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Abstract

Unreinforced masonry construction is considered to be the most vulnerable forms of
construction as demonstrated through recent earthquake€anada,many densely
populated citiessuch as (Vancouver, Montrealand Ottawa have large inventories of
seismically vulnerablemasonry structures. Although measures have been taken to
rehabilitate and increase the seismic resistance of important and historic strunamgs
existingunreinforcedmasonry structures have not been retrofitted and remain at risk in the
event of a large magnitude earthquake. There is therefore a need to ideitdifygs at risk

and develop tools for assessing #esmic vulnerability of existingnreinforced masogr

structures in Canada.

This thesispresents results from an ongoing research program which forms part of a multi

di sciplinary effort bet ween the University
Management Research Centre and the Geological Survegrafda (NRCAN) tassess the

seismic vulnerabilityof buildings in dense urban aressch as Ottawa, Ontarié\ risk-

based seismic assessment tool (CanRisk) has been developed to assess the seismic
vulnerability of existing unreinforced masonry and reiméed concrete structures. The
seismic risk assessment tool exploits the use of fuzzy logic, a soft computing technique, to
capture the vagueness and uncertainty within the evaluation of the performance of a given
building. In order to conduceismic riskassessmenta general building inventory and its

spatial distribution and variabilitis requiredfor earthquake losestimations.The Urban

Rapid Assessment Tool (Urban RAT) is designed for the rapid collection of building data in
urban centres. Tiv Geagraphic Information System (GIS) based assessment tool allows for
intense data collection and revolutionizes the traditional sidewalk survey appi@ach
collecting building dataThe application ofCanRisk and th&rban RAT tool tothe City of

Ottawais discussed in the following thesi®ata collectionof over 13000 buildingshas

been obtainedncluding the seismic risk assessment df465 unreinforced masonry
buildings. A case study ofselectedURM buildings located in the City of Ottawaas
conduced using CanRiskData obtained from th2011 ChristchurchEarthquake in New
Zealandwasutilized for verification ofthe tool.
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1.1 General
The 1868 Hayward, 1906 San Francisco, 1925 Santa Barbara, and 1933 Long Beach

earthquakes exposed in dramatic fashion the consequences of poorly designed masonry
structuregATC, 2009) Following the damage obsed/én the Long Beaclkarthquakdgsee
example in Figure 1-1), building codes in California prohibited the construction of
unreinforced masonry (URM) building$less, 2008)Despite this factand regardless of

some rehabilitation efforts, many existing masonry structures constructed prior to this era
remained vulnerable. The 1971 San Fernando, 1989 Loma Prieta and 1994 Northridge
earthquakes exposed the urgent need to igeautidl retrofit vulnerable structures. Similarly,

in New Zealand, the 2010 Darfield and 2011 Christchurch earthquakes also exposed the
seismic risk associated with pbp designed masonry structuremigham amd Griffith,

2011a).

Figure 1-1: Complete Collapse of a Commercial URM building, Long beach, California 1933
(Hess, 2008)

Similarly, in Canada, many densely populated cii¢ancouver, Montreabnd Ottawa
have large inventories of unreinforced masosiyctures(Hodgson, 1945; Bruneau and

Lamontgne 1994)With approximately 40% of Canadians living in areas of high or



moderate earthquake risk, it is essential to understand the potential hazards posed by
vulnerable URM buildings (Statistics Canada, 20&4&vacs, 2010Bruneaul994). In the
OttawaGatineau region, continuous urban growth puts ever greater populations and
infrastructure at risk to seismic disturbance (Lamontagne, 2@&libpugh measures have

been taken to rehabilitate and increase thensei lesilienceof important and historic
structuresmany existindJRM structures have not been retrofitted and remain at risk in the
event of a large magnitude earthquake. There is therefore a need to identify vulnerable
structures and develop tools @ssessing the seismic vulnerability of masonry structures in

Canada.

Due to large inventories of URMuildings and the hazard associated with this structural
type, it is essential to include the evaluation of URM buildings when condws&isiguic risk
asessments(Bruneau 1994 Mitchell et al. 1990).Seismic risk assessmengsovide
knowledge to support effective actions by decision makers that can reduce pdemiaje

to populated urban communitietn the case of seismicallgeficient URM buildings,
information gathered from risk assessments can provide insight on potential mitigation

techniques (retrofit, demolition, etc.).

The work presented in thishesisforms part of a multdisciplinary effort between the
University of Ottawabés Hazard Mitigation an
the Geological Survey of Canada (NRCAN)assess the seismic vulnerabilitlybuildings

in dense urban areasch a®ttawa, Ontario

A risk-based seismic assessment tool (CanRigigt can be usetb assess the seismic
vulnerability of existing unreinforced masonry and reinforced conchetddings is
presentedThe tool exploits the use of fuzzy logic, a soft comimy technique, to capture

the vagueness and uncertainty within the evaluation of the performance of a given building.

In order to conduct seismic risk assessmaihfa geographic regigna general building
inventory and its spatial distribution andilnerability is required for earthquake loss
estimations.The thesis presents the applicat@hUrban Rapid Assessment Tool (Urban



RAT), developed at the University of Ottawaatolfor rapid collection of building data in
urban centres. Tit Geographic iformation System (GIS) based assessment tool allows for
intense dataollection while revolutionzing the traditional sidewalk survegpproachfor
collecting building data.

1.2 ResearchObjective and Scope
The main objective of this thesis is to enhanod expand theapplication ofCanRisk, an

existing riskbased seismic assessment tool developed by Tesfamariam (@0QBg
University of Ottawa for reinforced concrete buildings particular the tool is extended to
allow for the seismic risk assessmentJd®M buildings. Furthermore, the to enhanced

by introducing new performance modifiers that take into acahergffects of structural and
nonstructural vulnerabiliesto compute overall building risk he objective is achieved by
utilizing the current framework of the existing version of CanRisk (Tesfamariam, 2008) and

modifying ittoincreas¢e he programés functionality.

In addition, contributions are made towards the development ofew GlSbased tool
(Urban RAT) whichis used for rapidvisual screenindRVS) of buildings inthe City of
Ottawa toestablish a building databas& total of over 13,000 buildings are assessed in

Ottawa for seismic risk assessment.

CanRiskand UrbarRAT areused toconductseismic risk assessment ha65unreinforced
masonryand 580 reinforced concrebeiildings.A case study of aelected numbesf URM
buildings located in the City of Ottaveae evaluatedsing CanRiskThedata obtained from
the 2011 Christchurch earthake in New Zealands utilized to verify the capabilitiesof
CanRiskas a seismic risk assessment tool

1.3 Thesis Structure
As demonstrated iRigurel-2 , the thesis consists of sevegctions:

1 Chapter iintroducesthe thesis anthe researchbbjective andcope
1 Chapter 2 Presents a literature review on the thesis subject matter, including a

review ofseismic risk, building data collection, seismic risk assessmettiods and



fuzzy logic theory and presengsStateof-the-art literature review on the seismic
vulnerability of unreinforced masonry buildings;

Chapter 3Presents CanRisk, lderarchical fazy rulebased modelor the seismic

risk assessment of URM/RC buildings;

Chapter 4:Presents a sensitivity analysis and uses data collected from the 2011
Christchurch Earthquake as verification of the CanRisk model,

Chapter 5:introduces Uran Rapid Assesnent Tool (UrbarRAT), a tool for the
collection of building data in dense urban areas, and presents the results from the
application of the tool to the City of Ottawa;

Chapter6: Presents the regional seismic risk asseent of URM and RC buildings

in the downtown core of the City of Ottaveand acase study ofletailedseismic risk
assessments afhandful of URM buildings

Chapter7: Summarizes concluding remarks and provides some recommendations for

future research efforts.

Chapter One
Introduction

Chapter Two
Literature Review

Chapter Three
CanRisk Development

Chapter Four
Sensitivty Analysis and Model Verification

Thesis Organisation

Chapter Five
Urban Rapid Assessment Tool

Chapter Six
Regional Seismic Risk Assessment of Buildings in the City of Qttawa

Chapter Seven
Conclusions, Recommendations and Closing Remarks

Figure 1-2: Thesis Organiation



Chap2er

Sei smic Performance
and Review of Seil smi
Procedukbessenadl

2.1 Introduction
This chaptempresentsa review of available seismic risk assessment proceslaral tools for

building structures, as well asreview of previous literature on the topiktter defining
seismic risk the importance of data collection using di&sed toolss discussedVarious
methodologies for assessing seismic risk are then suzeth@and discussed, includirtge
tools specifically developed for URM buildings.review of fuzzy set theory and fuzzy rule
basedmodelling in handing the subjectivity and uncertainiypvolved in risk evaluation

process is presenteals these analytittools are used in the current project

Finally the literature reviewincludes a detailed statef-the-art review of the seismic
vulnerability of URM buildings. Tis section defines URM building characteristics, reviews
code development related to URMijscussesknown seismic deficienciesn URM and

summarizes past performance of URMildingsin documented earthquakes.

2.2 Seismic Risk
The seismiadamageability ofa building is defined as the probability (or likelihood) of loss

or damage resulting from a given level of earthquake for a given building. The measure of
damageability dependsn several factors, such as the unique attributes of a building being
evaluatel and theintensity of a given earthquake. This information can be used to assess
seismic risk ashe likelihood of the impact dbuilding damageabilityn terms of expected
economic and human lgssuch as the extent of property damage and the poteotiaber

of casualtiesollowing an earthquakéresfamariam, 2008; Coburn and Spence, 2002).

Seismic risk assessmerequireconsideration of site seismic hazard, building vulnerability
and building importance/exposur8ite seismic hazard is related tosseicity of a given

region and building site conditions. Building vulnerability takes into account the inherent



building characteristics and unique attributes that can influence seismic performance of a
structure. Building importance reflects the relatigortance of a building to a community

by identifying building class andumanéconomic impact.

2.3 Building Data Collection and GIS
Proper disaster planning, mitigation techniques, preparedness and response procedures can

all be handled through &eographic nformation System (GIS). The seismic risk
assessment of densely populated urban areas requiresictiection of building data.
GIS tools can facilitate rapid data entry, analysis and visualization of spatial Tdedae
toolshave been utilized in nmg emergency management applications (Herold and Sawada
2012) and they provide an efficient toolset fieapping the effect of hazard across a region
for loss estimation studies (Tari and Ta#002 Coburn and Spence, 2002As the
consequences of an dajtiake vey spatially, GlSbased tools linkthe event of an
earthquake with hazard specific information such as @akfgeology (Motazedian .,
2011) and structural variations. Success in mapping the spatial variability in seismic risk
outcomes reques a weldeveloped dabase of building structures. A buildidgtabase can

be effectively populated directly within a GIS system.

A well-developed building inventory hinges on the information that is collected. Detailed
data collection forms and guideés exist for loss estimations as outlined in FEMA 154
(ATC, 2002) and HAZUS®MH (ABS Consulting and ImageCa006). They include
parameters such as construction type and year of construction which are good indicators of
expectedseismicperformanceThes parameters can be collected using-@dSed tools and

usedto populatanventory databasassed for earthquake loss estimations.

2.4 Seismic Risk Assessment

2.4.1 Existing Methodologies for Assessing Seismic Risk
Various methods have been proposed in likerature to carryout seismic sk loss

estimations, including: empirical/statistical models, heuristic models and
analytical/mechanistic/goretical models (Tesfamariam, 2008)he following section
provides a review of existing methodologies proposedanous countries for the seismic

risk assessment of buildings.



2.4.1.1 Japan
Otani (2000) developed a simple screening procedure for the seismic vulnerability

evaluation of existing reinforced concrete building Japan. Theneed for evaluating
existing building stock was recognized after a review of damage statistics from major
earthquakessuch as the 1995 Hyod@n Nanbu earthquake in Kobe ciffo evaluate
existing RC buildingsvarious parameters were identified, includingtrength and
defamation capability of members, material properties, structural configuration, site
condition, guality of workmanship, importancaf buildings, year of construction amdfect

of nonstructural elements. The evaluation procedure is derived from buildingndes
equationsand results in varioukevels of screening. The lateral strengtind deformation
capacity is first estimated on the basis of actual dimensions and material properties
building elements andecords from previous earthquakes in Japan througHices.
Thereatfter, fi the building has been identified as deficient in strength and/or capaeity th
the building is evaluatbusing a nonlinear procedure.

2.4.1.2 USA
Hazards U.S. MultHazard (HAZUSMH) is a wideranging GlSbased loss estimation tool

develgped by the Federal Emergency Management Agency (FEMA) and National Institute
of Building Sciences (NIBS). Currently, the U.S. version (see FEMA, 2011) has the ability
to estimate effects of earthquake, flood and hurricane winds wWiel€anadianversion
includesearthquake and flood estimations (see Ploeger et al., 2010). HNEHUS very
comprehensive in terms of earthquake loss estimations. It has the ability to estimate physical
losses such as damage to buildings and debris, social losses such desasuhlishelter
requirements and economical losses including the replacement costs of buildings. Since it is
extended into a GIS platform it allows the user to map the losses, so it can be easily
visualized to various stakeholders. Itaisiseful tool fordisaster management purposes as it
can help estimate losses and better plan, prepare for and anticipate the nature and scope of a
future earthquake. It is noted that a wadiveloped building inventory is required input

into the HAZUSMH software othawise default settings are used, which can introduce
significant error within the evaluation. HAZUS uses various methodologies to determine
loss. For instance, within the earthquake loss estimation module, the evaluation of building

damageability is detenimed through fragility and capacity curves; in the case of casualty



estimations it uses a modified version of AIB. There are other methodologies that exist
within the HAZUSMH program for various evaluation parameters. The results of the
evaluation proess are presented by aggregated areas and include a summary of the
inventory and losses over a censpaceHowever, it is also possible to conduct a building

specific evaluation (such as an individual building of interest).

The FEMA 154 reporfATC, 20Q2), provides a rapid visual screening (RVS) procedaire
seismicallyvulnerable buildigs. The approach consists of a sidewalk sufeeya given
building using a data collection form based on a visual assessment. The information
collected using the datéorm includes: identifying the building type €Bmic Force
Resisting Systen), year of construction, number of stories, building area, building use,
building occupancy, structural irregularities, soil type and falling hazards e$tnactural
componentsOnce the input fields have been identified on the data form, a basic structural
hazard score is given that relates to the probability of building collap$ersevereground
shaking.A greater score from the evaluation of a building results mremterexpected
seismic performance. From this evaluation process, buildings identified as seismically
deficient are recommended for detailed evaluation. Often the FEMA 154 SRbi®sof
buildings are compared withthe results from HAZUSMH. The FEMA 154 reports
typically used as an inexpensive, rapid screening process on a regional scale to determine

the expected seismic performance | evels of

The handbook for the seismic evaluation of buildings, FEMA report 310 (ASCE, 1998), is
considered an advanced seismic evaluation procedure with atigmesaluation procedure

with increasing compley of analysis at every levelhe handbook identifies evaluation
requirements using basic building information such as building type, I&€geigmicity, and
testing procedures from information/material gatheredsitsh to etablish level of
performanceTier 1 represents the initial screening phase, and is conducted using checklists.
At this stage, buildings are grouped as compliant or-auompliant with the current
provisions of the FEMA 310 handbook. The buildings containing deficiencies or not
meetingthe requirements of FEMA 310 proceed to Tier 2 evaluation. In the Tier 2 phase,

buildings are analyzed using common linear static or dynamadysis methods to identify

(



the effect of deficiencies found in Tier 1. Buildings that are considered unsatisfaatag
on Tier 2 requirements proceed Toer 3 evaluation. In the Tier 3 evaluation, a detailed
nonlinear analysis is conducted in ordendentify potential mitigation actions to bring the
building to an acceptable level of seismic performance.

2.4.1.3 New Zealand
A document by the New Zealand Society for Earthquake Engineering, (NZSEE, 2006),

provides a stepy-step evaluation of the seismic parhance of buildings with different
marterial types and configurations. The procedure begins with an initial evaluation
procedure (IEP) based on a visual screening process and a structural score is used as an
indicator of potential building damage. Two sog factors are obtained, the first is a basic
score which reflectsthe standard for the orginal design and the poential earthquake hazard
of the building in question, the second is a modication to the basic score to account for any
seismic deficiencesofind in the building. Moreover, building importance is established by
building area, occupant density and potential casulasire$ is combined witlstructural

score to determine if a detialed assessment is required. If a building is evaluated using the
detailed structural assessment, the building is investigated at the component level. Finally,
forcebased and displacdzhsed methods are utilized for the detailed assessment of later
forceresisting elements of the building in order to determine the dvaotedntial risk and

estimated structural damage.

2.4.1.4 Europel Euromde 8i part 3
Part 3 of Euromde 8 (CEN, 2005) provides guidelines for the seismic assessment and

retrofit of existing damaged or undamaged structuaed has been adopted by a number of
European countries. The evaluation process considers the seismic vulnerability of buildings
for three levels of performance (neanllapse, significant damage and damage limitation)
based on three levels of return period (2475 year, 475 year and 225 ygapeeiods). The
structural performance is evaluated by linear or-lmoegar analysis where a displacement
based approach assesses the performance of
geometry design details and materials are obdlafoethe structural assessmefRbllowing

the analysis, verification at the component level is conducted depending on the type of

failure: ductile or brittle. Ductile elements are assessed by limiting response to a permissible



deformation, while brittle elemenése assessed by limiting response to a maximum strength
or force.Lastlya confidence factor imtroduced to handle any uncertainty in the evaluation.
It is noted that this modification to the evaluation of gegformance of a structunearies
based on the type @inalysis carried out by the evaluafbnear or nodinear analysis)In

addition, the document provides details for structural retrofitting and deersaéing.

2.4.1.5 Canada
The SCREEN tool (Saatcioglu et al. 2011) presents d s$mic screening procedufiée

tool wasdeveloped bypdating the earlier seismic screening manual originally developed
by the National Research Council (NRC) of Canada in 1&82d orthe FEMA 154 rapid
visual screening process (ATC, 2002). The wak developed to provide seismic screening

of buildings based on field inspections or analysis of building drawings. It is used to identify
buildings that require further investigation to assess seismic vulnerabilities and allow for a
prioritization of sesmic retrofit needs. The method used in the Screening Manual is based
on the computation of a seismic priority index (SPI) as the product of factors that affect
building performance during earthquakes. The factors taken into consideration include:
seismicty, soil condition, type of structure, building irregularity, building importance and
nonstructural hazard (further detailed Trable 2-1). Each indpendent factor is computed
empirically or by observations using guidelines in the screening manual. The higher the SPI
value, the higher the vulnerability of the building being evaluated. The buildings are then
ranked bytheir scores, where the scores alevided into four different categories of priority
(low, medium, higher and potentially hazardous). The tool allows for application in any city
in Canada for which the uniform hazard spectrum (UHS) is defined in the National Building
Code of Canada (NBCQ0R5) and provides a tool amdpid visualscreening procedure for

identifying potentially seismicallgeficient buildings in Canada.

