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ABSTRACT

Seismic Fragility Assessment and Resilience of Reinforced Masonry Shear Wall
Systems

Shadman Hosseinzadeh, Ph.D.

Concordia University, 2QR0

Reinforced Masonrghear Walls (RMS\W) are commonly used in levto highrise buildings
as the lateral load resisting system. There have been several experimental and analytical studies
that evaluate the seismic response of RMSW eitheraasingle element.e., planar recngular
walls) or as a building consisting of planar walls. However, research on Reinforced Masonry Shear
Walls (RMSWs) with endconfined Boundary Elements and flanged shear walls are scarce,
especiallyconsideringhe effects of design parametersonthesst e mé s s e iresporisee i n e |
Theend confinedRMSWs proved to hava higher level of ductilitysincethey can postpone the
reinforcement buckling in compression while increasing the compressive strength of the shear

wall s component at the same ti me

The objective of the current studyare to: (i) assess the seismperformanceand collapse
capacity of the RMSW with endonfined Boundary Elements and Flanged shear walls at both
structural elementandentire buildinglevel, (i) evaluate the seismresilience and functionality
of the RMSW system when subjected to severe earthquake events, (iii) to quantify and assess the

resilience index versus the uncertainty of the studied parameters.

To achieve the firggoal,at thestructural elemerievel, the RMshear walls were designed with
di fferent heights to investigate the effect
impact of utilizing flanged walls asassessed and characterized through new seismic performance
standards and ssssment approaches. In this respentpdified macremodellingapproach has
been proposed to numerically model and capture the inelastic behef/the RM shear walls.

The proposed modehln capturdoth flexural and shear deformations. The nonlineadehwas



first validated against experimental data of RM rectangular and flanged shear walls and walls with
masonryboundary element@BES); afterwardsthe model has been utilized in simulating RM
flanged wallarchetyps. Collapse risk evaluation has hee conduct ed by subjec
numerical model to various ground motions scaled at different intensity levels. Nonlinear static
pushover analysis and incremental dynamic analyBid) has been conducted on numerical
models. Quantification of the senic parameters dhe flanged wall system, including period

based ductility, overstrength, and collapse margin rahas been conducted to help better
understanding the seismic response and collapse capacity of the component. Lastly, the seismic
resilience of the archetypes against the expected collapse rskevaluated, before and after
adding flanges and boundary elements to the walls, in terms of functionality curves. Damage levels
were considered as performance level functions correlated to theuese intensity and were

used to estimate total loss and recovery time of the archetypes.

To reach the second objectivbestudyis extended to investigate the impact of using-end
confinedmasonryboundary elements at theiilding level by the adoptionof such elements for
multi-storeyRMSW buildings. In this respectthe developed macmmodel wasupdatedto take
the impactofoubf-p | ane wall s6 shear f | exi b-offplaneshear nt o a
spring Theoutcomeof thetest results afonethird scale twestorey building was used to validate
the modellingapproachatthe system leveSubsequently, tharchetype buildings were subjected
to multiple ground motion records using Incremental Dynamic Analysis to identify the collapse
initiation and derive fragility curves. The results indicate a significant enhancemehge of
resilience inde by using enetonfinedMasonryBoundaryElements(MBES).

To accomplish the third objective, a probabilistic approach was utilized to quantify the seismic
resilience index of the RMSW building with MBESs locateaimigh seismic zone of Canada. The
uncertainties associated with the losses and expected recovenand sensitivity of each
parameter wre studied and depicted usirige resilience index threshold artde Monte Carlo
simulation methodThe storeyshear contribution of #plane and oubf-plane walls were also
guantified for all archetype buildings. The results indicate sufficient seismic resilience of ductile
RMSW buildings with MBEs when subjectedttee Maximum Credible Earthquake (MCElhe

findings of this pararecrucial for earthquake mitigation practice and disaster risk reduction plans.
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Chapter 1

Introduction

1.1 Background and Problem Definition

Utilizing reinforcement into the conventional masonry structures started in the eighteenth
century by testing reinforced masonry lintels (Ashour et al. 2017). The idea led to introducing the
Reinforced Masonry (RM) struates into the engineering platform. Concrete masonry blocks were
commercially available by the end of the nineteenth century to make the feasibility of the Goncrete
Block Masonry Structural Walls possible. During the past few dec#ue® hae been many
researclstudiesaddressing the seismic response of the Reinforced Masonry Shear Wall (RMSW)
components made up of Concr8lcks Masonry. Howeveiall studes addressedectangular
shear wall systema&ndscare studies investigated walls incorporating Flanges adasonry
Boundary ElementdMBES) (e.g.,Shedid et al. 20Q@hmadi et al. 2015nd Alyand Galal 2020
These RMSWs can be utilized as fully or partially grouted;@ndined or nonrconfined wal
depending on the level of seismigityroviding the designers witthe versatility needed to
integrate an efficient Seismic Force Resisting System (SFRS) into mid ardsaidpuildings.

During the last few decades, there has besigrficart advancerant inthe definition of
resiliencebased engineering as an updated alternative to perforrbased design engineering.
Natural hazards such as earthqusdia/e aremendousocial and economic impact on individsial
and societies. Natural disasters arpredictable and inevitable, while almost being impossible to
predict and determine the possible vulnerabilities that may cause. That said, the preparation and
mitigation actions can be considered as a path@iesilience technique against these disastro
events,which can reduce their unfavourable consequencHsere is a needor a resilience
approach to address necessary actiomsitigate the losses and casualtipemariy before the
event occurs. It has been known taagsilience perspectivean help with preparation, response,

recovery action, and mitigation efforts agaipsibable risks.
1.2 ResearchSignificance and M otivation

Analytical and Numerical modleng is more recently considered and used by many
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researchers since they are less expensive and more effeast@mating the structural response
without the limitations ofexperimental tests such #%e high cost scaling methodetc. The
numerical modiing approachs shown to be capable of capturing experimergaponsevith a
great level of accuracyn contrastthese approaches provide the user with more control over the
failure modes, loading protocols, and collapse criteria assessment (StavridR0@QdEzzeldin

et al. 2016). The literature indicatekack of relatively simplified macrmodels in predicting the
inelastic behaviour of the RM Shear walls. As will be discusseditatee thesisthese macro
models are key, not only to facilitateaduating the overall response of g&ire buildingout also

to help better understand the performance fibditaving new seismic performance standards and
assessment approaches. [e.g., ASCEI(ASCE 2014), FEMA $95 (FEMA 2009), and FEMA
P-58 (FEMA2012)].

The currentcapacity design methodologlyat wasinitially introduced by Park and Paulay
(1975)for the seismic design of buildings providasefficient desigrand detailing oktructural
elements toavoid nonductile sudden failuresf the wholestructureduring seismic events.
Therefore, the Reinforced Masonry (RM) shear walls shoostdes sufficientductility to undergo
seismicevenswhile being able to sustain large reversible cycles of inatagtiformations without
significant degradation in strength. This goal can be achieved by adopting a confined zone at the
outermostendsof rectangular RM shear walls. Incorporating end zone confinement results
attaining a higher level of displacement @ncurvature ductility and enhances the overall
performance of thevall during the seismic events compared to that of RM rectangular walls.
(Banting and EDakhakhni, 2012, 2014; Ezzeldin et al., 2017; Ezzeldin et al., 2016; Shedid et al.,
2010b).This canbe done by utilizing different end zone shapes such as flanges and rectangular

boundary zones.

In addition, wherthe resilience engineering approach is adoptedre is a challenge for
identifying theeffectivesystenthat wouldhave better poslisasteperformance, especiallyhen
there ardimited resources$or fast recoverylt is important to try to usamore competent lateral
load resisting system to reduce the losses from earthgjicalka@vea more resilient structurdlso,
thequantification of the seismic resilience of the utilized seismic force resisting system is vital and

needs to bstudiedto evaluatethe effectiveness of the system.



1.3

Objectives andScope ofWork

The main objective of this research is to investigate thectefeness ofdifferent end

configurations including flanges and confined masonbppundary elements on the seismic

performance and resilience inforced masonrghear wall systerhuildingsat bothstructural

elemens andbuilding level.

Thefollowing subobjectives are also considered for the present research:

1.4

Developng and validatng arobustnumericalmodelling approackhapable opredicing the
nonlinear response of\Rshearwalls with various end configuration

Examination ofthe impact of eneshape configuratiomn collapse capacity and seismic
performance of the RMSW flanged walls and walls with rectangusonryboundary
elements

Performing nhcremental dynamic analysis and seismic assessmemil 8¥ARsystemusing
the proposed methotbgy by FEMA P695 (2009)

Evaluating he impact of utilizing various end configurat®an seismic resilience and
structural and nostructural losses of the RMSW buildingse tothe earthquake
Quantification of seismic resilience and its sensitivity against loss ratio and retiovery
variables

Quantificationof the outof-plane response of RMSW building using full 3D numerical

simulation
The ThesisLayout

The thesis will beomprisedf sevenchaptersasfollows:

1 Chapter 1 consisof anintroduction research significance and motivation; objectives
and scope of work; and a brief literature reveavd the layout of the thesis

1 Chapter ZZomprisesa review on the background of the studycludingthe effect of
using boundary elements and/or differemdl €onfiguration on the response of RMSW
system and the numerical micro and maecnmdelstudiesproposed for the simulation
of the seismic behaviar of RMSWs. A general background of the reinforced masonry
rectangularshear walls, noplanar walls, Flanged walls, walls with Boundary
Elements, and their nonlinear structural response is also presented in this chapter
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Chapter 3Jocuseon the development anumerical modelising available commercial
software and its mitation. Also, the initiative taken to develop a modified wide column
model is discussed in this chapter addressing the advantages of using -aowpen
program.This chapter comprised tWo subchaptersncluding the seismic performance

of the core wdl system, as well as studying the behaviour of a-$t@ey building at
building level as a benchmark for further reference.

Chapterd focusesont h Beisiic Fragility Assessment and Resilience of Reinforced
Masonry Flanged Wall SystemsAlso, the deweloped numerical macranodeling
approachof the RMSW componentsunder Incremental DynamidAnalysis will be
described in this chapter.

Chapter5 consiss o f SysiemLevel Seismic ResiliencAssessment of the Reinforced
Masonry Shear Wall Buildings witMasonryBoundary Elemenswhich focuses on

the response of the RMSW building after incorporakitasonryBoundary Elements at

the system level and assess the seismic resilience and structural-stdictomal losses
aftertheadoption of engtonfined ones

Chapter6 includesi Pr obabi | i stic Seismic -Bomfsedl i ence
Reinforced Masonry Shear Wall Buil dings U
guantifies the seismic resilience of RMSW having MBEs and assess the senditivity o
resilience index against loss ratio and expected recovery time through developed
fragility surfaces. Alsothe quantification ofthe out-of-planestoreyshear contribution

of RMSW buildings is elaborated in this chapter.

Chapter7 consiss of the summarypf the research project, the main contributions and
conclusionsjimitations associatedvith the studyand the recommendations for future

work.



Chapter 2

General Background

2.1 Literature Review

Masonry structures are among the oldest typeoastruction and are wethown by their
durability and construction pac€onventional masonry was able to resashigh level of
compressive forces and was quite durable against gravity forces. Hotheviemsile strength of
such elements asquite low, causing them not to act properly when subjected to cyclic load arising
from wind and earthquakéleanwhile, a series of earthquakes during tH& @tury such as
San Fernando (1906), Long Beach (1933), San Fernando (1971), and Northridge (1994) caused
massive deterioration on the unreinforced masonry structures resultithg innovation of
Reinforced Masonry (RM) structurebhe use of RM structures has been developdberatest
20" century and has reached up to buildings8eybuildings usingRM Shear Wall{Wang et
al., 2016)

As the lateral load resisting system of tbeilding, RM Shear walls areesponsiblefor
transferring the lateral load from the horizontal diaphragm to the foundation of the structure
besides carrying the gravity loads due to dead and live.|Baihforced masonry shear walls have
been widely used as the main Seismic Force Resisting SySERS] inlow- to highrise
buildings since they inherently possess large lateral stiffness and large lateral load reSiséance.
abovementioned characteristics of such walls ensure sufficient drift control capability of the well

designed structural sheaalls.

Therehave been manyesearclstudiesconducted to date addressing thelane behaviour
of the masonry shear walls under different loadditiors in terms of axial load and lateral shear
forces.Observations from postarthquake investigationsich as in Chile 1985 (Wyllie et al.,
1986) showednajordamage due to extensive use of-uoctile shear wall&)RM Shear walls have
the capability to withstand severe earthquakes with less damage to structural -stdictaral
elements. However, some easch studiesproved that RM wall governed by shear failure

performed poorly against lateral load and esgttow ductility in comparison to wellletailed



shear walls governed by flexural failuréaulay et a).1988; Priestley et al1992. Figure2.1

shows sample failures of\Rshear walls in th8exureand shear governed mode

Flexural Failure Mode
{(Courtesy of P, Shing)

(Gourtesy of P, Shing)

(@) (b)

Figure2.1. Failure of RM shear walls ia) Shear Wall with ductile flexural failure mo¢i®
Shear wall with brittle shear failure mode (Shing, 1989)

The seismic response of the RM shear walls is a function of many factors in an earthquake
event including the massatural frequency or period of the structure, and its inherent damping
ratio. The typical design standards procedures, such as equivalent static methods, consider the
impact of lateral loads arising from wind or earthquake as an equivalent forceahthiegenter
of the mass of the structure and the shear walls will resist against lateral loads by providing
sufficient rigidity at the center dherigidity of the structure. Shear walls will transfer the loads
from the diaphragm to the foundation. Asesult, yielding of longitudinal reinforcement aad
high level of plastic deformation is expected at the RM shear wall bottonagnekll aghe tip
of the wall depending on the support conditidhis phenomenon often referréa as plastic
hinging regons in the shear wall segmentlese portion of the RM shear walls plays an important
role incontrollingthe behaviour of the wall against lateral load# can alter the type of failure
if the wallis notappropriately designedis a result of this nehanism properdetailing of the
plastichinging regions is important to provide ttegjuiredductility in the wallelements. Adequate
detailing of the plastic hinge zone should ensure a desirable ductile behaviour of the shear wall

providing the componentith flexural yielding. To reach this goal, transverse reinforcements are



utilized to helpto postponehe longitudinal reinforcement buckling and increasing the level of
ductility at these critical regions of the wall. Because of some geometrical iom#at
incorporating closed y ped hoops at the wall 6s extreme
rectangular shape RM shear walls. In the meantime, the presence of these hoops would provide
the shear walls with more resistance and stability againsdfealane buckling A significant
increase in the compressive strength of the confined zonealseabservedafter having closed
hoops i n t [Cgriern2812)Ddferentenettosls of confinement have been studied for
applicationon RM shear wallsincluding providing steel plates and seismic combs in the bed
joints, andsteel rings and spirals around vertical reinforcing bars within the block cells (Priestley
and Eder, 1983; Hart et al., 1988; Snook, 2005; Hervillard, 2005).sthpe ofall these studies

was to providesufficient confinement to thé&kRM shear wallto increase the compressive strain
capacity hence the overall ductility of thevall segmentDuctility is an essential property of
structures subjected to reversed cyclic loads. This includes the ability of the structure to sustain
large inelastic deformations and dissipate the input energy by its hysteretic behaviour (Priestly et
al., 2007).

Canadian desigof masonry structuresode CSA S304 (2014) states that reinforced
masonry shear walls shall be designed &olopt capacity design principlegicluding the
occurrence of inelastic deformation in enedigsipating components.€., RM Shear Walls),
which are designed and detailed accordingdpwever,all other loadbearing components are
designed and detailed to exert enough strength to ensutbdtsitear walls can perform and fail
in ductile mode This can be donky ensuring that the failure modethe ultimate limit state is
dominated by flexure failure; due to yielding of the flexural steel retefoentbefore shear
failure. This structure is expected to undergo cyclic inelastic deformations without significant loss

of strength and is detailed to develop the appropriate level of ductility while remaining stable.

2.2 Common Failure Modes of RM Shear Walls

Four common types of majoesponsgewereknown for RM shear walls subjected to cyclic
inpl ane | oading. The response type 1is importa
performance under seismic loading. Various design paramedera f f e c t a wall 6s

including the applied axial load, shear valfeight to length aspect ratio, longitudinal and
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horizontalreinforeementratios, and anchorage detailing. Paulay and Priestley (1992) found that
four common response modes for masonry shear walls are associatedxwith, ftocking, shear,

and sliding deformationg-hese deformations adepictedin Figure2.2. In general, the iplane
behaviour of reinforced masonry shear wallslentified to be flexural and shear types of failure.
Enoughanchorage of theheawall to the foundation will allow the shear dodflexure modes to
dominatethewalld sesponse. A ductile failure typically results from a flexural response, while a
brittle failure often results from a shear response. Ductile failures are preferred because the

structure possesses the abitilydeform inelasticity without abrupbllapse

Flexural failure is accompanied by tensile yielding of the vertical reinforcement, the
formation of plastic hinge zone, and gradual crushing of the masonry at the wall extremes. This
type of failure will provide thestructurewith high energy dissipatioand ductile behaviour.
Whereasshear failure is mostly characterizieg diagonal tension cracking and shear slipping at
the bed joints of the RM shear walls. This type of failure exdibdre brittle behaviour and rapid
strength degradation after reachingaximum strength. Shear deformations canobeerved
mostly on the walls with low aspect ratio, whereasafalatively high aspect ratio, the response

is most likelygoverned bylexural deformation

: . : L -_“ ..'a,,_J } e TR, _‘4,

Flexure . Rocklng . | Shear " "d..Slidcing' -

(@) (b) (€) (d)
Figure2.2. Masonry Shear WallFailure Modes (adapted from Eikanas, 2003)
2.3 SeismicResponse Assessment ofMR Shear Walls
To facilitate the study adheseismic behaviour of RM shear walls and their failure modes, a

review d the effect of key parameters on the performance of these compos@eisessaryln

general, the seismic performance of the RM shear wall structures can be characterized through



performing quasstatic cyclic analysis, in terms of hystecelateral force-deformation curves

This can be done numerically and/or experimentdiigwever, numerical models are more
economically beneficial compared to experimental studibere hae been many experimental
studies during the past decades trying to investigate the lateral capacity and behaviour of RM shear
walls (sedrigure2.3.), whereaghere are some limitations accompanied with this approach such

as scaling of the specimens, fabricaigsuesand financial matters, that highlights thgortance

of numerical approachesongsidesxperimental studies.

(b)

Figure2.3. Experimental studies on the lateral performance of RM shear \{@ll&hmadi and
Klingner (2012)(b) SeifEldin and Galal. (2016)

A robustnumerical simulatiorshould be able ttnvestigae the inelastic response &M
shearwall systemsby using a relble mod#ing approach thattan determineimportant
characteristicand response parametstgch asonlinearsheasflexural behaviour, confinement
effects,axial deformationsand sliding of cracked surfaceésvariety of numerical approaches are
available in the literaturdnowever, not all of them are suitable to capture the overall behaviour of
a building and not just the shear wall componantong different numerical motlang technique

the macremodelling approach is the one whiatean captue the characteristics of the entire



building and notonly the structural shear wall componen#s.variety of software tools are

available that employ nelnear finite element methods for the analysis of reinforced masonry.

The Finite Elements (FE) model approach is available in most of the software tools such
as ABAQUS and DIANA while they utilize builh constitutive material straistress relationship
to resemble the behaviour of shear wall sd c¢omj
and/or crushing of the masonry elements and {sipdn addition to the global foregeformation
responsesDifferent material properties need to be defined in this type of programnasthe
property of the materials should be calibrated using the alaitanstitutive material model of
the softwarei(e., smeared vs discrete steel reinforcement, masonry confinement) to ensure the
robustness and precision of the approach to dedirediable outcomeThis approach also convey

considering somadditionalparameters to drive the nonlinear solution algorithms to convergence.

