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Abstract

Purpose — As climate change continues to escalate, the urgent challenge of protecting heritage structures
vulnerable to earthquakes in flood-prone areas cannot be ignored. Conducting thorough vulnerability
assessments is essential to tackle this pressing issue, aligning with the United Nations’ Sustainable Development
Goals 11 and 13 and New Zealand’s National Climate Change Adaptation Plan.
Design/methodology/approach — This study introduces an index-based approach to evaluate the flood
vulnerability of earthquake-prone heritage buildings in Auckland, New Zealand, taking into account the
evolving climate patterns. Data collection involved document analysis, on-site observations and mapping of ten
earthquake-prone heritage buildings in Auckland.

Findings — The results reveal significant variations in 11 identified flood vulnerability indicators across the
selected buildings, categorised into “Exposure”, “Susceptibility” and “Resilience”. The type of use, surface
condition, number of storeys and finishing material of the facades were identified as the most influential
indicators affecting the flood vulnerability of the selected buildings.

Originality/value — The study’s findings offer significant insights for stakeholders involved in the preservation
of earthquake-prone heritage buildings in New Zealand, particularly in the context of increasing flooding risks
from climate change. By providing a robust decision-making framework, the study enables local communities,
heritage organisations and government bodies to collaborate more effectively in safeguarding cultural assets.
The introduction of a quantitative intervention priority index is a valuable tool for assessing flood vulnerability,
enabling stakeholders to prioritise resources and actions based on specific indicators. Ultimately, these insights
will help protect New Zealand’s rich heritage and support its flood resilience efforts.

Keywords New Zealand, Heritage buildings, Earthquake-prone, Flood vulnerability, Index-based approach,
Climate change

Paper type Research article

1. Introduction
Heritage buildings play a pivotal role in both preserving the nation’s historical narrative and
fostering community identity, while also serving as catalysts for economic growth in urban areas
and enhancing their vibrancy Besen et al. (2020). Additionally, these buildings can support
sustainable development goals through adaptive reuse, hence reducing energy consumption and
minimising pollution levels in the built environment (Aigwi et al., 2023). Nonetheless, it is crucial
to consider climate change and seismic resilience as key factors in safeguarding these structures.
New Zealand is positioned at the intersection of the Australian and Pacific tectonic plates,
making it highly vulnerable to seismic activity (Besen et al., 2020). As per the regulations in
New Zealand, earthquake-prone buildings refer to buildings or sections of buildings that are
unable to withstand a moderate earthquake due to their condition, construction, and the soil on
o
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which they are built (MBIE, 2016). The identification of earthquake-prone buildings involves Smart and
the local authorities’ recognition, categorisation, and engineers’ evaluations (MBIE, 2017).  Sustainable Built
Due to the early construction time, construction methods, structures, and configurations, Environment
heritage buildings are more susceptible to earthquakes (Kamal and Brar, 2021). To address this
issue, new earthquake-prone building regulations have been implemented to enhance the
structural integrity of these buildings (Tong et al., 2022), leading to a proliferation of related
research efforts (Aigwi et al., 2019, 2020, 2021; Besen et al., 2020; Filippova and Noy, 2020;
Hoang et al., 2021; Murphy, 2020). However, heritage buildings also face the challenge of
climate change, which poses a significant threat to their preservation.

The diverse climatic classifications of New Zealand make it vulnerable to various effects of
climate change, including increased air and sea temperatures, heat waves, flooding, and rising
sea levels (Pachauri and Meyer, 2015). These effects will have significant consequences for
building performance. The construction of heritage buildings did not consider the impacts of
climate change. Unusual weather patterns, now occurring more frequently due to climate
change, can lead to significant deterioration in heritage buildings, thereby diminishing their
functional and physical lifespan (Phillipson et al., 2016). This deterioration further restricts the
adaptability and modification potential of these structures as needed (Sesana et al., 2018).

There are many earthquake-prone heritage buildings in New Zealand at risk of flooding
caused by heavy rain and sea level rise. For instance, in Wellington, more than 100 earthquake-
prone heritage buildings (Wellington City Council, 2023b) are under threat from flooding
(Wellington City Council, 2023a). Besides, from Auckland’s protected heritage buildings, 220
require seismic strengthening (Bade, 2020), 261 are in flood-prone areas, and a 1-m sea level
rise will affect 455 buildings (Bade, 2021). Furthermore, Whenua Maori and the land restored
via the Treaty settlement process are frequently in low-land areas that are vulnerable to
flooding on the coastal edge (Ministry for the Environment, 2022). Without mitigation
measures in place through vulnerability assessments, Maori heritage buildings may be
affected, and the distinct cultural and spiritual relationship of Maori to whenua may be
damaged by climate change-induced flooding (Ministry for the Environment, 2022).