CanRisk, a loss estimation program for the seismic vulnerability assessment of reinforced
concrete buildings is a tool deloped by Tesfamariam and Saatcioglu (2008). The tool
integrates site specific spatial information suciN&CC-based soil conditions and ground
motiors with detailed usemput buildingspecific data usingierarchical fuzzyruled based
theory (sedrigure2-1). The program is modular in that it evaluates different parameters to

establishseismicrisk of buildings.Speci f i c al | yhasedCamssRensirkegratesr i s k

10



site seismic hazard, building wvulnerability (likelihood of failure) and building
importance/exposure factor (consequence of failure) as illustratéigune 2-2. Currently,

the program allows for the evaluatiohreinforced concrete buildingand part of the scope

of this thesis is to expand the programos
unreinforced masonry (URM) structures. The program output establishes structural building
damage levels and a risk index for a given buildMgre details related to fuzzy logic and

how it relates to the CanRisk prograan be foundn Chapter3.

Table 2-1: Seismic Screening Manual Factors Affecting Building Performance

Factor Description

AT Seismicity Utilizes the year of construction to compare the seismic force d¢
levels between NBC@990 and NBCE&005, reflecting relationshij
between seismic hazards 1885 and 2005. The relationship with earl
seismicity can also be established by using multipliers given in
Screening Manual.

B i Soil Condition Equates NBC005 new soil classifications and related per
dependant acceleratidrased and velocithased site coefficients wit
soil conditions specified in earlier codes to establish the correlatic
amplification /deamplification of soil conditions.

C1i Type of Structure Reflects the building@®&0t5adsg hmo
approab for categorizing different building types {R) with earlier
editions of the NBCC (coefficient K and then by coefficient R) wh

reflects the buildingbs abil it
D i Building Irregularity Captures any structural irrelguity within a building (vertical
irregularity, plan irregularit
deficiencies.
E i Building Importance Occupancy related importance factor which incorporates occupied

occupancy density and a duration €actidentifies critical infrastructure
postdisaster buildings and higtccupancy buildings.

Fi Non-Structural Hazards Highlights any hazard related to netructural elements. Conside
objects that are falling hazards to life and damage to vital operatio
strategic, postlisaster facilities.
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2.4.2 Existing Methodologiesfor SeismicRisk Assessment of URMBuildings
In addition tothe general seismic risk assessment methdescribed inSection2.4.],

researchers have also proposed methodologies specifically for the sesénaissessment of
URM buildings. The following sectionzovidereviews of some of the methods proposed in
the literature.

2.4.2.1 Turkey
Erberik (2010) preseatlan engineering application for the seismic vulnerability assessment

of URM buildings in Istanbul, Tuskky, which is known to be an urban city prone to
moderate to severe earthquakes. In the investigation presented by Erberik (2010), a building
inventory of approximately 20,000 masonry buildings was examined in a two stage process.
The first stage included preliminary sidewalk survey of unreinforced masonry buildings,
while the second stage followed a more detailed procedure of those URM buildings tagged
as highly vulnerable during the firgbge evaluation. The author edthat common seismic
deficiencies found in URM buildings includepoor masonry material quality and
characteristics, plan geometry/irregularity, irregular wall openithgsjumber of stories and
insufficient wall lengths, which are in turn used as key paraméiegructuralevaluation

during the sidewalk survey. Results from the sidewalk survey indicated that most of the
URM buildings did not conform to the Turkish Earthquake Code regulations. The risk
assessment in the first stage involved both an identification of seismic hazaetl as the
assessment of building vulnerability. Seismic hazard was determined by using peak ground
accelerations (PGA) with grobability of exceedanceof 10% in 50 years. Building
vulnerability was established by using fragility curves for 120 diffectagses of masonry
buildings, where each class contained the different structural deficiencies/parameters
previously mentioned. Subsequently, a performance score was assigned based on damage
state probabilities with corresponding damage state multiglherthe assigned PGA value

and were ranked accordingly. In addition to the performance score, the buildings were also
given a level of low, medium or high risk. A threshold was established and the masonry
buildings below the limit were required for a dégdi inspection. As a result of the
performance score, based on established probability levels by the author, 4,105 of 19,189
buildings were considered to pose significant risks. In the second stage, a rdepthin

investigation of the buildings identifieid stage one was conducted. Detailed information

13



including structural layouts and geometrical properties were obtained for the second stage.
Based on empirical equations, structural parameters were computed such as: lateral shear
resistance of wall segmenand plan eccentricities which were compared with current
Turkish Earthquake Code regulations. The results from stage two concluded that 2,786
buildings are classified as high risk. Overall the paper capluhe inevitable vulnerability

of masonry builthgs in Istanbul, Turkey and propasa feasible preearthquake risk

assessment procedure for disaster management and risk mitigation purposes.

2.4.2.2 New Zealand
In New Zealand, an investigation on the seismic vulnerakolitgxisting URM building

stock was conducted. Russell and Ingham (2010)ieppl methodology to group URM
buildings into various typologies for the purposes of seismic assessment based on the
knowledge that building configuration plags one of the most importanbles The key
featuresfor differently defined typologiesincluded building storey height and building
footprint. The man typology types are listed imable 2-2 and can be further divided into
subclasses based on plan configuratieash as wall distributions and arrangements. The
typology class of URM buildingsvere also identified with an expected importance level

according taheNew Zealand code geilations.

Table 2-2: Classification of New Zealand URM Building Typology

Type Description
A One storey, isolated
B One storey, row
C Two storey, isolated
D Two storey, row
E Three + storey, isolated
F Three+ storey, row
G Institutional, religious, industrial, other

Based onthe data obtained from city organizations, old historical data as well as other
census tracts, an estimated amount of 3,750 URM buildings existed in 2010. In terms of
populating the database, two different approaches were used. The first approach involved
aggegating and identifying the location of URM buildings and their distribution between

the provinces of New Zealand, while the other approach gathered similar information but
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also provided an estimated financial value to the exisbmidding stock. Both mdtods
assisted in identifying the location, age of construction, building height and financial value
for the URM building stock. Results obtained show most of the URM in New Zealend
one storey buildings built between the yw&E20 and 1930.

For evalation purposes, the expected vulnerability of URM buildings was established using

the guidelines outlined by the New Zealand Society for Earthquake Engineering (NZSEE).

The initial evaluation procedure (IEP) provided a screening method to determine a
buildc ngdés performance in the eventdconipariagn e ar t
the expected building performance with current New Zealand building practices to
determine a APercentage New Building Standa
buildngdés structur al weaknesses, seismicity po
for pounding. According to the methodology, a %NBS score of 33 or less indicated that the
building was a significant earthquake risk. A score between 33 and 6 fietktite building

as being a potential earthquake risk and finally a score of greater than 67 indicated that the
building was unlikely to be a significant risk. The %NBS was calculated for the URM
building stock using the results from the initial screeraagluation. As a result, 35% of the

total inventory scored less than 33 %NBS and 52% scored between 33 and 67 %NBS
indicating that 87% of the total URM building stock in New Zealand as being seismically
vulnerable. This research effort indicates that ifiggmt attention must be given to URM

buildings andndicates theneed to identify vulnerable URM buildings.

2.4.2.3 India
Arya (2008) preseed a twostep procedure to assess the seismic vulnerability of URM

buildings in India. Data obtained from a census sue®001 identified 84.7% of 240
million housing unitswere constructed of masonry. Lessons learned from previous
earthquakes in India (1993 Latur, 2001 Kachchh), demonstrated that masonry buildings
performed the poorest. The first step to the assessmeloded a rapid visual screening
(RVS) procedure. Within this step, the evaluator identifies the main seismicrésiséng
system (SFRS) and identifies any potential performance modifiers to the seismic
performance of the building (structural and remuctural) using a filin form. Assessment

parameters include: building type such as type of masonry unit (stone, brick) and the type of
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mortar (mud, lime, cement), number of stories, year built, area, occupancy, soil type,
foundation type, floor type, bldiing irregularities and falling hazards (chimneys, parapets,
cladding). Hazard is determined using ctdesed seismic intensjtgnd the damageability
grade of the building is defined usinige European macrmtensity scales. In the second
step, a thorogh assessment is conducted to identify if a building isewnpliant to code
regulations in India. If deficient, the building is recommended to be retrofitted or
strengthened as necessary. Details investigated in the second step include an invegtigation o
the structural drawings in order to determine height/openings of walls, reinforcement (if
any), unrestrained nestructural components and diaphragm types. Occasionally, the
evaluator will conduct material tests from the building to provide furthernmdtion for an
in-depth investigation. Overall the paper outlines a-$t&p procedure to assess masonry
buildings in India in order to identify seismically deficient masonry buildireguiring

retrofitin order tominimize damage and loss.

2.4.3 Uncertainty in Seismic Risk Assessment and Fuzzy Logic as Solution
It is important to notethat the evaluatiorof seismicrisk of a building is complex and

involves uncertainty As outlined in the previous sectionsarious methods have been
proposed in the literature toarryout seismic risk loss estimatiori®ecently researchers

have also proposed the use of fuzzy set theory and fuzzy rule based modelling to handle the
subjectivity and uncertainty in the evaluation process (Tesfamariam, 2008).

The use of fuzzy logiavithin engineering applications has become a popular method to
define and quantify uncertainty in engineering systems that arise from imprecision,
ambiguity, and lack of data or knowledge. Fuzzy logic is a method that allows for
approximate values and iménces as well as incomplete or ambiguous data sets as opposed
to only replying on crisp data which involves the traditional bimnges/no or true/false
choices (Tesfamariam, 2008)The limitations of human linguisticssuch as the
interpretation of desgutors (high, hot, warm, low)demonstrate the uncertainty or
inexactness of meaning in language @gilpretations can vafyom individual to individual.

For example, while conducting a sidewalk survey of a buildamgngineer may assess the
vertical iregularity of a building differently than another based on individuamiliarity,

experienceand knowledgeln the assessment of seismic risk, the use of fuzzy logic can
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handle the inevitable uncertainty embedded within the evaluation prbgesssigning
different membership values (or values of truth) by defining different membership functions
as seen irFigure 2-3. Further discussion ofuzzy logic as it applies to CanRisk will be
presented in Chapter 3.

- ‘/I Trapizodal

o

Gaussian

Triangular

0.5 -

Membership Value ¢ 0

Figure 2-3: Typical Fuzzy Membership Functions
(Tesfamariam, 2008)

2.5 Seismic Vulnerability of URM - State-of-the-Art Review
Unreinforced masonry (URM) buildings have consisteptiyformed poorly in earthquakes

(Bruneau, 1994)YURM building construction is known to be the most seismically vulnerable
construction type.Many densely populatedities in Wedern and Eastern Canada
(Vancouver Montreal and Toronjo have large inventories of unreinforced or poorly
designed masonry structur@dodgson, 1945; Bruneau and Lamontgne 19%dthough
measures have been taken to rehabilitate and increase the seisistence of important

and historic structures, many existing unreinforced masonry structures have not been
retrofitted and remain at risk in the event of a large magnitude earth(fBiakesau, 1994;
Bruneau and Lamontagne, 1994rhis section defines URMbuilding characteristics,
reviews code developmetelated toURM, reviews known semic deficiencies related to

URM, andsummarizes past performance of URM in docureémarthquakes.

2.5.1 URM Building Type
Unreinforced masonry is considered to be the olthedting material construction type

(Hess, 2008)The majority of theURM building stock in North America &s built before

17



1940, prior tahe development of modern seismic design criteria. ddmgtruction type was
permitted inarea of moderate or high g&amicity until the earlyl950sin the United States
and themid-1970s in Canada (Brzev, 2010).

Unreinforced masonry buildings consist of bricks/blocks bonded together by mortar that

ma k e up t he structure. orUcReMd 0buwiltdh ngbe ar mp
reinforcing steel bars are not embedded within the cells of the units in comparison to more
modern reinforced masonry buildings. The most common unit type is solibiatky but

other types of masonry units exist (conerdilock and adobe). These buildings are
commonly used for commercial, residential or industrial purposes, built with no greater than

six stories. URM buildings are usually lehdaring wall structuresséeFigure 2-4) that

transfer gravity loads tthe foundation of the building (ATC, 2002).
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Figure 2-4: Typical construction of URM bearing-wall buildings in North America

(ATC, 2002)
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2.5.2 Structural Components

2.5.2.1 Walls
The main structural component of a URM building is the {badring wall. There are four
different main subcomponentsthat can characterize variations Ipadbearing wall
configuration, includingsolid walls, piers, spandrels and gahllEgure 2-5) (ATC, 1998).
URM buildings comprised of solid wall componeras seeim Figure2-5a, are constructed
with veryfew or no window or door openingg/hile URM buildings containing windows
and door openingd-igure2-5b) are constructed with structural masonry piers and spandrels
where masonry piers are oriented vertically aspéndrels oriented horizontallybgth
typically being bounded by the window or doors in a URtucture).Finally, the gable
component of a loatlearing URM sits at the poof a wall of buildings havinga pitched

roof (seeFigure2-5c).

h)

—————————— 3 %1 Sgldml

__________ T T
[ e [

] e []

Solid Wall

Figure 2-5: Wall components of URM: a) Solid Wall b) Pier and Spandre| and c) Gable
(ATC, 1998)

2.5.2.2 Diaphragms
The structural floor andoof diaphragms are the horizontal floor or roof elementsftrat

part of the lateral forceesisting system (LFRS) &fRM buildings. Under seismic loads, the
basic function of diaphragms is to collect inertia loads arising fmass ando distribute

the lateral loads to vertical elements in the LFRS. In terms of seismic behaviour, diaphragms
can be classified as rigid, sengid or flexible (ATC, 1998) In the case of rigid
diaphragms, distribution of horizontal forces to vertical elements is in gropdo their
relative stiffness and lateral deformations are significant in the diaphragm when compared to
the vertical elements. In the case of flexible diaphragms, this distribution of forces is
independent of the relative stiffness of vertical elememd lateral deformations are
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significant (Anderson and Brzev, 2009). In the case of masonry structures most structures
with concrete roofs and floors can be classified as being rigid while wood orrowtband

floors can be classified as flexible. Wiliaphragm Ties are components that connect
masonry walls to floor or roof diaphragms in ordesézure separatauilding components

together.

2.5.2.3 Non-structural Components
Non-structural components in URM buildings include edgnts such as parapets, chiiysie

appendageand any ornamentatidi\TC, 2011) Parapets are walike barriers at the edge

of a roof, where these short extensions of walls above the structure typically occur at the
perimeter of the buildings and are primarily present for fire saferahitectural purposes

as illustrated irFigure 2-6. The chimneys areomponentshat projectabove the roof of the
building and vinen subject teseismic actions, they act as cantilevers which rock on their
supports at the roof line. If sufficiently accelerated by th¢hgaake, they will topple over
(Inghamand Griffith, 2011a). Appendages include: veneers, cornices corbelamydnon

structural omponent that is likely to create a fallthgzard.

Parapets

Corbels

Figure 2-6: Non-structural Components of URM Buildings

2.5.3 Methods for Identifying URM construction
The following suggestions ametended to assist in identifying if a building is constructed of

URM (ATC, 2002)
1 If the building contains URM loatlearing walls no columns and/or many exterior

walls present in the building may suggest that the buildin§ WRM construction.

20



1 The yearof construction can provide an indication to determine the ag&duwitding.
Age provides details to whether URM construction was permitted during a specific
time of a building code (if present) with seismic provisions.
Architectural features suchaslarc wi ndow heads, parapets,
The unit brick pattern of the building. Header bricks in the wall surfgicgire 2-7)
are typically found in URM structures

1 Anchor plates indicating retrofit of a URM building (wadi-floor/roof diaphragm
ties as seen iRigure2-8).

1 The type of mortar utilized in bonding the units. Lime mortar was used in older
URM buildings, known to cause poor earthquake performance. A simple test can be
conducted by scratching the mortar with a coin to determine if the mortar is soft.

For more ddil refer to ATC, 2002.

Figure 2-7: Header bricks, indiciating no cavityfor rebar to be placed
(ATC, 2009)

Figure 2-8: Example of through ties connecting theoof diaphragm to load-bearing wall
(Ingham andGriffith, 2011a)
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2.5.4 Code Development andesign Provisions

2.5.4.1 United Statesand New Zealand Codes and Standards
Although the building code and masonry design provisions vary by region within the US,
the current International Building Code (IBC), which is adopted throughout most of the US,
effectively bans all URM construction in areas where moderate to strong weskéisgare
expectedFigure2-9 illustrates the areas within the US where URM construction is currently
not permitted. Although the IBC recognizes #aseas, existing URM buildings can still be
found in areas of high seismicity built before seismic design requirements such as
California. Lessons learned from previous earthquakes in the US such as the 1933 Long
Beach earthquake, where many URM buildingsre severely damaged, increased the
awareness of the hazard that URM buildings pose. Many retrofit ordinances and were
implemented after the Long Beach earthquake in Los Angeles to URM buildings, but many
other cities did not follow by example (ATC, 2QO08lingner, 2004).Performance of
retrofitted URM buildingsin recent earthquakesuch as the 1994 Northridge earthquake,
provides evidence of the success of risk redudiuh retrofitprograms implementeieh the

United Stateso bring URM buildings to aatisfactory level o$eismicperformance.

