safe under conventional risk assessment
frameworks may now be exposed to risks due to climate change. According to the Rapporto
Spiagge 2024, which analyses meteorological and hydrological events in coastal municipalities
from 2010 to 2024, intense rainfall caused damage to historical heritage in nine documented
instances (Figure 1)[7, p. 10]. For example, the May 2023 floods in Emilia-Romagna
devastated historic towns and buildings, with 23 rivers overflowing and over 280 landslides
affecting 44 municipalities, including the historic centre of Castel Bolognese[5, pp. 7-9]. To
mitigate these risks, various measures can be implemented, including the construction of dams

and levees, land-use planning, early warning system, and community awareness programs [8],

[9].

Nota: alcuni eventi
in precedenza
attribuiti a “Danni
alle infrastrutture
da piogge
intense” sono stati
riclassificati.

Gli eventi meteo-idro nei comuni costieri
per categoria (2010-2024)

Fonte: L egambiente - Osservatorio Citta Clima
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Figure 1 Weather-Hydro Events in Coastal Municipalities by Category. Source: Legambiente -
Osservatorio Citta Clima. Rapporto Spiagge 2024 Gli impatti di erosione ed eventi meteo estremi nelle
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Figure 2 Floods Caused by Intense Rainfall and River Overflows.

Source:[5]

1.2 The Flood Risk of Valentino Castle in Turin

In hydrology, the probability of a flood refers to the likelihood of a specific size of flooding

occurring within a given time frame. This probability is typically described using statistical
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methods, which analyse historical flood data through the application of probability theory. The
results are often expressed in terms of a "return period," which represents the estimated
recurrence interval of a flood of a certain size or greater. For instance, "XXX-year flood" refers
to an event that has a 1 in XXX chance of occurring in any given year. a "100-year flood", for
example, represents a flood with a 1% probability (1/100) of being equalled or exceeded in any
year [10]. Flood risk is the probability of flooding combined with the potential adverse
consequences associated with a flood event. It is determined by the likelihood of flooding and
the vulnerability of the exposed assets and populations. Vulnerability combines susceptibility,
exposure and the value of elements to assess their resilience. Exposure refers to the presence
of assets or people in flood prone areas, while susceptibility indicates an area’s predisposition

to flood damage [11], [12].

Nowadays, human society universally faces various challenges brought by climate change.
According to ANALISI DEL RISCHIO I cambiamenti climatici in sei citta italiane TORINO
[13], the impacts of climate change are becoming increasingly evident, with a notable rise in
extreme weather events, particularly heatwaves and floods , causing widespread damage to

cities, populations, and economies.

In the city of Turin, a significant portion of the territory is highly urbanized. The urbanized
land is 8 472 hectares, accounting for 65.1% of the surface area [14]. Most of these urban areas
are covered by impervious materials, which inhibit infiltration and accelerate surface runoff.
In the natural hydrological cycle, this acceleration contributes to an increased risk of flooding,

even in areas not typically associated with floodplain.

Also, Turin is located within Po River Basin, which is characterized by a complex and dense
river system that includes the Po River, Dora Riparia River, Sangone River, Stura di Lanzo
River, and Chisola River. Over the last 50 years, the Po River Basin has suffered several floods,
with the most severe event being the 200-year flood in 2000, and the second most severe flood
occurring in 1994. Figure 3 illustrates the extent of inundation in 2000. In the vicinity of
Valentino Castle, areas such as Murazzi and Borgo Medievale were flooded multiple times,

(see Figure 4).



Figure 3 The extent of the 2000 inundation in areas near Valentino Castle.
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Figure 4 The Po River flood of 2000 in Murazzi, Turin. Source: LA STAMPA

To assess and manage the flood risk, The European Directive 2007/60/CE, incorporate into
Italian law through Legilative Decree 49/2010, initiates a new phase of national policy. The
Flood Risk Management Plan (Piano di gestione del rischio di alluvioni, PGRA), introduced
by the Decree for each river basin district, assesses the flood risk within Po River Basin and
defines the intervention at the district or city level. This approach is coordinated among all
administrations and managing bodies, including stakeholders and general public [15], [16],

[17].

In the updated Flood Risk Management Plan (II cycle) for the Po River Basin [16, p. 55, 310],

Flood risk assessments have been conducted for cultural heritage within the basin across three
levels of risk (with return periods of 20, 200, and 500 years).However the result only provide
general information regarding the areas, types, and quantities of the cultural heritage at risk.
There is no detailed analysis of significant architectural heritage, nor are there interventions

proposal to mitigate flood risks for the important cultural heritage.