FE approaches casften beused to calibrate the nonlinear ledeformation behaviour of
structures usinthefibre-based technique. Software tools sucl®pasnSee$OS), SeismoStruct,
and PerforrfBD are the example of the packages tat utilize Fibrebased Element (FibE)
technique to capture the nonlinear strength and stiffness degradatiam efdibents of complete
building structureswith significantly lesscomputational effortlt is worth noting that, lte
predictions of both FE and FibE models need todielated against availabéxperimental data

to verify their performance for both ductile (flexural) and brittle (shear) failure mechanisms.

There are notmany researchstudies conducted on developingn efficient numerical
approach for modelling RM shear wall systerAewever thereare many experimental tests
available in the literature addressing the inelastic response of Reinforced MelsonentsThe
main objective ofthesenumericalstudiesis to develop and validate micro/macro models for
reinforcedmasonrywalls subjected to cyclibads Some also developed simplified models that
can beadopted byengineering practitioner$he adopted wddling agpproachis elaborated in the
subsequent chapter of thieesisaddressing the required elements and corresponding material
constitutive models in detaillhe process for calibration of parametersighlighted in some
casesAn overview of the common macraodels for numerical simulation ofMRshear walls is

presented ifrigure2.4.
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Comparison of the results from the analysis of the wallgected to both monotonic and
reversed cyclic loading protocols with the corresponding test data showed the efficiency of some
of the proposed motleng approach as well as their drawbacks. Results showed that some models
could considerboth stiffness ath strength degradations. Moreover, the proposed models are often
able to capture the strain histories of the concretest®dreinforcement witlanacceptable level

of accuracy.

i e s [ e [ e

(b) (©) (d)

Figure2.4. Overview of available macro modelling approach{asA typical RM shear wallb)
Wide column model (Millard, 1993j¢) Multiple vertical line element model (Vulcano et al.,
1988),(d) Truss model (Panagiotou and Restrejii 1)

2.4  Behaviour of End-Confined RM Shear Walls

There has beentoadapplication of the RM shear walls with various end configuration in
the recent decadeSlfedid et al., 201QAly and Galal, 2029 however, their cyclic response is
not well known ad discussed by both practice codes and research which highligimiibktance
of studying the behaviour of such elemeamisre meticulouslylt is worth noting thasheamwalls
with flangesare naturallyformed because ohaving perpendiculafdateral load resisting wall
However most of the practicing engineers typically, and conservatinelglectthe effect of the
flangesassumi ng two separate walls in the design

lateral resistaresand stiffness.

In ductile masonry structural walls governed by flexural failure, a plastic hinge mechanism

will form whereby inelastic rotations are concentradethe base of the wall. The plastic hinge

11



zonerepresentshe partin which the inelastiaotation of the sheawall is happening and needs
more attention in terms of design and detailing since it is a critical section of the shear wall.
Estimation of the plastic hinge regibor RM structural wall design Issbeen derived fronthe
analysis of I shear wallsThe results of RC beammgereused to propose a plastic hinge length
(Mattock, 1967) in terms of wall parameters, which was modified by Paulay and Uzumeri (1975),
who recommended two specific equations for application with RC walls, bagkd baight )

and lengthl(w) of the wall.Later, Paulay and Priestley (1992) suggest a range of values based on
reinforcement and proposed equations for RM walls to relate the plastic hinge with the wall
dimensions and reinforcing bproperties such as its diametes)( yield strengthf() and ultimate

strength {,). Lastly, Bohl and Adebar (2011) proposed a lower bound estimation for the isolated

shear walls correlating it to the axial stress impaseithe wallelemen(P/ fc"%)-

(0.2, +0.0%,, )(1.0- 1L.B f.A ) ¢0J, Bohl and Adebar (2011) (2.1)

To develop significant displacement ductility, damping and overall energy dissipation
required to resist strong ground motiong|kRM shear wall buildingsthe plastic hinge zone must
be capable of withstanding relatively higtelasticcurvatures.The plasttization of RM shear
walls is generally characterized thyecracking of masonrgomponergandtheyielding of vertical
reinforcementWhenevemll vertical tensiorreinforcement within the wall crosection develop
its yield strength, it can be showrat thenominal flexurakcapacity Mn) of the wall remains nearly
constant. As strains in the reinforcement are increased, wall curvature will also increase, which
can be determined from strain compatibiagsuming plane section analySsbsequently,sathe
moment is increased to the maximum capacity of the thalneutral axis will shift and based on
force equilibrium much higher strains in the reinforcement will be achievedulting in an
increased curvaturéBeyond this point, there will beminor changes to th@ominal flexural
capacity(Mn), as well as depth of neutral axis, the curvature keepacreasng until anultimate
strain in the reinforcementd() or masonry {hy) is reached. As yield strains begin to form in the
verticalreinforcement, it will gradually spread over the plastic hinge region of the asdisown

in Figure2.5.
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(RM shear wa (Curvature profile of RM shear wall)

Figure2.5. Inelastic curvature spreading over shear wall plastic hinge length (Banting, 2013)

Thewall curvature capacity strongly influences the displacement cajgaudtygisplacement
ductility. Curvature may be limited innaRM shear wall by tensile strains in the reinforcement

associated with fracturing failure of the reinforcemétawever it is more likely to be governed

by the compressive strain capacity of masgr€,,,,. This phenomenon will stress the fact that by

using confinement in the masonry shear wétis curvature capacity and thus the overall capacity
and ductility level can be enhanc@&tiestley and Elder (1982) tested three scaled slender RMSW
with anaspect ratio of 2.5. The test by Priestley and Elder (1982) studied the impact of axial stress
ard confinement plate at the mortar bed joints. High levels of strength and stiffness degradation
were reported as a result of increasing the axial stress. The wall ductility significantly enhanced
by using the steel confinement platédore recently, Ahmadi(2012) tested 21 shear wall
specimens as both cantilever and fete@d elements along with two fudicale masonry buildings

on a shakeable. A wide range of various aspect rati@sconsidered along witadifferent level

of axial load levels. Ultimat drift levels were reported to fluctuate from 1.3i®4.47% with
average displacement ductilities from both directions of loattiagwere found to range from
4.66t0 17.04. The research programncluded the fact thaisplacemenbased design for usm
masonry structuregelds more reliable results in terms of ultimate and serviceability §tates
andsuggested that was a better approach towedesign of irregular structures when force

based proceduresuald not be applied.
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To address therhited compressive strain of the masonry, Priestley (1976) and Priestley and
Elder (1982) introduced steel confinement plates in the bed joints of the compression toes in RM
structural walls.There has been couple of efforts in the literature to addreke impact of
confining masonry elements to enhance the performance of the RM sheamivalls some of

them are highlighted in the following.

As one of the first efforts, Bresler and Gilbert (196dynd that lateral stirrups around
vertical reinforcemenitn RC columns can inhibit and delay the tendency for vertical reinforcement
to buckle under compressive streghe potential for inelastic buckling of reinforcement in the
plastic hingezoneof RC columns has be@xtensivelystudied by Pantazopoulou (1998), Moyer
and Kowalsky (2003) and Berry and Eberhard (2005) leading to detailed prescriptive requirements
for RC columns as well as structural wallfie proposed detailing requires the end of the shear
walls to incorporate cdined zones containing a minimum of two layers of reinforcement with
lateral confinement stirrup®©ne of the earliest means to confine masairgar wallswere
stainless steel plates placed on the mortar bed on the face shell and web of the unis. Tests
structural walls detailed with confinement plates were first conducted by Priestley and Bridgeman
(1974) in brick walls and later by Priestley (1976) and Mayes et al. (1976) in concrete block walls
and piers, respectively. In these early tests, it vibaemwed that the confinement plates acted as a
mechanism to delay the vertical splitting tension failure of the compression toes, thus increasing
the effective compressive strain of the masonry. Tests on a series of walls and prisms reported by
Priestley ad Elder (1982) and Priestley and Elder (1983) were used to evaluate the design
characteristics necessary to predict confined wall bebavibwas suggested that a modified
KentPark stresstrain relationship, adopted from concrete behayiocould be ged to estimate

the confining effects on the masonry.

To investigate the behavipof RM structural walls possessing different end configurations,
Shedid et al. (2010a) tested sefidty groutedRM structural walls constructed of hal€ale block
units. This test program was aimed at comparing the seismic behaviwalls with three different
end configurations: a conventional rectangular wall esestion, a flanged wall and a wall with
confined boundary elements at its ends. The three walls detatited @onfinedooundary element
at the ends allow fdiour vertical reinforcement bars placed in two layers and confined with steel

reinforcement stirrups placed in every course. Tests of boundary element prisms reported by
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Shedid et al. (2010b) indicateah increase in the compressive strain by 51% over unreinforced
and unconfinedoundary elements. Shedid et al. (2010a) reported that an increase in ductility of
at least 39% and 106% was achieved in walls with the addition of flanges and confined boundary
elements, respectively. Additionally, the measured drift for rectangular, flanged and boundary
element wall configurations at a drop of 20% from peak load was observed to be at least 1.0%,
1.5% and 2.0% drift, respectively.

2.5 Design Provisions for RM Shear Walls

A research donby Shibata and Sozen (19 pposedhat structurethatcontain multiple
degreesof-freedom under dynamic excitation could be represented nbBOF substitute
structure possessing similar stiffnesgength,and displacement capéciproperties to the more
complex structureMoreover sinceonly the stiffest elements within a structure expectedo
resist seismic loads, the structure can be represented solely by its seismic force resisting system
(SFRS), which for masonry structures is the structural wall sysienmce proper detailing must
be provided in the structural walls to permit the reepiductility-based reductiofactorof seismic
force. Ensuring a flexural failure mechanism governs structural wall bemasiber than a more
brittle shear failure is one means of providing the necessary ductility and is the foundation of the
capacitydesign philosophyroposedby Park and Paulay (1979BCC (2015)recommended
about 30 recognized seismic force resisting systems (SRREBh can ensurenergy dissipation
within sufficient ductile r espRdn sne aionffdcters NBCC
by which the elastic seismic force can be reduced bfattier, which is related to the ductility of
the SFRSRy, and the seconfhcta is based on the ratio of the anticipated overstrength of the
SFRSRo. The detailing requirements of @aS8FRS should be consistent with the associated code
of design set by the r el e\safor exampbetheeQSA 830414 de s i
for masonry structures (CSA 201A)higher valueof Ry typically requiresmorestringentdetailing
and more complex desigorovisionsto corroborate a safe design with enough ductility and
safeguard againgteabrupt failureof the structureThe elastic forcdébased methoexercisingthe
equal displacement assumption is employedhanCanadan code of practicas well as the
American Society of Civil Engineers (ASCE) building code ASEE72016). On the other hand,

a masonry SFRS imadeof several structural walls acting together. Therefore, it is necessary for

each component to comply Withe design code criteria to ensure enough ductility and/or drift
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capacity forthe overall system. The recent RM structural wall construction in seismically active
areas of Canada generally requires concrete block fuliysgroutedand detailed with hizontal

and vertical steel reinforcement. This is very similar to RC structural wall construction with
regards to material behawoand analysis of strength and displacement whereby RC structures

are provided with three lewsdf ductility (i.e., limited, moderate, and ductile shear walls).

However, NBCC recently addedhew level of ductility (ductile RM shear wall withy&3.0
and R=1.5) for RM shear wall buildings in the latest editithiis worth noting thaCSA S30shas
limited regulation regardinthe design of RM shear walls with endnfined zones and flanged
walls. There is alsalack of research to evaluate the value efaRd R for this type of SFRS.
Comparing the force modification factors of RM shear walls with RC shear wadlgalue of
R«=3.5 and B=1.6 are assigned for the ductile RC shear wall struct(f&CC 2015).
Furthermore, in a recent study by the National Institute of Standards antbloggh(NIST) GRC
10-91-8 (2010), it was noted that both special RC and RM wall categories equally satisfied collapse
prevention criteria following nonlinear dynamic analysis. In conclusion, the level of inelastic
deformation capacity of masonry structuresecognized in the U.S.A. as being capable of an
equal performance with RC, when similar restrictive prescriptive requirements are applied.
Therefore, it isnferredthat RM and RC structural wall systecmild each be assignedmehow
the same levelsfdrg R, proposedy the NBCCfollowing the fact that a sufficiently conservative
and thorough set of prescriptive requiremethtst include, for example, confinement of the

masonryis fully met.
2.6 PerformanceBased Seismic Desigand Resilienceof RM shear walls

By the advent of the Structural Engineers Association of California (SEAOC) Vision 2000
document (SEAOC 1995), a growing emphasis is being placéuednilding level, rather than
materialy based ostructural elemerievel performance. Evemally, this will lead to a shift away
from using the current qualitatively assessed ftyvaged response modification factors towards
performancedriven designs based on several factors that may include more relevant critical

aspects such as life safetlye extent of damagend rehabilitation costs.

It has been suggested that the current elastic-frased design methodology employing the

equal displacement assumption and using fixed matesiséd seismic force modification factors
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will produce widely ariable results between otherwise identical SFRS when aspects such as repair
costs and drifbased damage are considered (Nasmad Krawinkler 1991, Priestley 2000).
Priestley et al. (2007) also describssveralinconsistencies associated with using #amste
approach to design, such as period elongation from reduced wall stiffness with increased top drifts,
increased damping shown by walls which have cracked or reinforcement that has yielded and
systemlevel effects on component behawipwhich tend tdbe overly simplified or completely
neglected.Quantifying the level of damage sustained by a structure can be related to peak
displacement (drift) demands. For instance, Park and Ang (1985) expressed the damage of RC
elements based on historical obseadi in terms of a damage index. It was observed that the
extent of damage sustained in RC elements after seismic events could be related to both the level
of peak drift as well aabsorbedysteretic energy by the system. It has been observed in studies
by Li and Weigel (2006) and MurciDelco and Shing (2011) that experimentally tested RM walls
sharing the same failure mechanisms could be related by their damage performance via peak lateral
drift sustained during loading cycles. Therefore, drift and damagjeer than force, would be a

better measure of earthquake resistance and performance.

There have been many advancements in understanding the inelastic response of RM Shear
Walls (RMSW) in recent decades. This understanding is a pledghdqerformane-based
seismic design of the structures. The performdrased seismic design incorporates a specific
performance level corresponding to the level of dantla@@ccurred in the structure (FEMA 445
2006. The methodology correlates the damage statespeeific functionality level and losses of
the whole system when the structure is prone to seismic events. These definitions form the
framework of the seismic resilience of a structure, which declares the level of functionality of a
structure in the afterath oftheunwanted seismic event. The concept of resilience also shows the
capability of a system to resist and maintain its functionality during and after an unwanted event
(i.e., flood, earthquake, fire, etc(Bruneau et al., 2010)To assess theesilience of a structure
against seismic eventgagility functions need to be precisely derived after perfornsimitapse
assessment (FEMA-B8). Fragility functions hae been used in the past fdifferent applications
(ATC-13), where they correlate aengineering demand parameter (EDP) to the probability of
collapse at a specified damage level (Hwang and 18@Q. These functions are necesstoy

predicting the level of damages and losses to evaluate seismic resilience. Deriving fragility
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functionsis possible through performing collapse assessmérmth can be done by following the
available guidelines in the literature (FEMA P695%& and ATGL3).

The risk of economic lossedue tonatural disasterse(g., earthquakesflood, etc) is
correlded with the state of buildingerformance. Both system vulnerability and hazard are
conditioning parameters. In an extended approach, other causes of disaster risk are demographic
and sociopolitical. In general, vulnerability originates in phydicaility systems designed and
built prior to modern codes (Bankoff et al., 2004). These are also characterizethdly of
resilience which is defi ned cddancesdiseshoakhtodbsotby o f
such a shock ifitoccursdn t o recover quickly afteSeisniche sho
resilience describes the loss and loss recovery required to malrfinctionality of the system
with minimum interruption (Cimellaro et al. 2006). The resilience also takes thetiropthe
recovery processncluding the behaviar of individuals and organizations in the pdstaster
phase into account. In order to quantifie seismic resiliency of structures, the alphabet of
structure functionality needs to Ipeoperly defined. Loss and recovery time are estimated with
respect to the fragility assessment in order to calculate the remaining functionality of the structure
after an earthquake event. The resiliency function can be found as thandesaeath the
functionalty curve which is defined analytically as per Eq22

Toe+Tic

R= 1 Q(1)/ T dt (2.2)

TOE

where the functionalityQ(t), ranges from 0 to 100% meaning total loss and no reduction in the
performance, respectivelif.an earthquake happens at tifiee it could causeenoughdamage to
the structure and reduce its performari@ebsequentlywithin a period called recovery period
Trg, the system will be able to recover itself to the same functionality level prior to the extreme

event which is observed overa@ntrol time periodT.c.
2.7 Summary and Conclusiors

RM shear walls are best known as efficient lateral resisting systems in buildings because of
their high stiffness and their high flexural and shear capacities. Many studesbd®n carried
out to investigate the structural response M Wall systems wittdifferent geometries. However,

investigation ofthe nonlinear response of ngulanar R”M walls integrating different end shape
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conditionis still necessary. Moreover, continuous advancements in seismic design codes and
regulations and deterioration of exig} RM structures are two major reasons for the necessity of
performancebased and resiliendeased designf shear wall structures. In this respect, different
end configuratioaof the RMSW buildinghave been proposed, but reliable means of estimating
the behaviar of RM shear wallsarerequired to choose the most effectaygproach Therefore,
numerical studies need to be conductecgsesshe required design equations and the most

efficient configuration of the walls.
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Chapter 3
Numerical Investigation and Collapse Evaluation of

Reinforced Masonry ShearWall Systems

3.1 Seismic Collapse Evaluation of Reinforced Masonry Core Wall Systems

3.1.1 Abstract

Since the2d" century, several experimental and analytical studies have been conducted to
evaluate the seismic response of RM8l&mentand systemife., building consisting of planar
walls). However, research on RM core wall systems is scarce, especiailjerorgthe torsional
effects on the systembs seismic inelastic res
section that is typically closed on three sides and is either open or partially closed by coupling
beams on théourth side. In the current styda five-storeybuilding, designed according to the
National Building Code of Canada (NBCC 2015) and the Canadian Standards Association (CSA)
S30414, was considered to assess the seismic performance and collapse capacity of RM core wall
systems. Seismosict software package was ustm model the building numericallyThe
nonlinear modeis validatedagainst experimental data of an asymmetric RM building. Collapse
risk evaluation has been conductedrgrabledesign of RM cores within the context of FEBM
P695 by subjecting the mentioned buildingds n
at different intensity levels. This study is proposing RM Core wall system as a reliable alternative
seismic force resisting systefhalso contributes to beft understanding and quantification of its

seismic response and collapse capacity.
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3.1.2 Introduction

In the past few decades, there has been considerable advancement in understanding the
RMSW response under lateral loading. Several experimental and aadadgtidies focused on
studying the seismic performance of RMSW elemea. [Dhanasekaet al, 2002,Wang et al.

2016, and Beyer et al. 2008However, previous research studies addressetdngularshear

walls, and based on the literature, no research considered the RMSW core system. More recently,
RMSW wasintroduced in higkrise buildingswhich reached up to 28 stories in Ch{vdang et

al. 2016) The available space around the elevator service area isiamu@ptegion to place the

core wall systemsimilar to the common practice in reinforced concrete structures. Thdareed
access to the lift and other services requires an open section to be applied, G-shaped
element). This opening is partiallyosled byspandrebr slabs connected along each floor level.

