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HERACLES PARTNERS

The Consiglio Nazionale delle Ricerche (CNR), Italy, has 

a duty to promote research activities for the scientifi c, 

technological, economic and social development of Italy. 

Institutes involved are: the Institute of Nanostructured 

Materials (ISMN) (chemistry, materials science and 

nano-technologies applied to cultural heritage materials), 

the Institute for Electromagnetic Sensing of the Environment, 

(IREA) (remote sensing, diagnostics and monitoring 

environmental risks) and the Institute of Research on 

Population and Social Policies, (IRPPS), (demography & 

migration, welfare, social policies, higher education and 

dissemination of knowledge and information technology).

https://www.cnr.it/

e-GEOS, Italy, an ASI/Telespazio company, is a leading 

international player in the geo-spatial business. e-GEOS 

o� ers a complete range of products and services in the earth 

observation and geo-spatial application domains, based on 

both optical and radar satellites as well as on aerial surveys. 

As the European hub for very high resolution (VHR) data, 

e-GEOS grants unique access to COSMO-SkyMed and also 

distributes GeoEye-1, IKONOS, Radarsat, QuickBird and 

WorldView and IRS satellites.

http://www.e-geos.it/ 

Leonardo, Italy, is a global high-tech company and a key 

player in the aerospace, defence and security sectors. 

Experts in international information management, in sensors 

and systems integration, in leveraging collective strengths, 

and in capitalising on synergies across major business 

areas, Leonardo exploits world-class systems, ICT and smart 

services to deliver robust, high-integrity, mission-critical 

solutions across di� erent sectors and domains.

http://www.leonardocompany.com/

Thales, France, is a world leader in critical information 

systems, with activities in aerospace (with all major aircraft 

manufacturers as customers), defence and security, including 

ground transportation solutions. It provides its customers with 

key functions in the critical information loop, from detection 

and processing to transmission and distribution. Thales 

develops its strategic capabilities in component, software 

and system engineering and architectures through its 

R&T organisation. https://www.thalesgroup.com/
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Fraunhofer, Germany, is a leading organisation of institutes of 

applied research in Germany, undertaking contract research 

on behalf of industry, the service sector and government. 

Fraunhofer IOSB’s core expertise comprises information 

and knowledge management, software architectures and 

object-oriented systems, signal and image processing, 

optronics and image exploitation, system technologies, 

modelling and optimisation. http://www.iosb.fraunhofer.de/

ARIA Technologies SA, France, is a consulting and software 

development company dedicated to the study of the 

atmospheric environment. ARIA is a leading supplier of 

computerized modelling systems for managing air quality 

resources and o� ers a wide range of tools at all spatial 

scales, from building scale to continental scale. The technical 

solutions o� ered by ARIA are in daily operation in several 

countries worldwide, for studies and for the management of 

air quality resources. http://www.aria.fr/

SISTEMA GmbH, Austria, o� ers products and services based 

on remote sensing analysis techniques for environmental 

monitoring and soil management. R&D activities in direct 

contact with universities, research centres, customers 

and end users mainly focus on meteo-climatic data 

processing, climate data services, solar radiation mapping, 

multi-spectral and multi-temporal analysis, and geo-spatial 

data infrastructures implementation for time series access 

and visualisation and standardisation of processes. 

http://www.sistema.at/

CVR, Italy, is a subject matter expert for the design, 

development and production of glues, plasters, 

plasterboards, mortars, gypsum and cement-based materials 

for innovative and sustainable construction. Smart products 

for the construction, renovation and historical preservation 

of buildings represent a key business of CVR. Through 

cooperation with academic institutions, CVR became 

the market leader for high-tech production systems and 

sustainable, smart and energy-e�  cient materials for buildings 

and urban improvement. http://www.cvr.it/

UNINOVA, Portugal, is an institute devoted to the 

development and application of new technologies. 

CEMOP has expertise in thin-fi lm technologies and the 

development of advanced materials. CENIMAT is devoted 

to R&D and innovation in advanced materials science and 

engineering, nanomaterials and nanotechnologies, including 

semiconductors, biotechnology, polymers, thin fi lm coatings, 

dielectrics, metals, ceramics and composite materials, 

covering all the scientifi c and technological aspects of 

processing and characterisation. http://www.uninova.pt/
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TIEMS, Belgium, is a global forum for education, training, 

certifi cation and policy in emergency and disaster 

management, dedicated to developing and bringing 

the benefi ts of modern emergency management tools, 

techniques and good industry practices to society for a 

safer world. This is accomplished through the exchange of 

information, methodology innovations and new technologies, 

to improve society’s ability to avoid, mitigate, respond to, and 

recover from natural and man-made disasters. 

http://tiems.info/ 

European Materials Research Society (E-MRS), France, 

has as its mission the advocacy and outreach for advanced 

materials science and technology to industry and policy 

makers, providing reports on prospective education and 

research on advanced materials to assist national and 

European authorities and industries, encouraging discussions 

among researchers and key players in science and 

technology, and establishing strong links with other scientifi c 

societies worldwide. http://www.european-mrs.com/

The Foundation for Research and Technology Hellas 

(FORTH), Greece, is one of the largest research centres in 

Greece. The Institute for Electronic Structure and Lasers 

(IESL) is the main laser research centre in Greece, including 

atto-science, micro/nano-electronics, polymer science, 

materials science and astrophysics. IESL pioneered the 

use of advanced laser technology in diagnostics and 

conservation, laser cleaning and laser analysis of works of art 

and monuments. The Institute for Applied and Computational 

Mathematics (IACM) specialises in research on numerical 

simulation and monitoring of environmental, engineering 

and physiological processes. http://forth.gr/

The Department of Chemistry at the University of Crete, 

Greece, was founded as a research-driven entity with a 

vibrant and strong research environment that has succeeded 

in attracting the highest quality researchers and is having 

ever-increasing success at bringing in a diverse range 

of funding. The department has devoted much e� ort to 

establishing collaborative relationships with other institutions, 

both at the national and international level, maximising its 

international profi le, exchanging knowledge, disseminating 

its fi ndings, and building a growing network of productive 

research relationships. 

http://eilotas.chemistry.uoc.gr/uocchem/
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The Ephorate of Antiquities of Heraklion (EphAH), Greece, 

is responsible for the antiquities, from the prehistoric era 

to the Ottoman Period, in the District of Heraklion in Crete. 

The responsibilities of EphAH range from archaeological 

research and studies to architectural preservation and 

surface conservation interventions on the monuments under 

its supervision. EphAH is responsible for the two unique 

monuments of di� erent archaeological eras to be studied in 

HERACLES: the Palace of Knossos (located to the south-east 

of the city) and the Venetian sea fortress of Koules (Rocca a 

Mare) in Heraklion port (located to the north of the city).

http://www.culture.gr/

Gubbio, Italy, is the capital of a municipality among the 

largest in Italy (the seventh commune in Italy). The town is 

located in the middle of a wide territory located approximately 

200 km north of Rome and 200 km south-east of Florence. 

The historic city centre has many medieval buildings and 

major monuments: an urban space miraculously intact in its 

plant with churches, convents, palaces, public and private 

buildings, ancient walls, squares, streets, fountains, shop-

houses, orchards and gardens. Gubbio is responsible for two 

of the sites to be analysed in the HERACLES project. 

http://www.comune.gubbio.pg.it/

The University of Perugia and the researchers a�  liated with 

the Department of Civil and Environmental Engineering, the 

CIRIAF Inter-university Research Centre on Pollution and 

Environment, and M. Felli of the Department of Engineering 

have renowned expertise in carrying out continuous 

structural health monitoring and rapid post-earthquake and 

post-disaster assessment of historic constructions, using 

such techniques as vibration measurements, automated 

operational modal and statistical process control analysis. 

http://www.unipg.it/
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SUMMARY OF THE HERACLES PROJECT
The objective of the HERACLES project is to design, validate and promote responsive systems and solutions for 

e� ective resilience of cultural heritage assets against climate change e� ects, using an holistic, multidisciplinary 

approach through the involvement of di� erent experts (end users, industry/SMEs, scientists, conservators/

restorators, social experts and decision- and policy-makers). This objective will be operationally pursued with 

the development of an information and communications technology (ICT)-based platform able to collect and 

integrate multisource information to provide complete and updated situational awareness and decision support 

for innovative measures to improve cultural heritage resilience, including new solutions for maintenance 

and conservation. 

The HERACLES project’s e� ectiveness will be 

ensured by the design and validation of manageable 

methodologies for the defi nition of operational 

procedures and guidelines for risk mitigation and 

management. It will be validated in four challenging 

test beds — key case studies for the impact of climate 

change on European cultural heritage assets. 

The strength of the HERACLES project’s solutions is 

their fl exibility in evaluating a vast quantity of data that 

can be tailored to the specifi c cultural heritage asset’s 

needs. A fundamental role will be played by end users, 

who will take an active role in the project activities. 

The HERACLES system will be designed and 

developed with two key factors in mind — economic 

sustainability and future market acceptance, and 

the social and economic impact for the public and 

local communities — while respecting the integrity of 

cultural heritage and the value it holds for communities. 

E� ective technology transfer of HERACLES outcomes 

to large companies, SMEs and end users, as well 

as communication, education and training activities 

will disseminate the project’s vision and progress 

to many di� erent communities, in a vision of wide 

audience awareness.

Further information available on http://www.heracles-project.eu/

Coordinator of HERACLES Project:

Giuseppina PADELETTI

ISMN – CNR

Via Salaria Km.29,5

c.p. 10 Monterotondo Staz.

00016 Monterotondo (Roma)

Italy

giuseppina.padeletti@cnr.it
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I. STARTING POINTS
1.1. Survey of guidelines and procedures for cultural heritage management

A detailed analysis of the legal regulations applying to the management of cultural heritage assets has 

been carried out, focusing on the international and national framework. Particular attention was paid to the 

management of cultural heritage in the countries in which the HERACLES project test beds are located. The gaps 

in national legislation and the possible contribution of the HERACLES project’s added value have been analysed 

and described.

1.1.1. HERACLES project: added value on 
guidelines and legislation 

Many of the important regulatory topics related to 

cultural heritage are rooted in the past and still subjects 

of debate today. While there is in general a growing 

attention to and awareness of the need to preserve 

cultural heritage assets, current discussions have not 

produced solid legal or regulatory results. 

The HERACLES project’s main objective, as stated 

above, is to design, validate and promote responsive 

systems and solutions for the e� ective resilience of 

cultural heritage assets against climate change e� ects, 

using a holistic, multidisciplinary approach. This 

will be operationally pursued with the development 

of a system exploiting an ICT-based platform able 

to collect and integrate multisource information to 

provide complete and updated situational awareness 

and decision support for innovative measures that 

increase the resilience of cultural heritage assets. 

The methodologies and approaches developed under 

HERACLES could also be useful for the production 

and/or improvement of thematic risk maps, particularly 

in Greece. 

It has been observed that in several European 

countries, especially those in the south (Greece 

for instance), national legislation regarding the 

preservation and restoration of cultural heritage 

assets is outdated. Laws have been replaced in some 

cases by the application of modern technological 

solutions developed to handle these problems but 

without clear regulation behind them, possibly due to 

the di�  culties the responsible state agencies have in 

assimilating modern scientifi c outcomes. The fact that 

Law 3028/2002 is open to recognising and adopting 

technological achievements useful for the protection 

and restoration of cultural heritage assets is indeed a 

favourable condition for HERACLES outcomes. 

A major achievement of the HERACLES project is that 

among its partnerships, and on its advisory board as 

well, are state institutions. As stakeholders, they are 

able to interact straightforwardly with the research 

partners and become familiar with innovations, 

protocols, methods, techniques, materials, data and 

ICT products, such as decision support systems. These 

stakeholders can not only suggest but lead changes 

in national legislation to include these scientifi c 

innovations addressed to particular problems. 

The Ministry of Culture and Sports in Greece and 

members of MIBACT and the Umbria region in Italy are 

active partners in the HERACLES project. This o� ers 

their administrations the opportunity to have fi rst-hand 

information about the project’s outputs and products, 

which can be taken into account and integrated into 

fl exible and e� ective laws, guidelines and procedures. 

In addition, the relationships established by having 

important institutional stakeholders on the advisory 

board of the project will produce positive and concrete 

results. In fact, the advisory board members will be able 

to express real needs, from their direct experience, that 

could be taken into account and integrated into the 

HERACLES activities to fi ll existing and identifi ed gaps. 

The HERACLES project includes end users as partners 

of the Consortium, which means that technical and 

scientifi c research and interventions can be tailored 

and optimised to the advantage of both parties and 

the cultural heritage assets as well. Moreover, the 

HERACLES project’s achievements are directly usable 

by end users. 

In Italy, the legislative framework and the general 

situation seem to be more organically developed than in 

some other countries — city/town planning, restrictions, 

real estate registry and recent organic laws on cultural 

heritage management already exist — but there is still 

no clear connection with climate change. 

The HERACLES project defi nes a structured, evolving 

maintenance workfl ow to guarantee measurable 

e� ects and e�  ciency by accounting for economic, 

environmental and social viability. The methodologies 

used in estimating risk developed during HERACLES — 

as well the solutions — could be applied to other areas 

and monuments of di� erent eras and materials. 
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From a social point of view, the HERACLES project is 

based on a multidisciplinary and inclusive approach 

that involves all the di� erent actors in each location in a 

process of knowledge sharing and building a common 

awareness of the problem of climate change and 

cultural heritage management. This approach involves 

economic, social, cultural, technological and scientifi c 

dimensions in a holistic view of cultural heritage 

contextualised in a territory. 

This means that the project produces as an added 

value a method for considering cultural heritage as 

the basis on which the economic, territorial, social 

and cultural planning of a territory can be built, 

while reinforcing cultural identity. 

When applied in the areas of interest for the HERACLES 

project, the method produced new shared information 

on new opportunities in economic, cultural and social 

terms for the territory. 

The HERACLES platform embedded the capability of 

increasing this social dimension. Its modularity and 

ability to encompass additional information and present 

it in a visually appealing way allows it to foster specifi c 

cultural heritage assets as an economic and social 

product for the whole community. 

The method used in the HERACLES project can be 

applied to other areas and monuments of di� erent eras 

and materials.

1.2. Methodologies for evaluating climate change impact and risk and vulnerability analysis

The HERACLES modelling process is based on identifying the environmental characteristics of each test bed 

by using geomorphological, climatic and structural site modelling and satellite, airborne and ground-based 

technologies. Socioeconomic data regarding the exposure of each site and the planning and implementation 

of mitigation actions are also considered. These data enable us to identify potential risks related to climatic 

characteristics and changes in the relative frequency and intensity of extreme events. 

In particular, the e� ects of the geomorphologic 

dynamics resulting from the natural hazards induced by 

the climate change (e.g., landslides, fl oods, and coastal 

erosion) could be examined thoroughly, with a specifi c 

focus on the four HERACLES test beds.

Additional data on the capability of the exposed 

structures to withstand climate change related events 

are also considered. A part of these data (including 

geometric characteristics of the structures (e.g., height 

or shape) is derived from remote sensing technologies, 

while other data (e.g., type and strength of materials) is 

obtained from in-situ measurements. All this information 

is coupled with socioeconomic data in order to assess 

the exposure of each test site and defi ne the mitigation 

actions. All data are processed and visualised through 

geographic information system (GIS) technology. 

The aim is to set a baseline methodology to estimate 

the risks, deriving from natural hazards and extreme 

climate-related events, that a� ect cultural heritage 

sites/assets.

1.2.1. Methodology and resources 

The methodology is based on six methodological 

steps that follow the logical fl ow of risk identifi cation, 

risk estimation and risk evaluation. The methodology 

permits us to evaluate each hazard and classify the 

assets/monuments under investigation on the basis 

of their overall vulnerability. 

1.2.1.1 Risk identifi cation 
The fi rst step in risk assessment requires knowledge 

of the nature and extent of all local, regional or 

global heritage values (artefacts/monuments/sites) 

considered important for the site. At this step, thanks 

to the involvement of the end users in the process, the 

potential hazards of each case study area are identifi ed, 

the current state and the problems a� ecting the areas 

are described, and the profi le of each hazard is defi ned. 

The creation of a spatial hazard database is needed 

in order to drive the use and processing of all the data 

to quantify the hazards that a� ect each HERACLES 

test bed. 

In the second step, the vulnerability and exposure for 

each test bed, and their changes over time, are defi ned. 

Vulnerability is a function of several factors, the specifi c 

identifi cation and estimation of which require us to 

consider a wide range of data from primary (raw data 

from measurements and modelling) and secondary 

sources (bibliographic sources and end users/

stakeholders). These data, including environmental and 
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social information, are used to gain an understanding of 

vulnerability factors. For all the test beds, this includes 

both published and unpublished documentation. 

The defi nition of end users’ requirements, along with 

site visits and the HERACLES project’s fi rst interim 

meeting, provided the basic knowledge necessary 

for a fi rst-hand understanding of the relationship 

between the cultural heritage assets and values and 

the surrounding environment, such as topography, 

geomorphology, climate and land use. Exposure 

is estimated by combining future projections with 

evidence gathered from end users/stakeholders. In this 

way, it is possible to describe the exposure of heritage 

values to the main climatic parameters (wind, moisture 

change and temperature) and their associated impacts. 

1.2.1.2 Risk Estimation 
The third step is identifying the likelihood of a hazard 

occurring under future climate events. The estimation 

of vulnerability must be based on the knowledge of 

heritage values and likely impacts of climate change. 

The potential hazards for each heritage value in the 

projected future climate are initially identifi ed. At the 

same time, exposure in the projected future climate 

is also assessed. Thus in this step all the available 

evidence and a priori knowledge are analysed 

under a unifi ed framework in order to estimate the 

possible future (direct and indirect) impacts under 

projected conditions. 

In the fourth step, vulnerability and exposure indicators 

for each hazard are developed. The selection and 

application of indicators is a complex topic. In general, 

indicators should be based on and related to at least 

one of the cultural heritage values’ key vulnerabilities 

to climate change impacts. 

1.2.1.3 Risk Evaluation 
In the fi fth step, the estimation and the assessment 

of vulnerability and exposure are implemented. 

Vulnerability and exposure are ranked in a range from 

1 to 5, where 1 is the lowest value. In order to have more 

accurate estimations, the values for vulnerability and 

exposure must be determined by interrogating primary 

(measured data) and secondary data (end user and 

stakeholder responses). This allows us to identify gaps 

in primary and secondary data due, for example, to 

a lack of site-monitoring. Therefore, in several cases, 

the estimation will rely on the expertise of the person 

entering the data to produce a credible set of values. 

The application of indicators provides quantifi able 

evidence, the basis for the future review of this 

qualitative assessment. 

In the sixth and fi nal step the risk analysis for each 

hazard will be implemented by combining the 

vulnerability and exposure of each hazard in each test 

bed. Also, by using a multi-criteria risk assessment 

methodology, the overall risk for each site is estimated. 

The overall methodology is shown in Figure 1.

STEP 1
Define the 

characteristics
of the site

STEP 2
Understand 

vulnerability and 
exposure of the 
sites over time

STEP 3
Identification of 
the likelihood of 

a hazard to 
occur under 

future climate 
events

STEP 4
Develoment of 

the vulnerability 
and exposure 
indicators for 
each hazard

STEP 5
Estimation and 
assessment of 

the vulnerability 
and exposure

RISK INDENTIFICATION RISK ESTIMATION RISK EVALUATION

STEP 6
Risk analysis for 

each hazard

Figure 1. Risk assessment procedure

1.2.2. Test bed potential hazards 

The hazards considered in HERACLES are the result of 

various triggering factors related to climatic change. For 

example, landslides as a hazard may be triggered by 

soil moisture changes and an increase in precipitation. 

1.2.2.1 Landslides 
Landslides are considered to be one of the most 

extreme natural hazards worldwide, causing both 

human losses and severe damage to modern facilities 

as well as damage to cultural heritage assets. Human 

interventions in the landscape, geomorphologic 

processes and climatic phenomena can trigger 

landslides. Other factors that can trigger landslides 

include proximity to active faults, geological formations, 

fracture zones, degree and high curvature of slopes 

and water conditions, such as soil moisture and intense 

rainfall. Landslide susceptibility (LS) is the propensity of 

soil or rock to produce various types of landslides. LS is 

usually represented by cartographic means. An LS map 

presents areas potentially a� ected by future landslides, 

obtained by taking into account the critical factors that 

contributed to the occurrence of past landslides. An 

LS map is a valuable tool for assessing current and 

potential risks and can be used for developing early 

warning systems and mitigation plans, such as the 

selection of the most suitable areas for construction of 
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structures and roads. Elevation, slope, aspect, lithology, 

land cover, mean annual precipitation (MAP) and 

peak ground acceleration (PGA) are some landslide-

conditioning factors. Among all factors for LS zoning, 

elevation, slope and aspect have been recognised as 

the most important. The elevation dataset is useful 

for classifying the local relief and locating the points 

of maximum and minimum height within terrains. In 

the HERACLES project, landslide hazards were a 

factor for the town of Gubbio, as it is located in the 

Apennine mountains. 

1.2.2.2 Coastal erosion 
Coastal archaeological remains are particularly 

vulnerable to changing land use and climate patterns, 

but they are also a valuable resource for understanding 

these changes in the past. Archaeological sites contain 

a record of past climate change, and they also tell 

the story of how people in the past responded to 

and infl uenced changes in marine ecosystems. The 

complexity of the threats to these resources creates a 

challenge for archaeologists, historians, descendent 

communities, land managers, and other stakeholders 

who need to develop strategies to mitigate damage to 

coastal cultural heritage sites. 

Coastal erosion was a factor for the test beds on Crete. 

The coastal erosion hazard is the result of a rising 

sea level in combination with extreme winds, creating 

extreme sea wave actions. The impact of coastal 

erosion may be a direct loss of land, or it can have 

an impact on structural stability, as in the case of the 

Rocca a Mare (Koules) monument. 

1.2.2.3 Material degradation 
The majority of cultural heritage asset building materials 

are sedimentary rocks such as limestone, sandstone 

and gypsum, which come from the disintegration, 

through various processes, of pre-existing rocks. 

The decay of the building and ornamental elements 

of historic monuments is a result of the combination 

of several factors, among which the most important 

is chemical dissolution. This process takes place on 

both the macroscopic and microscopic scale within the 

pores and incoherencies of the interface of stone and 

water. A systematic approach to confronting the results 

of this e� ect requires an in-depth knowledge of three 

basic factors: 

1. The nature of the solid material to be preserved 

2. The liquid phase, which may contain a critical 

number of dissolved ions and consist, at least at an 

initial state, of the unsaturated solution/solvent 

3. The interface between the solid and the 

liquid phases 

Based on the Illustrated Glossary on Stone 
Deterioration Patterns developed by the International 

Council on Monuments and Sites’ (ICOMOS’) 

International Scientifi c Committee for Stone (ISCS), 

the decay of the mineral gypsum (primary and 

recrystallised) can be categorised as crack and 

deformation, detachment, features induced by material 

loss or discoloration and deposit. 

The e� ect of humidity on the deterioration of stone 

monuments is one of the most extensively studied 

topics in conservation science. Massari, in his report at 

the Conference on the Problems of Moisture in Historic 

Buildings (Rome, 1967), states that ‘at the origin of 

almost all types of degeneration a� ecting individual 

materials is to be found one common factor: water. It is 

the presence of water which gives rise to the majority 

of the processes of decay, and water is the parent of 

all the organic and chemical processes which destroy 

monuments and works of art’. 

Chemical, mechanical and biological deterioration 

processes are all largely dependent on the availability 

of water, which acts as an activator. 

The old town of Gubbio is a� ected by several important 

issues related to the materials used for building and 

restoration (limestones, travertine, serena stones, 

plasters, binders). These materials su� er increased 

deterioration due to climate change e� ects coupled 

with pollution, which produce several kinds of damage 

and can lead to structural instability. Extreme climate 

events, most involving rain and its local e� ects, are 

causing structural risks on two identifi ed sites. The 

e� ects include existing and progressive deformations 

and crack patterns. Moreover, the constituent materials 

are characterised by degradation related to the 

combined actions of environment and pollution. In 

fact, the extreme rain events that characterised the 

local climate condition in the area of Gubbio in the last 

decade led to the outbreak of moisture and mould on 

the ancient materials’ surfaces. The structural material 

principally used for the older historical buildings is 

limestone, extracted from quarries in the neighbouring 

mountains in two di� erent extraction periods. The 

oldest limestone was extracted prior to 1400 and 

does not exhibit signifi cant problems. The second 

limestone type, extracted after the fi fteenth century, is 

showing a more signifi cant degradation of the surfaces 

with the formation of a dark patina (black crusts) in a 

considerably shorter time. In addition, in the absence of 
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protection of plasters on the wall, this degradation also 

a� ects the structural stability of the interior parts of the 

structures. 

