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Abstract

This article contributes to developing an indicator-based vulnerability assessment framework for cultural heritage sites. It
provides a vulnerability index for heritage sites potentially exposed to multiple hazards, including sudden-onset and slow-
onset hazards, while considering climate change influences. Through determining particular criteria and indicators, the
Cultural Heritage Vulnerability Index incorporates structural and non-structural factors of the heritage site and its local and
national settings. The assessment procedure was applied to the case of the Roman Ruins of Tréia in Portugal. The findings
highlight those areas of sensitivity (e.g., the existing deterioration patterns and types of foundation) and coping and adaptive
capacities (e.g., institutional setting and response plan) that significantly contribute to the level of vulnerability and risk. The
results of vulnerability assessment will further enable determining priorities and developing risk mitigation and preparedness
measures, in particular reducing structural sensitivity and promoting coping capacities.

Keywords Climate change - Coping capacity - Cultural heritage - Risk assessment - Roman Ruins of Trdia - Vulnerability

assessment

1 Introduction

Cultural heritage properties are exposed to the adverse
effects of natural hazards, with consequences ranging from
gradual decay and deterioration to outright catastrophic
losses. The increased frequency and intensity of extreme
weather events as a result of climate change has worsened
the situation, calling for integrated methodologies and pro-
cesses for risk assessment and management applicable to
heritage conservation. Risk assessment has increasingly
become the methodology of choice in implementing planned
maintenance and preventive conservation programs since it
facilitates the integration of all available knowledge and its
operational streamlining. Risk assessment of cultural herit-
age sites needs to be able to integrate information on both
sudden- and slow-onset events, for example when it comes to
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structural vulnerability, to adequately provide priorities for
future risk treatment strategies. Admittedly, the vulnerabil-
ity of a heritage site is strongly related to its structural and
material features, which dictate how the site will respond to
the different threats facing it. To account for these variable
responses, a vulnerability analysis must consider not only
the materials used to build the object and their respective
resistance to different stressors, but also how these materials
will work as a whole, that is, how they are structured, and
how this structure will withstand the impacts to which it is
exposed. What is more, the conservation condition of the
object, at the material and structural level, will be a deter-
minant in estimating the probable impacts of a hazardous
event (Daly 2014; Ortiz and Ortiz 2016). Given the emi-
nently technical nature of these analyses, the involvement of
experts with knowledge and working experience on cultural
heritage is paramount (Tolles et al. 2002).

Vulnerability goes beyond the mere structural perfor-
mance of the heritage buildings (or objects), encompassing
the capacity of the management system and institutional
settings to cope with the consequences of natural hazards
and adapt to the gradual changes of the climate. Heritage
is a cross-sectoral area that has strong links with various
departments including cultural heritage authorities and other
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organizations, urban planning, environmental planning, civil
protection, and so on. Risk-preparedness for cultural herit-
age is dependent upon prevailing risk-preparedness policies
and practices established at the national, regional, and local
levels. While the coping and adaptive capacities of cultural
heritage to disaster risks are contingent upon a multitude
of factors, the role of governance context, including legal,
policy, and institutional frameworks, is highly instrumental
in facilitating a holistic management approach to resilient
heritage.

Existing vulnerability assessment methods for historical
sites mainly concentrate on structural factors and the mod-
eling of potential impacts (D’Ayala et al. 2006; Lagomarsino
2008; Ortiz and Ortiz 2016; Romao et al. 2016; Sevieri et al.
2020), while only a few have addressed non-structural deter-
minants related to coping capacity and institutional factors
(Phillips 2015; Sesana et al. 2018). Recognizing this chal-
lenge, integrated approaches are needed to incorporate the
structural (structural and material performance) and non-
structural (coping and adaptive capacities) factors into the
vulnerability assessment of cultural heritage.

This study aims to contribute to an integrated frame-
work of vulnerability assessment for cultural heritage sites
exposed to multiple hazards, exemplified for the Roman
Ruins of Tréia, Portugal. It provides a vulnerability index
for heritage sites potentially exposed to multiple natural haz-
ards, including sudden-onset and slow-onset hazards, while
considering climate change influences. Through determin-
ing particular criteria and indicators, the Cultural Heritage
Vulnerability Index (CHVI) incorporates structural and non-
structural factors into the assessment procedure. It finally
demonstrates how the output contributes to decision mak-
ing for determining priorities and developing risk mitigation
and preparedness measures, in particular reducing structural
sensitivity and promoting coping capacities. The proposed
method mainly targets cultural heritage sites, particularly
large-scale sites, to provide a vulnerability assessment of the
different areas of a site to multiple hazards and facilitate risk
management at site level. This provides an overall vulner-
ability assessment; when it comes to a building exposed to
a specific hazard, for example, seismic performance of the
structures, further structural analysis is needed.

2 Conceptual Framework

The interrelations between disaster risk and vulnerability
associated with natural hazards or climate change have
been discussed widely among a range of scholars and dis-
ciplines (Cardona et al. 2012), and it is well established
that vulnerability is a key component of risk for determin-
ing risk reduction and climate change adaptation strategies.
The multi-dimensional nature of vulnerability has led to

different definitions, approaches, and methods in its corre-
sponding disciplines. Taking into account the existing vari-
ety of approaches to assessing vulnerability (Bogardi and
Birkmann 2004; Fiissel and Klein 2006; Birkmann 2013;
IPCC 2014; Jurgilevich et al. 2021), as well as considering
the evolving understanding of the concept and its dynamic
nature, it is important to illustrate the established defini-
tions of the term in the context of disaster risks and climate
change.