New Zealand is committed to achieving the Sustainable Development Goals, specifically
Goal 11, which aims to enhance the inclusivity, security, resiliency, and sustainability of cities
and human settlements (United Nations, 2022a). Additionally, Goal 13 targets immediate
action on climate change and its effects (United Nations, 2022b). The country’s National
Climate Change Adaptation plans include assessing climate change threats to heritage
buildings and minimising their effects (Ministry for the Environment, 2022). Therefore, it is
imperative to assess the vulnerability of earthquake-prone heritage buildings to climate change
to promote sustainable cities and human settlements and mitigate disaster risks. The
identification and grading of vulnerable buildings, coupled with the implementation of
appropriate mitigation strategies, can guide decision-making, prioritise resource allocation,
significantly reduce potential damage, and bolster climate resilience.

Regrettably, previous studies have overlooked the intersection of climate-induced flood
vulnerability and earthquake-prone heritage buildings within the New Zealand context. This study
aims to fill this significant research gap by proposing an index-based approach designed to
quantify and classify the flood vulnerability of New Zealand’s earthquake-prone buildings. By
developing this innovative approach, the research will provide valuable insights into the resilience
of heritage buildings, enabling better preservation strategies and risk management practices in the
face of climate-induced flooding and seismic activity. Ultimately, this research has the potential to
inform policy and practice, protecting New Zealand’s cultural heritage for future generations.

1443

2. Literature review

This section reviews literature on the impact of climate-induced flooding on heritage
buildings, the concept of flood vulnerability, approaches to assessing flood vulnerability,
particularly index-based methods, and the Flood Vulnerability Index (FVI).
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SASBE 2.1 Impact of climate-induced flooding on heritage buildings

15,4 Climate change poses significant threats to the preservation of heritage buildings, especially in
terms of their high vulnerability when exposed to unpredictable flooding occurrences in many
parts of the world (Das and Scaringi, 2021; Fernandez et al., 2016; Islam et al., 2021; Nasiri
et al., 2016). Accordingly, the results from a recent analysis conducted by Arrighi (2021) on
1,121 heritage sites indicate that over one-third of natural and one-fifth of mixed and cultural
UNESCO Tangible World Heritage sites are situated in flood-prone regions.

Recently, climate-induced flooding severely damaged cultural assets in many Central
European regions. For instance, in 2018, historic towns in the Adriatic region of Central
Europe experienced sea floods brought on by high tides, storm surges, and/or intense rains, or a
combination of these. The primary and secondary structural damage, material deterioration,
and roof and facade damage were the main effects on heritage buildings (Porebska et al.,
2019). In Denmark, urban flooding has increased in Odens, and cultural heritage is one of the
main sectors affected (Kaspersen and Halsnees, 2017). In the United States, there is an increase
in the risk of flood hazards to archives (Mazurczyk et al., 2018). In Australia, some rock art
sites will be affected by climate-induced flooding in the next few years (Sesana et al., 2021).

Similarly, Auliagisni et al. (2022) warned that in New Zealand, flooding is more frequent
and intense in response to climate change, presenting a serious threat to the preservation of
historic structures. Some significant New Zealand heritage sites are not only earthquake-prone
but also located near beaches or rivers that are prone to flooding. For instance, the wharenui
(i.e. large communal house) of the “Te Ore” Marae (i.e. Maori meeting ground) was declared
earthquake-prone by the district council in 2017 (McCaull, 2022) and is located in Masterton,
Wairarapa, at the risk of surface and river flooding (Greater Wellington, 2003). Also, in
Whanganui, the ground level of the earthquake-prone heritage building “Thains”, which has
an NBS (New Building Standard) rating of only five per cent, was flooded in 2015
(Aigwi et al., 2020).

Floods cause historical materials and structures to become significantly more damp, which
degrades them physically, chemically, and biologically (Dassanayake et al., 2015). Besides,
variations in soil moisture content can hasten several deterioration processes, such as the
development of fungi that damage wooden structures and the mobilisation and crystallisation
of salts that cause stone surfaces to deteriorate (Haugen and Mattsson, 2011). As a result, the
impact of climate change-induced flooding on earthquake-prone buildings, which are already
relatively structurally weak, will be even more severe, making it more difficult to preserve
heritage buildings.

1444

2.2 The flood vulnerability concept

The concept of “Vulnerability” as defined by the United Nations Intergovernmental Panel on
Climate Change (UN IPCC) Working Group II in their Third Assessment Report (Watson and
Albritton, 2001) comprises a combination of exposure, sensitivity, and adaptive capacity. This
concept has been widely accepted by scientists and practitioners, leading to the development of
numerous vulnerability indices that consider these three components (Ishtiaque et al., 2022;
Nguyen et al., 2022; Parker et al., 2019; Yoo et al., 2011). Besides, the FVI study considers
vulnerability as the level of damage that can be projected under particular exposure,
susceptibility, and resilience circumstances (UNESCO-IHE, 2023).

