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Abstract

Access to education is a basic human right. hés4' of the 17Sustainable Development Gog&DGs) and
education is strongly associated with poverty rédac Providing facilities to educate children regs
construction of school buildings and rapid expamgib curricula. However, in the rush to fulfil thight to
education, are children being put at risk? Whaeraitbn is being given to structural safety durimhg t
construction of new school facilities? The growiognsensus among stakeholders is that public school
infrastructure in developing countries worldwide particularly susceptible to natural hazards. This
highlights a compelling need for developing and lenpenting effective, integrated, and 'ground-real’
strategies for assessing and radically improvimegstifety and resilience of schools across thosetices.

To this aim, the paper explores two main issudsct¥eness at scale and the relevance of mulkipieard
effects on the resilience of school infrastructugpecifically, the paper first discusses the chaks
associated with the World Bank Global Program fafe School (GPSS) and the development of its Globa
Library of School Infrastructure (GLOSI), highlighg the issues associated with producing a tootkwban

be effective at scale and support nationwide rigkl@s for school infrastructure across the wortdtheat
fairness and relevance of investment can be aadhieMais is followed by the illustration of a numbefr
specific tools developed by the authors to expaedrisk prioritization procedures used for seishazard,

to other hazards such as flood and windstorm argligmtify the reduction in seismic fragility obtath by
implementing specific strengthening strategies.iR&sual survey forms, a mobile app, a multi-hazask
prioritization ranking, and numerical fragility e¢lonships are presented and their applicatiorudsed in
relation to a case study in the Philippines. Thappsed tools represent a first step toward a éetailulti-
hazard risk and resilience assessment framewosklofol infrastructure. The aim is to allow stakeleos
and decision-makers to quickly identify the mosinewable structures among the surveyed stock, iegu
more detailed data collection campaigns and strakctassessment procedures, such as analytical
vulnerability approaches, and ultimately to plarttar retrofitting/strengthening measures or, ifessary,
school replacement/relocation.

1. Introduction

The last decade has seen numerous reports of tesuafl school children in school building collapse
caused by natural hazards. In 2008, the Wenchuatihgeake caused the collapse of over 7,000
schoolrooms, mostly in rural areas, reportedly ilggdo the death of over 5,000 students (thoughesom
parents believe the real figure is twice that ddfig cited) and the injury of over 15,000 studefithe
Guardian, 2009). This situation is not an exceptiogach year natural hazards around the world hade
devastating effects on children’s education. Typhblaiyan damaged more than 2,500 schools and adfect
1.4 million children in the Philippines in 2013 (A€S, 2014). In 2016, recovery of education facilitgs

far from complete (IFRC, 2016). When an M7.8 eautiige struck the Gorkha region, Nepal, on April 25,
2015, more than 7,000 school buildings were codldps significantly damaged (NPC, 2015). The massiv
disruption caused by the earthquake and its aftekshon school infrastructure has reverberated into
children’s development. The National ReconstrucAarthority (NRA, 2018) reports that at the end 618

“... 80% progress has been made in the reconstructioadatational institutiorfs Out of the 7,553
damaged schools, 55% have been reconstructed @&%e are under construction, hampering children
education and development for several years. Arsassent of schools after the M7.3 Ezgeleh, Iran
earthquake of November 12, 2017, show that 89%l die school buildings in the affected area, pdske
level of Immediate Occupancy (I0). The majoritytioé damaged schools are unreinforced masonry (URM)
building with no confinement, which date back toremdhan 30 years ago (DRES, 2017). The Central
Sulawesi earthquake of September 2018 in Indoreesiaed heavy damage or collapse of more than 1500
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schools affecting 184,000 pupils (UNICEF, 2018).c&®aissance survey identified confined masonry
school buildings in Palu and nearby regions asquaatly affected, while most of the reinforced cogte
school buildings survived without any damage (Lagest al., 2019). The recent cyclone Idai thaBbilth
East Africa in April 2019 caused massive devagstasind flooding in Mozambique, Zimbabwe and Malawi.
It is estimated that thousands of classrooms wanegaded or destroyed and half a million childrenehlaad
their education disrupted (Watt, 2019).

School buildings vulnerability and damage due teastirous natural-hazard events is clearly a global
problem and one that it is not reducing in sizénddts play a critical role in the education of antounity’s
next generation; school children are amongst thet mdnerable components of society due to thedragd
their developmental stage. A safer and resilienbstcan save children lives, provide a safe hdweerthe
local community, serving as a temporary shelter lagiging to bring normalcy back to society in tina#s
disaster. However, public school buildings conggdgrior to adequate building codes, often hanesiral
deficiencies which are heightened by their archited configuration due to the specific use requieats.
The above considerations clearly identify the n&®dprioritizing school building physical vulnerdiby
assessment and allocate resources for retrofitiegygthening plans.

It was indeed the extensive loss of school childréimes in the 2008 Wenchuan earthquake that erigd
the resolution, promulgated during the 2009 sessiothe Global Platform for Disaster Risk Reduction
committing governments toifnovation and education to build a culture of $afand resilience at all
levels (GDPRR, 2009; IISD, 2009). The participating gowaents also committed to:

* national assessments of the safety of existing atohuc and health facilities to be undertaken by
2011,

» concrete action plans for safer schools and hdspdéae developed and implemented by 2015 in all
disaster-prone countries.

These two resolutions, in turn, stimulated efforbs develop a Comprehensive School Safety (CSS)
framework, elaborated by Save the Children in coattbn with the Global Alliance for Disaster Risk
Reduction and Resilience in the Education Sect&RBRRES), set up in 2013, with an important emphasi
shift from disaster recovery to disaster preparssiadd prevention. The International Finance Gaitjmn
(IFC) published a “Disaster and Emergency PrepassinGuidance for Schools” (ICF, 2010), focussed on
multiple hazards, which, following a three pronggm@ach, including building safety, community sgfend
education preparedness, anticipated the CSS frarkewo

The Comprehensive School Safety Framework, updateaD17, is built on three pillars: Safe Learning
Facilities; School Disaster Management; Risk Edanaand Resilience Education. The CSS framework is
intended to promote school safety as a priorityaai@ sustainable development, risk reduction and
resilience, with a strong emphasis on the needfdti-hazard risk assessment and mitigation ofetkisting
school infrastructure (UNISDR, 2014).

Concurrently, the Worldwide Initiative for Safe ®dis (WISS, 2013), is a government-led global
partnership for advancing safe school implementaditothe national level, currently coordinated ty UN
Office for Disaster Risk Reduction (UNDRR) to pramdey safe school initiatives in support of resiti
educational facilities, school disaster managemeisiaster risk reduction and resilience educatiime
WISS was endorsed by GADRRES members and resultéteipolitical commitment of 21 “Safe School
Leader” countries to implement school safety ongitwind. These are mainly countries receivers &tiaf
Development Assistance (ODA) by the Developmentissasce Committee (DAC) of the Organisation for
Economic Co-operation and Development (OECD).

The OECD has produced policy guidance on “Protgctatudents and schools from earthquakes”
summarised in the seven OECD principles for sclsedmic safety (OECD, 2017). The seven principles
encompass seismic safety policy, including finaneiad human resources to ensure implementation,
accountability, building codes, training and quedifion, preparedness and planning, community aves®
and risk reduction. While substantial improvemess been achieved since its first publication inS2@hly

20 nations worldwide have subscribed to it, noriadphan ODA country.

The initiatives outlined above align well with tH&ubstantial reduction of disaster damage to critica
infrastructure, [...], among them educational fitidls..”” advocated as one of the seven global targetseof t
Sendai Framework on Disaster Risk Reduction 20BB20NDRR, 2015). The need to improve the
resilience of school infrastructure in ODA courdrie paramount, heightened by growing urbanizatapid



110
111

112
113
114
115
116
117
118
119
120
121
122
123

124
125
126
127
128
129
130

131
132
133
134
135
136
137
138

139
140
141
142
143

144
145
146
147
148
149
150
151

152
153

154
155

156
157
158
159
160

increase of poorly built infrastructure and uncoldd land development, increasing exposure and
vulnerability of populations to natural hazards.

The development of safer school facilities is catias access to education is a fundamental huiglainand
underpins any other development goal. Better educad also a fundamental driver of poverty reduwtti
However, providing education facilities for all réps rapid expansion and delivery of school buaidi
programs, nationally and internationally. In thetrdo fulfil the right to educatiomre children being put at
risk? What attention is paid to the hazard resiliencetioé new educational infrastructu?eThere is a
compelling need to develop and implement effectiwergraded, and 'ground-real’ strategies forsxiisg
and radically improving the safety and resilien€existing and new built schools. The World BankBW
and other international financial institutions halege and diverse investment portfolios on school
infrastructure in different parts of the world, amting to billions of US$. However, these prograrame
cannot fulfil by 2030 the education infrastructgiag with new facilities only. Therefore, there s @rgent
need to develop risk and resilience assessmenisinohitigation strategies suitable to differenhstruction
types in different countries, exposed to differegutards.

The delivery of such global programmes for schaafiety requires a clear baseline against which to
benchmark exiting school infrastructure in diffdregeographical context and a clear framework of
performance target that new construction and nétiraf of existing school should achieve. To this athe
Global Program for Safer Schools (GPSS) aims tetband facilitate informed, large-scale investmdats
the safety and resilience of new and existing skcmfi@astructure at risk from natural hazards, citmiting

to high-quality learning environments. The focugpisnarily on public school infrastructure in dewping
countries (The World Bank, 2019).

The GPSS focuses on delivering the first of thedtpillars of the CSS framework (UNDRR, 2017). Ad t
global level, the program focuses on generatinglenge-based knowledge and making it available
worldwide to promote and facilitate a long-term aydtematic approach to improving the safety obeth
infrastructure at scale, using quantitative riskeasments. At the country level, the program suppor
through WB technical assistance projects - govenmsheefforts to: design and implementation of safer
school programs; influence policy reforms and wigefrestments in risk reduction to create safer stho
environments; inform long-term national stratege<rioritize safety at scale and build continugigross
investment and programme deliveries.

The inclusion of school infrastructure resilience ane of the main targets of the Sendai framewask h
sparked in the last five years renewed impetuoukifsector and, besides the World Bank, mosorei
development banks and aid agencies have launclegdapnmes of technical assistance to move the agenda
forward. This has also resulted in a renewed isteo@ the part of the scientific community, leadiog
several bilateral or multilateral knowledge exchaagd development project.