According to Flood Risk Management Plan (I cycle) for the city of Turin [15] (Figure 5),
approximately 35 square kilometres of Turin are at risk of overflow from the water systems
mentioned above, with 60% classified as low flood risk zones, 29% as medium risk zones, and

11% as high-risk zones. The area where the Valentino castle is situated falls within the flood



risk zone. However, due to the small scale of the map, it is difficult to determine the specific

flood risk impact on Valentino castle.
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In the latest Flood Risk Management Plan (II cycle) for the Po River Basin [18], significant
emphasis is placed on public participation. Public participation refers to the mechanism for
the active participation of the public in all stages of the plan, from preparation to
implementation. This process aims to improve decision-making, increase environmental
awareness, and ensure that more people accept and share the measures taken. Public
participation is developed through three levels of involvement: information provision,
consultation and active participation. Although professional terms, schematics and WebGIS
tools are widely used, they may not be very effective for non-professional audiences. Therefore,
more intuitive visual representations, such as 3D visualization, are essential to improve public

participation and communication efficiency.

1.3 The Feasibility of Integrating HBIM and GIS for Flood Risk Management in
Heritage Preservation

1.3.1 Building Information Modelling (BIM)

Building Information Modelling (BIM) is widely used in the AEC (Architecture, engineering
and construction) industry, especially in collaboration between different departments. It plays
an important role in the whole lifecycle of project management of new construction. In recent
decades, BIM has gradually begun to play a wider role in the management of heritage projects.
In 2009, the concept of Historic Building Information Modelling (HBIM) was first introduced
by M. Murphy[18, pp. 311-327]. It is a specialized form of Building Information Modelling
(BIM) tailored to the documentation and preservation of historical buildings. HBIM typically
employs detailed 3D digital models created based on data obtained through 3D metric surveys,
documentation, and relevant methods. Furthermore, it combines these geometric models with
extensive information on materials, construction techniques, historical significance, and so on.,

providing a solid framework for managing and preserving cultural heritage [19].

1.3.2 Geographic Information System (GIS)

A geographic information system (GIS) is a configuration of computer hardware and software
specifically designed for the acquisition, maintenance, and use of cartographic data.[20] GIS
system excel in modelling the outdoor and large-scale geographic features. GIS could integrate
various types of data layers using spatial location, including imagery, features, and basemaps
that are linked to tables of attribute data. This integration allows for sophisticated spatial
analyses to identify problems, monitor changes, understand the trends, perform forecasting and
manage and response to emergencies. For instance, P. Carbajales-Dale et al. used GIS to

improve public health emergency responses in rural areas of South Carolina, US, during the
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COVID-19 crisis. They developed a GIS-based multi-criteria decision analysis model that
policymakers and public health experts could use in similar emergency scenarios in the future.
[21] Yikang Rui et al. developed a GIS-based emergency response system for sudden water
pollution accidents, leveraging the capacity of spatial analysis and 3D visualization in GIS.
This system can provide early warning and emergency response services for water pollution
incidents[22]. Furthermore, GIS enhances the visualisation and interpretation of spatial data,
enabling the creation of detailed and dynamic maps that represent complex geographical
information. Thus, the results of GIS analysis and the generated map can be easily shared across
various platforms, allowing stakeholders from different sectors to access and utilise the
information for informed decision-making. The widespread accessibility and interoperability

improve collaboration and communication among stakeholders [23].

1.3.3 The Current State of BIM-GIS Integration in Heritage Conservation
Applications of BIM-GIS Integration in Heritage Conservation
The application of BIM-GIS integration in heritage conservation is primarily reflected in three

aspects:
(1) Multi-scale documentation

The integration of Historic Building Information Modelling (HBIM) and Geographic
Information Systems (GIS) has emerged as a transformative approach to documenting and
managing cultural heritage at various scales. This approach enables the development of a
comprehensive database encompassing not only structural data of historical assets but also
information about the current condition of heritage sites and their surrounding environmental

context.

The integration between HBIM and GIS facilitates multi-scale analysis, ranging from territorial
and urban environments to detailed architectural elements. For example, Sammartano et al.
conducted a study focusing on the application of a multi-scale 3D geographic database for
seismic vulnerability assessment, which integrates remote sensing data, urban maps, and
building damage information. This method ensures comprehensive documentation, which is
essential for conservation and risk mitigation[24]. Matrone et al. developed an interoperable
HBIM-GIS database to support the maintenance and preservation of the Sacri Monti UNESCO
heritage sites. Their platform integrates spatial and semantic data at various levels of detail

(LoD), demonstrating scalability to other cultural heritages[25].