Understanding the most effective strategies for reducing flood vulnerability can be
achieved through vulnerability assessment, with a primary objective of informing decision-
makers and specific stakeholders about the possibilities for adapting to the threats posed by
flooding (Douben, 2006). In the domain of flood vulnerability modelling, there are two general
models: the “Empirical” model and the “Synthetic” model (Dottori et al., 2016; Galasso et al.,
2021). Whereas the empirical model incorporates a data set of observed damage and/or loss
(Paulik et al., 2021), the Synthetic model is more appropriate for heritage buildings, as their
data sets are often unspecified (Drdacky, 2010). Moreover, the notion that the Synthetic model
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is more suitable for heritage buildings is supported by the fact that there is no accepted method Smart and
to determine the extent of damage to heritage buildings caused by disasters (Figueiredo et al., ~ Sustainable Built
2020; Stephenson and D’ayala, 2014). Environment

2.3 Existing flood vulnerability assessment techniques

Flood vulnerability assessments are crucial for evaluating the potential risks associated with

flood hazards. Since the flood vulnerability assessments for heritage buildings need to be 1445
conducted based on the specific content of the buildings (Adger and Agnew, 2004), most
researchers often adopt the “index-based approaches”, which involves the quantitative
analysis of vulnerability based on relative indices (D’Ayala et al., 2020; Davis et al., 2023;
Miranda and Ferreira, 2019; Nguyen and Van Nguyen, 2019; Nguyen et al., 2022).
Accordingly, index-based approaches provide a comprehensive view of the overall flood
vulnerability of the research region compared to alternative approaches (Nasiri et al., 2016).
This approach makes spatially specific vulnerabilities visible through a transparent process
with quantitative results and facilitates the incorporation of several vulnerability
dimensions by using Indicators covering physical, cultural, and economic dimensions
(Davis et al., 2023).

While index-based approaches are advantageous in many ways, they also have drawbacks.
Firstly, due to their dependence on various indicators, they may not accurately represent the
complete scenario (Balica et al., 2012; Huang et al., 2012). Secondly, analysing indicators
independently often overlooks their interactions. Additionally, accurately measuring social,
political, and environmental indicators can be challenging, as Khan (2012) pointed out.
Furthermore, some subjectivity is involved in index weighting, as Figueiredo et al. (2020)
noted. In addition, the choice of indicators is heavily influenced by the specific situation,
which is a strength in conducting localised analyses but also a weakness as these approaches
are not universal (Balica et al., 2012; Nasiri et al., 2016). Despite its flaws, the index-based
assessment approach remains an appropriate method for assessing flood vulnerability in
heritage buildings.

While some index-based approaches rely on categorised vulnerability indicators (i.e.
exposure, sensitivity/susceptibility, resilience/adaptive capacity), others use more specific
indicators. For example, Stephenson and D’ayala (2014) employed seven indicators to
evaluate the overall flood vulnerability of heritage buildings in England. Their approach was
applicable and straightforward at the “building” level. In contrast, Garrote et al. (2020)
introduced a vulnerability matrix with three indicators to assess the danger of flooding of
cultural heritage assets on a “regional” level. This approach was more straightforward and
feasible to conduct with fewer indicators at a “regional” scale. Another flood vulnerability
analysis of a historic neighbourhood in Malaysia was conducted using 12 indicators, revealing
a more detailed and convincing analysis as more indicators were added (D’ Ayala et al., 2020).
Similarly, Trizio et al. (2022) evaluated the vulnerability of earthen buildings to flooding with
11 indicators. Although this evaluation was satisfactory and easy, its design only applied to
earthen heritage buildings (Trizio et al., 2022).

2.4 Flood Vulnerability Index (FVI)

The FVI of a building can be obtained by summing up the values of relevant vulnerability
indicators (D’ Ayala et al., 2020; Miranda and Ferreira, 2019; Stephenson and D’ayala, 2014).
It does not consider the composite components of flood vulnerability. While the indicators
used in index-based approaches are related to the components of flood vulnerability, their
relationships with the overall FVI are consistent with the components (“exposure”,
“susceptibility” or “sensitivity”, and “resilience” or “adaptivity”) they belong to (Smit and
Wandel, 2006). Moreover, there are interaction effects of different components existing in the
flood vulnerability assessment (Ishtiaque et al., 2022). Therefore, evaluating the overall FVI
may be more complex than approaches that directly use specific indicators.
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SASBE On the other hand, there is a gradual emergence of approaches that utilise indicators
15,4 associated with vulnerability composite components. Some researchers have calculated the
overall FVI by multiplying the values of exposure and sensitivity components (Miranda and
Ferreira, 2019). While their approach has proven to be effective, it does not account for the
influence of the resilience or adaptive capacity component. Other researchers have also
assessed the flood vulnerability of heritage buildings in Portugal by multiplying the
components of exposure and sensitivity, neglecting the consideration of resilience or adaptive
capacity (Davis et al., 2023). Similarly, Gandini et al. (2018) included the sensitivity and
adaptive capacity components in calculating the overall FVI of cultural heritage buildings to
flooding, but the effect of exposure was excluded.