The second predominant issue is the gradual 

degradation of the mortar that binds the walls and that 

makes spatially uniform the stresses through the joints 

between the stones. The reduction of the mortar entails 

the loss of homogeneous distribution of the stresses on 

the surface of the stone and leads to a heterogeneous 

stone-binder system behaviour. 

The other critical aspects of Palazzo dei Consoli 

in Gubbio concern the constituent materials. The 

external side of the stone presents a signifi cant level 

of degradation, characterised by black crusts and 

crumbly stones. 

In-situ and ex-situ characterisation of the materials is 

planned to counteract the above mentioned issues. 

In Knossos, the Minoan walls were constructed of 

rough and carved limestone and gypsum stones. The 

joints were fi lled with a clay mortar, and the walls were 

coated with clay and lime plaster to create a surface for 

the fresco decorations. As fi ller for the ancient walls, 

di� erent cement mortars were used during Evans’s 

restoration (1900–1930), and later, after World War 

II, during di� erent conservation works in the 1950s 

through 1980s. The cement mortar used in earlier 

interventions was removed in order to conserve the 

stone walls. The joints were cleaned, consolidated and 

fi lled with new, compatible material, known as Theran 

mortar, the ingredients of which include Theran soil, 

quarry sand, slaked lime and icon pigments. The lack 

of cohesion between di� erent materials (reinforced 

concrete, ancient architectural gypsum stones) allows 

moisture to penetrate from the interface between the 

di� erent materials and cracks. The same applies to 

the contact points between the insulating material of 

the roof and the masonry. Rainwater penetrates and is 

transported into the West Magazines. 

Although the provenance and categorisation of the 

gypsum varieties used in the Palace of Knossos is a 

task that has already been undertaken, documentation 

of the decay mechanisms is still an open issue. The 

characterisation of the erosion products, as well as 

the evaluation of materials that could mitigate the 

disintegration of gypsum in the specifi c environment 

of Knossos, remain unclear. 

In the Rocca a Mare, the continuous exposure of the 

historic fortress to marine aerosol has produced severe 

weathering of the building stone (biocalcarenite), which 

is a porous material susceptible to the combined action 

of soluble salts and environmental conditions. The same 

issue a� ects the materials used for restoration work. Its 

immediate proximity to the sea makes it vulnerable to 

salty northern winds, which at times are very severe — 

reaching 9 to 10 or even 11 on the Beaufort scale. 

Especially during the winter, high sea waves literally 

cover the fortress. 

The fortress of Koules is a� ected by these climate 

conditions coupled with pollution, which can initiate 

and accelerate deterioration mechanisms of both 

constituent and restoration materials. Crusts of salts 

and black hard encrustations are observed on the walls 

in several rooms in the interior of the monument. Similar 

black crusts have also been observed at areas around 

the monument’s internal and external joints. These 

crusts are rough and inhomogeneous and appear 

aggressive to the materials. It is important to identify the 

period of the year in which the salt appearance is most 

prevalent, as well as the signifi cance of the orientation 

of interior walls, in order to correlate them with marine 

aerosol deposition. The cumulative e� ect of the 

weathering factors on the monument is unambiguous, 

since it has been going on for more than fi ve centuries. 

1.2.2.4 Coastal fl ooding 
Coastal fl oods are complex phenomena infl uenced by 

several factors, including the bathymetry of the sea 

bottom, existing ports and coastal works, erosion and 

sea level rise phenomena and the geometry of the 

urban environment (e.g., roads, buildings, drainage 

systems, etc.). Recent research has contributed to the 

development of useful tools to predict and calculate the 

causes of coastal fl ood events arising from storms, from 

storm surges and from sea level rise. These phenomena 

eventually result in wave overtopping and wave run-up 

on shores and thus result in coastal fl ooding. In recent 

years, the impacts of climate change on coastal fl ooding 

and on the stability of coastal monuments has gained 

increasing attention, focusing specifi cally on disaster 

risk resilience. The issue of fl ood risk management in 

coastal regions has been on the research agenda of 

end users and stakeholders. 

1.2.2.5 Structural damage 
In the context of climate change related events, 

structural damage can be the consequence of 

several hazards and threats, such as excessive 

static or dynamic loading conditions (such as those 

associated with gusty winds), increased storm 

frequency and intensity, and heavy snow falls; 

material degradation due to ageing and exposure 

to aggressive environmental conditions, including 
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excessive thermal stresses and humidity fl uctuations; 

di� erential settling of building foundations caused 

by changes in subsoil water content and subsidence, 

and excessive loading on retaining walls due to 

backfi ll soil and water accumulation. It is also worth 

noting that all these climate change related hazards 

can deteriorate structural performance and increase 

structural vulnerability to other natural hazards, 

primarily to earthquakes. Damage in brick or stone 

masonry buildings typically takes the form of cracks. 

In the worst cases, it results in partial (local) or global 

collapses. Damage in concrete structures can be the 

result of concrete degradation, such as splitting, or 

steel corrosion. 

1.2.3. Methods of assessing the vulnerability 
and exposure of the test beds 

1.2.3.1 Geomorphological modelling 
By using geomorphological modelling from high-

resolution digital elevation models, it will be possible 

to provide information about ground relief, landslides 

hazards, weathering, soil erosion and coastal changes, 

which will later be related to the climate change e� ects 

at the HERACLES test beds. For the coastal site of 

Koules, a hydrodynamic model will be used to describe 

realistic cases of the morphodynamics in coastal areas. 

The use of remote sensing images and digital elevation 

models will permit mapping of areas of interest and 

will provide additional information about ground relief, 

landslides hazard detection, weathering, soil erosion 

and coastal changes. 

For estimating landslide hazards, previous landslide 

phenomena will be mapped through historical data 

and recording of landslide occurrences. Medium and 

high spatial resolution satellite imagery will be used 

and pre-processed in order to extract the road network 

of the area, faults and land use/land cover. All these 

data will be incorporated into the fi nal landslide hazard 

model. Then topographic characteristics such as 

relative relief, slope, aspect and surface hydrological 

information will be extracted from the ASTER GDEM 

(30 m resolution) of the target area. The above factors 

will be implemented into a GIS environment and 

reclassifi ed with various ratings for their contribution 

to possible landslide phenomena. 

The resulting landslide hazard map will be validated for 

its accuracy with the existing landslide occurrences in 

the studied area and then transformed into a landslide 

hazard zonation map (LHZM). Landslide hazard map 

1 EURO-CORDEX, the European branch of the CORDEX initiative, produces climate simulations based on multiple dynamical and empirical-
statistical downscaling models forced by multiple global climate models from the Coupled Model Intercomparison Project Phase 5 (CMIP5). 
EURO-CORDEX is a voluntary e� ort of many of the leading and most active institutions in the fi eld of regional climate research in Europe.

data will be classifi ed as very high hazard, high hazard, 

moderate hazard, low hazard and extremely low 

hazard. Synthetic aperture radar (SAR) data will be 

deployed in order to have a high resolution map as well 

as a historical series of the deformation of the areas 

a� ected by the landslides and the objects present in 

these areas. This information will be complemented by 

the use of geophysical technologies such as electrical 

resistivity tomography (ERT) and ground penetrating 

radar (GPR). 

1.2.3.2 Climate change and extreme weather 
conditions modelling
The numerical results of IPCC climatic simulations for 

the test cities will help us understand the evolving 

pressure on cultural heritage sites linked to climate 

change, as they enable us to analyse the di� erences 

between current climatology (before 2020) and the 

climate for a typical year after 2050. 

The analysis of climate change pressure on cultural 

heritage is based on the EURO-CORDEX modelling 

initiative. The World Climate Research Programme’s 

(WCRP’s) Task Force for Regional Climate Downscaling 

(TFRCD), established in 2009, created the CORDEX 

initiative to generate regional climate change 

projections for all terrestrial regions of the globe within 

the timeline of the Fifth Assessment Report (AR5) and 

beyond. The major aims of the CORDEX initiative are 

to provide a coordinated model evaluation framework, 

a climate projection framework, and an interface to the 

applicants of the climate simulations in climate change 

impact, adaptation, and mitigation studies.1 

Unlike most other regions of the earth, Europe 

already has coordinated ensembles of regional 

climate simulations at relatively high spatial resolution 

(Ensembles, Prudence). These climate scenarios were 

provided on grid sizes down to 25 km and were based 

on the previous generation of emission scenarios, 

the Special Report on Emissions Scenarios (SRES). 

Going forward, the EURO-CORDEX simulations not 

only incorporate the new representative concentration 

pathways (RCPs) for greenhouse gas concentration 

scenarios but also increase spatial resolution. 

EURO-CORDEX simulations now focus on grid sizes 

of about 12 km (0.11 degrees). 

The output from the EURO-CORDEX Regional 

climate simulations (12.5 km resolution over Europe) 

will be used to analyse the evolution that can be 

expected in a future climate, as no further dynamical 
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downscaling of the climate simulations will be made. 

The mesoscale Weather Research and Forecasting 

(WRF) meteorological model and/or a local scale SWIFT 

micro-meteorological model will be used to calculate 

the meteorological fi elds for the current climate. The 

future climate (after 2050) compared with the current 

climate (before 2020) is analysed for the regions of 

interest by using the average EUR-11 model ensemble 

members or by selecting two or three EUR-11 model 

ensemble members. 

1.2.3.3 Micro-climate monitoring 
Continuous microclimate monitoring and analysis for 

the case study sites’ local microclimate parameters 

will be accomplished by means of dedicated 

outdoor microclimate stations and complete weather 

meteorological stations. The goal is to assess the local 

microclimate conditions and phenomena and estimate 

their impact on the built environment, with a focus on 

thermal-energy performance. 

Numerical models of the built environment in the 

test beds will be calibrated and validated by means 

of the data collected 

by dedicated in-situ 

microclimate stations and 

meteorological stations 

located around the case 

study areas. This analysis 

will provide a prediction 

of the local microclimate 

conditions and their impact 

on the built environment 

with specifi c attention to outdoor conditions. 

1.2.3.4 Coastal fl oods and sea level rise 
evaluation methodology 
The approach presented here is an integrated 

methodology for long-term prediction of climate 

changes and their impact on coastal zones, ranging 

from wind alteration to the evaluation of sea wave 

overtopping and run-up. A combination of various 

numerical models for predicting and simulating the 

related natural phenomena will be used to account 

for wave overtopping and wave run-up under extreme 

wave scenarios caused by storm surges. By taking 

advantage of past and future climatic projections of 

wind data, a downscaling approach using numerical 

models can simulate wave propagation from o� shore 

up to the swash zone as well as simulations of wave 

characteristics for the period 1960–2100 in the 

o� shore region. These data are given as boundary 

conditions to further numerical models in order to 

investigate the spatial evolution of the sea wave and 

the hydrodynamic fi eld in intermediate and shallow 

waters. Finally, the estimated sea wave height will be 

used as input to empirical formulas and time-dependent 

wave propagation models to estimate wave run-up and 

wave overtopping. 

1.2.3.5 Anthropogenic pressure modelling 
Anthropogenic pressures will be modelled to estimate 

the impact of air pollution on cultural heritage sites as 

well as local increases in air temperature, humidity, 

and energy needs from the grid. Historical and sensed 

data in close proximity to each test bed will be used 

to assess the current and future situation. In particular, 

very high resolution (down to 3 m) modelling will assess 

air pollution at the local scale and its e� ects on building 

façades, monuments and statues. The combination 

of regional- and local-scale tools accounts for the 

contribution of both local sources and distant sources 

(tra�  c, airports, industry and agriculture) to air pollution. 

The CHIMERE and FARM models will provide a regional 

reactive transport and dispersion model for primary and 

secondary air pollutants. The regional scale modelling 

tools are built around nested 

versions of the CHIMERE 

or FARM models, taking 

into account atmospheric 

emissions and their 

interactions to produce high 

resolution (e.g., 3 km x 3 km) 

maps of air pollutants on the 

target domain. 

The local scale parallel micro SWIFT spray model 

(PMSS) dispersion model will produce high resolution 

(e.g., 1 m x 1 m) results for the urban micro-scale fl ow 

and air quality related to pollutant concentrations 

and deposition on buildings. Air quality model scores 

from available measurement data are being computed 

for all sites. 

Aerosol optical thickness (AOT) measured by the 

Moderate Resolution Imaging Spectroradiometer 

(MODIS) will identify air pollution concentration and 

estimate other parameters, such as the concentration 

of ground-level ozone O3, NO2 and SO2, to identify 

degradation factors for the materials. 

By combining future projections with gathered historical 

datasets and series, it is possible to describe the 

present and future exposure of heritage values to the 

main climatic parameters (wind, atmospheric moisture 

change, and temperature) and their associated impacts. 

By combining future projections with gathered 

historical datasets and series, it is possible to 

describe the present and future exposure of 

heritage values to the main climatic parameters 

(wind, atmospheric moisture change, and 

temperature) and their associated impacts. 
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In Gubbio, data from already installed local 

meteorological stations are used. In order to limit gaps 

in data coverage at the Crete sites, metrological stations 

will be installed at the Koules and Knossos sites. The 

collected and measured data will assist in performing 

statistical fi tting and nudging of the mesoscale data, 

with the aim of minimising the computational error, and 

will provide a good estimate of the local current climatic 

conditions for all the test beds. 

1.2.3.6 Structural analysis 
Structural analysis and monitoring of the test beds will 

be performed to assess the vulnerability of cultural 

heritage elements and their ability to withstand climate 

change related events. These activities will start with 

the collection of information about the structures’ 

resisting systems, such as geometric data and type 

and quality of structural materials. Remote sensing 

technologies will be used to map areas of structural 

interest, such as structural displacements, allowing 

us to monitor the evolution of typical patterns that 

could lead to structural failure (e.g., overturning of 

structural elements), as well as to assess the structural 

state after exposure to climate change related events. 

Mathematical fi nite element (FE) structural models will 

be developed, and the detailed information from in-situ 

measurements (GPR) will be used to build and improve 

such models so that they can predict structural status. 

Information retrieved by remote and in-situ sensing 

data (such as displacements) will be used as input 

data to refi ne the structural modelling. A synergistic 

combination of global and local monitoring/diagnostics 

technologies (e.g., vibration-based and ground 

penetrating radar), including information provided by 

smart strain-sensing materials, will be used to establish 

a rapid post-disaster structural condition assessment 

methodology for cultural heritage buildings and historic 

sites. Several techniques, including PSP-IFSAR and 

SAR tomography methodologies based on X-band 

satellite radar images, will be used to analyse structural 

displacement ground deformation in areas close to the 

site of interest as possible sources of hazards. 

Multivariate statistical techniques will permit us to 

detect changes in structural behaviour in the form 

of anomalies in monitoring data, such as anomalies 

in the time series of continuously identifi ed natural 

frequencies of vibration of the structure, or the time 

series of displacements or crack amplitudes. These 

methods are based on continuous monitoring of 

structural static and dynamic response parameters, 

using in-situ contact sensors, such as accelerometers, 

LVDTs and inclinometers, and dedicated data 

acquisition platforms. 

The use of fi nite element (FE) models for structural 

simulations will require a geometrical description 

of the object studied, mechanical information 

about constituent materials and information on 

loading conditions. The model will produce output 

information on structural static (e.g., reaction forces, 

internal stresses and strains) and kinematic fi elds 

(e.g., displacements, rotations) and a prediction of 

structural behaviour in static and dynamic conditions 

and the associated material degradation. 

Structural monitoring will be implemented with in-situ 

sensors, such as accelerometers, and inclinometers, 

and dedicated data acquisition platforms. Those data 

will be external to the HERACLES platform and will be 

used to detect changes in structural behaviour. Detailed 

information about the test beds will be preliminary, 

acquired to determine the feasibility of installing 

permanent and temporary monitoring stations. Other 

information, such as environmental parameter profi les 

with varying weather boundary conditions and position 

within the case study areas (including air temperature, 

relative humidity, solar radiation, air velocity, VOC, 

carbon dioxide, etc.) will also be acquired. 

1.2.3.7 Materials degradation assessment 
methodologies 
The methodological approach for monitoring materials 

degradation will start with a careful study of the cultural 

heritage asset’s historical context and constituent 

materials. The diagnostic phase will include the 

following steps: 

1. Evaluation of strategies to apply to the di� erent 

cultural heritage values and defi nition of an 

analytical protocol. 

2. Diagnostic studies through non- or minimally 

invasive in-situ techniques (spectral imaging, 

coherent light metrology, Raman, XRD, XRF, etc.). 

Portable instrumentation based on optical and laser 

spectroscopic analysis (LIBS, Raman, multispectral 

imaging) will provide fast, reliable in-situ analysis 

and monitoring of the weathering of the areas 

of interest. This fi rst, non-invasive approach will 

provide a preliminary assessment of the criticality 

of the monument’s state and will drive the next step, 

detailed laboratory studies. 

3. Laboratory studies will characterise the structural, 

morphological, chemical and physical properties 

of the materials. These ex-situ analyses will be 

focused on identifying the di� erent materials under 

study and determining their alteration/deformation 

problems by using high-resolution sophisticated 
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measurements, including laser breakdown 

spectroscopy (LIBS), Raman spectroscopy, 

surface enhanced Raman spectroscopy (SERS), 

laser-induced fl uorescence spectroscopy (LIFS), 

non-linear and ultra-pulse imaging and microscopy, 

X-ray fl uorescence (XRF), X-ray di� raction (XRD), 

X-ray photoelectron spectroscopy (XPS), focussed 

ion beam scanning electron microscopy (FIB-SEM), 

confocal laser scanning microscopy (CLSM), atomic 

force microscopy (AFM), Fourier transform infrared 

spectroscopy (FTIR), thermogravimetric analysis 

di� erential scanning calorimetry (DSC-TGA), 

UV-Vis-NIR spectroscopy (in transmittance and 

refl ectance modes) and spectroscopic ellipsometry, 

porosimetry (Archimedes) and helium picnometry, 

rheology (fl ow curves), compression tests, fl exural 

tests, determination of elastic moduli, determination 

of stress-strain curves, tensile tests, ductility tests, 

thermal expansion coe�  cients, slump/fl ow tests for 

workability and other mechanical and thermal tests. 

1.2.4. Climate hazard indicators 

The climate hazard analysis focuses on the critical 

climate hazard events, such as diurnal and seasonal 

extreme events, landslides and fl oods, coastal fl ooding, 

and wind. Each is described by an indicator related 

to the physical impact (e.g., magnitude of warm/cold 

period, fl ood extents, minimum discharge, burned area, 

wind speed). As noted earlier, the analysis of climate 

change pressure on cultural heritage assets will be 

based on the EURO-CORDEX modelling initiative 

and will generate regional downscaling (resolution 

~12 km) of IPCC global climate change projections up 

to the year 2100. The climate scenarios for the risk 

analyses will be based on RCP 4.5 (the scenario limiting 

global warming to 2°C) and/or RCP 8.5 (worst case 

scenario). The future climate (after 2050) relative to the 

current climate (before 2020) will be analysed for the 

regions of interest by using the average EUR-11 model 

ensemble members or by selecting two or three EUR-11 

model ensemble members. The model will predict 

precipitation, temperature changes, and extreme 

wind events. Relative sea level rise projections will be 

combined with current extreme value distributions of 

total water levels, then a dynamic inundation approach 

will be applied to generate inundation maps along the 

coastline. For landslide hazards, the analysis will use 

geomorphological data in order to defi ne the indicators. 

All climate hazard indicators will be scaled to a spatial 

grid related to that hazard. 

The return period for each hazard will be estimated as 

the inverse of the expected number of occurrences in a 

year. The estimations for each hazard will be made on 

the basis of a of historical data set, as distinct from the 

theoretical value in an idealised distribution. 

Structural modelling and material degradation will be 

assessed as a function of the exposure variables in 

the risk analysis, which will express the environmental 

impacts. To assess the socioeconomic value, risk 

estimations will consider the value of the cultural 

heritage assets as landmarks and their economical 

value related to tourism revenues. 

1.2.5. Data management and processing 

1.2.5.1. Levels of data organisation 
We take a multipurpose approach to data management, 

combining environmental and socioeconomic data 

to estimate the vulnerability of the test beds. Three 

types of data are used: (1) raw data derived from maps 

and remote sensing products, fi eld observations, 

laboratory analyses and social and economic 

features, (2) analytical data produced by analysing 

and processing the raw data, and (3) thematic data 

generated by interpreting and correlating the raw and 

analytic data. 

In order to analyse large amounts of data in a variety 

of formats, produced by numerous methods and 

with di� erent levels of accuracy, data management 

is organised in four levels (see Figure 2). In level 1, 

data are collected. The database includes raw 

data, typically derived from various sources such 

as maps and orthophoto maps, fi eld observations, 

laboratory analyses and social and economic factors 

(non-spatial attributes). 

In level 2, the data are organised into two categories 

based on the scale of observation. The smaller scale 

focus is suitable for the test bed areas and the single 

elements within them. The socioeconomic value of the 

test bed is also estimated in level 2. 

In level 3, new thematic data and indicators will be 

generated for further analysis. In level 4, applications 

relying on data from levels 1 through 3 are implemented. 
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Figure 2. Levels of data organisation

The di� erent types of data discussed above are 

used to perform a risk analysis workfl ow, as shown in 

Figure 3 below. Hazard (natural and anthropogenic) 

identifi cation drives the selection of data acquisition 

methods and technologies. The acquired data are 

processed and organised in the data handling phase 

(levels 1 and 2). Vulnerability and risk analysis (levels 3 

and 4) are performed during the last stage, as depicted 

in Figure 3.
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Figure 3. Workfl ow for risk analysis

1.2.5.2 Necessary data 
Di� erent kinds of data are necessary for risk analysis. 

The fi rst class includes climatic and meteorological 

data (wind speed and direction, precipitation, air 

temperature, solar radiation, relative humidity); these 

data are needed at regional and local (site) scale. The 

second class is concerned with geomorphological 

data, which can be obtained from digital elevation 

models. Furthermore, geological and hydrogeological 

data are needed: They include geological and 

structural maps, landslide locations and historical 

events. Finally, ground deformation data derived from 

remote sensing, and structural data such as building 

materials, structural design and foundations are also 
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necessary. For the Rocca a Mare (Koules), additional 

data regarding the coastal environment are necessary: 

wave climate, historical extreme storm events, o� shore 

geomorphological data (bathymetry, sea bed materials) 

and sea level variations. 

Socioeconomic risk analysis requires data related to 

tourism revenues for each site, including number of 

days that the sites can be visited, estimation of the 

decrease or increase of these days as a result of climate 

change, number of visits to the sites, ticket prices and 

revenues, the number of businesses related to the sites 

and the number of their employees. 

1.2.5.3 Architecture for data management 
and processing 
Figure 4 below shows the general scheme of the 

HERACLES platform architecture. A crucial element 

in the architecture is the communications bus, the 

backbone for exchanging data between the di� erent 

components of the platform. At the bottom of the 

fi gure is the layer of data from di� erent sources with 

an indication of their acquisition and storage. Online 

sensors and measurement and inspections are 

examples of data sources. The incoming data are stored 

in the storage components on the bottom right; they 

may also be directly consumed by subscribed services. 

A semantic catalogue (centre-left) may be used to 

register and keep track of available sensors. 

Processing services (centre) represent algorithms or 

approaches to preparing the data or computing derived 

results. Models (centre-right) represent computational 

tools that can be used to evaluate risk and make 

predictions, through simulation for example. Results 

from processing services and modules are also stored 

in the storage modules. Visualisation of geo-referenced 

data is supported by a geographic information system. 

User interface, workfl ow management and decision 

support services take advantage of the aforementioned 

components to provide the complete set of expected 

functionalities. 