Figure 2-9: Areas wherecurrent building code regulations prohibit URM construction in the U.S.
(ATC, 2009)

Similarly, in New Zealand, the first standardizedsaary guidelines were implemented in
1948 following the 1931 Napier earthquake that killed approximately 260 people. In 1968,
legislation recognized thpotentially poorearthquake performance of the existing URM

building stock. URM buildings built with sufficient capacity to resist earthquake design
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forces of less than 50% outlined by the code for that period were defined as buildings at risk.
Many URM buildings were required to be demolished or retrofitted in order to ensure a
proper evel of safetyThe most recerntode development in New Zealand is defined in the
Building Act of 2004, which outlines retrofitting standards to earthquake prone buildings in
order to ensure a building is improved to an appropriate seismic standard otherwise the
building should be demolishe@izhur et al, 201Q Smith and Deving2011; Russell et al.,
2006. Despite the above steps, the hazards associated with the URM buildings stock was
exposed during recent earthquakes in the region (e.g. 2011Christ8aunticuake)

2.5.4.2 Canadian Codes and Standards
Most unreinforced masonry RM) structures in Canadavere built before the

implementation of stringent earthquake design requirements. It is important to note that
unlike California, which banned the construction of unreinforogsonry structures in
1933, Canadian building codes permitted URM buildings to be constructed regardless of
location or seismic zone untihid-1970s (NRCC, 1975; ATC, 2009). The 1975 edition of
the National Building Code of Canada, prohibited the construatf URM buildings in
moderate to severe seismic regions (wheregghly 40% of the Canadian population lives),

and required reinforced masonry to be a mandatory type of construction in masonry type
structures $tatistics Canada, 201Bruneay 1995; Brze, 2010). Based on this basic
information masonry structures built prior to 1975 should be flagged and evaluated in terms
of seismic vulnerability. Table 2-3 summarizes therovisions of the CSA standard for
masonry design andevelopment oNBCC seismicprovisionsrequiring reinforced masonry
(RM) construction in areas of moderate to high seismic zam&Sanada. (CSA, 1978;
NRCC, 1975)

Table 2-3: Masonry Code Development in Canad#@Brzev, 2010)

Year Development
Pre1975 1 No seismic provisions related to URM or RM construction
National Building Code of Canada:
1975 1 Use of reinforced masonry mandatonsire i s mi ¢ zones 2 and h

 Latest edition in 200

CSA S304.178 Masonry Design for
1978 Buildings :
9 First edition of the Canadian Masonry Code (followed by 1984, 13%34)
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2.5.5 Overview of Known Seismic Deficiencies

2.5.5.1 Structural layout
The structural configuration of a URM building plays an important role in determining its
seismic performance. Most often, URM buildings with the same story height and
rectangular, boxike configurations perform much better than URM buildings with
irregularities such as soft/weak storeys, asymmetrical window openings, few partitions and

crosswalls unevenly distributed and orientiedone principal directioiiHess, 2008)

2.5.5.1.1 Building Typology
Although typology is notdirectly a seismic deficiency, results fro postearthquake

assessments of existitgRM structures demonstrate the relationship between the level of
damage and a b uAs beegn inFguwes2-108, xqenstrucong ynultiple URM

buildings in a rav provides additional resistance to ground motidren compared to the
performance of URM stardlone buildingsThis is likely due to the presence of additional
load-bearing wallsbehaving as sheawalls between buildingsin addition, Figure 2-10b

shows thatURM buildings positioedin the middle of a row are considered to be somewhat
protectedby the enebf-row URM buildings( k nown as fAboo(nghandand e havi
Griffith, 2011b)

100% - 100% ~
80% - 80% -+
60% - 60% -

40% -

o .
0% N

40% -

Percentage of buildings
Percentage of buildings

20% -

0% A

stand alone row middle and
B de stroyed H major H de stroyed W major
heavy moderate heavy moderate
insignificant insignificant
a) b)

Figure 2-10: ATC-13 Damage Classification for: a) standéhloneand row URM buildings, b) position in
row URM buildings
(Ingham and Griffith, 2011b)
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2.5.5.1.2 Soft /weak Story
In order to increase the opennesshe ground levedf a URM building,oftenthe structural

elements are not cantied to the foundation creatirey soft/weak storyin the building

(ATC, 1998; Bruneau, 1994a)his type of irregularity is most commonly found in URM
buildings operating as retail stores that contain open street facade fronts at the ground level
parallel to the direction of the street as ilhas¢d inFigure2-11. Since the concentration of

loads is greatest at the base of a building, a soft or weak story between the first and second
floor results in a serious deficiency. A weak story results in igaake strength when
compared to stories above and can often result in failure of that story. In a soft story, the
level in question has reduced stiffness or more flexibility when compared to the story above.
A soft story can result if the first floor heigts significantly taller than those above causing

a large discrepancy in stiffness. Similarly, an open first floor that supports heavy structural
or nonstructural walls above can represent a special dagesoft and weak story problem
(EERI, 2006).

Figure 2-11: Typical Soft Story in a URM building
(Castro & Associates, 2007)

2.5.5.1.3 Wall opening configuration
Openings of different sizes, openings misaligned in the horizontal and vertical direction and

a varidle number of openings per stdigeeFigure2-12) are all factors that can influence
the seismic performance of URM building structures. Thesgularities introduce a nen
uniform distribution of gravity loads and an unfavourable concentration of seismic load in

parts of the wall, increasing the structur e:q
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Figure 2-12: Irregular wall opening configurations with: a) horizontal irregularity, b) vertical
irregularity, c) offset irregularity, and d) variable openings per floor irregularity
(Parisi and Augenti, 2012)

2.5.5.1.4 Torsionalirregularity
Torsional effects result in a lack of balance between the elements &H&f®e and the

overall arrangement of the building mass. The location of walls built to form the overall
structure influence the eccentricity between the center of mass and the ¢easstance.

A large eccentricity can result in undesirable concentrations of stress and torsion causing
twisting action in the building. A reasonable balance between the distributions of walls in
the principal directions of the building is essential idey to provide adequate resistance to
lateral forces in both directions as illustratedrigure2-13a. URM buildings with square or
rectangulaiconfigurations with well distributed walls will gendsahave a greater torsional
resistance than buildings with less evenly distributed lateral force resisting walls or
buildings with walls only distributed in one principal directias seen inFigure 2-13b
(Ingham and Giriffith, 2011a; Hendry et al., 1997). In addition, URM buildings located at the
corner of an intersecting street often with asymratriwall arrangements and plan

configurations may exhibit a large torsional response due to a large eccentricity.
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Figure 2-13: Typical wall arrangements in URM buildings: a) Two-way spanning, evenly distributed
wall arrangement, b) One-way spanning, simple crossvall structure
(Hendry et al., 1997)

2.5.5.2 Load Transfer
2.5.5.2.1 Wall-to-diaphragm ties/anchors
The lack of adequate detailing to transfer seismic forces from the structure (dgraphm
walls) to the foundation is considered to be the most significant seismic deficiency in URM
buildings (FEMA, 2006). Oubf-plane failures or separation of URM walls from their
diaphragms often occur from missing or insufficient ties. A rule of thdorbtying
diaphragms to walls is that the ties/anchors should be spaced at a distance not exceeding
three times the length of the tie or anchor. In additioess the ties/anchors are 4 feet on
center or less, they are not considered effectiveeims of seismic performance (ATC,
2002). In retrofitted buildings, tie failure may occur from bond failure between the masonry
units and the grout or pdihrough separation of the entire anchor from the wall. Wall
diaphragm failures results from thin walls,gpomortar conditions anthe absence of a
sufficientshear transfer betweehe diaphragms antRM walls. In some cases, damage at
the corner of URM walls occurs due to the diaphragm finding support by pushing the URM
walls in the transverse direction besa it cannot transmit the-plane shear forces to the

wall.
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2.5.5.3 Component Detailing
2.5.5.3.1 Wall detailing
URM buildings are unreinforced by definition and they do not conform to cusessinic
design and detailing requirements making them-chactile, brittle structures. URM walls
are weak in oubf-plane bending due to their naolctile nature and therefore vulnerable
when subjected to lateral forceBhe vulnerability of a URM walis a functon of the
slenderness of the wall. Solid walls can be vulnerable but have the advantage of being less
slender. Often, URM buildings with mulivythe walls containing a cavity (such as two
single brick thick walls separated by a gap and connected by treplare slender and
behave independently due to missing or badly deteriorated ties or improper bonding along
their collar joints (discontinued mortafhe addition of walto diaphragm anchors serves to
reduce the vertical slenderness of a URM wall &l ws make the building work in a
homogeneoumanner rather than as independent camepts of the overall structu(BERI,
2006;Ingham & Giriffith, 201H).

2.5.5.3.2 Non-structural elements
Non-structural elements in a URM building pose a major falling hazardsegudy. These

elements often project above and beyond the building roof such as parapets and chimneys.
As Figure 2-14 demonstratefor URM parapet®f 238 buildings in the 2011 Christchurch
earthquakenonstructural elements behave poorly if inadequately anchored/restrained to the
overall structure which consequently fail aftplane in a brittle, flexural manneavhen
subject to lateral force (FEMA00G Ingham and Griffith, 201)bIn order to diminish the

risk of damage or injury theddRM elements are properly braced completely removed

from the structure as often they only serve architectural/decorative purposes. Failure of non
structural eleents can result from excessive seismic accelerations which cause connection
failures between the nestructural elements and the structure; the vulnerability of non
structural elements include cracking, spalling and pounding against adjacent bualdihgs
can lead to localized falling hazarddTC, 2011; FEMA, 2006).
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Figure 2-14: Performance of unrestrained and restrained parapets
(Ingham and Griffith, 2011b)

2.5.5.3.3 Quality of construction materials
The qualityof construction materials in URM buildings greatly impacts the resiliency of the

overall building. An important issue for the-tfane capacity is the relative strength of the
masonry units and the mortar quality. In older URM construction, a lime/sandasixised

to bond the units together. Ovthe years,cement mix was added and the quality of the
mortars improved. When the mortars are stronger than the masonry unstse tigehof the
overall structure may be enhanced. Howeldttle cracking throgh the masonry units may
be more likely to occur, resulting in lower deformatiopaeity (ATC, 1999. In addition,
the absence of proper collar joints between masonry units may often lead tecdspleune
failure or sliding of parts of a URM wall. Geradlly, poor workmanship in conjunction with

poor quality construction materials increaghe seismic vulnerability of a URMuiilding.

2.5.5.4 Diaphragms
2.5.5.4.1 Diaphragm type
The diaphragm type of a URM building plays a role in the overall dynamic behavior of the
building. In flexible diaphragms, such as timber flooring, higher later deflections can occur
in comparison to more rigid diaphragms, sushhallow concrete plank systems (FEMA,
2006). Excessive defections in flexible diaphragms may leaddntribution of patial

failure of an ouof-plane wal) while in rigid diaphragms inadequate interconnection or poor
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detailing may lead to a discontinued load pathtfansferring lateral forceblowever, it has
been observed that rigid diaphragms are generally sigiificantly damaged whereas
flexible timber diaphragms may lack strength and stiffness resulting in popinrdgm
action in a URM buildindATC, 1998; ATC 1998)

2.5.5.4.2 Re-entrant corners
Irregular plan configurations of a building, such adHLor U shaped configuratisnwhere

different wings may oscillate owtf-phase may result in major shear stresses in diaphragms
This deficiencyis known as a rentrant coner irregularity(EERI, 2006) The reentrant
corner is a major irregularity pradrh found in older URM buildings (ATC, 2002).arge
demands athe setback of a buildingend to pull aparthe diaphragmsat the corners
conditions. The longer andrgerthe wings arethe higher torsion and stress concentration.
The variations in rigiditypetween the wings cause differential motion between the two parts

of the building, resulting in torsional effects and stress concentrations as segur@®-15.

sfress concentration

® center of mass

G cenfer of resistance

ground motion

Figure 2-15: Re-entrant corner plan configuration
(EERI, 2008

2.5.6 DocumentedURM Performance in Earthquakes
Evidence documented in the performance of structural systems in past earthquakes

demonstrates that unreinforced masonry buildings are the most seismically vulnerable
construction type. For Example, field observations following the 2011 Christchurch
earthgake illustrated irFigure 2-16, identified almost 50% of URM buildings as unsafe to
enter (tagged as red) and reeudifurther evaluation for safetyupposes in comparison to
lower values for other building types. Smyrou et al. (2011) documented building damage to
structures in the 2010 Darfield and 2011 Christchurch earthquakes of New Zealand. The
number of red tagged buildings consisted of: 62% UR86IRC, 16% RM, 14% timber,
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and 7% steel, demonstrating the poor performance of brittle URM buildings and ductile
performance of steel buildings. Research on the performance of URM buildings in past
earthquakes can provide vital information to properly iifgrnhe deficiencies associated
with  URM buildings. Table 2-4 summarizes observations relating to tlseismic
performanceof URM buildings in previous earthquakefund in New Zealand, United

States, Mexico, Australia and Canada.

160 1 1 1 ] ] ] 1
1l Green Key: i
140 - Yellow PC = precast concrete |
Red RC=reinforced concrete
. RC+RCM Infill=reinforced -
concrete frame with
120 4 reinforced concrete masonry I
infills |

RC+URM Infills=reinforced
100 4 concrete with unreinforced
= masonry infills E
RCM=reinforced concrete

Number of buildings
(e}
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masonry
ST=steel frame .
T=timber
60 URM-=unreinforced masonry i
R = 8
40 »
j | — i
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+RCM  +URM
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Figure 2-16: Summary of Building Observations in the 2011 Christchurch Earthquake
(Ingham et al., 2011)
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Table 2-4: Documerted Performance of URM buildings in Previous Earthquakes

Event

Mw

General Comments

Sources

2011
Christchurch

(New Zealand)

6.2

f

97% of URM buildings that received no prior
strengthening wereither seriously damaged or collapsec

63% of all URM buildings in the éntral Business District
(CBD) had received some form of earthquake
strengthening

44% of restrained parapets failed, compared with failure
84% of unrestrained parapets.

57% of restained gable end walls failed compared with
88% of unrestrained gable end walls.

Out-of-plane failure of the veneer with a cavity to the
structural wall supporting it was typically attributed to
either the deteriorated condition of the metal ties or te p
out of the ties from the mortar bed joints due to the use
weak lime mortaduring construction

(Inghamand
Griffith, 2011a)
(Inghamand
Griffith, 2011b)

2010 Darfield
(New Zealand)

7.1

City established that they have approximately 7,600
earthquakerone buildings, of which 958 were thought t¢
be constructed of URM.

Complete and partial owtf-planeURM wall failures due
to poor(or ng anchorage of wall to diaphragm, some in
plane deformation (cracks passing vertically through
lintels), diaphragm dermations, return wall separation,
pounding.

Numerous parapet and gable end wall failures observec
along both the building froages and along their side
walls. The main failure types observed were: parapet
failure, chimney failure, owbf-plane facade wefailure
and inplane damage.

Water ingress had a significant effect on mortar
deterioration.

(Dizhur et al., 2010)

2003 Tecoman
(Mexico)

7.8

17 fatalities and 500 casualties. 15,000 structures dame
(including 3,000 that were destroyed).

Out-of-plane wall failure due to lack of mechanical
connection between top of wall and roof or floor
diaphragm, combined with inadequate-otiplane
strength

In-plane shear failure occurring separately and/or in
combindion with outof-plane failure. @mbined i and
out-of-plane failure often lead to collapse of walls and
structures.

(Klingner, 2004)
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Event Mw | General Comments Sources
2001 Nisqually 6.8 | T URM buildings built before 1950 exhibited poorest (ATC, 2009)
(United States) behaviour. (Cassidy et al., 2010
1 Most common damage included shedding of brick from
parapets and chimneys.
T Other URM buildings-se&xipiob
cracking in walls and piers, damage to walls in the uppe
stories, vertical cracking in walls, damage to masonry
arches, and darga to walls as a result obpnding.
1 In many cases, fallen brick resulting in damage to objec
such as cars and canopies, outside the building
1994 Northridge 6.7 | 1 30 fatalities and over 5,000 casualties. Damage estimat (Klingner, 2004)
(United States) ranged from $15% 30 billion. (Hess, 2008)
At the time of the earthquake, all URM buildings in the | (Bruneau, 1995)
City of Los Angeles had their parapets either removed (¢
laterally braced, and abou®® of URM had been
retrofitted.
1 2.5% of retrofitted buildings were damaged over 10%, ¢
0.3% were damaged over 50%.
1 For nonretrofitted buildings;10.5% were damaged over
10%, and 7% had damage over 50%.
1989 Newcastle| 5.6 | 1 13 fatalities and over 160 casualties; damaged (Ingham and
(Australia) approximately 50,000 buildings (80% were homes) with Griffith, 2011b)
URM buildings most widely affected
1989 Loma 7.1 | 1 63 fatalities and 3,757 casualties; 12,053 persons displ{ (Bruneau, 1990)
Prieta damage and business interruption estimates as high as
(United States) billion.
1 374 of 2,400 URM in region were vacated due to severe
damage (most severely hit building type)
URM Damage:
1 Severe diagonaracking in columns betwedfRM
buildings
1 Loss of masonry walls improperly tied to the rest of the
building
1 Roof joists or beams slipping off supportidgRM walls
91 Fallen parapets, cornices, exterior cladding/glazing or
veneers, and/or decorative elements
9 Failure of the building as a whole due to insufficient late
load resistancef URM
1 Pounding of adjacent buildings
1988 Saguenay| 6.0 | 1 Isolated cases of property damage, mostly-stonctural in (Bruneau, 1994b)
(Quebec, Canadg nature.
1 Outof-planecollapse of a gable at the Hippodrome de
Quebec.
1983 Coalinga 6.2 | 1 36 of 37 URM buildings damagéd60% damaged to the | (ATC, 2009)

(United States)

extent of having more than half of the walls ruined up tg

complete collapse
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Event Mw | General Comments Sources
1983 Borah 7.3 | 1 Challis, Idahd two deaths from URM wall failure (ATC, 2009)
Park 1 Mackay, ldahoi all main street buildings made ¢
(United States) unreinforced brick, concretblock or stone were damag:
(given size of town, amount of damagenstituted a large
disastey
1933 Long 6.4 | 1 Following observations of the earthquake, new earthq( (ATC, 2009)
Beach regulations in the US building code were implemen (Dizhur et al., 2010)
(United States) (none existed prior)
1 URM construction banned in 193 following the
earthquake
1 54% of URM displayed significant damage
0 20% of cases, damage observed to more than
the wall area, partial collapse, or compl
collapse
o Many URM buildings were found on scho
campuses
1 Turning point for URM in the US
1931 Napier 78 |1 Most URM in cityo6s cent 1 (Russelletal,?2010)
(New Zealand) completely (Dizhur et al., 2010)
1 260 people killed, URM construction declined followil
the event
1 Subsequently, building codes were developed and upc
with special attention to performance existing building
earthquakes
1 Turning point for URM in New Zealand
1925 Santa 6.2 | T 40% of URM were severely damaged or collapsed (ATC, 2009)
Barbara T Most severe damage®bserved from commercial ar
(United States resi(-JIenj[iaI URM buildings o . .
1 Motivation for US to adapt seismic design ideas fr
Japan
1906 San 7.8 | 1 700800 deaths (Kircher et al., 2006)
Francisco ' $400 million in direct economic losses
1 Large stock of URM that were highlyulnerable

(United Statep

2.6 Summary from Literature Review
The following conclusions can lagawn fromthe review presented in this chapter:

1 Seismic risk is a function of site seismic hazard, building vulnerability and building

importance/exposure. These factors are integrated to quantify seismic risk in

CanRisk;

1 The seismic risk assessment of densely populated areas requires intense coflection

building data. The use of GIS can facilitesgid collection of building data;
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9 Various seismic risk assessment tools and procedures have been proposed in the
literature, including: empirical/statistical models, heuristic models and
analytical/mechanistic/theoretical models. The literature review provided a summary
of existing methodegies proposed in various countries for the seismic risk
assessment of buildings in general as well as tools which are specific to URM,;

1 The evaluation of the seismic risk ismaplex and involves uncertainty;raview of
fuzzy set theory and fuzzy rule ¢$8d modelling as method to handle the subjectivity
and uncertainty in the evaluation process presented.

1 The literature review provided a detailed stat¢he-art review of the seismic
vulnerability of URM buildings. The review included a discussiariJd&RM building
characteristics, a review of code development related to URM, a discussion on
known seismic deficiencies related to URM and a summary of past performance of
URM in documented earthquakes.

The review clearly highlighted the seismic vulneligh of the URM building type. Given

the large inventory of URM buildings in Ottawa and other densely populated urban areas in
Canada, there is a need to collect building data and developtdootsrductseismicrisk
assessmesdf URM buildings.