For a more comprehensive flood vulnerability assessment, recent approaches have
incorporated all three components of flood vulnerability. For instance, in the study of flood
vulnerability assessment in Vietnamese towns by Nguyen and Van Nguyen (2019), the
formula for the overall FVI involved the “exposure”, “susceptibility”, and “resilience”
components. The overall FVI was calculated as the sum of exposure and susceptibility values
minus the resilience value. It is worth noting that, in their approach, resilience exhibited a
negative relationship with flood vulnerability. However, this assessment pertained to normal
villages rather than heritage buildings (Nguyen and Van Nguyen, 2019).

Furthermore, Nguyen et al. (2022) employed an index-based approach to assess flood
vulnerability in the historic city of Vietnam’s Central Region, and the overall FVI was
determined by dividing the sum of the values of exposure, susceptibility, and resilience by
three. These component values were obtained by summing the values of related indicators with
various weightings. Notably, in this approach, the resilience component had a positive
relationship with the overall FVI, which contrasted with the approach adopted by (Nguyen and
Van Nguyen, 2019). This discrepancy arises from different scholars’ interpretations of the
concept of flood vulnerability and their application of diverse calculation formulas, even when
considering the same components (Nguyen and Van Nguyen, 2019; Nguyen et al., 2022).
Furthermore, the approach by Nguyen et al. (2022) operated at a regional level, considering
additional socio-economic factors within communities.

Following an extensive review of the current literature concerning the impact of climate-
induced flooding on heritage buildings and the methodologies employed for flood vulnerability
assessment, it has become evident that no previous study has utilised an index-based approach
to evaluate the flood vulnerability of earthquake-prone heritage buildings in New Zealand. This
research is significant as it introduces an innovative index-based methodology specifically
tailored to the New Zealand context. This approach not only deepens the understanding of the
interactions between seismic risks and climate-related flooding hazards in the region but also
offers valuable insights for developing resilience strategies aimed at preserving earthquake-
prone heritage structures. Additionally, other flood-prone areas can benefit from this study by
adapting its methodology to assess their own heritage buildings, which will enhance their
understanding of the relationships between seismic and climate-related flooding risks.

1446

3. Methods and data

This research proposes an index-based approach to assess the climate-induced flood
vulnerability of earthquake-prone heritage buildings in Auckland, New Zealand,
incorporating indicators associated with all three components, namely “Exposure”,
“Susceptibility”, and “Resilience”. The calculation of the FVI is based on Eq. (1), as
proposed by the flood vulnerability system developed by the UNESCO-IHE Institute for
Water Education (UNESCO-IHE, 2023).

FVI=E+S—R (D

Downl oaded from http://ww. emeral d. coml sasbe/ articl e- pdf/ 15/ 4/ 1442/ 10924811/ sasbe- 04- 2025- 0203en. pdf by Auckl and University of Technol og:



Where: Smart and

(1) E = “Exposure”, which is defined as the appearance of significant variables (of an Sustainable Built

. ; : . . ! Environment
environment, physical, or socioeconomic nature) that could cause harm in flooding-
prone locations (Balica et al., 2012);
(2) S = “Susceptibility”, which refers to human environmental or socio-ecological
circumstances that may cause hazards to have an impact (Turner et al., 2003); and 1447

(3) R = “Resilience”, which can be defined as a system or community’s adaptive capacity
or ability to reduce the risks and effects of floods on itself (Nguyen and Van Nguyen,
2019), frequently has an adverse relationship to vulnerability (Smit and Wandel,
2006).

3.1 Description of index-based indicators for this study

Drawing from previous research on the index-based flood vulnerability assessment of heritage
buildings (D’Ayala et al., 2020; Davis et al., 2023; Gandini et al., 2020; Martinez-Gomariz
etal.,2020; Miranda and Ferreira, 2019; Stephenson and D’ayala, 2014), indicators associated
with exposure, susceptibility, and resilience were carefully chosen, considering the unique
attributes of earthquake-prone heritage buildings within the local context. Subsequently,
weightings were assigned to these three components and their respective indicators.

The indicators for exposure and susceptibility were assessed in four distinct classes based on
different allocated weightings (Stephenson and D’ayala, 2014): A (10); B (40); C (70); and D
(100). Table 1 shows the indicators, along with their attributes, classes, and weightings.
Accordingly, higher exposure and susceptibility classes would signify greater vulnerability of
buildings to specific aspects or features. However, the resilience indicators were categorised as:
A weighted as 0; B weighted as 40; C weighted as 70; and D weighted as 100. Given the
negative correlation between vulnerability and resilience as indicated in Equation 1, higher
resilience class values correspond to a reduction in a building’s vulnerability (Nguyen and Van
Nguyen, 2019). The minimum value of 0 indicates that in the absence of resilient factors,
the degree of vulnerability to flooding remains unchanged. It is worth emphasising that the
definitions of the exposure, susceptibility, and resilience components in this study are consistent
with analogous indicators previously documented in the existing literature (see Table 1).

3.1.1 Exposure indicators. The exposure indicators included in this study are heritage
status, type of building use, and surface condition, which assist in determining the potential of
harm or loss to the economy, the physical, and the culture. It is important to note that floods not
only destroy property physically but also halt financial pursuits and may jeopardise the
characteristics that support their cultural significance (Davis et al., 2023).

