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Thesis Abstract

The place-based (“local”) and cultural (“indigenous’) knowledge of communities developed
out of their embeddedness in their environments has provided them with time-tested
approaches for disaster risk reduction (DRR). However, current DRR interventions often
disregard local and indigenous knowledge (LIK) that could contextualise better responses to
disaster impacts among affected populations. This thesis examined LIK in housing
reconstruction in multi-hazard settings. First, it reviewed the state of knowledge of LIK in DRR
scholarship through a systematic literature search, identifying the trajectories of its application
to manage disaster impacts. Second, based on a case study in Itbayat, Batanes in the
Philippines, structural housing performance was quantified among the post-disaster dwellings
built by Indigenous households in response to multi-hazard events. First-generation fragility
functions were derived for Batanes Province contributing to more localised housing risk
assessments in the country. Third, the socio-technical factors influencing multi-hazard housing
reconstruction were elicited through interviews and focus group discussions. Factors such as
the urgency of reconstruction, risk perceptions, financial capacities, and regulatory barriers on
resource extraction affect how households build their dwellings, offering contextual shelter
recovery insights. Finally, this thesis culminates with a proposed approach (as applied to the
case study) to analyse collective safer construction practices of a residential building portfolio
in multi-hazard settings while considering the socio-technical circumstances of the Indigenous
community. This approach facilitates multi-hazard housing reconstruction decision-making
useful for policymakers to enact safer construction interventions. Overall, this thesis highlights
blending local capacities and resources with technical approaches to understand and improve

the multi-hazard housing trajectories among Indigenous communities.
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Chapter 1

Introduction

1 Background

Disasters bring considerable damage to communities prompting calls, such as from the Sendai
Framework, to adopt local and national disaster risk reduction (DRR) strategies to
systematically minimise losses to lives and assets [1]. From 2000 to 2019, there were 7,348
natural hazard-related disasters recorded globally which affected 4.03 billion people and
resulted in 1.23 million deaths and US$2.97 trillion economic losses [2]. Scaling DRR efforts
competes with the increasing number of disaster events and can be further complicated by the
multi-hazard exposure of certain areas. The term multi-hazard can be defined as the spatial or
temporal overlap of at least two (natural) hazards, either with or without dependence on each
other [3—6]. In this thesis, the context of multi-hazard is viewed as the spatial overlap of natural
hazards at a particular location where the exposed populations deal with the impacts of at least
two independently occurring hazards. De facto DRR strategies have historically relied on
single-hazard approaches [7] responding to each hazard impact in isolation, thus lacking the
synergy to address the complicated nature of multi-hazard events. Re-classified disaster records
from 1900 to 2023 suggest that 19% of the 16,535 disaster events are considered multi-hazard,

contributing to 59% of global economic loss [8].

Mainstream DRR strategies have mainly relied on scientific approaches such as the use of
contemporary technology which have enabled more comprehensive disaster risk assessments,
safer building practices, and hazard forecasts. However, prior to or alongside the establishment
of these scientific approaches, the place-based (“local”) and culturally linked (“indigenous”)
knowledge bases of communities borne out of their interaction with their environments have
shaped context-dependent means to manage disaster risk [9—14]. While scientific knowledge
catapults DRR through its methodological approach, local and indigenous knowledge (LIK)
relies on experiential learning of those living in hazard-affected regions. However, the
technocracy in DRR agencies, organisations, and institutions risks the displacement of LIK as
an important knowledge sphere to reduce disaster impacts [15-20]. This institutional
technocracy brings forth a trajectory that continues to favour scientific knowledge over LIK.

As aresult, this situation creates a gap between the two knowledge spheres (LIK and scientific)
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instead of informing ways to integrate them for more robust risk intervention strategies. The
global frameworks guiding DRR efforts — from the Yokohama Strategy in 1994 [21] to the
Hyogo Framework in 2005 [22] to the current Sendai Framework [23] — have acknowledged
LIK alongside scientific and technical capacities to bolster DRR efforts. Significant challenges
nonetheless remain to implement the inclusion of LIK in formal DRR practice [15] with
prevailing barriers such as the dominance of a science-based stance in risk management
[17,18]. In 2022, the United Nations Office for Disaster Risk Reduction (UNDRR) crafted a
guidance instrument for integrating LIK and scientific knowledge through knowledge co-
production [24]. This initiative not only helps translate the provisions of the Sendai Framework
to implementable actions pertaining to LIK for DRR but also reinforces the genuine interest in

renewing focus on its inclusion in practice and policy realms.

A core component of LIK is the vernacular construction systems of communities developed
intergenerationally [24] and the prevailing local construction practices learnt informally [25].
These building practices emerge from the ingenious use of locally available materials, dictated
or assimilated by societal norms of construction, and experientially refined based on frequent
triggers of building performance to the impacts of hazards. Reflective of these construction
systems are the housing assets built by local populations and Indigenous communities which
are among their highly valued possessions but these also tend to be frequently affected by
natural hazards [26]. From 2021 to 2040, it is projected that the escalating climate crisis will
damage 167 million houses globally [27], signifying the need for strategies to improve risk
reduction efforts through safeguarding housing assets. In post-disaster settings, rebuilding
housing assets impacted by hazards not only helps re-establish a sense of normality in the
aftermath of disasters but is also a vital phase linked to disaster mitigation, providing
opportunities to build more resilient assets [23]. While external aid plays a role in assisting
communities to recover in these settings, most disaster-affected populations in low- and
middle-income countries resort to using their resources in a process called self-recovery [28—

32].

Given that LIK — inclusive of local or vernacular construction practices — is developed
experientially based on communities’ frequent encounters with hazards, its limitation can
become apparent in the occurrence of rare but high-magnitude events. A dilemma emerges
when communities’ response capacities historically rely on frequent hazards but there are other

impending hazards requiring different response dynamics. This multi-hazard exposure poses

2
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challenges in safeguarding structural assets, most especially in navigating the trade-offs in
building resilient dwellings considering the competing hazard impacts [33,34]. For example,
frequent wind events may require heavier materials such as masonry, but this can be highly
susceptible to seismic impacts. Guidance instruments to support communities navigating multi-
hazard housing reconstruction are sparse, especially within informal construction settings. For
instance, (most) building codes are exclusionary to vernacular construction methods and rarely
provide frameworks to encompass those assets built informally by communities. Thus, there is
a need to understand local capacities (e.g., construction skills and practices) for housing
(re)construction, especially in multi-hazard contexts, to inform more resilient housing

trajectories among disaster-affected populations.

This thesis focuses on the context of the Philippines. The country is a constant frontrunner in
the World’s Risk Index [35,36], with at least 60% of its geography exposed to multi-hazard
impacts [37]. The archipelago is home to a significant number of Indigenous peoples (IPs)
estimated to comprise 10% to 20% of the national population of 101 million in 2015 [38]. The
Indigenous Peoples’ Rights Act of 1997 promotes the protection of the cultural artefacts of the
IPs, which include their vernacular construction systems [39]. However, there are gaps in
understanding how IPs adapt these building technologies at the interface of multi-hazard events
and housing reconstruction processes. In 2010, the country adopted the Disaster Risk
Reduction Management Act which institutionalises DRR efforts from national to community
level [40]. This was an essential step in the devolution of decision-making, especially among
minority groups who (still often) rely on LIK to reduce disaster risks. However, significant
roadblocks remain in understanding and leveraging how local capacities can be bolstered to
tackle multi-hazard problems. An imperative arises to focus on the granular understanding of
DRR at a local level to collectively inform more refined approaches to diverse groups. This
knowledge will contribute to more sensible and grounded national strategies to tackle multi-

hazard housing (re)construction strategies.

2 Aims and scope

This thesis investigates how LIK is mobilised in DRR in housing reconstruction in response to
multi-hazard events (see Figure 1.1). Previous studies have distinctly focused on either local
and indigenous capacities for DRR (e.g., [9]) or multi-hazard housing reconstruction strategies

(e.g., [33]), but not at the intersection of these two important agendas. This thesis seeks to



Chapter 1

answer the overarching question, “How do local and Indigenous households navigate housing
reconstruction amid multi-hazard events?” It aims to, first, characterise how LIK is studied in
the (broad) DRR scholarship. Second, using a case analysis or field-based study (see Section
3), this thesis then quantifies the housing performance of post-disaster dwellings built by
Indigenous households in response to multi-hazard events. Third, it aims to elicit the socio-
technical factors influencing multi-hazard housing reconstruction. Lastly, this thesis culminates
with a proposed approach to analyse collective safer construction practices of a residential
building portfolio in multi-hazard settings while embedding the socio-technical capacities of
an Indigenous community. Table 1.1 shows the disaggregated knowledge gaps and research

questions per the thesis structure.

This thesis contributes to the renewed interest for the greater inclusion of LIK in formal DRR
interventions, mobilising locally grounded knowledge as a critical component in substantiating
the predominant technical stance in managing disaster impacts. While engineering (as a field
linked to science) has helped advance DRR interventions, the prevailing approach in the
discipline is most often devoid of the socio-technical contexts where these interventions are
based or introduced. This thesis explores the integration of technical thinking to that of the
socio-technical realities impacting how disaster-affected populations — especially among
minorities with intrinsic capacities and resources — navigate housing reconstruction. It focuses
on how these groups apply and adopt existing and new construction methodologies as
foundational aspects to inform collective community-wide efforts to reduce multi-hazard
housing risk. Thus, this thesis more broadly aims to influence discourses relating to closing the
divide between LIK and scientific knowledge, lobbying for knowledge co-production rather

than examining the dichotomy of the two knowledge spheres in DRR scholarship.
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Table 1.1. Research gaps and research questions per thesis chapter.

Chapter

Research gaps

Research questions

Lack of a holistic synthesis of LIK in

DRR scholarship hampering a collective

(1) What forms of LIK appear in

disaster literature?

(2) How has the research focus of
LIK in disaster scholarship

evolved over time?

2
understanding of its merits in formal (3) What are the priorities of the
DRR interventions Sendai Framework (not) being

captured in the current
understanding of LIK in the
DRR body of knowledge?
Limited effort and resources to conduct
structural housing performance (1) How can housing performance
assessments accounting for the be analysed in multi-hazard,

3 granularity of housing characteristics at resource-constrained settings
a local level, especially in rural and (e.g., in rural areas in the
resource-constrained settings facing the Philippines)?
consequences of multi-hazard events

(1) What factors affected how
o . Indigenous households in the
Inadequate insights on how Indigenous o )
. ' ' Philippines reconstructed their
populations navigate housing )

4 _ o _ dwellings?

reconstruction considering the impacts .
. (2) How did these factors lead to the

of multi-hazard events )
housing outputs that households
chose to build?

Lack of an approach to collectively

. (1) How can a heterogeneous
analyse the trade-offs of multi-hazard ) o
' . . housing stock be optimised
5 housing reconstruction at a community

level, especially where housing assets

are highly variable

against multi-hazard direct

economic losses?
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5

Local and indigenous Addressing
knowledge in DRR housing safety Multi-hazard settings

Communities hold place-based and Thesis Housing is one of the Communities face multi-

culturally linked knowledge systems concept most valued assets of hazard events complicating
useful in managing disaster risks | communities but it is ways to manage risks
also among the most o,
disaster-affected v

Chapter 2 Chapter 3 Chapter 4
Systematic literature review Assessment of multi-hazard Identification of factors )
of LIK in DRR scholarship structural housing safety influencing multi-hazard housing

reconstruction

Chapter 5

Optimising multi-hazard housing
reconstruction strategies at a
community level

Figure 1.1. Thesis framework

3 Research setting

Chapters 3 to 5 of this thesis are based on the case of Itbayat, Batanes in the Philippines. Itbayat
is the Philippines’ northernmost municipality comprising a collective of islands, islets, atolls,
and outcrops, with the mainland (Itbayat Island) being the only landform inhabited (see Figure
1.2). It is among the six municipalities of the Province of Batanes located between the
Balintang Channel and Bashi Channel known to be frequent typhoon passages [41]. Itbayat
also experiences seismic impacts consistent with the country’s exposure to tectonic activities
[42]. Wind and seismic hazards are, therefore, the two major hazards experienced in the area,
with the former occurring more frequently than the latter. In 2016, Super Typhoon Ferdie
(Meranti) hit Itbayat with at least 252 kilometres per hour (km/h) peak gust [43], making it one

of the strongest storms experienced in the municipality. Three years later, a series of
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earthquakes in 2019 affected the island with the strongest ground shaking recorded at Intensity
VII (“destructive”) of the PHIVOLCS Earthquake Intensity Scale (PEIS) [44,45].

Itbayat is primarily reliant on a fishing and farming economy. The municipality is an ancestral
domain of the Ivatans, the IPs of Batanes, protected by the provisions of the Indigenous
Peoples’ Rights Act of 1997 [39]. The culture of the Ivatans has been shaped by the frequent
wind events in the area, with the most tangible representation of this cultural adaptation being
their stone-and-lime vernacular dwellings assimilated in the 19" century from the construction
systems of Spanish colonisers [46]. Given the geographical remoteness of the island
municipality from mainland Batanes, typhoon events usually cut access to the area, rendering
disaster response challenging. As a result, self-reliance has emerged to define the community’s
coping capacity to frequent impacts brought by wind events. However, disaster response and
mitigation related to earthquakes are not well inculcated in the disaster sub-culture of the
community due to the rarity of seismic events. Thus, safeguarding assets from both the impacts
of wind and seismic hazards has become an agenda for building resilience within the

community that has primarily coped with wind events.
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Philippine Sea

Figure 1.2. Map of Itbayat, Batanes in the Philippines.

4 Research methods

Chapter 2 of this thesis reviews the application of LIK in DRR. Through a systematic literature
review [47], 325 research articles were screened from a pool of 613 documents sourced from

the Scopus database using a predefined search string. Qualitative coding — leading to both
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inductive and deductive thematic analysis — was then implemented to (1) characterise the DRR
practices related to LIK, (2) identify the general patterns of how LIK has been studied in DRR
scholarship, and (3) align how the current state of knowledge aligns with the Sendai
Framework. This chapter sets the backdrop of the field-based analyses in the succeeding

chapters, providing a framework for corroborating theoretical views to practical insights.

Chapter 3 quantifies the structural housing performance of the post-disaster dwellings built by
Indigenous households in Itbayat in response to wind and seismic hazards. Structural housing
performance was assessed through the derivation of fragility functions which estimate the
probability of a structural asset reaching or exceeding a certain damage state under varying
hazard intensities. Rapid visual surveys were conducted in January 2023 to identify the
prominent housing typologies households chose to build after the 2019 earthquakes. Experts’
opinions were then solicited from seven local experts and 11 specialists to estimate housing
damage states against wind and seismic hazards, following the method proposed by the Applied
Technology Council [48,49]. This chapter provides the structural housing characteristics
fundamental to examine the socio-technical factors of housing reconstruction in Chapter 4.
Additionally, this chapter generates the data (e.g., housing typologies) needed to analyse

disaster losses of housing assets in Chapter 5.

Chapter 4 identifies the socio-technical factors influencing multi-hazard housing
reconstruction in Itbayat after the 2019 earthquakes. This was conducted using semi-structured
interviews (n = 20 heads of households; n = 10 representatives of local government agencies
and organisations) and six focus group discussions among cohorts of local builders of
vernacular houses, contemporary construction workers, local government officers, heads of
households, and council of elders or the trusted village leaders within the community. Insights
from interviews and focus groups were complemented by data obtained through immersion
(field notes). Qualitative coding was conducted in NVivo to identify the socio-technical factors
based on the interview and focus group discussion transcripts. The identified factors were then
visually mapped through the key relationship types framework [50,51] to portray the cohesive
network of housing reconstruction triggers and influences. This chapter informs the adoption
of the desirability, viability, and feasibility (DVF) framework [52] in Chapter 5 to contextualise

housing reconstruction strategies and pathways.



Chapter 1

Finally, in Chapter 5, collective safer construction practices on a community level were
analysed through scenario-based simulations of direct economic losses of the residential
building stock in Itbayat against wind and seismic hazards. Eleven thousand six hundred
twenty-eight (11,628) hypothetical scenarios were identified representing the different ratios
of housing typologies (identified in Chapter 3) in the community. Using Monte Carlo
simulation, the loss estimates for each building stock scenario were then calculated under two
cases of paired extreme hazard intensity thresholds. Based on the loss outputs per case, Pareto
optimal solutions were then identified, representing those scenarios that simultaneously
minimise losses to both wind and seismic impacts. These optimal solutions were further
analysed against the DVF framework to account for the socio-technical factors that would

determine the practicality of the scenarios.

5 Thesis format

This thesis is structured such that each chapter is written as a standalone journal article, while
Chapter 1 and Chapter 6 are intended to bookend the whole thesis and bind the collective
thought across the chapters. Some minor duplication of text is thus evident across the chapters
to re-introduce context and enable each chapter to be independent. Additional supporting
materials are provided as appendices. Appendix A contains the experts’ solicitation form used
to derive the fragility functions in Chapter 3. Appendix B provides the interview and focus
group discussion guides used in Chapter 4. Lastly, Appendix C contains the procedures of
construction cost estimates and the complete Pareto optimal results of the loss simulation

conducted in Chapter 5.
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Chapter 2

Where does local and indigenous knowledge in
disaster risk reduction go from here? A systematic
literature review

Abstract

The embeddedness of local and indigenous communities in their environments has led them to
develop time-tested knowledge and practices to prepare for, mitigate, respond to, and recover
from the impacts of natural hazards. Collectively, these are referred to as local and indigenous
knowledge (LIK) and have gained a niche in disaster risk reduction (DRR) scholarship. We
conducted a systematic literature review, identifying 325 articles that were qualitatively coded
to identify what practices constitute LIK, patterns in how it has been studied, and how current
understanding of LIK fits to the Sendai Framework. We found a plethora of strategies that
communities mobilise, from hazard forecasts to livelihood-based adaptation, with the study of
these concentrated in middle- and high-income countries. Efforts to integrate knowledge (LIK
and scientific) and power spheres (top-down and bottom-up) are increasingly prominent themes
in disaster scholarship. There is a recognition of LIK in the Sendai Framework priority areas,
although still embryonic, which we link to the existing body of knowledge in literature. Our
synthesis pieces together a holistic understanding of LIK to offer a more concrete appreciation

of what LIK is and how it can be further relevant for DRR efforts.

1 Introduction

The World Meteorological Organisation (WMO) [1] reports a five-fold increase in the number
of disasters in the past fifty years. Meanwhile, the International Federation of Red Cross and
Red Crescent Societies (IFRC) [2] states there was a 35% surge of disasters since 1990s
alongside an increase in their intensities. This trend has seen an accompanying rise in
scholarship in disaster studies [3]. In most instances, the scholarship has been shrouded by
contested and conflicting ideologies on which knowledge system best fits for risk reduction.
Consequently, a growing number of scholars have since advanced the idea that local

communities’ embeddedness in their environments has led them to develop time-tested
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knowledge, coping practices, and adaptation strategies to prepare for, mitigate, respond to, and
recover from the impacts of disasters [4—9]. The strategies and practices developed and used
by communities to reduce disaster risks form the basis of cultural adaptation [10], giving rise
to what scholars call as “culture of disaster” [11,12] or “disaster subculture” [13,14].
Communities gain and develop these strategies and practices as they are considered the “zero-
order responders” in dealing with the frequent disruptions of hazards affecting them [15]. In
the existing literature on disaster risk reduction (DRR), such strategies and practices emerge as

products of what is conjunctively referred to as local and indigenous knowledge (LIK).

When taken independently, the term “local knowledge” is derived from a community’s place-
based relationship with the local environment while “indigenous knowledge” is gained from
long-term cultural ties or traditional ownership of a place [16,17]. Similarly, the
Intergovernmental Panel on Climate Change (IPCC) [18] characterises the former to be the
understandings and skills specific to where people live, while the latter is developed out of
longstanding interaction with the natural environment. Distinctions between the two exist in
literature. However, in reality, blurred lines emerge in demarcating what is local or indigenous

since communities often use varied sources of knowledge concurrently [19,20].

The importance of LIK in the general developmental sense has been emphasised as early as the
1970s [10]. In the aftermath of the 2004 Indian Ocean earthquake and tsunami, the relevance
of LIK to DRR was put into the limelight when the coping strategies of indigenous
communities were widely publicised [21]. The oral story of the Simeulue people reminded how
inherited knowledge can serve as an early warning system to save lives [22,23]. Literature on
LIK has since gained a niche in disaster scholarship with broader implications on the field. A
myriad of different terms has emerged from the way scholars have attributed harnessing local
capacities such as “community-based”, “participatory”, “multi-stakeholder”, ‘“grassroots-
level”, “people-centred”, among others. In the Sendai Framework for Disaster Risk Reduction,
the current global framework guiding efforts to reduce disaster risk, LIK is acknowledged as
an essential complement to scientific knowledge in the assessment of disaster risks and the

development and implementation of policies and programmes [24].

The existing scholarship on LIK in disaster studies is extensive. However, the DRR body of
knowledge on LIK is primarily constructed from case studies. To date, there has been limited

effort to synthesise what we understand about LIK more collectively. There have been some
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studies that have reviewed LIK in specific DRR contexts. These include the adaptation of
indigenous Taiwanese communities to climate shocks [25], the integration of indigenous and
scientific knowledge for flood risk reduction [26], the development of local knowledge for
disaster preparedness [27], the inclusion of communities in early warning systems [28,29], and
the state of integrated, multi-scale disaster research [30]. These reviews deal with LIK in
specific parameters, but a more holistic synthesis of LIK in DRR in the broadest sense —
unrestrictive of affinity to a country, hazard, disaster phase, or timeline — is missing. How then
does LIK stand more holistically especially within the disaster discourse that is still being
polarised by the dichotomy of what knowledge system best fits for DRR? This systematic
review is conceptualised as a “reflective pause” to assess the landscape and current state of

LIK in DRR literature.

While a systematic literature review can serve a critical role in providing synthesis to identify
research priorities and gaps [31], we further posit that such synthesis gains relevance if
analysed against a backdrop of policy frameworks. Hence, by reviewing LIK in DRR, we
endeavour not just to provide the current state of knowledge but also to give guidance to both
scholars and policymakers to progress the Sendai Framework, of which the use of LIK is part

of its advocacy [24]. We draw on three research questions (RQs) as the bases for this review:

(RQ1) What forms of LIK appear in disaster literature?

(RQ2) How has the research focus of LIK in disaster scholarship evolved over time?

(RQ3) What are the priorities of the Sendai Framework (not) being captured in the
current understanding of LIK in the DRR body of knowledge?

In the following sections, we first provide a theoretical orientation of LIK in DRR. We then
present our methods, including the review search strategy, document selection and screening,
and coding process and thematic analysis. Our findings are presented in three sub-sections
aligned with the research questions that focus on the identification and classification of LIK in
the current body of knowledge, research themes on how LIK has been studied over time, and
how these themes fit to the Sendai Framework. Finally, we discuss implications for future

research and emerging gaps.
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2 Theoretical Orientation

LIK has sometimes been interchangeably referred to as “traditional ecological knowledge,”
“indigenous technical knowledge,” and “endogenous knowledge” [21] apart from other
associated terms such as “ethnic,” “folk”, and “vernacular”. The breadth of literature on this
topic has resulted in diverging characterisations among scholars. While, on the one hand, the
divergence may imply a comprehensive understanding, on the other, it signals continued
contestation. For example, Matti & Ogmundardéttir [32] use “local knowledge” over
“indigenous” or “traditional” since the former is restrictive to non-indigenous local knowledge,
while the latter has static connotations implying that such form of knowledge is not evolving.
Meanwhile, Mercer et al. [33] assemble several literatures to define indigenous knowledge as
“a body of knowledge existing within or acquired by local people over a period of time through
the accumulation of experiences, society-nature relationships, community practices and
institutions, and by passing it down through generations” (p. 217). Similarly, Cuaton & Su [7]
aggregated local and indigenous knowledge as “a body of different types of knowledge and
practices of societies accumulated through a continuous interaction with their natural
surroundings” (p. 2). The characterisation that is gaining wider acceptance from scholars is
perhaps best stated by UNESCO [34] which defines LIK as “the understandings, skills, and
philosophies developed by societies with long histories of interaction with their natural

surroundings”.

The burgeoning permutations of how LIK is characterised in disaster studies merit a simple but
encompassing definition to be inclusively representative of the different ideas and connotations
across the breadth of literature. Therefore, insofar as this study is concerned, LIK is collectively
referred to as the developed understandings (perceptions, beliefs, philosophies) and self-help
measures (inherent skills, local ways of doing things, traditional practices) used by
communities to prepare for, mitigate, respond to, and recover from the impacts of natural
hazards. This definition is in line with Dekens’ [27] people-centred characterisation that
focuses on “what the residents know about natural hazard risks and what they believe and do
about them in a given situation” (p. 5). By borrowing the term “self-help measures” from Plate
[35], it is implied herein that knowledge manifests when communities use their efforts and
resources on the ground with little to no reliance from others. Such knowledge can be
developed over many generations and handed down, dynamic due to the influences within and

outside a community [27], or used concurrently with other complementary forms of knowledge
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in the community [19,20] ascribing to a trend called “cognitive polyphasia” [36]. While
Agrawal [16], Gaillard [37], and Griffin & Barney [19] caution adhering to a LIK and scientific
knowledge dichotomy, we distinguish the two for clarity and operationalisation. LIK is
acquired experientially, grounded in the sociocultural context of the need to address issues of
everyday living [26]. It arises from context-specific and outcomes-based understanding of the
natural realities [38]. On the other hand, scientific knowledge is developed through a formal
evidence-based technical systematisation of information to carefully provide explanations of
phenomena [39]. We further operationalise “community” to mean being a part of any urban,
rural, culturally and socially distinct (e.g., indigenous, tribal, ethnic), homogenous, or
heterogeneous groups where LIK emanates. Such characterisation broadly encompasses the
diverse contexts and complexities of how community can be defined in the developmental and
DRR-related work [40]. Regardless of community structures, residents do have the

understandings and self-help measures at their disposal in the face of hazards.

Across past and current global DRR frameworks, the recognition of LIK which forms part of
community capacity for risk reduction has mostly been juxtaposed with scientific knowledge.
In the Yokohama Strategy and Plan for Action in 1994, traditional methods of reducing disaster
impacts were recognised to be “supplemented” and “reinforced” with scientific knowledge
[41]. In the Hyogo Framework for Action in 2005, incorporation of LIK was supported to
provide understandable risk information, albeit alongside more generous emphasis to
strengthen scientific and technical DRR capacity [42]. Such adjunct representations of LIK
have been carried over in the Sendai Framework, where LIK is presented to “complement”
scientific knowledge in risk assessments and policy developments [24]. Across the
development of these three global frameworks, Tozier de la Poterie & Baudoin [43] draw
attention to how communities went from being regarded as valued partners to aid recipients

alongside a significant shift to support technological solutions for DRR.

The need to holistically review the literature on LIK stems from the phenomenon that a science-
based stance still dominates the disaster discourse. Reasons include the persistent technocratic
bias in disaster management and the dominant influence of scientific thinking in scholarship
which favours more technical and formal means towards DRR. Generally, a paradox exists
because LIK remains underutilised in the actual practice of DRR, yet it is widely praised in
academic literature and policy environment [44]. One potential barrier for its underutilisation

could be that we have fragmented thinking of LIK, which is reflected by the contested and
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inconsistent terminologies that surface in literature. But the fragmentation goes beyond naming
conventions, as ideally, there should be a unified understanding of what constitutes the
characteristics of LIK, but still none exists despite the breadth of literature. With the sustained
academic and policy attention of LIK in DRR, how can we translate diverging understandings
to an integrated and more collective view of what we know about LIK from past studies? We
conducted this systematic review to piece together knowledge about LIK to establish a more
holistic perspective to assist scholars, practitioners, and policymakers appreciate what LIK is

and how it can be (further) relevant for DRR efforts.

3 Methods

This study aimed to identify what forms of LIK appear in DRR literature (RQ1), themes in the
longitudinal evolution of LIK (RQ2), and to what extent current and past foci fit to the Sendai
Framework (RQ3). The following sub-sections present the search strategy, document selection
and screening, and the coding process and thematic analysis. We followed recommended best
practices for systematic literature reviews [45,46] to enhance the rigour in synthesising the
extensive body of knowledge on LIK. A visual summary of the document selection and
screening process is presented in Figure 2.1 following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) flow diagram. PRISMA is a reporting
guideline for systematic reviews instigating transparency in the identification, selection,

appraisal, and synthesis of studies [31].
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325 included in the coding
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Figure 2.1. Document selection and exclusion PRISMA diagram

3.1 Search strategy

Our search was bounded to the Scopus database to identify documents included in the
systematic literature review. Scopus is one of the largest abstract and citation databases for
peer-reviewed literature. As a point of comparison, it indexes 66% more unique journals than
Web of Science [47]. Additionally, Scopus is preferred since it has extensive quality assurance
processes in indexing data elements monitored by an independent Content Selection and
Advisory Board [48]. An initial keyword search was conducted to determine the coverage and
relevance when using the combination of the following principal words: “local,” “indigenous,”
“knowledge,” and “disaster”. The resulting items were then used to inform the final advanced

document search. On top of the initial keywords used, additional search operators were utilised,
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including Boolean (“OR”, “AND”), proximity (“W/r”), and wildcard (“*”). The final

combination of words and operators (“search string”) was as follows:

TITLE-ABS-KEY ((local* OR indigenous OR traditional W/5 knowledge) AND

disaster*)

The search string implies that any of the words “local” (including any other variations such as
“locals’,” “locally-known,” etc. as denoted by the asterisk), “indigenous,” or “traditional”
should be within a distance of five words from “knowledge”. The word “traditional” was
included as this was found to be used synonymously in many articles in the initial search. The
proximity operator of a distance of five words reasonably narrowed the search's intended focus.
It was also a conservative and inclusive assumption that allowed to capture phrases such as
“...locals’ or the community’s knowledge...”. Additionally, “disaster” was used to confine the
focus of LIK to disasters. If the word combinations matched with any of the texts from a
document’s title, abstract, or keywords (“TITLE-ABS-KEY”), then such document was

included.

The search string yielded 599 document results on 5 August 2021 inclusive of original research
articles and book chapters in the English language. Conference papers and review articles were
excluded since the former often represent works in progress for most fields of relevance, while
review articles would have created redundancy in the reporting of themes. An additional eleven
(11) documents were included in the pool of items screened, which Scopus misclassified as
review articles. We also manually added three (3) articles of relevance [13,22,49] identified
via literature snowballing. Also known as backward search, this technique includes relevant
works cited in the articles being reviewed but were not captured by the search string. Overall,

613 documents were included in the title and abstract screening.

3.2 Document selection and screening

To be included in the next round of review (full-text review), the following criteria were used
to filter the documents: (i) the context of “disaster” must have been related to natural hazards
(e.g., meteorological, geophysical) or environmental threats such as climate change (e.g., sea-
level rise, drought); and, (ii) LIK should have been in the premise of DRR (mitigation,
preparedness, response, and recovery and rehabilitation). As such, studies dealing with

disasters in the context of biological hazards (disease outbreaks), chemical (oil spill,
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contaminations), technological (nuclear), societal (civil unrest, armed conflicts, fire due to
arson), or those that explored LIK in the context of traditional medicine, forest management,
and other topics not explicitly related to disasters were excluded. By default, if a document did
not have an abstract, it was automatically carried over for full-text review. A total of 389
documents qualified and were included in the full-text review, of which 13 items did not have

abstracts.

Each document was thoroughly reviewed before coding for themes. A total of 64 documents
were removed at this stage for the following reasons: (i) LIK was characterised differently,
e.g., local expertise of formal disaster actors rather than that of communities’ (n = 5); (ii) LIK
was not substantially part of the study’s discussion (n = 17); (iii) the general premise of the
study was loosely related to DRR (n = 24); (iv) the nature of the document was not original
research but more closely a review of past studies (n = 14); (v) duplicate articles (n = 2); and,
(vi) no full text available despite exhaustive attempts (n = 2). The remaining 325 documents

were systematically coded using thematic analysis.

3.3 Coding process and thematic analysis

Coding is the derivation of a summative thought from words, phrases, or sentences (“codes”)
which represent the meaning of a portion of a data [50]. In this study, the process was facilitated
using NVivo 12 software, and preference was given to ideas developed in the findings,
discussion, and conclusions that form part of the core arguments of the documents. Prior to
coding, the documents reviewed were classified either as fieldwork- or non-fieldwork-based
studies. We considered a study to be fieldwork-based if it deliberately articulated any form of
interaction with communities in gathering data, therefore we made it the basis for eliciting LIK
as practised on the ground (see RQ1). Otherwise, documents were classified as non-fieldwork
if there was no interaction with communities in the primary data collection (e.g., comments,
desk research, and theoretical frameworks). Thematic analysis was then employed across all
the codes (regardless if from fieldwork- or non-fieldwork-based studies) to identify the patterns

of meaning — herein more formally referred to as themes.
Thematic analysis groups the derived codes to represent bigger picture ideas. We followed the

six-step process for theme identification pioneered by Braun & Clarke [51] which can be

summarised to include data familiarisation, data coding, and theme development and revision.
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While often used in qualitative research, there have been doubts about how scholars have
adopted thematic analysis rigorously and methodically in their research methods [52,53]. In
this light, we have also considered the protocols suggested by Nowell et al. [53] and Castleberry
& Nolen [52]. Some of these protocols include aligning the data collection methods with the
research questions, as well as peer debriefing to crosscheck the analysis with a co-researcher

who knows a substantive area of the inquiry.

A hybrid of deductive and inductive approaches was used to identify themes. The former
develops themes under existing or preconceived concepts and ideas, while the latter is directed
by the content of the data to generate common themes [51]. The inductive approach was
applicable in answering RQ1 and RQ?2 since one of the objectives was to understand emergent
themes that have surfaced in literature. On the other hand, the deductive approach was
applicable in answering RQ3 since we wanted to analyse how the identified themes in literature
fit within the four priority areas of the Sendai Framework. During the theme development,
multiple themes could be extracted from a single document. Hence, there is no implied

congruence regarding the frequency of themes to the number of documents reviewed.

4 Findings and Discussions

To advance the recognition of LIK in DRR, we first present a synthesis of how scholarship has,
to date, characterised LIK in fieldwork-based studies. We found seven forms attributed to how
LIK is used in DRR, from hazard forecasts to livelihood-based adaptation (RQ1) (see Section
4.1). We then present the six identified themes derived from all the documents reviewed from
both fieldwork- and non-fieldwork-based studies (see Section 4.2). Emergent themes such as
exploring the nexus of LIK and scientific knowledge link to the research foci of how this
research agenda has been studied in scholarship (RQ2). Lastly, these themes are then analysed
to the Sendai Framework to understand what priority areas are (not) captured in the current

understanding of LIK in the DRR body of knowledge (RQ 3) (see Section 4.3).

4.1 LIK on the ground: Encounters from fieldwork-based studies

Communities mobilise a plethora of LIK which highlights their ingenuity to come up with self-
help measures to protect themselves and their assets in the face of hazards. While the literature
gains an appreciation of natural hazards and their impacts and often highlights LIK in a positive

light, we also found that in some instances, this knowledge emerges to counteract the absence
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of institutional support. However, the greater picture remains obscure since, based on the
documents reviewed, low-income countries receive a meagre 5% share of fieldwork-based
studies compared to middle- and high-income countries which receive 73.5% and 21.5%,
respectively (see Figure 2.2). The same trend also exists with non-fieldwork-based studies:
1.6% in low-income countries, 50.8% in middle-income countries, and 47.5% in high-income
countries (see Figure 2.3). This geographical skewness can mirror the publishing bias in
academia to disproportionately give less attention to data-scarce communities. One potential
reason of this skewness may also be that some countries (or group of countries) receive more
attention due to their higher hazard exposure. Clearly, however, there remain challenges in the
practice and policy environments of DRR to gain balanced and more diversified representations

about grassroot capacities of low-income countries to manage risk reduction efforts.

Number of
studies

I27

0

Figure 2.2. Geographical distribution of fieldwork-based studies. (Note: Some studies are conducted in more

than one fieldwork location.)
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Figure 2.3. Geographical distribution of non-fieldwork-based studies. (Note: Country associations with non-
fieldwork studies are based on the location a study focuses (e.g., a study discussing the state of LIK in Australia
is counted for Australia). Some studies are associated with more than one location, while others do not represent

specific locations.)

In the following sub-sections, we discuss characteristics of LIK extracted from fieldwork-based
studies. Early warning systems and risk knowledge and perception influence the precautionary
and adaptation strategies that communities use in response to hazards, and these are shaped by
belief systems and community dynamics, such as social cohesion (see Figure 2.4). We move
away from presenting the use of LIK in the typical disaster cycle paradigm as we acknowledge
that these practices do not occur very linear or cyclical ([see 54]), but instead, there are overlaps
and overarching instances when these are used when disasters unfold. Hence, we are not
limiting when LIK occurs against a predefined disaster phase as there is a continuum of ways

communities use their knowledge and practices for disaster response.
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Figure 2.4. The interconnectedness of the different forms of LIK as derived from the synthesis of fieldwork-

based studies

4.1.1 Early warning systems

Early warning systems which include, but are not limited to, alarms, news, and warning signs,
provide information for populations exposed to hazards for them to be receptive, be prepared,
and consequently take action [55]. It is the continuous interactions between communities and
their surroundings that enable them to identify signs and signals from nature that can indicate
impending hazards. Some scholars, however, note that these environmental cues are becoming
less reliable due to climate variability [4,9,56-58] and environmental degradation [9,59].
Regardless, communities still hold and use these practices, and they will continue to do so as

long as these practices aid in reducing risk.