The authors have directly contributed to researth development in this sector in the past threesyess
World Bank scientific advisors and partners in dedivery of the GPSS and as principal investigatora
number of collaborative projects sponsored by tHeRésearch Councils. The paper first presentsftbee
within the GPSS to deliver a global repository &whool buildings vulnerability. The structure ofth
repository and the methodology used to derive stersi vulnerability functions for several typologjief
school buildings exposed to seismic hazard arertegh@nd illustrated by way of an example. The sdco
part of the paper shows how this approach can lmarsled and extended to include other hazard
vulnerability by way of application to the schoofrastructure in the Philippines.

2. The World Bank GLOSI initiative: development of a dobal repository of school building
vulnerability functions

The Global Facility for Disaster Reduction and Reny (GFDRR) launched the GPSS in 2014 with a focus
on integrating risk considerations into educatinfraistructure investments. The GPSS has the faligwi
three main goals:
» Facilitate and inform production of consistent evide-based knowledge on safety and
resilience of school infrastructure worldwide. Asresult, it will facilitate exchange of
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information among different countries, and builficééncy in the implementation of safer
school projects across the world both in pre- avst-gdisaster contexts;

* Inform the implementation of technical solutions improve the safety of school
infrastructure at scale based on past experienwtsnaovation, and open opportunities to
adapt them to local contexts; and

» Build efficiency on the implementation of investneffor vulnerability reduction of school
infrastructure by establishing consistent prioatian and optimization methodologies.

The delivery of the first of these goals requirevesal specific actions: the first is to formulate
methodology for structural classification of schodtastructure, along with a consistent taxonothgt can

be used worldwide. Once, such classification sysierdeveloped, then a comprehensive database with
construction and vulnerability information on theshcommon structural typologies of school infrasture

in developing countries at risk from natural hazacdn be established. This can be built upon aso$ch
infrastructure development programmes are impleatkrcross the world and assessment and retrofit
campaigns multiply. The setting up of such a datatmlows to identify similarity and differences @mg
regions in terms of materials, construction techggland vulnerability in school infrastructure, aite
study of such parameters supports the developnientepository of fragility (likelihood of physicalamage

as a function of a hazard intensity measure) atakevability (likelihood of economic loss as a funct of a
hazard intensity measure) functions for each sirattypology. This is a critical component of angk
assessment exercise, whether at local, nationahtoregional scale, an essential step to determine
prioritization and optimization strategies for istments to realise the GPSS.

The World Bank has partnered with University Cafldgondon (UCL), UK, and University of Los Andes,
Colombia, to establish a working group to develmp Global Library of School Infrastructure (GLO$The
World Bank, 2019), which underpins the first pil#frthe GPSS. To provide context to the GLOSI wibik
next section presents a review of building clasation systems and their limitation of applicalilip
schools. The following sections present the GLO&tdhomy, the methodology to identify index building
and the methodology applied to derive fragility amtherability functions.

2.1. Review of Existing Building Classification Systemand Rapid Visual Screening Methods

For the purpose of determining seismic risk oflthédt environment, several building classificatigystems
are available, although only few have been developensidering global construction types and hence
globally applicable (e.g., Coburn and Spence, 208&wal and Wald, 2008; Brzev et al., 2013) whifew
more are of national or regional reference (e.d.CA1985; Griunthal, 1998) although they might hagen
applied to wider contexts. The structural charasties used in early classification systems sucABS-13
(ATC, 1985) or European Macroseismic Scale (EMS (@ Unthal, 1998) were limited to the identificati

of the main loadbearing system, and the correspgnduilding typologies are very generic. More récen
classifications systems include improved technigadlerstanding of the parameters that more accyratel
define the seismic response, such as diaphragriflgx structural irregularities, openings, bel@aw of
non-structural components, etc. The U.S. Geologiaivey (USGS)'s Prompt Assessment of Global
Earthquakes for Response (PAGER) program develapgidbal construction type catalogue (Jaiswal and
Wald, 2008; Jaiswal et al. 2011) based on the aisabf databases from different countries acrosswibrid.

It captures most of the key structural aspects dffatt the seismic performance (i.e., material g of
load-bearing structure, lateral resisting systeiraplitagm type and height of the structure) in iisnpry
classification. It has been used widely in diffénagions across the world, to forecast the le¥elamage in
the immediate aftermath of main shocks. This dizsgion system does not explicitly rank the typplo
parameters in terms of their influence on the seigrarformance. On the other hand, the Global Hakke
Model (GEM) global taxonomy system (Brzev et al013) is based on the concept of ordering the
parameters determining the response from more iget@rmore specific, so that for each additional
parameter considered, the resulting class is aesulfsthe one determined without that parametee Th
system has two main categories: primary paramegssribing general building characteristics (eaight)
and secondary parameters (e.g. height above gstalg, height etc.) describing the characteristicenore
detail. This classification system is more compnshee than the previous classifications and redolts
unique taxonomy string to each building structure.
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Rapid Visual Screening (RVS) procedures are comphtany to classification system and are necessary t
identify, inventory, and screen buildings that aagentially vulnerable to natural hazards accordimg
predetermined classification system. RVS procedtypgally consists of methods and forms that allow
users to collect a modest number of parameters &@iven observed building, to quickly rate its picgl
vulnerability and rank it with respect to given bbmark or relatively to other buildings. RVS areiaify
only the first step in seismic assessment studgrally buildings falling short of a given benchmaake
further assessed using appropriate structural sisatp determine its deficiencies and, if necesstary
recommend retrofitting/strengthening interventiongeplacement. An early reference is the firstiedliof
FEMA P-154 (FEMA, 1988), providing a procedure tealeate the seismic safety of large buildings’
inventories quickly and inexpensively (with minimwocess to the considered buildings), to screeorbe
requiring a more detailed examination. In 2014, PEBuUtomated the paper-based screening procedure of
FEMA P-154 by producing a mobile application (ROVERRapid Observation of Vulnerability and
Estimation of Risk), enabling users to documenttasalsmit data gathered in the field.

In the past two decades, similar rapid surveyirag@dures have been proposed by different authoatel
organization, such as the World Health Organiza(@fHO) and the United Nations (UN), with some
studies focusing on assessing public buildings évetbping countries (e.g., Nepal and Kyrgyzstan),
including schools.

Dhungel et al. (2012) collected and assessed tysiqath condition of 1,381 building units from 58€hsols
in Nepal. The data was collected by mobilizing ghbool teachers; school vulnerability was usedtionate
the possible damage/casualties/injuries for eagkeg of different intensities. A study conductedGrant
et al., (2007), proposed a multiple-level procedaireing to identify the highest-risk buildings bdsen
filters of increasing detail, and reduces the sif¢he building inventory at each step. This prati@a
prioritization scheme for seismic interventionssichool buildings in Italy. With respect to othertural
hazards, Pazzi et al. (2016) assessed the safé¢gnafchools in Tuscany, Italy, against geo-hydyicial
hazards (i.e., seismic, slope instabilities, floasisl excessive surface runoff) using an RVS methbé.
study proposes a geohazard safety classificati®@C{®f schools and provides useful informationcatcal
decision-makers. The GSC is calculated integratiag by means of rapid and not invasive field sysve
and questionnaires distributed to the school’'s eygss.

The above classification systems are either prignéostused on residential buildings or they considery

specific local school typologies, therefore ardimofted applicability because school buildings iamy cases
have different construction/architectural charastes (e.g., large classroom size, large and nog@nings,
etc.) than that of residential buildings and lasethool buildings typologies cannot be preciselegatized
using existing classification systems. Thus, a aetmgnsive building taxonomy specific to school dinigys

for seismic vulnerability and risk assessment leenleveloped within the GPSS framework.

2.2. The GLOSI classification system

The GLOSI classification system was initially desgdd for school masonry structures, using natieoale
case studies available to the World Bank's GPS$rpro, specifically the SIDA study (Adhikari et al.,
2016) conducted for Nepal after the Gorkha 201%hgaake, the MARN study for El Salvador (MARN
2012) and the work by Yamin et al. (2015) for sdhafrastructure in Peru. These three databasasd/ar
greatly in terms of geographical extent, attributasmber of data entry and building typologies|eming
different construction practices, and differentialimotivations for their collection. To constructaxonomy
of global validity, the structure and content obdh databases were compared to the GEM taxonomy
structure (Brezv et al. 2014) and the PAGER clasgibn (Jaiswal et al., 2011) to identify and rank
parameters essential to characterize the buildifggrsc performance. These parameters are catedanitze
primary parameters, secondary parameters anddittqprarameters, as depicted in Figure 1, each kel
set becoming essential to conduct different opamatiin the build-up of the fragility and vulneratyil
functions library. The identification of the prinygparameters, relatively simple and mainly accostgd by
desktop studies of existing databases and photbigragcords, leads to the identification of lardmsses of
school buildings typologies, which allow inventogy national or regional level. This first activitg
relatively inexpensive and should be conductechleyeiducation authority in each country to simpasslfy
their assets. The correct identification of theopelary parameters and their attributes requiréd §ervey,
knowledge of national/local construction practiees! regulations and a fair amount of technical digee
The classification of secondary parameters leadsh& determination ofndex buildings individual
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structures representative of specific structurglolygies whose seismic behaviour is fully idendfig
qualitative terms by this set of parameters antingigsishable from other structures. Finally, in @rdo
conduct a full engineering assessment, to quarftiygility, several measurable parameters are needed
relating to both the architectural layout and theuctural component of the building. As, in school
architecture the number of typologies in any gigeuantry is usually relatively modest, and schooésaiten
built according to national guidelines and modstsne of this information can be obtained from btirep,
while other need to be measured on site, but itbealimited to few typical buildings. Time and co$tdata
acquisition increases substantially from tier 1tier 3 parameters, as shown in Figure 1, hence the
identification of index buildings, of applicabilitheyond national boundaries, for which fragilitydan
vulnerability can be ascertained with acceptableele of confidence, is essential to deliver seismic
vulnerability assessment at cost and global sG&le.application to the case study in the Philippiwéh the
development of a rapid survey smartphone-basedmppented in section 3 of this paper, shows hasv th
part of the procedure can be expedite in practickgeneralized also to other hazards.