Although reinforced concretecore walls are very popular in practice, their inelastic
behaviour under seismic loading has not been examined in detail. i$tadmited number of
experimental stdies on the cyclic response ofsBGaped wallse.g.,Beyer et al(2008. Unlike
rectangular walls, which only resist lateral loads in one directieshaped walls provide lateral
stiffness in both loading directions and possess torsional stiffness.

In this study, a comparison was made between the seismic response of three individual
rectangular RMSWonnectedising therigid floor diaphragm and a-Ghaped wall having similar
overall dimensions. A-storeybuilding is used to simulate a mitge buildingwith RMSW. The
rectangular walls were assembled using rigid linkith the master nodes being at the center of
the wall. In addition, different torsional sensitivitiegvebeenconsideredas per NBCC 20150

investigate the effect of torsion on the s@isresponse of the coveall system.

The nonlinear numerical model was first validated against the experimental results-of the 2
storeybuilding tested by Heerema et 2015. The building had rectangular and flanged shape
RMSW. Furthermore, quantifiaah of the seismic performance of RM coresshieeen conducted
within the context of FEMA 595 (2009) This is achieved by subjecting the reference building
to various ground motions scaled at differeénsitylevels. Finally the seismic collapse riséf
the RM core system was assessed in terms of fragility curves considering different torsional

sensitivities.
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3.1.3 Building Layout

The archetype building selected in this study, showRigure 3.1, is a 5storeyRMSW

building. The overall building height is 19.45 m, wifirst-floor height of 4.85 m andtypical

floor height of 3.65 m. The floor i$8 m x18 m and is built using 200mm thick prestressed

hollow core concrete slab. Two<h a p e d
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Each wall consists of two @ flanges and a B web withathickness of 250 mm. The columns

are made up of reinforced masonry blockdhaidimension of 400 mm x 400 mm. The dimension,

spacing, and crossection details of the walls and columns are summarizédhie3.1.

Figure3.1. Archetype Building with Gshaped Walls: (a) Typical Floor Plan View; (B]P3
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3.1.4 Torsional Sensitivity

The structural system response to earthquake loads can include torsional forces due to the
eccentricity betweethe Center of Mass (CM) anthe Center of Rigidity (CR). In NBCC 2015,
this concept is defined as inherent torsion. The uncertainties reldatedgosition of CM and CR
induce an additional seismic moment called accidental torsion. NBCC 2015 recommends a limit
for classifying the torsional sensitivity of structures. The limit is based on the torsional sensitivity
parameter B), which is definedat eachlevel, (Bx), a s madldle In the equation matlis the
maximum storey displacement at the extreme point of the structure at level x induced by the
equivalent static forces with accidental eccentrjatyn dve iSithe average displacement at the
extreme points of the structure at level x produced by the above forces. According to NBCC 2015,
as the value oB exceeds 1.7 an@H.Sa(0.2)>0.35, the building isalledtorsional sensitive. In

this case, a-B dynamic analysis is mandatory for evalugtihe response diie structure.

In this study, the torsional sensitivity was defiresl perNBCC 2015 Three levels of
torsional sensitivityi(e., B = 1.0, 2.1 and 2.5) were considered to cover the expected range of
eccentricities in buildings with core walls. This allows having a comprehensive and realistic
assessment of the proposed structural system with core walls for RM buildings. The torsional
sensitivity levels were achieved by shifting the CM from the CR by a certain eccentricity. The
amount of eccentricity was estimated based on an iterative procedure by analyzing the structure
against the design earthquake lateral forces based on NBCCra@lfonlinear dynamic analyses
and collapse fragility assessment of the archetype building were performed at the three torsional

sensitivity levels.

3.1.5 Masonry Wall Model

SeismoStruct package was used to conduct all asabfghe RMSW systems. Inelastic
displacemenbased bearsolumn filre elements were used to model the RMSW. Different
material models were assigned to theebto resemble the reinforcement and masonry cyclic
response. Based on sensitivity analysis, it was found that the numbeeshéibded in the cross
section discretization is 300 for walls and 200 for the columtms.worth noting that increasing
the number of fibres does not necessarily yield more accuracy. On the contrary, using too many
fibres can negatively affect the resultasfalysis and increase the error if not carefully utilized.
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All walls are assumed to be fixed at the base and thstsodture interaction was neglected as per
NIST (2010)recommendations.

Two uniaxial stresstrain relations were utilized to model thehaviar of the RMSW; one
for the masonry and another for the reinforcing steel. The nonlinear steel model of Menegotto and
Pinto (1983)is implemented with the modificatiorf asotropic strain hardening presented by
Filippou et al (1983) A Y o u ulus &g of A6 @Pa, a yielding strengtly)(of 495 MPa,
and a strain hardening ratio of 0.0&heen considered in modiel the reinforcement. It should
be noted that these material properties are as reported by Hereen204t59and were only e
in the nonlineamodellingvalidation. A yielding strength of 400 MPa was used in the désgn
as per the design co@SA S30414 requirementsand analyses of the archetype building. The
masonrybehaviourwas modHded based on the constitutive model proposed by Mander et al.

(1988) The specified masonry compressive strenéfif) was assumed to 8 MPg and the

elastic modulus E,,) was calculated according to CS#80414 (i.e.,850f ).

3.1.6 Model Validation and Calibration

Verification of the model predictions with a tvetoreyasymmetric RMSW building tested
by Heerema et al2015)is presented irFigure 3.2. The same loading protocol used for the
experimental program was implemented to compare the numerical and experimental hysteretic
responsekigure3.2 shows a compars between the experimental and numerical hysteresis loops
for the building. As shown ifrigure 3.2, the model captures the experimental response with an
acceptable acracy with a maximundifferenceof 16% in the prediction of lateral force. In
general, the modelould capturdooth the elastic and inelastic response of the RM shear walls.
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Figure3.2. Numerical Model Vabation

3.1.7 Seismic Collapse Evaluation of R Core Walls

The seismidehaviourof the archetype building was investigatedhe moderate seismic
zone of eastern Canada, Montréal, Queffesatouriansand Atkinson2010. The walls are
founded on sitelass Cwhich represents very dense soil.

The seismic collapse evaluation methodology is based on FEMA @8@®) which
consists of first establishing the seismic performance of the studied building using nonlinear static
pushover and dynamic analys@dterwards, adjusting the nonlinear dynamic analyses results to
explicitly consider uncertainties in ground motion, design, test datanadelling Finally, using

the adjusted results, seismic collapse fragilities are established to assess the resklapgbe
archetype building.

3.1.7.1Static Pushover analysis

The calibrated nonlinear model was utilized to perform pushover analysis in order to
estimate the lateral force and deformation capacity of the archetype building. Pushover analysis
was conducted aocding to FEMA P6952009)using a lateral load distribution proportional to
the fundamental mode shape. The results were used to establish the capacity curves depicted in
Figure 3.3 for the archetype building utilizing three rectangular walls ad@dshaped wall. The

predicted lateral force capacity was foundein good agreement with design capacity based on
CSA S30414.
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Comparing the capacity curves showrkigure3.3, theinitial stiffness values were almost
identical for the Gshaped and rectangular walls. However, utilizingh@ped walls significantly
increased the lateral load capacity. In addition, the results showed an increase in the ultimate
displacement and duaty capacity of the &haped walls compared to that of the rectangular

walls.
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Figure3.3. Pushover Curves: (a)}® Direction; (b) NS Direction

Spectral shape factors (SSF) are introduced by FEM85(2009)to adjust seismic collapse
margin ratios and account for the elongationh&fnatural period prior to collapse. SSFs can be
found in Table 71 of FEMA-P695 depending on the fundamental period and pebaskd
ductility. Pushover analysis results werged to estimate the archetype building pebaded
ductility. The perioebased ductility factor for a given structure ) is defined, as shown in Eq.
(3.1), as the ratio of ultimate roof drift displacement)(to the effective yield roof drift

displacement] ;

(3.1)

The effective yield roof drift displacement is calculated using E8) a&ccording to FEMA
P695(2009)
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dy,eff = CO W g4p2 gmaX(—r,Tl)]z (32)

Where @ relates fundamentahode (single degree of freedom) displacement to roof
displacement, MadW is the maximum base shear normalized by the building weight, g is the
gravity constantT is the fundamental period of the structure basedroempirical formua and

T, is the fundamental period of the model computed using eigenvalue analysis.

The values of Perietlased ductility are tabulated Trable 3.2, (/7 ) fOr the archgpe
building using three individual rectangular walls, affl { spapec) for the Gshaped configuration.
It is evident that there is@ear increase in ductility as a result of using theh@ped walls.

Table3.2. Period based Ductility Factors
mRect. 4.76

mC-Shapec 12.15

3.1.7.2Incremental Dynamic Analysis

In this study, the dynamic response of the RM core wall building was determined using
Incremental Dynamic Analysis (IDA)This dynamic analysis method was introduced by
Vamvatsikos and Corngl2002) In this method, the structuressbjectedo a serie®f Nonlinear
Response History Analyses (NLRHA) with increasing the intensity of the ground motions until
the collapse of the structureoccursDA al | ows a compl ete assessmen
and properly captures the higher modes of vibratoant r i buti on to the bu
behaviour. The intensity measure (IM) chosen in this study is the spectral acceleration (5%
damping) at the fundamental period of the structure (T) specifi&l (@s 5%). Tis calculated
based on the empirical fordauprovided in NBCC 2015. The analysis results are used to construct
the IDA curves which relate the IM and the Engineering Demand Parameter (EDP). The chosen
EDP in this study is the intestoreydrift ratio (IDRmay).

Several ground motions were selectattl scaled to perform the NLRHA. A set of 22
simulated records from Assatourians and Atkin&01.0)were used to obtain Canadian design

response spectrugonsistent motions for the considered regioe.,(Montréal, Quebec). The
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characteristics of the sslted ground motions reflected the seismicity in the region of eastern
Canada as described by Assatourians and Atking@810) The selected time histories had
magnitudes ranging between 6 and 7 for site class C and epicentral distance ranging between 15
and 100 km. The ground motion records are scaled based on the ratio between the design spectral
acceleratior&(T) and the geometric mean spectral acceleratigy) Of each pair. The geometric

mean is calculated using E§.J).

Sym(T) = /S(MS(T) 3.3

ScandS are the orthogonal components of spectral acceleration at fefibe scale factor
is calculated at T= 0.56 which is the average fundamental period of the orthogonal directions of
the building. The scaled ground motions are then used in the IDA.

3.1.8 Seismic Collapse Risk Evaluation

To establish the collapse fragility curves, IDA results were used to determimgethsity
of each ground motigmvhich causes the structure to collapse. The collapse probability at each IM
was estimated as the number of records causing collapse divided by the total number of records.
In this study, the collapse criteria of the RM corals are defined based on timier-storeydrift
limits. According to FEMA P69%he collapse of the structure occurs when a certain limit of drift
is exceeded and is referred to as Bi2Bedule. ASCE412013)adopts the maximuinter-storey
drift ratioto assess the level of damage in structural elements and $&R& consistent with the
ASCE41 (2013) guidelines, the collapse point is set to 2.5% #sterey drift ratio, which
corresponds to the collapse prevention performbawad of NBCC 2015Thecalculated collapse
probabilities were then used to construct the collapse fragility cutvieh is a plot that relates
the probability of collapse to the ground motion intensity.

A cumulative distribution function has bemtommended by the FEMA P68bgenerate
fragility functions based on a legormal probability distribution. Eq.3@) illustrates the

probability distribution function.

PCIIM =) = (D) (34)
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Whered 6$00 & is the probability of collapse at a given intensityjs the standard
normal cumulative distribution functiorsis the collapse median intensity or the intensity level
with 50% probability of collapse, andis the standard deviation (dispersion) Mt The fragility

function parameters were found using the maximum likelihood method by 24Kis)

The collapse fragility curves for the archetype building 8 Mlirection utilizing three
rectangular walls and-€haped walls with the three torsionahsigivity levels is shown ifrigure
3.4.
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Figure3.4. Collapse Fragility Curves: (a)-€haped vs Three Rectangular \&W#b) Three
Rectangular Walls with Different Torsional Sensitivity Levels (e3l@aped Walls with Different
Torsional Sensitivity Levels

Figure 3.4a shovs that the use of Ghaped walls resulted in a higher collapse spectral
intensity (Y ) compared to the use of rectangular walls. The justification of this finding is because
of the cantribution of the effective flange width on enhancing the ultimate curvature of the walls.
The larger ultimate curvature of the walls with thel@ped configuration delayed the collapse

and thus resulted in reducing the collapse risk under high seisadgis.fgure 3.4b andFigure
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3.4c compares the fragility curves of different forgl sensitivity levels. As shown, the torsional
sensitivity can significantly affect the collapse fragility curiésing the collapse fragility curves,
the median collapse capacityY() is evaluated as the 5% damped spectral acceleration
correspondig toa 50% probability of collapselhe median collapse intensity¥() of the RM

core system decreased d&yyproximately 20% when torsional sensitivity paramedgig equal to

2.1. The reduction in median collapse capacity was more than 75%BaB&b, in comparison
with the one with no torsional sensitivityg(, B = 1).

The Collapse Margin Ratio (CMR) is calculated using Bcp)(as the ratio between the
median collapse intensityM ) and the Maximum Considered Earthquake (M@Ensity (Y

CMRis a principal parameter used to characterize the collapse safety of the structure.

CMR= Xt (35)

.

The estimated SSFs are multiplied by the calculated CMRs to account for the elongation in
the natural period prioto collapse and calculate the Adjusted Collapse Margin Ratio (ACMR).
The calculated ACMR values are then compared with the allowable values proposed by FEMA
P695 which are introduced in terms of the total system uncerfainty. The total system
collape uncertainty isa function of recoreto-record uncertaintyf (), design requirements
related uncertaintyf ( ), test data related uncertainty () and modelling uncertainty ( ).

This value is computed using E§.G).

bror =\ Bt B+ B + Do, (36)

Table #3 of FEMA-P695 provides acceptable values of Adjusted Collapse Margin Ratio,
ACMR10% and ACMRo%, based on total system collapse uncertainty, considering values of
acceptable collapse probability at MCE to be 10% and 20%, respectively. The Value ofas
calculated to be 0.725, assuming the values of the different uncertainty paraaseggwn in
Table3.3.
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Table3.3. Uncertainty Parameters
Uncertainty Parameter Value

f 0.4

f 0.35
I 0.35
I 0.35
I 0.725

Table3.4 summarizes the seismic collapse performance parameters of the archetype building
considering the three rectangular walls or tkeh@ped wall for the torsional sensitivity®# 1.0.
ACMR10% is shown as an acceptance craari Ensuring calculated ACMR is higher than

ACMRyowr ef l ects that the structureds probability

Table3.4. Summary of CollapsPerformance Evaluation of RM Shear Walls

Shear Wall "y CMR SSF ACMR ACMR10%
Configuration
Three rectangular 4 4 4.44 1.36 6.04 253
walls
C-shaped wall 2.0 6.83 1.36 9.29 2.53

The calculated ACMR values for both rectangular argh@ed walls argatisfying FEMA
P695 acceptance criteria. However, there is more than 50% increase in the ACMR when the C
shaped wall is utilized. This is attributable to the contribution of the effective flange wall width in

improving the inelastic response of the shealls

3.1.9 Conclusion

The current study evaluated the seismic collapse risk «ftarByRM core wall building. It
demonstrated the significant enhancement in overall response when utilighgp€d walls
compared to three individual rectangular walls. Nadinpushover analysis was conducted to
evaluate the capacity aperiodbasediuctility. The results showed that bging C-shaped walls
instead of the individual walls, the ultimate curvature increased dtlee wontribution of the
effective length of the flange. Thus, it resultedhigher values of ductility and ultimate capacity
for the Gshaped walls. The lateral capacity of the structure increased by 45% dirkiction and
by 55% inthe E-W direction. Furtlermore, the utilization of the-€haped wall resulted in a 190%

increase in the periedased ductility of the building.
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The seismic collapse fragilities demonstrated that tsé&ped walls had a greater seismic
collapse capacity and a lower probabilifycollapse compared to rectangular walls. The results
showed more than 50% increase in Atgusted Collapse Margin Ratiwhen the Gshaped walls
were used. This reflects a substantial improvement in the overall seismic performance when
utilizing C-shapedwalls. Furthermore, it was evident that torsional sensitivity can significantly
affect the fragility function of &haped and rectangular walls. It resulted in up to 20% and 75%
reduction in seismic collapse capacity for torsional sensitivity level8=#1 and B=2.5,
respectively. In addition, increasing the torsional sensitivity leads to steeper fragility curves

reflecting higher collapse probabilities.
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3.2 Enhancing the Seismic Resilience of Existing Reinforced Masonry Shear

Wall Building by Incorporatin g Boundary Elements

3.2.1 Abstract

In this research work, a framework for the seismic collapse assessment of existing
Reinforced Masonry (RM) Shear wall building was developed uaimgimerical modelling
approach. In the current study, a fistereyRM shear wdlbuilding, located in Los Angeles and
designed based on the American Masonry code which was proposed by-#EIViA considered
to assess the seismic performance of RM shear wall syateartsenchmark he abovementioned
building was designed using ranogular RM shear walls, whitbe current study investigates the
impact of incorporating boundary elements at the ends of the rectangular shear walls on the seismic
performance of these buildisgA macremodel numerical approach was used to simulate the
dynamic response of the RM shear wall buildings. The numerical model was first validated against
the available experimental results to ensure the capability of the proposed model in capturing the
hysteretic response of the RM Shear Walls. Afterwards, Ireméah Dynamic Analysis is
conducted on the building before and after incorporation of the Boundary Elements. The fragility
curves were derived subsequently and were used to evaluate the performance function of the
structures. In conclusion, the results wha significant level of enhancement in the seismic

performance and resilience of the buildings with boundary elements.
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3.2.2 Introduction

There have been many advancements in understanding the inelastic behaviour of Reinforced
Masonry Shear Walls (RMSW) in recent decades. This understanding is a pledipe for
performancebased seismic design of the structures. The performzamed seismiaesign
incorporates a specific performance level corresponding to the level of déamaagecurred in
the structure (FEMA 4452009. The methodology correlates the damage state to a specific
functionality level and losses of the whole system when thietste is prone to seismic events.
These definitions form the framework of the seismic resilience of a structure, which declares the
level of functionality of a structure in the aftermathteunwanted seismic event. The concept of
resilience also showtke capability of a system to resist and maintain its functionality during and
after an unwanted eventgq., flood, earthquake, fire, etq(LCimellaroet al. 201). To assess the
resilience of a structure against seismic evdngility functions needa be precisely derived
after performing collapse assessment (FEMB8P2009. Fragility fundions hae been used in
the pasfor different applications (ATE€3, 1989, wherethey correlate an engineering demand
parameterEDP) to theprobability of collapse at a specified damage level (Hwang andL®8g).