Forecasting, the first stage in more general warning processes [35], is common among local
and indigenous communities. Flooding forecasts in Cambodia [58] and Malawi [9], for
example, are based on the direct observation of clarity, speed, and sound of water. In Sri Lanka,

predicting landslides is based on the assessment of unusual earth cracks and understanding the
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impact of heavy rainfall on the water table [8]. Meanwhile, drought forecasts in Lesotho and
Eswatini are based on the changing rainfall patterns and strong winds blowing in particular
directions [60]. A myriad of examples exists in literature regarding the flora- and fauna-based
forecasting strategies that depend on the phenology of plants and the behaviour of animals to
foretell both general weather conditions and occurrence of hazards. Some examples include:
whales swimming in particular directions to signal approaching storms in India [61]; an
abundance of sea urchins and starfish along shorelines to foreshadow impending typhoons in
the Philippines [62]; and, night-flowering jasmine to predict the onset of heavy rainfall in India
[63]. To relay forecasts, some communities also use local technologies to disseminate
information or trigger alarms, such as using bamboo slit drums and mosque loudspeakers in

Indonesia [64] and community drums and indigenous loudspeakers in Afghanistan [65].

Apart from the wealth of examples on forecasting strategies that we found in literature, we also
saw an uptick in attention highlighting how communities informally integrate traditional
forecasts with more technical sources of hazard information such as from televised
meteorological forecasts. For example, Balay-As et al. [4] noticed how radio forecasts serve as
confirmation when traditional signs of dark-coloured sky hint an approaching rain as observed
from an indigenous group in the northern Philippines. The hybridisation of different knowledge
sources (see Section 4.2.2) happens then as more communities — especially from low- and
middle-income communities with heavy reliance on LIK — begin to gain access to technologies.
This hybridisation can be positive, helping communities better prepare for disasters by
integrating sources of hazard information. Inversely, however, such integration of knowledge
systems often still sees a dominant narrative in favour of scientific knowledge. This implicit
overshadowing can lead to the eventual disregard of LIK resulting to the overreliance to the

technicalities of scientific knowledge.

4.1.2 Risk knowledge and perception

The awareness and judgement of communities to environmental threats are baseline conditions
for disaster preparedness. Risk knowledge and perception are developed when communities
are embedded in or hold understanding about their environment, as day-to-day encounters teach
them what these hazards can bring, why and how they occur, and how to cope with them. We

identified two ways how risk knowledge and perception are gained. The first is through
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familiarity of the locale, while the second mechanism is through accumulation of past hazard

experiences.

One’s familiarity with a place provides insights into local conditions and environmental
elements, such as in Nepal where villagers are aware that landslides affecting their farmlands
occur due to weak geology exacerbated by water table conditions and impact of heavy rainfall
[66]. In the typhoon-prone Philippines, the structure of storms is well understood by some
communities and they can explain the concept of storm surges without scientific translation
[67]. Similarly, in Australia, communities have developed a more intimate understanding of
cyclones and these are recalled as sensory experiences with specific elements and
characteristics [68]. In a community bushfire mapping activity, also in Australia, communities’
spatial awareness of their environment enabled them to identify areas of increased risk, such
as dense bushland as well as routes for safe evacuation [69]. Communities residing around the
base of active volcanoes in Indonesia have developed localised terminologies to the hazardous
elements brought by phreatic eruptions and this is one of the ways to understand their
vulnerabilities [70]. These examples highlight that familiarity of place transcends beyond
spatial knowing but also entails an understanding of the elements and conditions that affect a
place. In most instances, this understanding of place results in localised views which lead to
the development of context-dependent knowledge systems helpful for communities to prepare

for disasters.

Past hazard experiences are also sources of risk knowledge and perception among
communities. Lessons are absorbed from past events and are applied. The 1977 flood in
Mozambique, for example, served as the maximum benchmark providing a flood line defining
acceptable risk for communities [71] while in the Philippines, the impacts or severity of past
flood events are remembered through anthropometric measurements such as knee, waist, and
hip depths [72]. Households’ experiences with landslides in Peru were vital in understanding
the hazard’s occurrence and reactivations (dates, magnitudes, and damages) which were used
for hazard mapping [73]. There are also increasing efforts to preserve these past experiences
and ensure transfer between generations, such as in Japan. In some museums, disaster
encounters are conveyed as stories to pass local knowledge for future DRR in line with the
kataribe tradition of sharing lessons and experiences [74]. Generally, while such past hazard
experiences provide historically grounded accounts on what to expect or what can possibly

happen, extreme events can sometimes overthrow the relevance of these experiences [75-78].
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Such has been demonstrated, for example, during the 2000 floods in Mozambique [71]. The
maximum flood level benchmark left by the 1977 flood has been surpassed, leaving
communities uncertain of the thresholds of what could now be risky or safe as they anticipate

related hydrological events.

4.1.3 Anticipatory measures: Mitigation and preparedness

To reduce risk in the face of hazards, communities take early actions which can either be
through permanent protection systems and strategies (“mitigation”) or precautionary non-
technical measures (“preparedness”) [35]. Due to their forecasting strategies and prior
knowledge of local hazards, communities become receptive and develop safety-seeking
anticipatory measures. In Sri Lanka, mitigation measures undertaken for landslides include
planting and reserving tree belts near houses, terrace cultivation, and adoption of a land
utilisation pattern where the upper areas are retained as forest reserves, the middle portions as
housing areas, and the lowest portions as paddy fields [8]. Similarly, in India, land use
strategies are in place to prepare for landslides such as: avoiding flood- or landslide-prone
locations when building a house; converting hillsides into level terraces (including managing
water flows between terraces); stabilising slopes with trees; and managing slow rainwater
runoff by creating a network of ponds [79]. To mitigate the impacts of flooding, certain housing

adjustments are undertaken by many communities across countries (see Section 4.1.4).

In terms of preparedness measures, communities in the Philippines adopt strategies for
impending typhoons and typhoon-induced flooding: securing roofs with ropes and cutting
down tall and decaying trees [67]; reinforcing wooden or thatched houses by tying with wires,
nailing down walls and windows, and putting heavy items (sandbags, tyres) on top to protect
roofing [72]; and practising a tradition which involves replacing old thatched roofs with newer
ones to make sure that these can withstand heavy rains and winds [4]. Food preservation is also
a common preparedness strategy to ensure food security in times of disaster. Examples include
traditional fermentation of terrestrial and marine food in Tuvalu [80] and keeping food within
pots and burying them underground as practised in Bangladesh [81]. All these anticipatory
measures attest to the general notion in disaster discourse that communities are indeed not
helpless as they can proactively prepare for forthcoming hazards. Hence, communities should
not be merely regarded as passive victims and recipients of external aid but active agents for

DRR measures [15,72,82].
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4.1.4  Structural measures

According to UNDRR [83], “Structural measures are any physical construction to reduce or
avoid possible impacts of hazards, or the application of engineering techniques or technology
to achieve hazard resistance and resilience in structures or systems”. The most common
structural interventions captured from the documents reviewed were those that are adopted by
communities in response to flooding. These include raising houses either on piles, stilts,
platforms, or plinths [6,79,84,85], on higher grounds [9,86], or elevating room levels through
earth-filling [72]. Additionally, still in response to flooding, sandbags are used [87,88],
retaining walls around farmlands are constructed [6], and walls and foundations of houses are

strengthened using local materials [9].

Other structural measures are embodied in the different seismic-resistant housing construction
techniques. One of the best examples is India’s Dhajji-diwari style in the Himalayan belt
wherein the technique uses stones for lower storeys and a combination of bricks and timber for
upper storeys [89]. To prevent landslides in Sri Lanka, locally developed stone walling
techniques and the use of Pawatta plant as live fences are employed [8]. In Senegal, agricultural
yields are optimised through the invention of micro dams — a hydroagricultural innovation by
the communities that can retain water and impede drought for a few weeks [90]. In China,
traditional settlements were built to be protected from storms through windbreaks, dense-alley

patterns, courtyards, strengthened exterior walls, and local roof technologies [91].

Structural measures are a product of understanding the impact of disasters and identifying the
physical remedies to counteract such impact to mitigate risks. As these measures are developed
out of locally understood scientific principles in the absence of more formal ways of learning,
aptly, these are local technologies that have shaped risk reduction strategies prior to more
technical approaches. Similar to the hybridisation of early warning systems discussed in the
previous section, the same phenomenon has also been observed for structural measures. Some
discussions on LIK now include the integration of local and indigenous building techniques
with contemporary strategies. For example, in Pakistan, a post-disaster reconstruction initiative
relied on traditional character and form of structures but strengthened them with formal

engineering interventions [92].
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4.1.5 Livelihood-based adaptation

Disasters threaten not only the safety of communities but also their livelihoods. Scholarship on
LIK presents a vast array of examples specific to agriculture. The most common agricultural
practices across countries in response to different hazards include: crop selection based on the
resistance to risks [6,60,93,94]; introducing new and/or diversifying crop options to optimise
yield [79,85,90,93,95,96]; altering cropping patterns and structure [85,93,94]; relocating
planting areas away from high-risk areas [9,66,90]; improving irrigation and water
management systems [85,93,94,96]; and adjusting planting schedules [9,93,95,96].
Additionally, other farming schemes have been developed or adopted such as market gardening
in rainy conditions alternating according to the seasons in Senegal [90] and floating agriculture
to adapt to the persistent flooding in Bangladesh [85]. In Taiwan, communities release water
in the fish farms and set up surrounding nets to prevent water and fish overflow for aquaculture-

based adaptation strategies in response to flooding [6].

Communities also practice livelihood diversification — a strategy to secure more than one
source of subsistence to sustain a living in the face of dynamic risks which threaten the primary
source of livelihood. In Sri Lanka, fishers engage in collecting honey, rice cultivation, selling
fruits, among others, to reduce main reliance on aquaculture-based activity and increase income
options in adverse conditions [97]. Similarly, in the Philippines, some Aetas rely on combining
and switching activities (cultivation, animal husbandry, etc.) while repeatedly changing their

locations as a coping mechanism after the 1991 Mt. Pinatubo eruption [98].

The scholarship on LIK clearly points to livelihood-based strategies that are as dynamic as the
risks communities face. It is evident from the examples that adjustments happen through living
with these risks while finding ways to secure livelihoods rather than eliminating the risks
upfront to revert to the usual livelihood setup under normal conditions. When lands are
submerged, people innovate to farm on the floodwaters; when crops are susceptible to damages,
farmers diversify their planting options. As hazards impact sources of subsistence,
communities come up with livelihood innovations reflecting their resourcefulness amid
disasters. These innovations happening on the ground reflect the complex socio-economic

responses that they need to undertake to thrive and survive in altered conditions.
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4.1.6 Social cohesion

Transcending beyond individual actions are collective efforts by communities to pool their
knowledge and resources in the face of hazards, either within established organisations or
through informal social linkages and networks. We present social cohesion as an intangible
asset that is activated in times of crisis [99], whether as an inherent part of a culture or existing
within the day-to-day concept of sense of community. The common denominator lies on how
different community members ultimately work together to prepare for or recover from

disasters.

In terms of social cohesion imbibed within a culture, an example is from the Sahis of Puri,
India. Communities rely on mutual cooperation to address communal problems, such as
working together in response to calamities regardless of differences in economic status or social
position (caste) [100]. Disaster recovery of a community in Bangladesh is being propelled by
the help of samaj. It is a local-level traditional institution that bonds like-minded community
members governed by customs and norms, apart from supports of other community
organisations such as madrasha management committees, schools, etc. [86]. Beyond formally
established community organisations like committees and traditional institutions, knowledge
and practices still make their way through social ties and tight-knit networks. In preparation
for flooding in Malawi, social networks are utilised to help community members stabilise
houses, relocate livestock, seek temporary shelters, and rely on warning information from
traditional leaders during community meetings [9]. In Japan, motivations for evacuation during
the 2017 torrential rain in Kyushu were based on community discussions — made possible by
good neighbourhood relationships — in lieu of timely disaster information due to power outages

[101].

A breadth of other examples exists affirming how social cohesion manifests across
communities, from customary support and resource sharing systems ([see 56]) to
neighbourhood-driven rescue operations ([see 82]). From this review, we have observed the
roles cultural settings and good neighbourhood relations play in activating this intangible asset.
While these two are not the only precursors to social cohesion, they are prominent factors
contributing to building a safety net to combat risks for communities undertaking collective

actions.
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4.1.7 Beliefs

The truths that communities believe in and hold as valid significantly shape their understanding
of risks and hazards and thereby affect how they respond to disasters [102]. Discourse on
beliefs linked to DRR prominently presents the idea that disasters are a form of punishment for
transgressions, such as in Zimbabwe where the occurrence of hazards is attributed to being
sinful or abandoning one’s culture [12]. Beyond the concept of punishment, von Vacano &
Schwarz [103] present related religious framings of disasters — admonishment and divine test.
The former seeks to remind to improve one’s faith, while the latter challenges the belief of a
person to be proved through coping of the disaster. Meanwhile, in some communities, a divine
entity is considered as the source of protection whom they can seek safety from hazards [104]
and ask for guidance to recover after disasters [86]. Beliefs are also attributed to supernatural
forces such as a case in Peru where a landslide is believed to be caused by a bull pushing the
earth downslope [73], and in the Philippines where volcanic activity is associated with spirits

[98].

We can see from these examples that beliefs can either give a sense of fatality among
communities (with the worldview that someone is in control of everything, including the
occurrence of disasters) or a sense of psychological safety (as faith to a central figure can give
support and guidance in surviving disasters). This observation is consistent with the two impact
pathways of Sun et al. [102] where they explain that beliefs have both constructive and harmful
impacts. The former is believed to foster and promote disaster resilience individually and
collectively as a social unit while the latter can inhibit the initiative of communities to cope

with disaster.

4.2  Themes: Foci on how LIK has been studied in DRR

In this section, we present the foci of how LIK in DRR has been given attention in scholarship.
The focus on LIK for risk reduction efforts started to spike during the mid-2000s. Such finding
is consistent with Hiwasaki et al. [21] who note that scholars became interested in the potential
use of LIK in DRR after communities used their indigenous knowledge and coping practices
during the 2004 Indian Ocean earthquake and tsunami. Unsurprisingly, most interest on this
topic has been dedicated to understanding the knowledge and practices, including how they are
used for DRR and how can they further be leveraged. Figure 2.5 shows how primary LIK

themes have flourished, and we discuss each of these themes in the following sub-sections.
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Figure 2.5. Trend across the themes identified based on the frequency of publication reviewed in each year

4.2.1 Theme I — Understanding LIK: Knowledge construction, identification, and points of
leverage
Risk can be understood by communities differently and may provide varied motivations to
respond [67]. Several studies have explored how LIK is constructed as a form of knowledge
for DRR. For instance, Swee [68] focused on the Australian tropics to understand how local
cyclone knowledge is “assembled” and found that it comprises of heterogeneous parts — which
include other knowledge sources apart from that of community’s own risk perception — and
are integrated in an ad hoc and complex manner. Every community interprets disasters in a
localised way, and Bongo et al. [12] associate the varied interpretations to the concept of a
“script” that needs to be well understood within local priorities and knowledge systems.
Interactions of communities with their environment give rise to LIK. Examples include how
bushfire risk perception emanates from the interaction of people, landscape, and objects [105]
and how local practices of flood management in Myanmar have been shaped by the hydrosocial
relationship among residents, institutions, and settlements [106]. Similarly, close relationships
between fisher communities and their environment result in what Mulvany [61] call “flood
imaginary” or the traditional mechanisms to understand and cope with the impacts of seasonal

flooding in India.

To further understand LIK and gain insights into its role in DRR, there is a growing consensus

among scholars to document the knowledge and practices, even to the extent of emphasising it
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as a clarion call [81]. Mutasa [107] argues that unless LIK is documented and preserved, its
marginalisation will continue. Recognition of LIK helps sectors involved in DRR management
acknowledge its importance [62] and preservation [108]. Documentation is also the first step
to understand the principles behind how these local practices work in their own context to be
more readily accepted and understood by others [21,109]. From here, points of leverage to
maximise the use and recognition of LIK can be inferred. For example, Sharma [110] promotes
capitalising on the local technologies of communities while Baumwoll & Krishnamurthy [111]
suggest extracting common principles and transferrable elements from documented LIK to
apply them as strategies to help vulnerable communities. If there is a prime association with
how scholars have understood LIK, it is on the idea that since these assets are homegrown and
have been used by communities over time, these knowledge and practices can help to enhance
local-level resilience [6,100,112—115]. But documentation comes with risks as well, including
how it can strip the contextual aspects of LIK [116]. When exposed to external stakeholders,
the practices can also be taken advantage of. To this extent, LIK has been legally protected in

some societies like in the Philippines where it is considered an intellectual property ([see 7]).

4.2.2 Theme 2 — Nexus of LIK and science: Integration, validation, and management

DRR agenda have tendencies to juxtapose LIK with scientific knowledge. The former is
understood in this study to be developed locally from community resources (e.g., disaster
experiences, lessons handed down by elders, and local materials), while the latter is a
knowledge sphere acquired through a formal evidence-based technical systematisation of
information. Garcia et al. [117] explain that LIK alone is insufficient to reduce disaster risk,
while scientific knowledge is devoid of the holistic picture to understand the local vulnerability
context. Combining the two knowledge bases renders more precise information useful for
decision making [117]. Additionally, communities with low literacy levels may find it
challenging to understand technical concepts moulded on scientific principles and they may
resort to customary knowledge [44,118]. Conversely, outsiders might encounter loss of
translation when understanding LIK [58] because such knowledge systems are contextually
embedded in a community’s cultural setting. Scholars should thus continue to advocate for the
potential benefit of combining LIK and science to create more robust systems ([see

21,33,59,119)).
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Several studies have focused on deliberate efforts to incorporate and integrate community risk
perceptions and local spatial knowledge into geospatial technology — such as Geographic
Information System (GIS) and Remote Sensing (RS) — to create hazard maps, vulnerability
indices, and resilience assessments (see [58,66,72,73,120-136]). Other means of integration
happen in post-disaster reconstruction where traditionally built structures are strengthened with
engineering interventions. Examples include the “Building Back Safer with Vernacular
Methodologies” initiative in Pakistan [92], the adoption of stabilised compressed earth blocks
to traditional construction systems in India [110], and the material modifications introduced to

quincha — a traditional structure in Peru — to improve its seismic performance [137].

Comparison and validation of the two knowledge bases have also attracted attention among
scholars. The most popular focus is analysing how LIK of weather and climate trends conform
with meteorological data [63,94,107,138—142]. There are also attempts to validate LIK through
experiments. For example, Zhang & Nakagawa [143] examined the hydraulics and
morphodynamics of Bandal structure, a traditional flood and erosion control technology, to
understand how the design idea can have the potential to be integrated into contemporary
engineering. In comparing the two knowledge spheres, Malone et al. [49] suggest the concept
of “cross-validation” where it allows the two knowledge bases to converge and diverge, and

where the limitations of each other can be addressed by strengths in the other.

However, the school of thought that LIK is inherently hybridised — that it co-develops with
other knowledge sources — is gaining popularity. Lin & Chang [144], for instance, argue that
LIK absorbs other knowledge sources instead of rejecting them, forming an involuted
knowledge. Meanwhile, Lauer [20] explains that even isolated indigenous communities draw
on the intersection of many knowledge systems which allow them to innovate. For example, in
the Philippines, communities adopt typhoon warnings from broadcasted meteorological
information combined with traditional forecasts based on environmental signs [4,145]. The
reliance on the integrated sources of knowledge to gain insight into impending hazards has also
been observed in Malawi [9], Indonesia [19], Zimbabwe [146], Fiji, and Tonga [147]. These
are evidences that even when there is no deliberate effort to integrate both knowledge spheres,
LIK and scientific knowledge are already being informally combined on the ground by local
and indigenous people. Such evidences support calls, like that by Pascua [148], to reject the

artificial compartmentalisation of LIK and scientific knowledge bases.
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4.2.3 Theme 3 — Community and government partnerships for appraising LIK

While communities have internally developed capacities to handle disasters, they still,
however, need external assistance at times [149]. This need for external support can arise from
limitations of local capacities. Thus, there is a need to integrate top-down (government-driven)
with bottom-up (community-based) approaches [150] in responding to disasters, striking a
balance between inputs from administrative authorities and insights from communities [15].
When government-initiated disaster management lacks sensitivity to local-level conditions,
affected communities transform policies to respond to disasters better suited to their own

circumstances [144].

To foster partnerships between communities and the government, McDonnell et al. [151]
present the idea of “managed participation” as evident in the state-led, public post-disaster
planning in the aftermath of Superstorm Sandy in New York. In this idea, integration exists
between intra-community social ties (“horizontal’) and extra-community relations with policy
institutions and agencies (“vertical”). Ingham & Redshaw [152], meanwhile, encourage a
paradigm shift from rescuer-victim dichotomy and instead embrace the concept that responding
to disasters is a “shared responsibility”. Vallance [153] sees local government as a recovery
agent and an “architecture of engagement” — which pertains to the broad social connections
being foundations of a rebuilding process — as an enabler to see both opportunities and needs
of the affected residents. However, partnerships can be a challenge especially in communities
where their traditional cultural fabric remains intact. In this case, communication and
coordination with traditional leaders, village chiefs, or seniors can serve as the gateway to a

meaningful rapport [154,155].

Examples of partnerships between community and government include: the establishment of
village-level disaster committees in India [110,156] and Nepal [157] comprising of local
leaders who partake in disaster risk planning and management; the transdisciplinary
community-based DRR approach undertaken in China to complement the existing top-down
system of the government [158]; the co-managed flood early warning system in Indonesia
where it serves as a platform of interaction between the community and the government [64];
and, the inclusion of LIK by DRR authorities in tackling the risks imposed by an Icelandic
glacier [32].
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4.2.4 Theme 4 — Leveraging LIK for policy recommendations, programme development, and
lessons learned
Acknowledgement of LIK is not sufficient to leverage it for DRR. There needs to be an impetus
to translate ideals well presented in literature into practice. This theme presents those that
leverage the merits of LIK for policies, programmes, lessons, and other insights which can
transform theory to practice. For instance, Dube [125] proposes an inclusive, multilevel
wildland fire management in Botswana and recommends drawing upon LIK to co-determine
temporal risk assessments. In analysing external stakeholders’ attitudes towards engaging LIK
to DRR, Saki¢ Trogrli¢ et al. [44] present enhancement pathways suggested by formal DRR
practitioners. These include improvement of community engagement, documentation,
validation, and dissemination of LIK, integration of LIK with science, and empowerment of
communities to use their LIK. Meanwhile, Griffin & Barney [19] recommend that when
knowledge sharing between experts and communities already exists, there should be a
departure from dividing between knowledge systems, and instead focus on balanced sharing

and 1dentifying existing rapport.

Projects and programmes have also been devised to leverage the merits of LIK for DRR. For
example, to enhance disaster prevention capabilities among children and assist engagement in
the reconstruction after the Kumamoto earthquake in Japan, an educational programme was
developed wherein knowledge based on the local historical experiences served as a starting
point [159]. In devising evacuation operations, agility that could save more lives was achieved
by incorporating local knowledge that provides contextualised information such as the shortest
routes [160]. There have also been projects that draw on historical lessons to commemorate

disaster events, such as installing plaques that can positively reinforce disaster awareness [161].

Leveraging LIK for policies, programmes, and projects provides a conduit on how the
knowledge assets can be mobilised in the developmental realm. However, as LIK is place-
based and is emergent within a localised context in which it belongs, there are considerations
when extracting their value for risk reduction purposes. Generally, these considerations can be
echoed from Kelman et al.’s [162] principal takeaways in appraising LIK, which include: (i)
understanding the context and (non)transferability of the knowledge system; (ii) fostering trust
and self-help by working with the knowledge that is already acceptable to the community; and

(ii1) acknowledging heterogeneity as differences do exist within communities.
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4.2.5 Theme 5 — Stratification in the use and access of LIK

With LIK having social, economic, political, and environmental dimensions, its access and use
are expected to be “nonlinear” and stratified. Hence, discussions of LIK in DRR should not
discount such dimensions. Trogrli¢ et al. [9] explain that due to intergenerational and gendered
differences, there remains an unequal distribution and access of LIK within communities. This
theme highlights the stratifications of LIK that are emergent in scholarship. We focus on
presenting how demographic factors affect the use and access of the knowledge system, and

not about the inequities that these factors bring to communities.

Due to the traditional roles associated with men and women in most societies, gender continues
to be a significant factor in the stratification of the use and access of LIK. Women are known
to have a wide grasp of LIK due to their exposure to daily activities [59] and, alongside seniors
and traditional leaders, are regarded as custodians of the knowledge system [163]. In Gauteng,
South Africa, mothers are known to transmit local knowledge and techniques to their children
revealing their foundational role in the promotion of LIK and its awareness [163]. Women have
also been mostly known to help ensure food security in preparation for disasters in some
communities as they are usually more familiar with indigenous food preservation techniques
[4,164]. In some cases, women have been shown to have a higher level of risk perception or
disaster awareness compared to men [120,165]. In other contexts, men perceive climate

variability better as it impacts the crop yields that they attend to [141].

Age also stratifies access to LIK for the apparent reason that senior members of a community
have more disaster experiences and have often gone through several hazard events allowing
them to acquire firsthand knowledge [166,167]. Social class has also been shown to affect
disaster awareness with less privileged community members exhibiting lower risk perception
[168] though this can be the result of societal marginalisation. Meanwhile, urban residents tend
to have lower levels of local knowledge compared to rural residents who have most likely
developed a sense of community and place attachment [ 169]. Lastly, occupation informs access
to specific LIK, such as when fishers become familiar to forecast hazards based on water

behaviour due to their close interaction with the environment [166,167].
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4.2.6 Theme 6 — Disregard for the potential use of LIK

Lambert & Scott [170] have emphasised that as early as the mid-1990s, LIK was already
acknowledged in disaster-related multilateral agreements but DRR strategies focused on the
resources and assets of indigenous people remain challenging to implement. Among the
contributing factors include state-sponsored or endorsed racism, historical isolation, ongoing
marginalisation, and institutional inertia. This disregard for the potential use of LIK for
effective DRR remains pronounced and can be explained by two broad and dominant
influences: the persistence of scientific hegemony and the inherent technocracy among

institutions and governing bodies.

With influential practitioners from global DRR organisations mostly being educated in
scientific-based institutions [171], the mindset that science is more equipped than LIK in
preventing risks continues to infiltrate DRR practice. According to Howitt et al. [172], “key
institutional structures continue to privilege discourses based on scientific and administrative
expertise over locally contextualised knowledges, and to discount or dismiss social and cultural
dimensions of risk...” (p. 52). The perception that outside, expert-led knowledge is superior
disempowers communities and may damage their local institutions [173]. Ironically, the
development community — which has boosted the appraisal of LIK in literature — implicitly
conveys a general attitude that LIK is a backward form of knowledge, hence its effectiveness
is questionable [44]. Similarly, practitioners often advocate the value of LIK whilst maintaining
a dominant science-based stance to improve their image and avoid criticism [174]. Outright
examples of disregard for LIK have been demonstrated. For example, in the Philippines, the
Department of Science and Technology’s preference is (somewhat obviously) science-based
DRR strategies as LIK is a challenge to be incorporated into programmes when a technical
working group is comprised of scientific experts [7]. Similarly, in Chile, the social memory
and local historical records have been rejected by the Scientific Technical Committee due to

their un-scientific nature in diagnosing a seismic crisis [175].

Technocracy has also contributed to the disregard of LIK. Disaster management carried out by
governments, external institutions, and other organisations tends to exclude communities
[73,133,144,176—179]. This approach has exacerbated community’s exclusion with barriers
such as weak capacity among community members to uphold their LIK at district and national
levels, and the lack of institutional support to maintain a rapport between LIK holders and

formal DRR practitioners [133]. As a result, technical-solution-oriented development is
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commonplace and the social, political, and cultural contexts of disasters have been taken out
of context [113,180], sidelining the knowledge of locals and indigenous people for effective
disaster management. In worst cases, some NGOs have been observed to abuse relationships
with communities to leverage their objectives [60] or they operate within predefined

frameworks thereby excluding potential contributions of communities [166].

4.3 LIK within the global DRR framework

The Sendai Framework for Disaster Risk Reduction seeks to advance local, national, regional,
and global efforts to prevent new risks, reduce existing risks, and increase resilience, replacing
the Hyogo Framework for Action in 2015 [24]. The Sendai Framework promotes LIK to
complement scientific knowledge in disaster risk assessment and policy and programme
development. However, the word “complement” alone implicitly discounts how other sources
and interpretations of knowledge can be at par with more formal ways of knowing and
understanding risk reduction measures. We refer to this as an embryonic recognition of LIK,
which is unsurprising since there has been an observed shift away from valuing local
community input towards technological advancements across the most recent global

frameworks [43] (see Section 2).

In this study, we progress the Sendai Framework by analysing how the priority areas of action
are captured in the current understanding of LIK in the DRR body of knowledge (see Figure
2.6). In doing so, we endeavour to understand how the priority areas coincide with attention in
scholarship, or the lack thereof. We discuss below each of the four Sendai Framework priority
areas along with how the extracted themes from the review align to these. From here, we offer
our recommendations based on the common messages conveyed across the literature to help

realise the implementation of the global framework’s priority areas.
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Figure 2.6. Themes within the Sendai Framework

4.3.1 Priority 1: Understanding disaster risk

Priority 1 of the Sendai Framework focuses on understanding the multi-dimensional
characteristics of disaster risk [24]. To achieve this at the national and local levels, the
framework suggests disseminating disaster risk information in appropriate formats to decision-
makers and at-risk communities. The need to understand LIK (Theme 1) thus has relevance to
how communities take actions autonomously or in partnership with stakeholders. Priority 1
further promotes that LIK should complement scientific knowledge for risk assessments,
policymaking, and programme development (Theme 2). Numerous studies have adopted the

integration of LIK with geospatial technology and this is well aligned with the Sendai
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Framework goal to “enhance measurement tools, and the collection, analysis, and
dissemination of data without sidelining each of the knowledge spheres”. Cross-sectoral
collaboration, cooperation, and dialogue in understanding risk are also well highlighted under
Priority 1 and this can be linked to the partnerships discussed in Theme 3. Risk, being multi-
dimensional, co-exists within a broader social fabric and those who are directly affected should
not just be the sole actors to address it. While there is much alignment of the Sendai Framework
with literature, absent is nuance in who holds LIK. The framework adequately draws attention
to the need to disaggregate social and demographic factors (such as age and gender) but falls
short of recognising that LIK is stratified and not homogenous (Theme 5). These shortcomings
discount acknowledging the dynamics in how different members of a community use and

access their knowledge resources.

4.3.2  Priority 2: Strengthening disaster risk governance to manage disaster risk

Priority 2 promotes the effective and efficient management of disaster risk based on clear
vision, plans, competence, guidance, and cross-sectoral coordination [24]. If understanding risk
requires partnerships, risk governance should forge them. The role of government to help local
and indigenous communities to realise their knowledge assets has been highlighted in Theme
3. While governments are not the only institutions that support the implementation of
instruments relevant to DRR, policy recommendations that arise from LIK presented in Theme
4 will remain unutilised unless there is motivation to advance these within legal frameworks.
Strengthening risk governance should also consider the problems that exacerbate the
vulnerability of communities. Unequal access to knowledge within communities (Theme 5) is
one such dilemma for capacity building efforts outlined in the Sendai Framework. There have
also been both deliberate and unconscious efforts by technocratic bodies to disregard the
potential use of LIK for DRR (Theme 6). Tacitly, technical-solution-oriented developments
remain to be the dominant approach in “reducing risks” and these most often ignore how

communities respond to and prepare for disasters.

4.3.3  Priority 3: Investing in DRR for resilience

Priority 3 emphasises the need to invest in both structural and non-structural measures to
prevent and reduce disaster risks [24]. As highlighted in Theme 1, there are a plethora of locally
developed strategies that communities use to face hazards which include those that are

intangible (e.g., forecasting abilities, risk perceptions, social cohesion) and tangible (e.g.,
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seismic-responsive dwellings, soil erosion and flooding technology). These “homegrown”
strategies are investments that DRR practitioners can utilise. These assets are readily available
and acceptable to communities. However, while these measures are promising, they are not
without limitations. Integrating these into the scientific domain (Theme 2) can be a way to
emphasise the strengths of these practices and advance cooperation among academic, scientific,
and research entities in developing risk reduction interventions. Under this priority, there is
again a need to echo the importance of community and government partnerships (Theme 3) as
it 1s understood that to leverage such investments to reduce risks and mainstream related

activities, governmental support will substantiate these efforts.

4.3.4 Priority 4: Enhancing disaster preparedness for effective response and to “Build Back
Better” in recovery, rehabilitation, and reconstruction
Priority 4 highlights strengthened disaster preparedness for response, actions to anticipate
events, and capacities for response and recovery. Additionally, Priority 4 emphasises “building
back better” as an opportunity in the recovery, rehabilitation, and reconstruction phases [24].
The concept of building back better references lessons learned from past actions. Under Theme
4 developed in this study, extensive literature points to enhancing preparedness and capacities
to build back better by leveraging the knowledge assets of communities. However, the mention
of “adoption of policies, plans, and programmes” again shows a need for community and
government partnerships (Theme 3). The Sendai Framework underscores a need for guidance
instruments (e.g., codes and standards) to support coordinated action for disaster preparedness
and response as well as to facilitate exchange of information for policy practice and

programmes for post-disaster reconstruction.

5 Limitations

While this study aimed to be as inclusive and comprehensive as possible to capture all pertinent
documents to reflect the state of knowledge, we acknowledge that some documents of interest
may not have been captured by the search string. Due to the plurality of terms in DRR literature,
some authors may have discussed LIK and disasters but used different, less common
terminologies. Additionally, these terms could have also been implicitly represented in other
discussions. The criterion to exclude non-English documents does omit important insights but
was necessary in favour of what we can only interpret. This is potentially shown in the skewed

geographical representation of the included studies, with fewer documents from low-income
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countries. Lastly, we only focused on peer-reviewed articles to understand the scholarly
attention. Thus, the exclusion of grey literature misses how organisations and institutions might
have depicted LIK in their technical reports, working papers, and other non-scholarly

documents.

6 Conclusions

The discourse on LIK highlights a plethora of practices that communities possess and use to
prepare for, mitigate, respond to, and recover from the impacts of disasters caused by natural
hazards. We systematically reviewed 325 documents that were qualitatively coded to identify
what practices constitute LIK, patterns in how it has been studied, and how our current

understanding of the knowledge system fits to the Sendai Framework.

We elicited a wide range of LIK developed on the ground, from hazard forecasts to anticipatory
measures, which is shaped by social cohesion and belief systems. From both fieldwork- and
non-fieldwork-based studies, we found that low-income countries are less represented in the
scholarship compared to middle- and high-income countries. We also found deliberate attempts
to forge knowledge and power spheres, such as the acknowledgement of the hybridisation of
both LIK and scientific knowledge in understanding risks, or the collaborative efforts between
experts and local communities in mapping hazards. In the Sendai Framework, the general
recognition of LIK is still embryonic, although we see how the current understanding of LIK

in scholarship aligns within the priority areas of the framework.

So, where does LIK in DRR go from here? First, our holistic synthesis hints the geographical
skewness of where LIK has been (under)studied. While numerous strategies and practices
emerged from publications, other vulnerable communities holding a great amount of LIK from
less popular regions do not share the limelight. We encourage shifting focus to these less
represented groups to understand how they manage the impacts of disasters in lieu of access to
formal DRR support which are beyond their reach in most cases. Second, we welcome the
hybridisation of knowledge and power spheres as they strengthen risk reduction measures by
relying on various sources of knowledge and information. However, we are compelled to
mention how LIK can be at risk of being exploited at this amalgamation of knowledge systems
due to how they could be misunderstood and misused when taken out of their place-based and

cultural contexts. Thus, there should be institutional safeguards to when these are being used
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in conjunction with other knowledge bases. Third, our framing of LIK to the Sendai Framework

priority areas identifies alignment and ongoing gaps in LIK applications in DRR. Along this,

we challenge future policymakers to consider crafting the position of LIK in future global

frameworks as a knowledge system existing on its own right, and not just adjunct to scientific

knowledge as how it is currently being represented. Last, the sustained scholarly attention of

LIK should inform a collective identity of the knowledge system out of the rich and vast

representations in DRR literature. Such identity strengthens its character in the DRR practice

and policy environments useful to further progress its recognition and protection amid threats

such as rapid urbanisation and persistent technocracy.
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Chapter 3

Deriving expert-driven seismic and wind fragility
functions for non-engineered residential typologies
in Batanes, Philippines

Abstract

Natural hazards inflict significant damage to dwellings in the Philippines where housing is
often the most valued asset of households. Residential fragility functions estimate structural
damage to mitigate risk but these are challenging to derive when empirical and analytical data
are lacking, as is common in rural areas. Too often, conventional fragility estimates overlook
the characteristics of informally built or non-engineered dwellings common in rural areas. We
used a heuristic alternative of deriving fragility functions relying on experts’ judgements to
understand the housing performance of non-engineered residential typologies in the Province
of Batanes in the Philippines. Drawing on field surveys in the Municipality of Itbayat, we
identified and defined seven prominent typologies. Based on the Applied Technology
Council’s expert-driven method of deriving fragility functions, 18 experts estimated the
damage states of these typologies against the impacts of earthquakes and typhoons which are
the two most prominent hazards in the region. Our findings provide first-generation fragility
functions for Batanes as a step towards more localised risk assessment in the Philippines. More
broadly, these functions can be used for typologies identified beyond Batanes where similar

structural characteristics are prevalent.