User Interface

Geographic
Information

System

Data
Source

Communications Bus

Import
Storage

Historic
Data

Knowledge
Base

Ontology

Query and
Storage

Visualise
results and

situation

Messages
and events

Sensor-
registration

R

R
R

R R

R

R

R

R

R

Query and
Storage

Semantic
Catalog

Processing
Service

Decision
Service

Workflow Management System
(Process Execution and Rule Engine)

Model

Figure 4. Data management and processing components in the HERACLES platform
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1.3. The state of the art for technologies of interest to HERACLES 

A multitasking approach was used to provide an overview of the state of the art of the sensing, monitoring, 

diagnostic, analytical and ICT technologies in this fi eld and to evaluate the role of HERACLES in this framework, as 

shown schematically in Figure 5 below. These tasks included the following: 

1. A literature survey of the scientifi c methodological 

concepts and research related to the techniques and 

instruments available in the cultural heritage fi eld 

2. An investigation of ongoing and recent European 

and national projects as well as European and 

national technological platforms 

3. A questionnaire developed for this purpose and 

circulated among the end users and stakeholders 

involved in cultural heritage protection 

and management 

Monitoring
strategies and
modelling tools

Resilience & protection
against climate change

IMPACT ON THE MONUMENT

EU PROJECTS
HERACLES SURVEY

STATE-OF-THE-ART
ON METHODOLOGIES & INSTRUMENTS

NATIONAL
PROJECTS

CURRENT SITUATION
FROM QUESTIONNAIRE

Materials,
technologies, and

procedures for
the conservation

What is
available

How often
it is used

Remote
sensing
satellites

Environmental
sensors &
monitoring

In-situ monitoring
of structural

health

Italian,
Austrian,
French,
Greek,

Portuguese,
Spanish

In-situ diagnosis
of materials/

surfaces
Ex-situ

material analsys ICT

Limitations
for wide
use and

implementation

Future plans
and

financial
restrictions

ICT

Figure 5. The survey approach
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The aim was to gain a 

clear understanding of 

what is missing and to 

identify the HERACLES 

project’s contribution in 

this scenario. 

The fi elds where the 

research e� ort was focused, schematically, are: 

 � Monitoring activities 

 � Infrastructures 

 � Climate change e� ects defi nition 

 � Research on materials for conservation/restoration 

 � Policies 

 � Risk assessment procedures/methodologies 

Many important topics were addressed in this 

framework, but the need remains to integrate all these 

e� orts in a multidisciplinary and holistic approach — 

one that goes from the defi nition of the problem to the 

solution, from the suggestion of a practical solution 

to its implementation. In short, we need an e� ective 

management tool for cost-e� ective maintenance and 

restoration of cultural heritage assets that also takes 

into account their social and economic value. 

This is exactly the philosophy and vision that 

HERACLES project proposes: An integrated strategy 

is essential for responsive actions directed to the 

protection, safe-guarding and conservation of a 

cultural heritage asset. 

The questionnaire 

clearly indicated 

the need to improve 

awareness and 

acceptance of 

the HERACLES 

technological approach 

among end users and society at large. In particular, it 

highlighted the need for training activities for cultural 

heritage end users and stakeholders (Ephorate, 

superintendents, municipalities, etc.) to enable 

them to adopt and use the sensing system, portable 

instruments, ICT technologies and ex-situ analytical 

methodologies. 

The gaps highlighted by the surveys and the 

questionnaire can and must be fi lled by the HERACLES 

project’s holistic approach, and the HERACLES project’s 

aim is to play a key role in cultural heritage remediation 

against climate and weathering e� ects. 

The main challenge of the multidisciplinary approach 

was, and still is, setting up a common language among 

the scientists, conservators/restorers, social experts 

and end users to allow clear and shared defi nitions 

and the implementation of useful and shared solutions. 

This common language will, we hope, be adopted by 

the end users/stakeholders throughout the project 

and beyond.

This is exactly the philosophy and vision that 

HERACLES project proposes: An integrated 

strategy is essential for responsive actions directed 

to the protection, safe-guarding and conservation 

of a cultural heritage asset. 
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II. ANALYTICAL TOOLS: FROM SATELLITES 
TO MILESTONES

2.1. Approaches to correlation and integration of sensing technologies

2.1.1. Overview of correlation strategies 

A correlation strategy aims to maximise the level of 

information content about a quantity (in our case, a site 

of interest). It is achieved by integrating the observation 

and processing of data coming from various sources. 

In our case, the aim was to use, in an integrated way, 

the available models and data to enable the fi nal user 

to achieve a deeper knowledge of the status and risk 

a� ecting a cultural heritage site, in order to improve 

its resilience. In the HERACLES project, the aim is to 

integrate the information obtained as output from each 

model with the data collected by remote sensing and 

in-situ surveys. 

In this document, we focus on two scenarios: 

 � Structural stability scenario (short-term risk) 

 � Climate change scenario (long-term risk) 

The main correlation strategies and results 

achieved for the two scenarios are described in 

the following paragraphs. 

2.1.2. Structural stability scenario

Instability is generally defi ned as a change in the 

geometry of a structure or structural component under 

compression, resulting in a loss of ability to resist 

loading. Instability can lead to catastrophic failure and 

can be considered a strength-related limit state. 

The defi nition of the level of stability of a cultural 

heritage asset is a complex task that can be achieved 

only by combining and correlating a wide range of 

information and observations coming from di� erent 

sources. The stability of a cultural heritage asset 

is a� ected by a large number of endogenous and 

exogenous factors, such as its structural status, its 

exposure to climatic and other kinds of hazards, and 

the impact of force (such as, for instance, wave action). 

Our e� ort focused on investigating the correlation 

between structural stability conditions and climatic 

parameters, such as temperature and humidity, to fi nd 

a simplifi ed way to depict the related trends. 

It is clearly important to have available a wide range of 

information to assess the stability issues of the cultural 

heritage assets and surrounding territory. First, the data 

available at the project test beds were categorised, 

and then the main potential correlations among 

these data were analysed to investigate and defi ne 

general guidelines. 

The data of concern for the present analysis are 

listed below: 

 � Data about displacements from DIFSAR analysis, 

based on remote sensing synthetic aperture radar 

(SAR) data 

 � Data about displacements achieved by 

in-situ sensors 

 � Geomorphological maps 

 � Time-to-failure model output 

 � 3D detailed models of the project’s test beds created 

from unmanned aerial vehicles (UAV) and terrestrial 

laser scanner (TLS) surveys 

 � Outputs of FEM models for structural assessment 

 � Climatic and microclimatic data from public networks 

and from in-situ dedicated sensors 

 � Data on displacement of the armouring on the 

coastal site (for Koules) 

On the basis of the above mentioned data and models, 

the team created the overall correlation strategy 

framework shown in Figure 6. 
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FEM
models for
structural

assessment

In-situ surveys for
site and structure

Geomorphology
of coastline

Climate modelling
at large scale

Micro-climate
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Evaluation/prediction of the structural stability

Energy model
calibration

Past wave events

Environmental
data

3D models
for the structure

Geomorphological
modelling DIFSAR analysis Inverse velocity

model

Figure 6. Correlation strategy for structural stability

The colour of the boxes in Figure 6 indicates the 

correlation level. The meaning of the di� erent levels 

of processing and correlation/integration of data is 

shown in Figure 7. 

Level 1 is the elementary information necessary for 

subsequent levels. This information is the result of the 

processing/measurements of single techniques, such 

as DIFSAR analysis. 

Level 2 is the fi rst degree of correlation: the correlation 

between the results of di� erent and heterogeneous 

sensing techniques to produce data that is more 

complete and informative than that produced by 

a single technique. 

Level 3 correlates the integrated measurement 

information from level 2 with the results of modelling 

to enable forecasting. 

Level 4 is the ultimate correlation/integration level, 

where the integrated measurement/modelling 

information of level 3 is combined with a feedback 

loop and used to better constrain the modelling and 

correlation of other blocks. The ultimate result is a 

holistic view of the entire system. 
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Level 1 Elementary information building blocks: 
Correlation can be at this level also.

Information from Level 1 is correlated at this level.

Information from Level 2 can be correlated at this level 
for an integrated modelling.

Information from Level 3 can be correlated at this level for
holistic modelling. At this level, a feedback loop could be
activated, where the results of the Level 3 blocks are used
to constrain the other blocks.

Level 2

Level 3

Level 4

Figure 7. Levels in the correlation strategy for the structural stability scenario

2.1.3. Climate change scenario 

The structural stability behaviour of a cultural heritage 

asset is strongly infl uenced by the climatic conditions 

of its environment. This means that modelling climate 

change related 

phenomena, in the 

near and long term, 

can provide data useful 

for predicting possible 

negative e� ects and 

for planning preventive 

actions to improve the resilience of cultural heritage 

assets. Long-term forecasting is particularly important 

in order to evaluate phenomena related to rising 

temperatures, mainly due to the greenhouse e� ect. 

Climate change modelling also takes into consideration 

precipitation trends, which particularly a� ect the cultural 

heritage assets exposed to landslides and subsidence 

phenomena. Rain and wind are responsible for most 

surface degradation of historical buildings, which in turn 

can also a� ect the structural stability of the monument, 

including weathering of the constituent materials. 

A further danger for cultural heritage assets is their 

exposure to the continuous aggression of pollutant 

agents, the e� ects of which can be exacerbated by 

climate change phenomena. The main sources of 

pollution are generally known, and in most cases 

(such as industrial sources), there are public registries 

containing relevant information about the location of 

pollution sources and the nature of pollutants released 

into the atmosphere. The action of pollution on exposed 

surfaces generally causes superfi cial or even deeper 

damage to the chemical composition of the building 

materials and thus the whole structural stability of 

the asset. 

In several cases, 

exposed and vulnerable 

cultural heritage assets 

are monitored by 

dedicated sensors able 

to monitor the level 

of pollution and the 

composition of pollutants; however, most of the cultural 

heritage assets in Europe do not have these sensors. 

Even with in-situ monitoring, however, it is not easy to 

simulate the future trends of pollution impact. 

It is evident that an exact knowledge of the quality 

and quantity of the pollutants a� ecting a cultural 

heritage artefact is very important both for planning 

maintenance and restoration actions and for urban 

planning (i.e., defi nition of vehicular paths, planning 

of pedestrian areas and so on). In the framework of 

the climate analysis scenario, our plan is to model the 

air pollution dispersion in the di� erent environmental 

conditions at the project’s test beds.

2.1.4. Conclusions 

The integration of data from such heterogeneous 

sources as sensing and modelling tools allows us to 

achieve a more complete and informative vision of the 

behaviour of a cultural heritage asset by improving 

the usefulness and signifi cance of the information 

provided by the HERACLES system to the fi nal user. 

...an exact knowledge of the quality and quantity of 

the pollutants a� ecting a cultural heritage artefact 

is very important both for planning maintenance 

and restoration actions...
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The achievement of this added-value knowledge was 

the main objective of the correlation activities described 

in this document. 

The correlations presented in this section have 

demonstrated how the e� ectiveness of a single model 

can be enhanced through the integration of its output 

with the results of other models logically correlated to 

it. In addition, we have pointed out the importance of 

reliable and e� ective processing of data for subsequent 

correlation/integration stages.

In order to evaluate the resilience of cultural heritage 

assets to exogenous factors, such as climate, 

geomorphology, ground displacements or pollution, 

it is of primary importance to achieve complete 

knowledge of all the contexts infl uencing this resilience 

capability. Resilience is the result of a combination of 

endogenous and exogenous factors, and correlating 

these factors allows for an improved ability to predict 

possible disruptive phenomena and to plan suitable 

preventive actions. 

The results have testifi ed to the need to perform more 

complex analyses of the interactions between data from 

various sources — a key factor in achieving a complete 

knowledge of the cultural heritage asset and defi ning 

the right conservation strategies. 

It is worth noting that the results of our work have 

shown that monitoring of a cultural heritage asset is 

possible even without large-scale funding. Remote 

sensing methodologies combined with other available 

sets of data, such as public climatic data and in-situ 

measurements, can provide continuous information 

on the cultural heritage asset’s general status. This 

information can be improved by combining the sensed 

data with modelling outcomes to provide a signifi cant 

tool for the stakeholders responsible for monitoring 

large areas of their territory.

2.2. Integrating socio-economic factors into risk analysis 

The HERACLES socioeconomic impact modelling 

process starts with identifying the environmental 

characteristics of each test bed, using 

geomorphological, climatic and structural site 

modelling, and considering the exposure of each site 

and the planned mitigation actions. It also entails the 

identifi cation of societal activities that are related to 

cultural heritage. The scope of this report is to set a 

baseline methodology for estimating the socioeconomic 

risks that cultural heritage sites face in response 

to natural hazards due to changes in the climatic 

parameters/conditions. 

The socioeconomic risk model is based on a broad 

meta-analysis of academic and grey literature about 

the integration of climate change, cultural heritage 

and socio-economic factors into risk analyses. The 

model is built on the logic models currently used in risk 

assessment and mechanistic models. Its development 

culminates in an integration of regional policy options 

and measures with the corresponding science-policy-

regulatory-business nexus. 

The socioeconomic risk analysis also relates the climate 

change hazard impact to the tourism use of each site, 

which strongly impacts the local economies. Our goal 

was to defi ne the climate change and tourism variables 

to be used in this socioeconomic risk analysis. 

Bearing in mind that HERACLES deals with climate 

change and cultural heritage, a survey of conceptual 

and methodological avenues for integrating specifi c 

case studies on heritage in the broader framework of 

the debate on the Anthropocene epoch, as well as a 

review of the recent literature and debates on the role 

of archaeology, archaeological and heritage sites as 

part of a common human heritage, was carried out. 

Attention was paid to the perceived division of natural 

and cultural heritage, and particular attention to new 

ontological approaches that stress both the implications 

of culture for nature and how the present choices for 

taking care of past cultural signs may change our legacy 

for the future. The call for a new concept of heritage, 

in which monuments as well as landscapes are active 

factors in creating a sense of history, is important not 

only from a scientifi c and academic perspective, but 

also as part of a more sensitive and e�  cient way to 

link cultural heritage and tourism by an integrated 

perspective. This line of work is strictly correlated with 

the dissemination agenda of the project, as well as 

its ability to support decision-makers and to increase 

public awareness of a more comprehensive approach to 

heritage preservation. In addition, a search for possible 

methods of monitoring and accessing socioeconomic 

impacts was made using the Delphi method.

2.2.1. Analysis of the socio-economic value 
of cultural heritage

In socioeconomic terms, cultural heritage sites provide 

a range of both market and non-market benefi ts to 

society, some of which are related to non-use values 

and others to use values. Nonmarket benefi ts often 

play a signifi cant role in conservation, which requires 

socioeconomic risk assessment. 
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Analysis of the HERACLES test sites revealed that the 

direct socioeconomic value of each cultural heritage 

site under study depends crucially on expectations 

about the number of tourists and on the site’s pricing 

strategy. The indirect socioeconomic value of each 

cultural heritage site depends on tourists’ average 

length of stay and daily spending. This provides 

opportunities for policy interventions to conserve 

cultural heritage sites and promote their non-market 

cultural value. In order to do this, protection measures 

need to ensure the integrity of cultural heritage against 

the impact of climate change. 

That di� erent types 

of protection and 

conservation measures 

can, in a best-case 

scenario, lead to market and non-market benefi ts does 

not lead automatically to their implementation. Instead, 

these values should be compared to the opportunity 

costs of conservation, looser restrictions, and so 

on. Addressing this question requires that decision-

makers understand and assess the inevitable trade-

o� s between competing goals. The most common 

trade-o� s are between the values associated with 

conservation and development. The choices made by 

decision-makers and land managers can signifi cantly 

a� ect both the type and magnitude of value generated. 

Trade-o� s are also present when addressing welfare 

impacts at di� erent levels of the economy. Benefi ts may 

accrue to one group, but have a cost for another group. 

The suggested framework for addressing the trade-

o� s associated with alternative land use decisions is a 

cost-benefi t analysis. 

In addition to non-market benefi ts, the specifi c 

regulations for a protected cultural heritage site can 

also lead to economic impacts at a local level: Jobs 

and income can be created or lost. These economic 

impacts, which provide a complementary rather than 

substitute measure of economic benefi t, provide 

decision-makers with information on how recreational 

users stimulate local economies (tour companies, 

hotels, restaurants, retail trade, etc.) and how this can 

lead to income and job creation. 

These impacts are measured on three levels — direct, 

indirect and induced — and are most evident at the 

local level, whereas non-market benefi ts can be 

experienced further away, even at global scale. 

A strict approach to conservation that focuses on 

site preservation and limits human use may restrict 

the potential for positive local economic impacts, but 

the link is not straightforward. In theory, reducing the 

number of visitors reduces the potential for positive 

impacts like jobs and income creation, although there 

may still be welfare benefi ts from conservation. In 

addition to conservation area characteristics like 

location, scenery and infrastructure, the structure of the 

local economy and leakages to other areas may a� ect 

the realisation of economic impacts. 

The Umbria 2016 Earthquake paradigm shows that 

disasters reduce the number of tourists in an area 

even if the area is not seriously a� ected by the event. 

Reduction in tourism is likely to occur in an area located 

far away from the 

severely damaged area, 

since people may have 

concerns about their 

general safety. 

Another very important factor, which is very di�  cult to 

estimate in depth, is the enormous number of cultural 

heritage sites, monuments, artefacts and assets that 

have been lost due to the e� ects of natural hazards and 

climate change extreme e� ects. This loss has serious 

repercussions on local communities in terms of their 

economy and also in terms of their cultural identity, 

even without considering the worldwide e� ect of the 

destruction of important cultural heritage assets. 

These considerations evidence once more the 

importance of a preventive maintenance and 

conservation plan as well as safety measures to reduce 

damage in extreme events (whether caused by climate 

change or not). 

2.2.2. HERACLES project’s added value

Policy makers need defensible economic approaches 

for measuring values, assessing trade-o� s and 

evaluating policy implications. The tools developed by 

the HERACLES project should help policy makers weigh 

the benefi ts of protecting on the one hand with the 

benefi ts provided by human development/recreational 

use on the other. 

The HERACLES project’s socioeconomic risk analysis 

for cultural heritage sites can provide the ability to 

measure and capture the welfare benefi ts of the 

di� erent actions of conservation and protection. 

Nonmarket evaluation is challenging and resource-

intensive, but it provides valuable information to 

decision-makers to help direct limited public resources 

to issues that matter most to citizens. This information 

can contribute to an e� ective implementation of 

procedures that are already in use by managers today, 

such as public comment periods for conservation 

proposals. For example, information about the value of 

The most common trade-o� s are between the values 

associated with conservation and development.
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resources (and uncertainty surrounding these estimates) 

can provide key input to the debate about what areas 

to manage, how much to protect, how to protect, and 

so on. This is particularly relevant in the current shift 

toward multiple-use management, which requires policy 

makers to comply with the needs of diverse users. The 

HERACLES platform could facilitate an e�  cient analysis 

of benefi ts by evaluating cultural heritage services to 

society, and can help local policy makers and cultural 

heritage managers estimate economic values at stake 

in certain projects. 

This type of empirical study could provide inspiration 

and guidance for conservation and protection and could 

identify and highlight successful restoration cost-benefi t 

analysis. However, the use of such an approach to 

support decision-making is still limited. HERACLES can 

help by highlighting the protection and conservation 

issues related to climate change and by improving the 

methods of measuring the economic impacts of climate 

change in cultural heritage sites. In addition, di� erent 

types of conservation and protection can generate the 

potential for other positive economic impacts, like job 

and income creation. 

The HERACLES approach used in the test beds can 

highlight the benefi ts of an economic impact study 

and demonstrate the importance of this information for 

decision makers. It may also inspire others to perform 

these analyses in a more regular and systematic way. 

Including this analysis in the HERACLES platform would 

provide the approach’s benefi ts to non-experts users. 

An economic impact analysis requires economic models 

that rely on data inputs such as number of visitors to a 

site, where they come from, how much they spend, and 

other travel and recreational use patterns. While such 

information is collected on a local level, the HERACLES 

platform can provide the analysis. 

Threats to heritage assets from climate change and 

natural risks, coupled with governmental budget 

constraints limiting mitigation strategies, increases the 

need for e� ective management tools for cost-e� ective 

maintenance and restoration, taking into account all 

factors, from the socio-economic to the technical. The 

HERACLES project aims at providing new instruments 

to optimise the present management of cultural 

heritage sites.

2.3. Protocols for diagnostic and analytical strategies for structures, materials and weathering states 

2.3.1. Defi nition of the systematic protocol 

The overall holistic approach towards a systematic sensing, diagnostic and analytical strategy for the di� erent 

test beds of the HERACLES project is outlined in the following schematic (Figure 8). 

Satellite/Remote/Close Sensing

MODELS

MITIGATION/PREVENTION ACTIONS

IMPACT ON THE MONUMENT

Define current and future state

PORTABLE/in-situ/
ex-situ techniques/

methodologies

Radar
sensors

Materials
characterisation:

Physico-Chemical,
Mechanical,
Structural 
properties

Design and synthesis
of new tailored materials

Optical
sensors

Multispectal
sensors

Meteorological
(Local)

In-situ sensors

Ground structural
(Local and real-time)

Micro climate
(Local)

HERACLES PLATFORM

Figure 8. HERACLES general protocols approach: sensing, diagnostic and analytical strategies



25

ROADMAP FOR THE PRESERVATION OF HISTORICAL MONUMENTS

Each test bed takes advantage of a multi-scalar strategy 

for assessing and facing di� erent risks, for evaluating 

climate change impact and risks, and for analysing the 

related vulnerability. This strategy exploits sensors and 

techniques/methodologies that examine the cultural 

heritage asset’s surrounding area, building structures 

and constituent materials by means of satellites 

and airborne sensors, in-situ sensors and materials 

characterisation methods. 

Several sensors (satellite, airborne and in-situ) are 

employed to assess the risk context — the structural 

state and the environmental factors a� ecting the 

test beds. These sensors acquire information on the 

structural and environmental conditions around the 

monument, which are then input to the platform. 

At the same time, specifi c information on the physio-

chemical properties of the materials involved are 

acquired through a number of portable (in-situ) and 

laboratory analytical techniques (ex-situ). 

The protocols for the systematic sensing, diagnostic 

and analytical strategy of the HERACLES project are 

developed on the basis of the following critical issues: 

 � Structural condition of the monument/structure, 

which refers to the structural issues/criticalities of the 

monument/assets as a consequence of the identifi ed 

hazards on-site 

 � Material issues, related to the erosion, weathering 

and degradation of materials 

It must be stressed that the use of a single analytical 

technique is not su�  cient to assess the asset’s material 

status and its degradation mechanism. Each technique 

provides information on a particular aspect of the object 

under investigation (physical, chemical, structural, 

mechanical, and so on). The e� ect of the environment 

in activating new phenomena and reactions leads to 

a more complex chemical matrix to be analysed. In 

such situations, the multi-analytical approach, i.e., the 

use of several analytical techniques, is essential. The 

overall HERACLES multi-disciplinary and multi-analytical 

approach is shown in Figure 9. 
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Figure 9. Outline of the HERACLES project’s general protocols approach 
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The overall purpose is to perform a context and site 

analysis together with a risk assessment of the cultural 

heritage asset to support the mitigation actions that 

will counteract the e� ects of weathering, erosion, 

materials and structural degradations associated with 

climate change, plus natural and anthropic hazards. The 

general scheme shown above is tailored to specifi c site 

needs, as discussed in the following sections, based on 

the priorities defi ned by the end user. 

In Figure 9, sensor 

measurements are 

represented by the 

blue blocks on the left. 

Acquired sensor data 

are in most cases input 

for the models (blue 

arrows) represented by the green blocks in the middle 

of the image. These enable the defi nition of context 

and site analysis as well qualitative risk assessment. 

This assessment, addressed in a multi-risk scenario, is 

supported by the material analysis techniques (orange 

block) and leads to the overall evaluation of the hazard’s 

e� ects on the cultural heritage asset (light blue block), 

thus providing useful indications for the defi nition of 

mitigation and conservation actions (grey block). 

More specifi cally, the protocol involves multisource/

multiscale sensing and analytical tools, which include 

remote and in-situ sensing able to gather wide-area 

and very detailed information about the sites of interest 

and the context in which they are located, as well as 

subsurface measurement by local monitoring sensors 

and complemented by techniques and methodologies 

for chemical, mechanical and thermo-physical materials 

characterisation. The fi nal goal is to investigate the 

structural and material degradation induced by the 

natural and anthropic hazards a� ecting the cultural 

heritage assets and associate them with environmental 

factors. For HERACLES test beds’ risks, these climate 

change factors include extreme weather conditions 

and pollution. 

Meteorological factors are part of the weathering, 

erosion and general material degradation. Multispectral 

(MS) satellite sensors are capable of providing current 

and historical information about meteorological 

parameters, e.g., relative humidity (RH), precipitation, 

and so on. These parameters are analysed in parallel 

with measurements collected by local meteorological 

stations. The latter provide direct ground truth about 

environmental factors that complements the output of 

long-term modelling: Such data are useful for assessing 

the local current climatic conditions that a� ect material 

degradation (see the red lines in Figure 9). 

The protocol also considers the weathering 

phenomena a� ecting the test beds due to pollution. 

High-resolution optical/VNIR remote sensing will 

provide key information for anthropogenic pressure/

air quality modelling. Land use maps, DSM, DTM 

and 3D spatial city models (LOD products) extracted 

from optical/VNIR satellites or, depending on data 

availability, from airborne photogrammetry, will also be 

used. Direct historical and current information about 

pollution factors, although on a rough spatial scale, 

will be provided by MS 

satellite measurements. 