These functions are necesséoy predicting the level of damages and losses to evaluate seismic
resilience. Deriving fragility functions is possible through performing collapssssentwhich

can be done following the available guidelines in the literature (FEMA PES8, &#hd ATC13).
However, all these methods need Numerical and/or Experimental test matrices to predict the
structural response against lateral forddgere havdoeen a few numerical studies addressing the
seismic behaviour of RMSW walls with Boundary Elements (BE), where incorporating BEs helps
the RMSW to possessgreater value of displacement and curvature ductility veubjectedo a

high level of seismic lads(Ezzeldin and EDakhakhni, 2016)Among the most recent studies,
Shedid et al(2010)tested seven haffcale RM shear walls with different end configurasitm

assess the impact of confinement and shape configuration on the inelastic responsé\s. RMS
They have concluded that by usirend confinedBEs, the ductility level was enhanced
significantly, and maximum saving of around 40% was observed in vertical longitudinal
reinforcement in those typef RMSWSs. More recently, Banting and-Bbhkhakhni(2014)tested

five half-scale fully grouted RM shear walls with confined boundary elements. They considered
different seismic design parameters such as aspect ratios, reinforcement ratio, and gravity load

profile to assess the effect of adding BEs on eadheash. It has been concluded that by using
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BEs, the buckling of the longitudinal reinforcement was postpotiesiefore,the postpeak
strength of the walls was enhanced relative to the walls without BEs. In terms of numerical studies,
Ezzeldin and EDakhakhni, 2016performed a collapse assessment analysis following FEMA P
695(2009)methodology on the RMSWs before and after having BEs at the component level. They
concluded that by using BEshe system was able to satisfy the proposed critefrighe

metlodology successfullwith a great safety margin

In the current study, the impact of using BEs on seismic response of a full 3D RMSW
building is studied before and aftére adoption of BEs. In this regard, a maenodelling
numerical approach issed,and a numerical model is developeddpenSeesThe validation of
the modellingapproach was conducted against available experimental test results to ensure the
capability of themodellingtechnique irthe prediction of the nonlinedrehaviourof the RMSW
buildings. Subsequently, the abewventioned modelling technique was utilizedniodellinga
five-storey RMSW building located in Los Angeles, California. The building was initially
designed and proposed by FEMA 481006) Afterwards, the building as redesigned to
incorporateend confinedBEs in the shear walls. Furthermore, Incremental Dynamic Analysis
(IDA) was performed to diagnose the collapse mechanism of the building@aaod afterthe
adoption of BEs. A suite of 44 fdield ground motionwas used to perform IDA analysis in
accordancevith the FEMAP695 recommendation. Fragility functions are derived for structural
componergbased on the IDA results for different performance keehsidering both analytical
and EDPbased failure criteal. In addition, the intestoreydrift level andstoreyshear response of
the building is compared before and after using BEssess the damage level and probable losses

due to the damages

3.2.3 Numerical modelling and analysis methodology

A new modified maro-modellingapproach is utilized to capture the nonlinear response of
the RM shear walls usinQpenSeesThe reason for migrating from SeismoStrucOpenSees
the fact that there are limitations associated to commercial based FE sdlipem&eeaddresses
most of thelimitations that a commercial software has suchiastations of the crosssection
shape,constitutive material modetonvergencecriteria integration pointsproprietary source
code and limitationof somefeatures and outpdata set OpenSeeswes this capability to being
an opepsource packagehich enables the user to implement various I/O and multiple features
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without any notable limitatiarin this light,Four DisplacemenBased (DB) bearsolumn elenent

with fine discretization was used to model the shearswédigment obnestoreylevel along with
elastic shear links to resemble the shear flexibility of the shear walls and tentative failure due to
sliding shearThe fibre-based approach found to bee most suitable technique to model the
inelastic response of wall components. In this regard, two different material snodeiely
Masonry and Steel, were assigned to thedilbho resemble the behaviour of each constituent part
which will be elaborad in the subsequent section. Five Gaussian integration points were
considered in DB Beat@olumn elements to precisely capture the inelastic deformatishear

wall elements. Zertength elements were used to model the shear deformation of the walls. A
linear uniaxial Forc®eformation Elastic Material model relationship, originally introduced by
Beyer et al.(2011) was defined and assigned to the translational Degree of Fre&uoR) (
respective to iplane and oubf-plane directiorof the walland restof the activeDOFs were
constrained to follow the previous nodal deformation ukiggalDOFcommand incorporated in
OpenSeedsA fully restrained constraint wasoddled, and soistructure interaction was ignored

as per a recommendation of NI$J2010). a zerdength element section was mddd at the base

level of the wall to capture the effect of strain penetration of longitudinal steel reinforcement using
Bond_SPO01 matial available in the material library @penSeesThe schematic configuration

of the wall segment nodes and elements are showkigiare 3.5. Finally, rigidDiaphragm
constraint was used to build a rigid diaphragm for the building@asdsign the effective seismic
masses to that centertbe mass node.

36



- \
[Shear Sprink ( DisplacemenBased
‘ BeamColumn Element
. ~ T /
@
R DisplacemenBased
|Shear Spring ( BeamColumn Element
*. '7 .
T Strain
Penetration

( & Zeralength
m Spring
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3.2.3.1Material properties

Fibre sections were assigned to DB Be@uolumn elements to simulate the behaviour of
masonry and steel reinforceme(@394)uniaxdlenmaterald e nt | vy
model Concrete07n OpenSegsvasassigned to the masonry s and vascarefully calibrated
based on available experimental dathich is discussed in detailihevalidation part. The benefit
of using this uniaxial material model is the capabilityGufncreteO7to capture the pogieak
behavour due to cracking and/or crushing of the masonry elements with a remarkable accuracy,
which differentiate it from all other available constitutive material models available for concrete
and masonry. The vertical reinforcement steel rebars weddled using Menegott®into(1983)

Uniaxial constitutive material model for steéke(, Steel02in OpenSegs which is a common

material model to capture the main characteristics of steel rebars including the yield strength, initial
stiffness, isotropicstrain hardening, pinching and strength degradation. The value of material
properties parameters is consistent with the ones reported by the authors and researchers published
the work and can be found @&ppendix A The effect of buckling/rupture of theinforcement

could not be captured directly Bteel0O2Materiat however MinMax materialmodelwas used to

mimic the aforementioned effect by restraining the ultimate strain of steel material. The value of

0.06 was considered based on the available expeatal data to clarify the onset of
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rupture/buckling of the rebars. It is worth noting that the failure criteria of the RMSW are
considered in accordanaeith the recommendation of the original study of GCR91G-8
proposed by NIST (2010). The effect anfinement for the masonry material of Boundary
Elements was considered following the recommendation of Chang and Mander

3.2.3.2Validation of the modelling approach

The model verification was performed to ensure the robustness of the proposed modelling
method inpredicting the hysteretic response of RMSW structures. To achieve this goal, three half
scalefully groutedRM shear walls with different end configuration originally tested by Shedid et
al. (2010) was numerically moted incorporating the aboveentionel methodology and was
analyzed against reverse qussitic cyclicloading schemeising the identical loading protocol
performed in the structural lab. As can be seehRigure 3.6, the proposednodellingapproach
was able to successfully capture the principal characteristitdsedfysteretic response of the
RMSW subjected to cyclic analysis. In general, the model Wwigsta predict the main response
characteristics of RMSW including the initial stiffness of the walls, peak strengthpeaist
degradation, hysteretic shape, and pinching of the elementavgtieat level of accuracy. A
maximum difference of 7% and 13% svabserved in capturing the maximum peak strength and

hysteresis energy dissipation, respectivelyich is considered acceptable.
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Figure3.6. Comparison of Numerical versus Experimental Hysteretic lo@pan1; (b) W2; and
(c) W3 (Experimental data from Shedid et al. 2010)
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3.2.4 Modelling and specification of studied archetype

In this paper, a fivestorey residential RMSW building designed by FEMA 451 was
considered to assess the seismic performance of siidimgs priorto and after adding boundary
elements at the walls' ends. The buildisign Los Angeles, California and has structural walls of
8-in. thick reinforced masonry units. The roof was made-of. 8hick hollow-core precaspre-
stressed concrete slabs. The building was built on site class D soiatygpthe Seismic Design
Category of D was considered forTihe full detail of the building besides the configuration and
design procedures of the buildings is fully discusseipipendix A of the thesis as well REMA
451. The building was once again designed incorporating the identical seismic design parameters
(i.e., Response modification factor and deflection amplification factor) while having boundary
elements at its ends investigate the impact of using boundary elements on its response. The
reinforcement detail and configuration of the RM shear walls with boundary elements are

summarized imable3.5.

Table3.5. Dimensions and Reinforcement Configuration of RMSW building with Boundary

Elements
wanio I LS i Cen: Reinforcement ASPEC
ratio (%) ratio (%)
WallA 13818 10972.8 0.4 0.13 1.26
WallB 13818 10363.2 0.44 0.13 1.33
WallC 13818 9956.8 0.50 0.15 1.39
WallD 13818 9956.8 0.50 0.15 1.39

Both RMSW buildings were analyzed against a 44fildd groundmotion proposed by
FEMA P-695 to assess the seismic collapse of the strutafer to Appendix A for more
information) Based on the adopted methodology, Incremental Dynamic Anali3#g (vas
performed to track down the collapse initiation of the RMSW buildings. The analysis involves
subjecting the structure to Nonlinear Time History Analysis by various ground motion suites and
increase the intensity such that the ground motion recomskcstaucture to fail or collapse at a
certain degree in accordanegéh the predefined failure modes. The spectral acceleration of 5%

damping was considered as intensity measane the maximum interstorey drift ratio was
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monitored as the demand parametkinterest.A five percent damping ratio was considered in
the model analysis based on the Rayleigh damping formulationitbaittmmand ofOpenSees,

whichis a common value of damping ratio in Reinforced Masonry is building practice.

3.2.5 Selectionand scaing of ground motion records

Based on the recommendation of FEM&®5, 44 faffield ground motions proposed by the
methodology were used to perform IDA analykigs worth noting that, using as many as possible
record will helpto reducehe uncertainés arising from recortb-record variability. Howevethe
large computational effort is the main drawback of using such a large database of strong ground
motions.The individual response spectrum of the unscaled rectogisther with the median of

the sgctrums and upper and lower boundhs seismic response spectrum of the specified site

location is depicted irFigure3.7.

The scaling method was followed as perracommendation of FEMA-895. First, the
records were normalized to their peak groandelerationandlaterthe median of the spectrum
was scaled such that it matches the Target response spectruhe dlaximum Credible

Earthquake (MCE) level at the fundamental period of the strudiure,
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Figure3.7. Response Spectrum of 44 unscaled Grountians alonghe median spectrum;
Upper bound$ Dnay, and Lower boundS Dhin)
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3.2.6 Seismic Assessment and performance analysis

After performing the analysis, the IDA curves were derived and are shdwgure3.8 for
the RMSW building before and after adding boundary elementsshésn by adding the
boundary elementthe collapse capacity of the system has been increased significantly. This result
can be related to the fact that the boundary
ultimate stage. The IDA curves also show that the dispersion of flensesdata of each archetype
waslowered for different ground motion frequency content in sssmnter-storydrift ratio.

3.2.6.1Quantification of performance parameters

The median collapse capacity of the struct8¢e, was defined as the intensity leagWhich
half of the records caugbe structure to fail The other term defined by the methodology is the
Collapse Margin RatioGMR). This parameter is used to chaesize the safety of the structure
against collapsdt can be calculated as the ratio of median collapse cap&eijyt¢ the spectral
acceleration capacity of the structure at its fundamental pegigdl The calculated€ MR value
of the building beforand after adding boundary element is presentédlie3.6. As can be seen,
theCMRvalue has been increased by adding the boundary element. This is due to tla filaet th
boundary elements have increased the confinement at the outermestofilthe walls and
postponed the buckling of longitudinal reinforcement, hence, leading to higher curvature and

overall displacement ductility.

3.2.6.2Collapse Fragility Assessment

Theprobability of the collapse versus the Intensity Measure (IM) can be derived by adopting
a Cumulative Distribution Function (CDF)orming Fragility functions. The IM value
corresponding to initiation of collapse for each ground moti@alisulated using the IDA results
and a cumulative distribution function is fitted to resulting IM valddse lognormaCDF can be
defined as follows:

In(%)
P(CIIM)= R—2) (3.7
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WhereP(C|IM) shows the probability of collapse corresponding to spel; a is
CDF, andd , arefthe mean arsfandard deviation of the dataspectively. A sample curve fitting

dataset is shown iRigure3.9 using themethod metioned earlier

Table3.6. Summary of CMR value of the building

Building ID Configuration Su[T](9) S T](9) CMR
Without Boundary 10 1.4 14
5 StoreyBuilding Element
Los- Angeles .
With Boundary
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Figure3.8. IDA Curves and 16th, 50th, and 84th percentile: (a) RMSW Building without
Boundary Element; (b) RMSW Building with Boundary Element; (c) Comparison of the results
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The collapse fragility curve of the building before and after adding Boundary Elenmests w
extracted for different performance leseroposed by ASCE 4®017)and presented iRigure
3.10. The results indicate that by using the boundary elentéetsollapse capacity of the building
was increased for all performanaavék. The results highlight the impact of using boundary
elements on delaying the collapse of the RMSW building at differentsle¥éhter-story drift

ratio.

3.2.6.3Inter -storey Drift and Response Shear Variation

The variation of responstoreyshear and the intestoreydrift ratio of all records are shown
in Figure3.11 andFigure3.12, respectively. The results show that by adding boundary elements
the base shear of the building has increabewvever, the initial stiffness of the building was
considered to be identical for the buildiwith and without boundary elements. It can be inferred
that, due tahe higher level of ductility that RMSW with boundary elementsd)dhe building
could incorporate highestorey shear at the upper level of the building (i.e. stereyshear
diagramshifted rightwards in théop stories). Having highestoreyshear capacity within the
identical initial stiffness will helpo controlthe losses and damagmused to the overall structure

and helpgo increase¢he seismic resilience of the building.

Theinter-storeydrift ratio also was carefully monitored, and it can be concluded that having

boundary elements helped the building to experierioeer level of interstorydrift ratio, which
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in turn means lower level of structural and nestructural darage of the components. Hence,

higher seismic resilience can be estimated for such buildings.
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Figure3.12. InterStoreyDrift Variation of the RMSW Building before and after having
Boundary Elements

3.2.7 Conclusions

In this study, the impact of adopting boundary elements on thaisdishaviourof a five-
storeyfully grouted RMSW building located in Los Angeles wasvestigated A fibre-based
macremodelling approach was utilized to capture the inelabgbaviourof RMSW and was
validated against the experimental data to valitteeapability and robustness of the approach.
Afterwards, IDA analysis was conducted on the numerical modedl fragility curves were
derived Also, the variation of thetoreyshear ad interstoreydrift ratio was studied after utilizing

Boundary elements. The following remarks were concluded

1 The proposednodelling approach was able to capture both elastic and inelastic
characteristis of the response of RMSW witin outstanding levebf accuracy. A
maximum differenceof 7% and 13% was observed in capturing maximum peak
strength and hysteresis energy dissipation, respectively.

1 The results of IDA curves shohigher collapse capacity for the shear walls with
Boundary elementsneanwhile lower dispersion of data was found after utilizing
Boundary Elements.

1 The CMR ratio of the walls with Boundary Elements found to be higher than the

rectangular wallsince BEs will delay the buckling of the vertical reinforcement
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besides confining the exme sides of thehearwalls which in turn leads to higher
ductility and safeguards against collapse. A 50% increase €N value was
observed after adding Boundary Elements to the RMSW Building.

The collapse fragility curves of the walls with BEs hgudto 65% lower probability

of failure for a specific intensity measure at different performance level as a result of
possessing higher dudtyl.

There was a maximum of 20 % increasdhe responsstoreyshear after adding
BEs andthe storeyshear digram shifted rightwards in the upper stories by having
BEs.

The InterStorey Drift ratio of the RMSW building with BEs had decreased
dramatically for most of the records. Henawer level of damagds expected for

structural and nostructural comporés of the building with Boundary Elements.
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Chapter 4
Seismic Fragility Assessment and Resilienad Reinforced
Masonry Flanged Wall Systems

4.1 Abstract

Several experimental and analytical studies have evaluated the seismic response of
reinforced masonry (RM) shear walls either as a component (i.e., planar rectangular walls) or as a
system (i.e., building consisting planar walls).the current study, fex RM flanged walls were
studied in order to assess their seismic performance and collapse capacity. The impact of utilizing
flanged walls vasassessed and characterized through FEMAS methodology. In this respect,

a 2D fibre-based modéhg approach hebeen developed usi@penSeet numerically model

and capture the inelastiiehaviourof the walls. Collapse risk evaluation has been conducted
within the context of FEMA 95 by subjecting the wall ds num
motions scaled alifferent intensity levels. Quantification of the seismic paramefdrseflanged

wall system, including perietdased ductility, overstrength, and collapse margin ratios has been
conducted to help better understanding the seismic response and colppséycof the
component. The results indicate that the selected Reinforced Masonry Flanged walls can satisfy
the acceptable criteria proposed by the methodology of the anticipated seismic collapse risk.
Lastly, the seismic resilience of the archetypesnsgjghe expected collapse rislasevaluated,

in terms of functionality curves before and attez adoption of the flanges to the walls. Damage

levels were considered as performance level functions correlated to the earthquake intensity and
were used t@stimate total loss and recovery time of the archetypes. The selected RM flanged
walls showed enhanced earthquake resilience and less damage compared to rectangular RM shear

walls.
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4.2 Introduction

Reinforced Masonry Shear Walls (RMSW) are usually usddwn to high-rise masonry
structures as a part of the Seismic Force Resisting System (SFRS) providing the lateral resistance,
energy dissipation and lateral stiffness required to withstand lateral loads coming from the
earthquake. During the past decadksre has been a noticeable advancement in understanding
the response of RMSW under seismic loading. This understanding was the result of the extensive
experimental and analytical studies that addressed the seismic performance of RM shear walls as
a compoent €.g.,Shedid et al. 2008; Ahmadi et al. 2015) or within a building (e.g. Heerema et
al. 2012; Mavros et al. 2016; Stavridis et al. 2016). Howewest ofthe literature have addressed
planar RMSW systems, with a little focus on RM flanged shear \(aljs,Heerema et al. 2015;

Shedid et al. 2009; Hbakhakhni and Ashour, 2017).

FIl anged walls can be formed along the walls
response of the building. This configuration normally exists among most of thiusdtysdans
and can be incorporated easily. One of the important characteristics of RM Flanged Shear Wall
(RMFSW) system is that they resist lateral loads in both horizontal directions compared to RM
planar shear walls. The following section briefs a is\aé the available literature with a focus on
the research studies done on the-plamar walls. Thomsen and Wallace (2004) experimentally
tested Tshaped reinforced concrete walls to develop a displacemaset design approach. The
impact oftheflange éement and decreasing the hoops spacing of the transverse bars at the wall
boundaries were also investigated. The results indicated that by utilizifgarar configuration
the initiation of the reinforcement buckling was delayed resulting in a suladtactiease in the
curvature ductility of the walls. Also, it has been proved that the variation of the yield curvature at
different drift levels had a negligible impact on the ultimate curvature values. This phenomenon
emphasizes the contribution of tHarfged elements during severe lateral deformation. Another
experimental test was conductedtbe response of halcale fully grouted RM shear walls by
Shedid (2009). A quasitatic reversed cyclic loading protocol was applied to the specimens to
investicate the structural response of RM shear walls with flanges or witharithed boundary
elements. A maximum saving of 40% was reported by implementinganfthed or flanged
crosssections besides significant enhancement in the level of ductility doestponing post

yield initiation. Heerema et al. (2015) experimentally testedethird scale fully grouted two

49



storey nonsymmetrical RM building comprised of eight concrete block masonry walls. The
systemlevel was compared against the compo#ewnt|of the RM building and the seismic design
parameters were quantified for the test setup by means of digital image correlation (DIC). The
results indicate that the orthogonal walls contribute to the lateral force resistance of the building
with respect tohe induced twist. Each wall component of that study was tested individually by
Siyam et al. (2015a). This test setup comprises walls with different aspect ratio, coupled or
uncoupled by the slab and flanged configuration. This study characterized thettfecslab
coupling on ductile shear wallsidquantified the forcddased design seismic parameter of the RM
shear walls (i.e.the plastic hinge length of the walls). A recent study has been carried out by
Ezzeldin et al. (2016) on the effect of uslmgundary elements in RM shear wallsfiBre-based
modellingapproach was developed by adding a uniaxial material to resemble the shear flexibility
of such walls. The study reported significant enhancement on the sbemaiziourof RM walls

by adding bondary elements. The boundary elements postponed the abrupt strength degradation
of the walls, however, the fabrication effort using standard blaelssa drawback in this type of
walls. The collapse risk evaluation of walls with boundary elements wasrmpedothrough
FEMA-P695 (2009) methodology on the archetype models of a recent study by NIST (2010)

resulting in enhanced displacement and ductility capacity.