1 Introduction

Building back safer after disasters has been a consistent mantra for post-disaster reconstruction
efforts under the Sendai Framework for Disaster Risk Reduction [1]. Dwellings in low- and
middle-income countries are the most valued assets of households but these also tend to be the
most disaster-affected [2]. To safeguard these assets, it is imperative to understand their
structural performance against the impacts of hazards. The derivation of fragility functions
captures structural performance of a building when it is subjected to an environmental

excitation [3—6]. Fragility functions, often depicted graphically as a series of fragility curves,
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appraise risk by quantifying the relationship between a hazard intensity (e.g., seismic intensity
or wind speed) and the probability of a component or structure reaching or exceeding a certain

damage state [3—6].

The availability of fragility functions can support modelling natural hazard impacts and more
informed targeting of structural safety programs. For example, deriving these functions can
reveal vulnerable structural typologies in a building stock leading to risk prioritisation
interventions. Hence, risk and loss estimation methods are usually anchored on deriving these
functions, such as those developed by the United States Federal Emergency Management
Agency (FEMA) [4,7-9]. However, in the context of resource-constraint communities, the
limited data on past disaster damage and unregulated construction practices inhibit the
derivation of fragility functions. While these functions are a foundational tool to understand
structural safety and are useful for disaster preparedness, they are too often lacking in hazard-

prone regions where they are critically important [10].

In rural areas in low- and middle-income countries, dwellings built informally by residents are
common. These are either patterned from longstanding vernacular practices, borne out of the
immediate need to have shelter (e.g., urgent reconstruction due to disaster impacts), or as a
compromise to rising construction costs. In these cases, the construction of dwellings is usually
non-engineered, with the absence or limited oversight of qualified building professionals [11].
As a result, housing typologies often exhibit a high variance of characteristics compared to
conventional building typologies designed and constructed based on prevailing building codes
and standards. While these non-engineered structures are not prejudiced to be deficient in
structural safety and may, in fact, reveal sound locally developed building practices [12], their
structural performance is less documented and certain. Furthermore, the exposure of dwellings
to multiple natural hazards hinders our understanding of their performance when assessed
against competing impacts on structures. Building-level disaster risk reduction (DRR)
measures have shown how multi-hazard trade-offs and asynergies complicate building more
resilient dwellings. That is, where construction practices may reduce the impact of risk to one

hazard, such can exacerbate the risk to another hazard [13,14].

Depending on the available sources of damage data, fragility functions can be derived in
various ways [5,15]. When documented post-disaster damage data is available, empirical

methods can be used. If resources allow for the simulation or modelling of structural
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typologies, analytical methods can be employed. When both resources are lacking, a heuristic
alternative is to solicit experts’ opinions to derive the functions. A fourth approach is a hybrid
of at least two methods. Further discussion about these four methods, including an overview
of past studies using specific approaches, can be found in Maio & Tsionis et al. [16] and
Rossetto et al. [17]. Previous attention to deriving these functions has primarily focused on a
structure’s performance to a single hazard. Recently, there has been a growing emphasis in
academic, policy, and practice environments to incorporate multi-hazard approaches to realise

effective DRR strategies [14,18,19].

Hazards impact a structure differently thereby requiring a combination of strategies and
approaches to reduce or mitigate risk [13,14]. Deriving multi-hazard fragility functions can
therefore offer insights on how to optimise trade-offs in construction decisions. The scarcity of
data and technical resources are, however, roadblocks in rural contexts in low- and middle-
income countries. The expert-driven approach is often the only possible method in the absence
of empirical and analytical data [16,20-22]. Elicitation of experts’ opinions has been used in
various disciplines to produce the fragility functions of components of interests, extending from
structural engineering [20,23-25], hydrology [10,22], and civil engineering [26]. The ATC-58
project of the Applied Technology Council (ATC) aimed to develop next-generation seismic
design assessment standards, and the expert-driven method is adopted among other approaches
to derive fragility functions as formalised through a proposed method of solicitation and
aggregation of experts’ opinions [27,28]. The main strength of this approach is that experts can
include in their assessment all factors affecting the response of a structure against hazards,
unlike empirical and analytical methods where these are limited to the quantity and quality of
available data [ 15]. The major drawback of expert-driven methods is the subjectivity associated
with experts’ experience and trust in their judgement [15]. However, when dealing with non-
engineered residential typologies, experts’ experience is beneficial to capture the varied
structural performance arising from the inherent variability of the design and construction of

these building classes.

The objective of this study was to derive fragility functions for non-engineered residential
typologies in the Province of Batanes — the storm-battered northernmost part of the Philippines.
We drew on field surveys in the Municipality of Itbayat to identify relevant typologies for the
Province of Batanes. The remote island municipality of Itbayat was home to vernacular stone-

and-lime houses, like elsewhere in Batanes, built out of tradition to withstand typhoon impacts.
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Unfortunately, these dwellings were extensively damaged following the series of destructive
earthquakes (magnitudes (Mw) 5.4, 5.9, 5.8) in 2019 [29,30]. These disasters redefined the
construction practices in the area with a departure from the stone-and-lime character of the
building stock. We surveyed the existing building stock three years later and identified the most
prominent typologies that households chose to build to replace these vernacular dwellings.
Based on the expert-driven approach of deriving fragility functions developed in ATC-58, a
pool of experts estimated the seismic and wind performance of both the vernacular and

replacement typologies.

The rest of the paper is structured as follows. The Methods section characterises the research
procedures and protocols undertaken for this study. Next, under the Results section, we present
the identified housing typologies and the derived fragility functions. The Discussion section
then provides insights gleaned in using the expert-driven approach in deriving fragility
functions. Lastly, in the Conclusion section, we summarise the theoretical and practical

implications of this study.

2  Methods

Below, we outline how we surveyed the housing typologies, followed by the process of
soliciting and aggregating experts’ estimates. We then present how we derived the fragility
functions. Lastly, we provide information on the research ethics protocols and permits obtained

for this study.

2.1 Identification of housing typologies

Identifying a building typology is the first step in building-level risk estimation as this serves
as the object of analysis for fragility functions. A typology, usually labelled with a taxonomy
(string), characterises a building class from attributes posing vulnerability to the impacts of
natural hazards [4,31]. For example, for earthquake risk, structures are classified according to
the (i) type of lateral load-resisting system, (i1) material of lateral load-resisting system, (iii)
building height, and (iv) seismic code level (or the period of construction of a structure vis-a-
vis the enforcement of seismic regulations). Such attributes are the core parameters used in risk
analysis by many organisations, such as FEMA for HAZUS [7] and the Global Earthquake
Model (GEM) [31]. For typhoon risk, the same set of attributes are relevant, but with wind-

induced damage concentrated on walls and roofs [32,33], building envelope materials and roof
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profile are usually considered in conjunction [34]. In this study, we used all these attributes —
except for the seismic code level — to inform the development of a rapid visual survey to assess
the attributes of a building stock. The seismic code level was omitted because the housing
typologies surveyed were non-engineered, with formal seismic regulations having limited

applicability to these types of structures.

The rapid visual surveys were conducted in January 2023 using the five building attributes as
the parameters of the assessment. For lateral load-resisting systems, we referred to the
expanded classifications and definitions of the GEM taxonomy [35] since their database
accounts for the structural characteristics of non-engineered construction [31]. The field study
aimed to understand the housing reconstruction strategies of households after the 2019
earthquakes in the Municipality of Itbayat, located in the Province of Batanes in the Philippines
(see Figure 3.1). Hence, we focused the surveys on the emergent (or replacement) typologies
constructed by households who were living in vernacular stone-and-lime houses before the
earthquakes but were forced to rebuild due to the extensive damage to this typology. This pre-
earthquake typology was also surveyed. Out of the 153 households identified from the joint
report of the Municipal Disaster Risk Reduction Office (MDRRMO) and the Municipal
Planning and Development Office (MPDO) in Itbayat, we were able to survey 101 structures.
The remaining houses were not surveyed due to the unavailability of households despite
multiple attempts at the time of the survey (n = 35) or where households did not reconstruct
their houses and have either migrated to a different municipality or living with relatives (n =
17). In surveying the attributes of the stone-and-lime housing typology, we relied on
households’ recollection about the features of their past dwelling. We also triangulated these
features via archival research (e.g., photo documentation from the National Commission on
Indigenous Peoples (NCIP)), desk research (e.g., publications [36—40]), and field visits to a
few standing archetypes in the municipality. For the emergent housing typologies after the

earthquakes, these were surveyed as all the necessary information was observable onsite.
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Figure 3.1. Map of Itbayat, Batanes in the Philippines.

2.2 Solicitation of experts’ opinion

After identifying the predominant housing typologies, we selected a pool of experts to estimate
the damage states of these typologies. In qualifying “expertise”, we recognised both the inputs
of those who are locally based (“local experts’) and those who are not but with relevant insights
on the housing performance of non-engineered typologies in the country (“specialists”). Local
experts included the municipal engineers for all six municipalities in Batanes and district

engineers at the provincial level. These roles assume building regulatory responsibilities in the
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targeted jurisdictions encompassing extensive experience with local damage impacts from past

earthquakes and typhoons in Batanes.

For the specialists, their expertise was sought because of their familiarity with the dynamics of
the typologies of interest. While the impacts of hazards vary in different geographical contexts,
the specialists’ judgements were considered reliable if they were acquainted with the common
damage mechanisms or expected performance of these structures in the Philippine setting. We
relied on academic publications and technical reports focused on seismic and wind field
assessments as the basis for identifying specialists. We identified documents on Google Scholar
and Scopus employing a permutation of the following keywords: “housing”, “damage”,
“Philippines”, “disaster”, “shelter”, “assessment”, “wind OR typhoon”, and “seismic OR
earthquake”. From this query, we shortlisted relevant documents, and then conducted literature
snowballing to trace other documents not captured by the keyword search. The authors of these
documents were then compiled. Finally, we shortlisted those with civil, structural, or

construction engineering backgrounds.

Porter et al. [27] developed a method to systematically solicit and aggregate experts’ opinions
to derive fragility functions. This is among the methods of damage analysis developed for the
ATC for its next-generation probabilistic assessment of structures adapted from the Pacific
Earthquake Engineering Research Centre [27]. Unlike behavioural means of aggregating
experts’ opinions wherein participants interact with each other and arrive at a consensus, this
proposed method uses a mathematical approach to consolidate distinct inputs of participants
[17]. Consultation with experts and combining their individual judgements provide a
worthwhile basis for assessment [41] since consensus-based approaches might reflect mere
conformity among experts rather than genuine agreement [24]. While developed for seismic
applications, the expert-driven method for ATC explicitly focuses on aggregating experts’
opinions. It can therefore be adaptable if the required information on component types, damage
states, and engineering demand parameters (EDPs) are contextualised to the impacts of hazards
of interest. Hence, we used this method in deriving both the fragility functions against the
impacts of earthquakes and typhoons. The procedure asks experts to estimate the (median and
lower-bound) values of a specified EDP with respect to the presented component type and
damage states, alongside their self-assessed level of expertise. The use of EDP, however, is
less relevant when the components of interest are low-rise non-engineered housing typologies.

For example, inter-story drift ratio, being one of the most common EDPs [42,43], is best suited
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for multi-story components because of the need to analyse relative translational displacement
of floor levels. In this regard, it was imperative to substitute EDP with the intensity measure of

a hazard.

A survey form adapted from Porter et al. [27] was developed for this study. For earthquakes,
we used the Philippine Institute of Volcanology and Seismology (PHIVOLCS) Earthquake
Intensity Scale (PEIS) as the intensity measure, ranging from numeral I (weakest, “scarcely
perceptible”) to X (strongest, “completely devastating™) [44]. This intensity scale, developed
by PHIVOLCS, considers the common building construction types in the Philippines and the
population’s perception of shaking strength, thus making it the official intensity scale in the
country since 1996 [45]. PEIS is comparable to the widely used Modified Mercalli Intensity
(MMI) scale in that intensities I to VII represent the same effect of ground shaking, while PEIS
VIII is similar to MMI VIII — IX; PEIS IX to MMI X — XI; and PEIS X to MMI XII [45,46].
We opted to use earthquake intensity instead of Peak Ground Acceleration (PGA) because the
local engineers surveyed were more familiar with damage relationships with instrumental
intensities. This is due to the lack of localised seismic hazard maps until recently and the limited
use of PGA as a design parameter in the current National Structural Code of the Philippines.
In addition, instrumental intensities can be converted to PGA when conversion equations of
intensities and ground motion become available [47] with applicability to the geographical
context of interest. With the absence of such conversion equations for the Philippines for the
time being, using PEIS is logical since building damageability has been long attributed to
instrumental intensities within the country. Forcing the use of PGA considering such context

would introduce significant, and in our view — unjustified, uncertainty in the fragility functions.

The damage states defined by FEMA for earthquake loss estimation [4,7] were used after
contextualising them to the structural properties of the identified typologies. We used these
damage states because of their specificity in describing structural conditions. Thus, these well-
delineated descriptions of structural failure for each damage state helped eliminate ambiguity
in assessing stages of structural failure [6]. These are categorised within five damage states
(DS), namely: no/very minor (DSI), minor (DS2), moderate (DS3), extensive (DS4), and
complete (DS5) (see Table 3.1).

For typhoons, we used 3-second peak gust wind speed in kilometres per hour (km/h) as the
intensity measure, ranging from 0 km/h to 400 km/h. The maximum value was capped at 400
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km/h — a reasonable and realistic upper bound based on the intensity ranges of the strongest
typhoons recorded in the country. For example, Typhoon Haiyan (Yolanda), one of the
strongest typhoons to hit the country, had an estimated peak gust of 324 km/h to 378 km/h [48].
The damage states for wind impacts were based on FEMA [8,9] for the same reason that they
have specific delineations of structural conditions. The damage states are categorised into five,
namely: no/very minor (DS1), minor (DS2), moderate (DS3), extensive (DS4), and complete
(DS5) (see Table 3.1).

Table 3.1. Damage states for earthquake and typhoon impacts. Adapted from Kircher et al. [4],
FEMA [7], FEMA [8], and Vickery et al. [9].

Damage State (DS)

Earthquake

Typhoon

DS1 — No/very minor

damage

None or very minor damage

None to very minor damage. Roof
cover loss of less than 2% with no or

limited water penetration.

DS2 — Minor damage

Small (<1/8 inch or < 3 mm) cracks or
hairline cracks at corners of doors,
windows, wall ceiling intersections,
connections (e.g., on welds, beam and
column joints, etc.), wall surfaces;
spalling at a few locations (for typologies

with concrete components)

Roof cover loss of 2% to 15% of the
roof area but can be temporarily
covered to prevent water seepage.
Roof structure remains intact.
Maximum of one window/door failure.
No failure of wall structure but
marks/dents are visible which can be

repaired by painting/patching.

DS3 — Moderate

damage

Large (>1/8 inch or >3 mm) cracks at
corners of doors and windows,
connections (e.g., on welds, beam and
column joints, etc.), wall surfaces;
permanent rotation at connections are
likely; spalling at wall ends (for

typologies with concrete components)

Roof cover loss of above 15% to 50%
of the roof area. Roof structure
remains intact. Moderate window
breakage. Water penetration causes
some interior damage to the structure.

No failure of wall structure.

DS4 — Extensive

damage

Partial collapse, characterised by failed
connections/critical elements, permanent
lateral movement of floors, roof, beams,
etc., extensive large/through-the-wall
cracks (for concrete/masonry

components) or out-of-plane failure

Roof cover loss of more than 50%.
Roof structure remains intact. Major
window damage. Water penetration
causes extensive damage to the
interior of structure. No failure of wall

structure.

DSS — Complete

damage

Total collapse, or in imminent danger of
collapse, due to failed lateral-load

resisting system

Complete roof failure and/or failure of

wall structure.
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The content of the expert survey form was divided into three parts: (1) information on the
housing typologies, (2) earthquake assessment, and (3) typhoon assessment. For the first part,
actual images of the typologies taken onsite were provided, alongside descriptions of the type
and materials of their lateral load-resisting systems, building height, wall materials, and roof
profile. For the second part, information about the recorded intensities of the 2019 earthquakes
in Itbayat (and the felt intensities in surrounding municipalities) [30] was provided to help
orient the respondents about the intensity measure used. Similarly, for the third part,
information about the known intensities of Typhoon Ferdie (Meranti) in 2016 and Typhoon
Yolanda (Haiyan) in 2013 was supplied with a sample of the regional wind hazard map of the
Philippines. For both the second and third part, the respective damage states were presented,
leading to the assessment section. The experts were asked to estimate what PEIS intensity (for
earthquake) and 3-s peak gust wind speed (for typhoon) will yield each of the damage states
(DS1 to DS5) for each of the typologies. The experts were asked to provide both median and
lower-bound intensities, following the method of Porter et al. [27,28]. We explained the median
as, “What hazard intensity can bring the specified damage state to 50% of the residential
structures having the same typology?” For the lower bound, it was explained as, “What hazard
intensity can bring the specified damage state to /0% of the residential structures having the
same typology?” Lastly, experts were also asked to rate their level of confidence with the range
of estimates they provided for each typology, ranging from 1 (low) to 5 (high). Note that we
used the term level of confidence instead of level of expertise to emphasise that we were
interested in the trust in their estimates and not with their professional standing as this was pre-

assessed before invitation using the methods described above.

The surveys were conducted online from May 2023 to July 2023. In total, we sent 57 survey
invites to the roster of local experts and specialists we identified earlier. Eighteen (18) agreed
to participate, five declined, and 34 did not respond. The respondents comprised seven local
experts and 11 specialists. Two local experts decided to provide a single response while two
specialists expressed confidence in answering only either the earthquake or typhoon
assessment. We therefore collected 16 unique responses per assessment. In using expert
judgement to quantify scientific uncertainty, it is suggested that 8 — 15 experts are reasonable,
with diminishing returns becoming evident from having 20 or more participants [49]. Recent
studies that used expert judgement for engineering applications have relied on this range of the

number of experts involved [10,20,24]. Additionally, comprehensive insights of experts can be
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derived despite a limited size of cohort if and when participants are selected systematically
based on their expertise aligning with the context of the assessment [49]. Finally, in the method
utilised for this study, fragility functions derived through experts’ estimates are considered to
be of medium quality (the highest benchmark specified) when at least three experts have > 3
level of confidence [27,28].

2.3 Aggregation of experts’ opinion

The median and lower-bound values of experts’ estimates of hazard intensities and the
corresponding levels of confidence were used as inputs for Equations 1 to 3 which are part of
the method developed by Porter et al. [27,28]. These equations are based on probability
encoding and expert qualification and a full transcript of their derivation is found in Porter et

al. [28].

X = i=1 Wi Xmi (1)
m
§V=1Wia
_ Xty Wi )
Xy = N a
i=1 Wi
X
In (2
B = n(xl) (3)
1.28

If Equation 3 produces < 0.4, either justify the S, or use Equation 2 and Equation 4:

p =04
4)
Xm = 1.67x;
where:
N = number of experts providing judgment about a value
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i = index of experts, i {1, 2,...N}

Xmi = estimated median intensity measure of expert i

Xli = estimated lower-bound intensity measure of expert i
Wi = level of expertise of expert i

a =15

These equations weight experts’ estimates based on their levels of confidence. The constant
value of « renders that estimates with an assigned level of confidence of 3 are weighted five
times more than just a confidence of 1, while a confidence of 5 is weighted around twice as
much as 3. The constant values in Equation 3 and 4 anchor the dispersion between the median
and lower-bound values to suggest a reasonable range within these. For this study, we did not
use Equation 4 and instead just used the calculated f. At least for the context of this assessment,
there is no plausible argument to have a definitive threshold to maintain a reasonable gap
between the solicited median and lower-bound values. For example, a difference of just 1 PEIS
intensity can have pronounced implications for housing damage, as with a 0.5 difference,
depending on how these structures are built. For wind speeds, a difference of 10 km/h might
already bring lower-bound and median probabilities of damage to certain typologies, while for

others, higher wind speeds bring more pronounced housing damage.

2.4 Plotting of fragility functions

Fragility functions define the probability of a damage state ds being exceeded or reached for a
component, given a particular value of intensity measure im, such that P[DS > ds | IM = im].
In this expression, lowercase notations indicate particular values of the uppercase variables.
Fragility functions are most commonly idealised through a lognormal cumulative distribution
function [5,6,50] (see Equation 5). Each fragility function needs a median value (xm) of the
intensity measure representing the threshold and the variability of a damage state, and a

logarithmic standard deviation (£) describing the total variability of the damage states [4].

)

P[DS > ds |IM = im] = ¢ <M>

B

where:
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ds = specific damage state

im = particular value of intensity measure

@ = standard normal cumulative distribution function

Xm = median value of distribution (as derived in Equation 1)
p = logarithmic standard deviation (as derived in Equation 3)

In plotting the fragility functions, we used the p/norm() function in RStudio which idealises
the lognormal cumulative distribution function. We used the calculated x» and £ values from
Equation 1 and Equation 3. For the x» inputs, we first calculated their lognormal values to
standardise on the log scale before feeding them into the function. For one typology (LW-B),
we encountered a minor crossing of two functions (damage states). Crossing of curves implies
a meaningless negative probability and this was addressed using Equation 6 and Equation 7 to
adjust x» and Svalues as proposed by Porter et al. [27,28]. Where functions i and j cross having

medians x»; > xmi and f; # [3, the adjusted values x ' and £’ were calculated.

N
1
B'li=—= ) B, foralli (6)
V2,
X'mi = exp(1.28( 8" — B;) +Inxpy) (7

2.5  Ethics and inclusion statement

All procedures performed involving human subjects were in accordance with the Human
Research Ethics Committee of The University of Sydney under the approved protocol
2022/705. The field study site was located on the ancestral domain of the Indigenous people of
Itbayat. A free prior-informed consent was obtained from the National Commission on

Indigenous Peoples under Certificate of Precondition R2-IKSP-2022-12-21.
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3 Results

3.1 Identified housing typologies
3.1.1 Unreinforced masonry

Before the series of earthquakes in 2019, unreinforced masonry (“URM”) dwellings were the
vernacular housing archetype in the municipality of Itbayat like elsewhere in the province of
Batanes. This typology is characterised by thick (0.80 m — 1 m in width) coral limestone walls
bounded by quicklime mortar and roofed with layered cogon. Unique in Batanes, this typology
is of Spanish colonial influence adapted by the Ivatans in response to frequent typhoons
[38,40]. With wind-induced damages common in this context, features to safeguard the
structure include solid wooden panels with shutters to cover openings, a low stature of the
structure for better wind resistance, and a blank wall facing the direction where wind blows
strongest. Whilst responsive against wind impacts as per locals’ experience, this typology
proved vulnerable to ground shaking — evident on the extensive damage experienced following
the maximum intensity of PEIS VII from the 2019 earthquakes [30]. A conservative estimate
based on field data suggests that there are fewer than ten structures remaining of such typology
in Itbayat, though much can still be seen in most municipalities in Batanes. Post-earthquake,
the household-led reconstruction resulted in a departure from the vernacular construction
styles. New typologies emerged due to regulatory restrictions affecting traditional resource
extraction of building materials (e.g., hardwood, limestones, and cogon), the favourability of
contemporary construction methods, and the presence of modern shelter materials donated by
organisations. Six prominent housing typologies were identified replacing URM which account
for 91% of the surveyed building stock. These include variations of lightweight, semi-concrete,

and reinforced concrete (RC) dwellings (see Figure 3.2 and Figure 3.3).
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Figure 3.2. The surveyed housing typologies in Itbayat. (a) Unreinforced masonry (URM). (b)
Lightweight with wooden posts (LW-A). (¢) Lightweight with steel posts (LW-B). (d) Semi-concrete
with steel posts (SC-A). (e) Semi-concrete with RC posts (SC-B). (f) RC structure with lightweight
roofing (RC-A) where in some instances, inside gutters are common to conceal the edges of roofing

sheets as shown in (g). (h) RC structure with RC slab roofing (RC-B).
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Figure 3.3. Structural details documented across the typologies surveyed. (a) Roof-to-wall connection

where thick logs are embedded in stone walls and (b) layered thatch (cogon) roofing with reed matting
are features of URM. (¢) Improvised rubber washers for nail fasteners are used for typologies with CGI
sheets. For LW-A, common post-and-beam connections are (d) bolted, (e) hooked with reinforcing steel
bars, and (f) nailed. For LW-B and SC-A, common post-and-beam connections are (g) bolted, (h)
notched and clipped, and (i) hooked with reinforcing steel bars. For SC-B, typical post-and-beam
connections are (j, k) dowels wrapped around beams and roof members. For RC-A, (I) roof-to-wall
connections are common to be via dowels from reinforcing steel bars wrapping the wooden roof

members. For RC-B, (m) beams and columns are reinforced concrete supporting the slab roof.

3.1.2  Lightweight

Two variations of lightweight structures were identified, both having post-and-beam lateral
load-resisting systems. The first variation (“LW-A”) features timber beams and timber columns
for primary (corner) posts, where the columns do not have footings and are only driven
underground. The beam-to-column connections vary with the use of bolts, nails, and
improvised hooks made from reinforcing steel bars (RSB). The second variation (“LW-B”) of
lightweight structures has primary (corner) posts made of 4-inch to 5-inch diameter steel pipes

with RC footing and with timber beams. These components are connected via bolts, improvised
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hooks made from RSB, and in some instances, the beams are notched and clipped inside the
steel pipes. Both lightweight typologies are one-story structures having gable roof profiles,
where their roof eaves rarely exceed 300 millimetres (mm). Roof and walls are enveloped by
corrugated galvanised iron (CGI) sheets fastened every other one or two corrugations on
wooden frames using common wire nails with improvised rubber washers. Additional timber
posts as intermediate supports are used. CGI or plywood covers for door openings are common
and the same for windows alongside jalousie (louvred) glass. Of the surveyed residential

building stock, 17% and 25% account for LW-A and LW-B, respectively.

3.1.3  Semi-concrete

For semi-concrete structures, two variations were surveyed, both having hybrid lateral load-
resisting systems. These typologies have post-and-beam systems in combination with half-
height RC walls at the base of the structure providing additional lateral stiffness. The first
variation of semi-concrete structure (“SC-A”) has primary (corner) posts made of 4-inch to 5-
inch diameter steel pipes with RC footing and with timber beams. The beam-to-column
connections vary with the use of bolts, improvised hooks made from RSB, and in some
instances, the beams are just notched and clipped inside the steel pipes. The second variation
(“SC-B”) has RC columns with RC footing. The columns have dowels on top used to wrap and
fasten the timber beams (and sometimes together with roof members). Both semi-concrete
typologies are one-story structures having gable roof profiles, where their roof eaves rarely
exceed 300 mm. Roof and walls are enveloped by CGI sheets fastened every other one or two
corrugations on wooden frames using common wire nails with improvised rubber washers.
Additional timber posts as intermediate supports are used. CGI or plywood covers for door
openings are common and the same for windows alongside jalousie (louvred) glass. SC-A has

a 17% share of the surveyed building stock, while SC-B has 14%.

3.1.4 Reinforced concrete

Two types of RC structures were identified — one with lightweight roofing (“RC-A”) and the
other one with RC slab roofing (“RC-B”). RC-A has a gable roof configuration with eaves
rarely exceeding 300 mm. The CGI roof panels are fastened to wooden roof members using
common wire nails with improvised rubber washers. Meanwhile, RC-B has a flat slab with
eaves typically exceeding 300 mm. Both RC typologies are one-story structures having RC

posts (including footings), beams, and walls. As such, these are considered to have hybrid
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lateral load-resisting systems characterised by their moment frame connections in combination
with RC walls providing additional lateral stiffness. CGI or plywood covers for door openings
are common and the same for windows alongside jalousie (louvred) glass. Of the surveyed

residential building stock, 9% are RC-A and 9% are RCB.

All the typologies identified in this study are considered non-engineered due to limited
regulatory building oversight. For URM, building codes and standards were not yet in place,
or perhaps limited, when these structures were constructed (circa ~1900s). In 2019 after the
earthquakes, the housing reconstruction phase coincided with the typhoon season, and although
the need for a building permit was not explicitly waived, the sense of urgency dictated the
thrust of the household-led rebuilding influenced by the resources available to households. For
example, those who chose to build LW-A and LW-B initially envisioned these as temporary,
intending to build more permanent dwellings later, but financial limitations precluded this from
happening. Nevertheless, building materials were carefully selected in some instances. For
example, local hardwood was favoured over commercial timber for main structural elements
such as rafters and beams. For those who chose to build concrete typologies, imported
commercial aggregates from mainland Luzon were desired for their quality. However, since
the importation of materials would inflate building costs, households used local aggregates
(crushed coral limestones) for walls while commercial aggregates were used for beams and

columns.

3.2 Fragility functions

The fragility functions derived in this study, presented in Figure 3.4 and Figure 3.5, are based
on the calculated x» and # values shown in Table 3.2. For seismic impacts, URM has a 27%
probability of reaching or exceeding very minor damage (DS1) at PEIS III. This intensity is of
weak shaking comparable to the vibration of a passing light truck. The rest of the typologies
have negligible probabilities (almost 0%) to any damage state at this intensity. At PEIS V,
described as strong shaking with a rocking effect on buildings, all typologies except for URM
show a 45% to 69% probability of meeting or exceeding DS1 and a likelihood of < 30% of
DS2 (minor damage) and DS3 (moderate damage). Meanwhile, at a very destructive shaking
(PEIS VIII) where many well-built buildings are expected to be considerably damaged, URM
structures have a 95% probability of reaching or exceeding DS4 (extensive damage) and 81%

for complete damage (DS5). For lightweight typologies, there are 78% (LW-A) and 75% (LW-
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B) probabilities of meeting or exceeding DS4, and 52% (LW-A) and 33% (LW-B) likelihood
for DSS5. For semi-concrete typologies, still considering PEIS VIII, there is 76% (SC-A) and
81% (SC-B) probabilities of reaching or exceeding DS4, and 33% (SC-A) and 42% (SC-B)
probabilities for DSS5. For RC typologies, DS4 has 70% (RC-A) and 76% (RC-B) chances of
being reached or exceeded, while 25% (RC-A) and 42% (RC-B) for DSS5. Generally, URM
tends to be the most vulnerable typology to seismic impacts while the other typologies perform
better, either because of low structure weights (LW-A, LW-B), more robust lateral force

resisting systems (RC-A, RC-B), or a combination of these features (SC-A, SC-B).

While URM might be vulnerable to seismic impacts, it generally tends to perform better against
wind alongside RC typologies. At 100 km/h 3-s peak gust, URM has a 2% likelihood of
reaching or exceeding DS1, RC-A has a 3% probability and RC-B has a negligible probability.
At the same wind intensity, lightweight typologies show 41% (LW-A) and 30% (LW-B)
probabilities of meeting or exceeding DS1, while semi-concrete typologies show 13% (SC-A)
and 11% (SC-B) probabilities of exceedance. Considering a 200 km/h peak gust, URM, RC
typologies, and SC-B have very low to negligible probabilities of reaching or exceeding DS5
unlike LW-A, LW-B, and SC-A where there are 22%, 17%, and 8% chances of meeting or
exceeding DSS5, respectively. This wind intensity corresponds roughly to an estimated 20-year
return period in the Province of Batanes, meaning that it has a 5% possibility to happen in a
given year, based on the regional severe wind hazard maps for the Philippines [51]. At 300
km/h, corresponding to a 500-year return period (0.2% chance to happen in a given year), URM
structures have 87% and 65% probabilities of reaching or exceeding DS4 and DSS,
respectively. RC-A is expected to perform similarly with 87% and 69% probabilities of DS4
and DSS5, respectively. Meanwhile, RC-B shows an 11% probability of reaching or exceeding
DS4 and a 3% probability for DSS5. For lightweight typologies, DS4 has a likelihood of 97%
(LW-A and LW-B), while DS5 corresponds with 92% (LW-A) and 91% (LW-B). For semi-
concrete typologies, DS4 shows 92% (SC-A) and 89% (SC-B) probabilities of exceedance, and
81% (SC-A) to 74% (SC-B) for DS5. At 400 km/h, all typologies have > 99% probability of
exceedance for DSS5, except for RC-B having a 79% likelihood of reaching or exceeding this

damage state.
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Earthquake Typhoon
Typology

DS1 DS2 | DS3 | DS4 | DS5 DS1 DS2 DS3 DS4 DSS
xm:3.49 | 428 | 5.17 | 6.14 | 720 | xw’136.87 | 177.26 | 222.60 | 256.70 | 285.18

URM B 0.25 022 | 0.19 | 0.16 | 0.12 | B:0.16 0.15 0.15 0.14 0.13
Xm:4.63 | 545 | 634 | 7.17 | 7.96 | xm:104.12 | 130.13 | 158.80 | 201.53 | 230.30

Lw-4 p019 | 0.16 | 0.16 | 0.14 | 0.12 B 0.18 0.14 0.18 0.21 0.19
xm:4.86 | 590 | 6.54 | 7.43 833 | xm’110.18 | 137.59 | 165.86 | 207.47 | 236.83

LR p:-0.12 | 015 | 0.14 | 0.11 0.09 p:0.18 0.14 0.20 0.20 0.18
Xm:4.87 | 5.60 | 6.52 | 7.40 | 8.32 | xm:122.14 | 149.67 | 178.05 | 222.68 | 256.26

SeA p:0.17 | 012 | 0.12 | 0.11 0.09 B 0.18 0.14 0.21 0.21 0.18
Xm: 4.62 | 5.43 6.16 | 726 | 817 | xmw:125.02 | 157.52 | 190.12 | 243.92 | 270.10

SC-B p:0.16 | 0.15 | 0.10 | 0.11 0.11 B 0.18 0.18 0.17 0.17 0.16
xm:5.11 | 589 | 6.82 | 7.59 | 843 | xm:14523 | 181.70 | 210.73 | 255.46 | 281.16

RE-A p:0.16 | 0.13 0.12 | 0.10 | 0.08 £ 0.20 0.17 0.17 0.14 0.13
Xm:4.85 | 555 | 642 | 736 | 8.18 | xm:230.27 | 266.00 | 298.31 | 338.73 | 366.65

RCB p£:017 | 0.14 | 0.14 | 0.12 | 0.11 B 0.08 0.12 0.12 0.10 0.11

84




1.001

0.751

0.50 1

0.25

Probability of exceedance

0.00

1.00 5

0.754

0.501

0.251

Probability of exceedance

moom Vv VI VI VI X
Earthquake intensity (PEIS)
(a) Unreinforced masonry [URM]

0.00

1.00 1

0.754

0.50 1

0.25 1

Probability of exceedance

mom vV VI VI VI X X
Earthquake intensity (PEIS)
(c) Lightweight with steel posts [LW-B]

-

0.00

1.00 1

0.754

0.50 1

0.25 4

Probability of exceedance

0.00

vV VI Ve VI IX
Earthquake intensity (PEIS)
(e) Semi-concrete with RC posts [SC-B]

e —=
-

Vo VI VI VI IX
Earthquake intensity (PEIS)
(g) RC structure with slab roof [RC-B]

X

Chapter 3

1.00 4
0.751
0.50 1

0.254

Probability of exceedance

0.00

m v v o v vl VIl X X

Earthquake intensity (PEIS)
(b) Lightweight with wooden posts [LW-A]

—~

o

=}
y

sha e E e ———

o o
n ~
o a1
L f

Probability of exceedance
5

0.00 I ; T T T :
nm v v Vv vIE X
Earthquake intensity (PEIS)

(d) Semi-concrete with steel posts [SC-A]

o —_
~ o
(4] o
1 3

Probability of exceedance

Mmoo v VIV VIl X X

Earthquake intensity (PEIS)
(f) RC structure with lightweight roof [RC-A]

Legend:
......... DS 1 - No/very minor damage
— — — — DS 2- Minor damage
__________ DS 3 - Moderate damage

DS 4 - Extensive damage

DS 5 - Complete damage
Notes:

PEIS : PHIVOLCS Earthquake Intensity Scale
RC : reinforced concrete

Figure 3.4. Fragility functions against seismic impacts derived from experts' estimates.
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Figure 3.5. Fragility functions against wind impacts derived through experts' estimates.
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Studies on the derivation of fragility functions in the Philippines are presently very limited.
Cross-comparison of our functions to the available studies is challenging given the differences
of how typologies and damage states are characterised including the nuanced assumptions
considered in deriving these functions. Given these limitations, we were only able to draw
comparisons to the works of Pacheco et al. [52] and Naguit et al. [53] on the fragility functions
derived for lightweight, wooden-framed structures. This typology is comparable to LW-A
(lightweight with wooden posts) in this study characterised by wooden post and beam systems.
Other typologies from these studies exhibit different structural characteristics from the ones we
surveyed. For example, low-rise concrete-framed typologies described by both studies cannot
be used for direct comparison since in their works, these are described as concrete moment-
framed structures with (hollow block) masonry walls whereas those surveyed in this study were
concrete moment-framed structures with RC walls, adding lateral stiffness to the structure.
Pacheco et al. [52] derived their functions using a hybrid approach (computational and
heuristic) while Naguit et al. [53] generated their functions using empirical methods using data

collected by communities.