Local microclimate 

measurements 

of environmental 

factors (temperature, 

atmospheric pressure, 

solar radiation and pollution), using the light portable 

system developed by UniPG, can provide very high 

resolution information on the scale of the cultural 

heritage asset. 

Coastal risks are considered hazards for monuments 

located close to the sea. For instance, local 

oceanographic measurements are essential for the 

hydrodynamic model aimed at the investigation of 

waves and sea level rise a� ecting the Koules Fortress. 

To evaluate the structural health of cultural heritage 

assets, the protocol uses satellite radar remote 

sensing technology for wide-area surveillance, which 

is particularly useful for identifying possible hazards 

from the area (for instance landslides), as well as in-situ 

measurements using static and dynamic sensors and 

subsurface inspection. The integration of close sensing 

data, providing very detailed information on the scale 

of the monument (for instance, 3D models), can be 

used to create and update numerical structural models 

of the asset under study. These are essential to the 

assessment of the structural health conditions. 

Material analysis techniques for detailed in-situ 

and ex-situ investigation of the material’s chemical, 

mechanical and thermo-physical properties provide 

useful information for the assessment of the current 

state of the material’s weathering, which is essential 

to understand the e� ect of climate change in the long 

term. The analysis performed in-situ and ex-situ on 

the cultural heritage asset will provide elements for 

the evaluation of its conservation status and for the 

necessary mitigation and remediation actions. 

With the large number of materials concerned and the 

variety of critical structural issues and vulnerability 

problems due to climate change, the protocols will be 

carefully fi ne-tuned for each individual situation. 

The fi nal goal is to investigate the structural and 

material degradation induced by the natural 

and anthropic hazards a� ecting the cultural 

heritage assets... 



27

ROADMAP FOR THE PRESERVATION OF HISTORICAL MONUMENTS

2.3.2. Conclusions 

Two factors are important for defi ning protocols related 

to the diagnostic and analysis strategies to be adopted 

in HERACLES for the investigation of the assets of 

interest in the project test beds:

 � End user needs related to the HERACLES testbeds 

have been closely examined, to ensure an 

e� ective approach. 

 � A survey of the methodologies and techniques 

for evaluating the impact of climate change and 

analysing the associated risk and vulnerability 

was also performed. 

Based on end user requirements and on our 

investigations and surveys on-site, one of the key 

elements necessary—to account for di� erent criticalities 

and problems on areas, structures and materials and to 

propose tailored solutions—is adoption of an integrated 

monitoring technologies approach, from wide-area 

surveillance to the individual cultural heritage asset, 

including the surrounding territory. 

Taking into account the di� erent problems evidenced 

in the di� erent test beds, the more suitable techniques 

for assessing the environmental/structures/materials 

status have been identifi ed and selected. HERACLES 

diagnostic and monitoring tools are characterised 

by a large number of sensors operating at di� erent 

scales, with multi-depth capabilities and tailored to the 

measurement of di� erent parameters, in combination 

with materials analysis. 

Structural and material degradation issues are of 

primary importance for the project test beds. A 

general protocol was developed for using sensors 

and techniques to identify risks for each cultural 

heritage asset: the medieval walls and Consoli Palace 

in Gubbio, and the Venetian fortress (Koules) and 

Knossos Palace in Heraklion. To assure a homogeneous 

approach, the same investigation techniques were 

used in each di� erent area. 

The protocols discussed in the present document 

should be considered guidelines to be further assessed 

and refi ned at a later stage. The subsequent refi nement 

will also be benefi cial for the exportability and 

generalisation of the operational procedures related 

to the risk management connected to other cultural 

heritage assets.

To underline the potential transition from local to global 

dimension and applicability, Figure 10 below shows the 

‘GLOCAL’ HERACLES approach, which guarantees an 

up-to-date situation assessment and provides a preview 

of climate change e� ects on di� erent time and spatial 

scales. This approach will be a suitable supporting tool 

for prioritising decisions and planning the actions for 

regular maintenance and prevention. 

Satellite & airborne data

VHR & HR radar data

Structural surveys

Material analysis

Air pollution (PM, GHG)

E�ects Causes

Climate events (precipitation,
temperature, humidity)

assessment

Historical data
Optical & multi-spectral data

Local monitoring

Awareness and forecast of the e�ects

Identification of critical areas

Info correlation

Figure 10. The ‘GLOCAL’ HERACLES approach
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2.4. In-situ diagnostic protocol for quick assessment and monitoring of weathering and its progress 

2.4.1. The quick assessment concept 

Quick assessment (QA) is a fast investigation 

methodology able to provide information and data 

useful for highlighting possible critical issues, in order to 

plan and prioritise actions to meet the real needs. 

The quick assessment is a well-recognised concept 

in civil engineering. Its main aim is to acquire 

information — particularly on construction details, 

material degradation and damage types — to support 

a more detailed evaluation of vulnerability using 

sophisticated numerical models. Quick assessment 

allows us to assess whether structural parameters are 

in the expected range and to provide insights that may 

help in the interpretation of more sophisticated analysis. 

This methodology is used to acquire information about 

civil infrastructure not only during ordinary conditions 

but also after crisis events. A large amount of literature 

is available on the use of quick assessment, particularly 

with respect to the damage after seismic events. 

The concept of quick assessment may be extend to 

the cultural heritage fi eld, in particular with respect 

to seismic vulnerability. One of the innovations of the 

HERACLES project is using the quick assessment 

technique to assess the long-term e� ects of climate 

change, which can be detrimental and dangerous. 

A fast analysis requires the use of in-situ technologies 

that are simple to use, acquire data quickly and provide 

ready-to-use results. 

The techniques/methodologies included in the 

QA protocol can be chosen and tailored to fi t specifi c 

needs, guaranteeing fl exibility and general applicability.

2.4.2. Defi nition of the systematic protocol 

The systematic protocol related to the diagnostic and 

analytical strategies for each di� erent cultural heritage 

asset, to be studied on the basis of the di� erent 

structures, materials and weathering states, was the 

subject of other sections. This section, however, refers 

specifi cally to the use of in-situ diagnostic techniques 

for the quick assessment of the weathering state: the 

portable instruments and sensors to be installed and 

used in-situ to monitor specifi c weathering processes 

or environmental and weathering events, which enable 

fast response and diagnostic procedures resulting in 

responsive actions. 

Figure 11 shows the general protocol modifi ed to include 

quick assessment analytical strategies using in-situ 

diagnostic tools (indicated by the red borders). 

Satellite Sensors

MODELS

MITIGATION ACTIONS

IMPACT ON THE MONUMENT

Define current and future state

Portable
instruments

Radar
sensors

Materials
characterisation:
Physico-chemical
and mechanical

properties

Design and synthesis
of new tailored materials

Optical
sensors

Multispectal
sensors

Meteorological &
oceanographic

(Local)

In-situ sensors

Ground structural
(Local and real-time)

Micro climate
(Local)

HERACLES PLATFORM

Figure 11. Sensing, diagnostic and analytical strategies for quick assessment 
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As shown in Figure 11, the main features of the in-situ 

quick assessment protocols are: 

 � The use of in-situ sensors to measure meteorological 

and micro-climate data (on the right) 

 � The use of in-situ sensors to acquire local, real-

time information on the ground structural state 

(on the right) 

 � The use of portable instruments to determine and 

characterise materials and their degradation state 

and evolution (on the left) 

The in-situ quick assessment diagnostic protocol has 

been used in the HERACLES test beds for: 

 � Quick assessment of the structural integrity/condition 

of the Gubbio test bed assets to identify structural 

issues and risk 

 � Quick assessment and monitoring of material 

degradation, mainly due to erosion, weathering and 

degradation of the original or restoration materials, 

in the two test beds in Heraklion 

 � Quick assessment of the microclimate dynamic 

monitoring and material mechanical characterisation 

in all HERACLES test beds 

The decision to consider di� erent quick assessment 

protocols for the di� erent HERACLES test beds is 

clearly driven by the diversity of the test beds’ features 

(location, type of monuments, local environmental 

conditions, etc.) and the risks a� ecting each site. The 

defi nition of the protocol is also a trade-o�  between 

the possible higher costs associated with surveys 

using nonstandard technologies and the advantages 

of gaining additional information about the status of the 

site. Clearly, each protocol defi nition will depend on the 

peculiarities of the site. 

2.4.3. Outline of the suggested QA protocol 

The in-situ diagnostic protocol for quick assessment 

and monitoring of the weathering state and its 

progress in areas of interest for the studied test beds 

is outlined below: 

1. Determine the objectives of the in-situ diagnostic 

and analytical strategy and user needs, focusing 

on the quick assessment and evaluation of the 

structural condition and the weathering state of the 

materials involved. 

2. Select zones and elements of signifi cance: the areas 

and the elements of the monument where the in-situ 

protocol will be applied. 

3. Outline the sensing, diagnostic and analytical 

strategies.

2.4.4. Systematic in-situ diagnostic protocol 
for quick assessment and monitoring: Gubbio 

The criticalities a� ecting the two test sites in 

Gubbio have been briefl y described in the previous 

sections and the methodologies suggested for their 

quick assessment.

Figures 12 and 13 give a schematic representation of the 

in-situ diagnostic protocol for quick assessment of the 

weathering state of the town wall and Consoli Palace 

in Gubbio, outlining the methodology suggested for a 

quick screening of the weathering state, using portable 

instruments and in-situ sensors at the monument. 

The defi nition of the protocol is ... a trade-o�  

between the possible higher costs ... and the 

advantages of gaining additional information...
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In the case of the town walls, the data coming from 

the geophysical techniques combined with the 

inclinometers are input data for geomorphological 

modelling. The same is true for the Consoli Palace, 

where two types of in-situ techniques for structural 

surveys (GPR and static and dynamic monitoring of 

the structures with LVDT and accellerometers) provide 

important data for the structural modelling to assess the 

vulnerability of the building.

2.4.5. Systematic in-situ diagnostic protocol for 
quick assessment and monitoring: Heraklion 

The criticalities a� ecting the two monuments in 

Crete — the Venetian sea fortress of Koules and the 

archaeological site of Knossos — have been briefl y 

described In the previous sections and methodologies 

suggested for their quick assessment. 

In addition to the sensing technologies described 

above, the two protocols depicted in Figures 14 and 15 

below show how the quick assessment is an important 

tool, providing input to feed models for a detailed and 

reliable analysis. 

Figure 14 shows a schematic representation of the 

in-situ diagnostic protocol for quick assessment of 

the weathering state of the sea fortress of Koules in 

Heraklion, outlining the methodology suggested for a 

quick screening of the sites preservation state using 

portable instruments and in-situ sensors. 
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Figure 14. Schematic QA protocol fl ow view for Heraklion, sea fortress of Koules

Similarly, Figure 15 gives a schematic representation 

of the in-situ diagnostic protocol for quick assessment 

of the weathering state of the archaeological site 

of Knossos in Heraklion, outlining the methodology 

suggested for a quick screening of the site’s 

preservation state using portable instruments and 

in-situ sensors.
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Figure 15. Schematic QA protocol fl ow view for Heraklion, Knossos

2.4.6. Conclusions

This section outlined the protocols related to 

in-situ diagnostic and analysis strategies adopted 

in HERACLES, especially the quick assessment 

and monitoring of the asset’s weathering state 

and evolution. 

 � End user requirements related to the HERACLES 

test beds, and specifi cally those issues that will 

be approached using in-situ sensors and portable 

instruments, have been examined. 

 � Since a quick assessment is the goal, the focus has 

been on quick actions on the main critical issues 

a� ecting the di� erent sites. 

 � In-situ sensors for structural surveys (geophysical 

and pointwise), microclimate dynamic monitoring, 

sea-wave monitoring and portable instrumentation 

for material analysis, were briefl y discussed. Their 

role in the quick assessment of structural health, 

environmental conditions and weathering state 

and evolution of the studied test bed is important, 

since these sensors allow for screening on-site, 

and being easily transported and/or installed on-site, 

either permanently or during specifi c and planned 

measurement periods, or after extreme climate 

change events which endanger the monuments. 

 � Finally, a suggested actions protocol for an e� ective 

QA assessment has been proposed and discussed. 

In the HERACLES project, in-situ sensors are used 

to feed the platform with localised and real-time or 

periodic data. These sensors, in combination with 

the ex-situ analytical instruments, allow a holistic 

approach to the test bed’s condition and the factors 

and mechanisms that contribute to its deterioration. 

Structural in-situ sensors provide valuable information 

about the monument’s integrity, while portable 

material analysis instruments evaluate the condition 

of the materials and the extent of their pathologies. 

In addition, in-situ meteorological stations and 

microclimate sensors contribute to the defi nition 

of the deterioration factors for both structural and 

materials problems. 
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Structural and material degradation issues are of 

primary importance for the HERACLES test beds. A 

tailored protocol for each test bed, with an indication 

of the suitable sensors and techniques, was provided. 

Above all, it has to be underlined that the protocols 

developed are expected not only to address the needs 

of the four HERACLES tests beds, but also to reach a 

level of maturity which will meet the requirements of 

a ‘GLOCAL’ (from local to global) dimension as regards 

the quick assessment and monitoring of structural 

conditions and weathering issues of di� erent cultural 

heritage assets a� ected by climate change.

2.5. Analytical protocol for laboratory analysis to determine materials and their alteration

One of the objectives of the HERACLES project is the defi nition and implementation of specifi c guidelines for 

long-term prevention and maintenance actions, able to account specifi cally for each cultural heritage site’s 

features and the risks a� ecting them, and for the operational procedures for risk management. In this section, 

we outline a protocol for the assessment and characterisation of the material weathering state, which includes 

natural ageing and degradation due to critical climate events or pollution.

2.5.1. Monument materials degradation: anamnesis, diagnosis, and therapy 

The in-depth knowledge of material properties and their weathering behaviour is an important basis for 

developing and planning e� ective and cost-e� ective preservation actions. The well-accepted systematic 

approach to sustainable cultural heritage asset material preservation can be organised into three important 

phases: anamnesis (case history), diagnosis and therapy (see Figure 16).

Anamnesis

Diagnosis

Therapy

• Monument identification
• Location
• Art-historical portrayal
• Case history
• Utilisation
• Environment

• Building materials
• Material properties
• State of deterioration
• Factors and processes of deterioration
• Need/urgency of preservation measures

• Conception
• Calculation
• Test-application
• Execution and control
• Certification of preservation measures
• Long-term observation and maintenance

Figure 16. Sustainable approach to cultural heritage asset materials preservation: anamnesis, diagnosis and therapy
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Anamnesis is followed by the diagnosis. Here, the 

interdisciplinary research of geologists, chemists, 

architects, engineers, and others is required. The 

overall aim of diagnosis is analysis, quantifi cation, 

interpretation and assessment of material deterioration 

and damage rates, by considering weathering factors, 

weathering processes and weathering characteristics 

as well as the material type, the asset’s characteristics 

and the time factor. At the same time, optimisation 

of diagnosis procedures is an important objective. 

A complete and accurate diagnosis, together with 

a correct anamnesis, is the basis of therapeutic and 

preventive preservation measurements, such as 

cleaning, desalination, surface protection, materials 

repair and replacement, sheltering or relocation, etc. 

The methodological approach to diagnosis is shown 

in Figure 17.

Measurements

IN-SITU INVESTIGATION

DIAGNOSIS

EX-SITU (LABORATORY) INVESTIGATION

ANALYSIS OF
PHYSICAL
MATERIAL

PROPERTIES

ANALYSIS OF
MECHANICAL

MATERIAL
PROPERTIES

ANALYSIS OF
CHEMICAL
MATERIAL

PROPERTIES

Sampling Monument
Mapping

Figure 17. Diagnosis investigations

The diagnosis approach, which combines in-situ and 

ex-situ laboratory analysis, is focused on di� erent 

scales of deterioration. Particularly, the in-situ analyses 

are applied to obtain information on visible deterioration 

at mesoscale (from cm to m) and at microscale (from 

mm to cm), while the laboratory (ex-situ) analysis 

provides information at microscale (from mm to cm) 

and at nanoscale (< mm, non-visible deterioration). 

More detailed information concerning physical, 

chemical and mechanical properties can be obtained 

in the laboratory through microscopic analysis. 

The weathering forms are identifi ed with the help 

of ICOMOS-ISCS’s Illustrated Glossary on Stone 
Deterioration Patterns and mapped according to their 

type, intensity, and so on. In-situ sampling is necessary 

for further, more detailed laboratory analysis. The 

samples are collected from deteriorated materials 

(stone, mortars, concrete, etc.) located in problematic 

areas, such as those in close contact with the ground 

or those exposed to weathering factors. Fresh rock 

samples are also collected from the original building 

rocks for comparative analysis. 

The laboratory analyses of the samples can reveal 

detailed and accurate information about the damage 

not visible to the naked eye. It can also confi rm or 

contradict the suppositions and theories formed during 

the in-situ investigations (macroscopic investigations). 

This section focuses on a protocol based on ex-situ 

high-resolution laboratory analysis, which is separate 

from the quick assessment described earlier and 

based on di� erent technologies/methodologies. Other 

activities of HERACLES focus on the development 

of new materials for preservation and conservation 

(see Figure 18). 
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Figure 18. Diagnosis and therapy in HERACLES

Laboratory (ex-situ) materials characterisation is 

performed by means of a multitude of di� erent 

analytical procedures and allows us to assess 

properties such as composition, micro-texture, 

porosity, etc. Therefore, it is crucial to select the 

appropriate method, or combination of methods, 

that ensures the most e� ective approach to 

documenting material degradation issues. 

For an accurate diagnosis, samples of un-weathered 

(original materials), weathered and, eventually, treated 

samples are necessary for laboratory analyses in 

order to: 

 � Characterise and classify the original material 

 � Characterise, quantify and rate the material 

degradation due to weathering 

 � Identify and quantify the weathering products 

 � Characterise and evaluate the remediation and 

preservation treatment 

Sampling of the weathered and/or treated materials at 

a cultural heritage site must be performed carefully to 

minimise any additional damage. However, the number 

and quantity of samples have to ensure that the defi ned 

scientifi c and practical problems can be approached 

systematically. Many analytical techniques need only a 

small amount of material, and in some cases re-use or 

replacement of samples is possible. 

Based on the results obtained from the in-situ 

investigations, in some cases sampling can be selective 

and limited to a minimum level. Precise documentation 

of sampling is also required.

2.5.2. Monument materials degradation: ex-situ 
laboratory high resolution analysis and microscopies 

The general defi nition of high-resolution (i.e., high 

spatial resolution) is ‘having or capable of producing 

an image characterised by fi ne detail’ (2017, http://

www.dictionary.com). However, although this defi nition 

may be satisfactory for fi elds such as photography, 

where scientifi c instruments are concerned a defi nitive 

description of ‘high-resolution’ may be a challenge. 

Thus, the defi nition of ‘nano’ is the basis for ‘high-

resolution’ for the purposes of HERACLES.
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According to the European Commission’s 

Recommendation on the Defi nition of a Nanomaterial 

(2011/696/EU), a nanomaterial is ‘a natural, incidental 

or manufactured material containing particles, in an 

unbound state or as an aggregate or as an agglomerate 

and where, for 50% or more of the particles in the 

number size distribution, one or more external 

dimensions is in the size range 1 nm–100 nm’. Hence, 

‘high-resolution’ techniques are defi ned as those 

capable of giving meaningful information on materials 

of sizes 1 nm–100 nm. 

However, there are several other techniques of 

characterisation, considered ‘bulk’ techniques, which 

cannot be defi ned as ‘high resolution techniques’ 

(e.g., TGA, among others) but can provide very useful 

information in the comprehension of weathering/

degradation mechanisms. Such techniques are included 

in our studies as long as they can provide information 

at the molecular level. 

E� ective restoration and preservation actions require 

a thorough knowledge of the nature and properties of 

the original materials. Although in-situ examination can 

provide information to some extent, in-depth laboratory 

analyses are essential for the full characterisation 

of the original materials and determination of 

the decay mechanisms through the study of the 

degradation products. 

The systematic investigation of material deterioration 

at a cultural heritage site has to consider di� erent 

scales of deterioration. Visible and non-visible 

deterioration can be distinguished. A subdivision of 

material deterioration can be made into nanoscale 

(<mm), microscale (mm to cm), mesoscale (cm to m) and 

macroscale (such as whole façades or buildings). The 

nanoscale corresponds to non-visible deterioration, 

whereas the microscale, mesoscale and macroscale 

refer to visible deterioration. Each scale is assessed by 

appropriate parameters and investigation methods for 

the evaluation of material deterioration. 

Some of the important issues necessary to 

understand include: 

 � The physical and chemical properties of the 

original materials 

 � The extent of water absorption, the water content 

and the source of the water 

 � If salts are present, their composition, distribution, 

source and quantity 

 � Climate conditions a� ecting the weathering state, 

such as air pollution and variations in humidity 

and temperature 

 � The material condition, for example, the weathering 

degree and the rate of deterioration 
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2.5.3. General protocol for laboratory analysis of materials using ex-situ high-resolution analytical techniques 

The overall approach to a systematic analytical strategy for materials characterisation and degradation state 

within the HERACLES Consortium is outlined in Figure 19.

MATERIAL STRUCTURE & TEXTURE

PHYSICAL
PROPERTIES

MATERIAL
COMPOSITION

• Spectrophotometry
UV/Vis/NIR

• FTIR
• XPS
• XRD
• XRF
• LIBS
• μ-Raman

• Laser Scanning
• SEM-EDS
• AFM
• μ-Rama
• NL
• 4D Surface Volume Topography

• TG-DTA/DSC
• ELLIPSOMETRY

Figure 19. HERACLES approach to analytical strategies for materials characterisation

Protocols for assessing material degradation and 

weathering state are developed for each test bed on 

the basis of materials issues. 

It must be stressed that the use of a single analytical 

technique is not su�  cient to identify the materials 

status and degradation 

mechanism. Each 

technique provides 

information only on 

particular aspects 

of the object under 

investigation (i.e., composition structure, micro-texture, 

etc.). The e� ects of the environment, producing new 

phenomena and reactions, lead to a more complex 

chemical matrix to be analysed. In such situations, the 

use of several analytical techniques is essential.

2.5.4. Conclusions 

This section outlined analytical protocols for 

laboratory analysis to characterise materials and their 

weathering state for the HERACLES test beds using 

high resolution techniques and methodologies. An 

overview of the application and use of the techniques 

and methodologies considered in the HERACLES 

project, which is devoted to an accurate analysis of the 

materials and of their degradation state, was presented. 

Finally, the protocols have been outlined, taking into 

account the materials criticalities and the performance 

and applicability of each technique. A general protocol 

has been supplied for addressing the needs of the four 

HERACLES test beds, which shows that it could be of 

more general application. 

In the HERACLES 

project, the information 

and data obtained 

from ex-situ laboratory 

analysis are used to 

feed the platform in order to monitor the materials 

weathering state and to plan appropriate remediation 

and conservation actions. 

The protocols developed can be further assessed 

and improved at a later stage. More specifi cally, they 

must be tested and eventually optimised during the 

demonstration phase and will also be considered in the 

phase related to the development of new materials for 

restoration and remediation purposes. 

It can be underlined, once more, that the use of a 

multi-technique approach is mandatory to achieve 

a complete comprehension of a site’s weathering/

ageing/degradation mechanisms and to fully 

characterise the materials under investigation, which 

confi rms the overall HERACLES multidisciplinary and 

multi-analytical  approach.

...the use of a single analytical technique is not 

su�  cient to identify the materials status and 

degradation mechanism.
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III.  TREATMENTS
3.1. Determination of the degradation state of the studied structures and structural materials 

and proposed solutions 

3.1.1. Summary of proposed solutions for the HERACLES test beds 

This section summarises the proposed solutions to the main types of degradation and issues detected in the 

investigated materials and structures studied in the HERACLES test beds. Table 1 and Table 2 refer to Consoli 

Palace and Gubbio town walls, respectively, while Table 3 and Table 4 refer to Knossos Palace and Koules 

fortress, respectively.

Table 1. Degradation state and proposed solutions for Consoli Palace

DEGRADATION 
TYPE/ISSUE 

PROPOSED
SOLUTION 

Moderate damage 

state (structural cracks) 

caused by dead 

loads and previous 

earthquakes 

The actual damage state and the results of numerical structural analysis suggest 

that the structure is vulnerable to earthquakes and does not meet the safety 

level that would be required for a new building. Structural repair interventions are 

needed, such as injections of mortars with suitable properties for strengthening 

purposes, and installation of additional reinforcements, such as steel rods, 

to prevent the activation of local failure mechanisms.