(2) Multi-disciplinary Collaboration and Real-Time Information Sharing
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Restoration works, which require well-coordination among multidisciplinary teams, can
benefit greatly from such an integration. By offering a shared platform, the integrated HBIM-
GIS framework facilitates collaborative decision-making among government agencies and
stakeholders. At the same time, it increases public participation and improves accessibility to
heritage-related information. This holistic approach emphasises the significance of a

multidisciplinary approach in conserving and managing historical buildings[25], [26].
(3) Multi-Scale Analysis

The integrated HBIM-GIS approach can be applied to various analyses, such as seismic
damage assessment. By employing a geographical multi-scale framework, this approach
enhances the understanding of systemic damage and vulnerability from an urban viewpoint,
overcoming the limitations of conventional single-building analysis method. Through the
introduction of a geospatial data science methodology, it can develop a multi-scale 3D urban
geodatabase that combines urban cartography, emergency mapping, and 3D resources. This
geodatabase includes detailed geometric, semantic, and structural data regarding architectural

elements and their seismic damage [25], [28].

Overall, the integration of BIM and GIS has represented a significant advancement in the
preservation and management of heritage sites, providing a robust framework for informed

decision-making and public engagement.

Current State of BIM-GIS Integration from a Technical Perspective
All the BIM-GIS integration applications mentioned above utilise the interoperability between
BIM and GIS standards. There are three levels of BIM-GIS integration: data level, process

level, and application level (Figure 6).

At the data level, integration often involves introducing new standards, revising existing
standards, or converting and translating data formats between BIM and GIS systems. For
example, standards such as InfraGML and IndoorGML have been developed to facilitate
interoperability[27], while CityGML and IFC have been extended or transformed to bridge
their semantic and geometric differences. Semi-automatic methods, such as the Extract-
Transform-Load (ETL) process, play a key role in achieving this integration. ETL tools like
Feature Manipulation Engine (FME) and ArcGIS Data Interoperability allow bidirectional data
conversion, maintaining relative consistency in semantics and geometry. However, challenges

such as information loss, high costs, and the complexity of mapping between standards persist.
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Process-level integration seeks to maintain the original structure and format of data from both
domains. Semantic web technologies and services-based methods are commonly used here.
Semantic web technologies employ ontologies and frameworks such as the Resource
Description Framework (RDF) to enable data integration without altering original schemas.
While highly flexible and scalable, these methods require significant initial effort. Services-
based methods, on the other hand, rely on OGC Web Feature Services (e.g., WFS-T) to
dynamically integrate BIM and GIS over the web. Although effective for maintaining

interoperability, these solutions often lack extensibility and are tailored to specific tasks.

Application-level integration focuses on solving specific cases without modifying source or
object data. For instance, ArcGIS support the direct import of BIM files (e.g., .ifc, .rvt),
allowing seamless integration for spatial analysis and visualization. Additionally, intermediate
formats such as Green Building XML (gbXML) are used to connect BIM and GIS systems,
enabling data visualization in tools like Google Earth. While efficient and low-cost,
application-level integration is generally limited to predefined use cases and lacks

generalizability [28].
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In this study, two approaches are adopted: the methods highlighted in orange in Figure 6, which
represent widely adopted techniques, and those highlighted in green, which are based on
commercial platforms. Additionally, a method utilizing FZKViewer 6.5.1[29] was tested to
convert and export CityGML models. However, upon importing the models into QGIS,
significant data loss was observed, and the geometry conversion proved to be highly

unsuccessful.

Industry Foundation Classes (IFC) and City Geography Markup Language (CityGML) are the
two most widely adopted standards within BIM and GIS domains, respectively. Both of them
are extensively used for exchanging semantic 3D information and geographical data, serving

as critical standards for interoperability in the BIM and GIS fields [30].

IFC and CityGML Structure

The Industry Foundation Classes (IFC) standard provides a standardized digital description for
the architecture, engineering, and construction (AEC) industry. It is neutral, vendor-
independent, and freely accessible to all users. The most common exchange format for IFC is
the STEP Physical File Format (ISO 10303-21:2002), which is based on a schema defined
using the EXPRESS language (ISO 10303-11:2004). By providing machine-readable

information, IFC facilitates workflow automation.

The IFC model integrates geometric representations with semantic definitions, employing a
class-based system where real-world objects are represented as entities along with their
associated attributes and relationships. Entities in the IFC model are broadly categorized as
rooted or non-rooted. Rooted entities, belonging to the IfcRoot category, possess identity
attributes such as name and description, while non-rooted entities exist only when associated

with rooted entities.

The IfcRoot category is divided into three key subclasses: IfcObjectDefinition, IfcRelationship,
and IfcPropertyDefinition. These subclasses represent material and conceptual objects,
relationships between entities, and extensible object properties, respectively. Among them,
IfcObjectDefinition is further subdivided into IfcObject, which addresses the physical presence

of individual objects, and IfcTypeObject, which manages type information.

