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ABSTRACT

Low-aspectratio reinforced concrete (RC) shear walls, characterized by kHeight
length ratios of less than two, have been widely used as a seismicdsistng
system (SFRS) in a wide array of structures, ranging from conventional buildings
to criticd infragructure systemsuch as nucledacilities. Despite their extensive
applications, recent research has brought to light the inadequate understanding of
their seismic performance, primarily attributed to the intricate nonlinear flexure
shear interaon behaviour unique to these walls. In this respect, the current
research dissertation aims to bridge this knowledge gap by conducting a
comprehensive evaluation to quantify the seismic performance eddpectratio

RC shear walls when used in differapplications.

Chapter 2 focuses on lemspectratio RC shear walls that are employed in
residential and industrial structures. Considering their significance, the seismic
response modification factors of such walls, as defined in various standards, are
thoroughly examiad and evaluated utilizing the FEMA P695 methodology. The
analysis revealed potential deficiencies in the current-baded recommendations
for response modification factors. Consequently, a novel set of response
modification factors, capable of mitigagjrihe seismic risk of collapse under the
maximum considered earthquake, is proposed. Such proposed values can be
integrated into the forthcoming revisions of relevant building codes and design

standards.

While the FEMA P695 methodology offers a comprehensive approach to
assessing building seismic performance factors, its practical implementation is
associated with many challenges fpracticing engineersSpecifically, the
methodology heavily relies on resouiogensive and time&onsuming incremental
dynamic analyses, making it less feasible for routine engineering practices. To
enhance itspracticality a datadriven framework is developed in Chapter 3,
circumventing the need fauchdemanding analyse3his framework provides



genetic programmingpased expressions capable of producing accurate predictions
of the median collapse intensitfes key metric in the acceptance criteria of the
FEMA P695 methodology, for different structural systems. To demonstrate its use,
the developeframework isoperationalizedo low-aspectratio RC shear walls and

the predictive expression is evaluated considering several statistical and structural
parameters, which showed its adequacy in predicting the median collapse
intensities of such walls. Riermore, the adaptability of this framework is
showcased, highlighting its applicability across various SFRSs.

Chapters 4 and 5 tackle the scarcity of experimental assessments pertaining
to the seismic performance l@w-aspectratio RC walls in nuclear facilities. The
seismic hybrid simulation testing technique is emplohedeinto merge the
simplicity of numerical simulations with the efficiency of experimental tests.
Hybrid simulation can overcome obstacles related to physical specimen sizes,
limited actuator capacities, and space constraints in most laboratories. In these two
chapters, the experimental progreeives into evaluating the seismic performance
of three twestorey lowaspectratio nuclear RC walls under different earthquake
levels, including operational, design, and beydedignlevel scenarios. Diverse
design configurations, including the use dafreased thickness boundary elements
and different materials (i.e., normablnd highstrength reinforcement), are
considered in such walls to provide a comprehensive understanding of several
structural parameters and economic metKes structural paramets such aghe
force-displacement responsesnulti-storey effects, lateral and rotational
stiffnes®s ductility capacies displacement components, rebar straic®ck
patterns and damage sequeneeeall investigatedo provide direct comparisen
between the walls in terms of their seismic performangeditionally, economic
metrics including the total rebar weightspverall construction costs and the
expected seismic repair cgstre consideredin orderto evaluatethe seismic
performance of the wallsonsideriig an economic perspectivehe findings of this

experimental investigation are expected to inform future nuclear design standards



by enhancing the resilience and safetyheir structures incorporating loaspect

ratio RC shear walls.
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Chapter 1

INTRODUCTION

1.1. BACKGROUND

Low-aspectratio reinforced concrete (RC) shear walsfined herm as walls with
heightto-length ratiosof less thantwo, are widely used in several structural
engineering application$heseRC sheawalls are mainly used as the magismic
forceresisting system (SFRS) across a broad speabfuspplications including
residential buildings, parking structuresindustrial facilities and nuclear
containmenbr safetyrelated structurefAkl and Ezzeldin 2023a; Massone et al.
2009; Terzioglu et al. 2018; Whyte and Stojadinovic 2084ich wallsprovide
significant stiffness and lateral strength to resist seismic ebgrisiting lateral
drifts and deformations during servilmvel earthquake@-intel 1995) They can
alsoachievesufficient ductile (noflinear) deformation capadaisthrough yielding
in case of severe level earthquak&silec and Whittaker 2009; Rama Rao et al.