The evolution over time of the actual damage state needs to be monitored 

to understand the structure’s stability. This can be done through: 

 � Periodic surveys of the cracks and a comparison with those previously 

surveyed and reported

 � Repeated diagnostic tests, such as ambient vibration testing (AVT) and 

comparison of the results with the baseline information previously reported 

 � Analysis of the data provided by a developed and installed long-term structural 

health monitor (SHM) system 

 � Analysis of long-term synthetic aperture radar (SAR) data and systematic cross-

comparison with information provided by the SHM system installed on-site. 

Moderate degradation 

state on main façades 

caused by climate-

related factors 

The detailed survey of the existing degradation conditions on the main façades 

of the building, together with environmental monitoring and thermal analysis 

results, suggests the clear climate-driven nature of most of the active degradation 

mechanisms. Future scenario analysis based on Intergovernmental Panel on 

Climate Change (IPCC) indications suggests the unstable nature of some of these 

mechanisms, which is expected to increase in the future due to changing climate 

conditions. Some of the existing degradation conditions can negatively interact 

with structural damage, as suggested by the cross-comparison of structural and 

environmental analysis results.

We propose restoration and improvements aimed at the environmental protection 

of the main façades of the Consoli Palace, through elimination of the actual 

degradation state and the deployment of suitable protective agents. 

Periodic surveys of the degradation conditions are needed to undertake prompt 

actions as necessary. A thermal energy retrofi t would be useful in improving 

indoor conditions and preventing climate-change-induced degradation of indoor 

materials, including the art and historic masterpieces displayed, that may occur as 

a consequence of climate change. 
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Table 2. Degradation state and proposed solutions for Gubbio town walls

DEGRADATION 
TYPE/ISSUE 

PROPOSED
SOLUTION 

Signifi cant degradation 

state and critical 

conditions due to very 

limited structural safety 

measures taken against 

soil and water thrust 

The interaction between the thrust of accumulated soil and underground water 

results in critical conditions that may easily turn into a local structural collapse 

if an intense rainfall or even a low-intensity earthquake occurs. Excavation of 

the backfi ll material retained by the ancient town walls and construction of 

independent retaining walls or systems is a mandatory and urgent restoration and 

preventive strategy for some parts of the town walls. An integration of SAR analysis 

and wireless static monitoring is proposed as a partial solution for preventive 

conservation of the town walls in order to highlight possible criticalities and 

potentially provide information for prioritising the areas of intervention. It should 

be mentioned, however, that collapses are expected to be quite sudden and 

unpredictable, and such collapses are possible without any warning. 

Localised structural 

failures

We propose reconstruction of partially collapsed portions in such a way as 

to recover the continuity of the structure and the constituent masonry, using 

appropriate materials. 

Lack of connections 

and bonding on top 

of the walls 

Following the restoration works already carried out on the town walls, it is 

necessary to apply new mortars with suitable properties on the top of the walls in 

such a way to cover and protect the masonry underneath, as well as to address 

bonding and safety enhancement of the free stone blocks that are currently not 

properly bonded. 

Erosion of mortar joints We propose repointing masonry, using the mortars developed in the HERACLES 

project, to satisfy aesthetic and protection requirements as well as e� ectively seal 

joints to avoid permeation of water and pollutants. 

Poor mechanical 

properties and 

signifi cant degradation 

of mortars on-site 

In some areas, injection of new mortars with suitable properties, as developed in 

the HERACLES project, is mandatory to improve the mechanical strength of the 

masonry constituting the town walls and to prevent collapse under the action of 

dead loads and water. 

Lack of preservation 

actions in terms of 

vegetation growth 

Local vegetation is not completely cleared from the walls themselves, producing 

di� erential hygro-thermal local behaviour that may cause further damage due to 

water retention, di� erential thermal behaviour and icing-deicing cycles. Vegetation 

should be properly maintained and removed from the walls’ structures. 
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Table 3. Degradation state and proposed solutions for Knossos Palace

DEGRADATION 
TYPE/ISSUE 

PROPOSED
SOLUTION 

Signifi cant degradation 

of some reinforced 

concrete elements, 

including some rebar 

corrosion 

Interventions on deteriorated reinforced concrete elements and iron beams built 

or installed by Sir Arthur Evans at the beginning of the nineteenth century are 

extremely urgent and mandatory. These include: removal of existing rebar covers, 

polishing of existing rebars and removal of rust, treatment of the surface of rebars 

with anti-rust paints or similar chemicals, introduction of new steel reinforcements, 

application of a new concrete rebar cover, and construction of independent support 

structures, made of either reinforced concrete or steel, where needed. 

It is also urgent and mandatory to intervene on the concrete itself using the 

new concrete/cement mortar for structural repairs designed as part of the 

HERACLES project. 

Di� used structural 

damage in some 

masonry elements and 

insu�  cient load-bearing 

capacity of foundations, 

especially in the 

Magazine of Giant Pithoi 

Existing major structural cracks in some areas that were built during the Evans 

excavation require interventions for structural repair and strengthening, such as 

masonry repointing with mortar injections, as designed in the HERACLES project, 

and geotechnical work to improve the load-bearing capacity of foundations, such 

as installation of micro piles. 

Locally over-heated 

areas in non-windy and 

unshaded area 

The local microclimate conditions analysis highlighted wide di� erential 

behaviour within the Knossos Palace site. Such di� erences may be mitigated by 

further shading the overheated insulated areas for both tourists’ wellbeing and 

artwork preservation. 

Degradation of selenite The deterioration of the selenite in the Knossos Palace requires particular attention: 

the ex-situ characterisation, complementing the mechanical test with compositional 

analysis, allowed us to clarify the selenite degradation mechanism due to its 

transformation into gypsum. This transformation can produce important structural 

instability e� ects on the structures and must be taken into account. The use of 

specifi c consolidants developed by the HERACLES project is recommended. 
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Table 4. Degradation state and proposed solutions for Koules fortress

DEGRADATION 
TYPE/ISSUE 

PROPOSED
SOLUTION 

Limited structural 

damage (cracks) caused 

by vertical settling

The observed structural cracks on the Venetian fortress of Koules might be related 

to vertical dead loads or to scouring of foundations by sea waves. Injections of 

mortars of suitable properties might be useful. Periodic analysis of SAR data aiming 

at understanding the stability of the scouring process is recommended as a solution 

for preventive conservation of the fortress.

Surface deterioration 

of sandstone blocks on 

external façades due to 

environmental forces 

Salt and crust 

accumulation due to 

the sea proximity 

The deterioration characterising the external surface of sandstone blocks on the 

fortress needs to be removed and remediated. The use of proper consolidants 

is recommended. 

Seasonal and periodic monitoring of salt accumulations and crust to control and 

check the stone erosion process is a mandatory preventive conservation and 

remediation measure. 

Wind and wave damage Seasonal monitoring of wind and wave e� ects is recommended. In the long term, 

redesigning the breakwater of the monument to reduce direct wave energy and 

sea spray would be quite useful.

3.2. Synthesis and characterisation of each new developed consolidant and binder material system

This section describes designing and developing new materials with physical-chemical characteristics and 

properties as similar as possible to the original ones. These new products should guarantee improved durability 

and reversibility and be environmentally and human friendly. Two classes of materials for the maintenance, 

restoration and conservation of cultural heritage assets were designed and developed by the HERACLES project: 

consolidants, particularly for mineral gypsum, and mortars for historical buildings.

Most published research papers on consolidants are 

focused on the consolidation of carbonate and silicate 

rocks. More recently, some results have been found 

for the consolidation of secondary/rehydrated gypsum 

as plaster, but in any case, no published works deal 

with the consolidation of mineral gypsum (primary 

or selenite). 

Two classes of consolidants were considered and 

studied for consolidating mineral gypsum: 

 � Multifunctional consolidants, which exploit the 

concept of surface coordination chemistry in 

combination with a polymerisable molecular 

unit. They link the structural matching between 

functional moieties of the consolidant molecule 

and the adsorption sites on the gypsum 

crystallographic planes. 

 � Metal phosphonate consolidants, which exploit the 

highly e�  cient binding properties of phosphonates 

for metal ions and their ability to create coordination 

polymers. The generation of a metal phosphonate 

coordination polymer within the pores/cracks 

of the gypsum stone can create a strong 

consolidation e� ect. 

Two di� erent kinds of mortar have also been developed. 

 � A literature survey showed that an ideal cementitious 

mortar material doesn’t exist but in fact, di� erent 

types of materials are required for di� erent 

maintenance/restoration/repair applications. It is 

crucial to evaluate the environmental conditions 

to which the material will be exposed, as well as 

the physical and chemical compatibility of the 

new material with the concrete substrate, before 

making a fi nal selection of the type of material to 

be used. To counteract the degradation of Evans’ 

reinforced concrete used in the Knossos Palace, 

a reo-plastic, polymer-modifi ed, cement mortar, 

containing sulphates-resistant cement binders (SRC) 

and selected sands with controlled granulometry, 

was formulated. 

 � A study of various historical mortars that have 

exhibited a high degree of compatibility with 

traditional natural substrates (e.g., limestone) and 

adequate performance under static and dynamic 

loads establishes the acceptability limits that a 

restoration mortar should meet in terms of chemical 

and physico-mechanical compatibility. The choice 
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of a mortar to be used for maintenance/restoration/

repair has to take into account the characteristics 

of the historical mortar, the characteristics of the 

other building elements (stones and/or bricks) and 

the environmental and deterioration factors that 

the asset will undergo. Another important step 

to be considered is an evaluation of the masonry 

performance through laboratory mechanical and 

ageing tests. 

The new mortars developed in the HERACLES project 

were based on original mortars, so that the new 

mortars are, by composition and chemical physical 

characteristics, similar to and compatible with the 

original ones. The Opus Cementitium (the ancient 

cement used by Romans) was the starting point 

because of its high resistance, stability and durability 

through centuries. 

Inspired by it, the newly 

developed mortars 

combine natural 

hydraulic lime with pure 

pozzolanic materials.

3.2.1. Considerations in new materials development 

The newly developed solutions created in the 

framework of the HERACLES project include 

consolidants for mineral gypsum, a cementitious 

mortar for Evans’s reinforced concrete, used in the fi rst 

restoration intervention in Knossos Palace, and mortars 

for the di� erent criticalities in Gubbio town walls and 

Consoli Palace. 

It is important to underline that in the HERACLES 

project approach, the maintenance and remediation 

options for deteriorated masonry are based on 

consolidation and plastic repair concepts and, 

most important of all, on compatibility. The function 

of consolidants is to re-establish the integrity of 

deteriorated parts or stones by restoring intergranular 

bonds. A stone consolidant must demonstrate the 

required performance in terms of penetration depth, 

compatibility with stone, permeability and moisture 

transfer, appearance and durability. 

The development of new mortars introduces the 

concept of plastic repair. Plastic repair is defi ned as 

a surface repair using new mortars on deteriorated 

masonry materials. The term ‘plastic’ refers to the 

plasticity of the materials in application. 

Plastic repairs and consolidation are often favoured 

for conservation, as they maximise the retention of 

original materials otherwise lost during intervention and 

stone replacement. Plastic repair may o� er reversible 

solutions as well. 

Compatibility and sustainability were factors in the 

design and preparation of the new materials, taking 

into account the peculiarities and the specifi c needs of 

the di� erent test beds. A compatible restoration mortar 

or consolidant does not induce chemical alterations to 

the historical materials, nor does it initiate or intensify 

deterioration phenomena. 

The compatibility assessment between a new 

consolidant or restoration mortar and the stone 

substrate to be treated during the maintenance/

restoration of the 

cultural heritage asset 

is an important step in 

protecting the masonry 

itself, while at the 

same time ensuring 

the sustainability of the 

structure. 

It is important to underline that there is still a lack of 

proven procedures for testing the physical properties 

and durability of mortars and consolidants, especially 

in terms of the long-term behaviour of the repaired 

stone/masonry and protocols to be followed for 

performing durability and aging tests, although these 

are very important when planning preservation and 

remediation actions.

The compatibility assessment between a new 

consolidant or restoration mortar and the stone 

substrate... is an important step in protecting the 

masonry itself...
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3.3. Operational view diagrams

2  Developed by the U.S. Department of Defense.

The operational view diagrams developed in the 

HERACLES project are primarily used to describe the 

main components of the system of interactions between 

end users and the HERACLES Platform (referred to 

here as the Platform). The interactions related to 

disaster prevention, risk mitigation and management for 

adaptation strategies consider longer time periods, up 

to the year 2100. The Platform is based on the globally 

used DoDAF architecture2 adapted to the needs of 

the project.

3.3.1. View diagrams

Three types of view diagrams have been developed 

and used for creation of operational procedures: 

a high-level concept, organisational charts and an 

operational activity model. They capture existing end 

users’ organisational structures and the activities 

needed for achieving the goals of long-term adaptation 

strategies. In this section, only the aspects important 

for the identifi cation of the operational procedures will 

be identifi ed.

3.3.1.1 High-level concept 
The high level concept is a starting point of the system 

description, providing a general overview of the main 

actors and activities. It is used to: 

 � Describe the scope of the system 

 � Identify the interactions of end users with 

the Platform 

 � Defi ne the goals of the organisation 

 � Show main information exchange channels 

The high level concept is used to generally describe 

how end users will use the Platform functionalities. 

Usually, the high-level concept changes during the 

system analysis, and the fi nal version is reached after 

other system elements are defi ned and described. It 

is a graphical presentation of the system architecture 

summary accompanied by textual explanation 

where needed. 

3.3.1.2 Organisational structure 
The organisational structure defi nes relationships that 

can exist between an organisation managing cultural 

heritage assets and its sub-organisations. The positions 

within the organisation for which knowledge and skills 

are required to perform the activities or business 

processes described in the system may also be defi ned. 

The organisational structure also maps organisation 

positions to the Platform user roles. 

The organisational structure is detailed to a degree that 

allows for correlating specifi c human roles within the 

organisation to Platform functionalities. Organisational 

relationships are important and are depicted in 

an operational view, because they can illustrate 

fundamental human roles (e.g., who or what type of skill 

is needed to conduct operational activities) as well as 

management relationships. Organisational relationships 

may infl uence how the Platform can be used. 

3.3.1.3 Activity model 
The activity model is the operational view that 

describes the operations usually performed by the 

organisation to achieve business goals. It describes 

operational activities and the input and output fl ows 

between them, as well as input and output fl ows to/

from concepts that are outside the organisation. In 

the HERACLES project, the purpose of the activity 

model is to: 

 � Defi ne activities related to risk management 

 � Identify activities that use Platform functionalities 

 � Provide the basis for validation and demonstration 

of the Platform with respect to the project goals 

With annotations, the model can also identify critical 

activities and information exchanges. 

The HERACLES project activity model uses business 

process model and notation (BPMN) version 2.0 limited 

to the subset that fi ts the project purpose. It is depicted 

in BPMN notation implemented in Camunda Modeler.

3.3.2. Generic operational views 

In this section, we defi ne generic operational views 

based on an analysis of the project test beds and the 

Platform architecture. The purpose of the generic 

operational views is to provide a basis for developing 

operational procedures that may be customised for any 

cultural heritage asset having a similar organisational 

and coordination structure. 

3.3.2.1 High level concept 
Figure 20 displays a general overview of the system, 

defi ning the main user roles as envisaged by the 

system architecture. Users interact with the Platform 

via an integrated dashboard (ID), a special purpose 

user interface. The dashboard is functionally divided 

into situational awareness (SA) and decision support 

(DS) blocks.
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Figure 20. Generic high level concept of the HERACLES system

The models, which are used by experts, are physically 

outside the Platform, but the results are stored in the 

database and knowledge base and the accompanying 

reports in the Alfresco document management 

system. The knowledge base system helps users, 

i.e., experts, with risk assessment and in cases when 

knowledge needs to be stored and used afterwards, 

like maintenance and remediation protocols and 

procedures. The Platform provides a full real-time 

warning system and workfl ow management support 

in the event that a threat is identifi ed.

3.3.2.2 Organisational structure 
The generic organisational structure shown in 

Figure 21 will be used as a common structure for the 

development of operational procedures. This structure 

can be expected in countries having an established 

cultural heritage management system under the 

auspices of the relevant ministry. 
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Figure 21. Generic organisational structure

The lowest level of the organisational structure is 

directly related to the particular cultural heritage asset, 

regardless of ownership. If the ownership is private, 

the lowest level is not a part of the upper levels, which 

usually belong to the public body (ministry), but is 

connected with them through command and control 

lines, i.e., the public body controls the private cultural 

heritage management. It is expected that the site 

manager will be employed either at this level or at 

an upper management level. The position of project 

manager is in the middle level of the structure; this 

person is typically in charge of cultural heritage assets 

in a given region or a set of cultural heritage assets 

belonging to the same historic period. External experts 

collaborate with roles at lowest and middle levels. The 

in-situ teams are expected to be at the lowest level, 

and an urban and regional planner, if employed within 

the structure, is expected to be at the middle level. 

3.3.2.3 Activity model 
The activity model is based on risk assessment 

scenarios, which are recognised as the situations 

in which end users will be most likely to perform 

risk management and interact with the Platform. It 

is conceptualised as a set of interlinked workfl ows 

described in BPMN 2.0 notation. The activities 

are derived from the analysis of the HERACLES 

risk assessment methodology, models to be used, 

diagnostic and systematic protocols, Platform 

functionalities and the current status of Platform 

development. The activity model can be modifi ed 

as the Platform development continues and 

synchronisation with end user best practices evolves. 
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The primary workfl ow, risk management, is depicted in Figure 22. The risk management workfl ow starts with three 

events, which correspond to two risk management scenarios. The fi rst scenario starts with the requirement to run 

climate change models, while the second scenario has two variants: one in which a threat is identifi ed during the 

monitoring and another in which threat identifi cation and assessment are performed on-demand.

Monitoring

Scheduled
montoring

Risk analysis
demand

Scheduled CC
model

evaluation

Something
unusual

spotted during
monitoring Threat

identi�cation
Threat

assessment
Risk

assessment

Running CC
models

Threat
assessment
based on CC

model results

Risk
mitigation

Figure 22. Risk management

Here a threat is a possible cause of degradation and/

or damage that attacks the vulnerability of the cultural 

heritage asset. Potential sources of threats may be 

spotted during daily monitoring activities (visually 

or using instruments) and may be either directly 

connected to climate change hazards or related to 

other factors that in combination with climate change 

hazards may a� ect the cultural heritage asset. After 

the potential source of threat is observed, the site 

manager decides whether the identifi ed situation is 

a real threat and the threat assessment procedure 

should follow. The threat identifi cation may also start 

with an initiative (on-demand) based on best practices 

or established procedures. Again, the site manager 

decides whether there is a threat to the cultural heritage 

asset, and if the threat is evident, the process continues 

with the threat assessment procedure.

3.3.3. Conclusions 

This section presented operational views that will be 

used for the development of operational procedures for 

disaster prevention, risk mitigation and management as 

part of the long term adaptation strategies. 

The risk assessment scenarios are based on project 

test bed risk management practices and new factors, 

particularly those related to the climate change 

induced threats. In order to describe the way in which 

end users will be using the Platform functionalities, 

test bed cultural heritage management practices and 

organisational structure were used to populate the 

Platform’s roles. 

The generic organisational scheme presents the 

expected structure for the locations having a ministry at 

the top of the hierarchic structure with straightforward 

top to bottom coordination and lines of responsibility. 
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3.4. Methodologies for maintenance, conservation, and restoration 

3.4.1. Reporting on and monitoring cultural heritage assets 

Developing and implementing an optimal overall approach for understanding the external and internal factors 

a� ecting a monument requires a comprehensive set of information. This information can be derived from a series 

of reports regarding the preservation state of the monument/structure/material under study, if available, and can 

be updated on the basis of planned monitoring. Necessary reports include the following: 

1. Identifi cation of the monument 

and its environment 

Historical survey, survey of construction materials 

and techniques, environmental information. 

2. Condition survey

Survey of degradation of building materials, 

damage to building elements. 

3. Scientifi c diagnosis

In-situ, laboratory and fi eld tests, assessment of the 

elements of the monument and what lies beneath it.

4. Assessment of structural safety

Safety level of the building, modelling of the 

building, quantifi cation of the strengths of the 

materials and acting loads, safety evaluation. 

5. Conservation and restoration plan

Architectural proposal, design of the rehabilitation 

works, repair of materials degradation, repair and 

strengthening of the structural elements, upgrading 

of foundations, improvement of safety against crisis 

events such as earthquakes, landslides, extreme 

weather events, etc. 

6. Preventive actions and conservation/

restoration treatments

Preventive conservation or restoration actions 

planned on the basis of the monument status 

assessment. The specifi cs of these actions are 

dependent on the monument/asset characteristics. 

7. Monitoring

Di� erent types of monitoring activities (continuous 

or periodic) are important for assessing the status 

of the asset and its surroundings, including its 

environment, and for evaluating the evolution of the 

status of the asset and its surroundings over time. 

8. Maintenance

Maintenance refers to actions to slow the rate of 

deterioration of an asset life and is divided into three 

categories: Emergency maintenance must be carried 

out immediately in order to stabilise the structure 

for future use. Preventive maintenance is action 

taken to avoid expected failures, such as regular 

inspection of building systems and monitoring 

the service life of materials and systems. Routine 

maintenance includes activities that take place on 

a regular basis.

3.4.2. Recommended maintenance, conservation and restoration measures for HERACLES test beds 

Table 5 summarises the maintenance, conservation and restoration actions recommended for the HERACLES 

test beds. 

Table 5. Recommended actions for the HERACLES test beds

GUBBIO: 
CONSOLI PALACE 

GUBBIO:
TOWN WALLS 

HERAKLION: PALACE 
OF KNOSSOS 

HERAKLION: KOULES 
FORTRESS 

Preventive measures

Seasonal actions Removal of vegetation growth from paths and walls to prevent hygro-thermal local 

behaviour 

Permanent actions Thermal energy 

retrofi t to improve 

indoor conditions 

and prevent climate 

change induced 

degradation to 

indoor materials 

Excavation of 

backfi ll material 

retained by the 

ancient town walls 

and construction 

of independent 

retaining walls or 

systems 

Geotechnical works 

to improve load-

bearing capacity of 

the foundation (i.e., 

installation of micro-

piles) 

Redesign 

breakwater of the 

monument to reduce 

direct wave energy 

and sea spray 
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GUBBIO: 
CONSOLI PALACE 

GUBBIO:
TOWN WALLS 

HERAKLION: PALACE 
OF KNOSSOS 

HERAKLION: KOULES 
FORTRESS 

Conservation/restoration

Structural support Inject grout into 

cracks to enhance 

load bearing 

capacity

Additional 

reinforcement 

(i.e., steel rods) to 

prevent activation 

of local failure 

mechanism 

New mortar on top 

of the walls to bond 

free-standing stones 

on top of the walls

Repoint degraded 

mortar

Inject grout into 

cracks to enhance 

load bearing 

capacity 

Repoint degraded 

mortar

Inject grout into 

cracks to enhance 

load bearing 

capacity 

Possible use of 

injection grout in 

cracks to enhance 

load-bearing 

capacity 

Surface protection/ 

consolidation 

Protective coating 

to create a barrier 

between the 

building materials 

and the environment

Application of new 

mortar on top of the 

walls to protect the 

original masonry

Consolidation of 

selenite to minimise 

its decay over time

Possible application 

of salt inhibitors

Consolidation of 

sandstone 

Restoration of 

previous restoration 

and reconstruction

Replace degraded 

mortars and 

clean rebars of 

older restoration 

interventions

Appropriately 

protect rebars

Replace old mortar

Maintenance/Monitoring

Major environmental 

risk 

Periodic surveys 

of degradation 

conditions and 

thermal energy 

retrofi t to improve 

indoor conditions 

and prevent climate 

change induced 

degradation to 

indoor materials 

Integrate SAR 

analysis and 

wireless static 

monitoring to 

highlight possible 

criticalities and 

provide information 

for prioritising areas 

of intervention 

Monitor micro-

climate in non-windy 

and un-shaded parts 

to determine the 

infl uence of local 

over-heating on 

building materials 

Seasonal monitoring 

of wind and wave 

e� ects 

Major structural 

damage

Periodic survey 

of cracks

Repeated diagnostic 

tests, e.g., AVT

Integrate SAR 

analysis and 

wireless static 

monitoring to 

highlight possible 

criticalities and 

provide information 

for prioritising areas 

of intervention

Periodic monitoring 

of vertical dead 

loads and sea 

wave scouring on 

foundations

Table 5. Recommended actions for the HERACLES test beds (continued)
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GUBBIO: 
CONSOLI PALACE 

GUBBIO:
TOWN WALLS 

HERAKLION: PALACE 
OF KNOSSOS 

HERAKLION: KOULES 
FORTRESS 

Major surface 

alterations

Periodic surveys 

of degradation 

conditions and 

thermal energy 

retrofi t to improve 

indoor conditions 

and prevent climate 

change induced 

degradation to 

indoor materials

Periodic monitoring 

of salt and crust 

accumulation to 

control and check 

stone erosion 

process

Table 5. Recommended actions for the HERACLES test beds (continued)

3.4.3. Collecting and combining data 

This section focuses on the development of a general 

methodology, in the form of a checklist, for collecting 

and combining data about the surroundings (context) 

of a monument and its preservation state with a simple 

methodology for correlating environmental factors and 

the observed alterations. This methodology is based 

on average values 

from publicly available 

sources and/or based 

on the experience 

and expertise of the 

di� erent members of the 

HERACLES project. 