Comparing seismic fragilities of lightweight wooden structures (see Figure 3.6), our functions
provide higher probabilities for complete damage or collapse. Whereas Naguit et al.’s [53]
functions estimate ~ 50% probabilities of exceedance for collapse and Pacheco et al.’s [52]
functions estimate ~ 85% for complete damage at the maximum seismic intensity possible
(PEIS X / MMI XII), our functions assume complete damage at this intensity close to 100%
probability of exceedance. Our functions also indicate that slight damage may start to manifest
between Intensities II and 111, close to Naguit et al.’s [53] which suggest minor cracks starting
to manifest around Intensity II. Meanwhile, Pacheco et al.’s [52] functions indicate slight
damage starting to become possible at Intensity IV. For wind comparisons (see Figure 3.7),
both our functions and Pacheco et al.’s [52] suggest > 75% probabilities of exceedance for
complete damage for wind speeds greater than 350 km/h. For both functions, slight/minor and
moderate damage start to arise around 100 km/h but ours have steeper curves suggesting a more
rapid change in probabilities with the increase of wind speed. In comparing functions, caution
should be taken since differences can emanate from the varied characterisations adopted by
authors. For example, the use three-tier damage scale (e.g., Naguit et al. [53]) can result to a
different set of functions when applying more granular observations to visualise or represent

five damage states.
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Benchmarking the accuracy of the functions derived in this study is difficult as these are the
first to be derived for this geographical context. In the interim, these functions can be
considered as medium quality having satisfied the criteria of Porter et al. [27,28] to have at
least three experts whose confidence ratings are > 3. For the expert-driven approach in ATC-
58, only low and medium-quality benchmarks are provided in reporting on the quality of the
derived functions. At least 68% of the responses for every typology for each hazard received
confidence ratings of 3 or greater (out of 5). As shown in Table 3.3, there was variation in
experts’ confidence in their assessments. The median of confidence level for wind assessments
for each typology is 3 across all typologies. Meanwhile, for seismic assessments, heavier
typologies (URM, RC-A, and RC-B) have a median confidence rating of 4 while the rest, which
are the lighter weight counterparts, have a median confidence level of 3. Considering experts’
unweighted (or raw) inputs, standard deviations across damage states for earthquake intensities
range from PEIS 0.83 — PEIS 1.54, while for typhoon wind speeds, they range from 43.29 km/h
— 105.65 km/h. The minimum and maximum values of the consolidated estimates from both
local experts and specialists are presented in Table 3.3 and these values show the variation of

inputs solicited for this assessment.

To summarise, respondents were more confident in their assessments of heavier typologies for
both hazards. However, for typhoon hazards, variance of responses increased from light to
heavy typologies, suggesting wider variation in expert assessments. In general, we argue that
the variability of experts’ inputs should be considered an advantage for the context of this
assessment because such variability encompasses the broad scenario-based observations of
housing performance. This consideration is beneficial most especially where construction
resources are used less prescriptively against building codes and standards requiring less

straightforward appraisal of housing performance.
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Table 3.3. Ranges of consolidated experts' estimates shown through minimum and maximum values,

including the median.

Earthquake Intensity (PEIS) Typhoon Intensity (km/h)
UR LW | LW | SC | SC | RC- | RC- UR LW | LW | SC | SC RC- | RC
M -A -B -A -B A B M -A -B -A -B A -B
Min 1 1 3 1 1 1 1 1 1 1 1 1 1 1
Confidence
Max 4 4 5 5 5 4 5 5 5 5 5 5 5
levels*
Median 4 3 3 3 3 4 4 3 3 3 3 3 3 3
Min 2 1 3 2 2 4 3 50 30 30 60 60 45 70
Median
- Max 6 4 8 8 7 7 7 300 225 225 | 300 | 300 300 400
DS Median 3 3 5 4 4 5 4.5 100 100 100 | 100 | 100 120 150
1 Lower Min 1 1 2 1 1 1 2 30 20 25 50 55 30 60
bound Max 5 7 8 7 6 6 5 250 200 | 200 | 250 | 250 250 400
™M Median 2 3 4 3 3 4 4 80 60 70 80 80 100 130
Min 3 3.5 4 3 2.5 4.5 3 70 40 40 75 80 55 90
Median
™ Max 6 8 8 8 8 8 8 325 250 | 250 | 325 | 325 325 400
DS Median 4 5 6 5 5 575 | 5.5 150 120 126 | 135 | 140 150 200
2 Lower Min 2 2 3 2 1 2 2 40 25 30 60 70 45 70
bound Max 5 7 8 8 7 7 6 275 225 225 | 275 | 275 275 400
M Median 3 4 5 4 4 5 5 120 100 100 | 100 | 100 125 155
Min 3 4 4.5 3.5 3 5 4 75 60 60 90 90 75 160
Median
- Max 7 9 9 9 8 9 8 350 275 275 | 350 | 350 350 400
DS Median 5 6 6.75 6 6 7 6.75 180 155 155 | 160 | 180 200 300
3 Lower Min 2 3 4 3 2 4 2 50 40 45 60 60 50 100
bound Max 6 8 8 8 8 8 7 300 250 | 250 | 300 | 300 300 400
™M Median 4 5 55 5 5 6 5.5 160 115 120 | 125 | 145 150 200
Min 4 5 6 4 4 6 5 80 90 90 140 | 140 90 220
Median
™ Max 8 10 10 9 9 10 9 375 300 300 | 375 | 375 375 400
DS Median 6 7 7.25 7 7 7.5 7.5 200 200 | 200 | 200 | 205 240 350
4 Lower Min 3 3 4 3 2 4 3 70 80 90 100 | 100 75 160
bound Max 7 9 9 8 9 9 8 325 275 275 | 325 | 325 325 400
™M Median 5 6 6.25 6 6 7 6.5 175 150 150 | 150 | 175 200 300
Min 5 6 6.5 5 5 7 6 90 110 110 | 150 | 150 100 250
Median
™ Max 9 10 10 10 10 10 10 400 325 325 | 400 | 400 400 400
DS Median 7 8 8 8 8 8 8 250 245 250 | 250 | 240 260 400
5 Lower Min 4 5 6 4 3 5 5 60 90 100 | 100 | 100 85 180
bound Max 8 9 9 9 9 10 9 375 300 300 | 350 | 350 350 400
™M Median 6.5 7 7.25 7 7 7.5 | 7.25 200 180 185 | 200 | 200 | 222.5 | 325

*Confidence levels are ordinal ratings from 1 to 5.
**IM stands for intensity measure. For earthquake, it is expressed in PHIVOLCS Earthquake Intensity Scale (PEIS). For typhoon, it is

expressed in kilometres per hour (km/h).
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4 Discussion

In conducting the expert-driven approach of deriving fragility functions, we gleaned three
insights to consider when using this heuristic alternative for damage analysis. These insights
include how disaster sub-culture influences experts’ estimates, some caveats to be aware of
when relying on hazard intensities published by agencies, and the logistical challenges of

soliciting experts’ opinions.

In areas like Batanes where people have perennial encounters with hazards, disaster
preparedness practices instinctively emerge to become part of their disaster sub-culture. For
example, before a typhoon hits, houses are tied up with ropes to secure their envelopes (a
practice called kap ’yakuyakut in Itbayat and kapanpet in mainland Batanes). Meanwhile,
windows are covered with an additional layer of improvised shutters (tapangko). During the
solicitation of experts’ opinions, a local expert commented that his estimates were guided by
how the houses perform in conjunction with these prevailing disaster preparedness practices in
the area. These considerations provide a layered understanding of housing performance
embedded in local settings — and why the development of localised fragility functions is
important. Conventional approaches to damage analysis would suggest equal, unifying
assumptions for assessments. However, understanding these local practices requires context
and nuance not captured by decoupling building elements and preparedness activities.
Commanding local experts to “disregard” such considerations is counterintuitive given that the
core basis of their estimates is on actual observations. Beyond the expert-driven approach, there
is an opportunity to consider these types of non-traditional measures in computational fragility
modelling done experimentally. These disaster preparedness practices will also have an impact
on future empirical data collected in Batanes since housing damage will likely be reflective of

the housing performance in conjunction with such practices.

Damage estimates based on experts’ opinions are guided by actual observations of housing
performance based on past disaster events. These observations are most likely referenced with
impactful hazard intensities as broadcasted by agencies. Since damage estimates are relative or
“framed” within agency-interpreted intensities, any errors, limitations, or discrepancies in how
these intensities are interpreted affect the experts’ estimates. On the survey forms, we provided
information sheets that contained ranges of hazard intensities of notable disaster events in the

Philippines from different data sources to guide respondents in situating their estimates. The
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intention was to confine their estimates within reasonable hazard intensities that were actually
recorded. However, in some instances, there is no definite historical upper bound of hazard
intensities for wind events due to previous data limitations. For example, recorded peak gusts
of Typhoon Meranti (Ferdie) in 2016 are unavailable in Itbayat where it made landfall [54].
Likewise, peak gusts of Typhoon Haiyan (Yolanda) were not recorded across some weather
stations in the Visayas region due to the damage sustained by the weather instruments
[48,55,56]. To compensate for such limitations, intensity readings of neighbouring
international weather agencies were used. Additionally, estimated intensities evident from
impact signs to infrastructure as derived in some studies were referenced [55-57]. However,
without officially recorded intensity readings of some of the largest typhoons in the Philippines,
estimates will always be confined within the proxied or assumed values. For seismic impacts,
a factor to consider as raised by one specialist is the possibility of circular logic between PEIS
intensities and damage states. That is, PEIS ground shaking is at least partly pegged to certain

descriptors of building damage.

On the use of the expert-driven approach as a viable alternative where analytical and empirical
data are currently impractical to acquire, we realise that expertise can also be a rare commodity.
Local expertise might be limited at a municipal level especially in small, geographically remote
areas. We have addressed this issue by broadening the jurisdiction to the provincial level where
district engineers compensated for this limitation. Additionally, while there is a reasonable
number of specialists who could be prospective respondents, their availability was not
guaranteed, and response rates mainly dictated the sampling of the respondents. Therefore,
robustly qualifying who gets involved was the priority more than reaching a certain quota of

respondents with a focus on quality over quantity of participant selection.

These three insights guided our derivation of the first-generation fragility functions in Batanes.
The non-engineered nature of the typologies surveyed makes it a challenge to definitively
assess the variability inherent to this building stock. This study, however, advanced this pursuit
by acknowledging the nuanced characteristics of non-engineered typologies, which could have
otherwise been categorised within existing generic taxonomies. In the Philippines, previous
efforts to generate fragility or vulnerability functions for residential typologies have been
conducted for Greater Metro Manila Area [52], Bohol [53], and Cebu [58], with contributions
in the GEM database. This study branched out further north to consider the rural context of a

small island geography which has been pressured to address multi-hazard housing safety due
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to the competing impacts of extreme events. The functions derived are fundamental tools for
practitioners to understand the vulnerability of non-engineered structures and offer targeted
structural mitigation and preparedness programmes contextualised in the area. It is suggested
that when more empirical data becomes available, the possibility of combining new and

existing functions should be explored [50,59].

5 Conclusion

Using fragility functions in risk assessments is fundamental to model anticipated structural
housing damage against the impacts of natural hazards. We used an expert-driven approach to
derive wind and seismic fragility functions for the Province of Batanes. Theoretically, this
study provides new estimates of the performance of non-engineered housing in the Philippines,
which would traditionally be discounted by conventional fragility assessments relying on
generic building taxonomies. This region-specific evaluation is a step to advance more
localised risk assessments. Practically, the set of fragility functions derived in this study is seen
to assist practitioners in exploring risk preparedness and mitigation measures applicable in
Batanes. On a national scale, we fill gaps on the lacking representation of building archetypes
in rural and remote areas as most attention to understanding building-level risk reduction has,
to date, focused in urban centres where data are more accessible. Our functions lay a foundation
for more holistic and contextualised approaches to risk modelling nationwide considering the
inclusion of neglected geographic areas. As new damage data and analysis emerge in the future,

our functions can aid hybrid approaches to generate the next generation of fragility estimates.
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Pathways of multi-hazard post-disaster housing
reconstruction among Ivatan Indigenous households

Abstract

Most disaster-affected populations face the complex task of reconstructing their dwellings with
minimal or no external support. However, not much is known about the self-initiated
reconstruction pathways of households, especially among Indigenous groups needing to
address the competing impacts of multiple hazards. We conducted a case study analysis based
in Itbayat, Batanes in the Philippines to understand the housing reconstruction trajectories of
the Ivatan Indigenous households after the 2019 earthquakes that redefined their typhoon-
resilient construction practices. Using interviews and focus group discussions, factors affecting
the reconstruction process were elicited. Then, using concept maps, we explored the linkages
of these factors leading to the adoption of the emergent housing outputs. We found that the
emergence of new housing typologies that displaced the vernacular architecture was influenced
by the compounded urgency to reconstruct houses, perceptions of housing safety influenced by
the seismic events, the nature of aid provided alongside households’ financial capacity, and the
regulatory barriers affecting traditional resource extraction. To achieve structural housing
safety, this study demonstrates the need for policies that enable and guide reconstruction in
emergency contexts, as well as systems to channel aid to provide equitable opportunities to
build back safer. Additionally, the role of local governance is shown to leverage the use of
existing indigenous construction practices salient for rebuilding. This study builds upon the
heightened imperatives in the disaster risk reduction practice and policy environments to focus
on the multi-hazard realities affecting communities and the use of local and indigenous

knowledge to reduce disaster impacts.

1 Introduction

Households impacted by disasters are active decision-makers in the process of housing
reconstruction [1,2]. Self-recovery, or when affected populations rebuild impacted properties
using their available resources, has been acknowledged as an inevitable and immediate process

following disasters [1-5]. This process enables agency among affected populations to prioritise
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their needs in the reconstruction of their dwellings [1,3,4]. With varying priorities come
diverging outcomes, resulting in a plethora of pathways in how households choose to rebuild
their dwellings. Most often, demographics influence households’ priorities, such as social and
economic classes affecting access to critical resources for reconstruction [6]. Among culturally
distinct communities like Indigenous populations, constructing a house is usually rooted in
tradition [7], and their customary building practices can therefore play a more significant role
in the reconstruction process. These groups have relied on longstanding vernacular practices
for their building technology in response to natural hazards. However, they are challenged in

addressing the impacts of low-frequency but high-impact events.

Housing outcomes are heavily influenced by the available building resources which are
contested in post-disaster settings [8—11]. While the management of resources among
independently recovering households is not a new point of inquiry (e.g., [12]), what is least
understood is how the management of resources influences emergent housing outputs in post-
disaster settings. To achieve structurally sound housing outputs, the attention is primarily
focused on building code compliance. While housing reconstruction has been predominantly
labelled as a technical task, underlying non-technical factors (e.g., politics and finances) are
posited to have as much influence in the construction of sound structures [13]. As active
decision-makers, households are at the forefront of dealing with these factors to reconstruct
their dwellings. Understanding how Indigenous peoples manage the process of rebuilding their
houses is important given that their concept of housing is cultural and is often excluded in
normative construction guidelines [7]. Moreover, as the cultures of Indigenous peoples are
exposed to external influences, their knowledge systems become more blended [14,15].
However, disaster practitioners aiming to support Indigenous peoples often remain indifferent
to such a circumstance, leading to the adoption — or aptly, “imposition” — of mainstream risk
reduction approaches that discount the (evolving) cultural contexts crucial to sensibly support
these groups. In such technocratic scenarios, local resources and capacities usually remain
underutilised which could be of benefit to communities and have the potential to reduce

external reliance (e.g., aid dependence).

Indigenous peoples have historically been sidelined in the practice and policy environments of
disaster risk reduction despite possession of central skills and knowledge systems useful to
reduce risks [16]. An in-depth analysis of how Indigenous groups approach housing

reconstruction is important with the Sendai Framework for Disaster Risk Reduction
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emphasising that their experiential knowledge contributes to context-appropriate development
and post-disaster reconstruction efforts [17]. Case studies among these groups are a way to
elicit a tailored understanding of the cultural requirements in housing reconstruction,
particularly in situations where their coping capacities are pressured to incorporate measures
to address extraordinary events. Through a community-level understanding of housing
reconstruction pathways, evidence-based findings can inform and contextualise better policies,
approaches, and strategies to support these groups. Additionally, the insights derived from such
studies can contribute to the collective empirical evidence in disaster risk reduction scholarship
critical to upscaling the visibility of indigenous knowledge systems in national- and global-

level policy environments.

In this study, we examine how Indigenous Ivatan households in the Philippines navigated the
reconstruction process after the 2019 earthquakes in Itbayat, located in the province of Batanes.
The seismic events crumbled the traditional stone-and-lime dwellings which were regarded as
typhoon-resilient. With the pressure to address both wind and seismic impacts in
reconstruction, the vernacular construction practices in the area have been redefined. In this

regard, we sought to answer the following research questions (RQ):

RQ1. What factors affected how households reconstructed their dwellings?
RQ2. How did these factors lead to the housing outputs that households chose to
build?

In the following sections, we present a background of post-disaster housing reconstruction,
followed by our research methods. Answers to the research questions are presented next in the
results section, succeeded by the discussion section which highlights the policy implications of
our research inquiry. We summarise our findings and future research directions in the

conclusion section.

2 Background

Overlapping factors, such as the nature and extent of a disaster, the geographical context, and
cultural values, make post-disaster housing reconstruction necessarily a local process [18].
Managing post-disaster housing is therefore a complex task that transcends mere emphasis on

the provision of construction materials but should also consider the contexts and environments
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where these projects are conceived. For example, resource availability is a critical dimension
in post-disaster rebuilding, but can be influenced by policies and economic environments [10].
Behind good intentions to produce structurally resilient dwellings unfolds socio-political
agendas of stakeholders affecting (unjust) housing outcomes [13]. Despite the reality that most
disaster-affected populations face the task of complex rebuilding with minimal or no external
support, thorough investigation into the self-initiated reconstruction pathways at a household

level remains obscure in present post-disaster narratives.

Post-disaster housing studies have however focused in recent years on identifying challenges,
influences, and new insights into household-led reconstruction. Such trends are in line with the
increased motivation to achieve resilient post-disaster housing especially amidst the plurality
of characterising what is considered resilient housing [19]. For example, households’
perception of housing safety has been investigated to promote alignment and integration with
formal engineering knowledge towards reconstruction [20]. Studies have highlighted what
inhibits or enables the adoption of safer construction practices among recovering households,
emphasising the crucial role of technical assistance [21] and hazard-resistant communication
[22]. Barriers affecting household recovery are also discussed in literature, providing evidence
of a myriad of factors inhibiting capacities to rebuild, such as the power dynamics of grant
provision [23]. It has also been emphasised how social norms and networks can shape the
decision-making processes of households undertaking incremental housing approaches
[24,25]. All these studies reinforce the complexity of conceptualising and managing the
construction of dwellings. Exploring the emergent links among these factors is important to
grasp the web of systems and trail of considerations that steer housing reconstruction decisions

among households.

An additional layer of complexity in post-disaster reconstruction is the need to address multi-
hazard housing safety. Geographies like the Philippines are inherently exposed to the impacts
of more than one hazard, like typhoons and earthquakes, which vary in their frequencies and
impacts. Addressing multi-hazard safety can complicate the construction of structurally safe
dwellings, such that reducing risk for one hazard may increase the vulnerability of a structure
to another hazard [26,27]. Building codes provide guidance for this dilemma, but enforcement
is yet to be fully institutionalised in rural areas. Local construction knowledge and building
practices informally learned and adopted by communities are therefore important in these

settings [7,16]. Indigenous populations, for example, are known to have construction practices
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generated, used, and transmitted intergenerationally [7,16]. These culture-based knowledge
systems have been a tenet for Indigenous peoples to meet housing needs while considering the
impacts of disasters frequent in their locale. However, as culture is dynamic, these practices
change and assimilate to internal and external influences among communities [14,15]. In post-
disaster settings for example, the introduction of contemporary donor-provided construction
materials can redefine the longstanding vernacular architecture of communities [13]. Amid
such influences and the necessity to address multi-hazard housing safety, how local and
Indigenous peoples cope with their building practices to address these needs and pressures has

been relatively less understood.

3 Methods

This study sought to analyse the pathways of multi-hazard post-disaster housing reconstruction
using a case study of the Ivatan Indigenous households in Itbayat, Batanes in the Philippines.
We first provide an overview of the selected case study site followed by the data collection
processes involving interviews and focus group discussions. We then describe how we analysed
the data through qualitative coding to identify factors affecting the reconstruction pathways,

and the use of concept maps to draw linkages among the identified factors.

3.1 Case study site

Itbayat is a geographically isolated municipality in the northern Philippines (see Figure 4.1).
The natives of Batanes are called the Ivatans, an Indigenous group whose hallmark is their
vernacular stone-and-lime houses traditionally built in response to strong winds and typhoons
that frequent the area. These dwellings are of Spanish influence characterised by thick
quicklime-bounded stone walls, roofed with layers of thatch (cogon) roofing. These dwellings
are often complemented with hardwood window shutters, a low stature, and sometimes
window-less walls on some sides to further protect the structure from harsh wind impacts
[28,29] (Figure 4.1). In 2019, a series of earthquakes (magnitudes (Mw) 5.4, 5.9, 5.8) hit Itbayat
[30] becoming the single most impactful seismic activity in the municipality based on the
recollection of the people in the community. The vernacular wind-resilient houses crumbled,
highlighting the need to address multi-hazard housing safety in reconstruction. We have thus
chosen Itbayat as a case study to understand the pathways in how Indigenous households
navigated reconstruction processes that required balancing wind and seismic considerations.

Housing trajectories after the 2019 earthquakes have yet to be documented to offer lessons in
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tailoring more effective support for (similar) Indigenous groups. Little is currently understood
regarding the factors and motivations influencing how Indigenous groups decide to rebuild
their dwellings. Such merits an inquiry to appraise contextually relevant policies and programs

at the nexus of traditional and contemporary construction practices.
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Figure 4.1. Location map of Itbayat, Batanes in the Philippines. (a) The island was formed via coral
uplift characterised by its cliffside topography and limestone geology. (b) One of the limestone quarry
areas on the island where local aggregates are sourced for construction. (¢) A stone-and-lime vernacular

house in Barangay Raele — one of the only few traditional houses that survived the 2019 earthquakes.
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(d) A stone-and-lime church in the town centre of Itbayat which was extensively damaged during the

2019 earthquakes.

3.2 Data collection

To capture and understand factors that influenced housing reconstruction in Itbayat after the
2019 earthquakes, we conducted 30 semi-structured interviews and six focus group
discussions. The first author spent three months, from January 2023 to March 2023, in the
municipality for data collection concurrent with efforts to survey the post-earthquake building
stock in the area and evaluate structural housing safety (see [31]). This time duration enabled
immersion in the community and was a critical aspect to complement the data formally
gathered. All data collection conformed to the approved protocol 2022/705 granted by the
Human Research Ethics Committee of The University of Sydney. Additionally, since the study
was conducted among the Indigenous people of Itbayat, free, prior, and informed consent was
obtained from the National Commission of Indigenous Peoples under Certificate of

Precondition R2-IKSP-2022-12-21.

3.2.1 Interviews

We conducted semi-structured interviews among heads of households (n = 20) whose
vernacular stone-and-lime houses were extensively damaged during the 2019 earthquakes. The
participants were determined based on the damage assessment report provided by the
Municipal Disaster Risk Reduction Office (MDRRMO) and the Municipal Planning and
Development Office (MPDO) in Itbayat which identified 153 households with totally damaged
vernacular dwellings. We selected this cohort since they were the most affected in terms of
structural housing damage. The interview participants were part of an earlier group who had
their reconstructed houses surveyed for structural assessment (see [31]), and these households
expressed interest in being included in the interviews. Saturation of new emergent themes
guided the sample size which means that the number of interviews was already capped off
when new information was no longer being elicited. Interview questions focused on the
traditional building practices in the area (e.g., Can you share the indigenous construction
practices in Itbayat that you know and how they help against the impacts of typhoons?),
experiences with post-earthquake reconstruction (e.g., What made you decide to use a certain
material in rebuilding your house after the earthquakes?), and considerations of addressing
housing safety against the impacts of earthquakes and typhoons (e.g., How do you think your

present house will perform against earthquakes and typhoons?). We were interested in
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narratives on how households rebuilt their homes and how they balanced multi-hazard trade-

offs when making housing reconstruction decisions.

We also conducted interviews (n = 10) among representatives of three municipal government
offices, five provincial agencies, and two private organisations who participated in the
reconstruction efforts in Itbayat. At the municipal level, the interviewees included the planning
and department officer, an Indigenous peoples officer, and an environment committee member.
At the provincial level, the interviewees comprised district and provincial engineers, the
Indigenous peoples cultural officer, the head of the environment department, and the former
disaster risk reduction officer. Interviewees representing private organisations were from a
volunteer group and a heritage advocacy group. These participants had stakes during the post-
earthquake reconstruction in Itbayat with them either having exercised mandated
administrative functions or had provided financial, material, or technical assistance to the
affected households. Participants were identified in consultation with the administrative
authorities of the local government of Itbayat. The number of participants was determined by
the availability of key informants. Interview questions for these personnel focused on their
roles and contribution towards housing reconstruction (e.g., Can you share what type of
assistance you provided and why you chose to provide them?), and their reflections on the
challenges faced by households during reconstruction (e.g., How do you think your

organisation influenced the progress of the reconstruction process?).

All interviews for both households and representatives of offices or agencies lasted for around
30 - 45 minutes. The interviews were mostly conducted in Filipino since participants were
fluent in the national language (including the lead author). When Itbayaten, the local language,
was spoken by the participants, translation was provided by a research assistant who spoke the
local language and assisted in the data collection. All interviews were audio recorded, translated

from Filipino to English, and then transcribed for analysis.

3.2.2  Focus group discussions

While interviews are a good source of in-depth insights, focus group discussions elicit
reflections arising from the interaction among participants [32]. Thus, we conducted focus
groups to complement the interviews and triangulate themes. We sought priming groups with

similar backgrounds (or roles) to obtain their insights emanating from their shared
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circumstances. We conducted six focus groups comprising six to ten participants who were
involved in the reconstruction process, including local builders of vernacular houses (n=2),
contemporary construction workers (n=1), local government officers (n=1), heads of
households (n=1), and council of elders or the trusted village leaders within the community
(n=1). The discussion for each cohort centred on their knowledge of the indigenous building
practices in the area (e.g., How are the indigenous construction practices observed today? Are
they still relevant?), their observations or experiences during the housing reconstruction (e.g.,
Why do you think the households built differently after the earthquakes?), and perceptions of
the multi-hazard housing performance of the rebuilt houses (e.g., How do you think the
contemporary houses will perform against earthquakes and typhoons?). These discussions
lasted for around 60 minutes and were conducted in Filipino. These were facilitated by the lead
author with the help of a research assistant from the area who provided translation from
Itbayaten when needed during the discussions. Audio recordings were translated from Filipino

to English and were transcribed prior to analysis.

2.2.3. Field notes

Complementing the interviews and focus group discussions were data obtained through field
immersion out of the first author’s three-month stay in the island municipality. Day-to-day
conversations with community members provided supplementary information which not only
provided context to the formally gathered data but also substantiated and triangulated themes.
These conversations occurred in natural settings whereby community members voluntarily
shared their experiences and stories with the first author imparting his research purpose.
Informal conversations are favoured in qualitative research for their ease of communication
producing naturalistic data [33]. Information from these conversations was recorded via field
notes alongside other means of record-keeping, such as photo documentations, sketches, and
note-taking from observations. Locally produced documents (e.g., ancestral domain books,

land use maps, ordinances, etc.) were also reviewed to source additional information.

3.3 Data analysis

We drew on case study methods to describe the post-disaster housing reconstruction trajectories
of the Indigenous households in Itbayat. Beyond a mere description of the dynamics of the
chosen setting [34], we aimed to use the case as a basis to develop theory inductively [35].

First, we analysed the focus groups and interview transcripts through qualitative coding to
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identify and group constructs relevant to the rebuilding processes. Then, we reviewed these
constructs to identify linkages using a key relationship types framework which identifies
patterns of connections within the transcripts. Finally, we integrated these linkages via concept
maps to portray a holistic picture representing the complexities of housing reconstruction

endeavours leading to pathways of building a dwelling.

3.3.1 Theme identification

Qualitative coding identifies relevant words, phrases, and sentences that represent thoughts —
or themes — within texts [36]. In this study, we used inductive coding where the content of the
data dictated how themes were coded rather than having pre-defined criteria as the basis of
coding. To ensure the consistency of this process, a coding dictionary was created guiding the
derivation of themes based on clearly defined sets of terms and words representative of those
themes. For example, we described “logistical challenges” as “challenges in importation,
sourcing out, or delivering materials for housing construction or aid in general”. As such, words
and statements related to the transportation of materials, landed costs, and availability of
materials were coded under this theme. The interview and focus group transcriptions were

coded in NVivo 12.

3.3.2 Identifying relationships between themes

Codes within the identified themes were reviewed (i) to find constructs indicative of factors
affecting the housing reconstruction process, and (i1) to map the relationships between or
among these constructs. To aid in the pattern and relationship analysis in interpretative
research, Tutty et al. [37] propose three key relationship types (see Figure 4.2) to establish the
links between constructs which provided a framework for our analysis in this study. The first
type is called contained relationships where one or several constructs with shared features are
grouped into one larger category. For example, we identified three construction delivery modes
— (a) household-led reconstruction, (b) contract package, and (c) daily wages setup — which we
then grouped as “labour schemes”. The second type is temporal relationships where one
category is a precursor to another, like that of when participants noted “approaching typhoons”
which would immediately succeed the traditional practice of “tying houses”. The third type is
causal relationships where one category is the reason for another. This can be cautiously
demonstrated not on a cause-and-effect basis, but intuitively when a category can be a factor

for another to exist (e.g., “mass reconstruction” influenced “high demand of labour™).
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Rabinovich & Kacen [38] define additional relationship types to be considered in conjunction
with Tutty et al.’s [37] in analysing relationships between constructs. These relationship types
(see Figure 4.2) provide associative links rather than causal relationships, hence allowing the
examination of the meaning of constructs from a participant’s own perspective. The first type
is bilateral relationships where one construct recurs frequently together with another in their
statements, thus revealing the conjunctive association inherent between these. For example,
mention of “reinforced concrete construction” was regularly equated with “durable or sturdy
construction”. The second type is trilateral relationships where one category links two other
categories. This is where two bilateral relationships are joined by a common category, such as
the “emergency situation of reconstruction” being associated with “eased acquisition of
building permits” and the “moratorium of tree cutting permit”. The third type is quadrilateral
relationships where instead of having one common construct like that of the trilateral, it has a
pair of associated opposite constructs. For example, “financial capacity” and “limited or no
financial capacity” are opposing constructs, where the former was linked to “capacity to build

concrete-based houses” while the latter was associated with “construction of lightweight

2
houses”.
Construction
delivery modes
Approaching Tying of houses Mass ) High demand of
| typhoons reconstruction labour
household-led contract daily wages
reconstruction package setup
(a) contained (b) temporal (c) causal
Emergency context of Financial Limited or no
reconstruction capacity financial capacity

Reinforced Durable
concrete construction

Eased acquisition of Moratorium of tree- Capacity to build Construction of
building permits cutting permit concrete-based lightweight houses
houses
(d) bilateral (e) trilateral (f) quadrilateral

Figure 4.2. Examples of relationship patterns based on the key relationship types framework of Tutty
et al. [37] and Rabinovich & Kacen [38].
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We visualised the identified relationships using the concept maps in NVivo 12 which allowed
us to draw connections among constructs. Overall, the identified relationships using the six key
relationship types provided emergent patterns that served as the basis of our theoretical
construction of the housing trajectories among households. To integrate these patterns into a

web or network of constructs, we next used iterative diagramming.

3.3.3  Mapping the network of constructs

Visual mapping facilitates the discovery of the logic of relationships and is therefore among
the methods proposed to achieve integration among constructs [38]. In this study, we further
used the concept maps feature in NVivo 12 to connect the individual relationship patterns
identified earlier to make a cohesive network of constructs representing a community-level
case of housing reconstruction in Itbayat. We looked for the commonalities across constructs
(which have been earlier mapped with relationship patterns) and merged them. Additionally,
we juxtaposed associated constructs to congregate them. For example, “reliance on relatives’
remittances, personal savings, or loans” was joined with “cash assistance from donors” to
provide a node of “financial assets”. The first author undertook this process of integration
guided by his field immersion insights and his technical background in housing construction.
In case study research, supplementing insights from multiple sources substantiates theory
building [34,35]. The network of constructs was then reviewed by the rest of the research team
for appraisal. The second and third authors supported the external validity of identified
constructs and linkages in line with their engineering and disaster management backgrounds.
Meanwhile, the fourth author gave an insider’s perspective being an Indigenous community
member in Itbayat, the former incident command manager during the 2019 earthquakes, and
presently a local government officer. Feedback was incorporated and the diagram was

iteratively refined.

4 Results

As a geographically isolated municipality, self-reliance is a tenet of all life aspects in Itbayat
including recovery from disaster impacts. The logistics of importing aid is challenging with the
frequent weather disturbances affecting the air and ocean transportation modes. Stories of
previous reconstruction circumstances on the island (e.g., after Typhoon Meranti (Ferdie) in
2016) point to how the community used their available resources to rebuild with limited

dependence on external aid. As how one participant remarked during a focus group discussion:
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“[...] right after [typhoons we already start] to fix things. At the same time, bayanihan
[or helping each other out] is still very much alive. [...] Because if [your house] was
damaged, the others will help you. It’s either in the form of labour or wood. Your
neighbour is ready to help. [We are] not the kind to just rest and wait for the help of the

government. The wind is still there but the people fixing are already up, for every family.”

During the 2019 earthquakes, however, the dynamics of housing reconstruction was challenged
due to the extensive structural damage. While not new to the process of rebuilding, addressing
seismic impacts in reconstruction was a foreign concept to communities who historically
needed to primarily cope with wind-induced damage from frequent typhoons. As a result,
emergent housing outputs (see Figure 4.3) replaced the vernacular building stock (see also [31]
for the detailed structural characteristics of these typologies). Four impetuses or stimuli
affecting this reconstruction phenomenon were identified, namely (i) compounded sense of
urgency, (ii) perceptions of housing safety, (iii) nature of aid vis-a-vis financial capacity, and
(iv) regulatory barriers. The interrelatedness of these impetuses is depicted in Figure 4.4, and
a simplified diagram of this interrelatedness is presented in Figure 4.5 to demonstrate the

housing reconstruction pathways.

Figure 4.3. Emergent housing outputs. (a) Archetype of stone-and-lime vernacular house. Post-

earthquake, the vernacular houses were damaged and were replaced with (b) lightweight, (¢) semi-

concrete, and (d) reinforced concrete typologies.
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Figure 4.4. Network of constructs showing the influences that affected the housing trajectories of households.
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Figure 4.5. Diagram showing housing reconstruction pathways.

4.1 Compounded sense of urgency

Time compression is a key characteristic in post-disaster environments where increased
activities and demand for resources render urgency in the rebuilding process [39]. Sense of
urgency became one of the main drivers in housing reconstruction in Itbayat, with two
dominant factors having dictated the need to build houses as quickly as possible. First, the
reconstruction phase coincided with the typhoon season. Affected households were evacuated
to the plaza (an open space public square) under tents where heavy downpours and strong winds
worsened the temporary living conditions, including limited access to sanitary facilities.
Reconstruction began after two weeks when directives from authorities allowed households to
return to their properties. By this time, some assistance provided by various government
agencies and non-government organisations had already been channelled through identified
recipients. The second factor—which also seemingly compounded the sense of urgency—was
the conditions imposed alongside aid. Donors from both government and non-government
organisations required monitoring and documentation, which pressured the households to
reconstruct quickly to show rebuilding progress. Households stated how provided materials,

when not immediately used, would be reallocated to others. As explained by one participant:

“[...] [the construction of the house] should be quick because within how many months,
you should have already built your house, because [the donors] are afraid that the

assistance given [to us] will be deviated to other purposes. [...] I’'m not sure if it was here
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in our area or in others, [but] they said instead of using it to construct the house,
[someone] bought a motorcycle. [If the assistance provided] will be forfeited[,] it would

be embarrassing to those who donated.”

