Lecture Notes in Civil Engineering

Federico M. Mazzolani
Raffaele Landolfo
Beatrice Faggiano Editors

Protection
of Historical
Constructions

Proceedings of PROHITECH 2025,
Volume 2

@ Springer



Lecture Notes in Civil Engineering 596

Series Editors

Marco di Prisco, Politecnico di Milano, Milano, Italy

Sheng-Hong Chen, School of Water Resources and Hydropower Engineering, Wuhan
University, Wuhan, China

loannis Vayas, Institute of Steel Structures, National Technical University of Athens,
Athens, Greece

Sanjay Kumar Shukla, School of Engineering, Edith Cowan University, Joondalup,
Australia

Anuj Sharma, lowa State University, Ames, USA

Nagesh Kumar, Department of Civil Engineering, Indian Institute of Science
Bangalore, Bengaluru, India

Chien Ming Wang, School of Civil Engineering, The University of Queensland,
Brisbane, Australia

Zhen-Dong Cui, China University of Mining and Technology, Xuzhou, China
Xinzheng Lu, Department of Civil Engineering, Tsinghua University, Beijing, China



Lecture Notes in Civil Engineering (LNCE) publishes the latest developments in Civil
Engineering—quickly, informally and in top quality. Though original research reported
in proceedings and post-proceedings represents the core of LNCE, edited volumes of
exceptionally high quality and interest may also be considered for publication. Volumes
published in LNCE embrace all aspects and subfields of, as well as new challenges in,
Civil Engineering. Topics in the series include:

Construction and Structural Mechanics

Building Materials

Concrete, Steel and Timber Structures

Geotechnical Engineering

Earthquake Engineering

Coastal Engineering

Ocean and Offshore Engineering; Ships and Floating Structures
Hydraulics, Hydrology and Water Resources Engineering
Environmental Engineering and Sustainability

Structural Health and Monitoring

Surveying and Geographical Information Systems

Indoor Environments

Transportation and Traffic

Risk Analysis

Safety and Security

To submit a proposal or request further information, please contact the appropriate
Springer Editor:

— Pierpaolo Riva at pierpaolo.riva@springer.com (Europe and Americas);

— Swati Meherishi at swati.meherishi @springer.com (Asia—except China, Australia,
and New Zealand);

— Wayne Hu at wayne.hu@springer.com (China).

All books in the series now indexed by Scopus and EI Compendex database!


mailto:pierpaolo.riva@springer.com
mailto:swati.meherishi@springer.com
mailto:wayne.hu@springer.com

Federico M. Mazzolani - Raffaele Landolfo -
Beatrice Faggiano
Editors

Protection of Historical
Constructions

Proceedings of PROHITECH 2025,
Volume 2

Co-edited by Giuseppe Brando, Lucrezia Cascini & Francesco
Paolo Antonio Portioli

@ Springer



Editors

Federico M. Mazzolani Raffaele Landolfo

Department of Structure for Engineering Department of Structure for Engineering
and Architecture and Architecture

University of Naples Federico 11 University of Naples Federico 11

Naples, Italy Naples, Italy

Beatrice Faggiano

Department of Structure for Engineering
and Architecture

University of Naples Federico 11

Naples, Italy

ISSN 2366-2557 ISSN 2366-2565 (electronic)
Lecture Notes in Civil Engineering
ISBN 978-3-031-87315-7 ISBN 978-3-031-87316-4 (eBook)

https://doi.org/10.1007/978-3-031-87316-4

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2025

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

If disposing of this product, please recycle the paper.


https://doi.org/10.1007/978-3-031-87316-4

Preface

The PROHITECH Conferences originate from the successful European project “PRO-
HITECH: Earthquake Protection of Historical Buildings by Reversible Mixed Technolo-
gies” (Sixth Framework Programme, Priority Fp6-2002-Inco-Mpc-1, Specific Measures
in support of international cooperation Mediterranean Partner Countries; 2004-2008),
coordinated by Professor F. M. Mazzolani. The first PROHITECH International Con-
ference was held in Rome in 2009, as final event of the project, for the dissemination
of the huge achievements. Since then, this prestigious conference series has continued
with triennial gatherings in Antalya, Turkey (2014), Lisbon, Portugal (2017) and Athens,
Greece (2020, rescheduled to 2021 due to Covid). After four editions, the conference
has returned to Italy, marking the first edition following the global pandemic.