The fi rst step is to establish the average values at ‘time 

zero’ and continue to monitor and record environmental 

factors regularly. Regular inspections and appropriate 

monitoring of a monument/structure/material enable 

alterations in its condition to be compared with the 

variations in environment. Combining changes in 

the status of the monument/structure/material over 

time with ongoing analytical, sensing and monitoring 

techniques is crucial for understanding the e� ect 

of alteration factors on the asset. Through regular 

monitoring and correlation of observed conditions 

with environmental alteration factors, trends associated 

with climate change may be identifi ed. Once the 

decay mechanisms and their e� ects are understood, 

appropriate preventive measures can be suggested 

for limiting the negative impacts of the environment on 

the monument/structure/material, and remedial actions 

or restoration interventions can be better planned 

and monitored. 

In the HERACLES Platform, data collected at time 

zero can be used for the creation and updating of 

appropriate reports 

and guidelines for end 

users. Time zero and 

successive statuses will 

require di� erent experts, 

such as civil engineers, 

specifi c scientifi c 

experts, conservator-

restorers and architects, for the further evaluation of 

the monument/structure/material. These experts will 

defi ne the needed checklists and help end users learn 

to use them. 

The proposed methodology is currently being 

updated, optimised, improved and refi ned to create 

the appropriate correlation matrices. Understanding 

the infl uence of di� erent alteration parameters on 

the observed behaviour of the examined monument/

structure/material allows intervention thresholds to 

be defi ned and treatment and/or interventions to be 

prioritised. Setting these thresholds is the responsibility 

of the site manager, as they depend on the specifi c 

features of the site. 

Through regular monitoring and correlation of 

observed conditions with environmental alteration 

factors, trends associated with climate change 

may be identifi ed.
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3.5. Operational procedures for crisis management 

Operational procedures (OP) for crisis management focus mainly on quick damage assessment. A quick damage 

assessment is enabled by combining sensing and observation techniques with di� erent kinds of models (e.g., 

meteo-climatic, geomorphological, structural, etc.). This provides a full situational awareness about the condition 

of the cultural heritage assets a� ected by a crisis event related to extreme meteorological conditions, before, 

during and after the event. Situational awareness is a fundamental requisite for planning and implementing actions 

to assess and mitigate the e� ects of the crisis event and for the e� ective planning of any treatment to ensure the 

safety of the structures, population and in-fi eld operators. 

3.5.1. Generic procedures for quick damage 
assessment 

Quick damage assessment (QDA) e� ectiveness 

is improved when QDA is considered in the more 

general framework of the disaster management 

cycle. Figure 23 depicts the actions related to QDA 

when it is embedded in the phases of the disaster 

management cycle. 

Mitigation/
Risk Reduction

QDA
Preparedness

Recovery Response
QDA

Figure 23. Quick damage assessment (QDA) as a part of the disaster 
management cycle

QDA is clearly integral to the preparedness and 

response phases. The preparedness phase is crucial, 

since actions undertaken before the crisis event 

will improve the e� ectiveness of QDA. During the 

preparedness phase, the focus is on identifying 

threats and relating them to the condition and health 

of the cultural heritage asset and then on identifying 

the strategy for deploying technological and 

methodological tools during QDA. The methodology 

for damage assessment of cultural heritage assets in 

a disaster and post-disaster event is embedded in the 

cultural heritage inventory database in the form of a 

disaster risk management cycle. 

A successful QDA is based on designing a plan 

that includes procedures specifi cally tailored to 

di� erent crisis events. The HERACLES platform plays 

a signifi cant role in providing information related 

to climate change induced disasters (by storing 

knowledge gained from previous events), cultural 

heritage asset general data and current health 

condition, data and information collected at sites, data 

results from models, and the results of technologies 

that can be used for QDA.

3.5.2. The QDA process and disaster response

Quick damage assessment should not be considered a 

standalone element but as part of the general context 

of the disaster management cycle. In particular, QDA 

plans, procedures and actions must be planned during 

the preparedness phase, and a successful QDA can 

prevent additional damage and can ensure quick 

response in case of a crisis event. 

During and just after the crisis event (the response 

phase), QDA is implemented. E� ective implementation 

is crucial for planning and prioritising recovery actions 

and for providing clear and reliable information about 

damaged areas/sectors and degree of damage. 

To be successful, the QDA has to consider the cultural 

heritage asset not as a standalone element but as a 

part of its territory. QDA actions are successful when 

the multifold interactions between the cultural heritage 

asset and the surrounding environment are considered. 

End users and stakeholders are more likely to accept 

QDA if economic sustainability and operational 

simplicity are considered when designing QDA actions 

and plans. In the HERACLES project, operational 

simplicity is achieved by defi ning smart observational 

chains, in which more and more sophisticated sensing 

techniques are activated based on the results of 

the simpler techniques used at the previous steps. 

Economic sustainability is improved by the fact that the 

same methodologies, technologies and models used 

for systematic monitoring are deployed for QDA. 
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The operational implementation of the QDA is through 

the deployment of the HERACLES Platform, in which 

information about the present crisis event — not 

only the impact of the event but of specifi c plans, 

workfl ows and actions — is seen and used as a 

source of information 

for addressing and 

improving QDA plans for 

future climate change 

events. Of course, this 

‘memory and self-

learning’ of the Platform is not possible without the 

input of the multidisciplinary expertise involved in the 

various stages of both long-term risk management and 

QDA planning. 

One challenge in the design and implementation of 

QDA plans and procedures is that they now need to 

deal with the combined e� ects of crisis events of a 

di� erent nature as well as their cascading e� ects. 

Crisis events that were less probable in the past are 

now becoming ‘usual’ crisis events — occurring more 

and more often. These include severe hurricanes, 

tornados, tsunami, very high winds, and others. One 

way to address these challenges is to couple long-

term modelling of climate change with simulations 

of future crisis events. In this way, it will be possible 

to design QDA plans that are not just useful for the 

present but will provide a basis for future plans able 

to face ever-changing climate change hazards. Again, 

the HERACLES Platform 

can be a resource for 

predicting and facing 

future events, because 

the platform stores 

all information about 

the past and recent crisis events and their e� ects, 

documented by QDA actions. 

A future smart HERACLES Platform could apply artifi cial 

intelligence (AI) tools and techniques, where the 

Platform is able to simulate human cognitive actions 

by learning, reasoning and problem solving. This 

ambitious project requires a large ‘training real dataset’ 

or collection of heuristic knowledge stored by other 

AI models, which can become viable when di� erent 

HERACLES or similar Platforms share the events, their 

impacts and QDA actions, so as to create a very large 

set of real use cases. 

Crisis events that were less probable in the past are 

now becoming ‘usual’ crisis events — occurring more 

and more often.
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IV. SOCIAL IMPACTS AND SOCIETAL VALUE
  OF CULTURAL HERITAGE

3  https://ec.europa.eu/programmes/horizon2020/en/h2020-section/societal-challenges

4.1. Social impacts, societal resilience and cultural values awareness

4.1.1. The process for evaluation 

Cultural heritage assets are increasingly connected to societal, environmental, cultural and economic challenges, 

deeply infl uencing the lifestyle, the feeling of belonging to communities and the economic models of the di� erent 

territories. The HERACLES project is building a complex approach that takes into account the social, economic 

and environmental sustainability of actions and future acceptance by considering social and economic impacts 

for the public and local communities, while respecting the integrity of cultural heritage assets and the values 

they represent for communities. The project brings ‘together resources and knowledge across di� erent fi elds, 

technologies and disciplines, including social sciences and the humanities’3.

The HERACLES project adopted the hypothesis and 

widely accepted idea that planning, designing and 

implementing any technical intervention, any policy, 

any project and any action on cultural heritage assets 

may produce social, cultural and economic impacts, 

which must be understood and monitored by involving 

local stakeholders. Indeed, these impacts are perceived 

and experienced by communities living in the area of 

the intervention. 

For this reason, it was decided to follow the steps of a 

social impact assessment (SIA), adapted and simplifi ed 

for facilitating the engagement process. This implies 

the following: 

 � Creating participatory processes (with World Cafe 

events) to engage the communities of the project test 

beds in Italy and Greece by facilitating discussions 

about the actions planned and carried out by the 

HERACLES project. 

 � Gaining a good understanding of the communities 

selected in order to identify their di� erent needs and 

interests with respect to the holistic approach and 

actions implemented in the HERACLES project by 

discussing key societal, economic and cultural issues 

with pros and cons. This means that the engagement 

process of di� erent societal actors allows matching 

the services and tools that HERACLES project can 

o� er to the values that characterise each community 

with its needs and potentialities. 

 � Defi ning actions to be carried out during the project 

life in the territories of the test beds in order to have 

the necessary exchange of information on the project 

based on the previous two steps, while ensuring that 

the development of the project is carried on with an 

approach involving the di� erent societal actors as 

much as possible. 

 � Organising participatory events using the Delphi 

methodology with the participation of experts to 

evaluate and forecast the impacts that may result 

from the HERACLES project. 

4.1.2. Defi ning the process: the Gubbio experience

This section describes the work carried out to defi ne 

the process for evaluating social impacts, societal 

resilience and the awareness of cultural values. The 

proposed evaluation process consists of two steps: 

 � Engaging di� erent societal actors in a discussion 

devoted to what a heterogeneous audience thinks 

about the opportunities and tools that the HERACLES 

project o� ers to mitigate the e� ects of climate 

change on cultural heritage assets. 

 � Engaging a group of experts to predict, before the 

end of the project, the social, cultural and economic 

impacts of preserving the cultural heritage asset. 

For the fi rst step of the process, a questionnaire 

was developed and sent to the two partners that in 

HERACLES represent the end users (the mayor of 

Gubbio and the director of the Ephorate of Antiquities 

of Heraklion). These two end users have di� erent 

institutional roles, so in order to compare the same 

national levels infl uencing the decision-making 

process, the questionnaire was also extended to two 

stakeholders: the director of the Ducal Palace in Gubbio 

(representing the level comparable to the Ephorate) and 

the vice-mayor of Heraklion.

The response to the questionnaires suggested 

activating ‘a continuous and always updated 

information fl ow with the local community in order to 

receive information, suggestions about the preservation 

issues and opportunities related to the possible 

use of the cultural heritage assets, and to make the 
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community aware of actions/strategies for conservation 

and improved fruition of the cultural heritage assets 

providing social and economic benefi ts’. 

One participatory workshop was held in Gubbio with 

di� erent societal actors, which both allowed us to 

understand some users’ needs and allowed us to 

establish and address a fruitful interaction process 

with di� erent stakeholders in Gubbio that could 

help communicate and exchange information about 

the HERACLES project. This process also produced 

interesting results related to the relationship between 

awareness of the cultural value and the tools and 

potential actions from the HERACLES project. In 

particular, cultural heritage assets are identifi ed as 

crucial for community identity, and their preservation 

means preserving the historical memory of the citizens’ 

identity. HERACLES can help reinforce the resilience 

of the cultural heritage asset, and with its actions and 

tools can contribute to new generations’ awareness 

of the importance of the historic town centre and the 

relevant strategies and technologies to preserve this 

collective heritage. Gubbio and other HERACLES test 

beds could, for example, establish a conference on 

the topics addressed by the project and could present 

annual prizes for best restoration project or for ‘Cultural 

Heritage Citizenship’. 

Interaction with the di� erent stakeholders will continue 

with participative workshops in Greece and activities 

(for example, courses or other actions suggested during 

the workshops) organised by the HERACLES project 

that will continue to involve the stakeholders during the 

project life. The second phase started in 2018, using the 

mini Delphi methodology, and brought together experts 

to predict impacts on the basis of the lessons learned in 

the participative actions of the fi rst phase. 

4.2. Cultural heritage market analysis 

4.2.1. The HERACLES Product 

The HERACLES product is an innovative, inter-operative, 
multidisciplinary, operational system (remote and local 
monitoring, simulating and forecasting, characterising, 
new concept materials, maintaining, restoring, etc.) 
intended to increase the resilience of a cultural heritage 
asset, and an innovative methodology to derive best 
practices and guidelines which can be adapted to 
other cultural heritage sites. It involves the use of 

innovative enabling technologies — ICT, materials, data 

modelling and weather forecasting — to put in place a 

system that is not just a software platform correlating 

data, but a set of technological solutions to manage, 

prevent and restore critical situations concerning 

cultural heritage assets. 

4.2.1.1 The HERACLES information 
communication technology (ICT) platform 
The HERACLES ICT platform integrates decision 

support system and graphical user interface (DSS GUI) 

accessible applications through a presentation layer 

with an operator console for real time signalling and 

intervention. The DSS processes and integrates 

heterogeneous data, and is triggered by a specifi c 

pattern of events to require human intervention when 

situations are critical.

Sensors 

The HERACLES platform links to Fraunhofer-IOSB/Frost 

and 2D/3D GIS data (e-GEOS), where users can access 

both using the DSS and a standard GIS client like QGIS. 

Permanent scatterers (PS) are accessible through 

links to 2D data (e-GEOS), where the user can interact 

with satellite measures of displacement and visualise 

temporal evolution over wide areas with millimetric 

precision (an example is given in Figure 24).
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Figure 24. HERACLES Platform PS contents

Knowledge base

The HERACLES platform links to a knowledge base 

(Fraunhofer-IOSB) where users can view HERACLES 

use cases, data, metadata, and relationships 

among data from di� erent sources based on the 

HERACLES ontology.

Risk management 
workfl ow 

The HERACLES platform 

links to actionable 

procedures (Thales & 

LEONARDO) where site managers and domain experts 

can manage the creation and drafting of expert reports 

for risk management.

Common alerting protocol 

The HERACLES platform links to the common alerting 

protocol (CAP) web app (LEONARDO) where users 

can send and manage messages compliant with the 

common alerting protocol.

4.2.2. The HERACLES ICT Platform replicability 

The conceptual core of the HERACLES product is the 

knowledge base, represented by an ontology that 

describes it in terms of instances, subclasses and 

classes. The central elements in the ontology are the 

cultural heritage assets that need to be protected 

against the e� ects of climate change. The HERACLES 

project instantiates the HERACLES product in the 

Heraklion (the Knossos Palace and Koules fortress) 

and Gubbio (Consoli Place and town walls) test 

beds. The subtended general ontology allows the 

representation of other potential instances to be 

characterised by proper choices of sensors, materials 

and tools under di� erent conditions, i.e., di� erent 

countries, di� erent climate risks and di� erent assets. 

A top-level class is 

defi ned to refer to any 

kind of cultural heritage. 

Assets themselves are 

a subclass of cultural 

heritage. The Asset 

subclass can be further refi ned with concepts such as 

Structure and, below that, Monument, Building or Wall. 

Finally, at the bottom, actual instances like ‘Knossos 

Palace’, ‘Palazzo dei Consoli’, ‘Venetian Fortifi cation’ 

and ‘Gubbio Town Wall’ can be found.

4.2.3. Valuing cultural heritage 

Cultural heritage must be seen as a special, but integral, 

component in the production of European GDP and 

innovation, its growth process and competitiveness and 

in the welfare of European society. Like environmental 

protection, it should be mainstreamed into policy 

and regarded as a production factor in economic and 

wider policy development. It is worth providing some 

examples that illustrate this important argument. 

 � Tourism owes much of its attractiveness to the rich 

cultural heritage of Europe, be it in historic towns 

and cities or in the countryside. Europe is the 

world’s number one tourist destination, and tourism 

Cultural heritage must be seen as a special, but 

integral, component in the production of European 

GDP and innovation...
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is the third largest socioeconomic activity in the 

EU, contributing 415 billion Euros to the EU GDP 

and employing 15.2 million citizens, many of whose 

jobs are linked to cultural heritage. It is estimated 

that there were 253,000 jobs in cultural and natural 

tourism in the UK in 2011, and its combined direct, 

indirect and induced impact (the amount generated 

by the sector’s purchases from other industries 

and the spend by workers) provided 742,000 jobs 

in 2014. 

 � Renovation and maintenance represents more 

than a quarter of the value of Europe’s construction 

industry. It is estimated that repair and maintenance 

of historic building stock in England supported 

180,000 jobs in 2010. This becomes 500,000 jobs if 

the indirect e� ects are included. 

 � The property values of residences in historic districts 

are supported by 

businesses that tend 

to locate in these 

areas, as it is easier 

to attract specialists 

and expats to live and 

work in such places. 

The example of 

knowledge-intensive companies who congregate in 

culturally rich areas of historic cities is a telling one. 

These businesses, and others, often seek out historic 

buildings that can be converted into o�  ce space for 

their headquarters. 

The availability of cultural heritage and services is not 

important just for its measurable economic benefi ts. It 

also enriches the quality of life for European citizens 

and contributes to their wellbeing, sense of history, 

identity and belonging. Such social benefi ts are 

beyond what can be measured in terms of pure income 

statistics and have been long recognised. As early as 

the 14th century, the statutes of independent Italian 

municipalities attributed foreign visitors’ happiness and 

residents’ honour and prosperity to cultural heritage: 

beauty, embellishment (decorum), dignity, public pride 

and the public good (publica utilitas). In many places 

across Europe, the contribution of cultural heritage to 

sustainable development has been crucial, particularly 

in the regeneration of cities and landscapes. Cities 

recycling buildings, using historic street patterns and 

exploiting historic synergies have improved quality of 

life and reduced carbon emissions. In the countryside, 

more holistic management of the environment, bringing 

cultural and natural heritage together in single systems, 

has resulted in greater e�  ciencies and improved quality 

of life. 

For any discussion of an organisation managing a 

cultural heritage asset adopting the HERACLES product, 

we must keep in mind the cutting-edge technologies 

involved. Remote sensing, ICT and nanomaterials can 

involve costs that could be, if not huge, at least not 

a� ordable. As in any decision, a cost-benefi t analysis is 

necessary, and in the case of cultural heritage, valuing 

the benefi t from the proper maintenance of an asset is 

not straightforward. 

The maintenance of cultural heritage assets is mainly 

up to the public sector, which can also contract with 

private entities for the activity realisation. But how 

much cultural heritage is the right amount to be 

safeguarded? We live in a world with limited resources, 

and, especially in the public sector, must make trade-

o� s among competing objectives. The theory of public 

goods can help: It states that the correct amount of a 

public good is determined by comparing the marginal 

cost of providing more 

of the good to the 

marginal social benefi t 
of providing more of 

the good. If there are 

100 culturally signifi cant 

sites in a city, and not 

enough money to protect them all, the socially optimal 

number of sites to protect is the number where the 

additional cost of protecting one more site is equal to 

the additional benefi t from protecting one more site, 

so that the cost-benefi t ratio for the last site considered 

is equal to one. 

The key issue is estimating the values generated 

by cultural heritage goods, i.e., the benefi t. One 

approach is to explore how new methods, developed 

for estimating environmental public good values, 

can be applied to cultural heritage goods. Because 

these goods are not traded in markets, the methods 

developed for valuing them are referred to collectively 

as ‘non-market’ valuation techniques. 

 � Values estimated using these methods can help 

inform decisions about the level of funding for 

cultural heritage. Public values for cultural heritage 

goods can provide a strong argument in favour of 

public funding for those goods. 

 � Public preferences can help when making decisions 

among cultural heritage goods. While there is 

always a central role for expert opinion in deciding 

which types of cultural heritage goods will receive 

attention, information about the general public’s 

preferences about such decisions is a useful 

complement to expert judgement. 

In many places across Europe, the contribution of 

cultural heritage to sustainable development has been 

crucial, particularly in the regeneration of cities and 

landscapes.
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4.2.4. Cultural heritage as a public good 

Cultural heritage goods are similar to environmental 

goods in that they are typically public goods. In 

economics, public goods are community benefi ts which 

are non-excludable and non-rivalrous. This means that 

no person can be excluded from their consumption, 

and consumption by one person will not reduce the 

consumption of another. 

4.2.3.1 Non-excludability 
Public goods are non-excludable. That means that it 

is not technically feasible to keep users from enjoying 

the good. Cultural heritage goods vary in their degree 

of excludability: Viewing an artefact in a museum is 

an excludible activity (entrance fee), while sightseeing 

in an historic area of an old city is typically not an 

excludible activity (it is impractical to try to charge 

admission to a living part of a city). In between these 

two extremes is a range of possibilities, where it is 

feasible to exclude use of the cultural heritage good, 

but it may be costly to do so. Economic theory tells 

us that private, profi t-driven markets will not produce 

enough non-excludible goods.

4.2.3.2 Non-rivalry in consumption 
Public good is non-rivalrous in consumption: Two 

di� erent people can enjoy (consume) the public good 

at the same time without interfering with each other’s 

enjoyment. If a cultural heritage good is non-rivalrous in 

consumption, then it will always be better to allow more 

people to enjoy it than to allow fewer. Even if exclusion 

is feasible, it is not desirable, as it reduces the total 

number of people enjoying the good and so the total 

enjoyment that the good provides. Many cultural 

heritage goods exhibit intermediate levels of rivalry.

In either case, in contrast to a pure public good case, it 

may be desirable to limit the number of people who visit 

a cultural heritage site. One way to limit visitation is by 

charging an entry fee. As compared to other means 

of limiting entry, such as queuing, an entry fee has a 

couple of advantages: 

 � It generates revenues that can be invested in the 

cultural heritage good.

 � It ensures that the limited number of entry slots 

goes to those who place the highest value on 

the experience. 

4.2.5. The economics of cultural heritage 

The benefi ts or values cultural heritage generates are 

typically divided into ‘use’ and ‘non-use’ values. 

Use values are those benefi ts derived from the direct 

or indirect use of a heritage site. They may include: 

 � Financial benefi ts 

 � Aesthetic qualities 

 � Improved community image 

 � The opportunity to use the site for residential, 

commercial, tourism, recreation or social purposes 

Non-use values are the intangible benefi ts associated 

with the preservation of heritage. These include: 

 � Existence value: the benefi ts associated with the 

knowledge that a heritage site has been conserved, 

even if a consumer does not intend to visit it him- 

or herself.

 � Option value: the benefi ts derived from having the 

option to visit a heritage site in the future 

 � Bequest value: the value gained from knowing 

that a heritage site can be bequeathed to 

future generations. 

4.2.6. Extent of the market 

The total value of a cultural heritage good includes 

both use values and non-use values. The relative 

importance of these two categories of values will vary 

widely among cultural heritage goods. A related issue is 

determining the ‘extent of the market’, that is, the total 

population that values the good. 

A local cultural heritage asset may generate values 

only for those who live in close proximity to it, as for 

example an historic building in a small town. While such 

a good might generate both use and non-use values 

for the residents of that town or visitors to the town, we 

would not expect large values for people who live some 

distance from that town.

In contrast, a national cultural heritage good may 

hold some importance for all citizens of a country. An 

example might be the building where an important 

national document was signed. Such a site could also 

generate both use and non-use values, but here we 

could expect non-use values for preservation of the 

building even among those who live some distance 

from the building and who never plan to visit it.
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Finally, there are some global cultural heritage 

goods. Many of these, but certainly not all, have been 

designated as world heritage sites. Goods such as 

Stonehenge, Machu Picchu, or the Great Wall of China 

generate value for people who live in distant countries 

and who never plan to visit those sites.

Consideration of the extent of the market is important 

because, when measuring the value associated with a 

cultural heritage good, we must decide whose values 

to include. Most cost-benefi t analyses are conducted 

either at the national level or some regional level. 

This is done to match the jurisdiction of the body 

making the decision and spending the money. If it is 

a national government that is committing money to 

the preservation of a cultural heritage good, then that 

government will want to consider the benefi ts enjoyed 

by all of its citizens, but will likely not care as much 

about benefi ts enjoyed by citizens of other countries 

4  See https://www.wttc.org/-/media/fi les/reports/economic-impact-research/regions-2018/europeanunion2018.pdf

(except to the extent that those benefi ts fl ow back 

to the host country as tourism revenues). Likewise, a 

local government that has power to tax only the local 

population will want to be sure that the benefi ts to the 

local population exceed the costs of an investment. 