From the local and provincial administrative authorities, the imposed condition was a way to
instil immediate housing reconstruction to address the concern that delayed rebuilding during
the typhoon season would cause further casualties. However, this donor-induced pressure
intersected with other ongoing pressures (e.g., time, resource constraints, etc.) which warranted
a heavily tangible-based assessment of reconstruction progress, potentially missing an

opportunity to further rethink multi-hazard housing construction strategies.

Given the emergency situation, reductions of regulatory requirements were put in place,
including the easing (or bypassing) of building permit stipulations to reduce construction
delays. The reconstruction also resulted in a high demand but low availability of labour which
consequently raised costs and prolonged waiting times for construction. Three different labour
schemes emerged to address this situation. The first scheme saw household members leading
the construction of their houses alongside neighbours, relatives, and one or two hired unskilled
labourers. The second scheme was based on a contract led by skilled workers where a labour
deal was set to complete the construction of a house. On some occasions, households reported
giving all the donor-provided materials they received to builders with any lacking materials
shouldered by the builders. The third was a daily wages scheme that required higher worker
wages to secure. These labour schemes, together with the reduced regulatory guidelines of
construction, brought quicker construction pathways for households — at least for resultant
lightweight and semi-concrete housing typologies. During aid disbursement, building
construction workshops were a prerequisite to receiving material assistance as imposed by
some organisations to communicate building back safer messages and upskill labour. However,
the workshops were discounted by households who stated that while the methods taught
seismic safety, limited emphasis was given to typhoons. This resulted in a default patronage of
the prevailing local carpentry methods believed to be more superior for wind safety based on

the community’s experiences. As expressed by participants:

“[...] we are the ones living here, [and they] taught how to build what they [said was] a
sturdy house, but the materials that they brought are weaker than the materials that we

are using. At the same time, their teachings [were] something applicable to the mainland,
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in Manila. But here, I think [...] [the]methods they [taught] in building houses [won’t

pass].”

“[...] why the design of [the training provided by the organisation] was like that because
their response here was for the earthquake. [...] But the people here are more experienced
with typhoons. That’s why they built more securely [against wind impacts] compared to
[what was demonstrated to them]. I think [the organisation was] thinking of it as a

response to the earthquake.”

4.2 Perceptions of housing safety

The extensive damage sustained by the vernacular houses greatly influenced the construction
material preferences of households. Due to the unreinforced nature of stone-and-lime houses,
the irreparable state of these dwellings due to ground shaking brought trauma and shock to the
community. This discouraged households from considering rebuilding this style, and instead,
they opted for more resilient options, with reinforced concrete structures being the most
desirable goal. Additionally, the access to contemporary building materials reinforced the
notion of a construction “trend” that can be adopted more conveniently. The disaster impacts
brought a sense of fatalism and some remarked that the event was a divine sign for households
to replace the vernacular housing typology being seismically vulnerable, serving as a challenge
to construct more robust structures. The time-consuming process of building using vernacular
methods — which can take years starting from the process of burning lime — was also unsuited
to the need for quicker construction alternatives to address immediate shelter needs.
Additionally, the vernacular house-making craftsmanship is now a fading tradition. The greater
access to building professionals with expertise in modern construction techniques has become
a more favourable option. While advocates vied for workarounds to prioritise and retain the
heritage character of vernacular houses in reconstruction, cost became an issue, and there was

an absence of a framework to blend heritage preservation efforts with disaster management.

Despite a trajectory that abandoned the vernacular construction archetype in favour of
contemporary housing typologies, retention of some local and indigenous construction and
disaster preparedness practices is evident (see Figure 4.6). For example, roof framing methods
were carried over in the reconstructed houses, characterised by rafter systems that utilise

hardwood. The tradition of tying houses, known as kap 'yakuyakut, remains a community-level
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effort to secure lightweight building envelopes. In vernacular houses, window panels were of
hardwood locked from the inside with a horizontal bar called vavangtal to prevent wind
intrusion. This feature has evolved as fapangko, now placed outside to cover windows
especially those made of glass which can be prone to wind-borne impacts. In some instances,
preference for hardwood window panels led some households to recycle those from their
previous vernacular houses. Lastly, roof eaves of the reconstructed houses remain relatively

short — as is with the vernacular archetype — to minimise wind uplift.

Figure 4.6. Retained construction and typhoon preparedness practices. (a) Indigenous roof framing

system of a stone-and-lime house. (b) The indigenous roof framing system as applied to a new housing
typology. (c) A steel anchor embedded on a concrete wall of a contemporary house which is used to
secure ropes or ties as part of the continued practice of tying houses in preparation for typhoons. (d)
From the inside of a vernacular stone-and-lime house, a horizontal bar (vavangtal) is used to secure

windows and prevent wind and rainwater intrusion. (e, f) This concept has now evolved and is used
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from the outside to protect glass windows common with contemporary housing typologies. (g, h)
Recycling hardwood from damaged vernacular houses is common, such that window and door panels

made from hardwood are preferred over glass.

4.3 Nature of aid vis-a-vis financial capacity

The materials provided by government and non-government organisations dictated the
characteristics of the emergent housing typologies after the earthquakes. Households whose
houses were completely destroyed received a combination of corrugated galvanised iron sheets,
steel pipes, lumber, nails, and cement in varying quantities, enabling contemporary
construction. Cash aid was also disbursed and was predominantly used to procure lacking
materials and as labour payments. Additionally, access to relatives’ remittances, personal
savings, or loans augmented financial assets which were linked to households’ socio-economic
situations. Being mostly an agricultural and fishing economy, income opportunities on the
island do not easily match the high cost of living exacerbated by geographical isolation. Thus,
this situation restricted economic freedom for some, if not most, to finance reconstruction
activities. Historically, community transactions in Itbayat have largely been based on goodwill
including the exchange of goods and commodities. With the present context already
transitioning to a monetary-based economy, this situation saw an increased influence on

whether households had the required capacity to build back safer.

Households with limited financial assets were forced to use donated materials to reconstruct
their houses, resulting in lightweight and semi-concrete typologies. The cuboid form of these
typologies was assimilated from vernacular houses — a design input lobbied by the provincial
government alongside the aid disbursement. Additionally, the prominence of steel posts as
corner posts in these typologies was an input to expedite construction and address the lack of
hardwood access. These typologies were intended to be temporary, with the vision of
incremental improvements as more resources became available to households. However, more
than three years after the earthquakes, these typologies remained as unchanged dwellings.
Households with more financial capacity were able to procure additional materials (specifically
cement, reinforcing steel bars, and aggregates) from Basco or mainland Luzon, which enabled
them to build reinforced concrete structures. Due to the geographical isolation of Itbayat,
logistical challenges of importation inflate material costs. For example, the price of cement is

double compared to mainland Luzon, while aggregates can be six times more expensive. For
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those who built reinforced concrete, access to either temporary living arrangements with
relatives or secondary shelters was required during the construction since construction

timelines took longer compared to the lightweight typologies.

4.4  Regulatory barriers

In 2000, Republic Act 8991, otherwise known as the Batanes Protected Area Act, was enacted
to conserve, protect, and preserve the environmental and cultural assets of the Batanes Group
of Islands [40]. While well-intended to safeguard the environment, its stringent mandates on
resource extraction have become misaligned to the needs of the Indigenous people who
cultivate and own the ancestral domain. Restrictive environmental policies have become a
contributory factor to the abandonment of building a vernacular stone-and-lime house, as
resources such as coral limestones and hardwood are heavily policed. As how one participant

from a government agency explained this situation:

“Can you imagine, a community like Itbayat where resources are scarce, commercially
expensive and for centuries the people claimed this island as their own, but [then] the
government came in [to regulate natural] resource use? Everything has become so
restricted. Imagine, you planted trees for you to use in building your houses, but you
don’t get access to it. So now, [the Ivatans] are being deprived. [...] [T]he implementation
of very stringent policies in the protected area [is depriving] these people from making
use of what is supposed to be theirs to build a more resilient house. [...] So many layers
of bureaucracy. [...] These agencies sometimes have become irrelevant to the needs of
the community considering the urgency [of reconstruction]. [...] It seems that the
government is protecting so much of the resources, but not the welfare of the people. It
is so focused on the preservation of those resources that they didn’t consider that these
resources were cultivated [and] planted for [the Indigenous people’s] use. But now, [the
people] rely on the commercial lumbers, so in just a whiff of the wind, [these materials

become] too weak.”

House building is central to the Ivatan culture where resources are cultivated or sourced for
this endeavour. In building a timber house, for example, the local terms for framing components
are attributed to structural functions which serve as a basis for sourcing the best type of wood

to be used (see Figure 4.7). For example, when someone is tasked to find materials for
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pangoraywanan (corner post), specific hardwood types of the sturdiest make (e.g., Vuxos,
Aryaw, and Murni) are sought. The existing regulations restricting access to hardwood are,

however, affecting this practice.

After the 2019 earthquakes, a moratorium on the prohibition of hardwood cutting (via a special
permit) was issued to allow hardwood to be used for housing reconstruction. This diverted
households from using the softwood provided in the material assistance as structural
components, which were instead used as door and window frames. Reusing hardwood salvaged
from the damaged vernacular houses was also practised by most households. The moratorium
lasted for three months, but the extraction of resources within this duration was not maximised
due to local cultural practices. Apart from the careful selection of wood species, the Ivatans are
also known to practice lunar harvesting. Trees are preferred to be cut from full moon to last
quarter for moisture considerations which can affect the durability of wood (especially against
wood boring insects). The lunar cycles were not accounted for when the moratorium was
conceived, and households needed to apply for separate individual permits after the moratorium
lapsed. Individual permit processing can take some time as this needs to be approved by the
regional office (located in mainland Luzon). A copy of lot titles is required with the application,

and this became a barrier for most households due to the pending legal status of lot ownership.
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Rear-side view Ea WA 2. J Front elevation

1. Tukux 6. Rekran (purlins) 11. Kurus

2. Sapawan (ridge beam) 7. Sichoy (roof beam, cross) 12. Kanadkaran

3. Pakaw (rafter) 8. Pangaroywanan (corner post) 13. Kumali (portion of post underground)
4. Panganivocan (roof beam, longitudinal) 9. Pasonen 14. Plihi (splicer)

5. Tukax (cross beam) 10. Tukod (king post) 15. Paneksekan

Figure 4.7. The indigenous method of timber construction comes with local names for the parts of the
framing system. (Note: The structure shown is constructed for a shed, but the framing system is generic

for residential construction.)

5 Discussion

Apart from being a conduit for achieving a sense of normalcy after disasters, housing
reconstruction is also seen as an opportunity to address underlying structural and social
vulnerabilities [41]. Thus, “building back safer” has become the mainstream slogan in post-
disaster rebuilding efforts [42]. Most often, the provision of construction material aid and
training assistance is the de facto modality of government and non-government donors to
leverage such pursuits. However, without careful thought in understanding the complex factors
shrouding the trajectories of housing reconstruction, outside interventions risk offering band-
aid solutions precluding sustainable and contextually appropriate outcomes. As demonstrated
in the case of Itbayat, addressing structural housing safety against wind and seismic impacts
involved a web of cultural, environmental, regulatory, and socio-economic considerations.
Unfortunately, default interventions still linger in aid (such as the one-time blanket provision

of shelter kits) without deliberate effort to understand their impact and relevance within the
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wide network of factors affecting housing reconstruction. Below, we reflect on multi-faceted
policy implications of the issues affecting the capacity of households to have safer dwellings

after disasters.

5.1 Construction oversight during disasters

Building code compliance through the issuance of building permits ensures that the planning,
design, and construction of structures conform to technically approved building practices.
However, as how our case study has shown, existing legislation does not provide special
guidance for housing construction oversight during emergency situations where time and
resources are contested by the affected populations. As a result, building regulations are often
neglected or bypassed by affected households. This circumstance presents an unaccounted risk
in achieving housing safety since it sits at the nexus of balancing the urgency to have a shelter
and easing requirements that would have addressed sound housing construction and planning.
Furthermore, building practices have generally been rooted in independent approaches to
dealing with the impacts of individual hazards. Trade-offs aim to optimise housing safety amid
the various and often competing hazard impacts. However, without appropriate technical
guidance, risk emerges when communities are left to make decisions without adequate

information to inform multi-hazard safety.

The majority of legislation (such as in our case site) was crafted without consideration of
emergency contexts [43]. In post-disaster rebuilding, legislation plays a vital role in shaping a
robust regulatory framework for building back safer [44]. Two modes are posited for viable
implementation — first, regulation needs to support construction standards (“legislation for
compliance”) and second, policy to simplify processes to reconstruct quicker in such
emergency contexts (“legislation for facilitation”) [44]. While existing building codes satisfy
legislation for compliance, technical guidance on multi-hazard rebuilding is yet to be
incorporated. Multi-hazard studies are increasingly becoming prominent but their inclusion in
legislation and policies is still limited. Legislation for facilitation (e.g., [45]) also lags, and its
enactment is critical to complement the former. One of the main problems in managing post-
disaster reconstruction is that despite the acknowledgement that resources are compromised,
customary legislation unsuited for high-pressure post-disaster environments is still being
proxied for use in these contexts [43]. In our case study, we have seen that with the lack of

legislation for facilitation, households navigated their own reconstruction, and this put
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uncertainty in satisfying the merits of legislation for compliance due to its unregulated nature.
Further, uncertainty in achieving housing safety was compounded by the lack of technical
guidance on multi-hazard construction as it should have ideally been part of legislation for
compliance. To improve construction oversight in the aftermath of disasters, the synergies
between legislative compliance and facilitation should be achieved with special consideration

to the unique challenges of post-disaster environments.

5.2 Rethinking the landscape of aid

The culture of aid-giving in Itbayat only materialised when social media started to routinely
publicise the perennial struggles of the community to natural hazards, especially typhoons.
Before this occurrence, the island’s isolation — both geographically and logistically — inculcated
self-reliance among the people. During the 2019 earthquakes, a much different post-disaster
landscape emerged characterised by superfluous aid coupled with the heightened attention and
demand of donors to flock to the island. This situation overwhelmed the community. The
throngs of donors and personnel deployed to the area to disburse the aid threatened the carrying
capacity of the island with the increased demand for necessities paralysing the already fragile
and limited resources. As a result, entry restrictions to the island were imposed to further
prevent unwanted consequences. In post-disaster situations, the crowding of donors is usually
a familiar scene whereby the lack of coordination among themselves in channelling aid can
result in an overall inefficient operation in supporting affected populations [46,47]. Enhancing
coordination in humanitarian responses proves to be a challenge where the operating
environments and the organisational structures where humanitarian actors are part of usually

fail to promote inter-organisational cooperation [48].

Both what is provided to support recovering communities and zow it is distributed can impact
the capacity to build safer dwellings. The literature is vast on how inappropriate materials can
have consequences for longer-term recovery and risk reduction. For example, in Nepal, the
reconstruction efforts after the 2015 Gorkha earthquake resulted in the adoption of concrete
houses which displaced vernacular construction technologies and have produced dwellings that
are unresponsive to the climate and to the needs of the households [13]. However, what is not
highlighted in literature is how communities exercise trade-offs as coping mechanisms to tackle
the provision of what can be argued as inappropriate (material) aid. For example, in our study,

if the quality of donated materials did not meet households’ expectations (e.g., softwood),
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efforts were undertaken to source better alternatives (e.g., salvaged hardwood from previous
dwellings) to satisfy perceived structural soundness. Where households are left to use what is
given (e.g., being forced to use donated lightweight material envelopes due to financial
limitations), we observed attempts to increase construction safety using workarounds (e.g.,
introducing closely spaced fasteners to secure building envelopes). Aid-providing
organisations can learn from these trade-offs to rethink how aid is mobilised and to strategise

how to upscale interventions.

The manner of aid distribution is just as impactful in meeting safer housing objectives. In the
case of Itbayat, it was remarked that various organisations targeted specific households, relying
only on barangay- or village-level beneficiary assessments without coordination with the local
municipal government. This situation presented loopholes for nepotistic and cronyistic
intentions to divert or duplicate the aid being received. The result was non-equitable aid
distribution exacerbated by the lack of checks and balances. When this happens, other
households are deprived of reconstructing safer dwellings, which demonstrates a classic
example of how the political environment can impact the achievement of housing safety in
post-disaster settings. Aid distribution and management are critical when the affected
population contests for reconstruction resources. Our case study contributes by showing how
power dynamics in post-disaster settings impact housing reconstruction outputs (see, for

example, [23]).

5.3 Harmonisation of laws

The conflicting and overlapping provisions of laws are affecting the opportunities of the
Indigenous people to build structurally safer houses. While the Indigenous Peoples Rights Act
of 1997 promotes the rights of cultural communities over the ownership of their ancestral
domains [49], environmental laws like the Batanes Protected Act of 2000 [40] complicate
implementation. The Ivatans, whose traditional resource extraction practices have long relied
on natural materials for house building (e.g., locally grown hardwood), are now pressured to
rely on (costly) commercial construction materials. The most economically disadvantaged
households are then left behind in this conundrum, restricting their opportunities to build back
safer. While government mandates aim to protect both the environment and the interests of the

Indigenous peoples, it becomes the case of one interest being upheld while inhibiting the other.
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A policy review is thus needed to better align existing laws. Tackling complex societal
challenges has been linked to building policy synergies which look into “the interactions of
policy elements shaping outcomes and impacts which could otherwise not be achieved by a
policy working on its own” [50] (p. 2). Three entry points are proposed to achieve policy
synergies: (i) building on existing policy architecture focusing on opportunities like
overarching frameworks guiding administrative activities towards shared objectives; (ii)
investing in multi-stakeholder decision-making and action spaces to understand how issues are
perceived, thus impacting how these are addressed; and, (ii1) co-developing integrative capacity
of policy actors through strategies like improving social relationships and bringing in together
different sources of knowledge to shape collective decision-making and action [50]. These
entry points would support a more participative approach to legislation, drawing on the
grounded experiences of grassroots constituents and the leadership of administrative actors. In
post-disaster reconstruction, this integration of intra-community social ties and extra-
community relations has the potential not just to foster partnerships but also to manage

reconstruction outcomes [51].

5.4 Investing in local and indigenous knowledge

The adoption of contemporary building practices in Itbayat did not mean the total abandonment
of local and indigenous interventions in rebuilding houses. The retention of some traditional
building practices resonates with patronage to tried and tested experiential measures, now used
alongside modern construction techniques. This adds to the growing evidence in literature on
the blending of local, indigenous and scientific means to reduce risks [16]. This nexus offers
opportunities to institutionalise these practices. For example, in April 2023, the local
government of Itbayat started a knowledge-sharing and skills enhancement training among the
youth focused on the practice of tying houses in preparation for typhoons to instil the relevance
of this practice and create inter-generational knowledge transfer. Additionally, beyond securing
the house, a municipal ordinance was adopted in October 2023 to institutionalise the
indigenous disaster preparedness practices of food stockpiling (e.g., kapan'tachip, kapan'inalis,

etc.) and evacuation (kapachihbeng) [52].
There has been an increasing awareness and recognition of the importance of local and

indigenous knowledge for risk reduction [16]. However, its culture-specific and heterogeneous

nature makes it challenging to formally include it in a national agenda where interventions are
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expected to be easily upscaled and mainstreamed across a multitude of contexts [7]. An insight
gleaned from the case of Itbayat is the potential to downscale policies through local ordinances
to support mainstreaming risk reduction practices based on local and indigenous knowledge.
This becomes possible with the presence of an enabling administrative environment at a local
level to pioneer legislation in culturally rooted risk reduction practices. However, this locally
supportive context is not a panacea, as some mandates are normatively crafted at a national
level. For example, building codes are enacted nationally in the Philippines and thus assume
general applicability across a country. Where indigenous construction methods are used in
localities, guidance on their enforcement and regulation is limited, if not lacking. Most often,
building codes only have contemporary construction guidelines, thus risking the displacement

of long-practised indigenous construction systems.

6 Conclusion

Most disaster-affected populations face the complex task of reconstructing their dwellings with
minimal or no external support. However, there is a need to further understand the self-initiated
reconstruction pathways of households, especially among Indigenous groups, who need to
address the competing impacts of multiple hazards. We presented a case study in Itbayat,
Batanes in the Philippines to understand the housing reconstruction trajectories of the Ivatan
Indigenous households after the 2019 earthquakes that redefined their typhoon-resilient
construction practices. Using interviews and focus group discussions, factors affecting the
reconstruction process were elicited. Then, using concept maps, we explored the linkages of
these factors leading to the adoption of the emergent housing outputs. We found that the
emergence of new housing typologies that displaced the vernacular architecture was influenced
by the compounded urgency to reconstruct houses, perceptions of housing safety influenced by
the seismic events, the nature of aid provided alongside households’ financial capacity, and the

regulatory barriers affecting traditional resource extraction.

Indigenous households in Itbayat mobilised both indigenous and modern construction
approaches to rebuild their dwellings. This adheres to the concept of “involuted disaster
knowledge” proposed by Lin and Chang [14] alongside others who empirically observed how
knowledge systems are inherently hybridised on-the-ground (see [16]). We theoretically
advance that such hybridisation is being heightened with the intersecting personal (e.g., socio-

economic background and housing safety perceptions), circumstantial (e.g., emergency
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context), and institutional (e.g., regulatory barriers and presence of donors) influences. For
example, households exercised construction trade-offs to cope with the provision of modern
material aid adapting their local construction practices within the contemporary context of
rebuilding. We further advance the idea that these influences impose explicit and implicit
decisions on households, with the concept of trade-offs representing their coping capacities in
navigating both decisions they have direct and indirect control. On a broader perspective, the
trade-offs highlighted in this case study are attributed to the phenomenon of social-ecological
resilience where societies are observed to continually innovate (sometimes in an unplanned

and unpredictable ways) in the face of disturbances such as disasters [53].

On a practical note, our case study provides relevance for policy insights. First, the central role
of legislation has been emphasised as a platform to initiate multi-hazard housing
reconstruction. Whereby policies exist, reforms are needed when contradictions among
mandates complicate the achievement of objectives that enable the capacities of constituents
to build back safer. Second, a system of channelling aid is critical to ensure that aid distribution
grants equitable access to resources during post-disaster reconstruction. The need for a system
is further heightened in geographically isolated and environmentally protected areas like
Itbayat, where construction resources are limited due to challenging logistics and stringent
environmental laws. Lastly, among Indigenous communities, local governance has the potential
to pioneer the continued relevance of using local and indigenous disaster mitigation practices.
By downscaling policies through the enactment of local ordinances, institutionalising and
mainstreaming indigenous practices for disaster risk reduction become feasible. These insights
intend to guide the appraisal of contextually relevant policies and programs at the nexus of

traditional and contemporary construction practices considering emergency contexts.
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Optimising housing typology distributions for multi-
hazard loss reductions in resource-constrained
settings

Abstract

Disaster loss estimations are valuable risk reduction tools but rarely consider the loss trade-ofts
when a building stock is subjected to multi-hazard impacts. Here, we developed an approach
to simulate direct economic losses of a housing stock and explore loss reduction across
scenarios of housing typology distributions. We used multi-objective optimisation to model
wind and seismic losses in Itbayat, Batanes, Philippines. Using Monte Carlo simulation, 11,628
housing stock scenarios were modelled under two cases of paired extreme hazard intensity
thresholds, identifying Pareto optimal solutions that were further analysed against a socio-
technical framework. We show that the current housing stock distribution can sustain lower
multi-hazard losses by achieving more optimal combinations of lightweight and reinforced
concrete typologies. However, transitioning to this desired stock distribution becomes a trade-
off of not just wind-seismic loss reductions but also of socio-technical considerations such as
households’ risk perceptions. Our study advances risk reduction strategies by streamlining loss

estimations to inform collective and safer multi-hazard construction practices.

1 Introduction

Disaster losses serve as an important metric to assess the toll that natural hazards take on
societies. In 2023, global disaster losses were estimated to be USD 250 billion [1,2], conveying
the extensive economic impacts of disaster events worldwide. A sub-component of disaster
losses is direct economic loss, which represents the monetary consequences of natural hazards
inflicting damage to physical assets (e.g., infrastructures and buildings) [3,4]. Hence, direct
economic loss is crucial in understanding the value or cost of structural repairs, rebuilding
efforts or required investments to mitigate potential losses. In the United Nations Sendai
Framework for Disaster Risk Reduction, the reduction of direct economic losses is among the
seven global targets contributing to the overall goal of substantially reducing global disaster

risks [4].
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In 2023, the series of earthquakes in Tiirkiye and Syria [5] was the single most impactful
disaster event, causing USD 50 billion in damages [1,2]. However, the majority of direct
economic losses (76%) in that year were from weather events such as typhoons and hurricanes
[1,2]. While some natural hazards can be less frequent and have high impacts, others
accumulate losses over their frequent occurrence. Many communities globally are exposed to
multi-hazard impacts which complicate strategies to prevent property damage. Multi-hazard
can be defined as the presence of at least two hazards that overlap spatially or temporally, either
with or without dependence on each other (see [6—9]). In this study, we focus on the spatial
overlap of natural hazards over a geographical location, implying the exposure of communities
to at least two independently occurring hazards. In the Philippines, for example, 60% of the
country’s total land area experiences multiple hazards (such as typhoons and earthquakes), and
74% of its population is vulnerable to their impacts [10]. Often, the competing impacts of
hazards mean that addressing one hazard may increase the vulnerability of assets to the other
and vice versa [11,12]. Identifying optimal solutions is thus foundational to inform strategies
to simultaneously address impacts from two or more hazards that often have diverging

requirements.

Traditionally, disaster risk reduction (DRR) has long relied on a single-hazard approach where
hazard impacts are assessed or analysed in isolation from other hazards [13]. The attention to
understanding multi-hazard impacts has gained traction, acknowledging their compounding
consequences for communities [14,15]. Of the 16,535 global disaster records from 1900 to
2023, 19% can be (re)classified as multi-hazard events (considering the spatial or temporal
overlaps of hazards), constituting 59% of total economic losses [16]. In addressing multi-
hazard impacts, necessary trade-offs are required as a compromise to satisfy diverging and
conflicting requirements. For example, in past research analysing building-level risk reduction
against both floods and earthquakes in Afghanistan, optimal structural measures were found to
vary spatially in that some districts could reduce disaster risk by investing more in flood
measures compared to seismic mitigation, and vice versa [11]. The concept of optimality thus
emerges as a necessary strategy to analyse trade-offs amid conflicting requirements of reducing
disaster risks. Adherence to a single-hazard approach in a multi-hazard context is insufficient
for holistic risk reduction and is counterintuitive. Due to the differing dynamics of
counteracting multiple hazards, investments towards structural risk reduction against only one

hazard can create risk to other hazards.

134



Chapter 5

Present guidance instruments to reduce structural risks, such as building codes, are mostly
tailored to a single hazard outlook. The design of structures is (usually) governed by the effects
of the hazard that dominates [17,18]. This approach overtly assumes that satisfying the load
demands of the dominant hazard also addresses the load requirements of its non-dominant
counterpart/s. However, this assumption can be problematic. Structures subjected to different
loads, such as seismic and wind loads, can potentially have up to twice the risk of exceeding
limit states compared to only considering risks associated with a single hazard that dominates,
as 1s usually prescribed in code provisions [19]. The need to understand the synergy in multi-
hazard design (see [20]) thus emerges, motivating a need to acknowledge structural impacts
from all known hazards, whether they dominate or not [17,18,21]. This is critical in multi-
hazard settings where structural risks are being complicated by the exposure of assets to
independently occurring hazards having different dynamics, frequencies, and impacts,

obscuring straightforward pathways towards risk reduction.

An integrated analysis of the impacts of spatially overlapping natural hazards has implications
for a more holistic understanding of their collective consequences to physical assets eventually
influencing construction decisions in a specific geographical area. Multi-objective optimisation
is well established in the field of engineering. Still, its applications for multi-hazard analysis
have primarily been concentrated on the trade-offs pertinent to specific structural components
(e.g., [18,21,22] ) or at an individual building level (e.g., [23,24]). Community-wide
applications in past studies have used multi-objective optimisation to model the trade-offs
among direct economic loss, population dislocation (e.g., [25]), and post-disaster repair times
(e.g., [26]). So far, multi-objective optimisation has yet to be capitalised to analyse the trade-
offs of structural impacts to physical assets at a community level (e.g., a building stock) against
multiple hazards. Addressing this gap has significant potential to transform how we reduce risk
especially in building stocks with highly variable (or “heterogeneous”) physical assets. This
larger unit of analysis is poised to support community efforts towards risk reduction through
the potential regulation of structural typologies in heterogeneous building stocks susceptible to
multi-hazard exposure. While DRR efforts have focused on the repair and retrofit of (existing)
structural assets as practical solutions to strengthen physical assets, these measures can be
insufficient considering that structural characteristics of typologies can govern vulnerability
[27,28]. Within informal construction markets, addressing deeply seated vulnerabilities to

multiple hazards requires more significant changes which we position can be more practically
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achieved through changes to building typologies. Thus, in a heterogeneous building stock, there
is an opportunity to achieve optimal combinations of different building typologies to minimise

multi-hazard impacts to safeguard the collective structural assets of a community.

Localised disaster events experienced by remote and rural communities contribute significantly
to disaster losses, but these often remain unreported because they do not generate attention on
national and global scales [29]. From 1990 to 2013, 99.7% of all disasters were localised or
small-scale events, constituting less than 30 deaths and less than 5000 houses destroyed [30].
Disaster data — and presumably risk analysis — has been biased towards high-impact disaster
events, often in urban areas and regions with higher asset values where “reportable” disaster
loss values are larger [29,31,32]. In resource-constrained settings typical in low- and middle-
income countries, dwellings tend to be non-engineered houses built informally by households
or local construction workers without oversight from built environment professionals such as
engineers and architects [33]. A heterogeneous housing stock emerges in such an instance
characterised by a high variance of housing typologies. In this case, regulating safer
construction practices becomes challenging and usual repair and retrofit strategies have
limitations because the characteristics of housing typologies can become the main drivers of
vulnerability to hazards. Thus, a broader and more collective view of understanding multi-
hazard impacts of housing assets on a community scale is crucial for more encompassing
prevention of damage to assets. This study focused on the context of a municipal-level
assessment of direct economic losses of a housing stock in a geographically remote and small
island community. Factoring in the intricacies of navigating the competing impacts of wind
and seismic hazards and acknowledging the intrinsic characteristics of the local residential
portfolio, we ask the question: How can a heterogeneous housing stock be optimised against

multi-hazard direct economic losses?

The main objective of this study is to explore transitions towards more optimal housing stock
distributions which simultaneously minimise direct economic losses from both wind and
seismic hazards. Mitigating the impacts of both hazards usually requires trade-offs because of
their potentially incongruent structural requirements. For example, ductile performance is
essential for a structure in seismic regions but this is less significant for wind load design [17].
This trade-off requires Pareto optimal solutions [34] representing candidate solutions that
somehow satisfy the conflicting requirements of various objectives. Our study is based in

Itbayat, Batanes — a frequent typhoon passage in the northern Philippines. The exposure of this
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municipality to wind impacts has greatly influenced the historical construction of heavy,
masonry dwellings [35,36] but these were destroyed after a series of earthquakes in 2019
[37,38]. New housing typologies emerged thereafter [39,40] but with limited knowledge of
their wind and seismic performance. We focused on wind and seismic hazards because they are
the most prominent hazards and the only known hazards that inflict significant damage to

housing assets in the selected municipality.

For this study, we explored different hypothetical housing stock distributions (referred to as
“scenarios”) to identify what concentrations and ratios of the emergent housing typologies can
minimise multi-hazard direct economic losses. These typologies are described in Figure 5.1
and Table 5.1. We generated 11,628 housing stock scenarios based on the assumption that for
a given housing stock, each typology would constitute at least 5% of the overall stock
distribution. We then simulated the loss outputs for each scenario using Monte Carlo
simulation, considering two cases of paired extreme hazard intensity thresholds. Seismic
intensities are based on the PHIVOLCS Earthquake Intensity Scale (PEIS) which is the
nationally developed earthquake intensity measurement in the Philippines [41]. PEIS range
from Intensity I (scarcely perceptible; approximate peak ground acceleration (PGA) of <
0.0005 g; equivalent to Modified Mercalli Intensity (MMI) I) to Intensity X (completely
devastating; approximate PGA of > 1.39 g; equivalent to MMI XII) (see [41-44]). Meanwhile,
wind intensities are expressed in kilometres per hour (km/h) and represent a 3-second peak gust
measured 10 m above ground [45]. The first case of our analysis represents occasional hazard
occurrences (PEIS VII and 270 km/h) pertaining to hazard levels below the maximum projected
thresholds. The second case is rare hazard occurrences (PEIS VIII and 300 km/h) which
represents the projected maximum hazard intensities. For both cases, Pareto optimal solutions
were identified and then ranked using a multi-attribute decision-making method called the R-
method [46]. Finally, acknowledging the socio-technical factors influencing residential
construction in resource-constrained settings, the Pareto optimal solutions were contextualised
against the desirability, viability, and feasibility (DVF) framework. We adopted this framework
to qualitatively discuss whether potential solutions align with the households’ preferred mode
of construction (“desirability”), suitable for the community in the long term (“viability”), and
realistically achievable (“feasibility”’). We assessed the DVF criteria based on field study
insights of housing reconstruction trajectories of the households in Itbayat. For the entire data

analysis procedures of this study, see “Methods” section.
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Our main findings suggest that the current housing stock distribution can be improved to
sustain lower wind and seismic losses by achieving a more optimal combination of lightweight
and reinforced concrete typologies at varying proportions within the building stock. This result
instils a paradigm shift in understanding structural safety as an aggregate system of the physical
assets of disaster-affected communities, safeguarding these assets more collectively. However,
transitioning to this desired stock distribution becomes a trade-off of not just loss reduction
between the two natural hazards but, more importantly, of socio-technical factors such as
households’ risk perceptions, local appropriateness of solutions, and availability of resources.
Our study contributes to advancing risk reduction strategies by offering an approach that not
only streamlines multi-hazard loss estimations and trade-offs but also contextualises these
based on the capacities of constituents. This approach is useful for policymakers to inform

collective safer construction practices in multi-hazard settings.

Table 5.1. Characteristics of the different housing typologies. For detailed structural descriptions such

as post-to-beam connections, see Hadlos et al. [39].

Housing typology Characteristics
Lightweight with wooden One story; timber beams and columns (no footings);
posts (LWA) corrugated galvanised iron (CGI) sheets as building

envelopes; gable roof profile

Lightweight with steel posts | One story; 4-inch to 5-inch diameter steel pipes as posts
(LWB) (with reinforced concrete (RC) footings) and timber beams;
CGI sheets as building envelopes; gable roof profile

Semi-concrete with steel One story; 4-inch to 5-inch diameter steel pipes as posts
posts (SCA) (with RC footings) and timber beams; half-height RC walls
at the base with remaining CGI walls for the upper half;
gable roof profile with CGI sheets

Semi-concrete with One story; RC posts (with RC footings) and timber beams;
reinforced concrete posts half-height RC walls at the base with remaining CGI walls
(SCB) for the upper half; gable roof profile with CGI sheets

Reinforced concrete with | One story; RC posts (with RC footings) and beams; RC
lightweight roof (RCA) walls; gable roof profile with CGI sheets

Reinforced concrete with | One story; RC posts (with RC footings) and beams; RC
slab roof (RCB) walls; RC slab roof
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Figure 5.1. Predominant housing typologies in Itbayat, Batanes, Philippines. (a) A lightweight typology

that can either have timber posts and beams (LWA) or steel posts and timber beams (LWB). (b) A semi-
concrete typology that can either have steel posts and timber beams (SCA) or RC posts and timber
beams (SCB). (¢) An RC typology with lightweight roof (RCA). (d) An RC typology with RC slab roof
(RCB).