35



Ch & pe3r
Seil sRmisck As ods dURRavi tR ¢
Buil dings using uHieer
Base Model

3.1 General
This chapteoutlines background information thatredevant forthe development afeismic

risk assessment tool (CanRidky buildings The methodologynd implementation of the
model is presentedDetailed descriptions of the assessment parameters required for the
evaluationare providedAppendix A providesa u snamuélgith an example of how to

conduct asismic risk assessment using CanRisk

3.2 Uncertainty and Complexity
Over the pastentury,our understandingf naturalhazardssuch as earthquakes, and the

social/economic risks they posave improvedsignificantly. However, the complexity of
seismic eventds not always easily understood and almabtays contains a form of
uncertainty such as theesponse obur built environment to earthquakeBy means of
human reasoning, we are able to predict the outcome using knowledge, intuition and
information in order to reduce the complexity and uncemaimolved in any system or
situation as illustrated iRigure3-1. For instance, not until research efforts in the earti 20
century, specific infanation to describe the dynamic behaviour of earthquakes and the
significance they have on our built environmentas notwell understood. This can be
described as a case of ignorance, where complexity and uncertainty are abundant. As
information becomes &glily available, such as collecting data observed from past
earthquakes, we are able to reduce the amount the uncertainty and complexity of the
problem, such as identifying areas where earthquakes are frequent. As information, rules and
algorithms becomevailable to understand and provide essential characteristics of a system,
such as location of tectonic plates, performance of different structural systems, soil
conditions, mathematical algorithms and human reasoning, does the bssoee
manageable Although some deterministicapproaches andesourcesare availableto

mitigate the effects of earthquakesich as those in th¢ational Building Code of Canada
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(NBCC), the Canadian Standards Associati@SA) design standardss well asdesign
guidelines odined in numerous research publicatioris,is not possibleto avoid the
vagueness and ambiguity that is inherent in the evaluation of seismic risk. (Ross, 2004
FEMA, 2007

o
Uncertainty

lgnorance
{incoherent data)

Information

(organized data)
Wisdom
(algorithms)

-

v

Complexity

Figure 3-1: Understanding Uncertainty and Complexity
(Ross, 2004)

3.3 Fuzzy Logic Soft Computing Methodology
The use of fuzzy logic for purposes of approximate reasoning has become extensively

utilized in engineering application¥he established mathematical procedures embedded in
fuzzy logic allows for linguistic, perceptual and qualitative attributes of a system to be
translated into numerical reasoning (Tesfamariam, 2008). A fuzzy synthetic evaluation
(FSE) is a system involving multiple inputs (e.g. buildigge, year of constiction, site
sei smic h a aggregdted toe pravide a single outcome/output (buglding
damageability. The FSE process involvdsasic steps as indicated belawd displayed in

Figure3-2:

Step 1: Identify, collect and quantify input variables essential for the evaluation
Step 2: Establish membership functions for fuzzification of input variables
Step 3: Establish rulbased knowledge andference implication method

Step 4.De-fuzzification to a single crisp output
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As illustrated in the grey area &igure 3-2, the fuzzy synthetic evalation contains three
main components membership functions for théuzzification of values, rulébased

inference engine to combine parameters and finally-fuzgfication method to convert
fuzzified values into a single crisp output. The following comeots are further detailed

belowwith examples relevant to the CanRisk program for further clarification

= s )

> R

/(, Rule-Based

\_. Knowledge
\

Crisp Inputs

’_~| Crisp Output

> Fuzzification |—»|Inference Engine |—»| De-Fuzzification

\—

Figure 3-2: General Rule-Based Fuzzy Logic System

3.3.1 Membership functions
In order to build a fuzzy ystem we must define all the input variables and the

adjectives/values that describe them. A set of membership functions are assigned for each
input parameter in the fuzzy system. This set of functions defines the pa@noaenmll
influence on the syste independently from other parameters. A membership function
defines how each input variable is mapped to a membership value (or a dégree
membership)(MathWorks, 1999 For instance, the purpose of assign membership
functions is to fuzzifyan input \ariable (e.g. spectral acceleration) and assigpartial
membership values in a set.g.low, moderate, high hazard degrees of membership). An
unlimited amount of variations in forming membership functiexist that are used to
describe a parameter such as cubic or-ddeped expressions, but the most common
membership functions are triangular and trapezoidal membership fun(@astro, 1995).

The triangular fuzzy numbers (TFN) or trapezoidal fuzzy nersb(TPFN) define the
coordinatesand intervalof each membership function in a .s8ubsequentlyFigure 3-3
represents the fuzzy set of membershipctions established for determining the degrees of
membership value for a level of vertical irregularity (VIhe example illustrated iRigure

3-3, contains 5 triangular membership functions to represent the vertical irregularity
parameter. They are expressed a%ry low Low, Medium High; Very high} with

38



respective triangular fuzzy numbers of [TFN(0,0,025 TFN(0,0.5,0.5);
TFN(0.25,0.5,0.7% TFN(0.5,0.75,1.0; TFN(0.75,1.0,1.9] which define the intervals for
each functionFor example if an engineer assesses a building to haverg highvertical
irregularity resulting from a soft story on the first floor. The fuzzy system converts the
linguistic description into a transformatiomie from scale of O to 1. Thery highvertical
irregularity transforms into 0.9 on theaxis of Figure 3-3. The intersecting membership
functions deliver the resultant degrees of membership of tlessraent. Therefore \aery
highvertical i rrwalgesdrea’r i trgois fréztz y 18t it

@ T 1@ 1t In other words, avery high vertical irregularity has a 40% degree
membership in high and a 60% degree membership in very dsgllefined by the
membership functions of the parameter

membershp,>VI

0 0.25 0.5 0.75 1
Vertical Irregularity

Figure 3-3: Vertical Irregularity Fuzzy Set of MembershipFunctions

The aforementioned membership functions can be formed by using straightforward
techniques to assign membership values to form the functions suckings intution,

inference, rank orderingnductive reasoning and algorithmic argical operationgRoss,
2004).

3.3.2 Rule-Based Knowledgé€ Inference Engine
Once the membership functions have been formed and the crisp inputs have been fuzzified

to obtain degrees of membership for each independent paraseteen in sectidh3.], the
combinationand relationshipof parameters and therespective degrseof membership
values are evaluated through fuzzy rdb@ased (FRB) expressions (e.g. if building
vulnerability is low and seismicity is low, building damageability is low). These lists of if
then statements refer to the fuzzy rbksed knowledgeThe ruk-based knowledge
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introduces no#linearity in the overall system where the rules are evaluated in parallel

meaning the sequee of rules is insignificar{MathWorks,1999.

The type of inferenceengineapplied in a fuzzy systeraxpressesiow two inputs (also

called the antecedents) infers or derives the output or conclusion (the consequent) of the
system based on the expression on rules. Thst mommon inference engirer fuzzy
systems is theMamdani implication method(Castro, 1995; Ross, 2004). Accuogly,
Mamdaniinferencemethodologyis applied to the rukbased expressions of the CanRisk
program.For exampleif we havea system ofwo independeninputs defined as Xand %

and a singleoutput denoted as Y for a collection of N number of lingaisB-THEN
expressions, thé&lamdaniinference engine is representedEgiation3-1 (Tesfamariam,

2008)

Ri:IF X;is An AND X3isATHENY | S B fKr [3-1]

Where:
1 R represents thd'irule
X1 and X% are the input vaables (antecedents)
K is the total number of rules

1
1
1 A1 and A; are he input membership fuzzy sets
1 Y is the outpuvariable(consequent)

1

B is the output membership fuzzy set

Lastly, the combinations of rules require an aggregatperator in order to provide a single
fuzzy output valueln the Mamdanisystem type, the most conon aggregation operators
are minimumand naximumoperators where two sets of fuzzy valueg §Kd %) resut into

a single fuzzy value (Y{Tamas and Koczy2007). The following example illustrates the

use of theMamdaniinference engine ta set ofrule-based expressions.

Example:From an evaluation of a buildinghe presence of vertical irregularifyl) and
plan irregularity(PI) are identified awery high andlow, respectively.The aggregation of
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the two inputs results the increase in seismic demand (ID). Given the fuzdi¥alues of

VI and Pl as * T8t it T8t TH T8t T @ 1 @ mand

T8 T Ty e Th T8t Tif T8t TirespectivelyTable3-1 defines the
FRB established in order to determine tlegrees of membership for the ID of a building.
The resultant crisp value for the ID can be determined by evaluatjngtion3-1. Finally,

the mininum operator isapplied for each rule in order to determine the degree of

membership for the subsequent rule.

Table 3-1: Example Rule-based Evaluation for the Increase in Demand of a Building

R. [ IF | VI | m AND | PI |® T THEN |[ID |* i ED,0)=0

Ry | IF | VI |° I AND | PI |* &y THEN |ID |° I EmMmyn n
Rs: | IF | VI [* m AND | PI |® i} THEN |[ID |® I Emmg
Re [ IF | VI | m AND | PI |¢ i THEN |[ID |° | Efn n

Rs. | IF | VI |° m AND | PI |® T THEN |[ID |° I Eftm m«

Re. | IF | VI |° T AND | PI |° T THEN |[ID |® I Efm

R. | IF | VI [* T AND | PI |® TI|Y THEN |ID |® I Enfm®
Re. | IF | VI [* Tt AND | PI |® T} THEN |[ID |® I Emg
Ro. | IF | VI |° Tt AND | PI |° 1 THEN |[ID |® I Efmmt

Ro | IE | VI |* Tt AND | PI [® T THEN |[ID |® GQatn

Rz | IF | VI |¢ T AND | PI [° m THEN |[ID |® | Efm

Ry | IF | VI |¢ T AND | PI |[® TI|Y THEN |[ID |® | Enfm® m
Ry | IF | VI | Tt AND | PI |® ] THEN |[ID |® I Emmg
R | IF | VI |° T AND | PI |¢ T THEN |[ID |° | Efn n

Ry | IF | VI | Tt AND | PI |® T THEN |[ID |° I Eftmt m

Re | IF | VI | T8 AND | PI |° T THEN |ID |®  E@ m =
Riz | IF | VI [ e AND | PI |° TI|Y THEN |[ID |° | Emmy m
Rig | IF | VI |° %) AND | PI |® TR THEN |ID ‘ i Emhm
Ro | IF | VI |° e AND | PI |® i THEN |[ID |® I Em@m
Ry | IF | VI |* 8 AND | PI |° T THEN |[ID |® I Emdm
Ry | IF | VI |° T AND | PI [® T THEN |[ID |[° I Emgm
R | IF | VI |* T AND | PI | &Y THEN |ID |° I E gy 1@
Rz | IF | VI | T AND | PI |® T} THEN |ID |® I Em®mg T¢
Ros | IF | VI |* T AND | PI |® 0 THEN |[ID |[° I Em
Ry | IF | VI [ i AND | PI |® T THEN |[ID |* I Emm

Finally, applying the maximum operator and aggregating the above rules wethbtain

membership values for the increase in denmadeen iTable3-2:
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Table 3-2: Aggregation Processof Rules for the Increase in Demand of a Building

i A®,0,0=0

i A ®,0,0,0,0,0,0)=0

A ®,0,0,00,0.4,0,0.6)=0.6
[ A®00.20.2=0.2

i A ®,0,0)=0

Therefore avery highvertical irregularity andow plan irregularity of a building results in an
increase in demand of the system with 60% membership in mexid 20% membership in

high for thelD resulting from theevaluated=RB expressions Table3-1.

3.3.3 De-fuzzification
The final step in the fuzzy evaluation after aggregatinghedl membershiwaluesof an

output is the dduzzification process. Dauzzification involves evaluating the Zmy values
that result from the membership functions and-hdse in order to generate a single, crisp
output.The enter of area is the most commonfdezification methodqCastro, 1995and is

expressedh Equation[3-2.

Area of Centroid

BO 0O

60t 01 ¢-Qo— [3-2]

Where:

1 O represents the centroid of a shape along theix

1 0 isthe area of the shape

Continuing theexampleconducted using thBlamdanitype inference enginghe resultant
fuzzy values for the increase in demand (ID) are @ it @t 1
T & T T8t 1t as depited inTable 3-2. Thus, he resultant shape of the

fuzzified values for théD is outlined inFigure3-4.
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membershp,>ID

0 0.2 0.4 0.6 0.8 1
Increase in Demand

Figure 3-4: Center of Area Calculation for Increase in Demand from resulting VI and PI Input

variables.

Finally, applying the center of areeguation Equation[3-2, we obtain an increase in
demand of:

BO o

6'Qé0‘lé—§9—"o ™ ¢

Therefore, the increase in demand of the evaluation has a valué6as represented in
Figure 3-4, where the value of théD will be continued in the hierarchical evaluation
process.

A 3D surface can be generatém the above fuzzy mathematical procedure in order to
visuaize the variation of an output value from two input valuégure 3-5illustrates the 3D

surface forthe evaluation of théncreasen demand (ID) of a structure
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Figure 3-5: 3D Surface forthe Increase in DemandEvaluation of a Building

3.4 Hierarchical structure for seismic risk analysis of buildings
As mentioned previoly, fuzzy logic deals with mathematical modeling of vague concepts

such as evaluating seismic riskhe complex problem of risiased inspectiors handled
through a simple manageable hierarchical strucasrdlustrated inFigure 3-6 and Figure
3-7. Each pair of parameters are evaluated using the fuzzy synthetic evaluation (FSE)
outlined inSection3.3 where membership functions are established for each ptzaand

a rule base is created for the combination of parameléis.hierarchy follows a logical
order where the casual relationship for each supporting argument is further dgedbdnto
specific contributorgTesfamariam, 2008)The hierarchy incorpates three main modules
in order to quantify seismidsk: site seismic hazard, building vulrdility (structural and
nonstructural) and building importanceThe building vulnerability contains twmew
different module typesn comparison to the originaCanRisk hierarchy for concrete
structures as illustrated iagure 2-1 . The first for the hierarchical structural seismic risk
analysis as seen iRigure 3-6 and the seconthierarchyrepresenting the nestructural

seismic risk analysis ahownin Figure3-7.
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Figure 3-6: Hierarchical Structural Seismic Risk Analysis of URM/RC Buildings
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Figure 3-7: Hierarchical Non-structural Seismic Risk Analysis of URM/RC Buildings

The site seismic hazard modutdgdgratesstructural periodsoil type and site seismicity to
form theUniform Hazard Spectra outlined in tB805NBCC, which reflectsA™ generatio
seismic hazard values in Canaas also adopted by the 2010 NBC&hd evaluatesthe
spectral acceleratiocorrespondingt@ t r u c t u ras iddicatqy ef site setsmic hazard
The building vulnerability captures theherent system deficienciesising from structural

and nonstructural factors as well as the structural system considered in the evaluation.
Lastly, the building importance/exposure module assessesutlteng area, buildinguse,
occupancy type and economic impact to quantify expectethhdoss, emergency response
capacity and/or economic log$esfamariam, 2008)The three main modules are further

described below.
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3.5 Site Seismic Hazard Modulgl>*")
Site seismic hazard pertains to the ground motgerserated due tearthquakes anthe

affectsthey poseon existingbuilt infrastructureOne way ofestablishing sitseismic hazard

is to adopt design spectra specified in buildings codes established based on seismic hazard
values. In Canadahe designlevel of earthquakes expressedn terms of the Uniform
Hazard Spectra (UHS) defined in tB810 edition of theN\BCC with 2% probability of
exceedace in 50 yearsThe UHSIis determined directly as a function of geographical
locationand site conditiomnd is defined by intervals of sttural periods calculated at the

same probability of exceedan{deidebrecht 2003).In order to formulate the UHS of a
specific building threemain parameters are considerednsistingof site seismicity, site
condition and the fundamental period of nation of a structureThe overall fuzzification

process of a buildingds speckgurad8 accel erati
| NBCC Parameters | | Compute Spectral Acceleration

. . ) Uniform Hazard Spectrum
Identify location and obtain ;

seismic data
|dentify site classification {soil
type)

|dentify SFRS and compute
structural period

Formulate UHS and obtain
corresponding spectral
acceleration [

0.5

1]

v Spectral Acceleration

0 1 2 3 4
Period

-
[ Transform Sa(T1) into ISH | %\7
L M H VH

membershp, Mooy
[
un

o

0 0102032 040506070809 1 1112
Site Seismic Hazard [5a(T1]]

| Mo = 0.7, P = 0.3, Jon = 0.0, bt = 0.0, Jvw = 0.0 |

Figure 3-8: Fuzzification Process of Site Seismic Hazard using Spectral Acceleration
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3.5.1 Site Seismicity
Site seismicity reflectshe level of seismic hazard in given geographidocation. The

NBCC-2010 provides seismidata basedn locationfor 0.2, 0.5, 1.0 and 2.0 second
periods.Linear interpolation is used for dpetween valueand theshape of the Uniform
Hazard Spectra (UHS)s constructedfor 5%-damped spectral acceleratspnwith a
probability of exceedance @% in 50 yeargAtkinson, 2004).Table 3-3 lists the spectral
acceleration valuel®r Edmonton Albertg Ottawa, Ontaripand Victoria, British Columia,

which are considered to be regions of low, moderate and high seismasjgctively.

Table 3-3: NBCC-2010 Seismic Data for Edmonton Ottawa and Victoria

Location Seismic Data
Sa(0.2) Sa(0.5) Sa(1.0) Sa(2.0) PGA
Edmonton, Alberta 0.095 0.057 0.026 0.008 0.036
Ottawa, Ontario 0.64 0.31 0.14 0.046 0.32
Victoria, British Columbia 1.2 0.82 0.38 0.18 0.61

3.5.2 Site Condition
The site soil conditions through which seismic waves travel affect seismic hdterd.

NBCC-2010(NRCC, 2010)provides a list of site classifications for different soil profiles as
presented iMable3-4. Local ground conditios for a building ar@ key indicator to ground
shaking intensities due tmplificationdeamplificationof seismic waves during seismic
event These code provisions result from lessons learned from previous earthquakes, such as
the 1989 Loma Prieta earthquake which demonstratedrttpdification of ground motions
on soft soil sitesHeidebrecht2003) as well as soil testThey are based on sar wave
velocities of soilsin generalhardrock and rock ground conditionsoil profiles A and B
display a lower amplitudein ground motion intensityn comparison tcstiff or soft soil
ground conditions(soil profiles D and E), where the amplificaton of seismic waves
increaseshe likelihood ofdamage due to an increase in groundkisttp(Motazediaret. al.,
2011).
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Table 3-4: NBCC-2010 Site Classification

Site Class Profile Name Shear Wave Velocity V)
A Hard rock Vs> 1500
B Rock 750<V,0 1500
C Very dense soil and soft rock 360 < \;,< 760
D Stiff Soil 180 < ;< 360
E Soft Soil V<< 180

3.5.3 Fundamental Period of Vibration
The final step to determine site seismic hazard is to evaluate the | di ngbés f und:ze

period of vibration (T). The period of a building is the inverse of the natural frequency of
vibration of a building when set into motion. It is an important design parameter used in the
computation of base shear for a given buildiBuildings with shorter periods will attract
higher seismic forceas seenon the UHS. The NBCC provides empirical formulas to
provide approximate structural periods based ors#igmic forceesisting system (SFRS)

of a building as listed ifable3-5. However the NBCC allows other established methods of
mechanics to determine structural pesibdt places an upper limit to avoaverestinating

the period(Saatcioglu and Humar, 2003)he equatios in Table 3-5 are based oithe
regression analysis afatarecorded duringpreviousseismicevents Once the structural
period is determined, the spectral acceleraigagstablishecaind used as the transformation

value to provide a rational indicatof site seismic hazard.