This natural tendency of funding agencies can lead to 

problems, though, when considering global cultural 

heritage goods. If a national government of a less-

developed country that contains a globally signifi cant 

cultural heritage asset decides issues of preservation 

based only on benefi ts to the citizens of that country, 

it may conclude that preservation is too costly. In such 

a situation there is a clear need both for an analysis 

that includes values accruing outside the country and 

for investment in the good from sources outside the 

country. Studies can help international organisations 

decide how much to expend on such global goods, 

and where.

4.3. Travel and tourism

4.3.1. Economic impact of travel and tourism on the European Union 

As one of the world’s largest economic sectors, travel and tourism creates jobs, drives exports and generates 

prosperity across the world. In an annual analysis of the global economic impact of travel and tourism, the sector 

accounted for 10.4% of global GDP and 313 million jobs, or 9.9% of total employment, in 2017. 4

The 2018 Annual Economic Reports of the World Travel 
and Tourism Council (WTTC) covers 185 countries 

and 25 regions of the world, providing data on 2017 

performance as well as 10-year forecasts on the sector’s 

potential. The year 2017 

was one of the strongest 

years of GDP growth in 

a decade, with robust 

consumer spending 

worldwide. This global 

growth carried over into 

travel and tourism, with 

the sector’s direct growth of 4.6% outpacing the global 

economy for the seventh successive year. As in recent 

years, performance was particularly strong across 

Asia but, proving the sector’s resilience, 2017 also saw 

countries such as Tunisia, Turkey and Egypt, which had 

previously been devastated by the impacts of terrorist 

activity, recover strongly. This power of resilience in 

travel and tourism will be much needed for the many 

established travel and tourism destinations that were 

severely impacted by natural disasters in 2017.

Inclusive growth and ensuring a future with quality jobs 

are the concerns of governments everywhere. Over 

the past ten years, one in fi ve of all jobs created across 

the world has been in the tourism sector and, with the 

right regulatory conditions and government support, 

nearly 100 million new jobs could be created over the 

decade ahead. Over the longer term, forecast growth of 

the travel and tourism sector will continue to be robust, 

as millions more people 

are moved to travel to 

see the wonders of the 

world. 

The World Travel & 

Tourism Council is the 

global authority on the 

economic and social contribution of travel and tourism. 

WTTC promotes sustainable growth for the travel 

and tourism sector, working with governments and 

international institutions to create jobs, to drive exports 

and to generate prosperity. Together with Oxford 

Economics, WTTC produces annual research that shows 

travel and tourism to be one of the world’s largest 

sectors. Comprehensive reports quantify, compare 

and forecast the economic impact of travel and tourism 

on 185 economies around the world. In addition to the 

individual country reports, WTTC produces a world 

report highlighting global trends and 24 further reports 

that focus on regions, sub-regions and economic 

and geographic groups. Reports or data may be 

downloaded from www.wttc.org.

Over the longer term, forecast growth of the travel 

and tourism sector will continue to be robust, as 

millions more people are moved to travel to see the 

wonders of the world.
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V. CONCLUDING REMARKS 
Cultural heritage assets are a distinctive sign of 

community identity; their economic value goes far 

beyond their material value. Cultural heritage assets are 

common goods with an intangible value that demand 

public action for their maintenance and valorisation, 

as well as protection from climatic and other risks. 

Meeting these needs is related to the national laws and 

regulations ruling cultural heritage in each country. 

Moreover, their ‘common good’ value cannot be 

confi ned to a single country only, but must be 

considered in a wider sense as a ‘glue’ to provide 

Europe with a supranational joining agent based on 

common cultural roots. Resolutions, recommendations 

and tenders at the European level in the last years 

refl ect this approach and this intention, enabling also 

the development of cutting-edge technological tools, 

which could have been funded only with di�  culty 

at a national level, especially in the case of less 

rich countries. 

Moreover, a great part of the European cultural heritage 

is considered world heritage. The HERACLES project’s 

goal of providing a holistic, innovative product to 

monitor and protect cultural heritage assets, i.e., an 

ICT platform and related components and materials 

developed and tested in the two sites of Gubbio and 

Heraklion, should be set in this present, favourable 

European context.

Being one of the fi rst examples of a holistic 

technological solution — embedding in-situ sensors, 

aerial data and satellite data in an integrated manner — 

the HERACLES platform is well positioned. Its 

replicability in other scenarios (di� erent type of asset, 

di� erent countries and regulations, di� erent natural 

risks) relies on its knowledge base, which enables 

it to instantiate tailored platform versions to specifi c 

cases. Thus the expertise present in the Consortium 

is able to tailor di� erent solutions in terms of materials 

to be used to intervene, once specifi c problems 

are identifi ed through monitoring, sensing and 

characterisation activities.
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TEST BED #1: PALACE OF KNOSSOS, 
HERAKLION, GREECE 
The Palace of Knossos bears unique testimony to the Minoan civilisation, arguably the fi rst centrally organised 

civilisation to fl ourish in Europe and amongst the fi rst civilisations worldwide. It is also unique because it was 

continuously inhabited from the Neolithic to the Mycenaean age, and the city of Knossos continued to be an 

important city-state until the Hellenistic era, the period of the Roman Empire and the early Byzantine period.

The Palace of Knossos, the largest of the Cretan 

palaces (it covers an area of 22 000 square meters), 

and the city that arose around it are built on the top and 

slopes of the low hill of Kefala, where the river Kairatos 

meets the small Vlychia stream. Security, fertile land, 

water and proximity to the sea were the main reasons 

not only for the choice of the site as a place of 

habitation from earliest prehistoric times but also for 

its subsequent prosperity and growth.

The fi rst palace was built circa 1900 BC, following the 

levelling and landscaping of the hill. It was destroyed 

around 1700 BC, and a new palace was erected in its 

place. The new palace was constructed according 

to a specifi c architectural plan similar to that of the 

other palaces, befi tting its character and function 

as the centre of political, economic and religious 

authority. The main feature remained the central court, 

with monumental buildings rising around it, oriented 

north and south.

There were entrances on every side, the most 

o�  cial being the southwest and the north entrances. 

The west wing contained shrines, o�  cial halls and 

extensive storage areas, while the east wing housed 

the royal apartments. 

There were also workshops, storerooms and other 

areas serving a variety of functions to the north and 

south. These feature typical architectural elements 

of the period, such as polythyra (sets of rooms with 

multiple pier-and-door partitions on two or three sides) 

and lustral basins (small, rectangular, semi-underground 

rooms accessed by a small, L-shaped set of stairs). 

Porous-stone ashlars were used in the masonry. The 

fl oors were paved with slabs of green schist pointed 

with red plaster. The columns, beams and doorframes 

were made of wood. Gypsum slabs covered the walls 

(in the form of marble revetment) and fl oors, giving the 

spaces an air of luxury. Gypsum was also used for the 

bases of columns and jambs, seats, stairs, etc. Rooms 

were decorated with colourful plaster and frescoes.

The Palace of Knossos was the only palace to 

remain in use after the destruction of 1450 BC, when 

the Mycenaeans invaded Crete. Following its fi nal 

destruction by fi re in 1380 BC, large parts of the 

abandoned Palace were reoccupied and remodelled, 

mainly as private houses.
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The fi rst excavations at Knossos were carried out in 

1878 by a merchant and antiquarian from Heraklion, 

Minos Kalokairinos, who discovered part of the west 

wing of the Palace.

Systematic excavations began in March 1900 under 

Arthur Evans, then curator of the Ashmolean Museum 

in Oxford. Two years later, the excavation of the Palace 

was almost complete. The fragile building materials 

proved extremely sensitive to weathering. During the 

fi rst phase of their restoration e� orts, in 1905, Evans 

and his colleagues restricted themselves to protecting 

the ruins. After 1925, however, Evans attempted a 

radical reconstruction of the monument, with large-

scale use of reinforced concrete. Upper storeys and 

architectural elements were reconstructed. The timber 

frames and wooden Minoan columns were now made 

of painted concrete. The frescoes were restored and 

copies placed in di� erent parts of the Palace. Today, 

Evans’s reconstruction of the Palace forms an integral 

part of the monument and its history.

After the Second World War, extensive restoration 

work was carried out on the Palace by the directors 

of the Heraklion Archaeological Museum, N. Platon 

and S. Alexiou. This work was limited to conservation 

of the ancient masonry, restoration of the fl oors and 

protection of certain areas with roofi ng.

During the 1990s, the Ministry of Culture, recognising 

the problems that the monument was facing, took 

measures for its preservation and restoration. Under 

the authority of the Ephorate of Antiquities, a great part 

of the concrete slabs of Evans’ restoration of the Palace 
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was conserved, and paths for visitors were developed, 

which reduced wear on the monument and gave visitors 

a more complete view of it.

From 2000 to 2008 a Palace conservation project 

was included in the 3rd Community Structural Funds 

(CSF). A National Strategic Reference Framework 

(NSRF) project to protect and restore the Palace began 

in 2010 and was fi nished in 2015. Indeed, a complete 

programme of conservation and promotion of the site 

was launched: conservation of masonry, gypsum stones 

and limestone, ancient coatings and plaster, copies of 

frescoes, columns and wood imitations, conservation 

of the Minoan pithoi, and replacement of Evans’s 

lightly arched roofs.

Gypsum
Gypsum from the quarry on the nearby hill of 

Gypsades is one of the main building materials on 

the archaeological site of Knossos, used extensively 

for walls, fl oors, column and pillar bases, door jamb 

sockets, stairs, and more.

Mineral gypsum shows a great diversity in crystal 

morphology and occurs in varieties with quite di� erent 

macroscopic characteristics. In the Palace of Knossos, 

the dominant types of mineral gypsum used are 

medium to coarse crystal varieties called selenite. 

The identifi cation and characterisation of gypsum 

varieties can be intricate due to surface alterations 

caused by natural weathering processes or forced 

dehydration. These decay processes result in the loss 

of original material, mainly due to dissolution, and 

degradation of the aesthetic values, which may lead 

to misinterpretation.
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In the HERACLES project, the 

Crystal Engineering, Growth 

and Design Laboratory of the 

Department of Chemistry, University 

of Crete, focuses on two distinct but 

interdependent problems: The fi rst is 

a qualitative and quantitative study 

of the dissolution rate of mineral 

gypsum (a chemical process), in 

correlation with the environmental 

parameters of the area of Knossos 

and Heraklion in general. In parallel, 

a second focus will be on the design 

and evaluation of materials and 

multifunctional chemical compounds 

that will aid the restoration of the 

original ancient material by consolidating the structural integrity of the stone constituents (i.e., crystal aggregates).

Determination of the degradation state of the Palace of Knossos

Generally, the Palace of Knossos has su� ered extensive damage due to mechanical and biological factors 

combined with the local microclimate and the structure of the walls. Direct exposure to sunlight, rain, wind and 

atmospheric pollution, the relative humidity and temperature, which range beyond recommended limits, and the 

extensive use of reinforced concrete for its restoration are the main reasons for its condition.

Indeed, the deterioration of the palace is due to 

the physicochemical properties of the materials, 

su� ering the parallel e� ects of environmental and 

man-made factors.

Water of all types — rain, humidity, frost — is a main 

cause of decay for all the materials of Knossos Palace. 

Fluctuations in temperature precipitate the formation 

and deposition of salt crusts on the surfaces of the 

monument. The presence of soluble salts is in part due 

to the prevailing sea wind that comes from the north. 

During periods of humidity, microbial growths develop 

on stone and masonry surfaces.

Restoration works that took place after the palace’s 

discovery by Evans hindered its maintenance for 

many years. The cement additions to the architectural 

structures created mechanical stress and were another 

source of soluble salts.

The identifi cation and analysis of major risks 

to structures and artworks (e.g., the excessive 

deformation in reinforced concrete elements), the 

identifi cation and analysis of materials degradation 

state (e.g., degradation status and corrosion of 

reinforced concrete elements) and proposed restoration 

strategies for structures and materials will be useful for 

the monument.

Finally, the large number of visitors, combined with the 

free access policy that lasted until the 1990s, increased 

the deterioration of the palace’s vulnerable materials.
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Proposed methodologies for analysis, diagnostics and conservation

FORTH’s Institute of Electronic Structure and Laser (IESL-FORTH) has solid experience with laser methodologies 

for analysis, diagnostics and conservation (cleaning) of cultural heritage monuments and objects, especially 

portable instrumentation and in-situ application methodologies. Its contribution to the HERACLES Knossos 

archaeological site project is expected to lie along the following lines:

 � In-situ diagnosis, monitoring and interventions. 

Portable instrumentation based on optical and laser 

spectroscopic analysis (LIBS, Raman, multispectral 

imaging, etc.) will provide fast, reliable in-situ 

analysis and monitoring of the weathering state and 

its progress on areas of interest. Among the issues 

that will be studied are the nature and expansion/

propagation of e�  orescence salts on ancient and 

restored masonry and the restored roofs of the 

archaeological site of Knossos, the preservation state 

of the Minoan pithoi and Evans’s fresco replicas, 

and so on. Selected untreated and recently restored 

surfaces will be monitored in order to visualise 

their response to the environmental conditions, 

assessed for their resistance to climate change and 

evaluated for the e� ectiveness of the treatments 

and the criticality and necessity of new restoration 

interventions. 

 � In parallel, ex-situ laboratory analyses based on 

laser spectroscopy will characterise the structural, 

chemical and physical properties of the materials 

(ancient, new and alteration forms). New imaging 

techniques, such as non-linear microscopy and 4D 

surface/volume topography will be employed to 

non-destructively characterise, delineate and map 

materials to gather complementary high-resolution 

information about their composition and morphology.

Installation of meteorological stations in the archaeological site of Knossos

Monitoring the local climatology in the vicinity of the 

Knossos Palace will help the HERACLES research 

programme participants identify the major adverse 

e� ects factors related to current and future change in 

climatic conditions. For the needs of HERACLES, it was 

decided to install a meteorological station to measure 

wind speed and direction, temperature, humidity, solar 

radiation and UV index. The meteorological station 

will be installed at the maintenance area north of 

the Palace by the IACM-FORTH’s Coastal Research 

Laboratory (CRL)

The meteorological station will be installed on a 3-meter 

metal mast, protected from lightning strikes and able to 

withstand wind speeds in the range of over 8 Beaufort. 

The mast will be equipped on its highest point with a 

Franklin type lightning rod. This will be grounded with 

a copper rod, and the connection will be made with a 

50 mm2 copper wire.

In cooperation with the Ephorate of Antiquities 

of Heraklion, its location by the main gate of the 

maintenance area was chosen to minimise intervention 

at the historic environment of Knossos: The weather 

station will be located within the premises of the 

maintenance area, north of the archaeological site and 

outside the visitor area. 
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Bioclimatology in the city of Heraklion

The following tables depict a long-term statistical analysis of seasonal climatic characteristics for the city 

of Heraklion, focusing on temperature, wind speed and rainfall on monthly basis.

Table 1. Statistical characteristics of average daily air temperature throughout the year for Heraklion, during the period 1955–2013.
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Table 2. Statistical characteristics of average daily wind speed (knots), for Heraklion, during the period 1955–2013.
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Table 3. Statistical characteristics of average monthly rainfall (mm), for Heraklion, during the period 1955–1997.
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Linear regression of the long-term data shows a statistically signifi cant positive trend, but only from 1976 until 

the end of the period considered (b = 0.02°C/year, p < 0.05): The temperature increased by 0.54°C over the 

27 years from 1976 to 2014. Wind speed shows a statistically signifi cant upward trend for Heraklion for the 

entire period (b = 0.050 kt/year, p < 0.05). Over the 48 years of the period considered, wind speed displays 

an increase of 2.4 kt.
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TEST BED #2: SEA FORTRESS OF KOULES, 
HERAKLION, GREECE

A 16th-century Venetian sea fortress standing guard 

at its port is an emblematic monument for the city of 

Heraklion. Best known as Koules — from its Ottoman 

name Su Kulesi, which prevailed over its original name 

of Castello a Mare or Rocca a Mare — it is situated at 

the beginning of the western breakwater of the modern 

port of Heraklion. The large limestone blocks used 

in its construction came partly from the Hellenistic 

fortifi cations of the city. 

Rocca a mare fortress, (F. Basilicata, 1636-1638, collection of the 
Biblioteca Cornunale of Bologna)

Candia map (XVII Century, G. Corner_=)

The fortress was built by the Venetians, then rulers of 

Crete, to replace a rectangular beacon tower called 

Castellum Communis that stood in that location. The 

tower was destroyed by the earthquake of 1508, and 

in 1523 it was decided that a larger fortress, built in 

the bastion style, was needed to replace it. The shape 

of the fortress is roughly quadrangular, with a semi-

circular bastion on the south-east side. Its outer walls 

are sloped, and the main entrance is situated to the 

west, opening onto the Venetian fortifi ed mole. On the 

western, southern and north-eastern façades can be 

seen winged lions, the symbol of St. Mark (the patron 

saint of Venice). On the ground fl oor, to the left of the 

main corridor, there are barrel-vaulted rooms which 

housed barracks, warehouses, prison cells and water 

tanks. Light wells and air vents built into the vaulted 

roof provided light and air. All around the building 

are openings for cannons. A staircase and a ramp for 

the cannons lead to the upper terrace, around which 

there were other cannon openings, barracks, a mill 

and a beacon. The surrounding walls end in a parapet 

that protects the inner corridor. The battlements were 

added during the later Ottoman occupation period.

The fi rst attempts of restoration began in 1959, led by 

the curator of antiquities Stylianos Alexiou. More work 

was done by M. Borboudakis during the period 1972–75 

to make the fortress accessible to the public, according 

to the approved study suggested by A. Lampakis. No 

additional work was done in following years, resulting 

in the decay of the monument. The binding mortar of 

the masonry was badly weathered, and the balusters, 

although recently restored, were almost ready to 

collapse. Hard black salt crusts covered parts of the 

walls, and sea and rain water entered through the 

broken skylights at the roof of the galleries. All the iron 

elements used in the monument were heavily corroded.
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During the fi rst decade of the 2000s, the Greek Ministry 

of Culture, recognising the problems the monument 

was facing, decided to take new measures for its 

protection and safeguarding. Under the direction 

of the Ephorate of Antiquities, a National Strategic 

Reference Framework (NSRF) project for the restoration 

and conservation of the Venetian fortress of Koules 

was carried out from 2011 to 2016. In the conservation 

programme, the main concern was to stabilise and 

reinforce aspects of the monument. In order to achieve 

this, previous interventions to masonries, both indoors 

and outdoors, were removed, the lion reliefs have 

been consolidated and preserved, the old frames of 

the cannon openings at the ground fl oor have been 

replaced with stainless ones, and, where it was possible 

without loss of material, the stone surfaces were 

cleaned of hard salt crusts and biodeterioration signs 

and protected. In addition, the three lion emblems 

on the facades of the monument were cleaned 

and consolidated.

St. Marco lion detail before and after restoration

During the 2009 restoration programme, the School 

of Mineral Resources Engineering of Technical 

University of Crete analysed the stone masonry, 

identifying four types of sedimentary stones: breciated 

fossiliferous limestones, microbreciated limestone, 

calcarenites sandstones, and bioclastic/biomicritic 

fossiliferous limestone.

The fortress’s continuous exposure to marine aerosol 

has produced severe weathering of the building stone 

(biocalcarenite), which is a porous material susceptible 

to the action of soluble salts and environmental 

conditions. The same problem a� ects the materials 

used for restoration work.

Risks/hazards and technical aspects 

The fortress of Koules is surrounded by a number 

of major sources of pollution, as indicated in the 

image above.

 � The local North Kazantzakis airport is situated 

2 km to the east.

 � Local installations of the Public Power Corporation 

are located 9 km to the west.

 � A Heraklion industrial area is found 4 km to the 

south-east of the monument.

All the above infrastructure contributes signifi cantly 

to the air pollution load of the monument. Airport 

statistics show that during the summer, there are more 

than 150 landings and take-o� s per day. Many of these 

take-o� s follow a fl ight path over the fortress, burdening 

the atmosphere with air pollutants. The smokestacks of 

ships in the nearby port constitute an additional source 

of air pollutants.
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The immediate proximity of Koules to the sea makes 

the fortress vulnerable to salty northern winds, which 

are often very severe, reaching 9, 10 or even 11 on the 

Beaufort scale. Especially during the winter season, 

high waves often literally cover the monument.

The fortress of Koules is a� ected by climate 

conditions coupled with pollution, which can initiate 

and accelerate deterioration mechanisms for both 

original and restoration materials. Recent geophysical 

measurements have revealed that the ‘caves’ in the 

foundations of the monument are spaced at regular 

intervals, showing that they were deliberately made to 

allow for circulation of seawater under the construction. 

Unfortunately, in the past, these ‘caves’ were believed 

to be the result of foundation erosion and were fi lled 

with concrete to stabilise the structure.

Crusts of salts and black hard encrustations can be 

seen on the walls in several rooms in the interior of 

the monument. Similar black crusts have also been 

observed at the areas around joints, both inside and 

outside of the monument. These crusts are rough 

and inhomogeneous and appear aggressive to 

the materials.

The cumulative e� ect of fi ve centuries of weathering 

at the fortress is unambiguous. Macroscopic 

investigation indicates that deterioration of the stone 

and the detachment of the grain aggregates lead to 

selective pitting, resulting in the formation of deep 

interconnected cavities. The stone appears to have 

su� ered an irregular loss of material, which follows 

the alveolar weathering pattern. A number of cracks 

have been detected around the monument, and it is 

important that they be restored.

Due to the fortress’s proximity to the sea, sodium 

chloride is likely the most damaging of the sea salts. 

Crystallisation of sodium chloride (absorbed from the 

atmosphere or as seawater spray) together with stress 

due to water adsorption plays a role in the decay of 

the stones.

Knowledge to be acquired through the HERACLES project 

The HERACLES project’s work at Koules in conjunction with IESL-FORTH is expected to have two areas of focus:

 � A remote, non-destructive, highly detailed and 

accurate in-situ analysis of the composition 

and origin of the various weathering features 

encountered on the monument, such as salt 

e�  orescence and other crusts, as well as the 

monitoring of their progress and expansion on 

the areas of interest. This will be performed 

using portable instrumentation based on optical 

and laser spectroscopic analysis (LIBS, Raman, 

multispectral imaging, etc.). New imaging 

techniques, such as portable 4-D surface/volume 

topography, will be employed to non-destructively 

characterise, delineate and map materials to gather 

complementary high-resolution information about 

their composition and morphology. Among the 

aims of this work will be to assess how climatic 

conditions infl uence the creation and expansion 

of these weathering features, to sound alerts 

calling for immediate action and preservation, 

and to evaluate the e� ectiveness of the treatments 

and/or the criticality and necessity of new 

restoration interventions. 

 � Laboratory (ex-situ) analyses, based on laser 

spectroscopy, of samples taken from areas under 

investigation at the monument, to characterise the 

structural, chemical and physical properties of the 

materials (ancient, new and alteration forms). 

Both meteorological and wave data will play a pivotal 

role in the restoration of the Koules monument. Site 

calibration and microclimatic modelling rely heavily on 

the existence of accurate climatic data, recorded over 

long periods of time. The available satellite weather 

data for the region will be correlated with the ground 

meteorological station time series for ground-truthing 

and calibration. The combined use of these datasets as 

inputs for the computational predictions will improve 

the accuracy of the models and will lead to more 

realistic weather forecasting for the region.
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To support these activities, IACM-FORTH will install 

a meteorological station and a wave recorder at 

the Koules fortress. The meteorological station will 

be installed on a 3-meter metal mast, which will be 

protected from lightning strike and will be able to 

withstand wind speeds exceeding force 9 on the 

Beaufort scale. The installation position will be chosen 

to minimise intrusion on the fortress. The mast will 

be equipped on its highest point with a Franklin type 

lightning rod, which will be properly grounded outside 

the building.

The meteorological station will provide raw data (time 

series of wind speed and direction, temperature, 

humidity, rainfall, barometric pressure, solar radiation 

and UV index), as well as graphical plots, all of 

which will be available online and accessible via the 

HERACLES project web page. All weather parameters 

will be recorded at one-minute intervals. Every one to 

fi ve minutes, the weather station will generate and send 

a report for display on the website and will upload the 

raw data (in ASCII format) to the database.

An autonomous wave recorder will be installed in 

shallow waters, in the nearshore zone of Koules, to 

monitor sea level, wave height, wave period and sea 

temperature. Data will be collected and analysed 

to study the nearshore wave conditions that a� ect 

the monument.

Within the framework of the HERACLES project, the 

Crystal Engineering, Growth and Design Laboratory 

of the Department of Chemistry, University of Crete, 

will focus on the current state of preservation of the 

stone building and architectural elements of Koules, 

which will be tested and evaluated in-situ. The 

mechanical properties of the dominant lithotypes will be 

examined using the micro drilling resistance measuring 

system, providing crucial information regarding 

the several parameters a� ecting the monument. 