Both of them divided into IfcProduct, IfcProcess, IfcControl, IfcResource, IfcActor, and
IfcGroup—enable detailed classifications of tangible objects, processes, and resources within
a project. IfcProduct represents entities by providing information on description, representation

and spatial arrangements of the elements. It is divided into: IfcAnnotation, IfcElement, IfcGrid,
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IfcPort, IfcProxy, IfcSpatialElement, IfcStructuralActivity e IfcStructuralltem. IfcElement
serves as a superclass for building components such as walls, columns, and windows, while
IfcSpatialElement organizes spatial entities like sites, buildings, and floors. Additionally,
IfcProxy provides placeholders for entities that do not fit predefined semantic types. This
hierarchical structure ensures comprehensive representation and relationship management of
both physical and conceptual elements, supporting detailed and scalable BIM applications.
(Figure 7) [31],[32].

I . 4

’IchbjectDefinlllon ‘IchropertyDeﬂnmon ‘ IfcRelationship ‘
[ |
4 4 4 Py
| IfcObject | | Ifc TypeObject | ‘ IfcFillsElement | | IfcVoidsElement ‘
|
. 4 Py
‘ IfcProcess ‘ ‘ IfcActor ‘ | IfcProduct ‘
|
4 . Y
| IfcSpatialStructureElement \ IfcProxy | ‘ IfcElement ‘
I
4 Y P . 4 Py
‘ IfcSite ‘ IfcBuilding ‘ ‘IchuiIdingStorey ‘ IfcSpace ‘IchuildingElsment | IfcFeatureElement
|
. P Py Iy

‘ IfcWindow

| IfcWall | | IfcBeam | | IfcColumn

Figure 7 Part of the IFC data model showing the most important entities in the upper layers of the
inheritance hierarchy. Source:[31]

CityGML is an open data model and XML-based, which uses the XML Schema Definition
(XSD) to define the relationships between entities, designed for the representation and
exchange of 3D geospatial data related to cities, including features like buildings, terrain, and

vegetation and so on.

In 2003, different standard Levels of Detail (LoD) for 3D objects as part of the “Geodata
Infrastructure” were defined by the Special Interest Group 3D (SIG 3D) in North Rhine-
Westphalia, Germany [33]. These standards were later adopted by the Open Geospatial
Consortium (OGC) to evaluate the quality of 3D city model datasets, thereby facilitating
dataset comparability and integration. This framework was incorporated into the City
Geography Markup Language (CityGML) with the release of CityGML 1.0 in 2008, which
quickly gained worldwide acceptance. Subsequently, CityGML 2.0 was introduced in 2012. In
2020, the OGC released the CityGML 3.0 Conceptual Model Standard; however, the CityGML
3.0 GML Encoding Standard has not been published officially.
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In CityGML 2.0, The most basic level, LoD0, is essentially a 2.5D Digital Terrain Model
(DTM) over which aerial images or maps can be draped. At this level, buildings can be
represented by their footprint or roof edge polygons. LoD1 features a block model of prismatic
buildings with flat roofs. In contrast, LoD2 includes differentiated roof structures and
thematically distinct boundary surfaces. LoD3 offers architectural models with detailed wall
and roof structures, potentially including doors and windows. LoD4 extends LoD3 by adding
interior details such as rooms, interior doors, stairs, and furniture (Table 1). High-resolution
textures can be applied across all LoDs for enhanced appearance. LoDs are also characterised

by differing accuracies and minimal dimensions of objects. The accuracy requirements given

in this standard are debatable and are to be considered as discussion proposals [34].

LoD0 LoD1 LoD2 LoD3 LoD4
Model scale description regional, landscape | city, region city, city districts, | city districts, | architectural
projects architectural models (interior),
models (exterior), | landmark
landmark
Class of accuracy lowest low middle high very high
Absolute 3D  point | lower than LOD1 5/5m 2/2m 0.5/0.5m 0.2/0.2m
accuracy  (position /
height)
Generalisation maximal object blocks as | objects as | object as real | constructive
generalisation generalised generalised features elements and
features features openings are
>2*2m/lm
represented
> 6*6m/3m > 4*4m/2m
Building installations no no yes representative real object form
exterior features
Roof yes flat differentiated roof | real object form real object form
structure/representation structures
Roof overhanging parts yes no yes, if known yes yes
City Furniture no important objects prototypes, real object form real object form
generalised objects
Solitary Vegetation | no important objects prototypes, higher | prototypes, higher | prototypes,  real
Object 6m 2m object form
Plant Cover no >50*50m >5%5m <LOD2 <LOD2

...to be continued for the other feature themes

Table 1 LOD 0-4 of CityGML 2.0 with their proposed accuracy requirements

The concept of Level of Detail (LoD) has been redefined in CityGML 3.0 (Figure 8) to address
the practical limitations of CityGML 2.0. Compared to its predecessor, CityGML 3.0 has
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removed LoD4 and allows all LoDs (LoD0O-LoD3) to represent both interior and exterior
features. In CityGML 3.0, LoD is no longer tied to the semantic decomposition of urban objects
but is instead solely related to spatial representation. This adjustment enables, for example, the
inclusion of thematic surfaces (such as walls and floors) in LoD0 and LoD1 representations,

while doors and windows can be represented at all levels of detail.