Table 3-5: Empirical Formulas for Building Period defined in NBCC-2010(NRCC, 2010)

Seismic Force Resisting System (SFRS) Fundamental Lateral Period (T,)
Steel Moment Frames 0.085(k)**
Concrete Moment Frames 0.075(h)*"*
Other Moment Frames 0.1N
Braced Frames 0.025h
Shear Wall and other structures 0.05(h)**
T, (seconds), f({meters), N (Number of stories)

3.6 Building Vulnerability Module (1®Y)
The building vulnerability moduléseen as level 3 iRigure3-6 andFigure3-7) captures the

inherent structural and nestructural deficiencies of particularbuilding type The module

is divided into two maivulnerability categorieduilding structural vulnerabilitfBSV) and
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nonstructural vulnerabilitYNSBV) seen as level &igure 3-6 andFigure3-7, respectively
The structural vulnerabilitgonsiders the performance modifiers relevanthi® structural
elements and configuration of the building while the -stractural vulnerability evaluates
all the other components that are included in a building but not integrateartasf the
structural systemAggregation of the parameters in therarchical structure to the building
vulnerability module, highlighted blue iigure3-6 andFigure3-7, are used to compute the
structuralbuilding vulnerability index) ) and nomstructural building vulnerability index
(O ). The structuralbuilding vulnerability and nosstructural building vulnerability

assessment parameters are further described below.

3.6.1 Structural Vulnerability (SV)
The structural vulnerabilitypf a building indicates characteristideficiencies in design and

construction Observations frompast performance of builitigs during earthquakes
demonstratehat thestructural vulnerability is a key parameterf f ect i ngeistmiai | di n
vulnerability. For instance, th#gamageto reinforced concrete and masonry structurethén

1997 Turkey Earthquakevheremany buildings collapgskand othergxperiencd light to

moderate damageesultedrom structuralvulnerabilitiesattributed to norductile buildings

(Saatcioglu et al., 2001)The damagewas attributedto structuraldeficiencies suclas

irregular buildng layouts and insufficient seismic desig and detailing Structural
vulnerability of buildingscan be grouped itwo main categories: i) factors contributing to
increased seisitm demands (increase in demand) andfactors contributing to reduced

ductility and energy absorptiocapacity(decrease in resistance) (Saatcioglu et al., 2001

Tesfamariam, 2008

3.6.1.1 Increase in DemandID)
The increase in demar{tD) of a building results fronstructural irregularies that tend to

attract more seismic forces anefdrmationsncreasing seismidemand on thestructure It

i s mirdiltthe 2005 edition of the NBCC did the codategorizeeight types of structural
irregularities resulting in structural damage caused by past earthquakes that engineers and
designers areencouraged to avoid in desigiNRC, 2005).This edition of the NBCC
provides rational treatment to irregularity incorporated into the design of a building and

includes limitation to the use of the static analysis proceaindeompelsa designer to use a
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dynamic analysis as th@eferred method of evaluation for irregular structuhesaddition,
restrictions of the irregularities allowable are outlined in comparison to the extent of seismic
hazard, building impdance and seismic design forg@ditchel etal., 2005;Heidebrecht
2003;NRCC, 2005)An increase in demand on a structure results from two main different
types of irregularity categorized as i) vertical irregularand ii) plan irregularity
(Tesfamariam, 20Q&EERI, 2006.

3.6.1.1.1 Vertical Irregularity (VI)
Vertical irregularities(V1) consist of abrupt changes in stiffness (soft story) and strength

(weak gory) along the building heighfTesfamariam, 2008)For example, a firsstorey
retail space of a building cause softstorey vertical irregularityresultingin higherdrifts of

a building (Saatcioglu et al, 2001). Furthermore, a vertical irregularity can arise from
irregular vertical geometric configurations such as setbacks, discontinuity in the lateral force
resisting element&e.g. ashear wall and irregular mass distributiohgtween storey levels
The aforementioned vertical irregularities &ighlightedin the 2@0 edition of the NBCC
(NRCC, 2010). The severity of a vertical irregularitan best be judged by a structural
engineer.The influenceof anirregularity varieswith the degreeof severity whichdepend

on the extentf theirregularity inthe structurg EERI, 2006).In a walk down survey, the
level of vertical irregularitycan only be determined linguisticallyto be transforred and
used forfuzzification purposes as seenTiable 3-6. The severity of an irregularitig left to

the judgement of the engineer.

Table 3-6: Linguistic Input Parameters and Transformation Values for VI

Linguistic Input Transformation Value
AVery Lowd 0.1
iLowo 0.3
AModer at ed 0.5
AHIi gho 0.7
Aivery Hi gh 0.9

3.6.1.1.2 Plan Irregularity (PI)
A planirregularity (P1) arises fromasymmetric plarconfiguratiors, suchas torsional effects

generatediy largeeccentricities between the centerméss andenter of resistance of a
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structure Areas of high stress concentrations in plan, such antrant coners, form
another example of a plan irregularityesfamariam, 2008; ERRI, 2006). As mentioned
previously, the level of irregularity is left to the judgement of the engineer. Therefore, in a
walk down survey, thassessment gflan irregularity is determedin a similar manneas

the vertical irregularity Linguistic terms assigned to the levels of plan irregularities

presentedn Tale 3-7.

Table 3-7: Linguistic Input Parameters and Transformation Values for PI

Linguistic Input Transformation Value
AVery Lowd 0.1
iLowo 0.3
iModer at ed 0.5
AHi gho 0.7
Aivery Hi gh 0.9

3.6.1.1.3 Decrease in Resistand®R)
The decrease in resistance results famgreduction in capacity of a building due to poor

design andconstruction practicesThis may be related to year of construction and the
building code in effect, or the level of code enforcen{&atatcioglu et aR001; Mitchell et

al., 2005). For instance, lack of sufficigms inconcrete columns result in shear failtard
ultimately the failure of the columnkack of confinenentreinforcement andetaiing cause
compressiorconcrete to crusim a brittle manner Gaatcioglu et al, 2001 5imilarly, for

URM buildings, inadequate ties between ldmhring wals anddiaphragms maiead to an
out-of-plane failure of the wall. Deteriorated URM materials may also affedatbeal force
capacity of the buildingThe decrease in resistance can be established by two performance
modifiers: i) the construction quality and ii) the year of construction. The uses of the two

performance modifiersn CanRisk aresubsequently explained.

3.6.1.1.4 Construction Quality(CQ)
Construction qualitfCQ) and the use of quality materials in desgay important rolgon

seismicresponse of a buildindgt has been noted thgood constructiopracticesand high
quality materials in older, more vulnerable buildings ¢aprove seismc performanceof
buildings(Bruneau and Lamontange 19%oburn and Spenc002). Poor quality concrete
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or masonry materigl construction errors, improper congtion practices, and lack of
anchorage can lead to serious consequences &s ise previouseastern Canadian
earthquakes (Paultre et al 1993; Bruneau and Lamonte@®w). The construction quality
can bequalitatively evaluateds defined inrable3-8 (Tesfamariam, 2008).

Table 3-8: Linguistic Input Parameters and Transformation Values for CQ

Linguistic Input Transformation Value
fiGood 0.1
iAver ageo 0.5
fiPoo 0.9

3.6.1.1.5 Year of Construction(YOC)
The year of constructiofiYOC) is an important factor affecting seismic performance of a

building. When considering the historical developmehtNBCC and CSA standardms
Canadathe year of construction can providesignificantinsight on designoads andhe
level of detailing relevant to thera duringwhich thebuilding was constructed. Therefore, it
is important to understand tlevolution of seismic design criteria over the last century in

order to determine the seismic vulnerabibfybuildings

Seismic Force FactdiSFF)

Increase in scientific knowledge results in impmvprovisions of building codes
(Heidebrecht 2003). Because bilding codes provide seismic design force leyealse
comparson of equivalentstatic seismic forces proposed indifferent editionsof NBCC
reflectsthe progressioonf our knowledge omseismicdesign ovethe yearsThis information
is important from the point of view of assessing seismic vulneraiitif buildings designed
in different years, assumintpose designed based dime current practice ar¢he least
vulnerable Equation[3-3 can be used toompae the currentevels of seismic degjn forces,
which arebased on the Canadian seismic hazard values proposed in the 2005 WBCC
thoseusedin previousyears The NBCC designforce levelsproposedhrouglout the years
of codedevelopment ardlustrated inFigure 3-9. Detailed informatioron the evolutionof
seismicbase shear equati®man be found in Mitchell et al(2010. While the ratio of

seismic design forceim different years reflects the vulradaility of buildings designed in
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different yearsespeciallywhen seismic forces govern design, this may not be the case for
buildings inregions ofmoderate tdow seismicity.In regions ofmoderateseismicity,the
significance ofseismic force®n designmay be less significardnd any change in seismic
design force levelsver the yearsnay notplay as important roles as those in regions of high
seismicity. Therefore the ratio of seismicdesign forcess then multiplied by thecurrent
design spectralacceleration tareflect the significance of earthquake forces on building
desigrs in a given regiorbased on seismicityThe resulting product isisedto reflect
building vulnerability associated with design force levels. This product is referred to as

fd9esmi ¢ Force Factor. o

Seismic Force Fact¢SFF)

. ® w oy YYD ®
YOO—2Y"Y ——2
w w

YUY [3-3]
Where:
1 “Y'Oi®©the Seismic Force Factor
7 w isthe base shear equatiaccording to NBC€005
7 @ is the base shear equation fréigure 3-9 for the YOC selected
T Y'Yis the buil di ngo expresgee astpereehtageafcgcae | er at |
reference solil class &ccording to NBC€005
0 is the higher mode effect factor@rding to NBCG2005

= =

w is the weight of the building

In addition to introducing the effect of seismicity of the regiarset of cubff values are
also assignedob the Seismic Forc€&actor tocontrolits sensitivity tothe base shear ratio.
The cutoff values, shown in Table-3, are introducedsing the seismicity rangassed in

Table 4.1.8.9 of the 2010 NB(t&ased on spectral accelerations at 0.2 sec
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1941
N = 0.02<C<0.05
NBCC V=Ccw — <c<
1953 | First seismic zoning map introduced;
NBCC | > V=F—CiWi > C=0.15/(N+4.5), Zone 0,1,2,3 (OC,1C,2C,4C)
1965 _ R=0,1,2,4 (Zones 0,1,2,3);
NBCC | VST A $=0.25/(N+9)
S ]
1 First probablistic seismic zoning map;
1970 | V= 2 R(KCIFW) R=0,1,2,4 (Zones 0,1,2,3);
NBCC C =0.1 (one/two storey), C=0.05/T" <0.1 (other buildings); T=0.1N
1975
NBCC A= 0, 0.02,0.04, 0.08 (Zones 0,1,2,3)
V = ASKIFW » 1975: § =0.5/T*<1.0;
1980 1980: $ =0.5/T2<1.0
NBCC

Increase from 4 to 7 zones: peak acceleration, peak velocity, velocity zonal

1985 P — ratios introduced (PGA, Za, Zv, v);

NBCC T=0.1N; For T20.5, $=0.22/T"/* For T<0.25, S = 0.62, 0.44, 0.31 for Za/Zv>1,
Za/Zv=1, Za/Zv<1, respectively; Linear interpolation for 0.25<T<0.5;

S J

1990

NBCC T=0.1N; For T<0.25, S = 4.2, 3.0, 2.1 for Za/Zv>1, Za/Zv=1, Za/Zv<1,

U(vSIFW $=1.5/(T)"* for T>0.5; Linear interpolation for 0.25<T<0.5
L, _UwsiEw) | /(1) p
R

1995 1995: new expressions for T, T=0.07’5(hn)3"4 (R/C moment frame)

NBCC

2005

NBCC S(TOMyIgW Introduction of Uniform Hazard Spectrum (UHS);

V = A — Introduction of higher mode effects parameter (Mv)

R RaR, T1=0.075(hn)3"4(R/C moment frame), Ta=0.05(hn)3/4(5hear wall and other)

2010 |

NBCC

Figure 3-9: Historical Development ofBase Shear Equation of theN\BCC

Table 3-9: Cut-off values for the ratio of NBCC-2005 base shear to previous yednase shear equations

Value of Sa(0.2)
Range <0.2 O 0.23bu OO0.bR®HO. 7 >0.75
Cut-off Value
(—) 1 2 3 4

Higher mode effect®n designspectra wereaccounted foin 1995 NBBC by raising the

spectraatrtificially in the high period rangeThe 2005 provisios recognized this effect
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explicitly by introducing factor M This is accounted for in computing the base shear ratio
given in Equation 3. Furthermorethe spectral values,&1) andY “Y used in the same
equation include the 2/3 coff values assigned to buildings iretlshort period range when

the building has some minimum ductility, which is defined in the 2005 and 2010 NBCC as
buildings in categories that correspond to designs with?2R1.5. This implies that the
spectralvalues used in Equation®hasa maximum limi of 2/3 $(0.2) for all reinforced
concrete buildings.The same cubff value does not apply tonweinforced masonry
buildings, as per 2005 NBCC

Design and Detailing FactaiDDF)

The performance of well detailed and designed buildingseaentearthquakes indicate
structural systemexhibiting ductile behaviour outperform poor structural systems that fail
in a brittle manner (Saatcioglu et al., 2001). Therefoagthguakeresistant buildings are
designed for strength and ductilityeiSmic for@s can be reduced when a structure exhibits
ductile behaviour or enters into the inelastic raofydeformatios. The amount of reduction

in elasticforces and the level of detailing required to attain the corresponeuml of
ductility are intimately riated. The former is specified in NBCC and the latter is specified in
relevant CSA standard3he progression of design and detailing requirements outlined in
CSA standarddor different materials, such as reinforced concratelthe introduction of
force modification factors in NBCC providea good indication,in terms of year of
constructionpf thelevel of ductilityandforce capacity anticipated af particular structural
system Thus it is plausible todistinguish norductile systems from the more dern
ductile systems built today in termef year of construction in accordance with

aforementioned@ode provisions.

Unreinforced masonry performs poorly irrespective of the year of construction. However,
reinforced concrete exhibits different levels waifilnerability depending orthe year of
constructionwhich reflectsthe stringency ofcodes and standards effie@etduring the era
Prior to 1975 there was little seismic design and detailing requirements for reinforced
concrete buildings. Hence buildingssigned and built in this era anewed ashaving high

vulnerability to seismic effect§rom design perspectivédn 1975 the NBCC incorporated
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improved ductility coefficientand introduced 7 different building categories for different
levels of ductility, and made reference to the 1973 edition of CSA Stak®8@. This
edition of CSA A23.3 also incorporated improvddsignand detaining requirements for
ductile response of reinforced coete buildings. Therefore, buildings designed after 1975
are viewed as having improved seismic resistance and ductility. Further improvements to
seismic design and detailing were introduced to the 1984 edition of CSA A23.3, which was
referenced by the 1988BCC. Hence the period between 1975 to 1985 and 1985 to 2005
when the NBCC was revised significantly, are considered to have periods of improvements
in seismic design and expected seismic performance of buildings designed to conform to the
corresponding @ades and standards of respected periods. Current seismic design practice,
representing post 2005 era have the stéithe art design provisions and hence are expected

to have minimum seismic vulnerabilitrom design perspective. Tablel18 provides
trangormation values assigned to buildings designed in different eras to reflect the effects of
evolving building design and detailing practices on seismic performance of buildings. A

high transformation value indicates high building vulnerability.

Table 3-10: Transformation Values for the Computation of the DDF

Building Type Year Transformation Value
Unreinforced Masonry Any Year 5
<1975 4
1975 to 1985 3
Reinforced Concrete 1985 t02005 2
>2005 1

The final stepin establishingthe design and detailing factor (DDR)s expressed in
Equation3-4, is to multiply the spectral accelerati¢at site class C)f the structural system

by the transformation values to reflect different effects of this parameter in regions of
different seisngity, as discussed in the previous section for seismic force factor (SFF).
Design and Detailing Factor (DDF)
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OO0 0"YI Wwe i "QE T WEOBTR"Y [3-4]
Where:
1 'O'0’13 theDesign and Detailingractor
T "Yi @& i "Q¢ i dicodE@epicted byable3-10
T YYis the buil di ngds sepce sotl clasd Gceordiogad er at i
NBCC-2005

3.6.2 Non-Structural Vulnerability
Although the structural vulnerability of a buildinggducesthe most seriousuilding

damage,injuries and fatalities, iis evident through the performance of riructural
componentsof a building in recent earthquakebat the evaluation ofnonstructural
elementanust be considered seismic risk assessment of a build{iyrkin et al., 1991)

In addition, a building exhibiting minor structural damage may display extensive damage t
nonstructural components after an earthquake. In Canada, the 1988 Saquenay earthquake
caused very little structural damage but a great majority of injuries resulted from non
structural failures (Foo and Davenport, 2008pn-structural damage in a buifdy refers to

the damage offeatures that do not affect the overall integrity of the structure and are not
integrated as part of the structural system. This includes: architectural, mechanical,
electrical, piping, plumbing, ceiling and furniture compondhts are included within a
building (FEMA, 2010;Raineret al., 1992)Non-structural vulnerability can be classified in
three categories: i) Falling Hazards to life and ii) Damage to vital operations of strategic
facilities iii) Increase in nostructurd hazard The aforementioned categories have been
adopted fronthe Seismic Screening of Buildings in Canaalal (Saatcioglu et al., 2011) for
inclusion of norstructural vulnerability assessments in a building for the CanRisk program.

3.6.2.1 Falling Hazards toLife
Falling hazards to lifdFHL) include heavy nomstructural components that pose a falling

hazard to passef®s/ or areas of human occupancy. A falling hazard can be located in the
interior or exterior of a building. For example, exterior falling hagarttlude parapets,
chimneys, or cladding while interior falling hazards include operati@ma function
components (OFCs), heavy partition walls and stordgelves (Rainer et al.,, 1992
Saatciogluet al., 201) Thepotentiallevel of falling hazards téfe is left to the judgement
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of the engineeto specify Therefore,as define inTable 3-11, in a walk down surveyhe
falling hazards to life are determined by figeadesvery low, low, moderate, high anery
high.

Table 3-11: Linguistic Input Parameters and Transformation Values for FHL

Linguistic Transformation Value
Aivery Loy 0.1
ALowo 0.3
AfModer at ¢ 0.5
AHi gho 0.7
AVery Hid 0.9

3.6.2.2 Hazards to Vital Operations
Hazards to vital operatior{fslVO) reflect seismicdamage that affects the overall operational

requirements of a special building and paistaster buildings, such as a hospital. When a
building is set into motion, the operability of equipment, such as medical instignrent
critical infrastructures malge compromisedFEMA, 2010; Rainer et al., 1992)he level of
hazards to vital operations is left to the judgement of the engineer. Therefore, in a walk
down survey, the hazards to vital operations are determined by five levels: verlpwgw,
moderate, igh andvery high(seeTable3-12).