FEMA-P695 (FEMA 2009) methodology has been used by many researchers rexgntly (
Arabzadeh an@alal 2017; Ezzeldin et al. 2016; Purba and Bruneau 2014; Gogus and Wallace
2015; Lee and Kim 2013; Lignos et al. 2011). The procedure provides a comprehensive and
reliable method of assessing the structures over a seismic event by incorporating response

parameters such as response modification factor (R factor), systetm bvere ngt h f act or
deflection amplification factor, €4 ) of the seismic force resisting system. Arabzadeh and Galal

(2017) quantitatively evaluated thekiof collapse of coupled Reinforced Concrete Core Walls
usingFibre Reinforced Polymer (FRP) laminate retrofitting method by proposing a new modified
Wide Column Method (WCM) using FEMR695 methodology.

The objective of this study is to numerically exakithe seismic collapse risk of RM flanged
wall systems, having different heights, under seismic loading. This evaluation is performed in
accordance with the FEMR695 methodology for RM shear wall system, and RM Flanged wall
system. In this regardan aralytical macremodel was developed usin@pen System for
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Earthquake Engineering Simulati@oftware (OpenSees 2000). Subsequently, the models were
calibrated against the experimental hysteresis response of RM shear walls tested by Shedid et al.
(2009), andSiyam et al. (2015b) having rectangular and flanged shape-swossn. A
comparison was made between the seismic responses of RM shear wall archetypes previously
studied by NIST GCR 1917-8 (2010) before and after incorporating flanges in the esedmon.

The archetypes are selected to have different heights of 1, 2, 4, 8, and 12 stories. After validating
the analytical model, nonlinear Incremental Dynamic Analysis (IDA) was performed, following
the recommendation of FEMR695 methodology. A series22 pairs of faifield ground motions

were used for IDA analyses of the RM Flanged walls. Moredhercollapse risk of the RM

flanged system was assessed in terms of fragility curves. Finally, the seismic resilience concept is
defined as the perseveranoka system to remain functional after an earthquake event occurs.
Lastly, the seismic resilience of the redesigned archetypes has been evaluated against the original

archetypes by means of functionality curves.
4.3 Numerical Modelling for Nonlinear Analysis

In the current study, a modified wide columodellingapproach has been developed using
Open System for Earthquake Engineering SimulatdpenSegssoftware to perform all the
analysis for the RM planar and flanged shear wallesgst Inelastic displacemebased beam
columnfibre elements were implemented in the model and were assigned different material models
for reinforcement rebars and masonry. Among diffemaoidelling methods available in the
literature thefibre-based appmaxch was chosen because of its versatility igrehsy to calibrate
(Kolozvari and Wallace2016). Constant axial strain and linear curvature distribution are
considered within displacemebased bearsolumn element formulation without possessing any
shear éformation. In addition, by using this element both the axial elongation and combined axial
and bending moment interaction of the RM sections couldomsidered The impact of these
parameters is significant in flanged walls since the variation in @&adlih segments is inevitable
when subjected to loading protocols. Among diffeféme-basedmodellingapproaches that are
available in the literature, the modified model has the capability of simulating the shear
deformation of the walls btheimplemertation of a realistic shedink possessed multi-linear
force-deformation relationship. Previous studies used bealomn elements that do not capture

shear deformation caused by lateral loading (Siyam et al. 2016). A common solution was to utilize
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an adlitional uniaxial material to represent the shear deformation characteristic of the component
(Furtado et al. 2015). The aforementiomeddellingapproach is hard to calibrate, whereas the
modified model accounts for shear deformation while being easgdelrand calibrate. It is worth

noting that thdibre-elementbased software can also consitterdamage and large displacement

to the shear walls under static and dynamic loading, hence accounting for geometric and material

nonlinearities. Thenodellingapproach is elaborated in detail in the following sections.

4.3.1 Geometrical Model and Element andSection M odels

The configuration of nodes and elements are schematically depidtggline4.1a besides
the discretization of the wall elements showirigure4.1b, c.Each element was set to have ten
Gauss integration poisivhich estimate the deformation by an eledegree polynomial algebraic
equation along its length. The w#dlundation interactio was assumed to be fully restrained at
the base of the wall and no setfucture interaction has been considered according to the studies
proposed by NIST (2010). Strain penetration at the-feathdation interface has been considered
by incorporating aerclength section element at the base of the wall model which is shown in
Figure 4.1a, where the longitudinal steel reinforcement was delineated with the Bond_SPO1
uniaxial material model in th®©penSeesnaterial library. In this material model, the total
reinforcement slip is considered as a function of rebar stress that results from the strain penetration
effects (Zhao and Sritharan 200/Figure4.2 shows the location of the zelength section element
at the base of the numerical model and F@eéormation relationship implementedtime zero
length section element. The numbéfibres for masonry and reinforcement is calibrated to create
fine discretization in the section and to provide sufficient accuracy. The maximum size of 60 mm
was considered for masonry ffils along the width of the RM shear walls and 100 mm along the
length of the shear walls. In the flanged zones, this value was reduced to 50 menhsgyhes
level of strainis expected within these zones. An approximated value of 400 masoras/iibs

used in total to ensure the accuracy of the results while mingnize computational effort.

Calabrese et al. (2010) found that displacenbased bearsolumn elements are too
sensitive to the number of elements and the length of the first element. To address this issue, a
sensitivity analysis was conducted to exagrime most accurate length ahdnumber of elements
perstorey The results show that using four elementsspereyyields the best accuracy in terms
of the peak and pogieakbehaviourof the nonlinear model.
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In order to overcome the limitation thasgdiacement bearmolumn elements are not capable
of capturing shear deformation, the two elements between successive nodes were connected by
zerclength spring elemesto consider the shear flexibility of the wall elements for estohey
Therefore, a hazontal translational degree of freedoDdF) in the zerelength element was
assigned to have stiffness corresponding to the shear stiffness of the two successive elements
comprising the shear springqualDOFtype of constraints i®penSeewas also used to couple
other DOFs of two nodes of the spring. Among different approaches for calculating the shear
stiffness of zerdength element, the method proposed by Gogus and Wallace (2015) was chosen,
for both flexuredominated and shedominatel walls, with a multilinear trend. Shear strain at the
yield was set to be equal to 0.0015 based on the study by Gogus and Wallace (2015). The Force
Shear deformation relation for flexudeminated and shedominated walls utilized irthe
definition of the sheailink elements is also shown Figure4.2.
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connected adjacent wall elemeAtl effective seismic masses were assigned on wall elements at
eachstoreylevel and no mass agassigned on the corresponding leaning column element. It is
worth mentioning that the leaning column frame was located atwaal digtance othe typical

span length of the shear wall. The tributary area was considered to estimate the gravity loads
applied on the leaning column from which the tributary area of the walls is excluded. The

schematic view of the leanirgplumn and sbar wall assembly is illustrated kigure4.3.
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Figure4.3. Schematic Nonlinear structural model of fatoreyarchetype and leaning column
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4.3.3 Definition of material properties

The properties of the materials were defined based on the reported test data or nominal
strength of masonry and steel reinforcement using the available empirical equagons4.4

shows the distribution of material components over the «®estsonal area of the wall simulated
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in the modelFibresections are defined in order to reguwoe the response of RM shear walls. The
crosssectional area is discretized such that uniaxial materials are assignedftbreaelembling

thebehaviourof masonry and steel reinforcements independently.

The concrete masonry material utilized in thedellingi s based on Chang al
model (1994) for concrete (Concrete07 @penSegs The material model relies on the

compressive strengtm, the modulus of elasticityEn, the strain level corresponding to the

maximum compessive strengtheps, and other parameters to represent stiffness and strength
degradation. The most remarkable aspect of utilizing Concrete07 model is that it is capable of
representing the poegeak degradatiorbehaviourof the concrete masonry with sifjcant
accuracy. However, the other available materias Concrete02) failed to present such accuracy,
although the latter material is much easier to calibrate. It is worth mentioning that the strength
parameters that were used in the validation psr different from those used in the fsdlale

model walls since the regular reinforcement bars possess significant strain hardening relative to

the onethird scale wires. For the reinforced masonry models, the strain corresponding the

maximum compresge strengthg,, set to be 0.0025 based on the data provided by the prism test.

The modulus of elasticity,ok was calculated based on MJSC 2013 code aén'gm Whichfn'1 is

the compressive strength of masonry material. These parameters were validated versus different
experimental data as will be explained subsequently. The hysteresissgt@sbehaviourof
masonry material is depicted gure4.5a. As shown, the tensile strength is relatively smaller

than compressiveehaviourand has a minor effect on the numerical models.

As shown inFigure 4.5b, the longitudinal steel reinforcement was mtete using
MenegottePinto (1973) Model having Isotropic strain hardening (SteelO®penSeds The
model is capable of capturing the probable yieldrgjth and hardening effects, nonetheless, the
model is easy to calibrate. As mentioned earlier, thetloing scale reinforcements used in the
verification part, possess no strain hardening while theséaled reinforcements have the

capability of develping hardening action.

The yield strength of 495 MPa with strain hardening of 1.20% is considered to be consistent

with NIST (2010) study, for the fubcale steel reinforcement. The initial elastic modulus value
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set to be 200 GPa and the parameters ttralahe elastic to plastic transition of branches are set

to bethesame as the default value recommended by the developer.

In order to resemble reinforcement buckling which is highly probable to occur on the
unconfined areas, thklinMax material model isused t o determine the st
ultimate strain. The strain corresponding to the onset of fracture in longitudinal bars was assumed
to be 0.06 in unconfined zones. This value is about 50% of the measured fracture strain estimated
in the directtension test to take the effect of laycle fatigue into accounzéngand Kunnath
2008; Rodriguez et al. 1999).

~—_____ Vertical

¥ Reinforcements

Fully grouted
masonry

Figure4.4. 3D Schematic View of Flanged Walls
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4.3.4 Failure Criteria for Materials

Definition of the failure criteria plays an important role in diagnosirgy ithtiation of
collapse. Since there are different approaches toward identifying the failure criteria, the method
proposed by NIST (2010) was utilized hereby in this study with some modifisaiquained
subsequently.

The ollapse of flexuredominatedwalls is assumed to happen when the wall meets one of
the following conditions:

AWhen 25% of the crossection reaches the end of the softening brandheofasonry
stressstrain curve i(e., crushing strain); masonry crushing will happen. For the umnoenf
masonry areas, the crushing strain is considered to be 0.015, which shows the end of the

descending slope.

AWhen 25% of the bars in the cressction lose their tensile strength due to rupture or reach
their compressive strength due to buckling. Fracr e of t he reinforcement
strain reaches 0.06 in tension (Kircher et al. 2010).

The aboveamentioned criteria can be visualized through the esestion of the wall

component as shown kigure4.6.
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(i)

Figure4.6. Reinforcing steel and Masonry failure criteria (i) Steel rebar rupture (ii) Masonry
crushing failure

4.4 Validation of the Model

The validation of themodelling approach and presumed failure criteria were conducted
againstthe results of Shedid et al. (2008) and Siyam et al. (2015) experimental studies. These
experimental studies were considered since they are covering a wide ragigéoofed masonry
walls in terms of the aspect ratio, level of axial loads, and different end configaraiiter
applying the axial load and holding it constant, the reverse cyclic loading protocol is applied at the
top of the model same as the on@legal to the experimental test setup. The configuration and
specification of each wall are tabulatedTable4.1; demonstrating the aspect ratio, vertical and
horizontal reinforcement ratio, level of axial load, dimensions of tested walls, masonry

compressive strength, and reinforcement steel yield strength for different walls.

Figure4.7 shows the comparison of the experimental versus the numerical cyclic response
curves of the walls. As shown, the numerical model results and the experimental response are in a
good agreement. The model is capable of simulahegnost remar&ble characteristics of the
experimental cyclic hysteresis responise. (initial stiffness, peakload, post{peak strength and
stiffnessdegradation, ircycle and cyclic deterioration, hysteretic shape, and pinching effect due
to energy dissipation atftirent levels of intesstoreydrift). Table4.2 summarizes the results from
the verification models, including the maximum lateral force capadity; the initial giffness,

Kinitial, Unloading stiffness corresponding to 1% d#finioading Yield displacementy, and shear
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load corresponding to yieldindy. The average difference for each set of the compared results is
minimal. The maximum observed divergencéeha prediction of lateral load capacity and lateral

stiffness was 4 and 8%, respectively. In addition to that, the maximum difference of 11% was
observed in predicting the unloading stiffness of a simulated wall. The yielding displacement of

the walls is B0 wellpredicted at different levels of drift with a maximum difference of 12%.
Furthermore, the results show that btith failure criteria andnodellingapproach used for the

numerical analysisaspr eci se and acceptable. The wvalidat:

perform a seismic collapse risk assessment on the group of walls under investigation.

Table4.1. Wall details and specifications baset? Shedid et al. (2009) aridSiyam et al.

(2015)
. Vertical Horizontal
\rlw\{Jary\tI)er H(erl%ht Le(z;g);th Reinforcement Reinforcement (MPa) (I\,Pa) 'Asapt?gt
Z (%) z 1 (%)
w1z 3.99 1.80 1.17 0.30 13.50 495 2.21
w22 3.99 1.80 0.55 0.30 13.50 495 2.21
W3 3.99 1.80 0.55 0.30 13.50 495 2.21
w1P 2.16 1.53 0.60 0.26 19.30 495 1.40
W5P 2.16 0.59 0.60 0.26 19.30 495 3.60
WeP 2.16 0.46 0.60 0.26 19.30 495 4.60

Table4.2. Summary of verification results: Numerical results against experimental data based on
2Shedid et al. (2009) arffdSiyam et al. (2015)

Wall ID Numerical/Experimental Ratio

Number Vmax Kinitial Kunloading CQ/ Vy
W12 0.99 0.93 0.95 1.07 1.01
W22 0.98 1.07 0.92 0.96 1.03
W32 0.97 0.97 0.89 1.12 1.08
W1P 1.03 1.08 1.02 0.99 1.06
W5P 1.02 0.94 0.96 1.08 0.97
WeP 1.04 0.99 0.97 1.05 1.05
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45 RM Archetype and shear wallsdé config

In this paper, two critical performance groaggchetypesvere chosen from the NIST GCR
10-917-8 (2010) RM shear wall archetypes. A total number of five archetypesaliosen namely
performance growgb and 6 of NIST GCR 1017-8 study. These walls incorporate various design
parameters such as axial load, seismic hazard level, wall height, and different aspect ratios. These
walls represent reinforced masonry buildingvith different occupancies (i.e.,-slorey
Commercial and 2, 4, 8, and -$Brey Residential buildings). The elaborated details of the
buildings and wall design are available in Appendix A of the NIST (2010) study. For the sake of
comparison, the archgtg models were redesigned to incorporate a flanged-seati®n while
the seismic performance parameters (ReCq, @ n do) regmainedhe same as the one proposed
by the original study. The index RM flanged shear walls were redesigned in accordance with
design requirements of Building Code Requirements and Specification for Masonry Structures
(MSJC 2013), and ASCE/SE}I0, Minimum Design Loads for Buildings and Other Structures
(ASCE, 2010). The RM Fl anged Sheatioobelfitsts 6 di m
floor of the walls are summarized rable 4.3. The effective flange width was calculated in
accordance with the required design critggi@posed by MSJC 2013. Horizontal ties were
positioned at the same spacing as the transverse reinforcement of the walls, using the same grade.
The chosen archetype possesses low gravity loads and the Seismic Design Category (§RC) of D
based on the Miniom Design Loads and Associated Criteria for Buildings and Other Structures
(ASCE/SEI #16). This data set was selected since it was found to be the most critical performance

group among the rest of the proposed configurations.

Minimum base shear arstoreydrift limits were considered in the design process of all
archetypes using the requirements of ASCE/SEG6.7Table4.4 summarizes the seismic design
parameters of #n RM Flanged Shear Walls, including the response spectrum of Maximum
Considered Earthquake (MCE) at the fundamental period of the given archetype. Thasedie
period is the uppébound approximate fundamental period estimated based on the equation,
T=C,Ta (ASCE/SEI 716). A lower bound value of 0.25 seconds is considered based on the
Met hodol ogy 6 s r e c obasee pedod temaneade sarehas thecvalue® of the
original study since they are irrelevant to the configuration of the wall. Iir todevaluate the

eigenvalue periodsT(), a linear elastic model has been developed with half of the effective
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moment of inertial¢) of the original uncracked masonry wall cregxtion considering the
elasticity modulus recommended by the MSJC (201q)irementfFEMA 2009).

Table4.3. Configuration and reinforcement details of RM flanged shear walls

Horizontal Aspect
. , . 0
Archetype Height  Length Flange Vertical reinforcement reinforcement  } 1(%) Ratio
Length (mm)
ID m m am
Each Web 1 (%)
Flange Y
S1LF 3.65 7.31 350 4-#3 4-#4 0.07 #5@1220 0.085 0.50
S12F 6.10 9.75 500 4-#5 6-#6 0.157 #4@800 0.082 0.63
S13F 12.19 9.75 1000 4-#6 8-#6 0.200 #6@800 0.180 1.25
S14F 24.38 9.75 1220 4-#8 8-#8 0.340 #4@800 0.082 2.50
S15F 36.58 9.75 1220 4-#6 2*8-#8 0.400 2*#5@1220 0.072 3.75
Table4.4. RM flanged shear wall archetype design characteristics
Key DesignParameters
Archetype  No. of _ Seismic Design Criteria
ID P Stories Gravity Sur(T)
Loads  SDC R T (sec) Ti(sec) VIW(g) (9)

S1LF 1 Low Dmax 5 0.25 0.11 0.200 1.50

S12F 2 Low Dmax 5 0.26 0.13 0.200 1.50

S13F 4 Low Dmax 5 0.45 0.22 0.200 1.50

S14F 8 Low Dmax 5 0.75 0.6 0.160 1.20

S15F 12 Low Dmax 5 1.02 0.85 0.118 0.89

4.6 Seismic Collapse Evaluation

Based on FEMAP695 Methodology (FEMA, 2009), quantification of building system

performance and response parameters have been conducted for use in seismic design. The

methodology consists of establishing seismic performance fabeiomprisethe development

of probabilistic collapse risk assessment and detailed system design information, using nonlinear

dynamic analysis and explicitly considering uncertainties associated with the test data and design,
ground motion, andhodelling(FEMA, 2009).

4.6.1 Nonlinear static pushover analysis

Pushover analysis was performed in order to estimate the lateral force and deformation

capacity of the archetype model. The analysis was conducted according to-F&E)BA
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requirements using a lateral load distribution prtipnal to the fundamental mode shape. The
results were used to establish the capacity curves illustratidure4.8 for the archetype walls

before and after incporation of the flanged wall.