CityGML 3.0 also introduced a new "Space Concept," which provides greater flexibility for
ensuring consistency between geometry and semantics. This is achieved by mapping all

CityGML features to the semantic concepts of "space" and "space boundary.

LODO LOD1 LOD2 LOD3

o

Figure 8 Representation of the same real-world building in the Levels of Detail 0-3.

()
_\.~

source:[35]

From IFC to CityGML

The conversion from IFC to CityGML is a widely used approach for data integration. In this
process, text-based IFC files are parsed into object models. Subsequently, the geometric and
semantic information within the IFC object models is separately processed and converted into
CityGML models. This procedure, referred to as geometric conversion and semantic mapping,
constitutes the primary task of BIM-to-GIS integration.

Geometric and Spatial Reference System Conversion

The Industry Foundation Classes (IFC) framework uses a local Cartesian coordinate system (X,
Y, Z) for geometric positioning, while Geographic Information Systems (GIS) rely on a global
geographic coordinate system. Transforming between these systems, known as geo-referencing,
is essential for BIM-GIS integration but is frequently impeded by the lack of geo-referencing
information in IFC models.

The IFC standard supports various geometric representation methods to meet diverse
modelling needs, primarily including (1) Swept Solids: This method defines geometric shapes
through the combination of parametric cross-sections and paths. It is suitable for modelling
regular building elements such as columns, beams, walls, and pipes, offering high efficiency

in both storage and computation. (2) Constructive Solid Geometry (CSG): By applying
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Boolean operations (e.g., union, subtraction, and intersection) to basic geometric primitives
such as cubes, spheres, and cylinders, this method enables the creation of parametric and
regular shapes. (3) Boundary Representation (B-Rep): This approach defines three-
dimensional shapes using boundaries such as vertices, edges, and faces, making it ideal for
representing complex geometries.

In contrast, CityGML primarily adopts surface representation, with Mult Surface serving as the
core of its geometric framework. Each surface is typically a polygon, or a series of polygons
defined by vertices, edges, and face orientations. For example, CityGML represents a wall’s
geometry through the visible interior and exterior wall surfaces, whereas IFC describes a closed
cube using six distinct faces. These differences in geometric representation make solid-to-

surface conversion an essential task during geometric transformations.

Semantic Mapping

The process of semantic mapping involves mapping IFC classes to CityGML entities, attributes,
and relationships. IFC, based on the EXPRESS data modeling language, defines over 800
classes, but only 60-70 of these are relevant to geospatial information. Further research
indicates that only 17 classes can be mapped to CityGML[36]. These mappings can be
implemented through the following approaches: (1) One-to-One Mapping, for example, the
IfcDoor class can be directly mapped to the Door entity in CityGML. (2) One-to-Many
Mapping: A single IFC class can be mapped to multiple CityGML classes based on the
orientation of surface normal vectors. For instance, IfcSlab can be mapped to
OuterFloorSurface, WallSurface, or OuterCeilingSurface depending on the direction of its
normal vectors. (3) Indirect Mapping: When direct mapping is not feasible, geometric
operations can be used in combination with one-to-one or one-to-many mappings to achieve
the transformation. As mentioned before CityGML 3.0 introduced a new "Space Concept”,
This concept may facilitate the direct mapping of Industry Foundation Classes (IFC)
volumetric objects, such as IfcWall and IfcSlab, to CityGML volumetric objects. It represents
a significant shift from CityGML 2.0, where surfaces such as InteriorWallSurface and
ExteriorWallSurface had to be separately identified and extracted. Additionally, due to the
relatively lightweight nature of the CityGML data model, some semantic information from I[FC
may be lost during the mapping process. To address this limitation, extensions such as
Application Domain Extensions (ADE) allow new attributes or objects to be added to CityGML.

However, incorporating these extensions increases the complexity of the resulting model [37].
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1.3.4 Leveraging Integrated HBIM-GIS Approaches to Enhance Flood Risk Management
in Heritage Preservation

In current practices, flood damage assessments typically concentrate on evaluating the
structural integrity of individual buildings during floods [38], [39] or assessing the condition
and extent of urban or archaeology areas affected by flood water[40], [41]. However, for
heritage buildings, this approach requires expansion. It’s necessary to not only assess structural
stability but also to devise comprehensive flood strategies, which include protective measures,
plans for restoration and stabilization, and public communication. A detailed understanding of
how floods affect heritage buildings at the level of individual building elements is essential for

informed decision-making and adaptive strategies.