Table 3-12: Linguistic Input Parameters and Transformation Values or HVO

Linguistic Transformation Value
AVery Loy 0.1
ALowo 0.3
AfModer at ¢ 0.5
AHIi gho 0.7
AVery Hid 0.9

3.6.2.3 Increase in NonStructural Hazard
Once hazardrelated to nonstructural deficiencies of a building has been established,

performance modifiersuch as the year of constructiand the increase in demand of a
building play a important rolein determining the severity of the nstructural

vulnerability. For instance, e greater theseismicdemand on the structuiis (ID), the

59



greater the vulnekality of the nonstructural components. In addition,the NBCC-1970
introduced horizontal force factors incorporated into the design of-smootural
components for lateral forces (NRC, 1970). Prior to NBI®ZO0, norstructural components
were all groped under the same category with minimal restrictions (NRC, 196%s, the

year of construction and the level of increase in demand of a building provide a good
indicationto the potential increase in natructural hazard of a buildingéatciogluet al,

2011).

3.6.3 Building Structural Type
The most crucial part of the seismic vulnerability assessment of a building is identifying the

lateral force-resistng system designed to resisads in the event of an earthqual&TC,
2002).Methods for identifyinghe structural system in a rapid visual screening proeess
availablein the literature such as the guidelines outlined in Sect®s.3for unreinforced
masonry suctures and the FEMA 15ATC, 2002)andFEMA 310(ASCE 1998Yeportfor
other structural system#.is evidentfrom reconnaissanceports and researaforts that
ductile systems and shear wall buildingrform better tharolder brittle buildingssuch as
those observed to have suffered extensive damiagéhe 2011 Christchurch earthquake
(Ingham et al., 2011)The two main types of structural systems incorporated into the
modified CanRisk progrardeveloped as part of the current research progmameinforced
concrete and unreinforcedasonry loaebearingstructuralsystems The structural system is
introduced at level 4 of hierarchylustrated inFigure 3-6 and Figure 3-7. The structural

systems incorporated into the prograre further described in the follavg sections.

3.6.3.1 Reinforced Concrete
Reinforced Concrete is a prevaleranstruction material because of its acdasity, low

cost, strength,stiffness and ductile performance in high seismic regi@sygal 2007)
Although concrete is brittle by nature, the addition of reinforaitegl bars provide ductility
to the overall structureimproving structures deforrbdity. However, poor construction
practices such as inadequate design and detailing of structural elements in oldeiGtiien
reinforced concrete structures have knownbe much more vulnerabl@itchell et al
1995).The three main concrete structures @eéned asC1 (concrete moment frames), C2

(concrete shear wall structures) and C3 (concrete moment frames with masonry infill shear
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walls). The aforementioned conaettructures are defined in FEMA 310 (ASCE, 1998) and
presented iMable3-13.

Table 3-13: Concrete Bulding Types (ASCE, 1998)

Building Type 8: Concrete Moment Frames

C1 These buildings consist of a frame assembly ofiteptace concrete beams and columns. Floor
roof framing consists of cagt-place concrete slabs, concrete beams;vemgjoists,two-way waffle
joists, or flat slabs. Lateral forces are resisted by concrete moment frames that develop their
through monolithic beamolumn connections. In older construction, or in regions of low seism
the moment frames may consist of ttolumn strips of twavay flat slab systems. Modern frames
regions of high seismicity have joint reinforcing, closely spaced ties, and special detailing to

ductile performance. This detailing is not present in older construction. Foundatiogist cof
concrete spread footings or deep pile foundations.

Building Type 9: Concrete Shear Wall Buildings

Cc2 These buildings have floor and roof framing that consists ofiogsfice concrete slabs, concre
beams, onavay joists, tweway waffle joists or flat slabs. Floors are supported on concrete colu
or bearing walls. Lateral forces are resisted by -raptace concrete shear walls. In olqg
construction, shear walls are lightly reinforced, but often extend throughout the building. Ir
recent construction, shear walls occur in isolated locations and are more heavily reinforce
boundary elements and closely spaced ties to provide ductile performance. The diaphragm
of concrete slabs and are stiff relative to the walls. Foundationsist of concrete spread footings
deep pile foundations.

Building Type 10: Concrete Frames with Infill Masonry Shear Walls

C3 This is an older type of building construction that consists of a frame assembly -@f-pkste
concrete beams and columns. The floors and roof consist ofngalsice concrete slabs. Wal
consist of infill panels constructed of solid clay brick, ceberblock, or hollow clay tile masonr
The seismic performance of this type of construction depends on the interaction between th
and infill panels. The combined behavior is more like a shear wall structure than a frame s
Solidly infilled masonry panels form diagonal compression struts between the intersections
frame members. If the walls are offset from the frame and do not fully engage the frame m¢
the diagonal compression struts will not develop. The strength of the inf#ll g= limited by the
shear capacity of the masonry bed joint or the compression capacity of the strut. Ttragasy
strength is determined by an analysis of a moment frame that is partially restrained by the
infill. The shear strength of theoncrete columns, after cracking of the infill, may limit t
semiductile behavior of the system. The diaphragms consist of concrete floors and are stiff re|
the walls.

Finally, the transformation values for the various reinforced concretewstilisystems are
presented infable 3-14. It is important to note that for C3 buildings, the general building
restrictions defined in the NBG2010 (Table 4.1.8.9 in NRC, 2010) was utilized to provide
transformation values based on seismicity as infill frames can provide proper strength and

stiffness in areas of lowo-moderate seismicitwhen they remain within their elastic limits
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but can be damagintp the structural elements in areas of high seismigytyproviding
supports that have not been accounted for in design (short/captive columns) and other

unintended interferences of undesirable nature

Table 3-14: Transformation Values for Building Type of RC Structures

Structural Type Values ofSa(0.2) Transformation Value
C1 All 0.2
C2 All 0.4

00. 35 0.4 + (Sa(0.2)/10)
C3 <0.35 0.47 ((1/Sa(0.2))/100)

3.6.3.2 Unreinforced Masonry
The original CanRislprogram was developed to assess reinforced consretetures; Part

of the scope oturrentresearch igo expand theapabilities of thgprogram toincludethe
evaluation ofunreinforced loadbearing brick/block buildingsTable 3-15 describes the
URM construction type also defined in FEMA 310 (ASCE, 1998he continued
observation of URM building damage in earthquakesessitates aritical evaluationof
URM building stockin anurban centreo provide proper earthquake protection (Mitchell et
al 1990). For instance falling URM building components on passéss and adjacent
buildings caused building damage, causalities and fatalities sesvedol inthe 1989 Loma
PrietaEarthquakegDurkin et al., 1991)As the majority of URM are considered to be non
engineered, it imot surprisingthat URM buildings perfornpoorly and incur severe damage
(Bruneau 1990; Durkin et al 1991; Bruneau and Lamgmeé 1994)Chapter2 provides
more information on unreinforced masonry structures and the inherent seismic deficiencies

of this construction type.

Table 3-15: Unreinforced Masonry Construction Type (ASCE, 1998)

Building Type 15: Unreinforced Masonry Bearing Wall Buildings

URM These buildings have perimetbearing walls that consist of URMlay brick masonry. Interio
bearing walls, when present, also consist of unreinforced clay brick masonry. In older const
floor and roof framing consists of straight or diagonal lumber sheathing supported by wood jo
posts and timbers. Inane recent construction floors consist of structural panel or plywood shee
rather than lumber sheathinDiaphragms are flexible relative to the walls. When they exist,
between the wall& diaphragms consist of bent steel plates or governmehbenembedded in th
mortar joints and attached to framing. Foundations consist of brick or concrete spread footing
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Furthermore, following the events of 2010 Darfield and the 2011 Christchurch earthquakes

in New Zealand, the performance of statdne LRM buildings were observed to have a

greater degree of damage than row buildings. Similarly, whether a URM building was
situated in the middle or end of a row played a major significance. URM buildings located at

the end of a row typically observed morerdlage (referred to as Oboo
a URM building in the middle of a romingham andGriffith, 2011). Thus, a set of
transformation values based on the typology of a URM building are introduc€abie

3-16.

Table 3-16: Transformation Values for Building Type of URM Structures

Structural Type Transformation Value
URM i Standalone 0.9
URM i Row (end) 0.85
URM i Row (Middle) 0.8

3.7 Building Importance/Exposure Module (1'F)
The level of importance of a building can be established on the basseahdoccupancy.

The NBCCdefinesan importance factdior determining total seismic base sheased on
occupancy The NBCC classificationincludes normal, highimportanceand postdisaster
buildings Each building is assigned an importance factog)(Wwhen calculatingts base
shear as defined ihable 3-17. High importance structures include schools and community
centres that are able to house a large number of individualsdiBaster buildings include
hospitals and emergency response faeslitthat are required to remain operational in the
event of a disaster. Normal importance buildings include all other buildings that do not fall
in the high or postlisaster categories (NRC2010).

Table 3-17: Building Importance Categories as defined in NBC€2010

Building Importance L
Normal 1

High 1.3
PostDisaster 1.5
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The building importance factor is calculated uskguation3-5, which includes both use
and occupancyn order to determine the significance of the building under investigation.
The formula has been adopted and modified from the Seismic Screeningdatidgluet

al., 2011).

Building Importance Factor (BIF):

R Ry r e, 00, 000 |
6000 wwo MRAD wwo N PO® wio—w oTT ®O [3-5]

Where:
1 6 "Oithe Building Importance Factdefined inTable3-17
T 0OoOomMQA@WEs the buil’dingds area in m
T 0 0mdon ON® dhiivedstimated average number of people occupied per m
60 ®QQTOL is the average number of hours weekly occupied in the building
1

‘Ois the building importance factor as defined in NB2@0 (NRC, 2010)

3.8 Building Damageability Index (15°)
The building damageability index integrate:

vulnerabilityto establiskdamage potentidbr structural and nostructuralcomponent®f a
building. The structural building damageability indé® () and thenonstructural building
damageability’© ) are representeat level 2 ofFigure 3-6, andFigure3-7 respectively As
definedin Table 3-18, the damage levels of CanRisk have 5 gradatioicomparson with

ATC-13 damage statewhich have 7 gradations.
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Table 3-18: Comparison of Building Damage States of ATEL3 and CanRisk

Damage Damage Damagelevels Damageability Description
State Range Factor (CanRisk) Index Range(I®P)
(ATC-13) (%)

None 0 No damage.

Slight 0-1 None 0.01 02 Limited localized minor not requiring
repair.

Light 1-10 Light 0.27 0.4 Significant localized damage of some
components generally not requiring
repair.

Moderate 10-30 Moderate 0.47 0.6 Significant localized damage of many
components warranting repair.

Heavy 30-60 Heavy 0.61 0.8 Extensive damage requiring major
repairs.

Major 60-100 Major widespread damage that may
result inthe facility being razed,

At/Near Collapse 0.87 1.0 demolished, or repaired.
Destroyed 100 Total destruction of the majority of the)

facility.

3.9 Risk Index (1)

The final step in thierarchicalevaluation includes evaluating the risk indé®. The risk

index is computed by integrating the building damageability in@®% and the building

importance/exposure indgKF). This step is completeat level 1(seeFigure3-6 andFigure

3-7 ) to determinethe structural riskindex (O) and nontstructural riskindex (O ) for a

given building. Subsequently, aroverall building risk index QO ) is established by

combining the structural risk and natructural riskfor the buildingunder investigation

The risk is divided into four levels of gradatiomhe corresponding range of indices is
defined inTable3-19.

Table 3-19: CanRisk Risk Level and Risk Index Range

Risk Level Risk Index Range(I%)
Negligible 0.07 0.2
Marginal 0.27 0.4
Critical 0.47 0.6
Catastrophic 0.67 1.0
Consequences
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3.10Fuzzification Summary

Table 3-20: Summary of fuzzification of hierarchical structures

Input

Transformation

Fuzzification

FRB

Output

VI

{VL, L, M, H, VH}

{0.1,0.3,0.5, 0.7, 0.9}

{VL, L, M, H, VH}

[TFN(-0.25,0,0.15); TENQ.1,0.15,0.4); TFN(0.15,0.4,0.65);
TFN(0.4,0.65,0.9); TFN(0.65,0.9,100)]

Pl

{VL, L, M, H, VH}

{0.1,0.3, 0.5, 0.7, 0.9}

{VL, L, M, H, VH}

[TEN(-0.25,0,0.25); TFN(0,0.25,0.5]FN(0.25,0.5,0.75);
TEN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R1

YoC
- SFF

Eq.[3-3

{VL, L, M, H, VH}

[TFN(0,0,1); TFN(0,1,2): TFN(,2.5,4): TFN(3,4,5);
TFN(4,5,1000)]

YOC
- DDF

Eq. [3-4

{VL, L, M, H, VH}

[TFN(0,0,1); TFN(0,1,2); TFN(,2.5,4); TFN(3,4,5);
TFN(4,5,1000)]

R2A

YOC

YOC

{VL, L, M, H, VH}

[TFN(-0.25,0,0.15); TFNQ.1,0.15,0.4); TFN(0.15,0.4,0.65);
TEN(0.4,0.65,0.9)TFN(0.65,0.9,100)]

cQ

{Good, Average, Poor}

{0.1,0.5, 0.9}

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TEN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TEN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R2B

DR

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5JFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

DR

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R3

SV

SV

{VL, L, M, H, VH}

[TFN(-0.25,0,0.15); TFNQ.1,0.15,0.4)TFN(0.15,0.4,0.65);
TFN(0.4,0.65,0.9); TEN(0.65,0.9,100)]

BSS

Table3-14

{VL,L, M, H, VH}

[TEN(-0.25,0,0.15); TFNQ.1,0.15,0.4); TEN(0.15,0.4,0.65);
TEN(0.4,0.65,0.9); TEN(0.65,0.9,100)]

R4

SBV

SBV

{VL, L, M, H, VH}
[TFN(-0.25,0,0.25); TFN(0,0.25,0.5JFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

SSH

Sa(T1)

{VL, L, M, H, VH}

[TFN(-0.4375,0,0.3); TFN(0,0.3,0.5); TFN(0.3,0.5,0.7);
TEN(0.5,0.7,1.1); TEN(0.7,1,1000)]

R5

SBD

66




Input

Transformation

Fuzzification

FRB

Output

El

{Negligible, Average,
Significant}

{0.1, 0.5, 0.9}

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

BU

Eq.[3-5

{Low, Normal, High, Post Disaster}

[TPFN(-900;100,5,50); TPFN(5,50,500,750);
TPFN(500,750,2700,3000): TPFN(2700,3000,9000,100000

R6

BI/E

SBD

{VL, L, M, H, VH}

[TEN(-0.25,0,0.25)TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TEN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

BI/E

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R7

SR

YOC

Year Selected

{L.H}

[TPFN(1910,1920,1969,197 IJPFN(1969,1971,2010,2010)]

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5): TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R8

INSH

FHL

{VL, L, M, H, VH}

{0.1,0.3, 0.5, 0.7, 0.9}

{VL, L, M, H, VH}

[TFN(-0.25,0,0.15)TFN(-0.1,0.15,0.4); TFN(0.15,0.4,0.65);
TFN(0.4,0.65,0.9); TFN(0.65,0.9,100)]

HVO

{VL, L, M, H, VH}

{0.1,0.3, 0.5, 0.7, 0.9}

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TEN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R9

NSD

INSH

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

NSD

{VL, L, M, H, VH}

[TEN(-0.25,0,0.25); TEN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R10

NSV

NSV

{VL, L, M, H, VH}

[TFN(-0.25,0,0.15); TFNQ.1,0.15,0.4); TFN(0.15,0.4,0.65);
TFN(0.4,0.65,0.9); TEN(0.65,0.9,100)]

BSS

Table3-14

{VL, L, M, H, VH}

[TEN(-0.25,0,0.15); TFNQ.1,0.15,0.4); TFN(0.15,0.4,0.65);

TFN(0.4,0.65,0.9); TFN(0.65,0.9,100)]

R11

NSBV
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Input

Transformation

Fuzzification

FRB

Output

NSBD

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

SSH

Sa(T1)

{VL, L, M, H, VH}

[TFN(-0.4375,0,0.3); TFN(0,0.3,0.5); TFN(0.3,0.5,0.7);
TFN(0.5,0.7,1.1); TFN(0.7,1,1000)]

R12

NSBD

NSBD

{VL, L, M, H, VH}

[TEN(-0.25,0,0.25); TEN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TEN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

BI/E

{VL, L, M, H, VH}

[TFN(-0.25,0,0.25); TFN(0,0.25,0.5); TFN(0.25,0.5,0.75);
TFN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R13

NSR

SR

{VL, L, M, H, VH}

[TFN(-0.25,0,0.15); TFNQ.1,0.15,0.4); TFN(0.15,0.4,0.65);
TFN(0.4,0.65,0.9); TFN(0.65,0.9,100)]

NSR

{VL, L, M, H, VH}

[TEN(-0.25,0,0.25); TFN(0,0.25,0.5); TEN(0.25,0.5,0.75);
TEN(0.5,0.75,1.0); TEN(0.75,1,1.25)]

R14

OBR
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Chap4d4er
SensiAnalitsyi s and
Veri fi ca

4.1 General
This chapterprovides information related to the testing and verificationCahRisk A

sensitivity analysiss conductedo assess the significanoé selectecparameters oseismic
risk. In addition the observedperformanceof URM buildings in the 2011 Christchurch

earthquake in New Zealangasused toverify the methodused in CanRisk

4.2 Sensitivity Analysis
The sensitivity ofinput parameterprovidesan understanding dhe significance ofeach

parameteon theresult. This provides verification of trends against those expected based on
knowledge, experience and available d&ar exampleas the increase in demanand

decreasen resistanceof a buildingare high the resuihngc hange i n stauctdrabi | di n
vulnerabilityshould be highAs well, the effects of certain parameters are known to be more
pronounced than others, and this can be checked against the results of the sensitivity
analysis. This section provides a summary of the analysis conducted toaévathe

sensitivity ofparameters i€anRisk.