2.1 Vulnerability

Vulnerability may be construed as “the degree to which a
system, subsystem, or system component is likely to expe-
rience harm due to exposure to hazard, either a perturba-
tion or stress/stressor” (Turner et al. 2003, p. 8074). This
physical perspective of vulnerability is mostly focused on
impact or damage analysis and will assess the properties of
a system in terms of their potential to reduce or amplify the
hazard impacts (Brooks 2003). In turn, a social definition
of vulnerability considers it to be “an inherent property of
a system arising from its internal characteristics” (Brooks
2003, p. 4), which may encompass “the characteristics of
a person or group and their situation that influences their
capacity to anticipate, cope with, resist, and recover from
the adverse effects of physical events” (Wisner et al. 2004,
p. 11). In this perspective, vulnerability is viewed as a state,
that is, inherent to the system irrespectively of the (external)
hazards affecting it. In the context of climate change adap-
tation research, vulnerability is defined as “the propensity
or predisposition to be adversely affected” (IPCC 2018, p.
560). In the Intergovernmental Panel on Climate Change
(IPCC) agenda, vulnerability may incorporate a variety of
concepts and components, notably including “sensitivity” or
“susceptibility to harm” and “lack of capacity to cope and
adapt” (IPCC 2014).

Despite various frameworks developed for defining and
assessing vulnerability, it is interesting to note that at least
some common causal factors of vulnerability have been
identified, in both the disaster risk management and climate
change adaptation communities (Birkmann et al. 2013; Car-
dona 2013; IPCC 2014; Schneiderbauer et al. 2017; Kelman
2018). The first factor is susceptibility or sensitivity, which
refers to the physical predisposition of the elements exposed
to hazards; and the second factor is lack of resilience or lack
of coping and adaptive capacities due to limitations in access
to and/or in mobilization of resources to respond and recover
from the adverse consequences of hazards.

In the current framework proposal, susceptibility or sen-
sitivity will be taken to mean “an inherent property of a
[system], distinguished from its capacity of response” or,
in other words, “an attribute of the system, existing prior
to the perturbation, and separate from exposure” (Gallopin
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2006, p. 296). Coping capacity is “the combination of all
the strengths, attributes and resources available within an
organisation, community or society to manage and reduce
disaster risks and strengthen resilience” (UNISDR 2015, p.
9). Adaptive capacity, is “the ability of systems, institutions,
humans and other organisms to adjust to potential damage,
to take advantage of opportunities, or to respond to con-
sequences” (IPCC 2018). While the focus of coping is on
immediate reaction, adaptive capacity implies a long-term
strategy that provides community with the possibility of
change and transform needed to deal with potential adverse
effects of climate change threats (Birkmann et al. 2013).

2.2 Vulnerability in Cultural Heritage Contexts

Different physical factors have been determined to influ-
ence the potential for damage in historic buildings, such
as structural and foundation system, architectural features,
reinforcement measures, condition of building materials, and
physical and chemical characteristics (Tolles et al. 2002;
D’Ayala et al. 2006; Lagomarsino 2008; Ortiz and Ortiz
2016). D’Ayala et al. (2006) proposed a model—Multi-Haz-
ard Assessment of Vulnerability (applied to historic build-
ings)—whereby vulnerability to four sudden-onset hazards
(earthquakes, windstorms, floods, and lightening) may origi-
nate in the “physical attributes and structural behavior” or in
the “cultural attributes and significance potential loss” of the
building. Quattrone (2016) emphasizes that “the vulnerabil-
ity of an asset is concretely manifested in [its] state of con-
servation: it is therefore, a measurable dimension through
the various aspects of degradation” (2016, p. 160). This
measurement resorts to conservation condition indicators
relating weathering phenomena (e.g., “structural damage” or
“humidity”’) with building components (e.g., “foundations”
or “vertical connections”), to be (semi-quantitatively) rated
by heritage and/or site experts.

Ortiz and Ortiz (2016) and Rodriguez-Rosales et al.
(2021) considered the vulnerability of a monument to corre-
spond to its “current conservation condition” and proposed a
Vulnerability Index where the seriousness and frequency of
the weathering forms present in the building—as defined by
Fitzner (2007) and ICOMOS-ISCS (2008)—are (semi-quan-
titatively) computed to estimate its resistance to the impacts
of pre-selected sudden- and slow-onset hazards that may
commonly affect the study area, categorized using the Ital-
ian Risk Map classification (Baldi et al. 1995). Appiotti et al.
(2020) divided the vulnerability of single heritage buildings
into three analytical components: structural, related to static
properties; functional, related to building use; and formal,
related to valuable building component. Their corresponding
vulnerability is assessed semi-quantitatively via expert con-
sultation and varies according to the specific hazard under
analysis.
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Seismic risks are arguably the field where more vulner-
ability studies have been performed for cultural heritage sites
using the mathematical modeling of structural behavior.
Berto et al. (2017) and Cantagallo et al. (2020) described
recent application examples, using information obtained
from extensive surveys of the historic environment follow-
ing the “knowledge path” defined by the Italian Civil Protec-
tion Services and Ministry of Cultural Heritage: historical
analysis, geometric measurements, construction materials,
and state of deterioration. Other approaches, for example,
Lagomarsino (2006) and Podesta and Romano (2014), pro-
posed vulnerability curves for frequently found heritage
typologies (church, monastery/convent, mosque, tower, and
so on). A large number of studies have been also dedicated
to the vulnerability analysis and modeling of cultural herit-
age to other types of hazards such as flooding (Garrote et al.
2020; Figueiredo et al. 2021) and fires (Salazar et al. 2021).

The field of cultural heritage has only recently gained
attention within the coping and adaptive capacity discourse.
Coping and adaptive capacities heavily rely on the herit-
age management system and institutional settings. Through
reviewing the existing literature, relevant criteria influencing
coping capacities at site and regional levels can be deter-
mined. Examples of such factors are adequacy of structural
reinforcement, risk awareness, emergency response plans,
emergency response drills and simulations, documentation,
storage and salvage, human and financial resources, avail-
ability of experienced professionals, and security and fire
alarm systems (Stovel 1998; FEMA 2005; Lagomarsino
2008; UNESCO et al. 2010; Phillips 2015; Michalski and
Pedersoli 2016). However, the integration of coping and
adaptive capacity indicators into the methodology of vul-
nerability and risk assessment needs further development
to adequately inform risk reduction strategies.