The “5th International Conference PROHITECH — Protection of Historical Con-
structions” has been held in Naples from 26 to 28 March 2025. Hosted by the Depart-
ment of Structures for Engineering and Architecture (DiSt) at the University of Naples
“Federico II” (UNINA), this edition of the PROHITECH International Conference holds
special significance as DiSt has recently been recognized as a Department of Excellence
by the Italian Ministry of University and Research.

The PROHITECH Conference series offers by now an important opportunity to
researchers, engineers, architects, specialists and companies to present, share and dis-
cuss a vast variety of subjects related to the protection of historical constructions, accord-
ing to a multi-scale and multi-disciplinary perspective. The Conference covers a wide
range of topics, spanning across structural and earthquake engineering, materials and
technologies, architecture and urban planning, conservation and archaeology, repair,
rehabilitation and intervention strategies, featuring a rich array of case studies cover-
ing various construction materials. Furthermore, emerging topics such as sustainability,
energy efficiency, re-use, life cycle, adaptation to climate change, monitoring, mainte-
nance, management, digitalization and Artificial Intelligence have also been addressed
in the 5th edition.

In particular for the PROHITECH 2025, the following main themes have been
proposed:

— Architecture, Archaeology and Urban Conservation;

— Materials, Technologies and Innovative Devices;

— Structural Engineering and Modelling Approaches;

— Earthquake Engineering;

— Climate Change Effects and Mitigation Strategies;

— Structural Health Monitoring, Maintenance and Management;
— Digital Twin Engineering and Artificial Intelligence;

— Case Studies.



vi Preface

More than 145 papers from 31 countries all over the world (Afghanistan, Algeria,
Belgium, Brazil, Bulgaria, China, Costa Rica, Ecuador, France, Germany, Greece, Hun-
gary, Italy, Japan, Lebanon, Lithuania, Mexico, New Zealand, Palestine, Poland, Por-
tugal, Romania, Saudi Arabia, Slovakia, Slovenia, Spain, Thailand, Turkey, Ukraine,
United Kingdom, United States) have been peer-reviewed, presented in parallel sessions
during the three conference days and published in two proceeding volumes of about
1200 pages in all. Each Volume is organized into four sections corresponding to the
main themes of the conference and to the sessions, according to the following layout:

Volume 1:

— Earthquake Engineering (22 papers);

— Materials, Technologies and Innovative Devices (21 papers);

— Structural Health Monitoring, Maintenance and Management (15 papers);
— Digital Twin Engineering and Atrtificial Intelligence (16 papers).

Volume 2:

— Architecture, Archaeology and Urban Conservation (16 papers);
— Structural Engineering and Modeling Approaches (25 papers);
— Climate Change Effects and Mitigation Strategies (8 papers);

— Case Studies (23 papers).

The paper’s distribution among topics highlights the representativeness of the themes
proposed as main focuses of the scientific community involved in the protection of
historical constructions.

The conference programme has included keynote lectures dealing with subjects of
great relevance from notable scientists. In particular, a special event has been dedicated
to the Archaeological Park of Pompeii.

The 5th edition has encompassed for the first time the sponsor talks, a plenary timeslot
dedicated to companies active in the sector of the existing constructions monitoring and
retrofit, testifying on one side the attention for safeguarding the built heritage and on the
other side the high level of technologies developed in this field.

PROHITECH 2025 has taken place at the Congress Centre Partenope of UNINA,
conveniently located in an historical building at the city centre along the picturesque
seafront of Naples, offering breathtaking views of Castel dell’Ovo and Borgo Marinari, at
walking distance from the Royal Palace of Naples and several historical and monumental
sites. Also, the social events locations, such as the rooftop Royal Continental hotel at
the Partenope waterfront close to the conference venue for the welcome party and the
monumental complex of St. Chiara in the historic centre of Naples for the social dinner,
have been carefully selected for providing a suggestive immersion in the Napolitan built
heritage, in line with the mission of the conference.

Definitely, over the years, as confirmed by the 5th edition, the PROHITECH Confer-
ence has evolved into a prominent platform for disseminating scientific advancements
and fostering professional, industrial and institutional discussions and collaborations
pertaining to the protection of historical constructions.

The outstanding success of the 5th edition has been due to the huge engagement of
the organizing committee and the scientific secretariat at any stage of the organization.



Preface vii

Their effort is very much acknowledged. Expression of gratitude should be also devoted
to the scientific committee, to participants and to invited lecturers, who have enriched the
conference with interesting contents. Not least thanks to the Springer Nature publisher,
in the person of Pierpaolo Riva, who has managed the publication of the proceedings.