Through E1-Heritage value, the cultural value of the structure is considered. This indicator
aims to take into account the building’s cultural value and, consequently, the possible cultural
impact brought on by its damage (Miranda and Ferreira, 2019). The classification of E1-
Heritage Value refers to the categories of heritage buildings on the website of Heritage New
Zealand Pouhere Taonga (Heritage New Zealand Pouhere Taonga, 2023).

The E2-Type of use explains the possible financial damages from the flood that properties
may experience, pertaining to the usage of the heritage buildings. The nature of usage within
these buildings significantly influences their vulnerability to flood-related damage.

The E3-Surface condition (see Figure 1) evaluates the characteristics of the building’s
immediate surroundings, particularly the ground’s inclination—whether it is concave, convex,
or flat around the building—and its permeability (Davis et al., 2023). Building exposure will be
reduced by a concave ground because the flow will typically drain from the structure. However,
the concave earth will hold onto the flow near the building, raising its exposure. This aspect can
be viewed as neutral on flat ground. Furthermore, the term “permeability of the ground” relates
to whether there are drainage systems close to the structure (D’Ayala et al., 2020).
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Table 1. Flood vulnerability components: Indicators, classes, and weightings

Components  Indicators Attributes Data collection Class  Weightings
Exposure E1l-Heritage Value General heritage =~ Document analysis A 10
(Davis et al., 2023; building from Heritage New
Miranda and Ferreira, ~ Significant Zealand Pouhere B 40
2019) heritage building  Taonga website
Outstanding (Heritage New Zealand C 70
heritage building ~ Pouhere Taonga, 2023)
National heritage D 100
landmark
E2-Type of use Educational/ - Heritage New Zealand A 10
(Martinez-Gomariz dwelling Pouhere Taonga
et al., 2020) Commercial website (Heritage New B 40
Restaurant Zealand Pouhere C 70
Hotel/Religious Taonga, 2023), D 100
- Site visits
E3-Surface condition ~ Convex Site visits, maps from A 10
(Davis et al., 2023; Flat and Google Map and B 40
D’Ayala et al., 2020)  permeable Google Earth, survey
Flat and documents C 70
impermeable
Concave D 100
Susceptibility =~ S1-Material (Davis Reinforced Site visits, government A 10
et al., 2023; Schwarz  concrete/Steel statistics, literature
and Maiwald, 2009; Unreinforced B 40
Miranda and Ferreira, ~Masonry
2019) Timber C 70
Earth D 100
S2-Condition No damage/ Site visits, survey A 10
(Stephenson and cracking/ documents
D’ayala, 2014) dampness/decay
Slight damage/ B 40
cracking/
dampness/decay
Generalised C 70
damage/
cracking/
dampness/decay
Significant D 100
damage/
cracking/
dampness/decay
S3-Number of storeys ~ 1-storey Site visits, Googlemaps A 10
(Stephenson and 2-storey B 40
D’ayala, 2014) 3-storey C 70
4-storey or more D 100
S4-Building age Between 20thto ~ Government statistics, A 10
(Miranda and 21st century literature, and
Ferreira, 2019) Between 19th to information from EPB 40
20th century Register (MBIE, 2023)
Between 18th to 70
19th century
Before 18th D 100

century

(continued)
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Table 1. Continued Smart and
Sustainable Built
Components  Indicators Attributes Data collection Class  Weightings Environment
S5-Wall orientation Partially exposed  Site visits, maps from A 10
(Miranda and to flow (with no Google Earth and
Ferreira, 2019) openings) Google Maps, survey
Partially exposed  documents B 40
to flow (with 1449
openings)
Fully exposed to C 70
flow (with no
openings)
Fully exposed to D 100
flow (with
openings)
S6-Finishing material ~ Steel/concrete/ Site visits, surveys, and A 10
of the fagades (Davis  glazed tile/glass documents
et al., 2023; Gandini Brick/plaster/ B 40
et al., 2020) regular dressed
stone
Unglazed tile/ C 70
irregular stone/
wood panels
Earth/rubble D 100
stone
Resilience RI-Drainage system None Site visits, literature A 0
condition (Gandini Poor B 40
et al., 2020) Fair C 70
Good D 100
R2-Previous None Heritage New Zealand A 0
interventions Poor Pouhere Taonga B 40
(Gandini et al., 2020)  Fair website (Heritage New  C 70
Good Zealand Pouhere D 100

Source(s): Authors’ own work

Taonga, 2023),
literature, site visits, and
Government statistics

e
(b)

]
(c)

(@)

Figure 1. Exposure classes of E3-surface condition: (a) convex; (b) flat and permeable; (c) flat and

impermeable; and (d) concave. Source: Davis et al. (2023)

3.1.2 Susceptibility indicators. The susceptibility indicators are adopted for this study to assess
a building’s vulnerability to flood damage. These indicators include material, condition,
number of storeys, age, wall orientation, and the finishing material of facades.