3 Methodology: Vulnerability Assessment
Framework

In general, three major standardization schemes can be dis-
tinguished for vulnerability assessment: vulnerability matrix,
vulnerability index, and vulnerability curves (Papathoma-
Kohle et al. 2017; Zschau 2017). As provided in Zschau
2017, a vulnerability matrix is a table that relates expected
levels of damage to certain hazard intensities, where the
results can be represented either in qualitative or quantitative
terms. The method could be subjective (Papathoma-Kohle
et al. 2017). In comparison, a quantitative method for vulner-
ability assessment is provided by vulnerability curves. Tar-
botton et al. (2015, p. 121) defined empirical vulnerability
functions (or curves) as “a continuous curve associating the
intensity of the hazard (X-axis) to the damage response of a
building (Y-axis)”; it considers only structural damages. An
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example of the development of vulnerability curves specific
to cultural heritage was done by Figueiredo et al. (2021).

This study adapted the vulnerability index method to
assess the vulnerability of cultural heritage. The strength
of this method is to allow multiple components and factors
that may influence the vulnerability level (and subsequent
risk level) to be integrated into a numerical scoring system
(ISO 2009). Accordingly, applying vulnerability indices to
heritage sites provides a ground for the prioritization of dif-
ferent factors influencing vulnerability and, further, for the
prioritization of risk treatment strategies in decision-making
processes, especially considering resource limitations. Vul-
nerability or risk index approaches have been applied in the
context of cultural heritage (Forino et al. 2016; Ortiz and
Ortiz 2016); however, the component of vulnerability and
risk and their related indicators have been differently defined
depending on the objectives of projects, type of elements
at risk, and fields of study. This study proposed a Cultural
Heritage Vulnerability Index (CHVI) that encompasses the
two following main components:

e Susceptibility or sensitivity: Susceptibility of a herit-
age site is dependent on its physical characteristics and
reflects the performance of its structural and material
features to withstand the effects of natural hazards; and

e Coping and adaptive capacities: Coping and adaptive
capacities describe the institutional capability of existing
heritage conservation and risk management systems at
site/local and national levels. Although coping and adap-
tive capacities are highly interconnected, coping capacity
mainly reflects the short/medium-term ability to mitigate,
respond to, and cope with sudden-onset hazards, while
adaptive capacity comprises the ability to adjust to slow-
onset events in a long-term perspective.

3.1 Developing Indicators for Sensitivity/
Susceptibility Analysis

Susceptibility analysis is divided into four components that
define the parameters and rank the elements that ultimately
determine the susceptibility of a given heritage asset to sud-
den- or slow-onset disasters: structure, materials, immov-
able elements, and movable elements. For each component
of susceptibility, a set of indicators has been developed
(Table 1), according to the literature review presented in
Sect. 2 while considering the specific characteristics of the
study area and similar heritage assets. Subsequently, a set of
ranking criteria specific to masonry constructions has been
defined for each indicator to score their respective sensitiv-
ity (Table 1).

Some particular damage features such as “crack and
deformation,” may be identified at the structural level—
unbalancing the physical properties of the building; or

maybe identified at the material level, not necessarily at a
stage where the stability of the building is at stake but which
influence vulnerability (particularly for slow-onset hazards)
and may eventually evolve to cause structural problems.
The type of solutions and disciplines dealing with each type
of damage sign is different (e.g., engineering for structural
issues; conservation-restoration for material issues) and
both must be considered. They do not affect susceptibility
in the same way, as per the weightings presented in the next
section.

The susceptibility of immovable elements (e.g., decora-
tive elements) and movable elements (e.g., collections and
archives), besides their specific sensitivity, highly relies on
the building structural performance, on the risk mitigation
measures for decorative assets and collections, and on the
regular maintenance of control systems (e.g., drainage sys-
tem or light and/or humidity control systems). The exist-
ing control system is included in the assessment of coping
capacities. The sensitivity of decorative elements and mov-
able objects is scored based on the opinions of site managers
and experts, considering first and foremost the type of decay
that can be observed in the objects and that should provide
the most relevant clues to their sensitivity to different decay
agents. Below, an indicative sensitivity ranking matrix is
provided (Table 2) for some of the most common heritage
materials and decay agents, along with some guidelines to
help sensitivity assessments. Table 2 was developed based
on the opinions of heritage conservation experts (conser-
vators and conservation scientists involved in the STORM
project) in the European project of STORM (Safeguarding
Cultural Heritage through Technical and Organisational
Resources Management 2016-2019) and rankings were
defined from their extensive experience.

3.1.1 Weighting the Susceptibility Indicators

The above-mentioned criteria are not considered equally
significant in the overall susceptibility; therefore, they will
be weighted by applying the Analytic Hierarchy Process
(AHP). Ranking scales for the pairwise comparison of the
significance of criteria/indicators are based on a common
five “intensity of importance” in AHP: 1, 3,5, 7, and 9. The
AHP, which was originally developed by Saaty and Kearns
(1985), is a tool for weighting the assessment criteria in a
decision-making process. Tables 3 and 4 shows the proce-
dure of weighting the components contributing to the over-
all (physical) susceptibility to sudden-onset and slow-onset
hazards. The relative significance of the parameters in the
overall susceptibility of the pilot sites to disasters has been
formulated based on expert opinion. Once the matrix is filled
in with the relative importance scores, the weight of each
indicator needs to be calculated. For this purpose, each indi-
cator is normalized in its corresponding column; the average
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Table 1 Sensitivity/susceptibility indicators and ranking criteria

Susceptibility

Components

Indicators

Ranking criteria

Sensitivity score

Structure (e.g., load-bearing walls, foun-

dations, roofs, and joints)

Structural materials (materials used in
the load-bearing elements)

Immovable elements (e.g., decorative
elements)

Quality of construction (robustness)

Type of ground/foundation soil

Current structural damage and deteriora-

tion patterns (structural imbalance):
- Open or degraded joints;
- Cracks;
- Material losses;
- Structural deformations;

- Biological/vegetation-related structural

damages

Cracks and deformation (e.g., fractures
and fissures)

Material detachment (e.g., bursting,

crumbling, powdering, and fragmenta-

tion)

Material losses (e.g., erosion and
scratch)

Discoloration and deposit (e.g., moist
areas, black crust, and salt crust)

Biological colonization and vegetation

(e.g., lichen, mould, higher plants, and

termite attacks)

Material sensitivity of decorative ele-
ments, e.g., wall paintings, stuccow-

Good quality masonry (with well- 1 (low)
dressed blocks)

Medium quality masonry (with irregu- 2 (medium)
larly shaped blocks)

Rubble masonry 3 (high)

Bedrock 1 (low)

Compact granular or clayey soil 2 (medium)

Alluvial or not compact soil 3 (high)

Rare or no signs; 1 (low)

Appropriately repaired/retrofitted

Some signs present; 2 (medium)

Poorly repaired/retrofitted

Many signs present across large areas 3 (high)

Rare or no signs; 1 (low)

Appropriately repaired/restored

Some signs present; 2 (medium)

Poorly repaired/restored

Many signs present across large areas 3 (high)

Same ranking as “Cracks and deforma-
tion”

B

Same as “Cracks and deformation’

>

Same as “Cracks and deformation’

>

Same as “Cracks and deformation’

See Table 2

ork, wood panelling, etc.