By comparing the capacity curvebeinitial stiffness values were almost identical for the
Flanged and Rectangular RM shear walls. However, by adding a flange, the lateral load capacity
of the walls increased significantlin addition, the results showed an increase in the ultimate

displacement and ductility capacity of the flanged RM shear walls compared to their counterpart.

Overstrength of the structure,, and perioebased ductility, /71 , are twoparametershat

can be derived directly from the pushover analysis results. The definition of thet@regth
factor is shown in E¢t.1, as the ratio between the maximum base shaay (o the design base

shear Y) of the structure.

vV (4.1)

The periodbased ductility is/?} , is defined in Eq4.2 is the ratio of roof ultimate drift

displacementﬁ'u , to the roof effective yield drift displacemeﬁ;eff .

q, (42)

The roof effective yield drift displacement is given by the following formula @&3). in
FEMA-P695.

Vinax 4.3
01 = Co e [, Amax(T, TP “3)

In the abovementioned equatiorCois a coefficient that relates fundamentabde (single
degree of freedom) displacemt to roof displacemen¥ma/W is the maximum normalized base
shear, g is the gravity constaiitjs the fundamental period of the structure based on empirical

formula andT; is the fundamental period of the model estimated by eigenvalue analysi&{The

factor is later used for performance evaluation.
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Figure4.8. Comparison of pushover curves of Flanged againstManged archetype model
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4.6.2 Nonlinear response historyanalysis

The nelasticbehaviourof the RM Flanged wall system in this study was determined by
means of Incremental Dynamic Analysis (IDA). The method is explained in detail by Vamvatsikos
and Cornell (2002). The method involves subjecting the structuee geries of Notinear
Response History Analysis (NLRHA) increasing the intensity of the ground motion until the
collapse of the structure occurs. The chosen Intensity MeasUri this study is the 5% damping
spectral acceleration estimated at thelamental period of the structu® Epecified aSa(T,5%)

The analysis result, IDA curves, demonstrates the relatiobsiweenntensity Measure and the
Engineering Demand Paramet&DP). The chosereDP in this study is the IntestoreyDrift

Ratio ofthe structure. The structural damping was considered by means of mass and stiffness
proportional Rayleigh damping method. A damping ratio of 5%, a typical value for RM structures,
was assigned to the first two modes of the structure except fatoreybuilding T: and0.2T;
wasused instead. Howbeit, the Rayleigh damping featuf@penSeesan estimate the damping

matrix using the initial, current, and/or last committed stiffness matrix, the committed stiffness
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matrix was used in the current work. Howemthe rigid truss elements that linked the frame and

the leaning columns do not possess any sort of damping.

4.6.3 Selection and scaling of ground motion records

Based on FEMAP581 (2012) a minimum set of 7 ground motion is required to surmount
the recoreto-record variability observed in a small suite of ground motions. In contrast, using
more than 44 ground motion records for collapse risk assessment is reatedrogfrEMAP695
to achieve more reliable results. Howetbglarge computational effort is always a disadvantage
of using a largenumberof strongmot i on r ecor ds. To be consi ste
recommendation, the applied ground motion receitdis taken to béhe same as the records
proposed by the FEMAP695. In this regard, 22 pairs of fis@ld ground motion records were
selected to conduct the Tinkeistory Analysis. The median response spectrum of all records was
scaled to match the spedtacceleration of the MCE level spectrum at the fundamental period of
the structure, T (Appendix A. FEMR695). The normalized response spectrum of the 44 ground

motion records is shown Figure4.9.
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Figure4.9. The rormalized response spectrum of 44 ground motion records, median spectrum,
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4.7 Results andDiscussion

4.7.1 Seismic Design Parameter and Performance Quantifications

By extracting the IDA curves and depicting th&'183", and 84 fractiles of the IDA results
presented irFigure 4.10; the necessary parameters to assess collapse criteria were developed.
These curves expressed the dispersion of the response of each archétgpatious ground
motion frequency content in terms of instoreydrift ratio. Figure4.11 shows the 18, median
and 84 percentile of the RM shear walls before and after incorporating a flangeegsexism.

The results indicate that by adding a flange to the archetypes thbitigsy effect of the data set
ground motions are postponed and the structure shows more residual strength relative to the non
flanged models. Consequently, RM Flanged shear walls represent larger ultimate curvature that

delays the collapse of these vgall

The calculation of median collapse intensBy+ has been conducted for each model. Based
on the definition, the minimal intensity at which half of the records were observed to result in
collapse is the median collapse intensgy,. In this studythe value ofSct was defined based on
the material strain limitation described in the previous section. The Maximum Considered
Earthquake NICE) spectral acceleration intensit$h) was also calculated with respect to the
fundamental period of the modelhd ratio between the median collapse intenslty, and the
MCE intensity,Sur, is defined as the collapse margin rat@MR). This value is the principal
parameter to characterize the collapse safety of the structuré4q.

CMR= Xt (44)

T

The value ofy, Sct, andSur for both flanged on neflanged walls are summarizedTable
4.5. As shown, th&€ MR values of the original archetypes are consistent with the values obtained

from NIST GCR 10917-8(2010), confirming that the approach is valid and sufficiently accurate.
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Table 4.5. Summary of collapse results for RM flanged shear wall archetype

Design Configuration

Pushover and IDA Results

Arc?gtype No. of  Gravity SDC St at Sut[T] Scr[T] CMR
Stories  Loads (9) (9)
S11 1 Low Dmax 1.85 15 0.95 0.63
S1kF 1 Low Dmax 2.36 15 3.00 2.00
S12 2 Low Dmax 1.85 15 2.35 1.57
S12F 2 Low Dmax 1.94 15 4.20 2.80
S13 4 Low Dmax 1.85 15 2.50 1.67
S13F 4 Low Dmax 2.04 15 4.75 3.17
S14 8 Low Dmax 1.61 1.2 1.89 1.58
S14F 8 Low Dmax 1.78 1.2 3.75 3.13
S15 12 Low Dmax 1.50 0.89 2.00 2.25
S15F 12 Low Dmax 1.95 0.89 3.20 3.60
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Figure4.10. IDA response curves of each archetype and 16, 15, apdr8dntiles: (a) St1

flanged wall; (b) S12flanged wall; (c) S13flanged wall; (d) S14flanged wall; (e) S15

flanged wall
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4.7.2 Collapse fragility analysis

To obtain the collapse fragility curve, Incremental Dynamic Analysis was performed to
determine the minimum collapse intengifythe structure. This type of analysis consists of several
nonlinear time history analysis with an increasing increment such that the structure will experience
dynamic instability for each record. Once a collapse occurred in the structure, addititysdsana
will be performed to determine the collapse intensity for a specific tolerance. Each structure was
analyzed against 44 ground motion records with at least 48 different intlasdys Therefore,

2112 timehistory analysis as performed for each enetype model. This method was used by
several researchers in recent years (e.g. Ezzeldin et al. 2016; Siyam et al. 2016). The collapse
probability for a specified Intensity Measuidj will be estimated as the number of records
causing collapse at a cairt IM, divided by the total number of records as the intensity of the
ground motion increases. A sample set of data used in the development of the fragility curve is

summarized iMable4.6, following the aforementioned method of calculation.

69



The ATG581 (ATC 2009) recommends the use of cumulative distribution function to
generate fragility functions based on a-logmal probability distribution. The legormal

probaility distribution function is given by Egt.5.
ain(x/q) (4.5)

P(QIM=x) ¥
c b

where P(C|IM = X) is the probability of collapse at a given intensityjs the standard

normal cumulative distribution functio€DF), ¢ is the collapse median intensity, asd is the
standard deviation (dispersion) M. The parameters of fragility fitting functiond.,g and &)
are estimated following the maximum likelihood method (Baker 2015). In this method, the mean
and dispersion of the data are estimated in a way to maximize the likebh@fF function in

thereproduction of the observed data points.

Although the failure criteria for the material was defined to numerically capture the
instability of the structure, some failure modes are not possible to be captured during the analysis.
Therefore, these failure critarare captured after the pgsbcessing of the obtained results. These

criteria are elaborated in the subsequent section.

Table4d6. Sampl e data set used i nraglityeurvelev el op me
M Number of Number of Fraction causing T?rzgzﬁ:}l/cal
analyses  collapses collapse function
0.10 44 0 0.00 0.00
0.48 44 0 0.00 0.00
0.87 44 5 0.11 0.00
1.25 44 7 0.16 0.04
1.63 44 12 0.27 0.14
2.01 44 23 0.52 0.29
2.40 44 28 0.64 0.46
2.78 44 32 0.73 0.60
3.16 44 33 0.75 0.72
3.54 44 36 0.82 0.81
3.93 44 37 0.84 0.87
4.31 44 38 0.86 0.91
4.69 44 42 0.95 0.94
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5.08 44 43 0.98 0.96
5.46 44 44 1.00 0.97

4.7.3 Failure Criteria based on chosen Engineering DemanBarameter

Besides the collapse criteria that focus on the uniaxial materials, there is another type of
failure criterion which is relative to the performance of the whole component or system level. The
latter criteria are known dke Engineering Demand Rameter EDP) based method in which the
collapse occurs when a certain limit€DP (i.e.,inter-storeydrift in this study) is exceeded. Based
on the suggested requirements of FEB8 1 the interstoreydrift is limited to 0.01 times the
storeyheight inthe walls classified as masonry cantilever shear wall structures. Meanwhile, the
maximum allowable drift for the structures to be functional is limited to 0.025 times the height
based on NBCC 2015. Currently, FEMA P58lesignated the maximum irdgtioreydrift ratio to
be 2.5% to evaluate the level of damalgat occurred on the structural components and lateral
load resisting systems, which is consistent with NBCC (2015). Another collapse assessment
approach is described by Vamvatsikos and Cornell (20@02ich uses the Intensity Measure to
define the collapse. In this method, the last point on the IDA curve (i.e., Intensity Measure
corresponding to that point) with a tangent slope equal to 20% of the elastic slope is defined as the
initiation of collapse For the sake of comparison, in the current study damage states were kept
constant based on the performance levels proposed by ASCE @D17), and fragility curves
for different damage stage@vere developed accordingly. Immediate Occupancy (10), Lafet®
(LS), and Collapse Prevention (CP) performance limits were considered for the seismic collapse
assessment. The curfiting procedure to establish fragility curves are presentdtguare4.12,
andFigure4.13 shows the fragility curves of the original archetypes versus the RM Flanged shear

walls.

For all the archetypes shovim Figure4.13, the walls with flanges possess larger collapse

spectral capacityS.r, compared to the planar walls. As is shown, the impact of adding a flange

to the walls are more significant on the walls with larger aspect ratios (i.e., taller walls), whereas
for higher level of drift due to corresponding performance level (i.e., CBrp@nce level) the

walls with the flanges show less probability of collapse against imposed lateral loads. The reason
is that the flanged elements decreased the curvature at the initiation of yielding of the longitudinal
steel bars and increased the ctuvaatheu | t i mat e state, therefore
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In general, the RM flanged walls resulted in the reduction of compression zone depth, which

resulted in increasing the moment arm and ultimately led to higher wallsgossn moment

cgpacity.
4.7.4 Collapse performance evaluation

In order to evaluate the performance, the estim@td® value needs to be amended to take
the effect of ground motions frequency contents into account gpectral shape effect). This
amendment is possible via thpplication ofthe Spectral Shape Factor (SSF) presented in Table
7-1 provided by FEMAP695 (2009). This factor was used to adjust theeptenatedCMR to
obtain theAdjusted CMRi.e., ACMRVvalue).

ACMRyvalue is the function of the model fundamentalquk(T1) and/} parameter obtained

from the nonlinear static analysis. ConsequentlyAtidRvalues along with their corresponding

SSFare calculated and summarizedaible4.7 for each of the archetypes. A comparison is needed

bet ween the acceptable ACMR values and the <ca
credibility in fulfilling the requirement of thenethodology. The estimation of the acceptable

ACMR values is possible throudhe evaluation of the total system uncertainiyof), which is

presented in (Eq}.6). Thebroris a value that combines different uncertainty sources related to
recordto-recad (brTR), design requirementbdg), test datafgro), and nonlineamodelling(bwvoL).

bror :\/ B + 8 10 fd (4.6)

The \alue ofbrtrwWas considered to be equal to 0.4 and kept constant for the selected ground

motions for all of the archetypes, finding that perimsed ductility/} , is greater or equal to 3.

In this paper, the design procedures of the RM flaryetietypes followed the recent
provisions provided by MJSC 2013. Moreover, RM Flanged walls have been utilized as the
primary lateral force resisting systems in various-ftse to highrise buildings (ElDakhakhni
and Ashour2017). Therefore, according the FEMAP695 (2009) criteria, the current RM
Flanged design provisions are categorized as B (good) with the uncertainty level.ef thzkE
0.2).
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The data available in the literature regarding RM Flanged walls is relatively low compared
to other RM rectangular walls. Moreover, the available test data are mostly focused on component
behaviourrather than the globdlehaviourof the structure. Henc&R M F|l anged wal | s o

assessed as B (good) with uncertainty corresponding to testfagjap{ 0.2.

The developed nonlinear numerical model is determined to be B (good) with the uncertainty
level for the nonlinear modebypL) equals to 0.2. Téjustification of this choice is because the
developed model is capable of capturing the principal factors that might collaborate into the
collapse of RM Flanged wallsi.€., flexural/shear failure, sliding shear failure, and rebar

buckling/rupture besideconcrete crushing/cracking).

Substituting the values to E446, brotis equal to 0.525. Based on a table provided in FEMA
P695 (2009), the allowablaCMR for 20% collapse possibility of th®ICE ground motions
records (i.e. ACMR20% is 1.56. ACMR20%s chosen since the probability of collapse SCE

level should be 20% or less for each archetype of the performance group of the interest.

The comparison of thACMRvalues with the acceptable values for each archetype model
of both systems (Flanged and mNBlanged) is summarized ifable4.7. The first performance
group of RM walls without flanges could not satisfy the required provisions proposed by the
methodology.On the contrary, the selected RM Flanged watlsuld meetthe minimum
requirement demanded by FEM2695 methodology acquirireghigher collapse margin, despite
that, these flanged walls were designed to withstand the same seismic loads as the walls without
the flanges. The results show that the selected RM flanged wall system performed safely against
the lateral loads by showiralower probability of collapse due to the developmena bfgher
level of reserved ovestrength provided by the flanged segmétrdan be proved that the lexse
archetypes (1 & Storeyarchetypes) are more prone to collapse without incorporation of the
flanged crossection. Although, the response modification factor correlated taismmvalls is
large enough to suffice the fh@rmance requirement objective of the guidelines. Meanwhile, the
rest of the models (4, 8, and 12 stories archetygasjulfill the requirement of the methodology
while an adjustment is needed tdator for using flanged crossection in those archetypes based
on the results (i.e.,factor can be increased since it satisfied the ACMR requirements).
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Table4.7. Summary of collapse performance evaluation of RM flanged shear wall archetype

Computed ovestrength and collapse

Design Configuration margin parameters

Acceptance check

Archetype ID . End A ble Pass/

(0] i . Ccepta e ass

Stories Conflguratlo q CMR  ¢er SSF ACMR ACMR Eail

Without )

s11 1 Flange 185 063 522 126 080 1.56 Fail

S1LF 1 WithFlange 2.36 2.00 7.57 133 2.66 1.56 Pass

S12 2 Without -, g0 157 g15 1.33 2.08 156 Pass
Flange

S12F 2 WithFlange 1.94 2.80 10.12 133 3.72 1.56 Pass

S13 4 Without ) g0 167 1130 1.33 2.22 156 Pass
Flange

S13F 4  WithFlange 2.04 3.17 1611 133 421 1.56 Pass

Mean of Without 1.85 1.7 1.96 Fail
Performance Flange

Group With Flange 2.11 3.53 1.96 Pass

S14 8 Without 4 61 158 1385 1.40 221 156 Pass
Flange

S14F 8  WithFlange 1.78 3.13 2447 140 4.38 1.56 Pass
Without

s15 12 Flange 150 225 4212 147 330 1.56 Pass

S15F 12 WithFlange 1.95 3.60 47.60 1.47 5.29 1.56 Pass

Mean of Without ;) ¢ 2.76 196  Pass
Performance Flange

Group With Flange 1.87 4.84 1.96 Pass
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4.7.5 Inter-storey Drift variation

Inter-storeyDrift variation of each archetype model is presented in the following section.
Inter-storeydrift is an important representative of collapse initiatiorthie performancebased
seismic design of the structures. The variation of the drift ratio is shokigure4.14in terms of
boxplotsfor each of the archetype walls at the design level before and after adding a flange to the
crosssection. In this figure, the solithe shows the upper bound and lower bound of the drifts
due to imposing 44 ground motion records on the RM walls. The beginning of the box indicates
the firstquartile,and the end shows the third quartile while the line in between illustrates the
secondquartile or the median of the observed data. As can be seen in the figure, the lower bond
and upper bond for the maximum inrstoreydrift ratios of the lowrise original archetypes were
approximately 0.3 and 3.0%, respectively, while this value flucsLeltsng 0.1 and 2.5% for mid
to highrise archetypes. The median values of the drift ratios decreased dramatically by adding
flanges to the archetype models. The impact of implementing flasigesre magnificent in mid
to highrise models rather than lexse walls as a result of higher mode contribution. The results
show an average decrease in the maximum driftoatip to 28% relative to the original structure.

A significant decrease in the median irs¢orey drift was observed in comparison with the
original structures for all cases. The justification of this phenomenon would be the capability of
the flanged walls to resist lateral loads due to possessing higher curvature ductility which can alter
the behaviourof the structures to be more ductilethva higher level of energy dissipation.
Therefore,it limits the interstoreydrift ratio of the flanged walls while postponing the stiffness
degradation which leads to less damage to both structural andtrnotural components.
Meanwhile, the interquéile range was found to be smaller in the flanged walls compared to the
original structures, which meamslower amount of maximum drift ratio variation to different
ground motion records and more reliable and predictadtaviourof the components. Howey,

on the highrise modelFigure4.14 |, the interquartile range increased on the lower stories, the
median values are decreased subsequently which provides a dasafeguard against seismic
lateral load damages. On averagiarchetypes have shown more curvature ductility due to the
adoption of the flanges which resulted 1in

minimizing the interstoreydrift ratio and its associated damages.
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4.8 Seismic Resilience

As a brief definition, seismic resilience describes the loss and recovery required to maintain
the functionality of the system with minimum internapt (Cimellaro et al. 2006). The resilience
also takes the impact of the recovery process includingb#i@aviourof individuals and
organizations in the poslisaster phase into account. In order to quantify the seismic resilience of
structures, the alpbat of structure functionality needs to be defined.

Loss and recovery time are estimated with respect to the fragility assessment in order to
calculate the remaining functionality of the structure after an earthquake event. The resilience
function can bedund as the area beneath the functionality curve which is defined analytically as
per Eq4.7.

R=" 7 Q)/ Te o @7
Toe

where the functionalityQ(t), ranges from 0 to 100% meaning total loss and no reduction in
the performance, respectively. Literally, if an earthquake happens afTgkrie could cause
sufficient damage to the structure and reduce its performanceQtefunction Figure4.15b).
Afterward, within a period called recovery peridég, the system will be able to recover itself to
the same functionality level prior to the extreme&nt, which is observed over a control time
period,T.c. There are different methods to estimate the functionality of the structure while in this
study the method proposed by Cimellaro et al. (2010) is utilized to approximate the functionality

over the timegiven in Eq4.8.
Q(t) =1 'L(I ’TRE){ H (t TOE) Hgt (-IB'E TRE)_F}Q fREfL"B ETRQ (4.8)

In this equation| represent the intensity of the earthqudkél, TRE is the loss function,
frec is the recovery function and(t) is the Heaviside step function which is equal to zero for

negative values and returns one when positive.