2016; Massone et al. 2017)

Recent research studid&ogus and Wallace 2015; NIST 201bave
demonstratedhe inadequate quantification of the seismic performance of low
aspectratio RC shear wallsThis inadequacy stems primarily from tbemplex
nonlinear flexureshear interaction behawioexhibited by such walls, coupled with
a broad range dheir potentialgeometrical configurations artsign parameters,

leading to significant discrepancies timeir seismic respons@Akl and Ezzeldin
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2023a; Gogus and Wallace 201Bgspitethis distinctive behavior, most building
codes and design standards do not assmpueseismic performance factors for
low-aspectratio RC sheawalls. For instance, ASCE(ASCE 2016)designates a
response modification factdR, of 6.0 for special RC shear walls, irrespective of
their aspect ratios, whillne NZS1170(Standards New Zealand 20@G)ocatesa
seismic response factor of 3d¥ the same wallsA recent report from the National
Institute of Standards and Technold®ST 2010)indicates that lovaspectratio

RC shear walls designed witheseR values may experience collapse during the

maximum considered earthquake (MCE).

In this regardthe methodology presented in FEM#695(FEMA 2009)
"Qualification of Building Seismic Performance Factqrsffers an approach for
evaluatinga systend performancéy determiningits seismic performance factors
such as the response modification fad®the system overstrength fact¥r, and
the deflection amplification factorCq. This methodology takes into account
uncertainties in ground motionmodelling design, and test data to perform a
probabilistic seismic collapse risk assessment. The acceptance criteria are
established by quantifying the collapse margin ratio, defined as the ratio between

the median collapse spectral intensity and the spectrakitgef the MCE.

The FEMA P695methodology however, depends mainly on incremental
dynamic analyseslA) that require extensive computational resoudcest
typically available fompracticingengineer§Dadkhah et al. 2022; Soleimani et al.

2022) For example, the methodology involves the application of 44 ground motion
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records, where several scale factors are utilized for each record to obtain the median
collapse intensity and ultimately the corresponding adjusted collapse margin ratio
(FEMA 2009) This ratio is subsequently used as an acceptance criterion according
to the methodology. Nonetheless, it is worth mentioning that even when simplified
modelling approaches are used, such analyses typically require a high level of
computational effort, ahtherefore, there is a need for a more practical approach to

implement the FEMA P695 methodology.

Low-aspectratio RC shear walls have a significant presence in critical
infrastructure systems such as containment and saeied nuclear facilities
(Barbachyn et al. 2017; Luna and Whittaker 20I9pically, such walls have large
thicknesses and as few openings as possible to protect nuclear facilitates against
radiation leaks and fire/blast events. These geometrical characteinstiease
substantially the stiffness of such wallkichin turncauses such facilitates to have
very short fundamental periods, thus remarkably increasirig seesmic shear

demandgWhyte 2012hb)

An earthquakeelated nuclear disaster can cause massive devastation to a
country. For instance, the 2011 T@hoku Ear
has proved to be one of the costliest natural disasters of all time, even without
accounting for indiredbsses, primarily due to the failure of the Fukushima Daiichi
nuclear station. As such, nucldacilities are typically mandated to be designed to
remain elastic for desigievel earthquakes. However, the available historical

records of Canadian earthdpaa only date back to 250 years, which means a higher
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level of variability is typically associated when dealing with earthquakes. For that
reason, théehaviourof RC systems used in nuclear facilities should be studied
intensely to avoid any major catastrophes that might arise in the future. To date,
only alimited number of research studies have experimentally assessestiné
performance of lowaspectratio RC walls in nuclear facilities under a wide range

of ground motion levelsSpecifically, there has been a lack of experimental seismic
performanceassessment of such walldendifferent geometricalconfigurations