Here “Building element” refers to a distinct physical part of a building that serves as a specific
function in the structure. Building elements could be structural (e.g., walls, columns, roofs) or
non-structural (e.g., windows, doors, partitions), and they contribute to the overall functionality,
performance, aesthetic, and integrity of the building. In the context of cultural heritage,
elements also consist of decorations, ornamental plasterworks, carved stone, sculptures, etc.
Evaluating the impact of floods at this granular level involves how floodwater impacts these
elements, including material degradation, loss of cultural value and so on. This approach

enables the development of targeted strategies for preservation and restoration.

Preserving cultural heritage not only protect the heritage structures themselves but also
maintains the context of cultural heritage, including the surrounding environment and
intangible aspects[42], [43]. HBIM could create detailed 3D models of historic buildings,
incorporating comprehensive historical, architectural, and material information. GIS could
integrate extensive spatial data, including topography, precipitation, infiltration rate, land use,
etc., which establishes a solid framework for understanding and analysing flood disasters. Its
spatial analysis capabilities and hydrology tools are also useful in identifying flood-prone areas,
evaluating vulnerability and predicting potential impacts.

As established in Section 1.3.3, the integration of HBIM and GIS is both meaningful and
feasible from practical application and technical perspectives. Combining these technologies
allows for a comprehensive understanding of the unique environments in which buildings are
situated and facilitates multi-scale simulation and analysis. This integrated approach improves
the understanding of the flood impacts on heritage and ensures flood management strategies

are tailored to each heritage site. Additionally, it provides insight into flood response strategies
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and guidance for post-flood restoration. This ensures better preservation and protection of

heritage sites, allowing cultural heritage to adapt to climate change.
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Chapter 2 History of the Valentino Castle (Castello del Valentino)

2.1 Brief History of Valentino Castle (Castello del Valentino)

The history of Valentino Castle (Castello del Valentino), a distinguished castle located on the
banks of the Po River, exemplifies the profound architectural and socio-cultural evolution in

European history.

The term “Vallantino,” used since the 13th century, identified a region characterized by its
unique topography, marked by a natural depression intersected by a stream. Specifically, for
the location of the current Valentino Castle, it referred to an area outside the city limits of Turin,
situated along the left bank of the Po River. This location was distinguished by a stream that

now flows underground.

Figure 9 Randoni's watercolor drawing reproducing an ancient painting already preserved in the
royal palaces, almost certainly representing a stop on the hill of laria Cristina during the
celebrations (1620) for her arrival in Turin. (Collection Viscon ti Veno sta, castle of S. Martino

Alfieri ).
Source:ll Castello del Valentino, Turin: SET - Societa Editrice Torino, 1949, p. 51 [44]

Development of Valentino Castle in the 16th Century

The structure we now recognize as Valentino Castle initially began as a riverside villa. In 1543,
the Valentino fief, including a palace built on an ancient foundation on the Po’s left bank, was
acquired by Renato Birago, Grand Chancellor of France, from Melchiorre Borgarelli, an

official of the French government. The Grand Chancellor and his wife, Valenza Balbiana,
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resided there until 1564, using the villa as a representation of the French government. In that
year, Duke Emmanuel Philibert of Savoy purchased the Valentino estate, encompassing the
palace and its agricultural lands. This acquisition was part of a broader strategy to prepare Turin
as the new capital of the Savoy state and to create a military isolation zone beyond the city
walls, separating the city from rural areas. Consequently, the Duke also acquired adjacent
territories, including Altessano from Birago and the estates of Stupinigi (1563) and Regio Parco

(1565).

However, Duke Emmanuel Philibert sold the Valentino property in 1565, only to reacquire it
in 1577. After the death of his wife in 1574, the Duke used Valentino privately until his death
in 1580, often residing there from May to June. During this period, the villa was also occupied
by Don Amedeo of Savoy, the Duke’s natural son with a noblewoman from Turin. Don Amedeo
not only resided at the estate but also oversaw its upkeep and initiated several building

enhancements.

From 1576 to 1578, the palace underwent what can be described as its first ceremonial
renovation. Don Amedeo of Savoy commissioned the development of the interior’s decorative
elements, assigning the painting work to Alessandro Ardente and the sculpting to Pietro
Antonio Vanello, a marble sculptor from Lugano. The villa’s structure largely remained the
same, featuring a single wing parallel to the Po River. This wing, rising four stories high from
the river side, included the main entrance. A watchtower was situated to the south of the wing,
while the north side housed ceremonial halls, such as the decorated hall (presently the Hall of

Columns) and below it, the Pallamaglio Hall, located within a protruding section.