Use existing Tier 1. Identification of Building
database/information/ primary parameters N Typology
photographs/satellite characterization E
imagery T =
Conduct detailed field *_ - %
inspection and data Tier 2. Identification of =
collection survey secondary parameters Index Buildings ;
characterization 8
Mechanical characterisation
and details from local Tier 3. Identification of ¥
construction practice, intrinsic characteristics

experts, literature

Figure 1. GLOSI Classification system: Layers of rinement and need for resources in building data ayuisition
(The World Bank, 2019)

The specific parameters considered in the GLOSIrtasmy system and their attributes are summarized in
Figure 2, for masonry structures. More discussionsthe different vulnerability parameters and their
attributes can be found and Adhikari et al. (20I8r 1 includes the load bearing system, the heaigige
and the seismic design level. The attributes aatatiwith these parameters collectively define itdimg
type. The main structural system defines fundanesiaects of the expected seismic behaviour sutheas
response to horizontal loads, the lateral strenftime building and its ductility. For unreinforcedasonry
structures, just by considering the nature of ani mortar components, 8 basic typologies are ifikaht
from adobe to roughly squared stone solid masanmpud mortar, for instance. Considering also mgsonr
combined with light steel frame and reinforced andfined masonry, leads to a total of 16 basic maso
typologies. For each of these, the height of thidimg is a second important parameter which cdsttioe
vibrational characteristics of a building structufde seismic design level provide insight to ti&eet to
which the building is designed to resist seismitoas. If the building is engineered the seismisigie level
will represent the set of recommendation includedttie seismic code of the location at the time of
construction of the building. However, in countrsesch as Nepal or Per, it is common that schaitdibgs

be mostly constructed by local communities withadiherence to seismic codes or guidelines, even when
force (Dixit et al., 2014; Yamin et al., 2015). Bhseveral factors such as the designer and ctortri@cg.
government, community, private contractor etcgala@ode enforcement capacity, workmanship and teve
quality control during construction influence treassnic design level and should be assessed prassign a
design level class to a specific building. Notiohtlee seismic building culture of the country and i
evolution is essential. These three parametersvaitodetermine broad typologies of buildings sush a
“unreinforced brick masonry in cement mortar, 1lreyohigh, with good connection of orthogonal walls,
corresponding to medium design level”’. The totahbar of possible combinations for masonry strusture
when only the primary parameters are consideredjigl to 192. These are clearly applicable woidgwi
and easily identifiable through educational autiyatbcuments.

The secondary parameters are a group of chardierifat play a key role in modifying the expected
behaviour of a building as identified by tier 1 gaveters (see Figure 2). For each of these parameting



309 the evidence from available databases, a set obw#s is identified, which characterize the sétsm
310 response. While the Tier 1 parameters are commother classification systems, the secondary petens
311 and their value range are chosen specifically ppesent the construction characteristics typicasatfool
312  architecture, affecting their seismic responsehsgcwall panel and opening size and layout.
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314 Figure 2. Vulnerability parameters and attributes d tier 1 and tier 2 component of the GLOSI taxonomysystem
315 (The World Bank, 2019).
316
Main Structural System - UCM-URM4
Height Range - LR(1)
Seismic Design Level - PD
Diaphragm Type - FD
Structural Irregularity - NI
Wall Panel Length - LP
Wall Opening - LO
Foundation Type - RF
Seismic Pounding Risk - NP
Effective Seismic Retrofitting - OS
Structural Health Condition - PC
Non-Structural Components - VN
A brick in mud mortar school building in Nepal (Photo h
credit: The World Bank)
GLoSI Taxonomy String
UCM-URM4/LR(1)/PD/FD/NI/LP/LO/RF/NP/OS/PC/VN |
317
318 Figure 3. Vulnerability attributes and taxonomy string for a single storey load bearing masonry schodluilding.
319 Note that the primary parameters are given in boldace. (The World Bank, 2019)

320
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According to this system, the scoring of this setzop parameters determines the index buildingsifipet

a regional or national study (Figure 3). This canachieved by a mixture of analysis of documentadind
limited site surveys. Each index building is themquely identified by a 12-parameter string, pravida
sort of DNA classification, which allows to groupgether buildings from different regions but witmgar
construction and structural features and expedtdthte same seismic performance. Once the clzsii
system is developed, strings can be generatecgfdr @mbination of the attributes of the 12 paranseand
this would result in a diverse population in exce§d96000 index buildings, all in theory possibier,
which fragility and vulnerability could be analydity computed, provided tier 3 parameters are also
available. Such computational effort would thenvile a complete repository of fragility and vulrigitiy
functions for load bearing masonry structures fakdgessible and applicable worldwide. Hence atdbal
level, once a building is surveyed, then it is sight to match the resulting taxonomy string vile correct
identifier in the repository, to obtain fragilitynd vulnerability for that particular index buildintp fact, not
all combinations are realized in practice, espBcifr what concern the Tier 2 parameters, as they
indicative of structural quality and usually théee some consistency among them. These substantially
reduces the number of realistic taxonomy stringa few more than 1500 masonry index buildings! &til
large number, but one that the global engineerorgrounity can deliver with relatively modest res@si.c
Moreover, when assessing a specific index buildmthe field, not all the information required mighe
known. This means that the completeness of thentaryg string depends on the extent of informatiorihen
building characteristics; when limited informatiavailable, any element in the string can be teahior
truncated depending on the availability of the infation or priorities given to different taxonomy
parameters. In such situations, the matching wiéhariginal index buildings string will be partiahd more
than one fragility functions might be appropriatethe first instance. This however will lead talieased
uncertainty in respect to the actual vulnerabitifythe structure. Within the GLOSI programme, ac#pe
task conducted is a sensitivity analysis to asirettee relevance of any of the tier 2 parametetse(World
Bank, 2019).

2.3.  From index buildings to analytical fragility-basedvulnerability

The intrinsic parameters, forming tier 3 of the GIGbuilding data system, are the building-specific
characteristics such as the geometric dimensionhijtectural layout and the mechanical propertiethe
construction materials/structural elements. Evaugh these are not explicitly included in the taxog
string, these parameters are required for the ceteplefinition of index buildings and for the deymhent

of reliable analytical models, which constitute tesis on which fragility and vulnerability funati® are
computed. A wide range of methodologies are awglaib the literature for the seismic fragility and
vulnerability assessment of representative buikli(iAyala et al, 2015, Yamin et al., 2017). Appcbas
may consider empirical or expert opinion-basednadydical or hybrid methods for the derivation cddility
and vulnerability functions. For the GLOSI librathe analytical vulnerability approach is adoptad, it
allows for an unbiased and consistent assessmefitapge worldwide, independently of historic seism
damage data and local expertise on specific typcdbdpuilding performance (Rossetto et al., 2014)e
general methodological approach proposed in thedveork of GLOSI to generate representative and
comprehensive fragility and vulnerability functioier an index building can be summarized in the
following steps, reproduced in Figure 4:

* The seismic hazard is defined in terms of the &caBbn spectra. Natural earthquake records can be
implemented as demand to generate unsmoothed ap&stopposed to the conventional capacity
spectrum method, which utilizes standardized desigactra. Therefore, the resultant performance
points will account for the natural variability tife seismic demand. However, the outcomes areyhighl
sensitive to the chosen ground motion records. ther GLOSI, the far-field ground motion set
suggested in FEMA P-695 (FEMA, 2009) has been agplThe set of records are designed to be
neither structure- nor site-specific and considt®2d record pairs, hence particularly suited to the
GLOSI application to a wide range of structures ldwrde. Each pair consist of two horizontal
components for a total of 44 ground motions. Thems have a moment magnitude (M) range of 6.5 to
7.6 with an average magnitude of 7.0 and all wecended at sites located at a distance greaterothan
equal to 10 km from the fault rupture. Accordingthe soil classification of NEHRP (FEMA-450,
2004), 16 sites are classified as stiff soil diypé D) and the remaining are classified as vensdesoil
(type C), also providing variability in the natusie response amplification.
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The index buildings computational models are defiag explained in the previous section by using the
taxonomy parameters and intrinsic characteristie®ihetrical characteristics and material propgrties
determined at different sites. Their seismic capais computed by performing static equivalent
pushover analysis. This provides a good refereaeel,| which professionals in many countries can
achieve and control with confidence, if they wamtlevelop consistent fragility functions for indlus

in the GLOSI. For each index building, 3-D numelricedels are generated, and non-linear pushover
analyses are performed to generate capacity cudvegalth of different methodologies is availahte i
literature and corresponding software commercialMgilable can be used for the pushover curve
derivation. It should be noted that for Load BegrMasonry structures with flexible diaphragm, the
pushover curves are generated with respect to lgiobglane and global out-of-plane behaviours
separately. The reasons for this approach arestisdun detail in Adhikari and D’Ayala (2019).

The seismic performance assessment is carriedsing the latest version of the N2 method (Fajfar,
2000, D’'Ayala et al., 2015). For each pushover eumhe thresholds of discretized damage states
represented by the roof drift are determined imgepf specific element damage and global damage
indicators. The definition of damage states and@ated threshold limits can be code-based, fraan th
available literature or index building specific. ®LOSI, the approach adopted is to identify index
building - specific damage states, obtained throwajldation with experimental and field observaton
available in literature. This is preferred to tlkéance on code prescriptions, sometimes deriveligin
expert opinion, and not easily traceable. For e@;hthe MDoF pushover curves are converted to
bilinear idealized pushover curves of the equiviagémgle degree of freedom system (SDoF) following
standard rules. This is then intersected to theadeinspectrum of each of the different ground mation
pairs (scaled to different values of IM) to generatumber of performance points (IM vs. EDP) waithi
each damage class, sufficient to perform regressiaitysis.

The derivation of fragility functions is conducted building scale, rather than component scale, for
each damage state. The least square regressioadigethised for each damage state (D’Ayala, 2015). |
should be noted that for flexible diaphragm typeM_Btructures, the fragility curves are generateith wi
respect to global IP and global out of plane (OB#haviours separately (Adhikari & D’Ayala, 2019).
Finally, for the derivation of vulnerability funcins, for the load bearing masonry index buildirtge,
computation is first performed for each set of wakpending on the damaging regime (in-plane or out
of-plane) convolving the fragility curve with a @mim cost function, and then the cumulative
vulnerability is computed, to reflect the differdavels of damage of different components for défe
values of the intensity measures.