Movable elements (e.g., collections and

archives) and archives

Material sensitivity of e.g., collections

See Table 2

of each row will then be the weight of its corresponding
indicator (Saaty and Kearns 1985). The susceptibility score
is measured for the two categories of sudden- and slow-onset
hazards separately in order to adequately address their con-
tribution to the vulnerability and risks.

Subsequently, the susceptibility levels to sudden- or slow-
onset hazards are computed (using the weights obtained
above) by the following equation:

S,

sudden onset or slow onset
_ (SIs X Ws) + (SIm X Wm) + (SIi X Wi) + (Slc X Wc)
B Ws + Wm + Wi + We

where SI = susceptibility components (scored according
to Tables 1 and 2); W = weights (Ws, Wm, Wi, and Wc are
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the weights of components SIs, SIm, SIi, and Slc, respec-
tively); S = susceptibility to sudden-onset or slow-onset
disasters.

To analyze the susceptibility indicators, the ranking scores
of Low (1), Medium (2), or High (3) are assigned. Susceptibil-
ity scores are then reclassified to divide the range of scores into
five equal-sized classes with class ranges of 1-1.4, 1.4-1.8,
1.8-2.2,2.2-2.6, and 2.6-3. This will keep the consistency of
the number of the classes in the vulnerability index. These will
be respectively interpreted as Very low (1), Low (2), Medium
(3), High (4), and Very high (5) susceptibility levels.
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Table 2 An indicative sensitivity ranking matrix of heritage materials to environmental threats

Building or decorative materials Fire Water Contaminants  Biological Physical Radiation Fluctuations in tem-
(pollutants, activity Forces® perature and relative
salts) humidity

A. Artificial stones

Al. Mortars, plasters, and renders 3 2-3 2-3 1-3 2-3 1-2 1-2

A2. Ceramics 3 12 3 1-3 3 12 1-2

A3. Glazed ceramics 3 1-2 2-3 1-3 3 1-2 1-2

A4. Earth materials 3 3 2-3 1-3 2-3 1-2 2

AS5. Hard hydraulic mortars and concrete 2 1-2 1-2 1-2 2-3 1 1-2

B. Natural stones

B1. Igneous stones (hard) 2-3 1-2 1-3 1-3 2 1 1-2

B2. Marbles and very dense limestones 3 1-3 2-3 1-3 2 1 1-2

B3. Low-grade metamorphic stones 3 2-3 1-3 1-3 2-3 1 1-3

B4. High porosity sedimentary stones and other soft stones 3 1-3 3 1-3 2-3 1 1-3

C. Organic materials

C1. Animal origin materials 3 2-3 1-2 2-3 2-3 2-3 1-3

C2. Wood 3 2-3 12 2-3 2-3 2-3 1-3

C3. Paper 3 3 12 2-3 1-3 2-3 1-3

C4. Other vegetal origin materials 3 3 1-2 2-3 1-3 2-3 1-3

C5. Synthetic organic polymers 3 1-3 1-2 1-3 2-3 2-3 1-3

D. Glass 3 1 3 1-3 3 12 1-2

E. Metals 3 1-2 3 1 1-3 1-2 1-3

Source Adapted from STORM Consortium (2017a).

“Physical forces include all mechanical stresses that may have an impact on the material.

The rankings above are merely indicative and each case should be carefully analyzed considering its specific environmental and conservation

conditions. General guidelines:

- Polychrome surfaces should be marked in the upper values for radiation sensitivity.

- Where ranges are considered, higher values should be chosen for decayed materials; and lower values for sound/stabilized materials.

- The conservation condition of the object may provide hints on its sensitivity to the decay agent in question, particularly instability signs such
as: mass loss; deformations, fractures/cracks; presence of salts or other contaminants; corrosion signs; biological colonization damage. There-
fore, material susceptibility should be assessed by professionals familiar with the heritage typologies in question.

- In composite objects, overall susceptibility should generally refer to the susceptibility of the prevalent material, but always considering the

most susceptible materials (including materials that are not visible).

3.2 Developing Indicators for Coping and Adaptive
Capacity Analysis

In the context of cultural heritage, coping and adaptive capaci-
ties have not been adequately studied; however, key determi-
nants can be recognized based on the existing relevant litera-
ture (Stovel 1998; FEMA 2005; Lagomarsino 2008; UNESCO
et al. 2010; Phillips 2015; Michalski and Pedersoli 2016). The
indicators to assess coping and adaptive capacities are dem-
onstrated in Table 5. For example, in terms of “Communica-
tion and information system,” the status of hazard/risk and
cultural heritage information system, for example, in GIS and
emergency contacts directory (including heritage and disas-
ter specialists) are critical for efficient emergency response.
The status of “Risk preparedness” is another example, which
is vital to facilitate first aid measures such as salvage, triage,

and stabilization and early warning system such as for storm
surges. Other important factors influencing the coping and
adaptive capacity are human resources (e.g., experienced
professionals) and financial resources for risk mitigation and
preparedness measures.