4.2.1 Independent Input Parameters
As part of the sensitivity analysishe aggregation ofnput parameters (performance

modifiers) using theule baseexpressiongR;) represented ifrigure 3-6 andFigure 3-7 are
tested. This is achievdady varying the optinal input parameters to observeitheffects on

the resulting output parameser

For exampleas represented in the structural risk hierarahlevel 6in Figure 3-6, vertical
irregularity (V1) and plan irregularity (PI) are independentnput parametersvhich are
combinedusing fuzzy rule base 1 (Rit) the hierarchical structure to providesight on the
potentialincrease in deman@D) of a building.Figure4-1 illustrates thegpossibleoutcome
of the combination o¥I and Plinput parameterfor ID of a building.lt is clear that as the

vertical irregularity and plan irregularity of a building increaseso does thencrease in
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demandof the building.As the evaluation process continud® itesulting output value for
ID is used as an input at the next level of the hierarchy (i.e. witeease in demand
aggregated witldecrease in resistand® give structural vulnerability. The construction
guality (CQ) andyear of constructioifYOC) are aggregatedsing fuzzy rule bse 3 (R3}o
provide thedecrease in resistand®R) of the structure (see level 5 Bigure 3-6). Figure

4-2 shows ther e sul t s o fstrueturabwvulnelability leged 4 of Figure 3-6) asa
variation of the input irregularitieor the increase imlemandl of a building built prior to
1940 with poor CQThe resultshow possibleutput values fostructural vulnerabilityfor

the most severe circumstancesletrease in resistanad a buiding. In contrastfFigure4-3
represents the resultsr structuralvulnerabilityin terms of the best case circumstances for
DR of a building. This iconsidered to be a building built according to modern codes with
good construction qualityt is clear that a building with po@onstruction qualityouilt prior

to 1940results ina higherstructural vulnerabilityvalue in comparison to a building buitt
2010with goodconstruction quality

The input parameters are also tested to provide refartaonstructural risk hierarchy
(Figure 3-7). Thefalling hazards to lifg(FHL) andhazards to vital operaticn(HVO) are
aggregated using fuzzy rule base 9 (R9) to computedhstructural deficiencfNSD) of a
building (see level 5 oFigure 3-7). Figure 4-4 provides the results for theon-structural
deficiencyof a building as FHL and HVO input parameteesy. It is evident that as the
level of FHL and HVO increasso does the NSD of a buifdj. Once the value for NSD is
obtained, the resulting output value is used as ifgpuhenext level of hierarchy (i.e. when
non-structural deficiencyis aggregated witlncrease in nosstructural hazardto compute
nontstructural vulnerability. The incease in nosstructural hazard (INSH) is a function of
the year of constructionand the level of increase in demanaf a building. Figure 4-5
represents the nestrucural vulnerability (NSV) results for the variation of netructural
hazards for the most severe circumstancesaréase in nosstructural hazardbuilt before
1970 with a very high ID)In contrastFigure4-6, shows the results for the NSV of a building
in terms of the best case circumstances of the INSH of a building. This would be a building

built according tahe modern code with a very low 1Dt is clear thabuildings built prior to
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1970 with very highncrease in demancesult in largemon-structural vulnerabilityvalues

when comparedith buildings built in 2010 with very lowincrease in demand

1
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Figure 4-1: Increase in Demand of a Building
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Figure 4-2: Structural Vulnerability of a Building built prior to 1940 with poor construction quality
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Figure 4-3: Structural Vulnerability of a Building built in 2010 with good construction quality
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Figure 4-4: Non-structural deficiency of a Building
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Figure 4-5: Non-Structural Vulnerability of a Building built prior to 1970 with very high 1D
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4.2.2 Structural Building Damageability Index
In addition to testing the sensitivity of individual input parameters, the overall impact of the

aggregation of multiple parameters and modules is tested. In this section the sepéitivity

structuralbuilding damageabilityindex(O ) is presented & level 2 oFigure3-6).

The structural building damageabilityindex("O ) is computedby varying input parameters

in the structural riskhierarchy to obtain upper and lower bound limitg ‘O . To test
sensitivity, the structural building vulnerability (SBV) evaluated at extreme case scenarios
(very low and very high vulnerabilityare aggregated with varying levels aite seismic
hazard (SSH) by considering range of possible soil conditions and number of stories

(building period).

Figure4-7 to Figure4-22 show the results of this analysis for building types C1, C2, C3 and
URM located in Edmonton, Ottawand Victoria, which represent areas of low, moderate
and high seisnaity, respectively. In these figured)et upper bound linst(dottedcurves)
representhe performance of a building evaluatior worst case circumstancggry high
structural building vulnerability, while lower bound limis (solid curves) representhe
performance of awlding evaluated at bestase circumstancésery low structural building
vulnerability). It is notedthat theresults are shown for varying soil conditioasd the

results are plotted as a function of building egawhich influencesuilding period)

Examination of thevariationsandtrendsin the figures forstructural building damageability

index ('O ) shows that buildings in the short period range are experiencing higher damage
levels (as reflected in high& values)when compareavith longer period structure3 his
conforms tothe modern seismic design force requirements, where the general trend is for
forces to increase in the short period region and decrease in thgdoad region
(Heidebrecht2003).

Considerig Figure4-7 to Figure4-18, the results demonstrate that higher damage levels are

observed in softer soil profilesite class D & E)n the short to moderate period range,

which followsthe expectedrend. Furthermoreas seismicity increases so does the range of
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damageability between the upper and lower bound lirthesl¢wer and upper bound curves
are further apart). For example, for building type Eilgure 4-9 shows a large range of
building damageability when considering upper and lower bound limits in Victoria (high
seismicity), whereas as shownhigure4-7 the same building typenews a smaller range of
valuesfor structural building damageabilityn Edmonton (low seismicity)rurthermoreas
shown inFigure 4-19 to Figure 4-22, as seismicity increases so daructural building

damageabilitywhichis expectedthe curves are shown for site class C).

The results also show high vulnerability of URM buildings, which show relatively higher
damageability values when compaseith building types C1, C2, C3F{(gure4-23to Figure
4-25). In addition the variation in damageability is reduced fois building type (lower and
upper bound curves are closer together) when compattd other building types.
Furthermore Figure 4-26 demonstrates that row URM Idings perform bettethan stand
alone URM buildings (for Ottawa, Ontaridljhus, wherstructural vulnerabilityis very low
(solid curves) URM row buildings (irrespective of position, i.e. reemd or rowmiddle)
perform bettethan URM standalone buildirgs. Whenstructural vulnerabilityis very high
(dotted curves), rowniddle URM perforns better than rowend URM which perforns
better than URM standlone buildings.

The resultsdr concrete buildinggenerallydemonstrateverall reduceddamageabilityfor
shearwall buildings (C2) when compareslith concrete moment frame buildings (C1 and
C3). This is observed irFigure 4-20 (C2 buildings) in coparson with Figure 4-19 and
Figure4-21 (C1 andC3 buildings), for buildings located in different areas of seismiEity.
concrete moment frame buildings, buildings with masonry isfifar wallgperformwell in
regions oflower seismicity due to thieracingprovided by the infill, whereas the contyas
truefor buildings in highseismicityregionsdue tothe negative effect oinfill son structural
moment frame beyond the elastic limit of URNStructural building damageabilityfor C3
structures increases as the seismicity of a region incteBsissis shownn Figure 4-24 for
Ottawa, ON comparedwith Figure 4-25 for Victoria, BC. For concrete moment frame

buildings without masonry infill shear walls (C1), the results show that this structure type
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may perform better than C2 and C3 because of the highegsattraced byshear wall
buildings.

Overall, the sensitivityf structural building damageability indefO ) illustrates the poor
performance of buildings on softer soil profil@s comparisorwith buildings on hard rock
soil profiles. In addition, C1 and C2 buildings perform generally the, bekiwed by C3
buildings It is evident thatURM buildings perform the pooreamongthe structural types
considered Finally, URM stanealone buildings perform generally poor in comparison to

URM buildings in a row configuration.
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Figure 4-7: Upper and lower bound limit s of 1®° for C1 structures resting on various soil conditions in

Edmonton, Alberta
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Figure 4-8: Upper and Lower Bound Limits of Building Damageability for C1 Structures resting on

various soil conditions in Ottawa, Ontario
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Figure 4-9: Upper and Lower Bound Limits of Building Damageability for C1 Structures resting on

various soil conditions inVictoria, British Columbia
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Figure 4-10: Upper and Lower Bound Limits of Building Damageability for C2 Structures resting on

various soil conditions in Edmonton, Alberta
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Figure 4-11: Upper and Lower Bound Limits of Building Damageability for C2 Structures resting on

various soil conditions in Ottawa, Ontario
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Figure 4-12: Upper and Lower Bound Limits of Building Damageability for C2 Structures resting on

various soil conditions in Victoria, British Columbia
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Figure 4-13: Upper and Lower Bound Limits of Building Damageability for C3 Structures resting on

various soil conditions in Edmonton, Alberta
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Figure 4-14: Upper and Lower Bound Limits of Building Damageability for C3 Structures resting on

various soil conditions in Ottawa, Ontario
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Figure 4-15: Upper and Lower Bound Limits of Building Damageability for C3 Structures resting on

various soil conditions in Victoria, British Columbia
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Figure 4-16: Upper and Lower Bound Limits of Building Damageability for URM (Stand-alone)
Structures resting on various soil conditions in Edmonton, Alberta
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Figure 4-17: Upper and Lower Bound Limits of Building Damageablity for URM Structures resting on

various soil conditions in Ottawa, Ontario
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Figure 4-18 Upper and Lower Bound Limits of Building Damageability for URM Structures resting on

various soil conditions in Mctoria, British Columbia
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Figure 4-19: Comparison of Upper and Lower Bound Limits of Building Damageability for C1

Structures Resting on Reference Site Soil Class C
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Figure 4-20: Comparison of Upper and Lower Bound Limits of Building Damageability for C2

Structures Resting on Reference Site Soil Class C
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Figure 4-21: Comparison of Upper and Lower Bownd Limits of Building Damageability for C3
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Resting on Reference Site Soil Class i@ Ottawa, ON

4.3 Model Verification

4.3.1 2011 Christchurch Earthquake
On February 2%, 2011, New Zealand was struck by an earthquake of moment magnitude

Mw = 6.2, resulting in185 deaths (Elwood, 2013). The earthke causedxtensive damage

in a large number of URM buildings located in the Central Business District (CBD) as
summarized ifTable 2-4 of Section2.5.6 The aftermath of the earthquake resultedhim
demolition of mary URM buildings which were tagged as unsafe to efltggham and
Griffith, 2011a) Althoughthe building stock in Christchurch had beenjsated to previous
large magnitude earthquakéise Christchurch Earthquake was d@he most catastrophimn
record, withthe URM building stock sufferingvide-scaledamage (Moon et al., 2012)he
epicener of the earthquake was located less than 10 km seath of the CBDas illustrated

in Figure4-27.
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gE'p!g:enter

Figure 4-27: Epicentre Distance to the Central Business District (CBD) of the 2011 Christchurch
Earthquake in New Zealand
The reported peak ground acceleration (PGA) was measured @ 2@g in a valley
approximately 1 km from thepgcenter and 0.8g in the CBD. Therizontal ground motion
recordsfor the EastWest and NortfSouth directionf four stations in the Christchurch

CBD areshownin Figure4-28.

In terms of the geotechnical conditions of the built environment, softerrsdiles, defined
as site class E in NBG2010 (site class Bauivalent in New Zealand), wepgedominantly
observed in the CBDf Christchurch(Elwood, 2013).

The mean earthquake spectrum of the four stations is illustratdeéigure 4-29 and
compared to the UHS and design spectrum of Vaveoand New Zealand for two different
return periods. It is clearly illustrated Fgure 4-29 that the mean earthquake spectrum sits
fairly close to,and for the most part exceeds, the spectral acceleration of the UHS and the
design spectrum. Although, the mean spectrum does not represent the spatial variability of
seismic hazard, the spectral acceleration corresponding to a specific period can toe used
guantify the site seismic hazar(lresfamariam, 2008and will be used in the analysis that

follows.
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Figure 4-29: Comparison of meanspectrum for all horizontal ground motions of the February 2011
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4.3.2 Validation of CanRisk using Selected Christchurch URM Buildings

Informationrelatingto the condition of oveBOO URM buildings in Christchurch has been
provided byresearcherdrom New Zealand J. Ingham, K.Q. Walsh, L. Moon, personal
communication, June 12, 201For the purpose of the CanRisk validatitifieen buildings
located in theCBD of Christchurch(seen inFigure 4-30 and Table 4-1) were selected and

evaluatedto assesstructural damageabilityThe results areomparedwith the ATC-13
damage states reported by Inghatnal. (201) following the earthquakeBuildings with

varying damage states weeselected ("light” to "destroyed") in order to covewide range

of observed building damage.

Table 4-1: Pre and Post Earthquake photos oBelected ChristchurchURM Buildings and their
respective ATG13 Damage Classifications

4 Pre-earthquake photo Postearthquake photo ATC-13
Classification
1 Heavy
2 Major
3 Major
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Pre-earthquake photo

Postearthquake photo

ATC-13
Classification

Light

Moderate

Moderate

Major
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Pre-earthquake photo

Postearthquake photo

ATC-13

# Classification
8 Heavy

9 Destroyed
10 N/A Light

11 Destroyed
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# Pre-earthquake photo Postearthquake photo ATC-13
Classification

12 Moderate

13 Major

14 N/A Light

15 Heavy

The results of the analysis are summarizedable 4-2. It is noted thathe available data

does not include sufficient fiormation about the damageability of nstuctural

components; therefore results of a +structural risk assessment are not presented.

Furthermore, insufficienihformationis availableto computebuilding importancegxposure;

thereforea complete structuralisk evaluation was not conductadd only a comparison of

Structural Building Damageability is presented (see levelFRqfre 3-6).
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Figure 4-30: Evaluated URM buildings in the CBD
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The buildings selected contain information relative to the year of construction,
configuration, number of stories and whether or not the building had been retrdflieed.

buildings that had been retrofitted are identifiedrable4-2 and contaire i t her a type
retrofit, consistingof restraining nosstructural elements to the structural componemtsa

t ype A B,owhereenew sirdicturthteral forceresisting elements were added to the
structure [hghamand Griffith, 2011b).A building with an unknown year of construction is
assumed to be built prior to 1940 as the CBD is known to be a heritage suburb of
Christchurch.The constructionquality, vertical irregularity and plan irregularity were

identified through observations of photos of the building prior to the earthquake.

The estimated structurlluilding damageability indies {O ), as computed using CanRisk,

are summarized ifable4-2, and compareaith the ATG13 damage states reported for the
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buildings. The results showelatively good agreement betwedhe estimatedstrucural
building damageabilityvalues and those observedafter the earthquakdn general the
discrepancies fall withimne"damage statevhen comparedith those reported in the ATC
evaluations It is noted that CanRisk uses a 5 level gradation scale ioedetiilding
damageability (ranging from "none" to "at or near collapse”), whereas-¥8TGses 7
damage state levels (ranging from "none" to "destroyed"), wtechalsoexplainsome of

thediscrepancies.

Table 4-2: Evaluation Summary of URM structures in the CBD of the 2011 Christchurch Earthquake

E 2 )
pug 2 2
c B = i g
c [ =
0w 2 2 3 2 8 3 3 n
5 3 2 5 s 8 3 S g g 3
£ g c 2 3% 38 ¢ ¢ g 5 5 £
£ 3 s 2 g & 8 s 5 S a a 3
z < 8 °o £ 5 < 3 3 O ® = Q
g g 5 8 3 £ £ g s 5 3 E o
S o = = (8] 9 — [S] o
E 35 s E§ 8 g @ 5 & = = 2
m m O P > o n @) O > n [0p) <
623629 Colombo
1 St RowMiddle 2 M VL 0.65 7.48 AVG 1890(retrdit A) 0.61 Heavy Heavy
603615 Colombo
St RowMiddle 2 H L 065 745 AVG 1906 0.72 Heavy Major
208 Hereford St Standalone 2 VL VL 0.65 7.41 AVG 1865 0.65 Heavy Major
287 Manchester S RowEnd 1 L VL 052 7.87 GD unknown 0.4 Light Light
107A Cambridge
Terrace RowEnd 1 VL M 052 7.98 PR 1875 (retrofitA) 0.47 Moderate | Moderate
222 St Asaph St RowMiddle 1 L VL 052 7.22 AVG unknown (retrofit A) 0.43 Moderate | Moderate
At/Near
80 Lichfield St RowEnd 3 L VL 0.77 7.44 AVG 1881 0.84 Collapse | Major
8 [1-3 Hereford St RowMiddle 3 VL VL 0.77 822 GD 1910 0.78 Heavy Heavy
At/Near
9 (116 Lichfield St RowEnd 3 H M 077 739 PR unknown 0.92 Collapse | Destroyed
10 [116 Madras St  Standalone 2 VL VL 0.52 7.09 GD 1876 (retrofit A&B) 0.33 Light Light
At/Near
11 |84 Lichfield St RowEnd 3 VL VL 0.77 745 AVG 1890 (retrofit A) 0.84 Collapse | Destroyec
12 [141 LichfieldSt RowEnd 1 VL M 052 7.26 PR 1903 (retrofit A)  0.53 Moderate | Moderate
13 [146 Kilmore St ~ Standalone 2 L L 0.65 805 PR 1929 0.72 Heavy Major
unknown (retrofit
14 644 Colombo St RowMiddle 2 L M 065 7.5 AVG A&B) 0.6 Moderate | Light
unknown (retrofit
15 [270 St Asaph St Standalone 2 L L 0.65 7.06 AVG A&B) 0.61 Heavy Heavy
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5.1 General
A general building inventory and its spatial distribution and variability arepleegmeters

needed for earthquake loss assessmadtrisk managemenflthough data collection of
building information may be dauntingtask,new tools have been developed to proviake
informationand building data necessdiyr earthquake loss estimatiorihe Urban Rapid
Assessment Tool (Urban RATY designed for the rapid collection of building data in urban
centres. The Geographic Information System (GIS) based assessment desktop and mobile
toolset allows for intense data collection and revolutionizes the traditional sidewalk survey
approachorcollecting building dat{Sawada et al., 201.3) he following chapterdescribes

the application of Urban RAT software to downtown core of the City of Ottawa. Information
pertaining to the condition of existing buildingscluding the spatial distributiomnd
percentage breakdown of construction type, local soil conditions, occupancy class, year of
construction, and irregular building configurations relevant to seismic risk assessments are
presentedResults arepresented for the general building stock amdeinforced masonry

building inventory.

5.2 Urban Rapid Assessment Tool (URAT)
The Urban Rapid Assessment Tool (URAT) suitedernizes the way building surveys are

conducted. Rather than the traditional pen and paper sidewalk survey, the Urban RAT tool
explats the use of computers, web services and portable electronics in order to obtain and

collect site specific building information.

UrbanRAT is an ArcGISGoogleAndroid system that contains two components: alaln
application(addin) built for ArcGIS 10.x within the .Net frameworki order to integrate
ArcGIS andthe Google API) and second, an-eite (Google Android) app that collects
positional and visual information in addition to inpthat contain the same dafde onsite

applicationdatacanbe synchronized with thmain ArcGIS database.
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Within the lab, using a MS Windows PC with ArcGIS 10.x installed, the user is presented
with a new toolbar called URATFgure5-1)

Select layer to
receive new
point(s) \

I‘] "4’; _'; Target Layer: Select All -‘J

Add multiple
Add new points with same
point structural attributes
Edit existing
point

Figure 5-1 Urban RAT toolbar in ArcGIS 10.x
(from Sawada et al., 2013)

Using this toolset, the user selebtssimply clicking ona building represented on a satellite
image within ArcGIS This initiates two windows. The first showise form with buliding
parameters to be entereliqure 5-2a) and the seond window opens Google Strgetw
within ArcGIS at the location of the building that was seledfédure 5-2b). This allows
the assessor to examine the structure from many anglesnéesiparameters on the form.
Once the form is complete the data is automatically saved into a new data layer with a point

at the location of the assessment.
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Figure 5-2 zz) Building assessment form in Urban RAT; b) Google StreetView within Urban RAT and
within ArcGIS open at location of building to be assessed
(from Sawada et al., 2013)
Uban RATs ui t e 6s f r agmee tov maorporate sougthly 30istructural parameters.
Table5-1pr esent s Uarbneeters fRrA/a3séssment that lzased on FEMA 154
(2002) and FEMA 310 (1998The first theme[{l] General informationpprovides the basic
informationrelated to a buildings characteristics ataictural systenilhe second and third

themes [2] Increase in Demandnd [3] Decrease in Dmand) representendogenic
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engineering parametemshich influencebuilding vulnerability during earthquake events
The final themg[4] Issues of Adjacencyincorporates an imperative exogenic factdrch
can affectstructural performanceduring earthquakeground shakingThemes[1]-[4] are
required for high resolution earthquake loss estimation studilesse variables and their

respective values are presented to ther on the main URAT interfac€igure5-2a).