On the other hand, in the component-based fragyilityerability assessment, component (e.g. each
column, beam-column joint, infill wall etc.) levihgility curves (FEMA P-58) are used to arrivette

vulnerability function. Detailed procedure is givenYamin et al. (2017).
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Figure 4. GLOSI fragility and vulnerability assessnent methodology. Note that the red and blue colours
represent steps for building-based and component-isad fragility/vulnerability assessment methodology,
respectively. (The World Bank, 2019)

Figure 5. Photographs representative of an IB of th UCM-URM7/LR(1)/LD school building type: (left) outside
front view and (right) Inside view showing the flexble roof diaphragm. (Photo from Nepal, Copyright: The
World Bank).

The corresponding taxonomy string for this index ilding is UCM-URM7/LR(1)/LD-
/FD/NI/LP/LO/RF/NP/OS/PC/VN, where the Tier 2 paseters refer to flexible diaphragm (FD), no
irregularities (NI), long panels (LP) meaning thia length of wall transversally unrestrained igda than

12 time the wall thickness, large opening (LO) niegrhat the void to mass ratio in the longitudinellls

is higher than 50%, rigid foundation (RF), meanihat it is built on a thick strip foundation, noynding
risk (NP) as it is isolated, no retrofitting or estgthening (OS, original structure), poor mainteean
condition (PC), and presence of vulnerable norctiral elements (VN). Figure 6 shows the element by
element 3-dimensional numerical model developedbxtreme Loading for Structures® (ELS) software
(ASI, 2018) using the applied element method. Ageramaterial properties for the UCM-URM7
construction in Nepal were obtained from Gurag@®ilb). A global pushover analysis is conducted-in 3
numerical model in the two orthogonal directiomansversal and longitudinal, by increasing linedhg
base acceleration with time until the building tee& collapse. The pushover curves are obtained by
computing the base shear in each set of walls lmaddrresponding displacement of a control pointhean
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same wall. As the longitudinal direction resultdtthe weakest, the consequent fragility and valnibty
analysis is conducted in the longitudinal directooty.

Figure 6. Numerical model of the UCM-URM?7 IB in ELSusing simplified micro-modelling technique.

Figure 7 presents the global capacity curves vafipect to in-plane (IP) and out-of-plane (OOP) iieha
respectively. The capacity of the OOP walls isegoed by its low overturning capacity heightenedhsy
poor quality of cross wall connections (i.e. inguiént interlocking of bricks at corners, leadirg low
friction capacity). Four performance level threstsoare also identified on each curve, correspontdirthe
Operational, Immediate Occupancy, Life Safety antdapse Prevention performance criteria (as defined
Table 1 ). The position of these thresholds on \ergicapacity curve is identified in relation to the
development of the crack pattern and maximum radt dchieved by the two sets of orthogonal walls
independently, as the stiffness and strength di eats of walls is substantially different.
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Figure 7. Capacity curves and associated performaedevel thresholds for the UCM-URM?7 IB: global IP
behaviour (left) and global OOP behaviour (right).(Performance level thresholds: green — Operationajellow —
Immediate Occupancy, red — Life Safety and black €ollapse Prevention).

Table 1. Example physical definition of performancdevel thresholds for an unreinforced masonry wallinder 1P

behaviour.

Performance level threshold

Physical damage definition

Operational Threshold (OP)

Hairline cracks (about 0.1 - 1 mm width) on fewrgens around the
openings.

Immediate Occupancy Threshold
(10)

Hairline to minor cracks appear on all the correxsund opening
minor tensile cracks of about 1 mm - 5 mm widtheged in few|
spandrels, diagonal shear cracks (about 1 mm - 5Smaximum
width) start to appear in some piers.




Most of the piers and spandrels have developed mjino
tensile/diagonal shear cracks (about 5 mm in widtbv spandrels
and piers start to develop major flexural/sheacksaof 10 mm
maximum width.

Life Safety Threshold (LS)

Most of the spandrels and piers have already dpedia major
crack of about 10 mm width. Few spandrels damagéd an
Collapse Prevention Threshold (CP)| extensive crack width of 10 mm to 15 mm and fewgigtart to
develop extensive cracks in shear or combined dleare
mechanism with a maximum crack width of about 15.mm

453

454

455 Figure 8. Damage distribution at collapse for thewo sets of walls (left — IP wall, right — OOP wallpf the UCM-
456 URMY7 index building. Red lines highlight the failure mechanism.

457

458 To perform the fragility analysis, using the N2 het, the capacity curves are reduced to equivaB@F
459  bilinear curves and a performance point cloud (IMBDP) is obtained separately for the IP and OOP
460 behaviour using the set of 22 ground motions p@esh scaled at increments of 0.05 g between PGAs o
461 0.00 and 1.00 g. The substantially different shapé range of the two point-clouds shown in Figure 9
462 further proves the legitimacy of assessing thegats of walls independently.
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465 Figure 9. Performance points (IM vs EDP) for IP belviour (left) and OOP behaviour (right) for the UCM-
466 URMY7 index building. Coloured lines represent the ireshold of different performance levels.
467

468 To derive the fragility functions from the IM-EDRerformance points generated with the N2 method, a
469 least square regression is used, bracketing tHerpgmce points bin in each damage state rangeésA &f

470 2gis considered as the upper limit of the IM. Ulsune value of the spectral acceleration corresiing to

471 the natural frequency of the structure or substinectSa(T), is considered as a more meaningful dM t
472  express fragility, as it is a measure of the speaiceleration exerted on the structure or itéspaepending

473  on their stiffness and strength (see section 3jvéder, in this case, as the IP and OOP walls atteopahe

474  same structure, but experience very different SadTgommon reference is needed, and hence the peak



475 ground acceleration (PGA) is more appropriate. eédgethe visual comparison of the fragility curves
476 immediately conveys the lower fragility of the itape walls up to the limit state of life safety. wkver for
477  the collapse prevention limit state, given the tediductility of the in-plane walls with respectttee out-of-
478 plane walls, the probability of collapse is sligtgimaller for the latter for PGA > 1.0g (Figure 10)
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480  Figure 10. Fragility curves for different performance levels (OP — Operational, 10 — Immediate Occupay, LS —
481 Life Safety and CP — Collapse Prevention) for UCM-BM?7 index building with respect to global IP and gbbal
482 OOP behaviour.

483

484  Finally, for the generation of building-based vubdality curves, the procedure suggested in D’'Ayetial

485 (2015) is employed. The probability of a buildisgstaining a particular damage state requires the
486 calculation of damage probabilities from the fragilcurves for specific intensity levels. This is
487 accomplished by calculating the difference in pholity of exceedance between successive curvesdon

488 given value of interest of the intensity measum. the situation depicted in Figure 10, where fdamage
489 states (i.e. performance levels) are consideredcdimputation of corresponding mean and variandbeof
490 wvulnerability function are given as:

491 E(Clim) = Y-, E(C|ds;). P(ds;|im) Q)

492 var(Clim) = Y, [[E(C|ds;) — E(C|im)]?. P(ds;|im)] 2

493 where,E(C|im) is the mean of the vulnerability function (costa@ss) given arim; N (= 4) is the number of
494  damage states considerd®{fds |im)is the probability of the structure sustainindeanage stat@s given
495  an intensity leveim; E(C|ds;) is the mean value of the cost (or loss) givds; andvar(C|im) is the
496 variance of the cost (or loss) givenian

497 Repeating the application of equations (1) andf@2different values ofm will result in the vulnerability
498 curve and their variance depicted in Figure 11.

499  Figure 11 shows the vulnerability functions witlspect to global IP and global OOP behaviour. Theesa
500 also presents the building total vulnerability auabtained by combining these two vulnerabilityvesr by

501 using the proportion of mass of walls under IP b@ha and walls under OOP behaviour (50% eachim th
502 case).
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Figure 11. Vulnerability curves and variance with respect to a) IP behaviour (MDR_IP), b) OOP behaviau
(MDR_OOP), and (c) building total vulnerability curve (MDR_Building) for the UCM-URM?7 index building.

The derivation of vulnerability functions in terro§ mean damage ratio allows the comparison of drgdec
losses between very different types of index- sthaddings, given equivalent expected seismic héza
The variance curves included in Figure 11 allowsriderstand the level of confidence associated thith
type of evaluation. This also can vary from indexlding to index building. Further uncertainties time
vulnerability functions are associated with respaxtthe reliability of the data collection, matéria
characterization, modelling tools and methodologgpacity assessment etc., and the real variance of
building response, even for the same index buildthge to variation in materials and constructionsaa.
Hence it should be understood that the vulnergiglirves shown in Figure 11 are mean values orijlew

the variance shown may appear not so significanthf® reason that not all the elements of uncditairare
considered herein.

Such vulnerability functions are an essential idgmet of seismic risk assessment at regional anmhtcp
levels. In order to progress from vulnerabilityrisk assessment, the functions produced with th©$3
procedure expounded above need to be convolvedsegharios of the spatial distribution of the hdzar
terms of expected value of the chosen intensitysomeaat each point, given a return period, anchef t
distribution of each index school building (expauover the territory, for a given region or natiodence
the global vulnerability functions developed with@LOSI provide a common benchmark to compare
parametric risk mitigation programmes, for differeountries or regions, based on a common mulieica
approach.

A complete risk mitigation programme at nationalelerequires the assessment of the vulnerabilitthef
whole school building assets’ portfolio, the hazatttey are exposed to and the effectiveness abdityiaf
different strengthening strategies. Risk mitigatican also be achieved by implementing simple set of
actions, relevant to the use of the buildings, Whian have a substantial effect in reducing theanability

of the occupants. In the following section, somehefse activities, as developed through two coliatdee
projects sponsored by the UK and the Philippingsasch councils are presented with reference togpyi
school buildings in the city of Cagayan de Oro.sTallows to focus the discussion on a real casgystu
understand the burden and possible solutions ftar dequisition, show how some of the approaches and
methodologies discussed in this section can benelgghwith reference to other hazards, highlight hioev
effectiveness of strengthening strategies can klmuamted for and used to support risk mitigation
programmes.

3. The experience of the Philippines: multi-hazard phgical vulnerability prioritization of schools and
retrofitting strategies.
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According to thendex for Risk Management 2020IFORM, 2019), the Philippines, with a populatioh
108.12 million, ranks 3in terms of natural hazards among countries maqebsed to multiple hazards, with
a high score of 8.5 out of 10.