The ranking scores assigned to the capacity indicators cor-
respond to the quality level of existing plans/measures: Low
1 (poorly-developed), Medium 2 (acceptable), High 3 (well-
developed). Arithmetic mean aggregation method is used to
evaluate the overall capacity; no weighting is used since all
variables are considered as equally important to the final cal-
culation. The overall score of coping capacity falls into one of
the class ranges of 1-1.4, 1.4-1.8, 1.8-2.2,2.2-2.6, and 2.6-3,
respectively interpreted as Very low (1), Low (2), Medium (3),
High (4), and Very high (5) capacity levels.
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Table 3 Pairwise comparison of the significance of components contributing to the overall susceptibility to sudden-onset hazards

Susceptibility assessment criteria Structure  Materials Immovable elements Movable elements (e.g.,  Weights
(e.g., decorative ele- collections and archives)
ments)
Structure 1 5 7 9 0.61 Ws
Materials 0.20 1 5 7 0.26 Wm
Immovable elements (e.g., decorative elements) 0.14 0.20 1 3 0.09 Wi
Movable elements (e.g., collections and archives) 0.11 0.14 0.33 1 0.04 Wc
Sum 1.45 6.34 13.33 20 1
Ws weight of structure, Wm weight of materials, Wi weight of immovable elements, Wc weight of movable elements/collections
Table 4 Pairwise comparison of the significance of components contributing to the overall susceptibility to slow-onset hazards
Susceptibility assessment criteria Structure  Materials Immovable elements Movable elements (e.g.,  Weights
(e.g., decorative ele- collections and archives)
ments)
Structure 1 0.20 5 7 0.25 Ws
Materials 5 1 7 9 0.60 Wm
Immovable elements (e.g., decorative elements) 0.20 0.14 1 5 0.11 Wi
Movable elements (e.g., collections and archives) 0.14 0.11 0.20 1 0.04 Wc
Sum 6.34 1.45 13.20 22 1

Ws weight of structure, Wm weight of materials, Wi weight of immovable elements, Wc weight of movable elements/collections

3.3 Vulnerability Calculation: Cultural Heritage
Vulnerability Index (CHVI)

While looking at the indicators defined above, a structured
questionnaire was designed to evaluate the susceptibility and
coping/adaptive capacities. Accordingly, the expert ques-
tionnaire was divided into two major sections—suscepti-
bility analysis and coping/adaptive capacity analysis—and
each section comprises particular questions corresponding
to the respective specific indicators. The experts were asked
to evaluate the indicators and rank them according to the
ranking system defined in the methodology section.

For susceptibility analysis, the questions were focused
on the indicators defined in Table 1, including quality of
construction, type of ground/foundation soil, current struc-
tural damage and deterioration patterns, discoloration and
deposit of materials, biological colonization as well as mate-
rial sensitivity of decorative elements, and collections and
archives based on the ranking criteria in Table 2. For the
site of Trdia, the susceptibility assessment questionnaire
was under the responsibility of the site manager, supported
by stone and archaeology conservation experts. A group of
four experts from the management and conservation team
in Troéia resort and local conservation experts familiar with
the sites ranked the indicators based on an in situ analysis.
To analyze the indicators of coping and adaptive capacities,
the site manager elicited the assistance of the Portuguese
General Directorate of Cultural Heritage (DGPC), as well as
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of the Grandola Municipality Civil Protection services. The
questions explicitly target the indicators defined in Table 5—
for example, risk awareness, heritage and hazard informa-
tion system, legal framework for cultural heritage protection,
existing structural and non-structural measures, monitoring
and control system, and so on. The components of vulner-
ability were analyzed according to the ranking scores given
by the experts and the methods defined in Sects. 3.1 and 3.2.

The Cultural Heritage Vulnerability Index (CHVI) is per-
formed based on the indicators derived for susceptibility and
coping/adaptive capacity. To measure the overall vulnerabil-
ity, it should be noted that susceptibility and coping/adaptive
capacity are opposing components; a higher degree of suscep-
tibility increases the overall vulnerability while a higher degree
of coping/adaptive capacity reduces the overall vulnerability.
In order to be able to integrate this latter component into the
vulnerability index, lack of coping/adaptive capacity needs to
be considered instead, which may be calculated by subtracting
the coping/adaptive capacity score from four. Finally, vulner-
ability corresponds to the geometric mean between susceptibil-
ity and lack of coping/adaptive capacity, computed through the
following equations:

1/2 . . .
Vudden onset = Swfdden onser X Lack of coping and adaptive capacmesl/2
1/2 . . .. 1/2

Viiowonset = Siomonser X LACk of coping and adaptive capacities
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Table 5 Indicators for assessing coping and adaptive capacities

Coping & adaptive capacities

Indicators

Ranking criteria

Legal framework and multi-sectoral cooperation

Risk awareness

Legal framework for cultural heritage protection from hazards in the legislation related to
cultural heritage conservation or civil protection

Cooperation between disaster management, heritage organizations, and civil protection (for
risk preparedness and emergency response)

Staff awareness of impacts of sudden-onset hazards on cultural heritage
Staff awareness of impacts of slow-onset hazards on cultural heritage

Staff awareness regarding climate change threats to cultural heritage

Information and communication system

Heritage information system (e.g., inventory of heritage assets and GIS database)

Directory of emergency-related contacts (including heritage and disaster specialists)

Access to early warning and evacuation database/information

Hazard information system (e.g., GIS hazard database)

Risk maps (considering both hazard and vulnerability, in the GIS format)

Risk mitigation plan and/or activities

Hazard prevention/mitigation (e.g., levees for flood prevention)

Structural risk mitigation measures (e.g., seismic structural retrofitting)

Risk mitigation measures for decorative assets and movable objects (e.g., seismic fixing
techniques for collections)

Risk preparedness plan and/or activities

Emergency response services (e.g., equipment and supplies)

Response plan (e.g., emergency evacuation of movable objects, damage assessment, and
security and stabilization)

Disaster drills and field exercises within the site

Early warning systems for sudden-onset disasters (e.g., fire alarms and storm warning)

Human resources (e.g., experience professionals)

Monitoring and maintenance plans and procedures

Regular monitoring and maintenance of structures/materials

Regular maintenance of control systems (e.g., drainage system or light and/or humidity

control systems)

Regular monitoring of environmental parameters (e.g., monitoring of humidity levels)

Regular monitoring of climate change parameters (e.g., sea-level rise)

Socioeconomic factors related to risk management

Insurance (life insurances excluded)

Financial resources for risk management (e.g., for risk mitigation and post-disaster recov-

ery)

Local community support for protection of cultural heritage (e.g., local volunteers during
emergency response)

4 Study Area: The Roman Ruins of Tréoia

The Roman Ruins of Tréia in Portugal are located on the
estuarine shore of a peninsula between the Sado River
estuary and the Atlantic Ocean, with archaeological struc-
tures stretching along 2 km (Fig. 1). The site is heavily
affected by the marine and estuarine environments. River
discharge fluctuates strongly, therefore the ocean greatly
influences the estuary, with most of the basin behaving as a
coastal lagoon with reduced freshwater influence. Locally
generated waves and semi-diurnal tides with large ampli-
tudes and strong tidal currents along the site are responsi-
ble for coastal erosion (Andrade et al. 2013; Silveira et al.
2014). Troéia has very dry summers and more humid win-
ters with on average 24 heavy precipitation days per year.