Upon the passing of Emmanuel Philibert, his successor, Carlo Emanuele I, initially transferred
the estate to his brother-in-law Filippo d’Este, prioritizing his interests in Lucento and Regio
Parco. However, in 1586, he reacquired it. Subsequently, his wife, Duchess Caterina of Austria,
incorporated the villa into her appanage, initiating a tradition of entrusting the riverside

residence to the future spouse of the heir apparent.

Duchess Caterina instigated several projects on the estate, focusing not on the embellishment
of the residence but on enhancing the gardens, access routes, city connections, and the estate’s

agricultural and functional dependencies.

In 1597, upon Duchess Caterina’s death, Carlo Emanuele I regained ownership. Continuing the
established tradition, in 1619, he gifted the complex to his daughter-in-law, Cristina of France,

wife of heir apparent Vittorio Amedeo.
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The 17th Century Transformations

The transformation of the building commenced in 1620 after Carlo Emanuele I donated it to
Princess Cristina of France. Architect Carlo di Castellamonte, and subsequently his son
Amedeo, were instrumental in evolving the palace into a “maison de plaisance,” inspired by

the French “pavillon-systéme” model.

An initial concept by Carlo di Castellamonte proposed a wing, double the existing size, parallel
to the Po River, flanked by two towers and topped with a pavilion roof. Though this design

wasn’t realized, it influenced subsequent developments.

The reimagined design centered the Cour d’Honneur, loggia, staircase, and a new double-
height Hall of Honor (above the existing Hall of Columns) at the heart of the complex,
promoting symmetrical expansions around this nucleus. This reconfiguration involved
constructing square interconnected halls adjacent to the main structure, extending the wing
parallel to the river, integrating the south tower into a larger build, and erecting a new northern

tower. A two-sloped “/ose” roof was also added.
Around 1633, the construction of porticoed galleries commenced, further enhancing the estate.

In 1639, the building’s renovations were interrupted due to a civil war instigated by Madama
Reale and Princes Tommaso and Maurizio of Savoy after Vittorio Amedeo I’s death.
Renovations resumed in 1644, focusing on the construction of two porticoed galleries to the
west, the front towers, and a circular exedra around the Cour d’Honneur. Simultaneously, the
southern apartment’s decorative work began, led by craftsmen like Isidoro Bianchi and his son
Pompeo, and Alessandro Casella, who specialized in gilding stuccos and vaults. By 1646, the
focus shifted to the northern apartment’s interior, where Casella continued his stucco work,

complemented by the Bianchi family and Giovanni Paolo and Antonio Recchi.

Between 1659 and 1660, enhancements to the facade facing the city included the addition of
striped masonry columns on a high base flanking the loggia, four statues representing the
seasons, fake windows to soften the roof’s steep slope, and a central pediment plaque, later

replaced in the early 19th century.

26



Figure 10 Anonymous painting depicting the Valentino Castle according to the Theatrum Statuum
Regiae Celsitudinis Sabaudiae Ducis, Blaeu, Amsterdam, 1682.

Source: Museo Civico, Turin.
18th and 19th Century Changes

After Christine of France’s death in 1663, Valentino ceased as a ducal residence, supplanted by
the Venaria Reale, and was repurposed for public festivities. Consequently, it underwent only

maintenance work until the end of the 17th century.

In 1729 with the establishment of the Botanical Garden of the Royal University of Studies in
the northeastern square garden. It wasn’t until 1800 that the building found a more permanent
function. The French government, then ruling Piedmont, designated the castle as the “National
House,” hosting the School of Veterinary Medicine until the Restoration era, when control

reverted to the Crown.

After the reacquisition, Valentino palace faced significant static instability issues in its galleries,
porticos, and hemicycle. Thus, the General Intendancy of the Royal House mandated their
demolition in 1822, followed by a reconstruction in 1823 at the same location, maintaining the

original style but allowing for different, visually similar materials.

Simultaneously, the palace’s function shifted to a Barracks for the Genius Pontieri Company
of the Royal Corps of Artillery, a role it maintained until 1850 when the Crown’s properties
were transferred to State ownership. From the early 19th century, the Valentino area also hosted

several industrial product exhibitions, including the notable sixth exhibition in 1858.
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ESPU\SIHUNE NAZIONALE DEL 1858.

Pt e i Al 0 e ot Bt 4 Do o « Lo, vt £l € 2

 Vedua: Gewerale 0ol Castello del Valewtino

Figure 11 Lithograph of the "Gab.o di Dis.o e Litog. Dell'Uff. Spec.le dei Brevetti d'Invenzione
Capuccio e Latini", in Album descrittivo dei principali oggetti esposti nel Real Castello del Valentino
in occasione della Sesta Esposizione Nazionale dei prodotti d'industria nell'anno 1858, Torino,
Stamperia dell'Unione Tipografico Editrice, 1858, unnumbered tables. ASCT, Collezione Simeom, C
1911, by concession of the Archivio Storico della Citta di Torino.