Located in the Pacific Ring of Fire, the countryhighly exposed to earthquakes, volcanic eruptians,
other geological hazards, as well as to multiplghbons and monsoon rains. An average of six trbpica
cyclones make landfall in the Philippines annualith another three-passing close enough to cause lo
Super typhoon landfalls occur, on average, twicaethree years. Most of these occur along theivelst
unpopulated eastern coast; however, recent reshials that the path of such typhoons is moving wastw
and northward (Takagi and Esteban, 2016). Becalugeak steering currents, storms tend to move slowl
across the Philippines. As a result, heavy preatipit is very common and thus flood risk is gerriaigh
across the country. For instance, it is not uncomifioo more than 500 mm of precipitation to fall @&s a
large area, with more than 1,000 mm having beerrgbd across the mountains of Luzon (Racoma et al.,
2016).

Due to the mentioned hazards, combined with higkllef poverty, various communities throughout the
Philippines are left in highly-vulnerable situatiorin recognition of the country’s vulnerability tatural
hazards, the enactment of the Philippine Disastgk Reduction and Management (DRRM) Act in 2010
(Republic Act No. 10121) enabled substantial pregie shifting the emphasis from emergency resptmse
preparedness, mitigation and prevention. Significasources have been provided for ex-ante invegtime
and new areas of engagement have been considettbé jpolicy dialogue. However, challenges remain
(e.g., limited financial resources, limited teclatiskills and tools) in enabling implementationdi$aster
risk reduction investments in priority sectors lugling education.

Taking advantage of the opportunities for interadi collaboration through the UK Engineering and
Physical Sciences Research Council (EPSRC) Globhalléhges Research Fund (GCRF) and the British
Council Newton Fund, the authors have initiatetira¢-year long partnership with colleagues fromLBe
Salle University in Manila and Xavier University @agayan the Oro, working on vulnerability assesgme
and resilience of school infrastructure to multedwa in the Philippines. Within this framework.eth
partnership has developed several tools: a ragdaviscreening (RVS)-based multi-hazard vulnertsbili
prioritization procedure for asset ranking; a deteacedure for empirical vulnerability assessmefrgchool
compounds to flooding; an analytical seismic vulbdity assessment and retrofitting framework; a
multicriteria procedure to determine the suitapilif school infrastructure as evacuation and pdpmuia
shelter centres; a large volume of material foming and knowledge exchange available on line. The
present paper focus on some of these outputs wish illustrate the methodology introduced in the
previous section.

Specifically, the next section discusses the R gulure for multi-hazard vulnerability prioritizati and

its implementation in a mobile application to effiatly assist the surveyors. A physical vulnerapiihdex

for each hazard is then proposed. An illustratiwgliaation of the developed tools is presentedtercity of
Cagayan de Oro, Philippines, relating the collectsda for 115 school buildings to the proposed
vulnerability index to swiftly determine the mostilnerable structures among the surveyed stock. The
overall aim is to prioritize a more detailed survalyase for identified index buildings, conduct areno
detailed seismic performance assessment througimtidgtical fragility/vulnerability approach intraded in

the previous section, and determine suitable sthenghg strategies.

3.1. Rapid Visual Surveying via mobile application

The proposed RVS procedure for multi-hazard vuloiéta prioritization uses a sidewalk survey of soh
building, aided by a data collection form, whicle thurveyor can complete, based on visual observafio
the building from the exterior (and if possibleg tinterior), without requiring detailed structudehwings or
calculation reports. The one-page data collectamnf shown in Figure A-1, is based on decade-long
expertise of the authors on this type of surveysiieerse hazards (e.g., D’'Ayala & Speranza 2002yBla

& Paganoni 2011, Stephenson & D’Ayala 2014) andpgglavhere relevant, the GEM Building Taxonomy
(Brzev et al., 2014), as already discussed in @e@i2. To take into account the vulnerability fgedse
hazards, the geolocation of the building in relatio coasts, rivers and faults (if known), is iruEd,
together with hazard categories according to tealldesign codes. The form also considers the expps
estimated on the basis of the number of classr@msoccupants. For the vulnerability ranking, besithe
Tier 1 and Tier 2 parameters discussed in secti®nspecific information is required for the retetiof the
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building to the ground, and for the roof, whichatetine the vulnerability to floods and wind respest.
The form also allows to consider a broad rangetroictural materials and lateral load resisting eystso
that the survey can extend to almost any buildypee twithin a school infrastructure portfolio andsess
them on the same basis. Depending on the strucystém and material, the most common deficieraies
also listed. These are referred to as vulneralfidittors including potential pounding effects, prase of
soft-story, presence of strong-beams weak-colurgaemetric irregularities, etc. The confidence aof th
surveyor in collecting each of the input data dyiime assessment is also recorded with a scoreHighmto
Low, depending on the thoroughness of the survey.

The inspection time is a function of the foot-privft the surveyed building, varying between 15 to 30
minutes, plus the traveling time spent betweendimgk. In any screening programme, it is likelyt thame
aspects of the structure cannot be identified duiaé¢ architectural finishes covering them. In ttése, a
more detailed structural assessment can be perfotmecorrectly identify the structural type and its
deficiencies. Moreover, the collected data can &kscused as a basis for developing detailed nuateric
models, for instance through a simulated desigregaore for selected ‘index’ buildings as discussed
section 2.3 and also in Novelli et al. (2015), \&aine et al. (2010); Gentile et al., (2019). Oruedata
collection phase is completed, depending on thaidered hazard, a subset of parameters with theekig
contribution to the vulnerability can be identifiadd ranked/weighted, similar to an approach fodidvoy
Stephenson & D’Ayala (2014). Some of the paramategsshared among all hazards, such as the salctur
lateral resisting system and the dominant constmuchaterial, while some are just specific to atipatar
hazard, as shown in Table 2. For instance, in ohstrong wind, majority of the roof characteristiare
considered, while for the flood hazard, the permgatand dimensions of openings have much biggecteff

As already explained in section 2.2. for each patama range of possible attributes can be idedtifvhile

a vulnerability rating (VR) is assigned to each dresed on a scale of 20 to 100, divided into equal,
unweighted parts according to the number of atteibuwith 20 indicating the lowest vulnerabilitydah00

the highest vulnerability attribute (Stephenson &¥yala, 2014).

The ranking of the attributes within each parametarsiders their relative contribution to vulnetipifor

the specific hazard. Such a ranking is mainly basedngineering judgment and, for some paramegegs, (
lateral load resisting system and its material)kesaalso use of an analytical calibration basedraygility

and vulnerability relationships (e.g., Gentile bt 2019). For instance, in the case of material keral
load resisting system, unreinforced load bearinganey has the highest VR score of 100, reinforced
masonry 70, timber frame scores 50, reinforced madrame with masonry infill 30 and steel framath
bracings have the lowest score of 20. Furthermiorezase of seismic vulnerability, the potential fo
pounding, the presence of short columns or presehitdills at the ground floor are either truefatse and

a vulnerability index is allocated accordingly.

Among the considered parameters, the constructiesr wf the building plays a critical role in the
vulnerability assessment. Buildings of recent casion are more likely to be based on some hazard-
informed design and featuesl-hocseismic resistance details/measures. Hence, lineatdd vulnerability
rating for recent construction years is assumddvasr compared to that of older building designeddul on
earlier building codes (the scoring is usually ot#d by mapping the year of construction of theessand
the evolution of the building code in the giveniog). It is worth noting that even recently builtildings
can be community-built and hence with limited elegirnng input, leading possibly to a higher vulnditgb
score than less recent but engineered buildingacéjewhile the construction year can be a proxyther
most likely construction technology used, insightbithe level of engineering of the constructiom ce
surmised through the “material and lateral systembgnation”. However, to render this evaluation enor
explicit, a separate indicator called “design I&vslincluded in the GLOSI vulnerability DNA taxomy
(see section 2.2). In the specific case study ptedehere, the buildings considered have been mesignd
constructed by the Filipino Department of Educatfoifowing the seismic design code at the time of
design/construction. Therefore, the case-studydimgs can be considered, at least in principle, all
engineered.

To achieve an accurate scoring for prioritizatittme vulnerability index corresponding to each oé th
considered natural hazards is estimated discrefidte. total vulnerability index (VI) assigned to bac
building surveyed, is the normalized, weighted agerof the scoring assigned to each parametehdturt
details on the rating system and calculation ok discussed in detail in Nassirpour et al. (2@t Gentile
et al., (2019).
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Table 2. Factors allocated for estimating the vuln@bility index according to the hazard

FLOOD EARTHQUAKE WIND

Material + Lateral System Combination

Construction Year

No. of Story
Structural Condition
% of Opening Floor Material Roof Structure
Connection Quality Roof Covering
Vulnerability Factors Roof Connection

Roof Condition
Roof Pitch

A mobile application, the SCOSSO App (Download Lihktps:/bit.ly/2YDPH7Q), has been developed to
assist the surveyors by increasing the efficiepegeision and speed of the rapid visual survey. Sirgey
form has been implemented in the application, féajua simple and user-friendly interface, togetivih

an online routine to compute the vulnerability inaé the building being surveyed, in real time, fifferent
hazards, including seismic, strong wind and flooders can capture photos of the surveyed structures
through the built-in camera tool, while the appomedtically stores and allocates them to the relevan
surveyed building. The survey data is stored inntmdile device as well as on the cloud and canhiaeesl

via email or extracted as a .csv file. Beside thditional latitude and longitude location indiaata built-in
locator with a high precision of 3m by 3m squariesalso included by implementing the What3Word
extension. This innovative global addressing systelrecoming more common among emergency services,
such as Philippine’s Red Cross and United Natidisaster relief programs. Furthermore, a comprétens
survey guide is provided, demonstrating differespiets and options of the app through visual exasnpl
which can be used to train new surveyors. All molipp features are fully operational offline anthaiit

any network or cellular connectivity. The SCOSSbiteapplication is freely available through thedgte

Play Store (Figure 12).

v .4 D07
= SCOSSO

Grade 6 Building (beside main
- building)
- Grade 2 Building ul -abili lex Estimation
0
™ 22% Tood
20%
@ Bagong Lipunan Building 65%
o LOCATION INFO
Grade 5 Building (Franklin Section) GENERAL INFO \/
e N/A
. BUILDING INFO O
- Grade 6 Building (beside main
L STRUCTURALINFO
% Grade 2 Building PHOTOS
o 0 EXPORT / SHARE

Figure 12. Interfaces of SCOSSO Mobile Application

3.2.  Application case study in Cagayan the Oro
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To test the applicability of the SCOSSO RVS procedar multi-hazard vulnerability prioritizatiorhé city

of Cagayan de Oro (CdeO) in the Philippines wasehas a case-study. CdeO is a highly-urbanizgd cit
situated along the north central coast of the Miadaisland (8°2® 124°39E) and facing Macajalar Bay
with 25 kilometres of coastline. According to thel8 census (CPH, 2015), the city has a populatfon o
675,950 and a population density of 1,600 g/kmaking it the 10th most populous city in the Pines.