We wish all a great continuation.
With our warmest regards,
Federico M. Mazzolani

Raffaele Landolfo
Beatrice Faggiano
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Abstract. Historic urban areas face both natural and anthropogenic risks, which
can appear slowly (e.g. increasing temperatures, air pollution), or suddenly (e.g.
earthquakes, terrorist acts). These risks can alter user behaviour and can imply the
necessity to activate emergency procedures. Risk assessment and mitigation tasks
should hence consider the interaction between multiple hazards affecting the built
heritage and urban fabric, and by including the analysis on users’ behaviours.
This assumption is particularly relevant in the context of historic public open
spaces, such as squares, where the convergence of hazard and building heritage
vulnerability could be further intensified by critical levels of users’ exposure and
vulnerability. This work presents a multi-risk assessment and mitigation approach
for squares, considering the presence of large crowds and simulating their response
to slow and sudden emergencies. The methodology addresses the combined effects
of increasing temperatures and terrorist acts using a probabilistic, multi-agent, and
cellular automata-based model. The results are assessed using key performance
indicators (KPIs), aimed at combining hazard, vulnerability, and exposure fac-
tors through expeditious and simulation-based methodologies. The approach is
applied to Piazza dell’Odegitria, in the historic centre of Bari, Italy. Sustainable
single and combined retrofitting solutions are proposed to reduce multi-risk by up
to about 16%. These solutions are designed to be simple, compatible, reversible,
and tailored to the square’s characteristics. The results highlight the benefit of
the investigated methodology allowing local authorities to evaluate various envi-
ronmental and spatiotemporal configurations as preliminary strategies for risk
mitigation in historic urban areas.

Keywords: historic squares - multi-risk assessment - heat waves - terrorist acts -
multi-risk mitigation - behavioural-based simulation models
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1 Introduction

Squares in historic urban areas represent significant “hot-spot” of risks within the whole
urban tissue, due to their morphological and constructive characteristics as well as the
different activities they host [1-4]. In fact, squares are central elements in the struc-
ture of historic built environment, serving as essential hubs for social, cultural, and
entertainment interactions. Their considerable dimensions relative to the surrounding
structures often result in higher levels of exposure to risks compared to other urban
spaces. Large crowds, gathering herein daily and during special events, increase the
potential for sudden-onset disasters (SUODs), such as terrorist attacks, which typically
occur suddenly, often within minutes or hours, and target densely populated areas [1, 5].
Mainly, the presence of “soft targets”, like churches and government buildings, increases
the squares vulnerability, making them susceptible to attacks [6].

Historical squares are also exposed to the risk of slow-onset disasters (SLODs),
such as increasing temperatures, which develop gradually, often peaking over days.
The specific characteristics of the squares, including their geometry and the density of
the surrounding built environment, contribute to increasing exposure to SLODs [7-9],
impacting user behavior as changing the environmental conditions.

The combination of these factors, intensified by the presence of densely populated
urban areas, increases the risk for users [7, 10]. The vulnerability of users in historic
squares to both SUODs and SLODs is influenced by a number of factors. These include
physical and sensory impairments, health conditions, age and gender, which play a
significant role in determining individuals’ perceptions and responses to these risks
[7, 11]. Addressing these challenges requires a comprehensive methodology, which
considers the interaction of single risks into multi-risk scenarios.

A “SLOD-to-SUOD” approach could offer a valuable perspective to this end, ana-
lyzing the impact of SUODs in contexts where users are already exposed to the effects
of SLODs [12]. This approach has been defined and validated within the context of the
BE S?ECURe project (“(make) Built Environment Safer in Slow and Emergency Con-
ditions through behavioUral assessed/designed Resilient solutions™), which succeed in
developing single and multiple risk assessment methods in built environments through
advanced simulation tools, encompassing user behaviours in emergencies, and thanks to
holistic risk indicators. These integrated assessment tasks can then address both individ-
ual risks and the potential usefulness of SLOD mitigation strategies for SUOD scenarios
[9].

In view of the above, this paper applies this method to the assess the single and multi-
risk impact of mitigation solutions with theorical multi-risk potential, designed in relation
to user behaviour, with application to a significant case study (Piazza dell’Odegitria in
Bari, Italy). The simulation scenarios encompass both increasing temperatures leading
to heatwaves for SLODs, and potential terrorist attacks for SUODs. The objective is to
identify effective mitigation solutions that are tailored to the behaviour of users and the
distinctive characteristics of historic squares.