In Roman times, the settlement specialized in the pro-
duction of salted fish and fish sauces and was the largest of
its kind in the Roman Empire. It was active from the first
century to the fifth century CE, but its occupation con-
tinued at least until the sixth century (Pinto et al. 2014).
The remains of 27 fish-salting workshops are visible, some
quite well preserved (Case 1a), while others, located on
the shoreline, are very affected by tide currents (Case
1b). There is also a bath complex (Case 2), a residential
area (Case 3), a Mausoleum cemetery (Case 4), a Mensa
tomb cemetery (Case 5), a Mausoleum (Case 6), an Early
Christian basilica with surrounding buildings (Case 7),
and a concentration of structures on the shoreline known
as Roman harbor (Case 8) located on the site. The site was
designated as a National Monument in 1910, with a non
aedificandi area and buffer zone. An identification record
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Fig. 1 The northwestern area
of the Roman ruins on the right
bank of the Peninsula of Troia,
Source Tréia Resort. Reprinted
with permission

for the heritage cases in Trdia was prepared to be used
in the susceptibility analysis of the site (Fig. 2). Further
information about the other cases can be obtained from
the reports of the STORM project (STORM Consortium
2017b, 2017¢).

Following the development of a hazard taxonomy and its
application to the case studies in Ravankhah et al. (2019a),
it revealed that the study area is exposed to diverse sud-
den-onset hazards (e.g., earthquakes, tsunamis, landslides,
wind-generated waves, and coastal floods) and slow-onset
hazards (e.g., coastal erosion, tides, saline spray, and coloni-
zation (by microorganisms, higher plants, and pests). High-
tide/storm combinations will yield higher than usual tides,
largely increasing the odds of stone loss and eventual wall
collapsing at the shoreline structures. The intensity of heavy
rainfall at the site is projected to increase due to climate

Fig.2 Examples of identifica-

Ses

change (Ravankhah et al. 2019b); this may, for example,
cause the sliding of the large sand dune pressuring against
the tallest remaining shoreline wall; dune instability caused
by ongoing coastal erosion favors this process.

5 Results: Application of the Methodology
to Tréia

While applying the proposed methodology of vulnerability
assessment, the components of vulnerability were analyzed
according to the ranking scores given by the experts in the
questionnaire and the methods defined in Sects. 3.1, 3.2, and
3.3. Below, the indicator-based vulnerability assessment of
Tréia to sudden- and slow-onset hazards according to the
information obtained from the questionnaire is presented.

Current function Archaeol

ical remains

tion records for heritage cases -
Date of construction

First half of the 1st century AD to the 4th or 5th century AD

in Tréia. Photos reprinted with Gon tructontechni Masonry

permiss ion Structure (primary structure

Masonry with stone blocks bonded with lime or clayey mortar;

& added structural el ) | foundati

in masonry with stone blocks and mortar

Material (load bearing
elements, non-load bearing
1 )

Stone blocks, mostly of limestone, sandstone and a regional
conglomerate called “brecha da Arrdbida™

Mortar

Lime/sand mortar or a clayey mortar; limestone gravel or
pebbles or crushed i

Decorative elements (e.g.
finishes, motifs, and
painting)

Immovable assets

No decorative elements

Remains of a fish salting vat on e shoreline, ©
Maria Jodo Revez

Buried archaeological
Temains
Movabl Coll

A number of them still partially buried

Pottery, metal (objects and coins), bone, glass
h

assets

Excavation

ool

[ Archives

, drawings, ph

of site

Sand dunes with shrubs and pine trees, proximity to Sado River estuary

Natural

@ Springer

linked to site Roman Festival “Mercado R " (since 2013)
Case 6: Mausoleum
Current fu Archaeological remains ible to visitors
Date of construction Probably late 2nd or early 3th century AD
Construction technique Masonry in walls of the building and tombs inside
Structure (primary structure Masonry walls with layers of stone blocks alternating with
& added structural elements) | layers of bricks bonded with mortar (opus mixtum);
foundations are not visible but probably with stone blocks
@
2 Material (load bearing Stone blocks, bricks and tile fragments
3 e}ements, non-load bearing
=
E Mortar Lime mortar used as bonding material ?g
_E' De_corauve e!ements g None Interior of the Mausoleum, © Tréia Resort
finishes, motifs, and
painting)
Buried archaeological The floor is covered with tombs, but it is possible that some earlier tombs lie below
remains
Movabl Coll No identified objects from the excavation in the 1960s
assets Archives Digital copies of old pk hs of the ; Excavation ks are kept at Museu Nacional de Arqueologia,
in Lisbon
Natural el of site Sand dunes with shrubs, proximity to Sado River estuary

Intangible elements linked to site

Roman Festival “Mercado Romano” (since 2013)
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5.1 Susceptibility Analysis

Susceptibility analysis entailed a semi-quantitative expert
assessment of the indicators listed in Table 1, following an
on-site survey where the physical features of the different
structures were scored in accordance with the ranking cri-
teria. All archaeological structures in Tréia stand on sandy
or otherwise not compact soil, and, while some are con-
fined, many are stand-alone or are only partially confined.
In terms of robustness, being an industrial site means that
several elements were built on irregular stone masonry,
with ceramic pieces embedded in the joints, smoothed and
protected using coarse lime renders; the exception being
the Bath complex, in regular masonry with marble clad-
ding. Most structures are only one story high, with only a
few walls preserving their original two-story height.