In general, the city is exposed to extreme weatbaditions resulting in storms and flood. While OCdiges
outside the typhoon belt, it is affected by theirttopical convergence zone. In December 201 1trtpécal
storm Washi hit CdeO, causing strong floodwateranir swiping away mainly poor and social housing
communities along the river banks, leaving abo00@,people dead or missing, and resulting in mioaa t
US$29.5M of damage (Sealza & Sealza, 2014). Therded 24-hour rainfall at Lumbia, CdeO weather
station, exceeded its monthly average by 60% ragalp to 180.9 mm. In terms of seismic hazards(Cde
is surrounded by Sulum, Philippine and Cotabatacties, and relatively close to some major actiiese
faults such as the Tagoloan and Davao river falilie. 2013 Bohol earthquake M7.2, was also feltde@,
although without causing damage.

A total of 115 school buildings have been visuallyveyed in four days. All the surveyed structuaesin
elementary grade campuses in different locationSd®O as indicated in Figure 13. A number of suedey
buildings are designated as disaster sheltersad¢h school campus, a mixture of buildings with vasi
construction years, material, structural systerd, fanction co-exists. As expected, a variationh@ type of
materials, workmanship and technology during thestoiction was observed, even in case of identical
buildings. The survey results (Figure 14) indictitat the structural type of the surveyed buildingsges
from masonry to reinforced concrete (RC) framedditres. These are the majority at 70%. The typical
number of storeys range between one to four stprets the single-story being the most common 68
similarly to the case of Nepal, illustrated in $met2.3. The roof structures are mainly steel (¢edipvith

RC loadbearing frame), 51% or timber 41% (coupldth wasonry loadbearing walls), with the majority i
fair conditions (see Figure 15). The plan shapesast cases varied from regular square to rectanglan
with a few rare cases of L-shaped, susceptiblersidnal effects under earthquake action. Of theeyed
buildings, 23% were constructed after 2010, whipeta 50% were built in the decades 1980s, 1990s and
2000s. The construction year was obtained mainbmfrthe school’'s registry documents or through
interviewing locals. In a few cases (16%), the aatbuilt year could not be found and was inddae
unknown. As anticipated, signs of decay and paorcgiral conditions were observed in the structwiigh
have been constructed over long periods of time.
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704 Figure 13. Geolocation of the surveyed school camges

705
Number of Storeys Primary Structural System
49 m Reinforced Concrete Moment 1
Frame 12%
m Reinforced Masonry Bearing
Walls
m Steel Moment Frame
m 1 Storey Timber Frame
m 2 Storey
3 Storey m Unreinforced Masonry Bearing
m 4 Storey Walls
706 Figure 14. Distribution of stories and primary structural systems of schools in Cayan de Oro —
707 Philippines
Roof Structural System Building Condition
5% 9%
m Steel Truss
m Timber Frame Excellent (Brand New)
RC Slab = Fair
m Other m Deteriorated
708 Figure 15. Distribution of roof structural systemsand condition of schools in Cayan de Oro —
709 Philippines

710 In most cases, the school buildings consist of rofvslassrooms and a walkway or corridor in the
711 longitudinal direction. Individual classrooms apgroately measure 9m x 7m, with an approximate 3m
712  wide walkway and typical floor height of 3m. Thepesure assessment focused on the average number of
713 student population per class, estimated at 40 t@utlls per classroom, considering the plan sizé an
714 number of classrooms per structure. According ® d¢bllected data, the most commiorex building
715 consists of a single storey RC frames with infilllls. The infill walls are mainly built with hollowoncrete
716  blocks with minimal contact between the infill aitd surrounding frame. The buildings generally have
717 gable-pitched roofs of twenty to thirty degreesthwpurlins anchored in steel or wooden trussesesist
718 lateral and vertical loads from typhoon and seisawtivity. Based on the collected vulnerable fegtaue to
719 the regular rectangular shape, the majority of eymd buildings ¥83%) are not susceptible to torsional
720 effects. However, nearly half of the buildinggl8%) are prone to pounding effect due to the gwegimity
721 to nearby structures.

722
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Figure 16. Vulnerability Index of 115 Surveyed Schals in Cayan de Oro — Philippines

For each school building, the surveyed data alltovsletermine its vulnerability index as explained i
section 3.1. As shown in Figure 16, 26 structu®2s6%) have high overall vulnerability (VI>50%),ree a
more detailed structural assessment and retr@fiirengthening planning should be prioritized tloese
buildings.

The number of schools with moderate vulnerabilgy78 (67.8%), while only 11 schools (9.56%) are
characterized by a vulnerability index lower thd?®@ The most vulnerable surveyed structure is KAUO8
(VI = 64.8%), i.e., a highly deteriorated masontusture with unreinforced bearing walls, built 1883,
(Figure 17a). Similarly, BULO2 (VI = 60.5%; FigutErb) is a timber frame, single story, built in 1985
consisting of one classroom (9m x 4.8m) with timbapports for its roof. The general condition oé th
structure as well as its roof and the connectiomgehbeen described as deteriorated. In both cHses,
buildings were susceptible to pounding effect amattscolumn.

e

Figure 17. :a) Kauswagan Central (ID: KAUO0S8); b) Bdua Central (ID: BUL02)

On the other hand, the structure with the lowestanability index (VI = 26%) is an isolated, brandw
steel frame building (ID: WES12). The building cists of two storeys (25.6m x 6m) and four classredm
excellent condition and no report of obvious deficies (Figure 18a). Similarly, a RC building, 8reys
high, (ID: SOU16) scored a vulnerability index &.2% (Figure 18b).
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Figure 18: a) (ID: WES12); b) (ID: SOU16)

The building was built in 2012, consists of twodite and two classrooms with a steel truss roof oAtiog

to the collected data, the building is in an exadllcondition with high-quality connections betwdén
columns and the roof and no visible deficiency isayved. Figure 19, illustrates the individual \Alues
estimated for these four buildings with respece&ch hazard and the average value. It can be bhaén t
proportionally the highest vulnerability index igaaned for either wind or flood hazard, while veitability

of earthquake hazard is comparatively lower.
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Figure 19. Hazard specific vulnerability index forselected buildings

The output of this simplified method based on RW®ves that it is possible to invest relatively mddes
resources to survey relatively large number ofdings in a short time and collect sufficient infation to
prioritise further analysis in relation to the expce to a specific hazard and the specific builtypeg. Given

the modest number of typologies in any school Imgicdbortfolio (Figure 14 and Figure 15) the results
obtained for a small sample such as this one,ufigient to underpin the application of differgntdgement
criteria to identify the most vulnerable index blifigs in the portfolio, to perform more accurate
vulnerability assessment as discussed in secti@ ahd determine needs and best strategies for
strengthening, as discussed in the next sections.

3.3. From rapid visual survey to retrofitting of school buildings

For the purpose of illustrating the process of ifitggreduction when suitable strengthening stratege
chosen, two RC index buildings are chosen and fhagility assessment in relation to seismic hazard
conducted following the analytical approach highiegl in section 2. This choice is influenced by the
consideration that seismic hazard is characterimedhe highest impact/consequences (e.g., in teims
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repair damage and casualties) with respect to otatral hazards, especially in the region of edgrfor
comparable return periods. Moreover, seismic hazardinduce local/global collapse of buildings whil
flood and wind hazards generally affect buildingitemt and non-structural components. For instatiee,
October 2019 earthquake in Mindanao, about 100rdtoes away from Cagayan de Oro, have caused more
than 40 school building to suffer minor to consatde damage (Flores et al., 2019). Similarly, th®ilA
2017 earthquake which hit Mindanao, caused danmadd tschools in the provinces of Lanao del Sur and
Bukidnon, about 50 km away from Cagayan de Orogmicg to the report prepared by National Disaster
Risk Reduction and Management Council of PhilippidDRRMC, 2017).

It is also worth noting that approaches for physiadnerability against wind and flood mainly rebn
empirical data — rather than engineering model({;g., Dottori er al. (2016), Acosta et al., (201&uch
empirical data is not available for the regionmerest and existing approaches are mainly basetkpert
judgment (similar to the proposed index) The inBeiding selection was conducted in a way to regmes
some of the common typologies also according tondiénal school building inventory published by th
Philippines Department of Education in 2014.

The first building is a two storey RC frame, cotiag of two classrooms, one per storey, with twgsband
three frames and it is the most common typologgides the one storey buildings, but more vulnertide
those to seismic action. The second structure deglul5 classrooms, distributed on three storeghjdimg

12 bays and three frames. The spacing of bays rmmies of both building are similar with classrooms
having dimensions of 7m x 9m. Storey height isddad at 3.2m. The three-storey building has ontnef
largest footprintsX 1,540 M) among the typical school buildings in the Phiiigs. With an average of 45
students per classroom according to the surveyredsens, the building accommodates more than 675
students and teachers, making it a particularlyosgg structure to ground shaking. This is consiti¢he
highest damage consequence case, and hence higifiequar performing the fragility assessment.
Although currently building of this size are a shwainority, this typology is recommended for upper
primary and secondary schools as well, and, asdhelar population increases, it is being implemeérin
several new school developments. The buildingsaldntlude any staircase core or shear walls toltr@s
significant torsional effects. The plan and elematof the selected index buildings are illustratedrigure

20 and 21.