2  Results

2.1 Case I (Occasional hazard occurrences) — PEIS VII and 270 km/h

Sixty-five (65) Pareto optimal solutions were identified from the 11,628 scenarios for Case 1
(see Figure 5.2; refer to Appendix C for the list of Pareto optimal solutions). The two top-
ranked solutions (tied at first rank) based on the R-method lie on the extreme ends of the Pareto
frontier. This means that either a housing stock dominated by 75% LWB or 75% RCB is the
most optimal solution to reduce losses among the rest of the non-dominated solutions.
However, such a result is heavily based on the “polarity” of the impacts of wind and seismic
hazards made pronounced when we specified equal ranks for each hazard. The polarity infers
that heavier typologies will incur significant losses to seismic, and lighter typologies will have
more losses to wind impacts. This yielded extreme results where a tandem of losses of PHP
331IM for seismic and PHP 195M for wind was identified as an equally superior solution
alongside losses of PHP 162M for seismic and PHP 385M for wind. Practically, between these
two solutions, there is no merit in picking one over the other as it would substantially skew loss
prevention to either hazard. Thus, alternatives can be explored along the Pareto frontier which

strike the balance of minimising losses for both hazards.
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The baseline scenario or the current housing stock distribution in the community is
characterised by a spread of 10% to 25% of each typology, with an estimated loss of PHP 199M
for seismic and PHP 382M for wind (see Figure 5.3). The current baseline is distant from the
Pareto frontier, confirming that shifts in the distribution of housing typologies would result in
improvement to minimise losses for both hazards. The closest Pareto optimal solution from the
baseline is the most immediate option along the Pareto frontier which reduces the losses against
both hazards from the current baseline losses. This scenario constitutes a majority of
lightweight structures (50% LWA & 20% LWB) and an increase to 15% fully concrete houses
(RCB), with the remainder of typologies at 5%. This scenario offers a slight reduction in
seismic losses at PHP 191M and a significant decrease in wind losses at PHP 330M (see Figure
5.3). Along the Pareto frontier, a scenario with balanced losses for both hazards is a housing
stock dominated by a combination of 40% LWA and 40% RCB (with the rest of the typologies
at 5%). The losses for this scenario are estimated to be PHP 251M for seismic and PHP 269M
for wind. However, moving from the baseline scenario to here would drastically exacerbate

seismic losses but will notably reduce wind losses.

The transition from the baseline scenario is not only a concern of the extent to which losses are
reduced but also of the socio-technical factors necessary to support and manage such transition.
Adopting the 75% LWB distribution significantly reduces seismic losses and offers almost no
reduction to wind losses, and this scenario compromises the desirability criteria in that
concrete-based structures are heavily favoured by the community more than lightweight
houses. Additionally, while this scenario is feasible cost-wise, the social acceptance of these as
permanent dwellings needs to be factored in with additional attention to how their longevity
could be improved given that these tend to be less durable than concrete structures. On the
other hand, the 75% RCB distribution is desirable and viable, but the transition would not be
financially feasible, and it only reduces losses significantly to wind and greatly exacerbates
losses to seismic. The 40% LWA and 40% RCB distribution is potentially the best candidate
solution that balances the conflicting demands of the desirability, viability, and feasibility
criteria although with a compromise in preventing seismic losses considering the baseline.
While the closest optimal solution to the baseline might not be desirable given that it is
predominantly lightweight, this scenario is the most practical trajectory to lessen multi-hazard

losses.
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Figure 5.2. Pareto optimal graph for Case 1. The grey points represent the 11,628 scenarios simulated
for seismic and wind losses at PEIS VII and 270 km/h, respectively. The red, broken line shows the
Pareto frontier where the non-dominated (Pareto optimal) solutions lie. The superimposed coloured
points show the important scenarios. The red point is the baseline representing the current housing stock
distribution. The blue and orange points are the first-ranked solutions. The brown point is the solution
closest to the baseline. The green point is the solution that yields the most balanced minimal losses for
both hazards while the purple point represents the most balanced maximal losses. (Note that the values
are based on the 95" percentile of the resulting probability distribution for each scenario. Losses are in

Philippine peso (PHP).)
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Figure 5.3. Simulated losses for Case 1 (PEIS VII and 270 km/h) considering the baseline scenario and
Pareto optimal solution closest to the baseline scenario. The red, broken line indicates the 95" percentile

value.

2.2 Case 2 (Rare hazard occurrences) — PEIS VIII and 300 km/h

Fifteen (15) Pareto optimal solutions were identified from the 11,628 scenarios for Case 2 (see
Figure 5.4; refer to Appendix C for the list of Pareto optimal solutions). Similar to Case 1, the
two top-ranked solutions (tied at first ranks) based on the R-method lie on the extreme ends of
the Pareto frontier, reinforcing the polarity of wind and seismic impacts in a heterogeneous
housing stock comprised of fully lightweight to fully concrete typologies. The first-ranked
solutions estimate PHP 629M losses for seismic and PHP 331M for wind if the distribution is
75% RCB; PHP 311M losses are estimated for seismic and PHP 403M for wind if the
distribution is 75% LWA. Direct economic loss estimates are partly dependent on construction
costs. When considering a heterogenous housing stock under extraordinary hazard intensities,
it follows that more expensive typologies will incur more losses while the least expensive ones
incur fewer. This is under the assumption that extreme hazard intensities overthrow the

disparate housing performance among the typologies. Under such circumstances of extreme
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events, mitigation strategies should at least aim for collapse prevention to reduce casualties,
problematising at what level of construction investment is commensurate to adhere to this

housing performance in resource-constraint settings.

The baseline scenario — of which the typologies are spread within 10% to 25% distributions —
yields PHP 386M losses for seismic and PHP 474M for wind (see Figure 5.5). Losses can be
further minimised from the baseline by transitioning to a scenario with 70% LWA, 10% RCB,
and the rest of the typologies at 5%. With such a transition, the reduction of losses is estimated
at PHP 334M for seismic and PHP 398M for wind (see Figure 5.5). This is the most ideal
trajectory when considering significant improvements to both losses. Alternatively, when
opting for balanced losses for both hazards, transitioning to a housing stock with 60% LWA,
20% RCB, and rest at 5% would incur losses of PHP 380M and PHP 388M for seismic and
wind, respectively. This trajectory also reduces losses for both hazards compared to the

baseline, although it is more significantly towards wind loss reduction and not so for seismic.

Similar to Case 1, the Pareto solutions on the extreme ends of the Pareto frontier are likely
neither the most pragmatic solutions in that they highly prevent losses for one hazard but to a
significant detriment of loss reduction to the other hazard. When factoring in the DVF criteria,
their extremities are further stretched considering that one becomes a highly desirable and
viable option but not feasible, and vice versa. To this end, the most practical trajectories are the
transitions that improve loss reduction for both hazards compared to the baseline, albeit to the
compromise of some of the criteria in the DVF framework. For example, the significant loss
reduction to both hazards by transitioning to either 70% or 60% LWA is promising to manage
multi-hazard impacts but raises potential conflict with the desirability and viability criteria.
Transitioning to a housing stock with more lightweight structures is more plausible given that
financial limitations might override the aspirational aspects of desired construction trajectories
among households. However, the technical standpoint of endorsing lightweight typologies
needs further evaluation in a storm-battered region with more frequent wind events than

seismic activities.
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Figure 5.4. Pareto optimal graph for Case 2. The grey points represent the 11,628 scenarios simulated
for seismic and wind losses at PEIS VIII and 300 km/h, respectively. The red, broken line shows the
Pareto frontier where the non-dominated (Pareto optimal) solutions lie. The superimposed coloured
points show the important scenarios. The red point is the baseline representing the current housing stock
distribution. The blue and orange points are the first-ranked solutions. The brown point is the solution
closest to the baseline. The green point is the solution that yields the most balanced minimal losses for
both hazards while the purple point represents the most balanced maximal losses. (Note that the values
are based on the 95" percentile of the resulting probability distribution for each scenario. Losses are in

Philippine peso (PHP).)
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(b) Losses for the Pareto optimal solution closest to the baseline scenario

Figure 5.5. Simulated losses for Case 2 (PEIS VIII and 300 km/h) considering the baseline scenario
and the Pareto optimal solution closest to the baseline scenario. The red, broken line indicates the 95™

percentile value.

3 Discussion

The housing stock-level analysis of optimising typologies within a building portfolio against
multi-hazard losses, as demonstrated in this study, offers a new way to approach structural risk
reduction. This analysis is crucial in settings like Itbayat where “experimental” and non-
engineered housing typologies emerged due to the immediate need for households to shelter
themselves using their available resources following disaster impacts. The heterogeneity of the
housing stock — arising from the plurality of how households constructed their dwellings —
poses challenges for individual structural housing risk mitigation. This circumstance
necessitates a more collective appraisal of the characteristics of the housing stock in the
community to leverage substantial risk reduction efforts. Under very high to extreme hazard
intensities, usual repair and retrofit schemes can have limitations in addressing structural safety,

and construction of or adherence to specific typologies might offer more effective pathways to
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reduce hazard impacts. Therefore, the stock-level methodology of optimising housing typology
distribution used in this study aims to streamline a robust and wider coverage risk assessment
beyond the individual housing level. This methodology can provide community-level guidance
into strategies to mitigate structural losses by increasing or decreasing concentrations of certain
typologies which can be achieved by the entry points discussed below. The endorsement of
optimised housing typology distributions not only yields anticipated lower economic losses in
the event of disasters but will also potentially decrease the number of casualties and reduce the

length of repair times for impacted assets.

Our application of multi-objective optimisation to a collective approach for structural risk
reduction complements and further substantiates insights into engineering optimisation models
currently concentrated on building-level components of assets (e.g., [18,21-24]). Given the
escalating global impacts of multi-hazard events that complicate DRR efforts, a paradigm shift
is needed to understand structural safety as an aggregate system of the physical assets of
disaster-affected communities. If, for example, a housing stock is perceived as an aggregate
system and not just a composition of individual dwellings, the implications can be far-reaching.
These include instigating equitable distribution of building resources in a socio-
demographically diverse community to having a more cohesive outlook in planning agendas
(e.g., zoning reforms) in multi-hazard geographies. Our study has also highlighted — and
challenged — the concept of optimality in resource-constrained settings. With the notion of
optimal solutions in engineering often limited to the knowledge of material performance trade-
offs of assets, we extended our analysis to account for the socio-technical factors that explain
the social realities impacting realistic pathways to prevent multi-hazard losses. Thus, our
approach adds a layer to an otherwise tangible view of trade-off analysis, guiding future

applications in the pragmatic assessment of disaster losses for similar contexts.

The housing stock transitions proposed in this study can be implemented through the variable
increase and decrease of housing typology quantities (based on the prescribed ratio of housing
stock combinations). This is a longitudinal process due to the dynamic housing needs
influenced by the (expected) demographic changes over time, such as shifts in population,
household sizes, and living setups or preferences. As such, this is a sustained effort that can be
championed by planning and engineering officials to work towards optimal stock distributions
within their jurisdictions as a form of disaster mitigation. Increasing certain typology quantities

means encouraging new construction or incremental housing modifications towards desired
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typologies, all while controlling or inhibiting the construction of other typologies (thus
“decreasing” their ratios relative to the uptake of the new construction or housing
modifications). In practice, a starting point for this to happen is through having community-
wide construction guidelines enforceable through development approvals and permitting
processes. It must be noted that housing stock transitions in resource-constrained settings are
not straightforward processes [47] because construction assets might not be accrued easily due
to socio-demographic circumstances. Below, we outline some practical strategies for housing

transitions to take place realistically.

In the context of new construction, the transition to the ideal ratios of housing stock
distributions can be achieved through the following entry points. First, the construction of
better-performing typologies can be encouraged by providing incentives to households
intending to build dwellings (either in post-disaster settings or under normal situations). In
areas like Itbayat where financial capacities greatly influence the typology households plan to
build, the availability of “template” construction drawings could be a starting point to
mainstream their adoption. Not only will this reduce the costs for engineering and architectural
services, but it will also potentially embed the community-wide practice of adhering to
endorsed construction specifications for such typologies. In the long term, this can then become
the status quo of construction within the locale, with previous research showing that households
can easily conform to construction trends to ultimately decide/aspire for how they will build
their house [48,49]. These recommendations can inform municipal shelter recovery plans as
promoted in the Post-disaster Shelter Recovery Policy Framework of the Philippines [50] or
could be additionally enforced through the regulation of building permit approvals. In
anticipation of the New Philippine Building Act that would allow municipal governments to
legislate their own building laws [51], these recommendations can then be formally enacted

through local building ordinances.

Second, in times of disaster, donors aiming to provide shelter kits and construction materials
to impacted households can tailor their donations to the materials needed to construct targeted
housing typologies. This also includes designing trainings contextualised locally (see [49]). For
example, in Itbayat, the community has long practised timber construction as part of their
cultural ways of house-making, but the adoption of concrete construction needs further

technical guidance to avoid common defects (e.g., honeycomb). Donor agencies and
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organisations can design trainings appropriate in such instances to carry forward both familiar

and foreign construction methodologies in housing (re)construction.

Housing stock transition considering existing housing assets can be accomplished through
incremental upgrades as realistic pathways to achieve ideal concentrations of housing
typologies within a community. For example, a semi-concrete house can be developed over
time into a fully concrete structure given the suitable materials and expertise. Incremental
upgrades should, however, be approached with caution to avoid creating new vulnerabilities
that can arise through mixing materials, such as masonry infill wall upgrades to timber-framed
homes. A fully concrete house will most likely not be downgraded to a lighter-weight version
given the financial investments made and its desirability in the setting we have studied. The
incorporation of lightweight typologies within the general housing stock distribution is then
only possible with new construction to adhere to the ideal ratios. This may be feasible given
how lightweight typologies are the least expensive to construct, and while they are perceived
to be less desirable, it is more likely the case that financial feasibility is the main determinant
driving construction in remote settings. Given the frequency of wind events in the region, the
endorsement of lightweight typologies might seem counterintuitive, but ways to safeguard
these assets have traditionally been practised in the area (e.g., tying of houses) (see [40]).
Additionally, while the results of our simulation yield specific ratios among the typologies,
further insights can be explored to understand whether the nuances of the structural
characteristics between similarly classed typologies (e.g., LWA vs LWB for the lightweight
class) have commensurate differences in their housing performance to that of their differential

cost.

This study did not incorporate site exposure multipliers (e.g., hazard impacts on hilly locations,
proximity to coastlines, soil-structure relationships) which can further potentially impact
housing performance. However, our study sparks conversation on the importance of the spatial
spread of housing typologies within a community and the role of land use planning as an
instrument to reduce multi-hazard losses. Given the heterogeneity of the housing stock that
assures some typologies are better off against wind than seismic, and vice versa, there is a
potential to regulate the construction of susceptible typologies to identified areas with higher
exposure to a specific hazard. For example, no-build zones can be enforced where wind
exposure is the strongest and seismic codes can be reviewed where they benefit soil-structure

relationships while considering wind-seismic trade-offs accordingly towards decision-making.
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Additionally, the heterogeneity of the housing stock can be an advantage to intersperse
typologies so that heavier typologies can act as wind buffers protecting lighter-weight
counterparts. Our study focused only on the ratios of the housing stock distribution; thus, we
envision our assessment to be the first layer of analysis with the most refined outputs possible

once site exposure multipliers are considered.

Our study has several limitations. The direct economic loss estimation in this study is based on
first-generation fragility functions [39] specifically derived for the field study site which used
an expert opinion-based approach. Loss estimates can be refined if hybrid functions are
considered where inputs from empirical and analytical data can provide complementary
insights into housing performance. This was not done due to the lack of empirical or analytical
functions developed for the area. Additionally, we have used generic structural repair cost ratios
given that none has yet been developed for the Philippine context. While we posit that these
are reasonable proxies, the nuances of how these ratios can vary in specific geographical
contexts are worth factoring into future loss estimations once these become available. Our
study dealt with housing stock distributions, but our analysis did not incorporate site exposure
multipliers. This is because it is uncertain where houses will be built, and we assumed that
these are household decisions that cannot be accurately predicted. This uncertainty in the spatial
distribution of the houses also inhibited us from modelling the spatial correlations of wind
speeds and structural fragilities among the housing units within the building portfolios (see

[52]). These limitations are encouraged to be explored for future work.

4 Conclusion

Direct loss estimations are crucial to anticipate hazard impacts, but these are rarely conducted
on a community level where localised disaster events bring a stream of significant losses. The
multi-hazard realities that people experience in these settings further complicate strategies to
mitigate disaster impacts. In this study, we applied multi-objective optimisation to simulate
direct economic losses of a housing stock against wind and seismic impacts based in Itbayat,
Batanes, in the Philippines. Monte Carlo simulations were used to explore multiple housing
stock scenarios to identify the ideal concentration of housing typologies that would minimise
losses for both hazards. Two cases were analysed concerning extreme hazard intensity
thresholds. For both cases, results demonstrate that the baseline (or the current) housing stock

distribution can be improved to sustain lower wind and seismic losses by achieving a

149



Chapter 5

combination of lightweight and reinforced concrete typologies at varying proportions. A set of
Pareto optimal solutions were identified from the optimisation inquiry. These candidate
solutions were then consequently analysed against the desirability, viability, and feasibility

framework to situate their practicality in the field.

Our use of multi-objective optimisation at a housing stock level on a local scale opens
opportunities to collectively analyse damage impacts while incorporating granular data that
refines loss estimates contextualised for a specific area. This contributes to refining national-
level loss estimates usually based on general parameters. Additionally, our analysis of the
Pareto optimal solutions against the socio-technical indicators instils broader conversation
among stakeholders on the concept of optimality in resource-constrained settings. The trade-
offs highlighted in this study went beyond the quantified losses for both hazards, but also
considered the trade-offs arising from risk perceptions, local appropriateness of solutions, and
availability of resources. Most often, these considerations are neglected when policymakers
and technical stakeholders decide on optimal interventions. Overall, our study contributes to
advancing risk reduction strategies by offering an approach to streamline and contextualise

multi-hazard loss estimates.

5 Methods

Our methods are divided into two broad sections. The first part describes the simulation of
direct economic losses against wind and seismic impacts under different housing stock
scenarios. The second part sets out the identification of the scenarios or optimal solutions that
yield minimal losses considering both hazards. The flowchart of the overall methods is
presented in Figure 5.6. This study utilised data from previous field investigations (see [39,40])
compliant with protocol 2022/705 issued by the Human Research Ethics Committee at the
University of Sydney and the Certificate of Precondition R2-IKSP-2022-12-21 issued by the

National Commission on Indigenous Peoples of the Philippines.
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[Part 1. Simulating direct economic losses] Scenario LWA LWB SCA SCB RCA RCB
Step 1: 1 75% @ 5% | 5% | 5% 5% 5%  (total = 100%)
Generate housing stock scenarios with varying 2 70%  10% = 5% 5% 5% 5%  (total = 100%)
combination of percentages of housing typologies
in increments of 5%. (Note: LWA, LWB, ..., & RCA
are the housing typologies.) 11628 5% 5% | 5% 5% 5% | 75%  (total = 100%)
Scenario LWA LWB SCA SCB RCA RCB
Step 2: 1 728 48 48 49 49 49 (total = 971 houses)
Translate percentages to actual house count 2 680 97 48 48 49 49 (total = 971 houses)
(based on n =971 houses).
11628 48 48 49 49 49 728 (total = 971 houses)
Step 3: A
In each scenario, direct economic legend: Scenario LWA LWB SCA SCB RCA RCB
g loss per house (L) §
calculate the direct h# : house# 1 (total = 971 houses)
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Step 4:

Add the total direct economic losses from all
houses in each scenario for a specified hazard
intensity. (Note: PEIS refers to the earthquake
intensity scale for the Philippines.)

[Part 2. Optimising direct economic losses]

Step 5:

For each case, identify the Pareto
optimal solutions using preference
selection from the rPref package in R.

Step 6:
Rank the identified Pareto optimal
solutions using the R-method.

Step 7:

Assess the Pareto optimal solutions
against the desirability, viability, and
feasibility framework.

Figure 5.6. Flowchart of the methods.

e
Lot = total direct economic losses in a building stock per scenario

(for a specified hazard intensity)

Case 1: PEIS VIl & 270 km/h

Scenario PEIS VIl 270 km/h
1 Liotal Liotal
2 Liotal L(mal
11628 Liotal Liotal
Identify Pareto optimal

solutions for each case
through preference
selection

Case 2: PEIS VIl & 300 km/h

Scenario  PEIS VIl 300 km/h
1 Ltotal L‘lolal
2 Lto(al Lmtal
11628 Liotal Liotal

Identify Pareto optimal
solutions for each case
through preference
selection

Rank the Pareto optimal solutions for each case
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5.1 Simulating direct economic losses

To simulate the direct economic losses from seismic and wind hazards, we first estimated the
average construction costs of the housing typologies through quantity surveying. Next, we
derived scenarios of hypothetical housing stock distributions. Finally, we quantified and

aggregated the housing stock-level direct economic losses.

5.1.1 Construction cost estimates

Estimating the value of the (undamaged) housing stock was first needed before inferring direct
economic loss calculations. We conducted quantity surveying for each of the six post-
earthquake housing typologies surveyed in an earlier study (see [39]) representing the
construction archetypes that are now ubiquitous in the municipality of Itbayat. These typologies
are lightweight, semi-concrete, and concrete (see Figure 5.1), and their characteristics are
described in Table 5.1. The first author conducted the quantity surveying, having inspected the
housing typologies on site which provided familiarity with the housing characteristics. The
procedures of the construction cost estimates, together with the resulting bill of quantities, are

presented in Appendix C.

5.1.2 Deriving hypothetical scenarios of housing stock distribution

We explored different possible combinations of the six typologies to inform hypothetical
housing stock distributions (hereon referred to as “scenarios”) which were later assessed for
their optimal performance in reducing multi-hazard losses. In deriving these scenarios, we used
the partitions package in R which uses combinatorial mathematics to enumerate all the possible
combinations of integers [53]. We assumed that for a given housing stock, each typology would
constitute at least 5% of the overall stock distribution. The idea of representing every typology
in the stock distribution across all scenarios is grounded on the observed heterogeneity of the
present housing stock, implying that each of the typologies will likely be adopted or constructed
by households. Additionally, due to the various socio-economic factors affecting how
households build their dwellings [40], we posit that the transition to a purely homogeneous
housing stock is unlikely in the future. The 5% assumption, which returned 11,628 scenarios,
allowed us to have a reasonable number of stock distributions to analyse without having to deal
with excessive computational efforts for the simulation in the next steps. We translated the
11,628 scenarios, initially expressed in percentages for each typology present in the housing

stock, to counts of housing units. We extrapolated the percentages of each typology in the
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housing stock based on a total of 971 households — the latest data on the total number of
households in the municipality was obtained from the local government as of May 2024. A
“baseline” scenario was identified from the 11,628 scenarios to represent the current housing
stock distribution in the community based on the distribution of the residential portfolio after
the 2019 earthquakes. This baseline scenario was used in comparisons to potential future

distributions.

5.1.3 Quantifying direct economic losses

To quantify direct economic losses, we first simulated the losses per house (L») for each
typology in every scenario using Equation 1 based on the loss estimation methods of Lin &
Wang [54] (adopted from HAZUS [55]). We carried out Monte Carlo simulations in R where
the number of simulations corresponds to the quantity of houses specified per scenario. All
simulations (based on a standard of 10,000 iterations) were probabilistic to account for
uncertainties in the loss estimates. We therefore used probability distributions as inputs for
Equation 1 to generate a resulting probability distribution for Lz This method is referred to as
uncertainty propagation where the uncertainties in the inputs “propagate” into the simulation

results [56].

Li=C*A* 1y (1)

where:

L = direct economic loss per house, in Philippine peso (PHP)
C = construction cost of a house per square metre, in PHP

A = floor area of a house, in square metre

Im = loss multiplier

The construction cost of a house per square metre (C) was based on the quantity surveying
discussed in “Construction cost estimates” section. We used a triangular distribution common
in probabilistic construction cost estimates which can intuitively account for a range of cost
values based on the mode, the minimum, and the maximum estimates [57]. We used the
estimated construction cost as the mode and +/- 10% for the maximum and minimum values.
The 10% assumption is based on a common rule of thumb in residential project estimation in

the Philippines accounting for contingencies of estimates and the inherent uncertainties with

153



Chapter 5

the construction market. The floor area of a house (A4) was based on data from the Philippine
Statistics Authority [58,59]. In Region 2, where Itbayat is located, the floor areas of houses
approximate a lognormal distribution with most of them having 30 sqm to 49 sqm [58,59]. In
our simulation, we bounded the values between 5 sqm and 200 sqm to represent realistic total
floor sizes. Less than five sqm was considered too small to be habitable, while more than 200

sqm is rare within the residential portfolio of Itbayat.

The loss multiplier (/) was derived using Equation 2. Specific hazard intensities are required
in this calculation representing the triggers incurring losses in relation to housing performance
of particular typologies. For this study, we described the selection of these hazard intensities in

“Selecting cases for Pareto optimal solutions” section.

Z’” = Zggg (Pdsx * Rdsx) (2)

where:

Im = loss multiplier

ds2:ds5 = damage state (ds) 2 to 5

Paisx = probability of a housing typology in each damage state

Rasx = structural repair cost ratio of a housing typology in each damage state

The probabilities of a typology reaching or exceeding a damage state (Pasx) were based on the
fragility functions derived specifically for the context of Itbayat (see [39]). These functions —
derived through an expert-driven approach — account for wind and seismic housing
performance of the housing typologies constructed after the 2019 earthquakes. (For the
parameters of these fragility functions, see [39].) For the structural repair cost ratios (Rdsx),
none have been developed yet specific to the Philippine context which could have
contextualised the loss-to-repair dynamics of the different construction archetypes within the
country. Therefore, we used the default values of structural repair cost ratios from HAZUS
which are used as proxies for both wind and seismic loss estimations [55,60,61]. These are 0.02
for minor damage (damage state (ds) 2), 0.10 for moderate (ds3), 0.50 for extensive (ds4), and
1.00 for complete (ds5). It is assumed that no repair costs are required for very minor damage
(ds1); thus, it was omitted from the calculation. We used the same repair cost ratios for all the
typologies given that the default values are generic. A triangular distribution was adopted for

the simulation where the calculated /» under the specified hazard intensity was the mode. For
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seismic, the minimum and maximum values are the corresponding /» by +/- one PEIS intensity.
For wind, the minimum and maximum values are the /» by +/- 50 kilometres per hour — an

assumption based on expert judgement to establish a reasonable threshold for wind damage.

Finally, the losses per house were aggregated to quantify the total direct economic losses

incurred by a housing stock in each scenario. This was calculated using Equation 3.

Liotar = (Z:;ll = Lh)LWA + (Z:;ll = Lh)LWB + (Z:l=1l = Lh)SCA + (3)

(Z?=1i = Lh)SCB + (2711=1l = Lh)RCA + (Z;’l=1l = Lh)RCB

where:

Liotar = total direct economic losses in a housing stock per scenario (for a specific hazard
intensity), in PHP

Ly = direct economic losses per house for a specific hazard intensity, in PHP

n = number of houses for a typology in each scenario

LwA, LwB, ... RcB = housing typologies

5.2 Optimising direct economic losses

Pareto optimality describes a situation wherein the achievement of one objective compromises
compliance with the other objective/s [34]. This is a common concept in multi-objective
optimisation where the inherently conflicting requirements of various objectives warrant
consideration of candidate solutions that somehow satisfy all the required objectives. In this
study, we employed Pareto optimality to identify which scenarios simultaneously yield the least
direct economic losses, considering a tandem of predefined seismic and wind intensities.
Building a dwelling to resist both seismic and wind impacts is an example of a multi-objective
problem requiring Pareto optimal solutions due to the competing impacts of these hazards. In
the following sections, we describe how we selected hazard intensities for the Pareto optimal
analysis, followed by how we identified and ranked the Pareto optimal solutions. Lastly, we
present how we incorporated a framework to analyse these solutions against socio-technical

indicators.
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5.2.1 Selecting cases for Pareto optimal solutions

The calculation of direct economic losses is based on specific hazard intensities as earlier
shown in Equation 2. In this study, we chose two (2) pairs of wind and seismic intensities
(hereon referred to as “cases”) where Pareto optimal solutions were analysed. Each case
represents the objectives of the inquiry in that we aim to simultaneously minimise the direct
economic losses incurred by a housing stock respective to the specified intensities. The
selection of the pairs of intensities does not imply the simultaneous co-occurrence of these.
Rather, we selected the cases as thresholds where losses to housing assets are anticipated,
guided by the performance-based design matrix [62,63] (see Figure 5.7). The cases were based
on hazard levels, with the pairing of intensities drawn from the corresponding return periods.
Our analysis is geared towards life safety and collapse prevention — the performance level
requirements for residential dwellings (standard occupancy) when these are subjected to
occasional and rare hazard intensities. The return periods are probabilistic estimates from the
Philippine Earthquake Model [64] and the Regional Severe Wind Hazard Maps of the
Philippines [45]. Seismic intensities are based on the PHIVOLCS Earthquake Intensity Scale
(PEIS) which is the nationally developed earthquake intensity measurement in the Philippines
[41]. Meanwhile, wind intensities are expressed in kilometres per hour (km/h) and represent a

3-second peak gust measured 10 m above ground [45].
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Figure 5.7. Performance-based design matrix adapted from Elnashai & Di Sarno [62] and Tsompanakis
[63]. The return periods for Itbayat, Batanes are probabilistic estimates from the Philippine Earthquake
Model [64] and the Regional Severe Wind Hazard Maps of the Philippines [45].

The first case is PEIS VII and 270 km/h representing occasional hazard intensities.
“Occasional” in this context implies hazard levels below the threshold of the most extreme
hazard intensities projected. A 270 km/h wind speed has a probability of 1% (100-year return
period) to 5% (20-year return period) of occurring in a given year [45]. Meanwhile, a peak
ground acceleration of 0.3 g to 0.4 g (approximately PEIS VII (see [42—44])) has a probability
of 0.2% occurring annually (500-year return period) [64]. These intensities align with
significant recent disasters experienced in the community. In 2016, Typhoon Ferdie (Meranti)
hit mainland Batanes with a gustiness of up to 252 km/h, then made landfall in Itbayat where
its intensity (was believed to) peaked but no official records are available due to limitations of
weather instruments [65] (potentially reaching ~ 270 km/h). In 2019, a series of earthquakes
struck the island, and the majority of the residential areas were exposed to the impacts of PEIS
VII [37,38]. Thus, these intensities can also be referred to as the experiential maximums — a
threshold that will likely inform policies of disaster mitigation based on the first-hand

encounters of local constituents.

The second case is PEIS VIII and 300 km/h representing rare hazard intensities. “Rare” in this
context implies the anticipated maximum hazard levels in the probabilistic hazard maps. The
projected maximum wind speed that can be experienced in Itbayat is 300 km/h simulated to
have a 0.2% likelihood to occur in any given year (500-year return period) [45]. Meanwhile,
the maximum peak ground acceleration expected is 0.6 g (approximately PEIS VIII (see [42—
441)) which has a 0.04% likelihood in a given year (2500-year return period) [64]. No official
records can confirm if these wind and seismic intensities have been experienced historically in
Itbayat. These projections of intensities — being the theoretical maximums in our analysis — are
useful to anticipate the vulnerability of structural assets of the residential building portfolio

under extraordinary circumstances.

5.2.2  Identifying and ranking Pareto optimal solutions
The Pareto optimal solutions were identified for each case by determining the scenarios that

simultaneously yield the least direct economic losses for both wind and seismic hazards. To do
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this, we used the preference selection (psel) function in rPref package in R [66]. The psel
function evaluates a preference from a given data set. In this study, the preference was to
identify the scenarios with the least losses considering both hazards, returning a set of non-
dominated solutions (or Pareto optimal solutions) that satisfy this preference. The process of
deriving these non-dominated solutions involves an algorithm that iteratively evaluates all
possible outcome combinations and returns the best solutions being those that are not
dominated by any other possible solutions. The loss outputs from Equation 3 are probability
distributions, thus the 95" percentile values for these distributions were selected for the
preference selection analysis. We used the 95" percentile value being more stringent and
conservative considering the high-risk consequences that could possibly arise from

underreporting potential worst-case outcomes in probabilistic loss analysis.

The Pareto optimal solutions identified for each case were then ranked to filter the top solutions.
We used the multi-attribute decision-making method proposed by Rao and Lakshmi [46] called
the R-method. This method has been demonstrated to outperform widely used multi-attribute
decision-making tools such as the simple additive weighting (SAW), weighted product method
(WPM), among others [46]. The first step in using the R-method is to rank the objectives
according to perceived importance. Here, we assigned a 1.5 rank (average of 1% and 2" ranks)
for both the wind and seismic objectives implying their equal importance because impacts from
both hazards do bring significant damage to structural assets. Next, the Pareto optimal solutions
are ranked for each hazard. Since the goal is to minimise losses, the solution with the lowest
direct economic loss was ranked 1% and the highest was ranked last. The ranks for both
objectives and solutions were then converted to their corresponding weights using Equation 4.

Examples of deriving these weights can be found in Rao and Lakshmi [46].

)

wy = —— e @)
jzl()?i:l(%))

where:
w; = weight of objective/solutionj (j =1, 2, 3, ..., n)
rr = rank of objective/solution k (k=1,2,3, ...,]J)

n = number of objectives/solutions
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The weights of the solutions were then multiplied by the weight of their corresponding
objective. The products of these were summed up across each scenario to create a composite

score where the score with the highest value/s represent/s the top solution/s.

5.2.3 Contextualising the Pareto optimal solutions against the DVF framework

The Pareto optimal solutions represent the candidate scenarios that best address the objectives
of simultaneously minimising direct economic losses against wind and seismic impacts.
However, these solutions might not be pragmatically applicable without analysing them against
the socio-technical factors affecting the residential construction context. Hence, we
contextualised the Pareto optimal solutions against the desirability, viability, and feasibility
(DVF) framework. The DVF framework is used in design thinking and business disciplines to
evaluate whether proposed innovations will be desirable to users, viable for organisations, and
technically and financially feasible [67]. We adapted this framework for this study to evaluate
whether the characteristics of the housing stock distributions of the Pareto optimal solutions
align with the households’ preferred mode of construction (“desirability”), suitable for the
community in the long term (“viability”), and realistically achievable (“feasibility”) (see Figure
5.8). Our assessment was qualitative with the aim to generally appraise potential solutions
within practical considerations. This qualitative assessment was based on primary data from an
earlier study in the same field study site which used field immersion, interviews, and focus
group discussions to understand the socio-technical factors of housing reconstruction within
the selected community (see [40]). Note that desirability, viability, and feasibility are dynamic
lenses influenced by circumstances, such that households’ perceptions can change or new

technologies or increased financial capacities can shift what is viable and/or feasible.
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Desirability

Do the households prefer
constructing majority of the
typologies leading to more
receptive adoption?

" Ideal

Viability A Feasibility

Can most of the typologies be
constructed given the available
financial and technical
resources/circumstances?

Are most of the typologies
durable enough to thrive in
the local geographical
context?

Figure 5.8. Desirability, viability, and feasibility (DVF) framework.

We posit that concrete structures are favoured most by households in Itbayat based on a
previous study where households increasingly seek to construct heavier, reinforced typologies
following the seismic events in 2019 and the noticeably intensifying wind hazards [40].
Restrictions on cutting and sourcing hardwood grown on the island have also forced households
to use commercially available alternatives which raised scepticism about whether alternative
timber materials are as durable as the local species of wood they commonly used before. Hence,
we assessed scenarios as desirable if most houses are concrete-based typologies (SC-A, SC-B,
RC-A, RC-B). Desirability is a critical aspect as previous studies in different contexts have
shown how households’ perception of housing safety greatly influences the adoption of (and
receptiveness to) certain construction archetypes [48,68]. Factoring in desirability also
eliminates the risk of endorsing (and eventually imposing) unwanted solutions common in the

developmental context.

We assessed viability based on the idea of permanence associated with lesser maintenance
requirements and inherent longevity of typologies. Lightweight typologies tend to incur

maintenance more frequently than concrete structures and can be less durable when exposed to
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extreme environmental conditions [69]. For example, corrugated galvanised iron sheets used
as the main wall cladding for lightweight houses can eventually be prone to rusting due to sea
breeze (Itbayat being an island) on top of their susceptibility to physical damage. Additionally,
(untreated) wooden materials can easily become structurally compromised when exposed to
damp conditions. We thus have considered scenarios with less lightweight houses to be more

viable.

Feasibility was assessed on economic and technical bases. Cost-wise, the heavier the typologies
become, the costlier they are to construct. On average, the differential cost of building a fully
lightweight and a fully concrete house in Itbayat is ~ PHP 600,000 (USD 10,700) — a cost not
commensurate to be easily funded (without formal subsidies) when most of the households rely
on fishing and farming for their livelihoods. The high construction costs on the island have
been primarily due to the logistical challenges of importing materials and the regulatory
barriers affecting the extraction of locally available materials forcing locals to rely on costly
commercial alternatives [40]. On a technical basis, local building expertise in Itbayat has
historically been focused on wooden construction systems, with the majority of the available
construction labour on the island more well-versed in timber construction. Given these
considerations, we assessed a scenario to be more feasible if fewer houses are of full or partial

concrete construction.