430 G. Bernardini et al.

2 Methods

The assessment of single and multi-risk is conducted using key performance indicators
(KPIs) and specific risk metrics, integrated with behavioural simulation models in emer-
gency conditions. The indicators employed in this study were developed and validated in
previous phases of the BE S2ECURe project [7, 12, 13], specifically focused on SLOD
and SUOD risks.

Following the “SLOD-to-SUOD” approach, the adopted method employs
behavioural simulation models that consider the vulnerability of urban heritage and
the distribution of users in open spaces, starting with SLOD simulation scenarios [12].
These models provide an estimation of the UTCI (Universal Thermal Climate Index
[°C]), which is used to assess user distribution according to levels of thermal comfort in
outdoor environments. This distribution determines the starting scenario of the evacu-
ation simulation process for SUOD. The risks associated with increasing temperatures
leading to possible heatwaves (ITR) is calculated through Eq. (1), considering the assess-
ment of the health effects on users, expressed in terms of WLRge [%], which represents
the percentage of water loss in relation to the individual’s weight per age group. This
is then considered in relation to the critical dehydration threshold (WLC), which is set
at 4% of body weight [7, 14]. In addition, a weight factor (W g ), ranging from O to 1,
is assigned to each age group based on estimated health impacts, following the AHP
methodology (i.e. 0—4 years: 0.410; 5—14 years: 0.175; 15-19 years: 0.085; 20-69 years:
0.030; 70+ years: 0.300) [14]. Finally, the ITR is subject to variation according to user
dwell time within the square (timing (t) = 15 or 60 min) [7, 11]. These two scenarios
are then aggregated, giving them equal weight, in order to obtain a single ITr value for
the square.

ITg = 50.5% (Sage,Wage * (WLRgge,i/WLC)) for t = 60 min., 15 min. (1)

The risk of terrorist acts (TAR) is evaluated by simulating evacuation processes,
considering variables such as user density, evacuation speed (based on age groups),
distance to safe areas and proximity to attackers [12]. These simulations are conducted for
three attack scenarios: base scenario, represents the starting condition without a specific
attack source, e.g. in “false alarm” conditions; armed assault, when two perpetrators
attack the crowd with a sword or a knife; a vehicle attack, when a person bursts into
the square driving a vehicle to crash a target (e.g., a church or a particularly attractive
place), running over the users placed along its trajectory [12, 13].

The value of each scenario (sc) is calculated through Eq. (2), which represents
the weighted sum of 11 KPIs, whose weights have been determined through the AHP
process. These KPIs, as defined within the BE S?’ECURe project, represent the risk
to users in squares in the event of a terrorist act [12, 13]. They are non-dimensional,
ranging from O to 1: TNos considers the evacuation time of the 95% of users arrived
to a safe areas (to exclude outliers such as users placed too far from the safe areas
or who were involved in marginal interactions and queuing phenomena); O, evaluates
the degree to which urban furniture provides users with protection from attacks; Exp
accounts for the effective number of users exposed to the attack in the whole square; Reyac
tracks how many users complete the evacuation; Rrc tor €valuates how obstacles affect
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user movement; CR reports injuries or casualties; SOS analyzes the availability of safe
outdoor areas; FNos is a comparative measure that assesses the actual flow against the
optimal idealised rate (i.e. 1.5 pp/s per m of path width); PN quantifies physical contact
during evacuation; O; quantifies the extent to which obstacles impede movement; Viggs
tracks the speed reduction caused by obstacles.

1/2
TAg = ((ESCTAIZe “,)/3) = Base, Armed, Vehicle; TAg e = 0.17 - TNos + 0.13 - Op+
0.12 - Exp + 0.12 - Reyac + 0.11- RRe. tor + 0.09- CR + 0.09 - SOS + 2)
0.08 - FNos + 0.05- PN + 0.04- Oj + 0.02 - Viogs

Finally, multi-risk assessment MR [-] is calculated by combining ITr and TAr
according to Eq. (3), in order to define a unique final metric, ranging between 0 (excluded)
and 1 (included) [12, 13].

MR = (((IT,% + TA,%) /2)1/2 3)

Then, a comparison between the different scenarios is carried out to evaluate the
variation in single or multi-risk metrics PVR [%] between the Post-Retrofit scenarios
(PoR), related to the selected mitigation strategies, and the Pre-Retrofit scenario (PR)
(Eq. (4)).