Table 5-1: URAT Theme Parameters for Assessment

[1] General
Building Type Year of Construction
Address Number of Stories

Name of Building
Vertical Irregularity
Plan Irregularity
Construction Quality

Occupancy Class
Occupancy
Economic Impact
Design Quality

[2] Increase in Demand

Structural Walls

Weak ColumrStrong Beam

Redundancy

Plan Irregularity

Diaphragm Continuity Torsional Irregularity
Re-Entrant Corners

Vertical Irregularity

Short Column Effect Soft Story
(Captivated Column) Weak Story

[3] Decrease in Resistance

Deterioration (e.g. Corrosion) Code Enforcement

Damaged from Previous Earthquake

[4] Issues with Adjacency

Floor Elevation Space Between Adjacent Buildings

In some cases, the assessor will find that the Google Street\giemsufficient for
assessmenfAs such, a mobile version of the virtual site assessment software can be used
and will run on any certifiedsoogle Android tablet. There is no need to have an active
wireless internet connection (W, 3G, 4G or otherwise) with Urban RAT mobile in order
to make ful |l GPSandméppirgliuactionsaUrbae RAG snobile Figure

5-3), all data is stored locally on the device as XML and CSV files which can be easily

uploaded to the main ArcGIS program when the user returns to the desktop.
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For further information on details of the development and use of the Urban RAT suite refer
to Sawada et al. (2013).

A O i
Close ; (
map view

Zoom to Edit this point‘

GPS location attributes in |
i Map main app home|
s Edit 808 database screen
Export...currently . Zoom to

table to selected
CSVirow¢

Figure 5-3: Urban RAT mobile: a) Main assessment screen, variables as in Table 1; b) Main mensed

extent

Expand/ ® .
collapse

map menu

to switch between data entry screen, map and data table; c) Data table of stored assessment locations.
User can edit or export to comma separated values file (CSV); d) Map of assessment area. User can plot
all assessed points, select individual pdis for editing and see current location on map using GPS

receiver in tablet.

5.2.1 Urban RAT Building Inventory
The application of the Urban RAT to the downtown core of the City of Ottsgan inthe

summer of 2011 in order to createdatabase and colldatilding informationto eventually

allow for the seismic risk assessment of buildings in the City of Ottatea followingeight
neighbourhoods were the primary focus for assessment: Centretown, West Centretown,
Byward Market, Lowertown, Sandy Hill, Ottawa Ea&lebei Dows Lake and Ottawa
South. Currently, the number of buildings assessausists 0f13,038 buildings seen in
Figure 5-4. In general most @wntown neighbourhoods in the City of Ottawa contain a

combination of historical and modern buildind¥ithin the building inventory aotal of
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1,465 (~11.2% of total inventory) buildings were classified as URM construdiadoie 5-2
presentghe approximate percembverage (number of buildings assessed / total building
inventory) foreach neighbourhoodn average, a total coverage of appnaiely 78% of

the eight major neighbourhoodbas beercompletedto date Although data collection is
ongoing, the number of buildings assessed has been limited in part theerntecessity for
in-field assessment® the case otomplex structural system#je lack ofavailability of
supplementarynaterialthat assist during assessments (e.g. lack of fire insurance plans for

some buildings)limitations of Google Stre¥tew and new construction

The sections that followprovide information relevant to thieuilding inventory obtained
using Urban RAT.Information pertaining to the spatial distribution and percentage
breakdown of construction type, local soil conditions, occupancy class, year of construction,
and irregular building configurations relevant $eismic risk assessmenits presented.
Results arepresented for the general building stock and unreinforced masonry building

inventory.

Table 5-2: Percent Coverage of Major Neighbourhoods

Neighbourhood Coverage %
Centretown 83
Byward Market 78
GlebeDows Lake 62
Lowertown 75
Ottawa East 100
Ottawa South 79
Sandy Hilli Ottawa East 99
West Centretown 46
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Assessed Building

Awaiting Assessment
Ottawa Neighbourhoods
075 15 )

Figure 5-4: Study Area

5.2.2 Construction Type

The construction type of a building influences its seismic performddigere 5-5 presents

the spatial distribution of construction type within stedy area.A building is expected to
exhibit a brittle or ductile response in the incident of an earthqaaka function of the
engineering and type of material utilized for constructidodern engineered buildings
seismic areas are specificallesigned to withstand expected lateral loads and perform
better than nomngineered buildings. At the same time, the seismic performance of
engineered buildingwill depend on earthquake hazard and the level of building code.
Typically reinforced concreter steel buildings fall in the category of engineered buildings.
More recent timber and reinforced masonry construction can also be included in this
category due to the development of desstagmdardshowever older unreinforced masonry
buildings can be awsidered notengineered construction. For the buildings assessed in this
study, reinforced concrete, reinforced masonry and steel buildings were considered

engineered construction while unreinforced masonry and wood buildings were classified as
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nonengineeed. As shownn Figure5-6, the majority of buildings assessed in this study can
be classified as neengineered buildings while approximatelyi% of the building stock
can be categorized as engineered. Of particular concernthe large inventory of
unreinforced masonry building€l1.2%) a structural material which has consistently
demonstrated poor performance in past earthqudkeaddition, it isnoted thata large
inventory of residential single family dwellingsuilt of wood wereincluded in the

assessmer{82.7%)

Legend

1 Steel
Wood

Reinforced Concrete

" Reinforced Masonry

Bl unreinforced Masonry

| |_l |_| | Meters

0 500 1,000 2,000

Figure 5-5: Spatial Distribution of Construction Type of Buildings in Ottawa, Ontario
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Figure 5-6: PercentBreakdown of Construction Type of Buildings in Ottawa, Ontario

5.2.3 Site Soil Classification

In addition to the structural makg of any given building, another important variable in
assessing seismic vulnerability is the soil condit{sarficial geology)in which it rests
upon. The localground conditios in which a building rests is a key indior to ground
shaking intensitiedrigure 5-7 illustrates thespatial variability ofsite soil classificatiorfor

each building(Hunter et al., 201,0Motazedianet al., 201). Approximately 35% [Figure

5-8a) of the buildings assessed are constructed on soft or stiff soil conditions (class D & E)
while the remainder of the building stock are constructed on hard rock or very dense soil
profiles (class A, B,C). With respect to the URM building stoc&yer 5% the URM
buildings stock aréocated orsite soil classification D & ERigure5-8b). These soil types
include conditions of lower shear wave velocity that increase the strengtburfdshaking

of an earthquake (Williams et al., 1997)

103



Legend

Site Class

B A

. B

C Nt

. D W
- E|l .
b / ~J‘%:

; E
I"I_I_I_I__—W Meters
0 500 1,000 2,000

Figure 5-7: Spatial Distribution of Soil Classification of Buildings in Ottawa, Ontario
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Figure 5-8: Percent Breakdown ofSoil Classification a) Total Inventory, b) URM
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5.2.4 Year of Construction

As mentioned previously, one very important factor affecting seismic performance is the
building year of constructionThe year of construction of a building delineates older
constructionfrom the new, more modern practic&gure 5-9 illustrates that the downtown
core of the City of Ottawa is in fact an older, historical part of the city with ariyajuf
buildings built prior t01940 EFigure 5-10a). The original design drawings of a building
and/or supplementary information such as censusrdisation area age of construction or
tax records can be useful determiningthe year of construction. The year of construction,
when considered with historical development of building cadéseismic design criteria,

can provide insight on the seismiesign loads and level of seismic design and detadliray
building. In order to determine seismic vulnerability, it is important to understand the
development of the seismic design code provisions over the years. According to NIBS
(1999) and Tesfamem and Saatcioglu (2008), thevel of building code can be divided
into three distinct states for North America: low copee(1941), moderate codbetween

1941 and 1975) and high codgo$t 1975). Considering this breakdown, analysis of the
building inventay reveals that the vast majority of the building stock was built prior to
1940, indicatinghatmost of the buildingsirein compliance with low code provision$he

year of construction of unreinforced masonry buildings is an indicator of the probable
performance in the event of an earthquakigure 5-10b illustrates thathe majority (over

80%) of URM buildings in the downtown core were built prior to the 1940s where no
stringent seismic requirements were in place for the construction of. JRidlindicates the
importanceof evaluatingthe URM building stock in order to mitigatgainstseismicrisk
associated withhis construction type by means retrofit or rehabilitation to assure a proper

level of seismic safetin accordance witmodern ode requirements.
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Figure 5-9: Spatial Distribution of Year of Construction of Buildings in Ottawa, Ontario
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Figure 5-10: Percent Breakdown of Year of Construction a) Total Inventory, b) URM
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5.2.5 Building Importance

The | evel of i mportance of a building can
occupancy and us@bservations from previous earthquakes have emphasiaeddttain

critical facilities such as hospitals should be designed to remain operational during and after
an earthquakeFigure 5-11 illustrates the gatial variance of occupancy class within the
building inventory. The NBCC cl assifies an
occupancy when determining the total seismic base shear the building is designed to resist.
The categories include normahigh and postlisaster importance classifications. High
importance structures include schools and community centres that are able to house a large
number of individualancluding young childrenPostdisaster buildings include hospitals

and emergencyesponse facilities that are required to remain operational in the event of a
disaster. Normal importance buildings include all other buildings that do not fall in the high

or postdisaster categories (NRCC 2010). Within the building stock, high impor@amde
postdisaster buildings represent 0.7% and%.of the total building stock respectively
(Figure5-12a). As displayed inFigure5-12b, a number otducational facilitiesemergency
response and medical facilitiesilt of URM are located in the downtown corss URM is

the most vulnerable formfaonstruction, it is important to evaluate the performance of
these buildingsOverall, theinventory revealsthere is a rich mixture of occupancy class
within the building stock with a majority of URM consisting of single or multifamily
dwellings, tempaary lodging and general service buildings (retail stores), however an
important stock ofURM buildings also fall in the postisasterand high importance

categories.
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Figure 5-11: Spatial Distribution of Occupancy Class of buildings in Ottawa, Ontario
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Figure 5-12: Percent Breakdown of Occupancy Classa) Total Inventory, b) URM
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5.2.6 Building Irregularity

Performance obuildings in past earthquakes has demonstrated that buildings with irregular
configuration or irregular distribution of structural properties can cause an increase in
seismic demand, leading to a greater degree of damage and greater risk of failure of a
building (Tesfamariam & Saatcioglu 2008). Therefore, in the development of the NBCC
seismic provisions, rules have provided the classification of buildings intearious
building irregulariy categoriesas a function of asymmetrigslRCC 2010). Accordingi,

these parametersthat evaluatestructural irregularities have beeatcounted for in the
building inventory and buildings within the inventory have been classified as regular and
irregular in terms of configuration as seen kigure 5-13. The two principal types of
irregularity assessed include plan and/or vertical irregularities of a structure with 8.6% of the
downtown building stock classifieds conaining irregular configurationgFigure 5-14a).

The most common type of irregularity found in URM buildings arergant corners caused

by asynmetrical plan configurations and setbacks. In addition, a number of URM buildings
contain first floor retail stores with one or two levels of family dwellings located above,
particularly buildings along Bank Streéta streetthat is considered historicah major
shopping and business district in the City of Ottawa. This building configuration typically
results in a soft story effect due to large display windows and storefront opefigge

5-14b illustrates that approximately 35% of the URM building stock contain an irregular
structural configurations which include plan irregularity, vertical irregularity or a

combination of the two aforemention@degularity types. The presence of irregularities in

this hazardous construction type results in increased seismic demand and can result in

increased seismic vulnerability and the overall likelihood of failure.

109



Legend
B Regular

B Irregular

|  IPTeA] | Meters

0 500 1,000 2,000

Figure 5-13: Spatial Distribution of Regular and Irregular buildings in Ottawa, Ontario
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Figure 5-14: Percent Breakdown of Regular and IrregularBuildings: a) Total Inventory, b) URM
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Figure 5-15 provides a detailed breakdown of theegularitiesof the URM portion of the
inventory evaluated usindgJrban RAT. The irregularities considered included: diaphragm
discontinuity, reentrantcorners, torsional irregularity as well as soft story and weak story
irregularities. Considering all irregularity types, the most common irregularity for URM
buildings Ottawa was the #entrant corner irregularity, followed by torsional irregularity

and sd story irregularities.

In terms of reentrant corners, the majority of URM buildings assesgee found tchave
"low" to "moderaté re-entrant corners. Thitype of irregularity is found if there setback
in the plan configuration that may cause streoncentration at the corner of two different

spans of the building.

URM buildings havingnon-symmetricalconfiguratiors may causetorsional irregularity
URM buildings were assessed based on the characteristics of the plan saut was
found thata number of buildings had this type of irregularity, with irregularity ranging from

very low to high.

Many retail URM buildings (such as the ones found on Bank Stneegopen frontsand
this can causevaluated a soft story vertical irregularifijhe results of the analysis show
that a number of URM buildings having soft stories, with irregularithaging from very

low to moderate
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Chapéer

CanRBeksmi c RiI s&kf As
Bui Ildiing t he City

6.1 General
In the OttawaGatineau region, continuous urban growth puts ever greater populations and

infrastructure at risk to seismic disturbance nllamtagne, 2010).According to
seismologiststhe OttawaGatineauregion has thed largest seismic hazard in Canada
basedon historical earthquakescords With an ever growing population and concentrated
building stock at risk, there is an urgent needdsess the seismic risk and vulnerability of
buildings in this region. An understanding of seismic m@gfecting the Ottaw#&atineau
regioncan provide knowledge to support effective actions by decision makers and increase

preparedness in order to mitiggpotential seismic related losses.

This chapter presents a summary of the seismic asgdessmendf a large inventory of
unreinforced masonry and reinforced concrete buildings in the City of Ottawa. Using data
collected from the Urban RAT building iemtory, the structural risk (SR) is assessed using
CanRisk. Thereafter the detailed evaluation and overall building risk (OBR) of a number of

URM buildings is presented.

6.2 CanRisk Regional Seismic Risk Assessment
The building inventory collected using thelddan RAT from sectio®.2.1is used to conduct

a regionalstructural riskassessment for URM and RC structures in Ottawa, Ontario. The
structural building damage#giby and structuralrisk is evaluated for 1,465 URM and 580

RC structures.

6.2.1 Site Seismic Hazard
The uniform hazard spectrum (UHS) can be formed using the seismic data for Ottawa,

Ontario and identifying a buTadled83amdrabe3-4i t e
respectively.The spetral aceleration of a building cathen be establishely usingthe
NBCC-2010 empirical formulasfor building period (seelable 3-5). Based on the &

condition and structural period of the buildings assessed in sestibf) the spectral
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acceleratiorfor the City of Ottawa building inventonyas computed a#lustrated inFigure

6-1 and Figure 6-2a. When considering the building inventory in genergbpeoximately

1.0% of buildingébs were found to have a spe
50% of the building stock was found to have a spectral acceleration of 0.g0gater A

large potion of the building inventory contains ot@two story structures withlow

structural periodsesulting in a high spectral acceleration value depending on the site soll
condition that the building rests upowWwhen considering th&JRM partion of the building
inventory,over 65% of the URM buildingresitting on softer soil profile¢Class D and E)

andhave a spectral acceleration value of 0.60g or highaeen ifrigure6-2b.

The spectral acceleration value for the building inventory provides a good indication of site
seismic hazard when conducting seismic risk assessments as discussed in3seation

will be used in order to determine the structural building damageal@Bip) and structural

risk (SR) for the URM and RCportion of the building inventory(see sections 6.2.2. and
6.2.3)
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Figure 6-1: Spatial Distribution of Spectral Acceleration of Buildings in Ottawa, Ontario
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Figure 6-2: Percent Breakdown of Spectral Acceleration ofa) Total Inventory, b) URM

6.2.2 Structural Building Damageability
As discussed in section 3.8tructural building damageabilitySBD) is computed by

aggregatingsite seismic hazar(SSH) and structural building vulnerabjli(SBV). Figure
6-4 provides a breakdown of tt&BD resultsfor the URM and RC structuregthin the City
of Ottawa building inventoryAs expectedthe URM buildingsshow higher damage levels
compared tahe RC buildingsn the databaseAs seen inFigure 6-4a, when considering
URM alone,Over 40%o0f the buildings are likely to suffer from heay® = 0.60.8)to
at/or nearcollapse (O = 0.81.0) damage levelsAs shown inFigure 6-4b, when
consideringthe reinforced concrete building stocket majority of buildings experience
damage levels corresponding to noit@ (= 0-0.2) and light © = 0.20.4), with 1.4% of
RC buildings experiencing heawjructuraldamaggO = 0.60.8).
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Figure 6-3: Spatial Distribution of Expected Structural Building Damageability of Buildings in Ottawa,

Ontario
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Figure 6-4: Percent Breakdown of Structural Building Damageability. a) URM, b) RC
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6.2.3 Structural Risk
As discussed in section 3.9, structural risk (SR) is computed by aggregating structural

building damageability (SBDand buildingimportance/exposureFigure 6-5 provides a
breakdown of the SResultsfor the URM and RC structures within the City of Ottawa
Urban RAT building inventory. As expected, the URM buildings show higher structural risk
comparel to the RC buildings in the database. When considering URM, Over 40% of the
buildings are likely to suffecritical to catastrophic consequencas seen ifrigure 6-6a. A
building that may suffer extreme structural damage with the potential to fully collapse poses
a major risk to the individuals within the building and any pasggrswith the large
number of URM buildings suffering heavy to collapsendge levels, this result is worrying

but not surprising. A building with the potential to experiehght to moderatestructural
damagewhile being categorized as having low importance may pasginalrisk, and this

is reflected inFigure6-6a which shows approximately 57% of buildings in this categasy
shown inFigure6-6b, when considering theeinforced concrete building stodke majority

of buildings shownegligibleto marginalrisk.
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Figure 6-5: Spatial Distribution of Expected Structural Risk of Buildings in Ottawa, Ontario
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Figure 6-6: Percent Breakdown ofStructural Risk: a) URM, b) RC
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6.3 Case Study
Sixteen URM buildings located in the downto corewere selectedseeFigure6-7) to run a

detailed seismic risk assessmersing CanRisk. The buildings wee verified asbeing of

URM constructionbased on visual inspection amging historical fire insurance plans

(Underw i t er 6s Survey Bureau, 1963). Thndlee pl an
1950sto determine the characteristicshfilding structure thatare requiredo be insured.

They include information such as matenmed to construdhe building (stongconcrete,

brick, etc), approximate year of construction (from the date of the fire insurance plans) and
number of storiesHalf of the buildings asssed are located on Bank Streatmajor

shopping and business district very similathe central busiess distric{CBD) locatedin

the ChristchurchNew ZealandPhotos of the existing URM buildings are presented in
Table6-1.

Figure 6-7: Location of Selected URM buildings under investigation
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