6 Data and code availability

A supplementary file is attached as Appendix C. The code used in this study is available at
https://github.com/arvinhadlos/loss-estimation.git.
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Conclusion

1  Synthesis

This thesis analysed how Indigenous communities affected by multi-hazard events navigate
housing reconstruction using their knowledge and resources to reduce disaster risk. First, an
extensive review was conducted to examine the application of LIK in DRR scholarship, which
revealed a myriad of risk reduction strategies that communities mobilise, often discussed at the
nexus of the integration of knowledge (LIK and scientific) and power spheres (top-down and
bottom-up approaches). Second, a field-based investigation was carried out in Itbayat, Batanes
in the Philippines to quantify housing performance against wind and seismic hazards of the
post-disaster dwellings built by Indigenous households. An expert-driven approach was used
to derive fragility functions to assess the housing performance of these dwellings, revealing the
extent of structural responses of the different housing typologies. These typologies range from
lightweight to reinforced concrete; some reflect the blending of contemporary and traditional
construction practices. Third, an inquiry into the factors affecting how households rebuilt their
dwellings showed the network of socio-technical considerations leading to a plurality of
housing reconstruction pathways. These considerations were influenced by the urgency to have
shelter, perceptions of housing safety, the nature of aid channelled to households vis-a-vis their
financial situations, and the policies that affect access to locally available building materials.
Lastly, to analyse collective safer housing construction practices at a community level, this
thesis developed an approach to evaluate the trade-offs of building resilient dwellings amid
wind and seismic impacts through multi-objective optimisation. In resource-constraint settings
like Itbayat, it becomes apparent that transitioning to a more resilient housing stock considering
multi-hazard impacts is not only a matter of structural considerations of housing characteristics.
The trade-offs intrinsically faced in these settings extend to socio-technical aspects such as

households’ risk perceptions, local appropriateness of solutions, and availability of resources.

2 Research contributions

This thesis broadly contributes to examining the application of LIK alongside scientific

knowledge to manage disaster risk. By analysing local capacities, this people-centred approach
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is a step towards connecting technical knowledge to behavioural and cultural patterns critical
to tackle sustainable development challenges usually undertaken technocratically. Disaster
studies are inextricably linked to the behavioural and cultural dynamics of people in hazard-
affected regions. However, default DRR interventions usually impose solutions on
communities devoid of the “human element” for these to work on the ground. Moreover, this
thesis contributes to the school of thought in decolonising the engineering practice (see [1]).
By incorporating local perspectives in the conception of products and approaches that assist
underserved communities, this work rethinks the incessant quest for new technologies to
address problems, and instead it examines how local engagement plays a role in identifying

contextual and sensible solutions.

The specific chapter contributions of this thesis are as follows. In Chapter 2, the review of the
LIK in DRR scholarship offers a blueprint providing future directions for where this important
agenda is headed. It assessed the blind spots (e.g., where LIK is geographically understudied)
and trajectories (e.g., alignment to the Sendai Framework priority areas) of this agenda for
more refined practice and policy applications. For example, the blending of LIK and scientific
knowledge is becoming a prominent approach to reduce disaster risks. However, low-income
nations are disproportionately underrepresented in empirical LIK studies and thus we lack a
grasp on their knowledge systems, potentially inhibiting pathways to incorporate them in
formal DRR interventions. The review also underscores the vastness of LIK as a rich asset in
managing disaster risks which is useful towards a more collective understanding of its
strengths, limitations, and the threats to its implementation in the DRR space. Overall, this
chapter delivers a holistic synthesis of LIK in DRR scholarship, potentially paving the way for

its more dedicated inclusion in DRR practice and policy environments (see [2—4]).

In Chapter 3, the housing performance assessment of non-engineered dwellings is (among) the
first to extrapolate the expert-driven approach of deriving fragility functions to consider
understudied housing typologies in a high-risk setting like the Philippines. Through the
application of heuristic methods, opportunities open to more localised and streamlined risk
assessments of housing assets by capturing the nuances and granularity of their structural
characteristics. Additionally, the resulting fragility functions derived in this chapter are the
first-generation functions developed for Batanes, Philippines, which can also be used in other
contexts where similar structural housing characteristics prevail. These functions are

fundamental in catastrophe modelling but are usually lacking in high-risk settings where they
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are critically needed [5]. The derivation of these fragility functions contributes to databases and
resources for global risk modelling, such as that of the Global Earthquake Model (GEM) [6].
In countries like the Philippines where housing characteristics greatly vary across the region
(see [7]), the focus on municipal-level housing assessments aid in a more refined approach of
understanding local-level risks which are (often) generalised in macro-level assessments [8].
This chapter contributes to new structural housing performance assessments that account for
the granular characteristics of local residential portfolios in disaster-prone and resource-

constrained settings.

In Chapter 4, the elicitation of socio-technical factors affecting housing reconstruction
contributes to the contextual understanding of shelter recovery in multi-hazard settings [9,10],
specifically among communities who had primarily coped with the impacts of a single hazard.
The field-based study informs policy suggestions based on the nuanced understanding of the
intrinsic challenges in the context of the Indigenous communities in Itbayat. Additionally, it
also expands a proposition that attaining safer construction practices can largely be dependent
on the socio-cultural climate within a community (see [9—13]). While the general school of
thought is that building safer dwellings is a technical (engineering) task (see [14]), insights
from the case study demonstrate otherwise, shedding light on the socio-technical factors that
make housing reconstruction more than an engineering problem. This thesis thus influences
discourses on effectively delivering safer housing projects. Overall, this chapter uncovers how
Indigenous populations navigate housing reconstruction under the impacts of multi-hazard

events.

In Chapter 5, the developed building stock-level approach to optimise multi-hazard housing
reconstruction strategies contributes to facilitating decision-making considering the conflicting
demands of multiple hazards. This approach also instils a paradigm shift in understanding
housing safety as an aggregate or collective system of the physical assets of disaster-affected
communities. Much of the application of multi-objective optimisation in engineering literature
has been on the trade-offs of multi-hazard performance of structural components and parts [ 15—
17] or at an individual building level [18,19]. Thus, applying this method to a residential
building stock extends mainstreaming to this unit of analysis, informing more collective safer
construction practices in communities. Central to the approach developed for this chapter is the
addition of a socio-technical analysis of the identified optimal solutions. This contributes to a

more pragmatic appraisal, in both practice and policy environments of DRR, of what optimality
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looks like considering the trade-offs of not just housing performance but also of the capacities
of constituents and the circumstances allowing for intended reconstruction propositions to take
place. This chapter addresses the lack of an approach to collectively analyse the trade-offs of
multi-hazard housing reconstruction at a community level, considering the structural

performance of physical assets and the prevailing socio-technical circumstances.

3 Research implications

3.1 Local or municipal level

On a local or municipal level, this thesis provides insights into potential policy reforms and
program development to advance the multi-hazard resilience of housing assets. Identifying
prevailing housing typologies and assessing their respective performance offers a clearer
understanding of the capacity of the studied residential building portfolio. Given this
information, the Comprehensive Land Use Plan in Itbayat can be updated to reflect the
distribution of housing typologies within the built-up areas. This can serve as useful baseline
inventory for critical DRR activities like structural retrofitting programs or housing upgrades,
rapid damage and needs assessments, and risk-based residential zoning considering site-
exposure multipliers vis-a-vis the characteristics of housing assets. Such potential applications
can guide the formulation of a municipal housing recovery plan as promoted in the Post-
disaster Shelter Recovery Policy Framework of the Philippines [20]. Additionally, these
potential applications can also inform local building ordinances, especially in anticipation of
the New Philippine Building Act (House Bill 8500), which would allow municipal

governments to legislate their own building laws [21].

The attempts to understand and codify the local construction practices in Itbayat also support
the cultural upkeeping of important building methodologies in the area, aiding in the
intergenerational transfer of these assets. In July 2024, the Local Culture and the Art Council
and the municipal legislators of Itbayat recognised Chapter 3 of this thesis as among the
documentations that helps promote the heritage of the municipality (see [22]). This
acknowledgement is timely in the pursuit of understanding LIK in DRR amid the factors that
threaten its existence, such as rapid urbanisation and persistent technocracy in DRR
management. Finally, this thesis highlights how the lack of policy synergies creates a cascading
effect on the ability of Indigenous communities to build resilient dwellings. Presently, an

ongoing effort calls for a policy review of environmental laws such as the Batanes Protected
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Area Act of 2000 [23] and how it conflicts with the Indigenous Peoples’ Rights Act of 1997
[24]. This thesis provides substantial insights on this agenda, informing potential policy
refinements that would eventually benefit the Indigenous communities in Batanes and across

the country.

3.2 National level

On a national level, this thesis encourages localised risk assessments in the advancement of
country-wide assessments of the vulnerability of housing typologies pertinent to their (multi-
)hazard exposure. While housing characteristics already form part of the national census
conducted by Philippine Statistics Authority and that national hazard exposure databases are
publicly available (e.g., [25]), there still remains a gargantuan task to understand the resilience
of the housing stock in the country. The focus on local case analysis or field-based studies sets
an approach to identify housing vulnerability hotspots at a municipal level nationwide,
eventually bringing a more refined understanding of housing resilience in the Philippines. This
approach prompts the national government to support every municipality in producing detailed
risk assessments as building blocks towards a robust national housing evaluation. The
importance of localised risk assessment also instils the need to complement macro-level
assessments with granular data at the community level because generalised assumptions might
under- or over-estimate risk projections [8]. These insights can build the momentum for greater
inclusion of or investment in localised risk assessments in the National Disaster Risk Reduction
Management Plan of the Philippines, setting forth a clearer agenda or framework for

institutionalising these assessments.

The dynamics of housing reconstruction among Indigenous households presented in this thesis
supports the mandate of the Post-disaster Shelter Recovery Policy Framework of the
Philippines [20]. Specifically, this policy framework underscores the importance of housing
self-recovery to address the shelter deficit problem in the country through leveraging local
knowledge and practices of communities. This thesis gives clearer directions to this policy
framework with the presented case study bringing self-recovery insights which can be used as
a rationale in crafting the implementing rules and regulations of such policy. Additionally, with
the limited insights on the housing performance of self-built or non-engineered houses across
the country, this thesis encourages further analysis for these types of structures and for them to

have a certain degree of guidance in the National Building Code and the National Structural

173



Chapter 6

Code of the Philippines. The passing of the New Philippine Building Act would be a timely
entry point for this endeavour as it would repeal the decades-old and obsolete building laws
[26], additionally lobbying for climate-proofing and strengthened risk reduction measures of

structural assets in the Philippines [21,27].

3.3 Global scale

On a global scale, this thesis adheres to the Sendai Framework on using LIK in DRR across
the four priority areas of understanding risk, strengthening risk governance, investing in
disaster risk reduction resilience, and enhancing reconstruction capacities to build back better.
Insights from local case studies are the building blocks to better understand the contextual
nuances of advancing these priority areas. These local insights guide future global DRR
frameworks in continually refining strategies and policies to support the worldwide response
of substantially reducing losses to lives and assets. The importance of case studies for global
application has been demonstrated in light of the development of a complementary guidance
instrument for translating the Sendai Framework into implementable actions on advancing the
use of LIK in DRR (see [2]). By showcasing the field-based insights of this thesis to a global
readership, it influences the dynamics of how DRR practitioners worldwide can learn from and

support Indigenous populations in multi-hazard settings.

The survey of local housing typologies and the generation of the fragility functions in this thesis
are foundational in the global efforts to understand the worldwide snapshot of disaster risk
based on more locally grounded, refined assessments. This setup has implications for more
robust global loss estimates, helping in closing the gap of underreported disaster impacts,
especially in rural or remote areas [28]. This will eventually render the true extent of the toll
that disasters take globally and potentially enhance the vision for more equitable allocation or

distribution of aid/resources in disaster settings.
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Figure 6.1. Summary of research contributions, research implications, and main thesis takeaway.
4 Future directions

This thesis highlights a context where local capacities become a critical dimension to manage
disaster impacts, suggesting a course of action that should instate a people-centred view in
improving (blanket) DRR interventions. While technologies aid in disaster management,
focusing on the behavioural and cultural patterns among disaster-affected populations can
provide as much benefit and outcome for risk reduction. This thesis supports this position
through the blending of LIK and scientific thinking to address DRR challenges. From here, an
imperative arises for future work to adopt this paradigm of knowledge co-production which
can eventually transform the persistent and technocratic status quo in managing disaster
impacts. Additionally, the people-centred view adapts to the dynamic outlook of the disaster-
affected populations of continually innovating their coping strategies in the face of
disturbances. Thus, instating a people-centred view in DRR guides future work in ensuring the

relevance of strategies and actions in the ever-changing disaster space.
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This thesis focused on one Indigenous community in the Philippines to provide a contextual
understanding of the intrinsic housing reconstruction strategies in this area. The approaches
adopted in this thesis — namely, (i) the quantification of housing performance through expert-
driven method, (ii) the socio-technical analysis of housing reconstruction factors, and (iii) the
multi-hazard housing reconstruction analysis — can be scaled for application in similar contexts
in the Philippines. By doing so, an opportunity arises to create a national database of localised
housing risk assessments. While this is an enormous task in an archipelago of more than 7000
islands, this shall set forth the underlying corpus of understanding or building local resilience
of assets in the country. Beyond the Philippines, these approaches can also be undertaken and
refined in other contexts especially in areas where multi-hazard circumstances complicate
reconstruction strategies. Additionally, this thesis only explored the structural aspect of risk
reduction. Other loss parameters including the anticipated casualties and recovery times are not

incorporated and can therefore be adopted in future studies.
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Experts’ solicitation form Information Sheet

Obijective. This survey aims to solicit your judgement on what intensity of earthquake and typhoon can bring a
certain damage state to a particular housing typology. Your inputs will be used to derive fragility functions — a
fundamental tool in assessing how a particular housing typology can withstand different hazard intensities. The
study in general is based in ltbayat, Batanes, Philippines and we aim to help households understand the
vulnerability of their houses against wind and seismic impacts. We are relying on the judgement of experts and
specialists because analytical and empirical data are currently impractical to acquire. We invite you to take part
in this assessment because of your familiarity with the typologies of interest and/or the damage states.

Outline. This document contains the following:

e Page 2 — 5: Descriptions of the seven (7) housing typologies, which include:
o Typology 1 — Unreinforced masonry

Typology 2 — Lightweight with wooden posts

Typology 3 — Lightweight with steel posts

Typology 4 — Semi-concrete with steel posts

Typology 5 — Semi-concrete with reinforced concrete (RC) posts

Typology 6 — RC structure with lightweight roof

o Typology 7 — RC structure with flat slab

O O O O O

e Page 6 — 7: Earthquake assessment (includes the answer sheet, information on the intensity measure, and
damage states)

e Page 8 — 9: Typhoon assessment (includes the answer sheet, information on the intensity measure, and
damage states)

General instructions. Please provide an estimated earthquake and typhoon intensity that will yield the specified
damage extent to the seven (7) housing typologies described in the succeeding pages. Note that these typologies
maybe constructed with variability in design and construction (especially because of their non-engineered nature),
so there might not be a precise threshold. To reflect this uncertainty, we need you to estimate two values — a
median and a lower bound — for each damage measure for every typology. We also need you to assess your
level of confidence in the estimates you provided.

e Maedian intensity — “What intensity can bring the specified damage state to 50% of residential structures
having the same typology?” (see example below)

e Lower-bound intensity — “What intensity can bring the specified damage state to 10% of residential
structures having the same typology?” (Note: Judge the lower-bound carefully. Make an initial guess and
consider conditions that will affect your estimate, then revise accordingly. Without careful thought, distinction
between the lower-bound and median estimates might not be pronounced so think twice and do not be afraid
to show uncertainty.) (see example below)

e Level of confidence — How confident are you in your estimates? Provide an answer from 1 to 5, where 1
means low confidence (not so sure of your estimates) and 5 means highly confident (or very sure about your
estimates). (see example below)

Instructions for answering the earthquake assessment. “PEIS” refers to the earthquake intensity scale used in
the Philippines — this is described fully in Page 6 including the damage states for seismic impact.

For example: If you answer this, then you are implying that when there is an
intensity VI (or 6) earthquake, 50% of unreinforced masonry structures will
experience extensive damage (damage state 4).
Damage states
1 2 3 4 3 Con-
Typology (None/very (Minor (Moderate (Extensive (Complete fidence
minor damage) damage) damage) damage) Tlevel
damage) 1
Median L
'";:EE"’ pels: Il pEIS: LIV | pEIs: V. | PEIS: VI | PEIS: VI
1= Intensity) | (Note: Fill all thg blanks in the table. These inputs gre for illustrative jpurposes only.)
Unreinforced Lower- 4
masonry bound A
intensity PEIS: _ll PEIS: _1ll PEIS: V-V PEIS: M-VI PEIS: VI-VII
(PEIS (or 4.5) (o 5.5) (or 6.5)
Intensity) A

For example: If you
answer this, you are
expressing that you are
almost very sure about the
estimates you provided.

For example: If you answer this, then you are implying that when there is an
intensity V-VI (or 5.5) earthquake, 10% of unreinforced masonry structures will
experience extensive damage (damage state 4).
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Instructions for answering the typhoon assessment. “3-second peak gust” is the intensity measure for wind impact —
this is described fully in Page 8 including the damage states for wind impacts.

For example: If you answer this, then you are implying that when there is a
320 km/h 3-second peak gust wind speed, 50% of unreinforced masonry
structures will experience extensive damage (damage state 4).

Damage states
1 2 3 4 5 Con-
Typology (None/very (Minor (Moderate (Extensive (Complete P
minor damage) damage) damage) damage) Tlevel
damage) T
Median ¢
infensity | 170N k 95 210 320 375
(3-sec m/h km /h km/h km/h km/h
1- peak gust) | (Note: Fill all thg blanks in the table. These inputs|are for illustrative jpurposes only.)
Unreinforced Lower- _1
masonry bound A
intensity 65 km/h | _80 km/h | 150 km/h 275 km/h | 350 km/h
(3-sec
peak gust)
For example: If you answer this, then you are implying that when there is a 275 For example: If you answer
km/h 3-second peak gust wind speed, 10% of unreinforced masonry structures this, you are expressing that
will experience extensive damage (damage state 4). you are not very sure about
your estimates.

Housing typologies. Please refer to the images and descriptions of housing typologies below for reference.

Housing typology 1 — Unreinforced masonry
a b SRS

v /" e "‘ B o - Q__, = ‘_ 2
Figure 1. (a) An archetype of an unreinforced masonry structure. (b) Coral limestones as walling material bounded by
quicklime mortar. (¢) Typical roof-to-wall connection where thick logs are embedded in stone walls. (d, e) Layered thatch

(cogon) roofing with reed matting.

Typology 1 Unreinforced masonry (see Figure 1)

Building height One story

Type of lateral load-
resisting system (LLRS)

Material of LLRS

Wall system

Thick walls (0.80 metre to 1 metre wide) made of coral limestones bounded by quicklime
(“slaked”) mortar (see image “b”). With wall foundation of the same material.

Thick walls (0.80 m to 1 m wide) made of coral limestones bounded by quicklime (“slaked”)
mortar (see image “b”). Openings are covered with solid wood panels.

Gable roof configuration. Layered thatch (cogon) roofing tied to wooden roof members (see
image “c”) using native (plant-based) tying materials (or most recently with commercially
available materials like nylon). Roof eaves/overhangs follow just the thickness of the thatch
roofing (see image “d”, and “e”).

Wall material

Roof profile
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Housmg typology 2 - nghiwelght with wooden posts

il

Figure 2. (a) An archetype of a lightweight structure with wooden posts. (b) Roof/wall sheets are common to be fastened
every one or two corrugations. (c) Improvised rubber washers for nail fasteners. Common post and beam connections are (d)
bolted, (e) hooked with reinforcing steel bars, and (f) nailed.

Typology 2

Lightweight with wooden posts (see Figure 2)

Building height

One story

Type of lateral load-
resisting system (LLRS)

Post and beam system

Material of LLRS

Primary (corner) posts are made of wood (see image “d”, “e”, and “f”) driven on ground but
without foundation. Additional wooden posts as intermediate supports are common. Timber
beams are used.

Wall material

Corrugated galvanised iron (CGl) sheets nailed on wooden frames, fastened every other
one or two corrugations (see image “b”). Nails are common to have improvised rubber
washers (see image “c”). Jalousie glass windows or window/door panels made from
CGl/plywood are common.

Roof profile

Gable roof configuration. CGI roofing sheets nailed on wooden roof members. Nails are
common to have improvised rubber washers (see image “c”). Roof eaves/overhangs rarely
exceed 30 cm.

Housing typology 3 — Lightweight with steel posts

L

Figure 3. (a) An qrchefybe of a lightweight structure with steel posts. (b) Roof/wall sheets are common to be fastened every
one or two corrugations. (¢) Improvised rubber washers for nail fasteners. Common post and beam connections are (d) bolted,
(e) notched and clipped, and (f) hooked with reinforcing steel bars.

Typology 3

Lightweight with steel posts (see Figure 3)

Building height

One story

Type of lateral load-
resisting system (LLRS)

Post and beam system

Material of LLRS

Primary (corner) posts are made of 4-inch to 5-inch (100-mm to 127-mm) diameter steel
pipe (see image “d”, “e”, and “f”) with reinforced concrete (RC) foundation. Wooden posts
as intermediate supports are common. Timber beams are used.

Wall material

Corrugated galvanised iron (CGl) sheets nailed on wooden frames, fastened every other
one or two corrugations (see image “b”). Nails are common to have improvised rubber
washers (see image “c”). Jalousie glass windows or window/door panels made from
CGl/plywood are common.

Roof profile

Gable roof configuration. CGI roofing sheets nailed on wooden roof members. Nails are
common to have improvised rubber washers (see image “c”). Roof eaves/overhangs rarely
exceed 30 cm.
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Housing typology 4 — Semi-concrete with steel posts
| y 0

Figure 4. (a) An archetype of a semi-concrete structure with steel posts. (b) Roof /wall sheets are common to be fastened
every one or two corrugations. (c) Improvised rubber washers for nail fasteners. Common post and beam connections are (d)
bolted, (e) notched and clipped, and (f) hooked with reinforcing steel bars.

b

Typology 4

Semi-concrete with steel posts (see Figure 4)

Building height

One story

Type of lateral load-
resisting system (LLRS)

Hybrid: Post and beam system with lower half reinforced concrete (RC) wall providing
additional lateral stiffness

Material of LLRS

Primary (corner) posts are made of 4-inch to 5-inch (100-mm to 127-mm) diameter steel
pipe (see image “d”, “e”, and “f”’) with RC foundation. Wooden posts as intermediate
supports are common. Timber beams are used.

Wall material

Lower half: RC walls. Upper half: corrugated galvanised iron (CGl) sheets nailed on wooden
frames, fastened every other one or two corrugations (see image “b”). Nails are common to
have improvised rubber washers (see image “c”). Jalousie glass windows or window /door
panels made from CGl/plywood are common.

Roof profile

Gable roof configuration. CGI roofing sheets nailed on wooden roof members. Nails are
common to have improvised rubber washers (see image “c”). Roof eaves/overhangs rarely
exceed 30 cm.

4|

» e

Figure 5. (a) An archetype of a semi-concrete structure with RC posts. (b) Roof /wall sheets are common to be fastened every
one or two corrugations. (¢) Improvised rubber washers for nail fasteners. Common post and beam connections are (d, e)

dowels wrapped around beams and roof members.

Typology 5

Semi-concrete with reinforced concrete (RC) posts (see Figure 5)

Building height

One story

Type of lateral load-
resisting system (LLRS)

Hybrid: Post and beam system with lower half reinforced concrete (RC) wall providing
additional lateral stiffness

Material of LLRS

Primary (corner) posts are made of RC (see image “d” and “e”) with RC foundation. Timber
beams are used.

Wall material

Lower half: RC walls. Upper half: corrugated galvanised iron (CGI) sheets nailed on wooden
frames, fastened every other one or two corrugations. Nails are common to have improvised
rubber washers (see image “c”). Jalousie glass windows or window /door panels made from
CGl/plywood are common.

Roof profile

Gable roof configuration. CGI roofing sheets nailed on wooden roof members. Nails are
common to have improvised rubber washers (see image “c”). Roof eaves/overhangs rarely
exceed 30 cm.
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tructure with lightweight roof

Figure 6. (a) An archetype of a reinforced concrete structure with lightweight roof. (b) Roof sheets are fastened every one
or two corrugations. (¢) Nails as fasteners come with improvised rubber washers. (d) In some structures, inside gutters are
common to conceal the edges of roofing sheets. (e) Roof-to-wall connections are common to be via dowels from reinforcing
steel bars wrapping the wooden roof members.

Typology 6

Reinforced concrete (RC) structure with lightweight roof (see Figure 6)

Building height

One story

Type of lateral load-
resisting system (LLRS)

Hybrid: moment frame, with reinforced concrete (RC) walls providing additional lateral
stiffness

Material of LLRS

Primary (corner) posts, foundations, and beams are made of RC. Walls are made of RC.

Wall material

Reinforced concrete (RC) walls. Jalousie glass windows or window /door panels made from
CGl/plywood are common.

Gable roof configuration. Corrugated galvanised iron (CGl) roofing sheets nailed on
wooden roof members (see image “b”). Nails are common to have improvised rubber

Roof profile . )
P washers (see image “c”). Roof eaves/overhangs rarely exceed 30 cm. In some structures,
edges of roofing sheets are concealed with inside gutters (see image “d”).
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sing typology 7 — Reinforced conc

rete (RC) structure with slab roof
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Figure 7. (a) An archetype of a reinforced concrete structure with slab roof. (b) Reinforced concrete slab overhangs typically

exceed 30 cm. (c) All beams and columns, including exterior walls, are reinforced concrete.

Typology 7

Reinforced concrete (RC) structure with slab roof (see Figure 7)

Building height

One story

Type of lateral load-
resisting system (LLRS)

Hybrid: moment frame, with reinforced concrete (RC) walls providing additional lateral
stiffness

Material of LLRS

Primary (corner) posts, foundations, and beams are made of RC. Walls are made of RC.

Wall material

RC walls. Jalousie glass windows or window/door panels made from CGl/plywood are
common.

Roof profile

Flat RC slab roof configuration. Slab eaves/overhangs typically exceed 30 cm.
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Experts’ solicitation form Earthquake Assessment

Earthquake intensity measure. PHIVOLCS Earthquake Intensity Scale (PEIS) is developed and used by the
Philippine Institute of Volcanology and Seismology (PHIVOLCS) for the Philippine setting. It is a ten-range scale
and considers the impact of shaking to people, structures, and other immediate objects.

PEIS Shaking Description

I Scarcely Perceptible to people under favourable circumstances. Delicately balanced objects are disturbed slightly.
perceptible | Still water in containers oscillates slowly.
I Slightly felt Felt by few individuals at rest indoors. Hanging objects swing slightly. Still water in containers oscillates

noticeably.
Felt by many people indoors especially in upper floors of buildings. Vibration is felt like one passing of a
1 Weak light truck. Dizziness and nausea are experienced by some people. Hanging objects swing moderately. Still
water in containers oscillates moderately.
Felt generally by people indoors and by some people outdoors. Light sleepers are awakened. Vibration is
felt like a passing of heavy truck. Hanging objects swing considerably. Dinner, plates, glasses, windows and
doors rattle. Floors and walls of wood framed buildings creak. Standing motor cars may rock slightly.
Liquids in containers are slightly disturbed. Water in containers oscillate strongly. Rumbling sound may
sometimes be heard.
Generally felt by most people indoors and outdoors. Many sleeping people are awakened. Some are
frightened, some run outdoors. Strong shaking and rocking felt throughout building. Hanging objects swing
\") Strong violently. Dining utensils clatter and clink; some are broken. Small, light and unstable objects may fall or
overturn. Liquids spill from filled open containers. Standing vehicles rock noticeably. Shaking of leaves and
twigs of trees are noticeable.
Many people are frightened; many run outdoors. Some people lose their balance. motorists feel like driving
in flat tires. Heavy objects or furniture move or may be shifted. Small church bells may ring. Wall plaster
Vi Very strong | may crack. Very old or poorly built houses and man-made structures are slightly damaged though well-built
structures are not affected. Limited rockfalls and rolling boulders occur in hilly to mountainous areas and
escarpments. Trees are noticeably shaken.
Most people are frightened and run outdoors. People find it difficult to stand in upper floors. Heavy objects
and furniture overturn or topple. Big church bells may ring. Old or poorly-built structures suffer considerable
damage. Some well-built structures are slightly damaged. Some cracks may appear on dikes, fish ponds,
road surface, or concrete hollow block walls. Limited liquefaction, lateral spreading and landslides are
observed. Trees are shaken strongly. (Liquefaction is a process by which loose saturated sand lose strength
during an earthquake and behave like liquid).
People are panicky. People find it difficult to stand even outdoors. Many well-built buildings are
considerably damaged. Concrete dikes and foundation of bridges are destroyed by ground settling or
toppling. Railway tracks are bent or broken. Tombstones may be displaced, twisted or overturned. Utility
Very posts, towers and monuments mat tilt or topple. Water and sewer pipes may be bent, twisted or broken.
destructive | Liquefaction and lateral spreading cause man- made structure to sink, tilt or topple. Numerous landslides
and rockfalls occur in mountainous and hilly areas. Boulders are thrown out from their positions particularly
near the epicentre. Fissures and faults rapture may be observed. Trees are violently shaken. Water splash
or stop over dikes or banks of rivers.
People are forcibly thrown to ground. Many cry and shake with fear. Most buildings are totally damaged.
bridges and elevated concrete structures are toppled or destroyed. Numerous utility posts, towers and
monument are tilted, toppled or broken. Water sewer pipes are bent, twisted or broken. Landslides and
liquefaction with lateral spreadings and sandboils are widespread. the ground is distorted into undulations.
Trees are shaken very violently with some toppled or broken. Boulders are commonly thrown out. River
water splashes violently on slops over dikes and banks.
Practically all man-made structures are destroyed. Massive landslides and liquefaction, large scale
subsidence and uplifting of landforms and many ground fissures are observed. Changes in river courses and
destructive seiches in large lakes occur. Many trees are toppled, broken and uprooted.
Table 1. The PHIVOLCS Earthquake Intensity Scale (PEIS). Source:

https: / /www.phivolcs.dost.gov.ph/index.php /earthquake /earthquake-intensity-scale

Moderately
strong

Vil Destructive

Devastating

Completely
devastating

121°400°E 122°00°E

For context, the 5.9-magnitude earthquake in the province of
" Batanes, Philippines (epicentre in Itbayat) that occurred on 29
it ' July 2019 at 7 AM had recorded the following PEIS

v . oy
T N intensities:

Epicenter of the
earthquake

21°00N

e VI (Destructive)
— Northern part of Itbayat, Batanes (Barangays
Santa Maria, Santa Lucia, Santa Rosa, and San
Rafael)

e VI (Very strong)
— Southern ltbayat, Batanes (Barangay Raele)

e V (Strong)
— Municipalities of Basco, Ivana, and Mahatao,
Batanes

e |V (Moderately strong)
— Municipalities of Uyugan and Sabtang, Batanes

20°400°'N

20°200°N

Figure 8. Map of Batanes, Philippines with the PEIS intensities of the 5.9 magnitude earthquake in 2019. Source: Perez et al.,, 2019 /
DOST-PHIVOLCS.
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Earthquake damage states. Please refer to the damage states below.

e Damage state 1 (No or very minor damage) — None or very minor damage

e Damage state 2 (Minor damage) — Small (<1/8 inch or < 3 mm) cracks or hairline cracks at corners of
doors, windows, wall ceiling intersections, connections (e.g., on welds, beam and column joints, etc.), wall
surfaces; spalling at a few locations (for typologies with concrete components)

e Damage state 3 (Moderate damage) — Large (>1/8 inch or > 3 mm) cracks at corners of doors and
windows, connections (e.g., on welds, beam and column joints, etc.), wall surfaces; permanent rotation at
connections are likely; spalling at wall ends (for typologies with concrete components)

e Damage state 4 (Extensive damage) — Partial collapse, characterised by failed connections/critical
elements, permanent lateral movement of floors, roof, beams, etc., extensive large/through-the-wall
cracks (for concrete /masonry components) or out-of-plane failure

e Damage state 5 (Complete damage) — Total collapse, or in imminent danger of collapse, due to failed
lateral-load resisting system

Answer sheet. Please provide an estimated PEIS Intensity that will yield the specified damage extent to the seven
(7) housing typologies described above. The meaning of median intensity, lower-bound intensity, and level of
confidence is explained in Page 1.

Note:

1. In estimating the PEIS intensity, provide a numeral/number from I to X, or 1 to 10. If you wish to input value
in between the numbers/numerals, do so by providing “0.5” for the number, or a range for the numeral
(e.g., 5.5 or V-VI). If you think that a certain typology will not succumb or exhibit a certain damage state
even at PEIS Intensity X, put N/A — short for “not applicable” which means that such typology can withstand
the most severe ground shaking possible. Please fill out all the blanks in the table.

2. You can fill out this table either digitally or manually (via a printout). Please return a copy of the answered
sheet to arvin.hadlos@sydney.edu.au

Damage states
1 2 3 4 5 Con-
Typology (None/very (Minor (Moderate (Extensive (Complete fidence
minor damage) damage) damage) damage) level
damage)
Median
intensity . . . . .
(PEIS PEIS: _ | PEIS:__ | PEIS: | PEIS:____ | PEIS:__
1- Intensity)
Unreinforced Lower- -
masonry bound
intensity PEIS: PEIS: PEIS: _ | PEIS:____ | PEIS:__
(PEIS
Intensity)
2,_ . Median PEIS: PEIS: PEIS: PEIS: PEIS:
Lightweight
with wooden | Lower- | o PEIS PEIS PEIS PEIS
posts bound T— e T D T
3,_ . Median PEIS: PEIS: PEIS: PEIS: PEIS:
Lightweight
with steel Lower- | pps, PEIS: PEIS: PEIS: PEIS:
posts bound
4 - Semi- Median PEIS: PEIS: PEIS: PEIS: PEIS:
concrete with ]
steel posts OWer- | pgis: PEIS: PEIS: PEIS: PEIS:
bound
5 — Semi- Median | PEIS: | PEIS: | PEIS:___ | PEIS:_____ | PEIS:____
concrete with ]
RC posts oWer- | pgis: PEIS: PEIS: PEIS: PEIS:
bound
6-RC Median | PEIS: PEIS: PEIS: | PEIS: | PEIS:
structure with
Iighfweight Lower- -
roof bound PEIS: PEIS: PEIS: PEIS: PEIS:
7 -RC Median PEIS: PEIS: PEIS: __ | PEIS:____ | PEIS:___
structure with 1 -
slab roof OWer- | pgis: PEIS: PEIS: PEIS: PEIS:
bound
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Experts’ solicitation form Typhoon Assessment ‘

Typhoon intensity measure. 3-second peak gust wind speed, expressed in kilometres per hour (km/h), refers to
the highest average wind speed over a three-second interval measured at 10 meters above ground. “Gust” — as
defined by the Philippine Atmospheric, Geophysical, and Astronomical Services (PAGASA) — is the brief and sudden
increase in wind speed followed by a lull or slackening of the wind speed.

Please note that meteorological data of typhoon wind speed in the Philippines as communicated by PAGASA are
based on a 10-minute sustained wind speed. We need estimates of 3-sec peak gust in this assessment since this
measure has more impact when considering building damage.

LEGEND
Wind Speed (kph)
. <0
N s0.1-88

88.1-117

117.1 - 220

220.1 - 270
. 270.1 - 300
I > 300

*Wind speed in 3-sec peak gust

Figure 9. Regional severe wind hazard maps of the Philippines representing a 500-year return period (0.2% chance that the indicated
wind speed will happen in a given year). Note that the wind speed represents 3-sec peak gust. Source: PAGASA,
https: //www.pagasa.dost.gov.ph/products-and-services /severe-wind-maps

For context, here are some of the gustiness of the recent strongest typhoons in the Philippines. Note that the peak
gust of a typhoon varies from location to location along its track.

o Typhoon Ferdie (Meranti) in 2016
— A gustiness of up to 252 km/h was recorded in Basco, Batanes although no record is available for Itbayat,
Batanes where it directly passed near its peak intensity.

e Typhoon Yolanda (Haiyan) in 2013
—In Tacloban City, 3-sec peak gust of 252 km /h was estimated evident on bent rebars due to wind impacts.
In Roxas, Capiz, peak gust of 205 km/h was recorded. Note that other data are not provided because
weather instruments were affected during the onslaught of the typhoon. International weather agencies
provided higher estimates of the 3-sec peak gust such as 324 km/h and 378 km/h.

For additional context, PAGASA’s regional severe wind hazard maps provide estimates of the 3-sec peak gust
wind speed that will likely affect the Philippines (see, for example, Figure 9).
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Typhoon damage states. Please refer to the damage states below.

e Damage state 1 (No or very minor damage) — None to very minor damage. Roof cover loss of less than
2% with no or limited water penetration.

e Damage state 2 (Minor damage) — Roof cover loss of 2% to 15% of the roof area but can be
temporarily covered to prevent water seepage. Roof structure remains intact. Maximum of one
window /door failure. No failure of wall structure but marks/dents are visible which can be repaired by
painting /patching.

e Damage state 3 (Moderate damage) — Roof cover loss of above 15% to 50% of the roof area. Roof
structure remains intact. Moderate window breakage. Water penetration causes some interior damage to
the structure. No failure of wall structure.

e Damage state 4 (Extensive damage) — Roof cover loss of more than 50%. Roof structure remains intact.
Major window damage. Water penetration causes extensive damage to the interior of structure. No
failure of wall structure.

e Damage state 5 (Complete damage) — Complete roof failure and/or failure of wall structure.