S1-Material assesses a material’s susceptibility to damage and degradation brought on by
water as a result of its porosity and surface features (Davis et al., 2023). This concept is
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SASBE derived from Schwarz and Maiwald (2009), where they identified 7 main structural types

15,4 with varying responses to flooding events. In this context, four key material/structural
typologies were taken into consideration based on the most prevalent construction types in
New Zealand.

S2-Condition is determined by the structure’s condition evaluation. The structures’ poor

state decreases their ability to withstand flooding volumes and raises the probability of a
1450 water intrusion, both of which might result in physical damage (Stephenson and D’ayala,
2014).

S3-Number of storeys is based on the concept of Stephenson and D’ayala (2014) asserting
that a building’s susceptibility to flooding increases with the number of storeys. They claim
that structures with more floors over a given footprint will be more vulnerable to stress
variations caused by the foundation soil soaking and drying after and during flooding,
especially if they have superficial foundations.

S4-Building age indicates that the likelihood of a building sustaining flood damage
increases with age. It classifies earthquake-prone heritage buildings into four different
historical eras. These classes are organised from the newest to the oldest structures,
presuming the hypothesis that the building’s susceptibility to sustain flood damage
increases with its age and its appeal from a historical conservation standpoint.

S5-Wall orientation aims to integrate the diverse aspects that ought to be considered for the
assessment, including the building’s location, how its principal facade wall is oriented, and
the presence of openings. Buildings situated in low-lying regions are possibly more
vulnerable to flooding from floods. If a building is situated in a low-lying location, as is
typical in cities close to riverbanks, its category will be raised to Class C or Class D,
depending on whether it is a fully exposed building or not (regardless of the openings)
(Miranda and Ferreira, 2019).

S6-Finishing Material of the Facades assesses the building’s primary cladding, which
serves as the first water barrier (Davis et al., 2023). Regarding water exposure, different
materials will behave differently in the short term. Higher permeability and materials that
are more susceptible to deterioration are associated with higher susceptibility (Gandini
et al., 2020).

3.1.3 Resilience indicators. The resilience indicators included drainage system conditions
of the building and previous interventions.

R1-Drainage system condition measures the building’s ability to remove rainwater. R2-
Existing flood-proofing is the intervention of the buildings, which is used to assess the owners’
ability to offer additional interventions. Owners who have completed restoration initiatives are
typically more conscientious about maintenance tasks (Gandini et al., 2020).

3.2 Site selection of earthquake-prone heritage buildings

From the Heritage New Zealand Pouhere Taonga website, which maintains a list of heritage
buildings in the country (Heritage New Zealand Pouhere Taonga, 2023), a list of 566 heritage
buildings in Auckland was obtained. Next, the characteristics of these buildings were
ascertained on the EPB Register website (i.e. source of information about earthquake-prone
buildings listed by territorial authorities in New Zealand) to verify their level of earthquake-
proneness (Heritage New Zealand Pouhere Taonga, 2023). Consequently, a list of 64
earthquake-susceptible heritage buildings was compiled, which included pertinent details
such as their address, heritage list type, and additional information (such as usage, suburb, etc).
Notably, this indicates that more than one-tenth of heritage buildings in Auckland are currently
grappling with seismic retrofitting concerns.
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To visualise the geographical distribution of these 64 buildings, their locations were Smart and
mapped out using the Google Earth application. A significant concentration of these buildings, ~ Sustainable Built
50 in total, was apparent within a demarcated area. This concentrated region was subsequently Environment
divided into five distinct areas of Auckland: the Central Area, North Area, East Area, West
Area, and South Area, as delineated in Figure 2. Accordingly, 10 buildings were quasi-
randomly selected for further analysis. Two buildings were selected from each of the five
delineated areas, ensuring that one building belonged to the Category 1 heritage list type and
the other to the Category 2 heritage list type. These selected buildings were highlighted in red
on the map, as presented in Figure 2, and a comprehensive list of the 10 selected buildings is
outlined in Table 2.

A score sheet was created for the 10 selected buildings to analyse their FVI. The score
sheets were completed based on the characteristics of the 10 selected buildings shown in
Table 2 (i.e. document analysis and physical observation of the buildings from site visits).
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3.3 FVI classification

Once the class and weightings of various indicators have been established, as detailed in
Table 1, the values of the three components (Exposure, Susceptibility, and Resilience) will fall
within the respective ranges of [30, 300], [60, 600], and [0, 200]. Subsequently, the FVI for
each building will be calculated using the following Eq. (2), which builds upon Eq. (1).