In terms of conservation condition, there is a stark con-
trast between the relative absence of structural damage in
the main visiting area, which comprises the core part of
the site and has been kept relatively sheltered or otherwise
protected and which has been the focus of regular conser-
vation efforts for the past decades (Cases 1la, 2, 3, 4, 5,
6, 7), and the many structural deterioration signs spread
across large areas of the elements standing in the Sado
River shoreline, easily accessible to passers-by and to the
impacts of tidal action (Cases 1b, 8). At the material level,
most structures were considered to present some suscep-
tibilities in need of addressing, largely due to the mortar

Fig.3 Analysis of the suscepti-
bility indicators in Tréia
1,2,4)

Case 1b: Fish-salting workshops on the shoreline (Workshop 3, 5-27)

Case 5: Mensa Tombs Cemetery

Case 7: Early Christian Basilica and surrounding buildings

® Quality of construction

Case 1la: Fish-salting workshops away from the shoreline (Workshop

Case 4: Mausoleum Cemetery

system condition, displaying serious lack of cohesion, as
well as material losses, in many areas, particularly in the
structures along the Sado River shoreline (Cases 1b, 8),
and due to the presence of biological colonization and
higher plants.

Figure 3 demonstrates the assessment of susceptibility
indicators for the use cases of the site. The indicators sup-
port the identification of hotspots in different use cases.
For example, the Early Christian Basilica is suffering from
cracks and detachments and biological colonization. The
bar chart in fact emphasizes the different determinants of
sensitivity that need to be considered within vulnerability
and risk reduction.

5.2 Coping and Adaptive Capacity Analysis

The result of the structured questionnaire for evaluating
the coping and adaptive capacity indicators is illustrated in
Fig. 4. The site of Troéia currently faces difficulties related to
the lack of institutional/legal provisions for the disaster risk
management of cultural heritage sites, which is still very far
from being the current practice in Portugal. Nevertheless,
the site is well documented and mapped, its information
system has been regularly updated, and there are protocols
with the civil protection services in place for personal safety
that could potentially be developed for cultural heritage pro-
tection. In terms of hazard information, there are GIS data
available for most identified sudden-onset hazards, although

o
~
w

Case 2: Bath Complex

Case 3: Residential area

|

‘
|

I

Case 6: Mausoleum

Case 8: “Roman Harbor”

® Type and quality of foundation

m Current structural damage and deterioration patterns m Cracks and deformation

B Material detachments
W Discoloration and deposit

m (Immovable) Heritage interior

B Material losses
| Biological colonization and vegetation

® Movable elements
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Fig.4 Analysis of the coping/
adaptive capacity indicators for
Tréia

Insurance ,

Regular monitoring of climate
change parameters

Regular monitoring of
environmental parameters

Regular maintenance of control
systems

Regular monitoringand | « * '

maintenance

Early warning systems for sudden- . *
onset disasters

Disaster drills and field exercises

within the site

Response plan :

Emergency response services

information is lacking on slow-onset hazards. Regarding
risk mitigation activities, as mentioned, there have been
significant conservation efforts over the past decades that
allowed the stabilizing of many archaeological structures,
for example:

e in Case 1a, conservation works to consolidate and stabi-
lize the Roman structures;

e in Case 1b, some fish-salting workshops have been pro-
tected by a beach re-nourishment;

e in Case 3, shoring and partial reburying of a structure to
prevent dune pressure;

e in Case 7, all the floors have been protected by cloth and
a layer of sand for protection from intense rainfall. The
floors exposed to natural elements were protected with
vegetation-proof cloth and plastic cover.

Participating in the European project of STORM was
decisive in raising the risk awareness of several stakehold-
ers at the Troéia site, but the staff has been aware of natural
hazard- and climate change-related risks for much longer, as
since very early on authors mentioned the threat of coastal
erosion on the site (Barreiros 1561), albeit preparedness
plans or drills specific to cultural heritage are still limited to
those performed in the scope of the project. Nevertheless,
great care is dedicated to the regular monitoring and mainte-
nance of the archaeological structures, particularly the most
valuable ones (Cases 1a, 2, 3,4, 5, 6, 7).

5.3 Overall Vulnerability

The overall vulnerability was calculated by multiplying the
susceptibility of the different site cases by the lack of coping/

@ Springer

Local community support 30 -

Financial resources _

Legal framework for protection
Multi-sectoral cooperation
= Staff awareness regarding sudden-

onset disasters
Staff awareness regarding slow-
3 onset disasters

Staff awareness regarding climate
change threats

. Heritage information system

Directory of emergency-related
contacts

+,  Access to early warning and
evacuation database/info

Hazard information system

’ Risk maps

“ Hazard prevention/mitigation

“Structural risk mitigation measures
Risk mitigation measures for
interior assets and movable objects

adaptive capacity value, using the equations in Sect. 3.3. As
Fig. 4 shows, vulnerability of the site to the two categories of
sudden-onset and slow-onset hazards is calculated according
to the CHVIL.

The vulnerability score may fall in one of the five equal-
sized classes with class ranges of 1-1.4, 1.4-1.8, 1.8-2.2,
2.2-2.6, and 2.6-3. They are respectively interpreted by
numbers and color codes as Very low (1, dark green), Low
(2, light green), Medium (3, yellow), High (4, orange), and
Very high (5, red) levels. According to the vulnerability
index, vulnerability maps for the two categories of sudden-
and slow-onset hazards were generated to illustrate the level
of vulnerability of different heritage cases in Tréia. Figure 5
shows an example of a map for slow-onset hazards.

The findings highlight the vulnerability levels of the her-
itage cases that need specific considerations in vulnerability
reduction. For determining concrete measures, one should
go back to the indicators of susceptibility and coping/adap-
tive capacities that were analyzed in the assessment pro-
cedure. The vulnerability scores will further contribute to
prioritization of the site’s areas for risk treatment strategies,
for example, based on the tolerability of risks. However,
this needs to be carried out based on an integrated assess-
ment of the risk components, that is, hazard, exposure, and
vulnerability.