Answer sheet. Please provide an estimated 3-second peak gust wind speed that will yield the specified damage
extent to the seven (7) housing typologies described above. The meaning of median intensity, lower-bound intensity,
and level of confidence is explained in Page 1.

Notes:

1. In estimating the 3-second peak wind speed, provide any speed from 0 km/h to 400 km/h. If you think
that a certain typology will not succumb or exhibit a certain damage state even at 400 km/h, put N/A —
short for “not applicable” which means that such typology can withstand the most severe wind impact
possible. Please fill out all the blanks in the table.

2. You can fill out this table either digitally or manually (via a printout). Please return a copy of the answered
sheet to arvin.hadlos@sydney.edu.au

Damage states
1 2 3 4 5 Con-
Typology (None/very (Minor (Moderate (Extensive (Complete fidence
minor damage) damage) damage) damage) level
damage)
Median
intensity
(3-sec km/h km/h km/h km/h km/h
1- peak gust)
Unreinforced Lower- _
masonry bound
intensity km/h km/h km/h km/h km/h
(3-sec
peak gust)
2- .
Med km/h km/h km/h km/h km/h
Lightweight edian m/ m/ m/ m/ m/
with wooden Lower- I
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Key Informant Interviews (KIl) Guide

Introduction

(local greetings). My name is Arvin Hadlos from The University of
Sydney conducting my PhD thesis about housing reconstruction after the 2019 earthquakes in
ltbayat, Batanes. | am joined by my research assistant, , Who will be taking
notes. Your responses will contribute insights and lessons learned on how the community can build
back safer in future disasters.

We are going to ask you several questions about your opinion, experiences, and observations
during the time when the community was rebuilding houses. Your participation in this interview is
voluntary. You may withdraw at any time and will not impact your relationship to us or to
whoever are affiliated with this study.

If you do not know the answer to a question or do not want to answer, we can skip the question.
The focus group should last around one hour. Your individual views will remain confidential and
your name and identifying information will be redacted in any final reports. There are no right
or wrong answers to the questions. We will be taking notes, and we would like to record your
responses to each question to be sure that we capture all the information that is shared today.

Do you have any questions?
[Facilitator to confirm that all individual consent to participate]

Questions for heads of households:

(Opening questions)

Introduce yourself and describe how your house was affected by the earthquake.

2. What assistance, if any, did you receive from the government or any other
organisations in rebuilding your house?

—_—
.

Itbayat indigenous building practices

3. ltbayat is known for traditional building practices for typhoon-proofing. Can you share
the practices that you know and how they help against the impacts of typhoons?

4. How are these practices observed today? Are they still relevant?

Post-earthquake reconstruction

5. After the July 2019 earthquakes, households with previous stone-and-lime houses
decided to build differently. Why is this so?

6. Currently, houses in the community are made of Gl sheet walls, or semi-concrete /semi-
lightweight, and entirely concrete. What made you decide fo use a certain material in
rebuilding their houses?

7. How did you secure labour/manpower in rebuilding their houses?

8. Were there guidelines or orders that you needed to follow in rebuilding their houses?
If yes, please discuss them.

9. What were the resource limitations, if any, that affected the outcome of your rebuilt
house? Please explain.

10. While your house now look different from the stone-and-lime dwelling, were the
Iltbayat traditional building practices considered during the housing reconstruction?
Why or why not?
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11.

12.

13.
14.

Multi-hazard safety
How do you think your present house will perform against earthquakes and typhoons?

(Overall assessment)

If you received any form of assistance from organisations, how did that assistance
influence the outcome of your present house?

Between your past and present house, which do you like better?2 Why?

Given your current house, are there improvements you wish to introduce to strengthen
ite

Questions for representatives from organisations:

—_
.

10.
11.

12.

(Opening questions)
Describe your role during the reconstruction process.
From your observations, how did households start rebuilding their house?

Assistance

Did you provide any form of assistance to the households in rebuilding their houses? If
yes, were those:

a. Financial,

b. In-kind,

c. Technical assistance?

Please share why you provided such form/s of assistance.

How did you identify recipients of such assistance2 Why did you choose this/these
group/s?

Were there conditions that the recipients should observe alongside the assistance you
provided? Please explain.

Did your organisation appropriate the form of assistance to the local conditions? Why
or why not?

How did the recipients perceive the assistance you provided to them?

Challenges & opportunities in reconstruction

From your observations, did the households struggle at some point in rebuilding their
houses? Please explain at what point and why.

The Ivatans are known to have developed local building practices. Were these useful
in rebuilding their houses? Why or why not.

(Overall assessment)

Do you think the households built back safer following the earthquakes?

How do you think your organisation influenced the progress of the household
reconstruction process?

What were the main lessons learned from your programming after the earthquakes?

192



Focus Group Discussion (FGD) Guide

Introduction

(local greetings). My name is Arvin Hadlos from The University of
Sydney conducting my PhD thesis about housing reconstruction after the 2019 earthquakes in
ltbayat, Batanes. | am joined by my research assistant, , who will be taking
notes. Your responses will contribute insights and lessons learned on how the community can build
back safer in future disasters.

We are going to ask you several questions about your opinion, experiences, and observations
during the time when the community was rebuilding houses. Your participation in this focus group
is voluntary. You may withdraw at any time and will not impact your relationship to us or to
whoever are affiliated with this study.

If you do not know the answer to a question or do not want to answer, we can skip the question.
The focus group should last around one hour. Your individual views will remain confidential and
your name and identifying information will be redacted in any final reports. There are no right
or wrong answers fo the questions. We will be taking notes, and we would like to record your
responses to each question to be sure that we capture all the information that is shared today.

Do you have any questions?
[Facilitator to confirm that all individual consent to participate]

Questions for heads of households:
(same as KlI questions)

(Opening questions)

Introduce yourself and describe how your house was affected by the earthquake.

2. What assistance, if any, did you receive from the government or any other
organisations in rebuilding your house?

—_—
.

Itbayat indigenous building practices

3. ltbayat is known for traditional building practices for typhoon-proofing. Can you share
the practices that you know and how they help against the impacts of typhoons?

4. How are these practices observed today? Are they still relevant?

Post-earthquake reconstruction

5. After the July 2019 earthquakes, households with previous stone-and-lime houses
decided to build differently. Why is this so?

6. Currently, houses in the community are made of Gl sheet walls, or semi-concrete /semi-
lightweight, and entirely concrete. What made you decide to use a certain material in
rebuilding their houses?

7. How did you secure labour/manpower in rebuilding their houses?

8. Woere there guidelines or orders that you needed to follow in rebuilding their houses?
If yes, please discuss them.

9. What were the resource limitations, if any, that affected the outcome of your rebuilt
house? Please explain.
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10. While your house now look different from the stone-and-lime dwelling, were the
Itbayat traditional building practices considered during the housing reconstruction2
Why or why not?

Multi-hazard safety
11.How do you think your present house will perform against earthquakes and typhoons?

(Overall assessment)

12.1f you received any form of assistance from organisations, how did that assistance
influence the outcome of your present house?

13. Between your past and present house, which do you like better?2 Why?

14. Given your current house, are there improvements you wish to introduce to strengthen
ite

Questions for village leaders, local builders, municipal employees, and
council of elders:

(Opening questions)
1. Introduce yourself and your role in the community.

Itbayat indigenous building practices

2. ltbayat is known for traditional building practices for typhoon-proofing. Can you share
the practices that you know and how they help against the impacts of typhoons?

3. How are these practices observed today? Are they still relevant?

Post-earthquake reconstruction

4. After the July 2019 earthquakes, households with previous stone-and-lime houses
decided to build differently. Why is this so?

5. Currently, houses in the community are made of Gl sheet walls, semi-concrete /semi-
lightweight, and entirely concrete. What do you think made the households decide to
use a certain material in rebuilding their houses?

6. How did households secure labour/manpower in rebuilding their houses?

7. Were there guidelines or orders that the households needed to follow in rebuilding
their houses? If yes, please discuss them.

8. From your observations, what were the resource limitations, if any, that affected the
outcome of their rebuilt houses? Please explain.

9. While houses now look different, were the Itbayat traditional building practices
considered during the housing reconstruction? Why or why not?

Multi-hazard safety

10. How do you think the present houses in the community will perform against
earthquakes and typhoons?
(Overall assessment)

11.As a/n (insert role here), are there improvements in the present houses of households
that you wish to introduce to strengthen them?

//end
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Supplementary File

Optimising housing typology distributions for multi-hazard
loss reductions in resource-constrained settings

1 Construction cost estimates

In this study, the construction cost for the typologies includes both material and labour costs.
To estimate the material costs, we assumed a one-story five-meter by seven-meter (Sm X 7m)
housing configuration having a floor to top-of-beam height of 2.70 m. These assumptions
conform to the prevailing characteristics of the typologies surveyed (via rapid visual
assessment) in January 2023. Whereby required details for the estimates were not documented
due to the limitation of direct visual observations, standard construction details were applied
to derive the estimates. For example, we used the standard rebar spacing for residential projects
(i.e., 0.40 m both ways for slabs/flooring). Conventional construction procedures were also
assumed, such as the use of 1:2:4 proportion for cement-sand-gravel mixture typical for
residential projects in the Philippines. We referred to the construction estimate guidelines by
Fajardo [1] which provide detailed procedures for estimating construction material quantities
applicable to the Philippine context. For the material prices, these were sourced from hardware
stores in Itbayat representative of the actual prevailing market prices as of March 2024.

Meanwhile, to derive the labour costs, we projected the construction duration for each typology
using activity-on-node diagrams (see Figure S1 to S6) considering a labour workforce of three
skilled and three unskilled workers. We then used the standard construction wage in Itbayat (as
reported by some construction workers as of March 2024) to inform the total labour cost based
on the estimated construction duration for each typology. The resulting bill of quantities based
on material and labour costs are shown in Table S1 to S6.

Abbreviations and notations
”? inches

CGI  corrugated galvanised iron
FTB footing tie beam

GI galvanised iron

kg.  kilogram

pcs.  pieces

RC  reinforced concrete
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1.1  Activity-on-node diagrams
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wooden beams

Layout and
staking

Assembly of roof
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Excavation for
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wooden posts

4 days

2 days

Assembly of Earth infill and
wooden wall compaction for slab
on grade for slab and grade

Concrete pouring

|
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" Assembly of steel
Inst:\laltlong(f;\l.vall bars for slab on
sheets ( ) grade
3 days 2 days 1 day (total 12 days)

Figure S1. Activity-on-node diagram for LW-A.
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Figure S2. Activity-on-node diagram for LW-B.
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Figure S3. Activity-on-node diagram for SC-A.
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Figure S4. Activity-on-node diagram for SC-B.
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Figure S5. Activity-on-node diagram for RC-A.
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Figure S6. Activity-on-node diagram for RC-B.

1.2 Bill of quantities

Table S1. Bill of quantities for LW-A (lightweight with wooden posts).

Construction cost estimates for LW-A (lightweight with wooden posts)

Summary

Total cost (P):

294,255.00

Cost per square metre (P):

8,407.29

Detailed breakdown
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quantity unit unit price (P) | total cost (P)

Lateral load-resisting system
timber posts (4"X4") 8 pcs. 810 6,480.00
timber beams (2"X4") 10 pcs. 550 5,500.00
5" common wire nail 1 kg. 120 120.00
Roof framing
timber rafter (2"X4") 22 pcs. 550 12,100.00
timber purlins (2"X2") 33 pcs 415 13,695.00
fascia board (2"X6") 9 pcs. 700 6,300.00
5" common wire nail 10 kg. 120 1,200.00
Wall framing
2”X4” wood 49 pcs. 550 26,950.00
5" common wire nail 3.25 kg. 120 390.00
Wall envelope
Gauge 24 CGI sheet (3 metres) 36 pcs. 1,300 46,800.00
5" common wire nail 17.75 kg. 120 2,130.00
Roof envelope
Gauge 24 CGI sheet (3 metres) 30 pcs. 1,300 39,000.00
Plain GI 3 pcs. 2,600 7,800.00
5" common wire nail 14.75 kg. 120 1,770.00
Flooring
40 kgs. cement 32 bags 550 17,600.00
sand 1.75 cu.m. 8,000 14,000.00
3/4" gravel 3.5 cu.m. 7,000 24,500.00
10 mm diameter steel bars 75 pcs. 280 21,000.00
GI tie wire 1 kg. 120 120.00
Labour
foreman 12 days 700 8,400.00
skilled 12 days 700 8,400.00
skilled 12 days 700 8,400.00
unskilled (helper) 12 days 600 7,200.00
unskilled (helper) 12 days 600 7,200.00
unskilled (helper) 12 days 600 7,200.00

Grand total 294,255.00
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Table S2. Bill of quantities for LW-B (lightweight with steel posts).

Construction cost estimates for LW-B (lightweight with steel posts)

Summary
Total cost (P): 361,495.00
Cost per square metre (P): 10,328.43
Detailed breakdown

quantity unit unit price (P) | total cost (P)
Lateral load-resisting system
5" diameter steel pipes 4 pcs. 6,450 25,800.00
timber beams (2"X4") 10 pcs. 550 5,500.00
40 kgs. cement 14 bags 550 7,700.00
sand 0.75 cu.m 8,000 6,000.00
3/4" gravel 1.5 cu.m 7,000 10,500.00
16 mm diameter steel bars 10 pcs. 800 8,000.00
5" common wire nail 1 kg. 120 120.00
GI tie wire 1 kg. 120 120.00
Roof framing
timber rafter (27°X4”) 22 pcs. 550 12,100.00
timber purlins (27X2”) 33 pcs. 415 13,695.00
fascia board (27X6”) 9 pcs. 700 6,300.00
5" common wire nail 10 kg. 120 1,200.00
Wall framing
27X4” wood 49 pcs. 550 26,950.00
5" common wire nail 3.25 kg. 120 390.00
Wall envelope
Gauge 24 CGI sheet (3 metres) 36 pcs. 1,300 46,800.00
5" common wire nail 17.75 kg. 120 2,130.00
Roof envelope
Gauge 24 CGI sheet (3 metres) 30 pcs. 1,300 39,000.00
Plain GI 3 pcs. 2,600 7,800.00
5" common wire nail 14.75 kg. 120 1,770.00
Flooring
40 kgs. cement 32 bags 550 17,600.00
sand 1.75 cu.m. 8,000 14,000.00
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3/4" gravel 3.5 cu.m. 7,000 24,500.00
10 mm diameter steel bars 75 pcs. 280 21,000.00
GI tie wire 1 kg. 120 120.00
Labour
foreman 16 days 700 11,200.00
skilled 16 days 700 11,200.00
skilled 16 days 700 11,200.00
unskilled (helper) 16 days 600 9,600.00
unskilled (helper) 16 days 600 9,600.00
unskilled (helper) 16 days 600 9,600.00
Grand total 361,495.00
Table S3. Bill of quantities for SC-A (semi-concrete with steel posts).
Construction cost estimates for SC-A (semi-concrete with steel posts)
Summary
Total cost (P): 421,945.00
Cost per square metre (P): 12,055.57
Detailed breakdown
quantity unit unit price (P) | total cost (P)
Lateral load-resisting system
5" diameter steel pipes 4 pcs. 6,450 25,800.00
timber beams (27X4”) 10 pcs. 550 5,500.00
40 kgs. cement 14 bags 550 7,700.00
sand 0.75 cu.m. 8,000 6,000.00
3/4" gravel 1.5 cu.m. 7,000 10,500.00
16 mm diameter steel bars 10 pcs. 800 8,000.00
5" common wire nail 1 kg. 120 120.00
GI tie wire 1 kg. 120 120.00
Roof framing
timber rafter (27°X4”) 22 pcs. 550 12,100.00
timber purlins (27X2”) 33 pcs. 415 13,695.00
fascia board (27X6”) 9 pcs. 700 6,300.00
5" common wire nail 10 kg. 120 1,200.00
Wall framing
27X4” wood frame 35 pcs. 550 19,250.00
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40 kgs. cement 22 bags 550 12,100.00
sand 1.2 cu.m. 8,000 9,600.00
3/4" gravel 24 cu.m. 7,000 16,800.00
10 mm diameter steel bars 23 pcs. 280 6,440.00
5" common wire nail 2.25 kg. 120 270.00
GI tie wire 1 kg. 120 120.00
Wall envelope
Gauge 24 CGI sheet (3 metres) 22 pcs. 1,300 28,600.00
5" common wire nail 11 kg. 120 1,320.00
Roof envelope
Gauge 24 CGI sheet (3 metres) 30 pcs. 1,300 39,000.00
Plain GI 3 pcs. 2,600 7,800.00
5" common wire nail 14.75 kg. 120 1,770.00
Flooring
40 kgs. cement 32 bags 550 17,600.00
sand 1.75 cu.m. 8,000 14,000.00
3/4" gravel 3.5 cu.m. 7,000 24.500.00
10 mm diameter steel bars 75 pcs. 280 21,000.00
GI tie wire 1 kg. 120 120.00
Formworks
2" X 2" wood 34 pcs. 415 14,110.00
1/2" fibre cement board 9 pcs. 1,800 16,200.00
2" common wire nail 2 kg. 105 210.00
Labour
foreman 19 days 700 13,300.00
skilled 19 days 700 13,300.00
skilled 19 days 700 13,300.00
unskilled (helper) 19 days 600 11,400.00
unskilled (helper) 19 days 600 11,400.00
unskilled (helper) 19 days 600 11,400.00
Grand total 421,945.00
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Table S4. Bill of quantities for SC-B (semi-concrete with RC posts).

Construction cost estimates for SC-B (semi-concrete with RC posts)

Summary
Total cost (P): 627,755.00
Cost per square metre (P): 17,935.86
Detailed breakdown

quantity unit unit price (P) | total cost (P)
Lateral load-resisting system
timber beams (27X4”) 10 pcs. 550 5,500.00
40 kgs. cement 48 bags 550 26,400.00
sand 2.61 cu.m 8,000 20,880.00
3/4" gravel 5.22 cu.m 7,000 36,540.00
16 mm diameter steel bars 62 pcs 800 49,600.00
10 mm diameter steel bars 57 pcs. 280 15,960.00
5" common wire nail 1 kg. 120 120.00
GI tie wire 1 kg. 120 120.00
Roof framing
timber rafter (27°X4”) 22 pcs. 550 12,100.00
timber purlins (27X2”) 33 pcs. 415 13,695.00
fascia board (27X6”) 9 pcs. 700 6,300.00
5" common wire nail 10 kg. 120 1,200.00
Wall framing
2”X4” wood frame 35 pcs. 550 19,250.00
40 kgs. cement 22 bags 550 12,100.00
sand 1.2 cu.m. 8,000 9,600.00
3/4" gravel 24 cu.m. 7,000 16,800.00
10 mm diameter steel bars 23 pcs. 280 6,440.00
5" common wire nail 2.25 kg. 120 270.00
GI tie wire 1 kg. 120 120.00
Wall envelope
Gauge 24 CGI sheet (3 metres) 22 pcs. 1,300 28,600.00
5" common wire nail 11 kg. 120 1,320.00
Roof envelope
Gauge 24 CGI sheet (3 metres) 30 pcs. 1,300 39,000.00
Plain GI 3 pcs. 2,600 7,800.00
5" common wire nail 14.75 kg. 120 1,770.00
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Flooring

40 kgs. cement 32 bags 550 17,600.00
sand 1.75 cu.m. 8,000 14,000.00
3/4" gravel 3.5 cu.m. 7,000 24,500.00
10 mm diameter steel bars 75 pcs. 280 21,000.00
GI tie wire 1 kg. 120 120.00
Formworks
2" X 2" wood 116 pcs. 415 48,140.00
1/2" fibre cement board 19 pcs. 1,800 34,200.00
2" common wire nail 2 kg. 105 210.00
Labour
foreman 35 days 700 24,500.00
skilled 35 days 700 24,500.00
skilled 35 days 700 24,500.00
unskilled (helper) 35 days 600 21,000.00
unskilled (helper) 35 days 600 21,000.00
unskilled (helper) 35 days 600 21,000.00
Grand total 627,755.00

Table SS. Bill of quantities for RC-A (reinforced concrete with lightweight roof).

Construction cost estimates for RC-A (reinforced concrete with lightweight roof)

Summary
Total cost (P): 677,725.00
Cost per square metre (P): 19,363.57
Detailed breakdown

quantity unit unit price (P) | total cost (P)
Lateral load-resisting system
timber beams (27X4”) 10 pcs. 550 5,500.00
40 kgs. cement 48 bags 550 26,400.00
sand 2.61 cu.m 8,000 20,880.00
3/4" gravel 5.22 cu.m 7,000 36,540.00
16 mm diameter steel bars 62 pcs. 800 49,600.00
10 mm diameter steel bars 57 pcs. 280 15,960.00
5" common wire nail 1 kg. 120 120.00
GI tie wire 1 kg. 120 120.00
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Roof framing

timber rafter (27X4”) 22 pcs. 550 12,100.00
timber purlins (2°X2”) 33 pcs. 415 13,695.00
fascia board (27X6”) 9 pcs. 700 6,300.00
5" common wire nail 10 kg. 120 1,200.00
Wall framing/envelope
40 kgs. cement 52 bags 550 28,600.00
sand 2.84 cu.m. 8,000 22,720.00
3/4" gravel 5.68 cu.m. 7,000 39,760.00
10 mm diameter steel bars 49 pcs. 280 13,720.00
GI tie wire 2 kg. 120 240.00
Roof envelope
Gauge 24 CGI sheet (3 metres) 30 pcs. 1,300 39,000.00
Plain GI 3 pcs. 2,600 7,800.00
5" common wire nail 14.75 kg. 120 1,770.00
Flooring
40 kgs. cement 32 bags 550 17,600.00
sand 1.75 cu.m. 8,000 14,000.00
3/4" gravel 3.5 cu.m. 7,000 24,500.00
10 mm diameter steel bars 75 pcs. 280 21,000.00
GI tie wire 1 kg. 120 120.00
Formworks
2" X 2" wood 144 pcs. 415 59,760.00
1/2" fibre cement board 30 pcs. 1,800 54,000.00
2" common wire nail 4 kg. 105 420.00
Labour
foreman 37 days 700 25,900.00
skilled 37 days 700 25,900.00
skilled 37 days 700 25,900.00
unskilled (helper) 37 days 600 22,200.00
unskilled (helper) 37 days 600 22,200.00
unskilled (helper) 37 days 600 22,200.00
Grand total 677,725.00
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Table S6. Bill of quantities for RC-B (reinforced concrete with slab roof).

Construction cost estimates for RC-B (reinforced concrete with slab roof)

Summary

Total cost (P): 881,395.00
Cost per square metre (P): 25,182.71
Detailed breakdown

quantity unit unit price (P) | total cost (P)

Lateral load-resisting system

40 kgs. cement 64 bags 550 35,200.00
sand 3.48 cu.m. 8,000 27,840.00
3/4" gravel 6.96 cu.m. 7,000 48,720.00
16 mm diameter steel bars 90 pcs. 800 72,000.00
10 mm diameter steel bars 87 pcs. 280 24,360.00
GI tie wire 1 kg. 120 120.00
Roof framing/envelope

40 kgs. cement 57 bags 550 31,350.00
sand 3.15 cu.m. 8,000 25,200.00
3/4" gravel 6.3 cu.m. 7,000 44,100.00
10 mm diameter steel bars 78 pcs. 280 21,840.00
GI tie wire 1 kg. 120 120.00

Wall framing/envelope

40 kgs. cement 46 bags 550 25,300.00
sand 2.52 cu.m. 8,000 20,160.00
3/4" gravel 5.04 cu.m. 7,000 35,280.00
10 mm diameter steel bars 43 pcs. 280 12,040.00
GI tie wire 2 kg. 120 240.00
Flooring

40 kgs. cement 32 bags 550 17,600.00
sand 1.75 cu.m. 8,000 14,000.00
3/4" gravel 3.5 cu.m. 7,000 24,500.00
10 mm diameter steel bars 75 pcs. 280 21,000.00
GI tie wire 1 kg. 120 120.00
Formworks

2" X 2" wood 265 pcs. 415 109,975.00
1/2" fibre cement board 61 pcs. 1,800 109,800.00
2" common wire nail 6 kg. 105 630.00
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Labour

foreman 41 days 700 28,700.00
skilled 41 days 700 28,700.00
skilled 41 days 700 28,700.00
unskilled (helper) 41 days 600 24,600.00
unskilled (helper) 41 days 600 24,600.00
unskilled (helper) 41 days 600 24,600.00
Grand total 881,395.00
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2 Pareto optimal solutions

Table S7. Pareto optimal solutions for Case 1 (PEIS VII & 270 km/h).

Scenario Direct eco;(;lnll)l)c losses (in Scores for Pareto optimal ranking Building stock distribution
# PEISVII | 270km/h | PEISVII 270 km/h C";‘c‘gf:‘te LWA | LWB | SCA | SCB | RCA | RCB
11628 330,643,889 | 194,809,277 | 0.005673246 | 0.02700054 | 0.032673786 5% 5% 5% 5% 5% 75%
15 161,719,217 | 385,296,870 | 0.02700054 | 0.005673246 | 0.032673786 5% 75% 5% 5% 5% 5%
11623 319,468,398 | 205,180,265 | 0.005691644 | 0.01800036 | 0.023692004 | 10% 5% 5% 5% 5% 70%
14 162,130,218 | 382,028,657 | 0.01800036 | 0.005691644 | 0.023692004 | 10% 70% 5% 5% 5% 5%
11624 318,852,908 | 208,356,401 | 0.005710453 | 0.014727567 | 0.02043802 5% 10% 5% 5% 5% 70%
13 162,723,840 | 378,799,591 | 0.014727567 | 0.005710453 | 0.02043802 15% 65% 5% 5% 5% 5%
11608 308,051,879 | 216,001,788 | 0.005729688 | 0.012960259 | 0.018689947 | 15% 5% 5% 5% 5% 65%
12 163,333,090 | 375,785,701 | 0.012960259 | 0.005729688 | 0.018689947 | 20% 60% 5% 5% 5% 5%
11609 307,468,066 | 219,223,797 | 0.005749366 | 0.011825054 | 0.01757442 10% 10% 5% 5% 5% 65%
11 163,957,401 | 372,703,382 | 0.011825054 | 0.005749366 | 0.01757442 25% 55% 5% 5% 5% 5%
11610 306,868,700 | 222,332,970 | 0.005769506 | 0.011020629 | 0.016790135 5% 15% 5% 5% 5% 65%
10 164,672,020 | 369,770,738 | 0.011020629 | 0.005769506 | 0.016790135 | 30% 50% 5% 5% 5% 5%
11573 296,565,843 | 226,277,475 | 0.005790127 | 0.010413431 | 0.016203558 | 20% 5% 5% 5% 5% 60%
9 165,104,516 | 366,513,292 | 0.010413431 | 0.005790127 | 0.016203558 | 35% 45% 5% 5% 5% 5%
11574 295,778,659 | 229,245,878 | 0.005811249 | 0.009934496 | 0.015745744 | 15% 10% 5% 5% 5% 60%
8 165,873,869 | 363,660,877 | 0.009934496 | 0.005811249 | 0.015745744 | 40% 40% 5% 5% 5% 5%
7 166,292,994 | 360,397,559 | 0.009544306 | 0.005832893 0.0153772 45% 35% 5% 5% 5% 5%
11575 295,182,952 | 232,435,456 | 0.005832893 | 0.009544306 0.0153772 10% 15% 5% 5% 5% 60%
6 167,038,511 | 357,491,529 | 0.009218448 | 0.005855084 | 0.015073531 | 50% 30% 5% 5% 5% 5%
11576 294,796,288 | 235,696,945 | 0.005855084 | 0.009218448 | 0.015073531 5% 20% 5% 5% 5% 60%
5 167,472,726 | 354,198,684 | 0.008940939 | 0.005877845 | 0.014818784 | 55% 25% 5% 5% 5% 5%
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11503 285,064,184 | 236,938,396 | 0.005877845 | 0.008940939 | 0.014818784 | 25% 5% 5% 5% 5% 55%

4 168,071,741 | 351,051,812 | 0.00870084 | 0.005901202 | 0.014602042 | 60% 20% 5% 5% 5% 5%
11504 284,437,175 | 240,075,052 | 0.005901202 | 0.00870084 | 0.014602042 | 20% 10% 5% 5% 5% 55%

3 168,668,524 | 348,016,025 | 0.008490379 | 0.005925184 | 0.014415562 | 65% 15% 5% 5% 5% 5%
11505 283,745,624 | 242,936,879 | 0.005925184 | 0.008490379 | 0.014415562 | 15% 15% 5% 5% 5% 55%

2 169,246,530 | 344,963,082 | 0.008303867 | 0.005949819 | 0.014253686 | 70% 10% 5% 5% 5% 5%
11506 283,288,837 | 246,252,129 | 0.005949819 | 0.008303867 | 0.014253686 | 10% 20% 5% 5% 5% 55%

1 169,982,214 | 342,009,468 | 0.008137033 | 0.00597514 | 0.014112173 | 75% 5% 5% 5% 5% 5%
11377 273,557,925 | 247,624,032 | 0.00597514 | 0.008137033 | 0.014112173 | 30% 5% 5% 5% 5% 50%
3064 179,706,197 | 340,867,610 | 0.007986603 | 0.00600118 | 0.013987783 | 55% 20% 5% 5% 5% 10%
11378 272,918,403 | 250,754,293 | 0.00600118 | 0.007986603 | 0.013987783 | 25% 10% 5% 5% 5% 50%
3063 180,168,810 | 337,549,713 | 0.007850015 | 0.006027976 | 0.013877991 | 60% 15% 5% 5% 5% 10%
11379 272,320,370 | 253,891,151 | 0.006027976 | 0.007850015 | 0.013877991 | 20% 15% 5% 5% 5% 50%
3062 180,863,829 | 334,652,767 | 0.007725238 | 0.006055566 | 0.013780803 | 65% 10% 5% 5% 5% 10%
11380 271,751,401 | 256,979,382 | 0.006055566 | 0.007725238 | 0.013780803 | 15% 20% 5% 5% 5% 50%
3061 181,453,337 | 331,501,319 | 0.007610632 | 0.006083993 | 0.013694625 | 70% 5% 5% 5% 5% 10%
11167 262,352,399 | 257,953,971 | 0.006083993 | 0.007610632 | 0.013694625 | 35% 5% 5% 5% 5% 45%
5444 191,440,238 | 330,220,789 | 0.007504862 | 0.006113301 | 0.013618163 | 50% 20% 5% 5% 5% 15%
11168 261,755,450 | 261,129,624 | 0.006113301 | 0.007504862 | 0.013618163 | 30% 10% 5% 5% 5% 45%
5443 191,882,978 | 326,940,752 | 0.007406827 | 0.00614354 | 0.013550367 | 55% 15% 5% 5% 5% 15%
11169 260,995,447 | 264,039,989 | 0.00614354 | 0.007406827 | 0.013550367 | 25% 15% 5% 5% 5% 45%
5442 192,461,239 | 323,821,432 | 0.007315607 | 0.006174762 | 0.013490369 | 60% 10% 5% 5% 5% 15%
11170 260,598,584 | 267,304,627 | 0.006174762 | 0.007315607 | 0.013490369 | 20% 20% 5% 5% 5% 45%
5441 193,225,689 | 320,931,695 | 0.007230432 | 0.006207023 | 0.013437454 | 65% 5% 5% 5% 5% 15%
10837 250,697,562 | 268,818,308 | 0.006207023 | 0.007230432 | 0.013437454 | 40% 5% 5% 5% 5% 40%
7264 202,962,510 | 319,945,851 | 0.007150646 | 0.006240385 | 0.013391031 | 45% 20% 5% 5% 5% 20%
10838 250,060,355 | 271,930,672 | 0.006240385 | 0.007150646 | 0.013391031 | 35% 10% 5% 5% 5% 40%
7263 203,536,208 | 316,856,009 | 0.007075691 | 0.006274915 | 0.013350606 | 50% 15% 5% 5% 5% 20%
10839 249,495,353 | 275,091,799 | 0.006274915 | 0.007075691 | 0.013350606 | 30% 15% 5% 5% 5% 40%
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7262 204,124,781 | 313,836,584 | 0.007005086 | 0.006310686 | 0.013315771 | 55% 10% 5% 5% 5% | 20%
10840 248,900,698 | 278,175,787 | 0.006310686 | 0.007005086 | 0.013315771 | 25% | 20% 5% 5% 5% | 40%
7261 204,701,301 | 310,576,712 | 0.006938415 | 0.006347776 | 0.013286191 | 60% 5% 5% 5% 5% 20%
10342 239,430,991 | 279,231,186 | 0.006347776 | 0.006938415 | 0.013286191 | 45% 5% 5% 5% 5% 35%
8629 214,536,724 | 309,266,738 | 0.006875316 | 0.006386274 | 0.013261589 | 40% | 20% 5% 5% 5% | 25%
10343 238,842,242 | 282,281,368 | 0.006386274 | 0.006875316 | 0.013261589 | 40% 10% 5% 5% 5% 35%
8628 214,929,525 | 306,087,444 | 0.006815472 | 0.006426273 | 0.013241745 | 45% 15% 5% 5% 5% | 25%
10344 238,113,201 | 285,296,294 | 0.006426273 | 0.006815472 | 0.013241745 | 35% 15% 5% 5% 5% 35%
8627 215,726,723 | 303,119,163 | 0.006758605 | 0.006467878 | 0.013226483 | 50% 10% 5% 5% 5% | 25%
10345 237,651,045 | 288,516,143 | 0.006467878 | 0.006758605 | 0.013226483 | 30% | 20% 5% 5% 5% 35%
8626 216,299,312 | 300,007,584 | 0.006704469 | 0.006511204 | 0.013215673 | 55% 5% 5% 5% 5% | 25%
9627 227,719,722 | 289,836,563 | 0.006511204 | 0.006704469 | 0.013215673 | 50% 5% 5% 5% 5% 30%
9628 227,081,804 | 292,913,126 | 0.006556378 | 0.006652845 | 0.013209223 | 45% 10% 5% 5% 5% 30%
9630 225,900,540 | 299,076,682 | 0.006652845 | 0.006556378 | 0.013209223 | 35% | 20% 5% 5% 5% 30%
9629 226,479,311 | 296,019,937 | 0.006603539 | 0.006603539 | 0.013207079 | 40% 15% 5% 5% 5% 30%
Table S8. Pareto optimal solutions for Case 2 (PEIS VIII & 300 km/h).
Scenario Direct ec‘;;}_(l);;lc loss (in Scores for Pareto optimal ranking Building stock distribution

# PEISVIII | 300km/h | PEISVII | 300 km/h C";‘;(I)’lf’:‘te LWA | LWB | SCA | SCB | RCA | RCB
11628 | 629,185,361 | 331,094,944 | 0.022957675 | 0.076178823 | 0.099136498 | 5% 5% 5% 5% 5% 75%

1 310,680,271 | 403,105,449 | 0.076178823 | 0.022957675 | 0.099136498 | 75% | 5% 5% 5% 5% 5%
11623 | 606,842,199 | 336,037,316 | 0.023428376 | 0.050785882 | 0.074214258 | 10% | 5% 5% 5% 5% 70%
3061 333,613,205 | 397,793,439 | 0.050785882 | 0.023428376 | 0.074214258 | 70% | 5% 5% 5% 5% 10%
11608 | 584,101,527 | 341,513,574 | 0.023954597 | 0.041552085 | 0.065506683 | 15% | 5% 5% 5% 5% 65%
5441 356,828,476 | 392,520,890 | 0.041552085 | 0.023954597 | 0.065506683 | 65% | 5% 5% 5% 5% 15%
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11573 561,560,277 | 346,509,750 | 0.024548389 | 0.036565835 | 0.061114224 | 20% 5% 5% 5% 5% 60%
7261 379,581,182 | 387,564,025 | 0.036565835 | 0.024548389 | 0.061114224 | 60% 5% 5% 5% 5% 20%
11503 538,837,184 | 351,494,598 0.0252258 0.033362988 | 0.058588789 | 25% 5% 5% 5% 5% 55%
8626 402,568,525 | 382,454,594 | 0.033362988 0.0252258 0.058588789 | 55% 5% 5% 5% 5% 25%
9627 425,172,974 | 377,485,899 | 0.031093397 | 0.026008757 | 0.057102154 | 50% 5% 5% 5% 5% 30%
11377 | 515,893,516 | 356,979,231 | 0.026008757 | 0.031093397 | 0.057102154 | 30% 5% 5% 5% 5% 50%
10342 | 448,141,503 | 372,270,392 | 0.029380262 | 0.026928129 | 0.056308392 | 45% 5% 5% 5% 5% 35%
11167 | 493,479,698 | 361,862,506 | 0.026928129 | 0.029380262 | 0.056308392 | 35% 5% 5% 5% 5% 45%
10837 | 470,679,801 | 367,346,345 | 0.028029002 | 0.028029002 | 0.056058004 | 40% 5% 5% 5% 5% 40%
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