As the elevation indicates, the majority of waltelgartitions consist of lightweight concrete hallblocks
(150 mm CHB) with relatively large openings as ante door or windows. Thus, the infill panels wondd
have a considerable effect on the global capaaitlimitial stiffness of the structures. Therefas,a way of
simplification, their effect is neglected in thenmerical simulations. The unit weight of walls addad as
distributed loading on the beams. The materialradtaristics and section arrangements are defined
following a statistical analysis of the schoolstailked drawing, made available by Philippines’ Depeent

of Education (DepEd), as well as the local desiggiecprovisions. For beams, columns and slabs, eretn
with mean strength value of 28 MPa is implementethforced with ribbed steel bars with a mean gjtien
of 253 MPa. All members have 40 mm cover and hawdas arrangement of longitudinal reinforcement.
The shear bars aggl0 with spacing of 0.2 m. An imposed load of 1.9kNfor the classrooms and 3.2
kN/m? for the corridors are applied according to theidtatl Structural Code of the Philippines, Volume 1
(NSCP 2015). The tributary area for the beams wasraed to follow a simplified triangular distrilbari as
the reinforcement arrangement in the slabs allbvesldad path to be achieved.

Three dimensional nonlinear models of the indeddings are developed using the fiber-based finite
element software SeismoStruct (2016). The softiar@pable of predicting large displacement behavio
of space frames under static and dynamic loaditaf#g into consideration the geometric non-lingasi
(e.g. PA and P8) and material inelasticity. It accounts for timread of inelasticity along the members’
length and across the sections’ depth. The métariadels are appropriately chosen from the Seisonis
library to represent reinforcing steel bars, coteend FRP confined concrete. The slab modeltraairied
out by implementing rigid diaphragms at each fland the slab’s loads are transformed to masses and
applied directly to the beams that support the. stabthe structural behaviour is predominantlyueficed

by the first period of vibration and mode shape, nionlinear static pushover (SPO) procedure idiabte
mean of obtaining the structural response, accgrdin the Guidelines set out in GLOSI, as already
mentioned in section 2.3 and further discussedbtaildin D’Ayala et al (2015).
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Figure 20. Plan (left) and elevation (right) view bthe 2-storey, 2-classroom school (DepEd, 2012)
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Figure 21. Elevation view of 3-storey, 15-classroosthool (DepED, 2012)

In this study, the SPO analysis is conducted tlurkaj with incremental uniform load distributionchan
inverted triangular distribution, performed indegently for both longitudinal and transversal directof
the building in order to identify the weaker diieat Response control was utilised for the loagihgse and
terminated the analysis once the control nodedacat mass centre of the roof, reaches a driitdmetre,
according to FEMA 356 (2000). This loading strateggble to identify any irregular response feau(eeg.
soft storey), capture the softening post-peak rariche response and obtain an even distributiqgroimts
on the force-displacement curve. The structurabomse is obtained in terms of base shear versus top
displacement and it is used to compute the frgdilinction as illustrated in section 2.3. The SRfalgsis
identifies for both building as main deficiencyaak of sufficient flexural capacity and confineméot all
ground columns, eventually leading to soft-storaijufe of the structure. The capacity of each colurmas
been evaluated separately, according to the pomssof the National Structural Code of the Philnes,
(NSCP, 2015).

Among different strengthening strategies, strengtige the beams and columns with FRP wrapping is
considered to be the most efficient and least gisre to improve the overall structural performarime
increasing the structural capacity and ductilityotlgh column confinement. In recent years, thietgp
intervention has become common in several earttgtpadne regions around the world due to high stieng
to weight ratio of the FRP fabric, high mechanjmalperties, corrosion resistance and most notéblypeed

of implementation (e.g., De Lorenzis and Tepfer®30Wu et al. 2006). Several examples of FRP
retrofitting have been reported in the aftermathtref 2009, L'Aquila earthquake, Italy, selected ftsr
reduced installation time, allowing quick re-opanof the schools, while significantly increasing teismic
capacity of the building (Frascadore et al., 2015).

In general, FRP is considered expensive when caedptr other retrofitting strategies such as comlcret
jacketing, steel bracing and the introduction afatwalls. However, the FRP wrapping is preferredaises
where there is limited access to the structureiamnal disruption is required (e.g., FEMA-547, 200BRP
wrapping can address deficiencies related to inzategshear and flexural capacity, as well as enhgnie
concrete behaviour, thanks to enhanced confinemeapending on the case, due to the positioningadf
partitions, ceilings and/or other architecturalstnuctural elements, accessing structural memloeegpply
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the FRP wrapping may be challenging. Thereforegglloemoval of structural members, such as the shaly,
be required, particularly in case of beam-colunintfo Furthermore, the potential slab interactidgthuvhe
strengthened member is to be considered in th@nlesid analysis stage, as this may affect strengite
requirements or placing a gap to prevent interad@og., FEMA-547, 2006).

For this study, the main aim was to increase thaildy and member strength following the obsereas of

the nonlinear analysis. Referring to the structaralysis, the weakest beams and columns wereifiddnt
and the FRP wrapping were designed accordinglyh¢oguidelines of CNR-DT 200.1R-13 (CNR, 2014),
while following the preferred capacity hierarchystfong column-weak beam (ASCE 41-13, 2013, NSCP,
2015). Furthermore, the design explicitly incorpiedathe optimal bond length, efficiency of confiremh
and orientation of fibers. The chosen FRP for elihs and columns is the commercial SikaWrap HexC103

selected based on availability in the region urstiedy.

The comparison of pushover curves obtained for baildings before and after retrofitting is illusted in
Figure 22, in terms of base shear coefficient (Ish®ar/mass) and roof drift ratio (top drift/tdtaight). The
main improvement in performance obtained in botes&by installation of FRP is an increase of 9.9t a
6.2% in terms of strength for the 2-storey andddest buildings respectively. In terms of ductiliff,the

ratio of drift at the ultimate strengtid,() to that of yield strengthd(g) is considered, an increase of about

358% in case of the 2-storey and an increase off6b%he 3-storey building is observed.
As discussed above, fragility functions are ongheffundamental tools in assessing seismic riskgrit@ng

the probability of exceeding different damage listates for a given level of ground shaking. Tawder
fragility function for this study, the FRACAS (Fréity through Capacity Spectrum Assessment; Rosssitt
al., 2016) methodology has been chosen. This dieghtly from the N2 procedure adopted in GLOSg
section 2.3) by the way in which it identifies therformance points. Nassirpour and D’Ayala (2018Yéeh
shown that there is modest difference between ¢balts obtained with the two methods for this tgbe

buildings.
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Figure 22. Static pushover curve of the analysedrsictures before and after retrofitting

The capacity curve obtained for each structureprieefind after retrofitting, has been idealised gisan
bilinear elastic perfectly plastic (EPP) curve|llstrated in Figure 22 and already discusseckitisn 2.3.
However, in this case the ground motion intenstycharacterized by the spectral pseudo-acceleration
corresponding to the first-mode elastic vibrati@nipd and 5% damping rati®(T,)) rather than PGA, as
shown for the masonry building in the previous isectSpectral acceleration is a perfect predictortie
response of elastic SDoF systems and a relativebd goredictor for MDoFs, in case their response is
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dominated by the fundamental mode of vibration (8@t al., 1998), as the structures investigatedehg
As already introduced in section 2.3, the far-figldund motion set suggested in FEMA P-695 (FEMA,
2009) has been used to compute the performancéspdiiiferently from the GLOSI application, as img
case the study is location specific, the mean spmcof the ground motions has been verified foeagrent
with the code-based design response spectrum kpthes as prescribed in NSCP (2015). The soffilero
of Cagayan de Oro can be categorized as very dailsand soft rock (360 < Me< 760) and according to
seismic zonation of the code, CdeO is located mezly with faults that are capable of producingy&ar
magnitude events (M 7.0) and have a high rate of seismic activity ¢atihg a peak ground acceleration of
0.4g. To ensures the records can trigger a vagerahstructural responses, from elastic to noaliie and
collapse, a scaling factor from 0.25 to 2.25 far ¢indinates has been introduced to each selectedre

A critical stage of fragility function derivatiomncludes characterizing appropriate damage statds an
allocating rational global and local damage stdtes.the structure under study, maximum inter-staoheft

ratio (MIDR) is employed as the engineering dempachmeter (EDP), a quantifiable global indicatar fo
each damage state. MIDR is a suitable choice fomemt-resisting frames, since it relates the global
response of the structure to joint rotations, iriclvimost of the inelastic behaviour of a momentstiag)
frame (MRF) is concentrated. In order to definerappgate damage states, the recommendations of a
number of guidelines and codes such as HAZUS-MH NIBBD3), HRC (Rossetto & Elnashai, 2003) and
VISION 2000 have been reviewed.

The selected damage thresholds in terms of MIDRyl@yed for the fragility curves derivation are preted

in Table 3, along with a brief description of therresponding damage state. Similar to the threshold
suggested by HAZUS for low- and mid-rise moderat@ecreinforced concrete MRF, which are identical, i
this study the same damage threshold values digeedtfor both considered buildings. As the impafcERP

on the initial stiffness and period of the struetis minor, the initial damage state (slight) vaéd identical
for both cases. The most distinction in threshaddsbserved in case of complete damage state, Hiarhw
the FRP retrofitting has considerably improved dhetility of both structures and hence the strueteein
withstand higher deformation prior to failure. Sawiy, for moderate and extensive damage states, th
threshold has shifted as the structure’s capaaiy ductility has improved after the retrofitting is
implemented.

Table 3. Description of damage limit states and thassigned damage thresholds

Damage Threshold

Da_mgge Performance o (MIDR)
Limit Level Description _
State Original FRP
Building Retrofitted
DS1 - Elastic behaviour of components. Limited
) Operational yielding to a few members. No crushing  0.59% 0.59%
Slight : .
of concrete (confined or unconfined).
DS2 - Immediate Concrete cover spalling at several

locations for columns and beams 1.88% 2.20%

Moderate  Occupancy (i.e. crushing of unconfined concrete).

Extensive crushing in some columns
DS3 - _ and/or beams at different floors, few . .
Extensive  -IT€ safety concrete core crushing in columns. 2.77% 3.80%

Max allowable FRP rupture strain = 0.016

More than 40% of crushing in some 4.20% 5 40%02 i

DS4 - Collapse columns and/or beams. Shear failure or U0 402 Class]
Complete revention total failure/cracking of columns and

P P beami 5.10% 6.20%[15 Class]

The outcome of FRACAS analysis is presented in $eomlM versus EDP for both structures before and
after retrofitting. The obtained IM-EDP points adpwith the allocated damage thresholds of the waigand
retrofitted buildings are illustrated in Figure Zhe number and scaling of earthquake records,yirtinalt
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240 nonlinear dynamic runs were carried out forheawodel in FRACAS. The results indicate an
improvement in performance of the structure afterERP wrappings are implemented. Therefore, dtieeto
enhancement in ductility and capacity, for a cartailue of acceleration applied, the retrofittadictiure can
undergo a larger deformation. As expected the ielgsrformance of the structure at both phases are
identical, similar to the results observed in tbalmear static pushover.