6 Discussion and Conclusions

The proposed framework provides a vulnerability assess-
ment that addresses sensitivity at the building/site level as
well as coping and adaptive capacities at site and regional/
national level. Such an integrated approach is vital for



International Journal of Disaster Risk Science

37

Vulnerability map to slow-onset hazards

N
Use cases Susceptibility Lack of coping Vulnerability
sudden- slow- and adaptive sudden- slow-
onset onset capacity onset onset

Case la: Fish-salting workshops ~ Medium Medium High(4) High(d) High ()

away from the shoreline [6)] (€)]

(Workshop 1,2, 4) |

Case 1b: Fish-salting workshops  Very High | VeryHigh High (4)

on the shoreline (W orkshop 3, 5- ® ®

27

Case 2: Bath Complex Low(2) Medium High(4) Medium | High (4)

3) 3)

Case 3: Residential area Medivm | High(4) High(4) High(4) High(d)
[6)

Case 4: Mausoleum Cemetery VeryLow | Low(2) High(4) Medium
(¢)) 3)

Case 5: Mensa Tombs Cemetery ~ Medium Medivm High(4) High(4) High4)
[©)] 3)

Case 6: Mausoleum Low(2) Low(2) High(4)

Case 7: Early Christian Basilica  High (4) | VeryHigh High (4)

and surrounding buildings ()]

Case 8: “Roman Harbor™ High (4) | High(d) VeryHigh (5) 0,3 Kilometers

S, Sulstoy Guo
R0, Yo, i G % Ui

LEGEND Vulnerability level

- Very low (1-1.4)

Low (1.4-1.8)
Moderate (1.8-2.2)

High (2.2-2.6)

- Very high (2.6-3)

Heritage casesin the study area

Case 1a: Fish-salting workshops away from the shoreline (Workshops 1,2, 4)
Case 1b: Fish-salting workshops on the shoreline (Workshops 3, 5-27)

Case 2: Bath Complex

Case 3: Residential area

Case 4: Mausoleum Cemetery

Case 5: Mensa Tombs Cemetery

Case 6: Mausoleum
Case 7: Early Christian Basilicaand surrounding

Case 8: Roman Harbor

Fig.5 Vulnerability assessment and maps for the two categories of sudden- and slow-onset hazards

providing a holistic view of vulnerability, not only for reduc-
ing the direct damages of hazards, but also to enhance the
capacity of the management system to prevent secondary
hazards and human errors and enable emergency response
and short- and long-term recovery. The findings emphasize
which determinants of sensitivity (e.g., quality of construc-
tion and existing deterioration patterns) and coping capaci-
ties (such as risk and hazard information systems and the
existing monitoring and maintenance) need to be particularly
incorporated into vulnerability and risk reduction strategies.

The proposed method mainly targets cultural heritage
sites, particularly large-scale sites, to provide a vulnerability
assessment of the different areas of a site to multiple haz-
ards and facilitate risk management at the site level. When
applying the method to other similar cases, the criteria and
indicators might need slight modifications according to the
material, structural and non-structural attributes of a site,
geological and sociocultural characteristics, and the institu-
tional and management systems. This method does not easily
lend itself to the risk analysis of decorative elements and
collections alone—namely because there might be problems,
for example, radiations for a wall painting that do not neces-
sarily pose problems for the whole building. For museums,
for instance, specific quantitative methods exist to analyze
the structural system and collections/archives (Muething
et al. 2005; Lowry et al. 2007).

The output of the vulnerability assessment provides pre-
ventive conservation managers with a prioritization of herit-
age elements and measures for structural sensitivity reduc-
tion and capacity building. However, there are other factors
that influence the level of risks and, accordingly, the prior-
itization of treatment measures for the elements of a site.
These factors are the types of significant hazards or climate
events and the heritage values of a site, which are beyond the
scope of vulnerability. The interrelations between the risk
components are critical when it comes to the application of
vulnerability assessment to “risk assessment and manage-
ment of cultural heritage” (Ravankhah et al. 2019a, p. 358).
The measure of vulnerability does not include a weighting
for the relative value of a heritage asset or the degree to
which that value will be diminished by any estimated physi-
cal losses (Daly 2014). Accordingly, a full picture of risk
assessment needs to look at all components of risk, that is,
hazard, exposure, and vulnerability while assessing multiple
values of cultural heritage sites.

Reducing structural susceptibility is an effective option to
reduce risk. The interventions, however, should not result in
the loss or impairment of the authenticity and integrity of the
historical property. Where new materials and reinforcement
techniques are proposed, these should be compatible with
those already existing, and be durable and reversible, as far
as it is practicable. Continuous monitoring and maintenance
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is essential for the early detection of damage or change to
the heritage asset. The effectiveness of mitigation, response,
and recovery plans highly rely on the quality of heritage
and disaster documentation in advance, in particular in an
online heritage and risk information system. To avoid a high
level of chaos during emergencies, when cultural heritage
can be exposed to inappropriate (even if well-meaning) or
even deliberately offensive actions damaging the site, a
well-planed “Cultural First Aid” (Tandon 2018) can help to
secure and stabilize endangered elements during a complex
emergency and to avoid secondary losses.

The first key criterion to promote coping and adaptive
capacities is raising risk awareness. Admittedly, capacity
building and training should be addressed through cross-
sectoral educational and training programs among a wide
range of stakeholders engaged in the planning and imple-
mentation of risk preparedness strategies. This will further
facilitate establishing a legal framework for the adequate
incorporation of cultural heritage into the existing disaster
management systems and multi-sectoral cooperation. The
availability of long-term funding and resource allocation
requires such a legal framework supporting this approach.

Overall, vulnerability assessment will further enable
determining priorities and developing risk mitigation and
preparedness measures, in particular reducing structural
sensitivity and promoting coping capacities. The assess-
ment framework and its corresponding indicators facilitate
the integration of cultural heritage into disaster risk man-
agement and climate change adaptation plans at the city
and regional levels. Further research is needed to develop
applicable qualitative and quantitative approaches on how
structural and non-structural factors of vulnerability can be
solidly addressed in the risk assessment and management
framework for cultural heritage.
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