PVR = [(PR — PoR)/PoR] - 100[%] 4)

3 Case Study: Pre and Post Retrofit Scenarios

Piazza dell’Odegitria in Bari has been selected as a case study because it is representative
of the Italian historic urban contexts that are increasingly exposed to the combined effects
of natural and man-made hazards. The square (Fig. 1a), which is convex and covers an
area of approximately 1300 m?, is surrounded by historic buildings.

mo 201 Trees Shelters

Q‘.\ 7;— i
\\/,{ ( [\/ Engineered planters Cool pavement

Square Special building
& Square exits (pedestrian)
< Square exits (vehicle)

Fig. 1. Schematic overview of the pre-retrofit scenario (a) and post-retrofit scenarios (b),
identifying selected mitigation strategies (in orange)
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Among the buildings on the square there are two buildings of particular interest: the
Cathedral of San Sabino and the Church of San Giacomo. The morphology of the square,
with basalt and Trani stone paving and roofs made of tiles or bituminous materials, has
a significant impact on the risk conditions, exacerbating the effects of heat waves and
air pollution [7].

The square faces critical issues related to poor shading and limited air circulation,
exacerbated by the effects of urban heat island (UHI), which increases health risks for
users, especially during the summer months. The presence of special buildings and the
flow of visitors (especially to the cathedral) represent potential soft targets for terrorist
attacks [6]. Furthermore, it is essential to acknowledge that the square is used by a wide
variety of individuals, including the elderly and people with limited mobility, who are
particularly vulnerable to environmental and safety risks [5].

Additionally, the concentration of users in key fruition areas, such as the cathedral’s
courtyard [12], intensifies the risk in emergency situations, where crowd density and user
mobility become crucial. Consequently, the evacuation process could be complicated,
especially for vulnerable groups, further intensifying their exposure.

Given these challenges, it is essential to explore potential strategies that can enhance
the square’s environmental and safety conditions while preserving its historical integrity
[3,4]. In this work, according to previous solutions repositories to be adopted in historical
open spaces [9], the selected strategies, showed in Fig. 1b, include: (1) Trees, which
provide natural protection from the sun, reducing surface temperatures and improving
local microclimate; (2) Engineered planters, which not only enhance the aesthetic appeal
of the space, but also act as barrier, increasing security against potential terrorist acts;
(3) Shelters, realized with horizontal fabric curtains, create shaded areas for visitors,
enhancing their comfort during the hottest hours of the day; (4) Cool paving, using low
albedo materials, that serves to reduce heat accumulation in pedestrian areas, further
mitigating UHI effect. Furthermore, the combined effect of strategies is assessed to gain
insight into their cumulative impact. From a theorical standpoint, these solutions are not
only effective in reducing the impact of increasing temperatures, but they also influence
user behaviour during emergencies [7].

In line with the characteristics of the selected case study and following the method
outlined in Sect. 2, the key parameters for generating simulation scenarios in both pre-
and post-retrofit contexts can be summarized as following:

— Increasing temperatures: Single scenario on the hottest day of the year (11 July), from
11 am to 4 pm, based on data from summer 2022 and 2023 and using the microclimate
conditions of Bari.

— Terrorist act: Three different scenarios are analysed, considering religious function
timing (e.g., 11 am on holidays): Base scenario; Armed assault scenario, with attack-
ers using knives starting from the cathedral entrance; Vehicle attack scenario, enter-
ing through the square vehicular access point (see Fig. 1a) and moving towards the
cathedral entrance.

— User Exposure, in terms of Number of Users: 1465 individuals, with 1340 as church
visitors and 125 as passers-by or customers at the outdoor seating areas.

— User Vulnerability, in terms of age: Statistical data characterizes users into age groups
(source: www.istat.it/it/files//2020/05/16_Puglia_Scheda.pdf, accessed 11/01/2024):


http://www.istat.it/it/files//2020/05/16_Puglia_Scheda.pdf
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toddlers (0—4 years) = 3%, children (5—14 years) = 8%, young users (15-19 years)
= 19%, adults (20—69 years) = 65%, and elderly (70 + years) = 19%.

4 Results

Table 1 shows the results of the indicators defined in Sect. 2 for single and multi-risk
conditions (SLOD and SUOD) and for the pre- and post-retrofit scenarios analysed in
the case study of Piazza dell’ Odegitria.