In order to derive the fragility functions for thld-EDPs generated by the simplified method, a galimyd
linear regression method (GLM) with clog-log linkniction (Basoz & Kiremidjian, 1998) have been agubli
to the performance points obtained through FRACASthorough discussion of different regression
procedures commonly used for developing fragilitpdtions can be found in Lallemant et al. (2015 an
Baker (2015). The fragility curves obtained fortbstructures before and after retrofitting are caragd in
Figure 24 and 25. As expected, the fragility cumegzesenting the retrofitted structure have highedian
for all damage states except the slight. The reasdhe fact that FRP does not impact the struure
stiffness and capacity up to this threshold, heheestructure behaves as its original state. Tlpeawement
observed in the performance of the structure afteplementing FRP retrofitting, indicates lower
vulnerability and damage ratio, which can consetjaky result in a reduction of social and economic
losses.
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Figure 23. IM-EDP results obtained from FRACAS alomy with the damage thresholds implemented
for the original building
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Figure 12. Comparison of fragility curves obtainedor 2 Storey — 2 Class before and after FRP
retrofitting
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Figure 25. Comparison of fragility curves obtainedor 3 Storey — 15 Class before and after FRP
retrofitting

3.4. Reducing non-structural vulnerability

Alongside the structural fragility and vulnerabyjliassessment of the school structures, the nootstal
components of the surveyed school facilities hagenbinvestigated to identify the potential risksthe
safety of the occupants. A guideline is preparausisting of retrofitting measures to reduce anyeptal
risk of injury or death due to falling, overturninghifting or rearrangement of the equipment anidifies
existing in the class rooms as shown in FigureSp@cial care is spent on evacuation routes andngakire
no obstruction is caused during any of the coneidlbazards.

Figure 26. Assessment of non-structural components the school infrastructure and identifying potental issues
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As part of both the GLOSI and the Philippines prtgeseveral training and capacity building sessiwave
been organised in the countries under study inrotledisseminate the culture of safe schools. Local
engineers, disaster responders, stakeholders aigiotlemakers have been invited to two-to-three-ldag
workshops, in which the state-of-the-art techniquesl methods on structural and non-structural
vulnerability assessment and resilience enhancearentiscussed (Figure 27). The training compos$es o
lecture notes on relevant basic and advanced ctsjcap well as several hours of multimedia material
demonstrating step-by-step assessment processthsifagest applicable software.

Walk-through
the Road ot
Seismic Fragiwy
Assessment

e BT 5 RS L igia | i e % A : [ y  /
» ., 0 B T .

g ¥

3 - b NE 4 . ’
Figure 27. Workshops on vulnerability and resiliene of schools against natural hazards

Conclusions

Taking into consideration the high probability afcarrence for various natural hazards across thédwo
and particularly in developing countries, assessidti-hazard vulnerability and risk of school llifigs is

an urgent task for governmental authorities arst fiesponders. Given the large number of existaipal
sites and their geographical distribution, apperiand effective tools and approaches are required
address the prevailing physical and social vulnbtigs of the school infrastructure to multiple taeal
hazards at global scale. Specifically, developingomprehensive dataset of typical and systematicall
defined structural typologies for schools, incluygimain structural and non-structural charactessfeg.,
age of construction, number of story, lateral loadisting system and materials, number of occupants
common defects, typical damage associated to nwiltimtural hazards, is beneficial for disaster
management planning and decision making along wgtloritization and resource allocation for
retrofitting/strengthening plans for such strucsurghis basic information needs to be collectedaralyzed

in a consistent and standardized form, if it ibéoused in the development of Risk Mitigation Paogmes,
allowing to define needs at country and regionakle The methodology developed within the GPSS
programme with the GLOSI initiative has made s8ide this direction, indicating that it is possilite
determine a uniform taxonomy systems, that caudes all type of typologies and account for varievs!
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of available information. The identification of iex buildings following such approach allows to defi
seismic fragility and vulnerability functions fopecific typologies of general applicability, usirglatively
simple analytical models, at the reach of most ggéek of civil engineering programmes includingisec
engineering tuitions. As shown in the applicatiase study of CdO the fragility assessment methpteap
is able to quantify the reduction in fragility affted by strengthening.

Moreover, a series of tools for a rapid yet rekabisual multi-hazard vulnerability prioritizatiaf school
infrastructure against potentially destructive naltinazards, i.e., earthquake, typhoon, and flbede also
been tested. The rapid visual survey mobile apitinaallows to categorize the buildings in termsttod
primary indicators identified for the GLOSI taxongnand also compute simplified vulnerability indice
swiftly determine the safety level of the considebeildings. To test the applicability of the prepd tools,
115 school buildings in Cagayan de Oro have beeweged and their vulnerability indices have been
estimated. This has been followed by the seleaifotwo index buildings and the derivation of anagt
fragility relationships. To mitigate the identifiestructural deficiencies and improve the overalsreéc
performance of the two case-study structures, tstralcand nonstructural retrofitting measures hiagen
proposed. The results of the analysis indicatedomasiderable improvement in the overall seismic
performance of each considered structural systanticplarly as the structure enters its inelastibdvior.

The proposed tools represent a first step towadktailed multi-hazard risk and resilience assessmen
framework of school infrastructure. The aim is lowa stakeholders and decision-makers to quickgniify

the most vulnerable structures among the surveyok,sto guide more detailed data collection camgpsi
and structural assessment procedures (e.g., aahlytulnerability approaches, through fragility and
vulnerability relationships), and ultimately to plafurther retrofitting/strengthening measures dr, i
necessary, school replacement/relocation.
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Appendix

General Info.

Building Info.

Structural Info.

SAFER COMMUNITIES (o |
THROUGH SAFER SCHOOQOLS c -
RAPID VISUAL SURVEY .3 Sm
Date: [ Time: | Surveyor Name:
School Compound Name / Address:
Building ID: | Total No. of Students in Building:
GPS Coordinate - Lat.: Lon.:
Position = [ ] Corner [ ] Mid-block [ ] End-block [ ] Isolated [ ] Other:
Construction Year: | [ ]Unknown | Confidence:[ JH []M []L
Availability of Structural Drawing = [ | NO [ ] YES Sketch a Simple Building Plan on the back of this Sheet
Any nearby Rivers 2 [ INO [ ]YES Distance:
Any nearby Coasts > [ ]NO [ ]YES Distance:
Any nearby Faults = [ INO [ ]YES Distance:
No. Storey : Storey Height (m):
No. Bay X : Total Length X {m):
No. Bay Y : Total Length Y (m):
No. Rooms = Classroom:  Library: Office: IT Hub: Hall: Services: Other:
Dimension of Average Classroom (m) = X: ¥
Dimensions of Largest Room (m) 2 X: Y: Info:
No. openings per storgy: | Largest opening size (m):
Unk’ | Confidence
Material of Load- [ 1 Masonry [ 1Reinforced Concrete [ ] Steel [] HML
Resisting System [ ] Timber [ ] Other:
RC Slab Timber Joists + Wooden Floor
Floar Malerlal % }Flemforced Br[lc]k Concrete [ | Other: [] H M L
Roof [ 1RC Slab [ ] Timber Truss [ ]1Steel Truss [ HML
Structural System [ ] Beinforced Brick Goncrete [ | Other:
Roof Covering [ 1Tiles [ ] Metal Sheeting [ ]Other: [1] H ML
Roof Pitch [ 1Flat [ ] Mono Pitch [ 1 Multi Pitch = No.: [] H ML
Roof Condition [ 1Poor/Deteriorated [ | Good/Fair [ ] Excellent/Brand New [1 HML
Roof Connection [ ]1Poor/Deteriorated [ ] Good/Fair [ ] Excellent/Brand New I1 H ML
[ ] Frame [ ] Load Bearing Walls [ ] RC Shear Wall
Lateral Load : :
Resisting System % }E}Lan?t:%ed[ ]C(:{)ﬂ}fg?':ie!\rAasanry [ ] Reinforced Masonry | [ ] H ML
Structural Condition | [ ] Poor/Deteriorated [ ] Good/Fair [ ] Excellent/Brand New | [ ] H ML
Connection Quality | [ ]Poor!Delerioraled [ ] Good/Fair [ ] Excellent/Brand New [1] H ML
Retrofitting [IN [ ]Yes = Info: (] HML
2 Yes = Info:
Modlfications % }Addltlon [of]Stcmes [ ] Extension of Plan: [l H: N E
Foundation Type [ 1R [ 1Brick [ ]Stone [ ]Other [1 HML
Vulnerability [1] Short column [ 1 Pounding (if butldings closer than 0.2m)_ [ ]_Soﬂ storey
Factors [ ] Strong Beam-Weak Column [ ]Built on Slppe [ ] Built on Stilts
(Indicate Confidence) [ ]Balcon:es [ ]Planirreg. [ ] Elevationirreg. [ ] Mass irreg.
[ 1Opening irreg. [ ] Parapet [ ] Gable [ ]1Gther:
If MASONRY:
Masonry Brick Masonry Block Concrete Block
Masonty: Type % }Cut s ][A!:Iobe il i floher |11 | BML
Mortar Type [ ]None [ ]Cement [ ]Lime [ ]Mud [1 H M L
Reinforcement [ IN [ 1Yes [] H M L
Confinement [ IN [ ]Yes [1 H ML
Wall Thickness (m) [1] H ML
Wall Layer [ ]Solid [ ] Multi Leaf [ ] Gavity Walls [1 H ML
It FRAME [ RC, Timber, Steel |:
Beam Dimensions (m) [1 HML
Column Dimensions (m) [] H ML
) i [ 1Brick [ ]Concrete Block [ ] Timber Plates
il kL. Mkl [ ] Adobe [ ] Other: Thickness (m): [1 | BML
*Unknown H = high, M = medium, L = low Any exira comments can be added on the back of this sheet.
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Figure A-1. SCOSSO rapid visual survey data colleixin form
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