This process will make it possible to evaluate 

the implementation and performance of di� erent 

consolidants and application methods used in the past, 

in terms of depth of penetration and development 

of consolidating compounds inside the stone mass 

(pores, discontinuities).

The University of Perugia (UniPg) will support all 

partners involved in the activities in Koules, by providing 

support for interpreting material properties and by 

monitoring data concerning the fortress’s structural 

vulnerability. UniPg will also carry on inspections of 

the fortress to identify possible areas of structural 

vulnerability, including a visual survey of existing cracks 

in the masonry and the identifi cation of the factors 

most likely responsible for them (e.g., settling of the 

foundations due to coastal erosion, excessive vertical 

loads and past earthquakes). Inspections will profi t 

from the use of infrared imaging to distinguish between 

surface cracks and cracks passing through the whole 

width of the walls, to detect the presence of voids and 

discontinuities in the masonry and to detect qualitative 

di� erences in materials properties from one portion of 

the fortress to another.

In addition, UniPg will use new portable experimental 

equipment specifi cally developed for the scope of the 

HERACLES project to monitor the microclimate dynamic 

of the fortress, i.e., its local environmental conditions, 

such as air temperature, surface temperature, relative 

humidity, wind speed, wind direction, and air quality. 

This monitoring equipment will be used to map the 

parameters over space and time at di� erent heights, 

(at pedestrian level and above the fortress height by 

means of drones where possible) to investigate the 

parameters’ variability and evaluate their impact on the 

fortress structure. This kind of experimental monitoring 

will be replicated by UniPg in all the case studies of 

the project.

The Institute of Nanostructured Materials (ISMN), a CNR 

research institute with expertise in the fi eld of synthesis 

and characterisation of materials, will contribute 

expertise in material science diagnostics and synthesis 

of new or modifi ed materials applied to cultural 

heritage sites to the HERACLES Koules project, through 

the following:

 � Micro- and nano-physico-chemical and 

morphological study of ancient artefacts (in 

particular stones and mortars) to determine their 

material composition, provenance, production 

processes and manufacturing technologies

 � Assessment of the conservation state and study 

of the chemical-physical phenomena at the micro 

and nano-scale to identify degradation agents 

and mechanisms



A-14

CULTURAL HERITAGE

 � Design, synthesis and validation of new, long-

lasting, reliable and nontoxic materials and methods 

for conservation and their tailored application 

and validation

Laboratory studies will be carried out to characterise 

the structural, chemical and physical properties of the 

original and new materials to be used in the restoration 

processes. These (ex-situ) analyses will be focused 

on the identifi cation/classifi cation of materials and 

determination of their composition and structure 

by using X-ray di� raction and X-ray photoelectron 

spectroscopy (XPS).

XPS is a surface-sensitive quantitative spectroscopic 

technique that measures the elemental composition 

at the part-per-thousand range, empirical formula, 

chemical state and electronic state of the elements that 

exist within a material. XPS can be used to analyse the 

surface chemistry of a material and is routinely used 

to analyse a wide range of materials from inorganic 

compounds to glasses, ceramics, stones, etc. X-ray 

di� raction (XRD), will also be used to assess the nature 

of the crystalline compounds.

The Consiglio Nazionale delle Ricerche’s Institute for 

Electromagnetic Sensing of the Environment (IREA) 

is active in scientifi c and technological developments 

in the fi eld of remote sensing, in-situ diagnostics and 

monitoring of the natural and built environment using 

electromagnetic sensing. It studies methodologies and 

technologies for the acquisition, processing, fusion and 

interpretation of data derived from electromagnetic 

sensors on satellites, on aircraft and in-situ for 

territorial management, supervision, security and risk 

assessment. As part of the HERACLES Koules project 

and in cooperation with e-GEOS, IREA will analyse 

satellite data acquired by imaging radar sensors, 

specifi cally the sensors of the Italian COSMO-SKYMED 

constellation, to construct point clouds and monitor 

long-term deformation. Data from these sensors 

are characterised by very high resolution (less than 

3 m x 3 m) and will enable 3D geo-localised points 

with a deformation time series useful for structural 

analysis and the assessment of the stability of the site. 

IREA will be also involved in in-situ monitoring of the 

subsurface and structures using ground penetrating 

radar; specifi cally, it will employ advanced data 

processing based on microwave tomography for a 

2D/3D reconstruction of the subsoil and the inside of 

structures in order to provide information about the 

structure’s health. Finally, IREA has expertise in the use 

of terahertz electromagnetic waves for the millimetric 

and sub-millimetric diagnostics of surfaces and very 

shallow areas to detect such defects as delamination 

and fractures. IREA will make available its THZ system 

for in-laboratory studies aiming at the morphological 

characterisation of samples and materials.

UNINOVA, a materials research institute linked to 

the New University of Lisbon, will be involved in 

all tasks considered necessary by the Consortium 

for the evaluation of the state of conservation of 

materials, analysis of degradation phenomena and 

characterisation of building materials such as stone, 

binders, mortars and new materials to be developed for 

use in three HERACLES case studies: the medieval town 

of Gubbio, the Knossos Palace and the Koules fortress. 

A multidisciplinary approach in close coordination 

with the remaining partners will consider a set of non-

destructive analytical techniques, using the equipment 

available at UNINOVA, for the characterisation of these 

materials. UNIVOVA’s facilities give researchers the 

opportunity to employ minerochemical characterisation 

through X-ray di� raction in the usual Bragg- Brentano 

geometry and X-ray fl uorescence using a wavelength 

dispersive system. Observation of samples taken 

at the site through optical microscopy will allow for 

observation of macroscopic constituents, and the 

use of scanning electron microscopy will allow for a 

microstructural evaluation of the samples. Techniques 

such as ellipsometry for dielectric measurements or 

atomic force microscopy for surface profi ling are also 

possible, as well as measurements of the thermal 

behaviour of materials through thermal di� erential 

analysis coupled with thermogravimetry.
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TEST BED #3: OLD TOWN WALLS, GUBBIO, ITALY
Historiographer P. L. Menichetti, a 

Gubbio native himself, once wrote 

that Gubbio’s town walls were 

‘a beautiful collar ... continuously 
restored after wars, calamities, 
earthquakes and time’. While the 

town walls likely did look beautiful 

to each visitor arriving at Gubbio in 

the last eight centuries, the town 

walls also protected the city against 

invasions, sieges and enemy raids. 

The walls were created over two 

millennia, continuously modifi ed 

through elevations, renovations, 

expansions, reinforcements, 

modifi cations and demolitions. They 

have a length of 2,85 kilometres, 

a maximum height of 12 metres and a thickness that 

varies from 0,5 to 3 metres. While in most parts the 

walls are a monolithic structure, in other parts (such as 

in some of the test bed zones), they have a multi-level 

hollow core section that let soldiers move through them 

to reach all the defensive towers or bastions.

The part of the urban walls at maximum risk is located 

on the slopes of Ingino mountain in a north-north-east 

direction. All of this section was built in 1302, with some 

minor expansions made until 1338.

The seven HERACLES test bed locations are shown 

in Figure 2. 

The shape of the walls changed, however, since they 

followed the growth and development of the city. 

The original city, the city of the ancient Umbrians, 

(Tota Ikuvina – 15th century BCE to 4th CE) was located 

on the mid part of the slope of Ingino mountain. 

Since then, the city has had three gates: Vei (now 

San Marziale), Tessenaca (today below ground level a 

few meters from the Bargello fountain) and Trebulana 

(location unknown). The higher track of the walls is 

believed to be much the same as the one built 1500 

years later in the medieval period, while the section 

lower on the slope was elongated, on a north-west 

to south-east axis. The shape of the original city was 

di� erent, since the Umbrian 

town was probably set on natural 

terracing, exploiting natural 

bastions and steep slopes for 

defensive purposes.

During the Roman Empire 

(4th century BCE to 4th century 

CE), Gubbio, then known as 

Iguvium, was an ally of Rome and 

a Roman municipium. During the 

following seven centuries of peace 

and prosperity, the old Umbrian 

hill town became the ‘popular’ 

or ‘artisan’ part of the city, while 

the residential or ‘noble’ part was 

located on the plain below. Since 

there were no enemies nearby, 

the ancient town walls became 

useless and were probably partially 

reshaped into new buildings.

Figure 1. Gubbio–J. Blaeu, 1663 – tracciato delle mura

Figure 2. Old town walls – test bed sites location
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The end of the Roman Empire 

was followed by three centuries of 

raids by barbarian populations. As 

a consequence, the settlements 

on the plain were abandoned, and 

people moved up the mountain 

where defence was easier. The 

fi rst small settlements were at fi rst 

separated ‘vici’ or settlements 

built around old pre-existing 

fortifi cations, such as the Comizio 

or the fi rst cathedral, San Mariano 

(near present-day S. John) that in 

921 were enclosed by the walls.

According to Costantini, between 

the 10th and 12th century other 

‘vici’ or settlements grew up, 

expanded and were partly 

surrounded by the walls. In the 

14th century these ‘vici’ were 

joined to create the four districts 

around which the walls — as they 

are today — would be built. For 

instance, the vicus ultra aquam 

(‘district beyond the river’) district 

on the left side of the Figure 5 

is where the noble landowners 

settled in the 11th century — and 

was the seed of the modern Saint 

Martin district.

The great urban expansion of 

Gubbio, now Eugubium, took place 

during the 12th and 13th centuries 

with positive political and economic 

conditions. The Church, the noble 

landowners and the artisans 

competed for domination of the 

city, including the expansion of its 

residential areas and its wall. 

The fi rst phase of Gubbio’s 

expansion (see Figure 7) took seven 

centuries, starting with the fall of the 

Roman Empire. By its end, Gubbio 

occupied the half-shore slope and 

included a large part of the old 

Umbrian city, up to the left bank of the Camignano river (green areas). On the right bank of Camignano river, the 

tra�  c of goods and people to and from the Marche region through the valley between the Ingino and D’Ansciano 

mountains was ensured by the vicus ultra aquam.

Figure 4. Agobio, 5th–9th century

Figure 3. Micalizzi – ancient Umbrian walls

Figure 5. Agobio, until 12th century
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The second phase, in the 13th 

and 14th centuries, saw Gubbio’s 

greatest development. It occupied 

the space north-west and south-

east of the Camignano river: Corona 

and Campus Mercatalis (the current 

Mercato) and Colonia (the present 

district of San Pietro), shown in 

yellow and blue in Figure 7. With 

the exception of the expansion 

towards the northwest by the 

Dominican monks (Figure 7 pink 

area), Gubbio took on its defi nitive 

and modern shape in the mid-1300s. 

Then started a period of decline 

politically, as a free commune led to 

the rule of the Dukes of Montefeltro, 

and economically, due to the crisis 

that followed the Black Death in 

the mid-1300s. The shape of the 

town walls is the same today as it 

was then. In particular, the north-

northwest walls (surrounding the 

St. Martin district) had already 

been built, and the north-east part 

was completed in 1301 (the year is 

recorded in the bas-relief beside 

the S. Angelo gate – HERACLES 

test bed zone 4). 

The walls built along the 

plain (northwest to southeast) 

were completed before 1350. 

Subsequently, there were 

restorations and renovations 

(e.g., the complex of the double 

door of St. Peter in 1388 and the 

Ponte Marmoreo in 1481, demolished 

in the last part of the 19th century).

The zone 1 HERACLES test bed, 

the Forte di Parco Ranghiasci (see 

Figure 8), was built in the Umbrian 

period, more than 2500 years 

ago, and then, due to the last city 

expansion, fi nally completed in 1301. 

The walls protected the Cassero, 

a fortifi cation built nearby, close to an ancient gate (S. Agnese according to Micalizzi) that led to the gorge of 

Bottaccione via an ancient Umbrian road whose remains can be seen few meters downstream of the medieval 

aqueduct. The gate was named after the monastery of S. Agnese, which was built upstream and outside the 

walls. It was demolished to build the Rocks of Mount Ingino at the end of Middle Ages. The Cassero was built 

and modifi ed several times between 1376 and 1386 and 1413 and 1414 by Mastro Agnolo da Como during the 

Montefeltro domination, when it became part of the defensive system of the city. In the 19th century, due to the 

building of Marquise Ranghiasci-Brancaleoni’s park, the Cassero, already damaged, was demolished and the gate 

disappeared. There are today a few ruins and ancient maps and engravings to witness their presence.

Figure 6. Town walls expansion until 15th century

Figure 7. Steps of Gubbio’s urban expansion from 5th to 15th century

Figure 8. Test bed areas
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The 1663 map drawn by J. Blaeu 

in Figure 9 shows how the zone 2 

Cassero (as it is popularly but 

erroneously called today) building 

looked then. The tower appears 

to be a three-storey structure 

closed towards the valley. It is now 

partly demolished.

The area nearby is now mostly olive 

plantations, although in the past it 

was also used by woodcutters and 

farmers. From historic information 

such as pictures and paintings, it is 

clear that the forestation currently 

visible outside the walls is very 

recent and has arisen only since 

World War II. In the past, only a few 

trees and bushes were present, 

not enough to stop sediments and 

surface fl ows

During the last 8 to 10 centuries, 

several meters of soil have 

accumulated against the walls. The 

situation was only partially mitigated 

in zone 1 by the historic aqueduct, 

which also served as a retaining 

wall. At present, the estimated soil 

accumulation against the walls is 

more than fi ve or six metres, so it 

has been increasing at a rate of 

around 50 cm per century. 

As built-in risk mitigation, the 

water fl ow through the walls 

and the drainage of the gravel 

soil were ensured by purpose-

designed holes or channels in the 

structure. However, ground material 

obstructed the channels, causing 

a rise in the groundwater level and 

consequently the risk of structural 

instability of the walls. Currently 

there are no major landslides 

in place, but collapses of the 

walls have occurred over the last 

centuries. Just upstream of the building shown in Figure 11 a restoration was made over thirty years ago. The soil 

accumulated upstream of the walls and pressure on them was removed. A six-metre concrete retaining wall was 

built, with post-tensioned cables placed ~4 metres from the ancient structures, reshaping the slope uphill. The 

walls in zone 3, however, have not been subject to interventions in the recent past, so that the main danger is the 

build-up of moving terrain that can reach several meters high.

Figure 9. Test bed sites zone 1, 2, and 3 (J. Blaeu 1663)

Figure 10. Fallen walls (after 18th century)

Figure 11. Zones 3-4: Walls downstream side (on the left) and upstream (on the right) notice 
the opening at around 6 metres from the ground level downstream and the same opening at 
ground level on the right.
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Figure 11 shows the same opening in 

the walls as it appears from the two 

di� erent sides (upstream and 

downstream). It is possible to see 

the di� erence in height with respect 

to the ground level upstream 

(indicated by a red circle) and 

downstream (indicated by a red 

arrow). Upstream, the opening is at 

ground level, while downstream it is 

at a height of almost six meters from 

the ground level. This means that 

from the mountain (upstream) side, 

at least six meters of soil are pushing on the walls. Between zones 2, 3 and 4 there are many signs of past 

landslides, such as tilted and damaged objects like a fl agpole and a wooden fence.

Zone 4 is popularly named porta S. Ubaldo, since 

from it starts the road that leads up the mountain to 

S. Ubaldo Basilica where the incorrupt body of the 

Saint watches over the city. It was built in 1301 and 

was then named Porta Sant’Angelo. It has a covered 

upper level and an external bastion surrounded by 

walls (Figure 12) that, according to the 1663 map, were 

completely above ground level. Since that time, the 

bastion has been partially demolished, and ground level 

is now ~1/1,2 meters below the town walls or ~8 meters 

above the road downstream (Via Appennino). Two 

major interventions were made in this part of the walls 

(zones 4-5-6). These interventions were aimed mainly 

at removing the thousands of cubic meters of soil 

carried there by rains, since it was intensifying the load 

on the walls and increasing the aquifer water levels. 

The intervention was made 8-10 years ago and divided 

in two parts. The fi rst one was in the 125 m section 

of the walls between the S. Ubaldo and S. Girolamo 

gates. The soil that had accumulated against the walls 

over the centuries was removed, and it was used to 

make a rammed-earth retaining wall about 3 metres 

upstream of, and parallel to, the walls. The hollows 

present in the collapsed areas were fi lled, and the 

external facades were restored: plants, roots, weeds 

and shrubs eradicated using pesticides that did not 

a� ect the existing binder, walls treated with anti-mould 

and anti-moss material, stones surface cleaned with 

low-pressure water, joints and cracks of the stones 

fi lled with mortar. Finally, a resin was used to protect 

all the surfaces.

Figure 14. During intervention Figure 15. After excavation during 
earth-retaining walls building

Figure 13. Zone 5: The slope before intervention

Figure 12. Test bed sites 4, 5, and 6 (J. Blaeu 1663)
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In zone 5 today. there are four watch towers that 

interrupt the walls. The historian Micalizzi (1989) 

pointed out that these towers were built to align with 

the main roads going upstream and downstream 

of the eastern part of the town, while a fi fth tower 

(reported in an ancient map by Ghelli) is missing 

(probably destroyed).

The Blaeu map (1663) does not show an opening in 

the wall leading to S. Girolamo monastery, so it was 

presumably made later. In fact, as it can be seen in 

fi gure 2 (lower-right side), it is not a true city gate.

General risks/hazards and technical aspects 

The Gubbio town walls su� er from 

the torrential rains and humidity 

that characterise the area and are 

closely related to the mountain 

location. The heavy rains increase 

the pressure on the walls in 

two ways: fi rst through washout 

producing and transporting rubble, 

and second through the rise of the 

aquifer level. Both these conditions 

can adversely a� ect the stability of 

the walls. In the past decades many 

catastrophic episodes occurred, 

especially in the northern side 

of the town, such as collapse of 

medieval terracing (both integrated 

into the town walls or the walls 

themselves) and a 300-cubic-

meter chasm that opened in the 

Duomo garden.

In addition, the Gubbio walls exhibit several issues 

related to degradation of the materials (limestones, 

travertine, sandstone-serena stone, plasters, binders) 

used for building and restoration. These materials su� er 

increased deterioration due to climate change e� ects 

coupled with pollution. The primary structural material 

of the walls is limestone extracted from quarries in the 

neighbouring mountains at two di� erent periods. The 

older limestone was extracted before the 15th century 

and does not exhibit signifi cant criticalities. The second 

limestone type, which was extracted later, exhibits 

signifi cant degradation with the formation of dark patina 

(black crusts) on surfaces.

Figure 16. Alignments of the wall towers with main SW-NE roads

Figure 17. Ancient wall collapse in via del Monte
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Another widespread issue is 

the gradual degradation of the 

mortar that both binds the stones 

and makes spatially uniform the 

stresses through the joints between 

the stones. The degradation/

reduction of the mortar and the 

loss of this homogeneous stress 

distribution leads to heterogeneous 

stone-binder system behaviour. 

The action of rainfall on the mortar 

can cause erosion of the weakest 

parts of the masonry, which can in 

turn cause hydrolysis, oxidation and 

dissolution. Signs of degradation 

can be seen on the outer surface: 

loss of material (formation of 

hollows, di� erential degradation, 

erosion, gaps, lacking, pitting), loss 

of material cohesion (disintegration, 

pulverisation), loss of perpendicular 

or parallel continuity with the outer surface (fracturing/cracking, peeling, warping, swelling, scaling), additions 

of foreign material (concretion, crust, surface deposit, e�  orescence, scaling, stain, fi lm) and colour variations 

(discolouration and patina).

The presence of stones other than limestone, such as 

travertine or sandstone, exacerbates the issue, and in 

fact the city walls were built in part using materials from 

abandoned and ruined Roman villas of the Roman Urbe 

in the valley.

These porous stones deteriorate faster than limestone, 

and climate change may further accelerate this 

phenomenon, leading to structural instability.

Figure 18. Dark patinas and di� erential blackening

Figure 19. Travertine stones Figure 20. Sandstone bricks
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TEST BED #4: PALAZZO DEI CONSOLI, GUBBIO, ITALY

1 See http://www.palazzodeiconsoli.it/

A view of the Consoli Palace complex, in the higher part of the town

During the fi rst half of the 14th century, the free Commune of Gubbio designed and realised a wonderful new 

complex made up of public buildings and the great ‘Piazza Grande’. The aim was to create a new administrative 

and political centre that took into account the changed urban shape of the city and was central to all four 

districts. The new municipal buildings were positioned to overcome the ‘trench’ between the upper and lower 

areas of Gubbio and to have a tower whose visibility from the lower streets would be emphasised by using the 

natural slope.

Planning for the Palazzo del Popolo (now the Consoli 

Palace), the Podestà Palace (now the town hall) and 

the Platea Communis (now the Piazza Grande) started 

in 1321. It was a large-scale enterprise designed 

to position the new city centre as a symbol of the 

Commune’s authority. It is clearly visible from every part 

of the town and the surrounding valley — a visible sign 

of the supremacy of the municipal government over 

every other authority. Building started in 1332, after a 

successful fundraising campaign. 

The building operations were interrupted, leaving the 

Piazza only partially built. The original plan had two 

steep access ramps, one for the San Giuliano district 

through the gallery under the Consoli Palace, and a 

symmetrical ramp connecting the Piazza Grande with 

the district of San Pietro. These two access ways were 

never built. In 1491, the ramp connecting Baldassini 

street to the Consoli Palace was started but eventually 

abandoned, bringing an end to the ambitious Piazza 

project. At the beginning of the 15th century, the 

Consoli Palace was completed with the addition of its 

tower bell and loggia. From the 15th century through 

the 19th century, there were many attempts to complete 

the complex of buildings, but none were able to achieve 

the piazza-palace unity that remains unfi nished today.

Since 1901, the building has housed the town museum1, 

presenting art, ceramics, archaeological and Oriental 

collections, and an extensive collection focused on the 

Italian Risorgimento (the Risorgimento is the period 

leading to the unifi cation of Italy). 

Several restorations were begun after the 1982 and 

1984 earthquakes and completed in the fi rst half of the 

1990s. During these restorations, the façades were 

completely cleaned of accumulations of dirt. After a few 

years, however, smog, concretions and a localised black 

patina are again clearly visible.
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Construction details:

The Palace has a rectangular shape and a very articulated use of space on nine levels:

 � Level +6 (roof and tower bell)

 � Level +5 (formerly kitchen, now Campanari’s hall 

in south-west façade and Consoli’s chamber in 

north-west façade)

 � Level +4 (‘noble’ or main fl oor, the modern 

pinacotheque and upper open lodge)

 � Level +3 (upper closed Lodge – 

now hall of ‘lustro’ [ceramics])

 � Level +2 (lower closed lodge and chapel – 

now hall of Tavole Eugubine)

 � Level +1 (the Arengo, a barrel-vaulted hall that in 

the Communal age was used for meetings and 

assemblies of citizens for the government of the city)

 � Level 0 (Capitano del Popolo halls – 

now Risorgimento section)

 � Level -1 (lower entrance from Gattapone street – 

now museum)

 � Level -2 (halls in Baldassini street)

The main façade overlooking the square is made of 

ashlar stone and stands over 44 meters high to the 

top of bell tower. Entry is through a portal accessed 

by a fan-shaped staircase leading to the Arengo (level 

+1). Two mullioned windows are on the two sides of 

the portal, decorated with a 1495 fresco in the lunette. 

On the main fl oor (level +4), there are six windows 

in the centre topped by a dentil cornice connecting 

the arches, while the crenelated battlements are 

embellished by small pointed arches. 

+2 Hall of

tavole eugubine

+1 Gattapoine

street entrance

-2 Baldassine

street halls

+0 Capitano del

Popolo halls

+1 Arengo hall

+4 Noble floor

+5 Ex-kitchen

and chamber

+6 Roof

+3 Lustro hall
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Risks/hazards and technical issues

Several areas of degradation were found in and around the Consoli Palace. 

Structural cracks suggest that 

the structure is vulnerable to 

earthquakes, and structural repair 

interventions are needed, such as 

injections of mortars with suitable 

properties for strengthening 

purposes and installation of 

additional reinforcements, such 

as steel rods, to prevent further 

instability. The evolution over time 

of the actual damage state needs 

to be monitored to understand the 

structure’s stability.

A detailed survey of the existing 

degradation conditions on the 

main façades of the building, 

together with environmental 

monitoring and thermal analysis 

results, suggests the clear climate-

driven nature of most of the 

active degradation mechanisms. 

We propose restoration and 

improvements aimed at the 

environmental protection of the 

main façades of the Consoli 

Palace through elimination of 

the actual degradation state 

and the deployment of suitable 

protective agents. 

In addition, a thermal energy retrofi t 

would improve indoor conditions 

and prevent climate change 

induced degradation of indoor 

materials, including the art and 

historic masterpieces displayed. 
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