FVIi:Ei+Si_Ri (2)
Where:
(1) FVI;is the FVI of i building (i = 1,2, ..., 10),
(2) E;is the exposure of i building, S; is the susceptibility of i building, and
(3) R;is the resilience of i building.

o0 %
Sy

Remuera Public Library:

St Andrew's Church (Anglican)

Figure 2. Selected buildings. Source: Authors’ own work
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Table 2. Characteristics of selected buildings

Characteristics BUILDING 1 BUILDING 2 BUILDING 3 BUILDING 4 BUILDING 5
Strand Arcade Smeeton's Buildings Colonial Ammunition Plummer House St Luke's Church (Anglican)
(Former) Company Office (Former) (Former)
Area North area Central area West area
Picture

Historic Place Category 2

Historic Place Category 2

Heritage status Historic Place Category 1| Historic Place Category 2 | Historic Place Category 1
Earthquake rating 0% to less than 20% 0% to less than 20% 0% to less than 20% 20% to less than 34% 20% to less than 34%
Type of use Commercial(Shopping Commercial(Retail shops) | Commercial(Vet Clinic) Restaurant Religious
mall]
Year of Build 1900 1910 1917 1909 1872
Ownership Private Private Private Private Private
Material Masonry Masonry Masonry Masonry Timber
Number of storeys 7 7 1 2 1
Finishing material of the fagades Glass Glass Brick Brick wood panels
Drainage system Poor Poor Fair Fair Fair
Wall orientation Partially exposed to flow| Partially exposed to Partially exposed to flow | Partially exposed to flow| Partially exposed to
(with openings) flow (with (with openings) flow
(with openings) openings) (with openings)
Elevation 35.62m 21.56m 75.54m 67.18m 41.73m
Characteristics BUILDING 6 BUILDING 7 BUILDING 8 BUILDING 9 BUILDING 10
Leys Institute Public St Andrew's Church Dominion Road Methodist |  Remuera Public Library D
Library Building (Anglican) Church
Area West Area South Area East Area
Picture

Heritage status Historic Place Category 1| Historic Place Category 1 | Historic Place Category 2 Historic Place Category 1| Historic Place Category 2
Earthquake rating 0% to less than 20% 20% to less than 34% 20% to less than 34% 0% to less than 20% 20% to less than 34%
Type of use Educational Religious Religious Educational Commercial
(Library) (Library) (Artists)
Year of Build 1905 1868 1897 1926 1915
Ownership Government Private Private Government Private
Material Masonry Timber Masonry Masonry Masonry
Number of storeys 2 1 T T 2
Finishing material of the facades plaster wood panels Brick Brick Brick
Drainage system Fair Fair Fair Fair Fair
Wall orientation Partially exposed to flow| Partially exposed to Partially exposed to flow | Partially exposed to flow| Partially exposed to
(with openings) flow (with (with openings) flow
(with openings) openings) (with openings)
Elevation 61.77m 106.11m 65.09m 92.82m 101.09m
Table 3. FVI Classification based on Normalised Scale
Flood vulnerability level Very low Low Medium High Very high
FVI 0~0.2 0.2~0.4 0.4~0.6 0.6~0.8 0.8~1.0

Source(s): Authors’ own work

The FVI,; of each building will be calculated and transformed into a normal scale ranging 0 to 1
using maximum-minimum normalisation in Eq. 3 (Krajnc and Glavi¢, 2005) prior to being
manually categorised into 5 classes (Samanta et al., 2016). The FVI of the building is then
classified according to the normalised scale they fall within: “very low” (0-2); “low” (0.20—
0.40); “medium” (0.40-0.60); “high” (0.60-0.80); and “very high” (0.80-1.0), as shown in
Table 3.

X, - Xmin

X[ - ! 3
- Xmin ( )
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Where: Smart and
1 =1,2 10 Sustainable Built

Environment
(2) X is the normalised FVI value for i building;
(3) X!is the FVI value for i building before normalisation;
(4) X, refers to the FVI highest value when comparing different buildings; 1453

(5) X is the FVI minimum value when comparing different buildings.

4. Results and discussion

The flood vulnerability of the ten selected buildings, as presented in Table 2, was assessed, and
the results are shown in Table 4. Using Equation 2, the normalised FVI values of the 10
buildings were calculated, and their FVI levels were identified (see Table 4).

The distribution of selected buildings in different flood vulnerability levels suggests that
more than half of the earthquake-prone heritage buildings under examination exhibit
significantly higher vulnerability to flooding than others (see Figure 3). This implies that there
are significant differences in flood vulnerability among earthquake-prone heritage buildings in
Auckland. Consequently, there is a pressing need for the establishment of a hierarchy or
prioritisation system for earthquake-prone heritage buildings based on their flood
vulnerability, which is essential for the judicious allocation of resources in preparation for
potential flood events.