Table 1. Summary of single- and multi-risk results between the pre- and post-retrofit scenarios
analysed, and their percentage change

Pre-retrofit | Trees Shelters Engineered | Cool Cool pav. +
planters pavement | Eng. Planters
ITr 0.25 0.24 0.25(-) 0.25(=%) |0.24 0.24
(—0.8%) (=12%) |(—1.2%)
TAR pase 0.20 0.21 0.20 (—) 0.21 0.20 (—%) | 0.20 (—)
(+2.0%) (+4.0%)
TAR armed | 0.47 0.44 047 (-) 0.43 0.47 (—%) | 0.43
(—5.0%) (—8.0%) (—8.0%)
TAR vehicle | 0.42 0.38 042 (-) 0.23 0.42 (—%) | 0.22
(—8.0%) (—47.0%) (—47.0%)
TAR 0.38 0.36 0.38 (—) 0.31 0.38 (—%) | 0.30
(—5.0%) (—19.0%) (—26.0%)
MR 0.46 0.44 0.46 (—%) |0.39 0.45 0.38
(—4.0%) (—13.4%) |(—0.2%) |(—16.0%)

In particular, ITr indicators are presented as aggregated results related to user dwell

time in the square, according to Eq. (1). Strategies such as cool pavement and trees
seem to have a more significant impact on reducing thermal risk compared to other
solutions. Shelters and engineered planters have limited impact due to their position,
although combining cool pavement and engineered planters can significantly decrease
temperatures and increase shaded areas. However, comparing pre- and post-retrofit sce-
narios, the impact of mitigation strategies to I'Tr appears to be limited, suggesting that
the geometry, orientation and facade materials of the surrounding buildings could be
more impactful than the implemented mitigation strategies.

Regarding the risk of terrorist acts (TAR), the most effective solutions include trees
and engineered planters. Trees offer a reduction in risk of about 5%, while engineered
planters reduce the risk up to about 20%. Conversely, cool pavements and shelters have
no significant effect on the risk, mainly because they can provide no or limited coverage
against the attacker, and therefore minimal impact on the risk. Instead, the combined
effect of cool pavement with engineered planters demonstrates efficacy in reducing
TAR by 26%, with cool pavement promoting the dispersion of users and engineered
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planters acting as physical barriers. Considering base attack scenarios, trees and engi-
neered planters seem to slightly increase the risk, as they introduce additional obstacles
that provide protection but potentially compromise evacuation. Conversely, for vehicle
attack scenarios, engineered planters are particularly effective in vehicle attack scenarios,
stopping vehicles before they reach crowded areas, while the presence of trees promotes
a dispersion of users, thereby improving overall safety conditions.

Finally, the last row of Table 1 shows the results in terms of multi-risk, highlighting
that the strategies involving the implementation of vegetation such as engineered planters
and trees, and particularly the combined solution of cool pavement and engineered
planters are the most effective in multi-risk mitigation. Overall, these results confirm the
general ones obtained from the analysis of individual risks.

5 Discussion and Conclusions

The results obtained from the assessment of single and multi-risk scenarios in this study
provide significant indications concerning the impact of mitigation strategies on user
safety and comfort in a historical context. The proposed “SLOD-to-SUOD” approach
has demonstrated the importance of considering the interactions between different risks
and the impact of environment changes on evacuation conditions.

The implementation of strategies such as engineered planters has shown considerable
potential for reducing the risk of terrorist acts. These solutions not only provide protection
for users but also integrate with the historical heritage of the square, thus conserving
its architectural identity. It is essential that the design choices respect the historical
aesthetic, ensuring the safety measures do not compromise the cultural value of the site.
Conversely, the design of elements such as cool pavements requires careful consideration.
Beyond their effectiveness in mitigating temperature, these materials should harmonise
aesthetically with the environment. Integrating materials and colours can enhance the
suitability of proposed solutions and promote user well-being.

It will be of increasing importance in the future to continue the collection of data
and feedback on the effectiveness of mitigation strategies over time. In this way, solu-
tions can be adapted and improved in line with emerging needs. This research will not
only facilitate a more comprehensive comprehension of the risks and vulnerabilities but
will also reinforce the role of historical squares as safe and inclusive spaces for the
community. By adopting a holistic and integrated methodology, it will be possible to
implement mitigation strategies which enhance health and safety of users in historical
built environments.

Moreover, the implementation of advanced technologies, such as virtual reality, could
facilitate immersive simulations involving the community and decision-makers, thereby
enabling a more comprehensive assessment of behavioural dynamics in emergency
situations.
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