Source:https://castellodelvalentino.polito.it/?page id=995#jp-carousel-3439
Late 19th to 20th Century Evolutions

In 1857, the government enacted legislation for “Expansion and Restorations to the Valentino
Castle for the exhibition of national products.” This period marked a transition in the building’s
identity, as it began to be referred to as a “Castle” rather than a palace. During this time, the

main entrance was moved from the Po-facing facade to the city-facing side.

The castle underwent extensive restoration, including the construction of new two-story,
porticoed exhibition wings for industrial prototypes and machinery, replacing the existing

galleries.

Post-exhibition, the building served as the Regia Scuola di Applicazione per Ingegneri di
Torino, established under the Casati Law of 1859. This role prompted further modifications,
such as the 1862 demolition of the hemicycle and the construction of terraced structures in its
stead, along with a new sleeve parallel to the Po between 1868 and 1880. These developments

culminated in the construction of comb-like sleeves near the entrance from 1897 to 1899.
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Further transformations took place in the 20th century when the Politecnico di Torino,
established in 1906, acquired the castle. These included the construction of a mechanical
workshop (1912-1913) and new classrooms (1946-1948) to adapt the building to its educational

role.

The early 20th century restoration efforts at Valentino Castle focused on structural
consolidation and the refurbishment of the decorative elements, including, in some instances,

their replacement.

Subsequent restoration projects commenced in 1961, coinciding with the National Exhibition
of Labor. This phase included overhauling the roof structure, replacing beams, and installing
new floors, notably in the Hall of Columns. In 1975, further work was carried out on the central
loggia, including the restoration of stucco decorations on the exterior facade and repainting the
south wing of the ceremonial section of the Castle. Elm trees to the south of the Castle were

also removed to accommodate two temporary prefabricated classrooms.
Late 20th Century Restorations

From the mid-1980s, further restoration began, focusing on the comprehensive revival of the

structure, enhancing its appeal, and improving its accessibility for visitors.

In 1997, Valentino Castle was recognized as a UNESCO World Heritage Site, as part of the

Savoy Residences Circuit.
2.2 Water System and Basement of Valentino Castle(Castello del Valentino)

The history of Valentino Castle is closely linked to its location near the Po River. Originally
named "Vallantinum," the area was characterized by a natural valley with a watercourse, known

as the "bealera del Valentino," which still flows underground today.
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Chapter3 Methodology

Typically, flood depths exceeding 1 metre above floor level have the potential to cause
structural damage to buildings, particularly when the buildings are in a poor state of repair.
However, it is uncommon for the structure integrity of a historic building to be compromised
under such conditions. [6, p. 16] In this thesis, hydrostatic and hydrodynamic flooding actions
are not considered. The primary focus is on low flow velocity floods, emphasizing the impact
of flood depth. The study concentrates on identifying vulnerable elements of Valentino Castle
under various flood scenarios, assuming that the overall structural stability is maintained. The
proposed workflow is purely theoretical and experimental; therefore, the results of the analysis

are not guaranteed to be fully accurate and should not be cited as definitive conclusions.

The objective of this study is to propose an integrated HBIM-GIS framework for flood risk
management at the elements (such as doors, walls, movable-assets, etc.) level of heritage
buildings. This is achieved through targeted HBIM modeling and leveraging the
interoperability between BIM and GIS systems. The specific challenges addressed in this

process are as follows:

Heritage assets possess unique architectural and historical significance. Unlike contemporary
buildings, they often feature complex designs and irregular elements such as intricate
decorations, sculptures and vaults. Thus, modelling these features can be time-consuming and
typically results in a heavy HBIM file that complicates data reading, editing and

interoperability.

Moreover, for flood impacts analysis, the elevation of the objects is a crucial factor. Floodwater
or rainwater tends to accumulate in lower terrain areas, inundating certain building elements at
lower elevations. Consequently, basements and openings lower stories are at higher risk during
flooding. To access the impacts on built heritage caused by floodwater, it is essential to consider
hazard-sensitive information of the building, such as the building’s material properties, historic

fabric, possible damage types and precautions for remedial works, etc.

The raw point cloud data was acquired using various 3D metric survey methods, detailed in
chapter 4.1. Analysing flood impacts requires converting the asemantic point cloud data into
an HBIM model with comprehensive information. Integrating various geological data and the

HBIM model in a GIS system allows for analysis, visualization and identification of
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vulnerabilities when flooded. Given that Valentino Castle is a built heritage, it is fundamental

to ensure the geo-referencing accuracy of the existing building in a 3D GIS environment.

High accuracy of the topographical data is essential for analysing stormwater and riverine
flooding impacts on Valentino Castle. The 1:5000 DTM (digital terrain model) provided by
Geoportale Piemonte lacks the necessary precision. Obtaining a more accurate D