As mentioned earlier, the loss function is dependent on earthquake intensity and recovery
time. The total losd,, is comprised of structurdls, ard nonstructural losslLns In this study,
only the structural losses are considered to determine the total loss of the archetype and the impact

of the nonstructural element was neglected. The damage evaluations are stated in terms of
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economic cost (i.elJS Dollars) and/or the ratio of cost of repair and reinstalling the structure to
the cost of full replacement of the structu@oburn andSpencer 2002). The evaluation of the
direct economic losses was conducted following Hazus MH2.1 (2016) methodology for a given
damage level. Subsequently, the value of the structural Idssesms determined using E49.

N N (4.9)
L. =aCS,s =BRC 33 POSTR RGCg

in which CSs is the cost of the structural damage due to the given damage Dgel (
POSTRsequals to the probability of exceedance at a certain intensity in the damage Gtase,
shows the structural repair cost ratio associated with the dastetge andBRCis equal to the
total replacement cost which is estimated based on the average cost per square feet of the wall
($/S.H for the selective project, according to market (RS Means, 2017). The par&redser

indicates the number of damage asatonsidered.

Different shapes of recovery functions are available in the literature namely linear,
exponential, and trigonometric. In this study, the exponential method has been considered
assuminga fast response of society to disaster events. Meanwhile, it is assaéide recovery
rate decreases slightly (Tirca et al. 2015). The recovery function is also a function of recovery time

and the time needed for the component replacement of the stryétgrd<.0).
frec(tToe Tre) =€xpd {t T 9 (In200/T,) (4.10)

The Quantificatiorof the seismic resilience of a system is possible through the definition of
robustness, rapidity, redundancy, and resourcefulnadsbutes (Cimellaro et al. 2003).
Robustnes®, i s the capacity of the syst mgaffacted r esi s
by any probable secondary hazard that may occur and is represeRti@d Yy (1-L). Robustness
has an impact on both economic and social aspesides its technical dimension since damage
inside a system wil | adndhasatnegatitieesffect omthe papulation.d s e
Redundancy s defined as the extent to that the sy
function can be satisfied by other system and/or component elements after the seismic event, such
that, the system camnaintain its functionality as it did initially. The latter attribute is wedl to

the social measures which are not the interest of this researchRasdyircefulneds the ability
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to identify the appeared problems after the seismic disaster and mitigating them using the available
resources in order to recover to the full functionality of the system. Finallyaphéity, g, i s
defined as the functionality curve slope during theovecy time, Tre. In this study, only the
components related to the structural components level are addressed and measures defined for the
community level were excluded. The flowchart of the methodology proposed to evaluate the
seismic resilience dhe corventional RM shear wall is shown igure4.15a. The total loss and

time of recovery are calculated based on the damage level, and lastly, the seismic resilience of th
studied models has been conducted following the adopted guideline. The schematic drawing of the

functionality curve and recovery time function is showkigure4.15b.

4.8.1 Recovery time & losses estimation

Losses are estimated due to the damages that occur to the structural components. In this
research study, only the impact of direct economic losses to structural components is taken into
account. To estimate the totakkesl(s) the following parameters need to be defined: (1) damage
probability of structural components relative to a certain damage I®@ETRs, (2)

corresponding repair cost ratRCSs, and (3) the structure replacement cBRC

The damage probdhies, POSTRs, were determined based on the fragility curviesb(e
4.10). The repair cost ratios were taken as per the values suggested by HAZUS MH2.1 (FEMA
2015). It is noted that the repair cost ratios are variables with uncertainty levels and typically are
dependent on other parameters such as region, recourse capability andtabmaterial. The
structural repair cost factor, total replacement costta@atloss estimations are tabulated able
4.8 andTable4.10respectively The recovery time found to be the most challenging parameter to
define since it is a random parameter correlated to many uncertainties associated with the hazard
level, and the quantity of the available resources. HAZUS MH2.1 recommends using roughly a
year assumption as the recovémnge; however, it is not applicable to all cases. In this study, the
estimated recovery time is chosen to be 60 dayalifarchetypes assuming the fact that sufficient
resources are available to meet thigeframe This time could be less for lowse archetype, was
kept constant for the sake of comparison of both systems before and after adding flanges. The
computed resilience attributasidity androbustnespof the original and flanged walls are given
in Table4.9. Models with flanges proved to have a lower value of rapidity (i.e., they can recover

faster). The functionality curves obtained for both Flanged andfldoged archetygs are
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illustrated inFigure4.16. As shown inFigure4.16 the archetypes with flanges show larger value

of seismic resilience and robnsss compared with those without flanges. The stacked area
cumulated between two curves indicates the percentage that the flanges contribute to seismic
resilience and robustness of the selective RM walls. Consequently, theséowarchetypes
achieved lowerobustness relative to midnd highrise building. This result is expected while
assessing the seismic resilience of structures since taller buildings quantitatively possess more
elements that are typically prone to structural andstarctural damagearising from earthquakes
compared to lowise buildings.

Table4.8. Structural repair cost ratios (in % of structure replacement cost)
Structural Damage State

Occupancy Type of

Class component gjight Moderate Extensive
Residential Structural 0.2 1.4 6.8
Commercial Structural 0.2 1.1 5.5

Table4.9. Summary of the results from resilience analysis
ID Tre(days) g (% R(%)

S11 60 0.077 95.40
S11F 60 0.042 97.50
S12 60 0.047 97.20
S12F 60 0.033 98.00
S13 60 0.042 97.50
S13F 60 0.015 99.10
S14 60 0.058 96.50
S14F 60 0.017 99.00
S15 60 0.075 95.50
S15F 60 0.050 97.00
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(b) Functionality curve and recovery time function
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Table4.10. Estimated losses of archpgystructural component

POSTR (From fragility Curve
Archetype Replacement Cos  Structural LOS.S ( 0 gty )
Function Yo
ID (BRC) Losses (k) (%)
Slight Moderate Extensive
S11 $4,423.20 $131.37 3.0 80 55 30
S1kF $4,843.40 $45.62 0.9 33 14 10
S12 $11,795.20 $332.62 2.8 100 90 20
S12F $13,004.21 $283.49 2.2 60 50 20
S13 $23,590.40 $541.64 2.3 85 45 22
S13F $28,426.43 $184.77 0.7 78 11 5
S14 $47,180.80 $1,623.96 34 76 65 35
S14F $58,976.00 $382.16 0.6 50 10 6
S15 $70,771.20 $3,381.45 4.8 97 70 53
S15F $88,464.00 $2,949.39 3.3 94 45 37
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Figure4.16. Comparison of Functionality curves of the archetypes with and without flanged

crosssection (a) Archetype S11; (Bychetype S12; (c) Archetype S13; (d) Archetype S14; (e)
Archetype S15
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4.9 Conclusions

In this study, the collapse risk assessment of RM flanged walls was conducted under the
maximum credible earthquake using the same seismic performance factor adopted to the
rectangular RM shear walls systems. Thedellingapproach was initially developed by other
researchers for reinforced concrete structures, however, modifications were applied in the current
study to consider the impact of shear flexibility and leaningiroal analogy on the seismic
behaviourof the RM flanged shear walls. In this regard, 5 archetypes of reinforced masonry shear
walls, initially proposed by NIST GCR 191 7-8 (2010), were redesigned adopting flanged eross
section. The proposed archetypes wevaluated using FEMA695 methodology utilizinghe
macremodellingapproach developed @penSeesThe methodology consists of the development
of theanalytical model, selection and scaling of the ground motion records, conducting Nonlinear
Pushover Analysis and Incremental Dynamic Analysis, generating the IDA and Fragility curves to
describe the collapse probability of the structural system. The evaluation of Seismic resilience of
the RM Shear wall structures before and after utilizing reged elements has been conducted
in order to estimate total loss and recovery time due to seismic events. The concluded remarks are

summarized as follows:

AThe proposednodelling approach proved to be capable of simulatingti@kaviourof
reinforced maonry shear walls (with and without flanges) under cyclic loading. The maximum
difference for the prediction of lateral load capacity and lateral stiffness using the appasdch w
and 8%, respectively. Moreover, the numerical model performed well incpregihe unloading

stiffness of a simulated wall with a maximum divergence of 11%;

AThe pushover analysis result shows that by adding flanges to the RM shear walls, the
capability of the walls to dissipate more energy caused by lateral loading canréeséac
significantly. The walls with the flanges proved to be more ductile and pashéagser level of
lateral load resistance against applied forces relative to the rectangular walls. The overstrength
factor of each archetype shows that by incorporafemgges to the crossection, the ultimate
curvature was increased and lead to increasing the displacement ductility. The results asvealed

up to 70% increase in the displacement ductility. Utilizing the RM flanged walls has reduced
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compression zone @gé, ended in increasing the moment arm and ultimately higher wall cross

section moment capacity;

AThe study by NIST GCR (2010) proved that the RM shear walls with rectangular cross
sectional area using design factosfaetor, of 5 did not fulfill the ageptable provisions proposed
by methodology (i.e., the lowise archetypes had a collapse margin ratio less than doleepta
limits of the methodology). Based on the previous studies the response modification facter of low
rise rectangular walls can be regd. Conversely, the results of this study suggest that adding
flanges to walls enhances thelow se wal |l s to ful fill/l t he meth
greater levels of ductility, however, more numerical models with different configurations should
be developed foa thorough application of FEMA P695 methodology. More importantly, the
results indicate that the selected walls with
requirements while the response modification factor of suctswah be increased when flanges

were used;

Alncorporating flanges into the RM shear wall structure had a significant influertbe on
inter-storeydrift ratio of the system. The results indicate that flanged walls performed well in
reducing interstorey drifts of mid and higkrise archetypes up to 28% enhanced system
performance. Moreover, the fluctuation of drift ratios was lower than the corresponding values in

the original structures;

ARM flanged shear walls haislight impact on the seismic resilienand functionality of
the models compared to the original archetypes. From the fragility analysis, it is concluded that
RM flanged walls experience less damage and are more rapid to be functional after an earthquake
event. In addition, losses calculated fhe midrise archetypes are relatively larger than the-low
rise models. The average seismic resilience of the flanged walls was 98.12% which is around 2%
higher than the neflanged walls. It can be concluded that from the structural point of view the
impact of using flanges in seismic resilience of the structural elensantaor compared to the
cost of fabricating the flanges. However, this research study only discussed the structural aspect
of seismic resilience and direct economic losses due ti@tallcomponents and did not address
non-structural losses associated with the drift and acceleration level of the structures. The authors
suggest additional experimental and/or numerical studies on flanged end configurations of RM

shear walls.
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A S mitagonslini studying seismic resilience of structures can be pointed out such as
the regionspecific estimation of repair cost ratios, lack of more complex loss and recovery
estimation functions to include the fatalities and business interruption tlust fuether studies to
lead to a more comprehensive and inclusive understanding of economic and social impacts of
resiliencebased engineering.
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Chapter 5
SystemLevel Seismic Resilience Assessment of Reinforced
Masonry Shear Wall Buildings with Masonry Boundary

Elements

5.1 Abstract

The concept of seismic resilience plays an important role in seismic assessment of structures
as it assesses the capability of a system to withstand an unwanted event, such as earthquakes, by
estimating the losses and determitinpe sy st emdés functionality and
such event. In this study, a framework was utilized to assess the seismic resilience of Reinforced
Masonry Shear Wall (RMSW) buildings as well as studying the impact of incorporating Masonry
Boundary Elements (MBESs) at the ends of RMSW. To achieve this goal;séoteg RMSW
building was numerically modelled @penSeet assess the seismic performance and resilience
of the system when adding confined MBEs. The selected building is locdtemhtreal, Canada,
and initially designed to be built having rectangular walls. Subsequently, the walls were redesigned
to integrate MBEs at their outermost fibre to help increase the ductility and strength of the
RMSWs. A full 3D widecolumn macremodelling approach was used to simulate the dynamic
response of the archetype building. Validation of the modelling approach was done against
available experimental tests as an initial step to ensure the robustness of the model in predicting
the inelastic resporsof the building. Subsequently, the models were analyzed against multiple
ground motion records using Incremental Dynamic Analysis to identify the initiation of collapse
alongside developing the fragility curves of the building. The sy#teel seismic prformance
of the building was assessed after incorporating MBEs. The resilience of the building was assessed
using the developed fragility functions, and a comparison was made to highlight the effect of using
MBEs on the response of the studied RMSW buogd The results showed a significant
enhancement in the seismic resilience of the

extreme.
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5.2 Introduction

Concrete masonry blocks were commercially available by the end of the nineteenth century
to make the feasibility of the concrebbock masonry structural walls possible. During the past
few decades, there $lbeen manyesearcladdressing the seismic response of Reinforced Masonry
Shear Wall (RMSW) constructed with concrelecks masonry. Howevemost of these studies
addressed rectangular shear wall systems, and very rarely, they investigated walls incorporating
flanges or masonry boundary elements (MB@&d)madi et al. 2015, Shedid and-Bakhakhni
2010. These RMSWs can be utilized as fullypartially grouted, endonfined, or norconfined
walls depending on the seismic hazard zone, providing the designers with the versatility needed to
integrate a competent Seismic Force Resisting System (SFRS) for mid amcsdighildings. It
is worth roting that, analytical and numerical modelling are more recently considered and used by
many researchers since they are less expensive and more effective in modelling different aspects
of structures, hence overcoming many drawbacks caused by experinestgatuch as high
expenses, scaling method, dfdasiri and Liu 2017, Siyam et al. 2016, Cancelliere et al. 2010,
Magenes 1997 Numerical modelling proved to be capable of capturing experimental outcomes
with a high level of accuracy while providing mocentrol over the failure modes, loading
protocols, and collapse assessment of the respective strigtavadis et al. 201Ezzeldin et al.
2016) However, the literature shows a lack of relatively simplified macodels that can predict
the inelastidoehaviour of the RM Shear walls. As will be discussed later, these 1mactels are
essential, not only to facilitate evaluating the overall response of the system, but also to help better
understanding the systembs p e rséigmic nparformancei n  ac
standards and assessment approaches ASGE 4117 (ASCE 2014), FEMA 95 (FEMA
2009), and FEMA 58 (FEMA 2012)

The proposed capacity design methodology introduced by Park and PEQI&)y which
emphasizes that any sudden sgtbnloss and noductile failure modes (i.e., shear and brittle
failure) need to be avoided, has presented appropriate detailing of structural components to ensure
a stable and predictable behaviour of the whole system during a seismic event. Reinforced
Masonry (RM) shear walls that are designed based on the capacity design methodology would
have satisfactory ductility leveln a seismic event and be able to sustain large reversible cycles

of inelastic deformations without significant degradation in stfenthis level of ductility can be
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achieved by integrating a confined zone at the ends of rectangular RM shear walls, which results

in achieving a higher level of displacement and curvature ductility and enhances the overall
performance of the componentrohg the seismic events compared to that of RM rectangular walls
(Banting and EDakhakhni, 2012, 2014; Ezzeldin et al., 2017; Ezzeldin et al., 2016; Shedid et al.,
2010b) Priestley and Eldg1982)tested three scaled slender RMSW with an aspect rafidbof

The test by Priestley and Eld@r982)studied the impact of axial stress and confinement plate at

the mortar bed joints. High levels of strength and stiffness degradation were reported as a result of
increasing the axi alwasdgnifeanty.enhdnbed bywsing lthe éteeld u c t
confinement plates. Shedid et @009, 2010jested seven hatfcale RMSW under fully reversed
guaststatic cyclic loading. These walls were designed to experience ductile flexural failure and
possessed de#fent end configurations (i.e., Rectangular, Flanged, andarfthed MBE). All

walls had an aspect ratio greater than 1.5 and were detailed and designed to ensure sufficient
diagonal and sliding shear capacity. The effect of changing the amount aiditigstrof vertical
reinforcement and the level of axial load on the RMSW lateral strength and ductility was evaluated,
and it was concluded that the wallsdo | ateral
reinforcement ratio and the level of thaa stress. It was also concluded that the addition of end
confinement zones increased the ductility capacity by 106% relative to the rectangular wall with
similar lateral resistance. Moreover, their tested@mfined shear wall had a larger drift capac

of almost twice corresponding to the 20% strength degradation in comparison to the rectangular
counterpart shear wall. A saving of 40% in the longitudinal reinforcement was also reported by

t he authors after wusi ng MiBgasdEDbakhakimi@Oldtadted 6 s e x |
five halfscale RMSWs having confined scheme under reversed-spadisi cyclic loading. The
specimens covered a vast range of shear walls in terms of aspect ratio, height level, and

reinforcement ratios.

The results infered that using MBEs improved the pgstak performance of the wall and
postponed the shear failure of such walls almost in all cases. Also, it helped with delaying buckling
of the longitudinal reinforcement and grout core crushing. Hence, preventinglteéram losing
their lateral resistance abruptly because of face shell spalling of the compressive side. Overall, the
performance of the walls was wathproved by showing higher curvature levels in the presence
of MBEs. Siyam et al(2016)studied the allapse probability of a Ductile Reinforced Concrete
Block Wall office building having rectangular and flanged walls using the FEM28 P
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methodology through fragility curves. An analytical 2D model was developed and calibrated
against the experimental dat&ubsequently, an incremental dynamic analysis (IDA) was
performed to determine the collapse initiation of the RMSW building under a suite of ground

motions.

Most of the available numerical studies focused on simulating the nonlinear response of the
individual shear wall component rather than the complete building system. Nonetheless, other
parameters can be assessed through syisteghstudies such as the eftplane response of the
walls as well as the impact of torsional forces due to the irregatamf the structure. An
experimental study by Ashour and-Baékhakhni(2015) highlighted the importance of slab
flexural coupling at the systetavel response of RM buildings. The study included the variation
of the lateral load capacity, stiffness of gtiricture and stiffness degradation trend, and additional
forces caused by torsional moments. Moreover, most of the rectangular RMSW without masonry
boundary elements are reinforced with a single layer, which increases the chances of causing pre
damage whn subjected to otdf-plane lateral forces, deteriorating thepilane seismic response
of the whole structure. Thus, it is crucial to assess and quantify the performance of entire RM
buildings using full 3D macro models that can captusplame andhe out-of-plane response of

the whole structure in order to perform a systewel seismic resilience assessment.

In this study, a framework was utilized to assess the seismic response of the RMSW building
focusing on the impact of incorporating MBEs. A f@8D 10storey RMSW building was
numerically modelled iODpenSeefo assess the nonlinear performance and the influence of the
MBEs on the overall response of the building at the sy$teal. The building is located in
Montreal and was initially designed accordance with the provision of the National Building
Code of Canada (NBCC 2015) and CSA S3@4using ductile RM rectangular shear wall as its
SFRS. Afterward, the design was modified using identical seismic design parametd&sdnd.,

Ro) while this time, the shear walls were designed to have the same initial stiffness with confined
MBEs. An analytical macrmnodelling approach, elaborated in Hosseinzadeh and (Z&alh9)

was chosen and updated to simulate the seismic response of RMI8Wgbim the current study,

two perpendicular shear springs were considered to simulgdane and oubf-plane shear
deformation of the RM walls at the systéevel. To ensure the robustness of the results, the

developed model was validated versusailieome of experimental test results of a-tmed scale
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asymmetrical twestoreyRMSW building built and tested by Heerema et(2015) The above
mentioned modelling method was used to perform Incremental Dynamic Analysis (IDA) on the
two 3D RMSW buildhg models, i.e., with and without MBEs. A suite of 44ffald and 44 near

field ground motions were selected to cover a vast range of frequency content of different ground
motion records in performing the IDA analysis. Different failure criteria weresidered in
predicting the collapse level of the building to generate seismic fragility curves for the structural
elements of the studied RMSW building models. The istereydrift ratio of the building was
monitored prioito and after adding MBEs as welé the comparison of dispersionstdéreyshear
response forces in the entire building. The seismic resilience of the building was assessed after the
adoption of MBEs to quantify their impact on the losses due to earthquakes. The outcome of such
studies will promote the development of design provisions and the adoption of RMSW with

masonry boundary elements in the next generation of seismic design codes in North America.
5.3 Analysis Methodology and Models' Geometry

In this research study, a fibbased moddlg approach was used to develop a numerical
model in OpenSeesoftware. The present study employed displacetas¢d beartolumn
el ements to predict the inelastic axial and
whereas bilinear shear sprégwere incorporated to take the effect of shear deformation into

account.