Table 4. Scores of vulnerability components and FVI levels of selected buildings

Building no. 1 2 3 4 5 6 7 8 9 10
Scores of vulnerability components

Exposure 180 150 120 180 150 90 180 150 90 120
Susceptibility 210 210 180 180 210 180 240 210 180 180
Resilience 40 80 70 70 70 110 110 70 110 70
FVI of selected buildings

FVI 350 280 230 290 290 160 310 290 160 230
Normalised FVI ~ 1.00 0.63 037 0.68 0.68 0.00 0.79 0.68 0.00 0.37
FVI Level Veryhigh High Low High High Verylow High High Verylow Low

Source(s): Authors’ own work

—_

2 2

1
] 0 =

Very low Low Medium High Very High

Number of Buildings
SO = N WA WU DO O

Flood Vulnerablity Level

Figure 3. Flood vulnerability levels distribution of selected buildings. Source: Authors’ own work
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SASBE To facilitate this prioritisation, the flood vulnerability rankings of the 10 earthquake-prone
15,4 heritage buildings were selected. The most vulnerable was Building 1; the second was
Building 7; the third was Buildings 4, 5 and 8; the fourth was Building 2; the fifth was Building
3 and 10; and the least vulnerable was Buildings 6 and 9. Based on the findings, Building 1 was
identified as the most vulnerable building. Despite its favourable preservation condition,
masonry structure, and glass facade, its FVI is elevated due to a flat and impermeable surface,
four storeys, inadequate drainage systems, and the absence of existing flood-proofing
measures. The least vulnerable buildings are the Leys Institute Public Library Building and the
Remuera Public Library. They were observed to have weaker facade finishing and
preservation condition than Building 1, but lower risk usage, convex surface, fewer floors,
better drainage systems, and existing flood-proofing.

In New Zealand, a significant proportion of heritage buildings, particularly churches, are
predominantly single-storey structures. This demographic skews the influence of storey count
on the FVI values. These one-storey buildings, representing nearly one-third of the sample,
may dilute the perceived impact of having multiple storeys in the context of flood
vulnerability. As such, the prominence of four-storey buildings within the dataset suggests that
their flood risk is more pronounced, which highlights the variability inherent in using storey
count as a metric for assessing flood vulnerability.

It is also crucial to recognise that the flood vulnerability levels presented are highly
dependent on the normalisation method used. For example, the maximum-minimum
normalisation approach, which situates the FVI values on a scale from 0 to 1 based on
extremum values, introduced a comparative lens for evaluating flood risk among the selected
buildings. In this case, Building 1 represented the maximum FVI, normalised to a value of 1,
while Buildings 6 and 9, identified as the least vulnerable, were assigned a value of 0. This
relative assessment is essential for understanding vulnerabilities in a more meaningful context,
as it provides a clearer picture of how these buildings compare against one another within the
sample set. Moreover, the implications of using different normalisation scales highlight the
potential for varying interpretations of vulnerability levels. A choice of method can
significantly impact strategic decision-making regarding flood preparedness and mitigation
for the affected buildings. Thus, it remains essential for future studies to not only validate these
contributing factors through broader data sets but also to explore alternative normalisation
methods that might yield insights into the complexities of flood vulnerability in diverse
building typologies.
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5. Conclusions

This study aimed to assess the flood vulnerability of earthquake-prone heritage buildings by
introducing an innovative index-based approach. The mixed-methods approach, incorporating
document analysis, site visits, and the design of an index-based assessment technique, was
employed for data collection and analysis.

Additionally, the proposed FVI-based methodology, rooted in the concepts of “exposure”,
“susceptibility”, and “resilience” and incorporating 11 distinct indicators, effectively
quantified the flood vulnerability of earthquake-prone heritage buildings, yielding a
comprehensive flood vulnerability ranking. Significantly divergent flood vulnerability
levels were observed among these buildings, with more than half exhibiting notably higher
vulnerability to flooding. The indicators that exerted the most influence on FVT included the
type of use, surface condition, number of storeys, and finishing material of the facades.

As New Zealand is committed to achieving SDG 11 (United Nations, 2022a), as well as
SDG 13 (United Nations, 2022b), the findings presented in this paper outline a practical
methodology that can be applied in real-world settings. For example, the innovative index-
based approach could serve as a platform for relevant decision-makers, including building
professionals, policy regulators, and government officials, to effectively evaluate the FVI of
selected earthquake-prone heritage buildings in New Zealand, thereby achieving logical
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results and making informed decisions. Moreover, the study’s methodology can be readily Smart and
applied to other cities with similar contexts to Auckland, New Zealand. This flexibility =~ Sustainable Built
highlights how this approach can be applied in various urban areas facing similar challenges Environment
relating to the vulnerability of earthquake-prone heritage buildings to climate-induced
flooding.

Itis essential to acknowledge that the study contains an element of subjectivity, particularly
concerning the selection of buildings and the weighting of indicators, as the researchers’
judgement influenced these decisions. While the research faced limitations due to sample size
stemming from time constraints, it successfully achieved a balance between the necessary
information, computational complexity, and result accuracy. Looking ahead, future research
should focus on applying this index-based methodology to a broader array of heritage
buildings and diverse urban contexts, particularly in areas prone to flooding, such as
floodplains. Additionally, it could be beneficial to refine the parameters used for different
locations and further analyse the relationships between FVI components of “exposure”,
“susceptibility”, and “resilience”. Establishing clear criteria for site visits will also enhance the
effectiveness of future studies. Overall, these steps will not only strengthen the methodology
but also significantly contribute to the protection of earthquake-prone heritage buildings
exposed to climate-induced flooding.
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