The shear wall model discretization, including the nodes and elements configuration and
material distribution, is shown iRigure 5.1. Four displacemertased bearolumn elements
were used pestoreyafter performing sensitivity assessment targeting satisfactory accuracy in
capturing the experimental results. Each element has five Gauss integoants along its length,
and no so#structure interaction was considered in the model assuming a fixed based model at the
wall-foundation intersection. However, the steel reinforcement slippage in théowadlation
intersection was modelled usingzarclength element section and straéi model that was
proposed by Zhao and Sritharé2007) known as strain penetration model. A uniaxial force
deformation relationship was assigned to the longitudinal reinforcement using Bond SP01 material
model ofthe OpenSeesThe number of Masonry and Reinforcement fibres along the width of the

wall was different for each model; however, they were chosen to provide fine discretization in the
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crosssection while being adaptive to provide sufficient accuracy inethdgts. A minimum of 400

fibres was utilized to ensure the result prediction accuracy and analysis time efficiency of the
model. The effect of confinement of the grout core was modelled by increasing the compressive
strength and ultimate strain of masoffityres of the confined zone using the proposed approach
by Mander et al(1988, which is accompanied by an increase in ultimate buckling/rupture strain
of the reinforcement. The shear flexibility of the elements was considered using a bilinear shear
spring, as shown iRigure5.1. Zerolength spring elements were introduced at the nodes between
Elements 1 & 2, and between Elements 8 & model the shear flexibility of the wall segments.

The inplane and oubf-plane shear stiffnesses of the iwalere modelled by incorporating two
horizontal translational degrees of freeddd®O§F) shear links in the zedength spring elements.

The remainingdOFs were coupled to the adjacent node uSdpgnSeesqualDOFconstraints.

A bilinear trend was considetéo model the shear stiffness of the ziemagth links based on the
model proposed by Massone et(@2D06)and lately modified by Gogus and Wallg@©15) The
stressstrain relation utilized in the definition of the shdiak elements is also shown Figure

5.1.
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Figure5.1. Model discretization of RM shear wall system

5.3.1 Material Characteristics and Behaviour

The mateal definition was considered based on the reported test data and the nominal
strength of masonry and steel reinforcement. In this regard, Chang and Méttft)soncrete
model was used to define the constitutive material laws for the masonry fibres (ConcreteQ7 in
OpenSegsThe confined zone of the masonry was modelled using the Mandef1&88)stress

strain behaviour of the masonry. The maximum tensileswéthe masonry was calculated to be

f, =0.623/f, in MPa (Yassin994.

The steel reinforcement was modelled by the GidflegnegettePinto hysteretic model

(Filippou et al.1983, also known as Steel02 @penSeesThe materials capable of capturing
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nonlinear behviour of the steel bars with isotropic strain hardening besides being easy to calibrate.
Perfectly bonded condition was assumed, and default calibration parameters were considered as
recommended bypenSeeslevelopers. The summary of the material propsrtised in the
verification case and modelling the multistory building is present@aloe5.1.

Table5.1. Specificaion of the RM shear wall building used in model verification
Vertical Horizontal

Height Length Aspect

Wall ID* ) Rebar Rebar f.(MPa) f, (MPa) f (MPa)
(mm) (mm) Ratio 1 (%) 10 (%)
W1+
2160 598  3.61 059  0.260.14  18.2 489 498
W2*
W3*
W4*
2160 465  4.64 0.61  0.260.14  18.2 489 498
W6+
W7+
W5* 2160 1533 1.41 055  0.260.14  18.2 489 498
w8+ 2160 1533 1.41 061  0.260.14  18.2 489 498
10-Storey
Building- 3200 3500 0.91 0.55- 0.42 20~ 400 400
0.48 13.9
w1
10-Storey
Building- 3200 6500  0.50 %'g 0.42 1239; 400 400
W2 . .

*Heerema et al. (2015)RM Sheamwalls Without MBESPRM Shear walls With MBES$Confined
Masonry zonesnconfined Masonry zones

5.3.2 Verification of the Model

The verification of the numerical models is vital to evaluatectpability of the modelling
approach in predicting the experimental test results. In this regard;tai@hscale twestorey
asymmetric RMSW Building tested by Heerema an@®&khakhni(2015)was modelled, and the
result of the experimental and numerical analysis was compared. The building was made of 8 RM
Shear walls, including rectangular and flanged walls. The configuration and material properties of

the constituent shear walls are sumnetizn Table 5.1. Figure 5.2 shows the comparison of
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numerical and experimentalys$teresis response of Building Il tested by Heerema and El
Dakhakhni(2015) The summary of the maximum difference of the experimental results versus
the 3D numerical model is givenTrable5.2. The resultsndicatethe capability of the modelling
approach in predicting the most important characteristics of the RM shear wall building cyclic
behaviour at different drift levels, including the peak lateral force, indtidiness, stiffness
degradation due to reinforcement buckling/rupture and masonry cracking/crushing, cyclic and in
cycle deterioration, as well as the effect of strain hardening;pgat behaviour, and hysteretic
pinching effects in the model. Basedtbe result presented rable5.2, it can be concluded that

the developed model could predict the peak lateral force and the initial stiffness by a maximum
difference & 7% and 9% during the whole cycles, respectively. Overall, the comparison between
numerical and experimental results shows that the modelling approach is robust enough to predict
the elastic and inelastic response of the RM Shear Walls. The same asssiapéd in the
verification were used afterward in assessing the collapse risk of tsi@rEyRMSW building

having various end configuration (i.e., walls without and with masonry boundary elements).

Table5.2. Verification results summary

Initial Ultimate
Specimen Results Stiffness  Error (%)  capacity Error (%)
(KN/mm) (kN)
Numerical 30.65 -9 221.75 -7
Building I Experimental
(Hereema 33.41 - 238.01 -

2015)
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Figure5.2. Comparison of experimental (Heerema et al. 2015) and Numerical Hysteresis loops at
different drift levels

5.4 Design and Modelling of The Rectangular and Masonry Boundary
Element RM Shear Wall Buildings

A 10-storeyRMSW building located in Montreal, Canada, with Cl&ssoil subgrade, was
designed based on the NBCC 2015, and the CSA-$30fhe buildinglayout anddesign was
originally done by Albutainy(2016 2018) and has been used in this chapter ariz$equent
chapter as the case studfe floor plan is comprised of two 5.5 m end span and three 6 m interior
bays in each horizontal direction, making a total plan dimension of 29 m. The stpiegheight
is 3.2 m for eaclstorey resulting in a 32 noverall height of the building. The 3D perspective,

plan view, and the location of the shear walls, along the lateral loading direction of the Lsilding
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shown inFigure5.3. The plan is comprised of 8 walls in theNeand 8 walls in the M directions.
The length of the walls is 6.5 meters and 3.5 meters, including the masonry boundary elements for

the long and short walls, respectively. The summary of the RMSWhwldi desi gn and N
details are shown iRigure5.4. The ultimate compressive strength', , of the confined area of

the walls with masonry boundary elements was sbetd0 MPa, whereas the planar unconfined
zones possess the ultimate compressive strength of 13.5 MPa. The yielding strength of steel
reinforcement was also considered to be 400 MPa, which is an average value for the deformed
bars as per as recommendatidriC&A-G30.1809. The building was initially designed having
ductile rectangular shear walls with@rtendconfined zone as the main Seismic Force Resisting
System (SFRS). Subsequently, the design was modified to incorporate MBESs at the extreme ends
of the wall for the same lateral demand using the seismic design parameters proposed for
rectangular walls by NBCC 201b€.,the Ry andR, remained identical as the rectangular walls to
investigate the impact of the integration of MBESs). The design of the RM&WMBEs and
rectangular RMSWs conforms with clauses 16.9.3.2 and 16.9.3.3 of the CSA14£304
respectively. The gravity system is made up of a 200 mm concrete slab supported by 500 mm
square concrete columns. The summary of the main characteristcdaed RM s hear wal |
are presented imable5.1. A massstiffness Rayleigh damping method with a value of 5% was
considered to model the inherent damping of the structure. The first two principal modes of
vibration of the structure were csidered for calculating the Rayleigh damping alongside
excluding the leaning columns and rigid links from possessing any damping. A common approach
of modelling a largescale building is to consider the components that contribute to the lateral
resistancef the system and entail the gravity system using a leaning column analogy to include
the impact of additional secommtder effects (i.e P-gpeffect). In the following structural model,

the lateral resistance of the building is solely provided by the R&éé&rswalls and no lateral
stiffness contribution is expected from the component other than structural elements. However,
the whole building is fully modelled to include the destabilizing effect arising from the geometric
nonlinearity and nonlined?-peffect. A corotational geometric transformation buritsyntax in
OpenSeemund to be proper to transform the basic system to the global coordinate of the structure.
A Rigid Diaphragm constraint was considered in eatdreyto restrain the rotational and

translationaDOFs of every single wall to the center of the mass of the building.
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Figure5.3. The 3D and the plan view of the studied structure
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Figure5.4. Dimensions and reinforcement details of: (a) RM shear walls with masonry boundary
elements; (b) Gravity reinforced concrete column

5.5 Seismic Analysis and Performance Assessment

Incremental Dynamic Analysi$§A) was conducted to identify the initiation of the collapse
to assess the seismic performance of the buildMgsvatsikos, 2002)rhe numerical model was
analyzed against two sets of-fegld and neaffield ground motion database to better assess the
impact of the frequency content of available accelerogréhtisnson 2009) The method of
selection and scaling of the ground motion are elaborated in the subsequent section. The outcome
of this part is used to assess the structural anestrantural losses of the RMSW building due to
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a seismic event. The structural damagesvaee related to the displacement or irgtareydrift
demand of structure, while the netructural damages are comprised of the damages that occurred

in the driftsensitive and accelerati@ensitive components.

5.5.1 Ground Motion Selection and Scaling

The ®lection of the ground motion records is the initial and fundamental step towards
performing Nonlinear Time History Analysis (NLTHA) due to the disruption of results that record
to-record variability and the frequency content of each record could cassepk, yet accurate,
approach to overcome the uncertainties arising from record selection is to choose as many records
as that are available for the specific seismic hazard zone. Nonetheless, there are not many strong
motion data sets available in east€tanada. On the other hand, ASCE/SHABCE 2016)
requires a ground motion suite of at least 11 ground motions per each target design spectrum that
have a close tectonic regime, consistent magnitude, and similar spectral profile to the design
spectrum ofthe location of interest. Hence, two sets of 44figld and neaffield spectrum
compatible ground motions (i.e., 88 ground motions in total) were selected from the simulated
accelerograms originally developed by Atking@009) It is worth noting thatréficial records
often do not take the eff éMichaudand Légerc201dnhishd di r e
may have some effect on the wave propagation, and hence, wave energy cannot be precisely
considered. In other words, not only the distandhé fault is critical but also the direction of the
propagation influences the amplitude of the artificial records. Therefore, it is recommended to use
more records to reduce these unwanted record uncertainties. The differentiation of the records was
defined based on ground motions magnitudes, M, between 6.75 and 7. it 10 to 90 km
for the far filed records and M, between 5.5 and 6.5 with the distance td=Raulof O to 15 km
for near field records, respectively. The details and cheniatits of the selected ground motion
records along with their Peak Ground Acceleration (PGA) and maximum velocity to acceleration

ratio (v/a) are summarized Trable5.3 andTable5.4 andFigure5.5 depicted their time history.
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Figure5.5. Time history of the farand neaifield records
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Table5.3. Characteristics of the unscaled simulated ground motions dataset

Farfield ground motions

Event M (ngi‘;'; P(;A via Event M (ka?;'; P(S)A via
east6c2.1 6 20.8 0.277 0.0458 east7c2.1 7 41.6 0.229 0.0647
east6c2.2 6 20.8 0.268 0.0266 east7c2.2 7 41.6 0.203 0.0567
east6c2.3 6 20.8 0.295 0.0397 east7c2.3 7 41.6 0.229 0.0602
east6c2.4 6 215 0.311 0.0298 east7c2.4 7 50.3 0.151 0.0504
east6c2.5 6 215 0.279 0.0295 east7c2.5 7 503 0.148 0.0759
east6c2.6 6 21.5 0.192 0.0555 east7c2.6 7 50.3 0.122 0.0789
east6c2.7 6 16.9 0.267 0.0387 east7c2.7 7 452 0.204 0.0522
east6c2.8 6 16.9 0.315 0.0404 east7c2.8 7 452 0.184 0.0539
east6c2.9 6 16.9 0.287 0.0480 east7c29 7 452 0.180 0.0730
east6c2.10 6 211 0.232 0.0430 east7c2.10 7 50.3 0.125 0.0949
east6c2.11 6 21.1 0.296 0.0361 east7c2.11 7 50.3 0.127 0.0610
east6c2.12 6 211 0.218 0.0336 east7c2.12 7 50.3 0.122 0.0643
east6c2.13 6 21.6 0.267 0.0412 east7c2.13 7 50.3 0.153 0.0515
east6c2.14 6 21.6 0.272 0.0292 east7c2.14 7 50.3 0.163 0.0859
east6c2.15 6 21.6 0.239 0.0570 east7c2.15 7 50.3 0.126 0.0940
east6c2.16 6 211 0.196 0.0400 east7c2.16 7 62.6 0.089 0.0810
east6c2.17 6 21.1 0.321 0.0272 east7c2.17 7 62.6 0.104 0.0675
east6c2.18 6 211 0.209 0.0292 east7c2.18 7 62.6 0.094 0.0635
east6c2.19 6 26.3 0.170 0.0387 east7c2.19 7 51.9 0.137 0.0566
east6c2.20 6 26.3 0.192 0.0308 east7c2.20 7 51.9 0.117 0.0705
east6c2.21 6 26.3 0.147 0.0333 east7c2.21 7 519 0.101 0.0776
east6c2.22 6 26.1 0.184 0.0320 east7c2.22 7 69.9 0.090 0.1087
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Table5.4. Characteristics of the unscaled simulated ground motions dataset

Nearfield ground motions

Event M (ngﬁﬁ'; P(;A via Event M (ka?r“l'; P(S)A via
east6cl.1 6 12.8 0.756 0.0467 east7cl.l 7 13.8 0.727 0.0525
east6cl.2 6 12.8 0.768 0.0406 east7cl.2 7 13.8 0.598 0.0856
east6cl.3 6 12.8 0.717 0.0253 east7cl.3 7 13.8 0.770 0.0437
east6cl.4 6 125 0.646 0.0455 -east7cl4 7 153 0.806 0.0570
east6cl.5 6 125 0.597 0.0398 east7cl5 7 153 1.162 0.0562
eastécl.6 6 125 0.661 0.0337 east7cl.6 7 153 0.871 0.0384
east6cl.7 6 12.8 0.523 0.0573 east7cl.7 7 142 0.922 0.0738
east6cl.8 6 12.8 0.565 0.0355 east7c1.8 7 142 0.764 0.0534
east6cl.9 6 128 0.411 0.0359 -east7cl.9 7 142 1.085 0.0642
east6c1.10 6 12.8 0.431 0.0363 east7c1.10 7 149 0.971 0.0551
easté6cl.11 6 12.8 0.405 0.0447 east7cl.11 7 149 0.971 0.0385
east6cl.12 6 12.8 0.533 0.0314 east7cl.12 7 149 0.844 0.0828
east6c1.13 6 10.7 0.558 0.0346 east7c1l.13 7 14.8 1.018 0.0533
east6cl.14 6 10.7 0.614 0.0303 east7cl.14 7 14.8 0.934 0.0548
east6cl.15 6 10.7 0.920 0.0281 east7cl.15 7 14.8 0.967 0.0583
east6cl.16 6 13.6 0.644 0.0470 east7cl.16 7 20.6 0.584 0.0635
east6cl.17 6 13.6 0.481 0.0333 east7cl.l7 7 206 0.586 0.0391
east6c1.18 6 13.6 0.657 0.0460 east7c1l.18 7 20.6 0.485 0.0685
east6c1.19 6 144 0.532 0.0382 east7cl.19 7 20.1 0.653 0.0634
east6cl1.20 6 144 0.461 0.0642 east7c1l.20 7 20.1 0.476 0.0480
east6cl.21 6 144 0.524 0.0361 east7cl.21 7 20.1 0.590 0.0616
east6cl.22 6 14.4 0.603 0.0314 east7cl.22 7 143 0.903 0.0551
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NBCC 201%does not clearly state the provisions related to the scaling of the ground motions.
However, it is indicated that the records need to be scaled such that the response spectrum of the
records matches the Uniform Hazard Spectrum (UHS) at the fundamental pktine structure.

The excitation level considered for the scaling was the design level UHS of Montreal with the
probability of exceedance of 2% per 50 years corresponding to the Maximum Credible Earthquake
(MCE) level. Furthermore, ASCE/SEI(ASCE 2016 recommends that ground motions can be
scaled either by their amplitude or can be spectrally matched to the MCE level UHS with a period
range limitation. ASCE/SEI TASCE 2016)states that the median response spectrum of the
records should match the respective response spectra having an upper bound range of period equal
or greater than two times the largest fundamental period in each horizontal direction of the
building, T1, notless than 1.5 times of thie; and lower bound range of period that includes at
least 90% of mass participation in each principal horizontal direction of motion. As per as spectral
matching method, each pair of ground motions need to be scaled in aawtyethverage of the
maximumdirection spectra for the ground motion suite equals or exceeds 110% of the target
spectrum over the aboveentioned period range. Respecting the ASCE/SH {(ASCE 2016)
standard method, all ground motion records were s¢alée equal or exceed the target design
spectrum over the period interval of 1120 2.0T1, whereT: is the firstmode period of vibration
calculated based on the modal analysis performe@panSeesnodel. Figure 5.6 shows the
response spectrum of the originaléardnearfield records before and after scaling together with

the median of the original and scaled records and target design spectrum of Montreal fgopposed
NBCC 2015.
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Figure5.6. Response spectra of 44-faeld and neaffield records for Montreal

5.5.2 Analytical Failure Benchmarks

Since some of the failure modes cannot be directly modelled in numerical dmw oty
can be captured through the ppsbcessing of the developed results. Generally, these failure
modes are divided into materahased and performantased failure criteria and are summarized

as follows:

1 Steel Reinforcement Buckling/Fracture: TMenMax material was incorporated in
order to refrain the strain capacity of the steel reinforcement; however, failure of a single
row of reinforcement found to be inadequate in the indication of collapse. Therefore,
the fracture and/or buckling of steel rebamrgvmonitored approximately from 25%
offset of each side of the walls to indicate the collapse initiation. These criteria are

common in literature and are recommended by various studied\NKd.2010, Gogus
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