(e.g., boundary elementsland material properties (e.g.,high-strength
reinforcementare usedThe scarcity of studies is primarily due to the considerable
challenges faced by most laboratories when conducting tests on these walls,
particularly in a multistorey configuration. Challenges include specimen sizes,
actuator capacities, space limitatipasd the difficulty in simulating the substantial
masesof nuclear facilitieWhyte and Stojadinovic 2014pne way to overcome
suchchallengess by usng the hybrid simulation testinggchnique that combines
numerical analyss and experimentahvestigationsto conduct realisticystem

level seismic testing

1.2. MOTIVATION

The main motivation behinthe current researctiissertationis to quantify the
seismic performance of loaspectratio RC shear wallg/hen utilized in different
applications. First, lovaspectratio RC shear walls used in conventional buildings

and industrial structures are considered. The current-loasked response
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modification factors,R, of such walls are evaluated using the FEMA P695
methodology(FEMA 2009) Then, a new set dR factorsis proposed for low
aspectatio RC shear wallsaiming to mitigateheir seismic collapse risks under
the MCE Suchnew seismic response modification factars capable of satisfying
the performance acceptance criteria of the FEMA P695 methodologwrand
subsequentlyecommended for futureditionsof pertinent building codes (e.g.,

ASCE-7) and design standards (e 4CI 318).

A datadriven framework ishendevelopedo minimizethe computational
resourcesneeded to apply the FEMA P695 methodold¥EMA 2009) This
frameworkis expected timmensely enhance the applicability and exposutheof
methodology bypracticing engineers. Through this framework, the need for
incremental dynamic analigsis eliminategwheredatadriven predictiveequations
are used to determine the collapse margin ratio of a SFRS under theTdCE
demonstrate its practical usketframeworks appliedto low-aspectratioRC shear
walls, where genetic programming is utilized determinethe median collapse

intensity of such wall§Akl and Ezzeldin 2023b)

Subsequently, the focus of the current work is shifted towards nuclear
facilities that use lovaspectRC shear walls as their main SFRSs. In this regard,
experimental prograns developed to quantify the seisnperformanceof three
two-storey lowaspectratio nuclear RC wallsvhen different design parameters
including boundary elements and higtnength reinforcement, are usétiese RC

shear walls aréestedhereinusing the hybrid simulation testing techniqueder
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different ground motion levels, ranging from operational to design and beyond

design earthquake levels

1.3. RESEARCH OBJECTIVE S

The main goal of this dissertation is teevaluateand enhance the seismic
performance of lowaspectatio RC shear wallsising numerical models, data
driven approaches arekperimental testingechniquesTo achieve this goathe

following objectives were defined:

1) Proposinga distinctive set ofesponse modification fac®forlow-aspectratio
RC shear wallthat can mitigate the seismic collapse risk under the MCE according

to the FEMA P695 methodology.

2) Developing and operationalizing datadriven framework thatan provide
accuratepredictons forthe median collapse intensitie§ SFRS, includingow-

aspectratio RC walls.

3) Quantifying the seismicperformanceof low-aspectratio RC shearwalls in

multi-storey nucleafacilities whenboundary elements are utilized

4) Assesmg the structural andeconomic benefits of using high-strength
reinforcementwhen designing lovaspectratio RC shear wallsin nuclear

construction practice
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1.4. THESIS ORGANIZATION

This dissertation comprises six chapters

1 Chapter 1 presents the motivation and objectives of the dissertation as well
as background information pertaining to the research program.

1 Chapter 2 containsthe seismic collapse risk assessment of 36-&mpect
ratio RC shear walls, following the FEMA P695 (FEMA 2009)
methodology. These walls are designed using different seismic response
modification factors (i.efrom 2 to §. Subsequently, nonlinear static and
dynamic analyses are performed to determine the collapse seismic risk of
such walls under the MCE.

1 Chapter 3 contains a description dhe proposed datdriven framework
thataims at facilitating the use of the FEMA P695 methodology in practice
The mainstagesf the frameworlare discussed aradpractical example of
its application t®1low-aspectratio RC sheawallsis presentedA genetic
programmingbasedequationis developed and validated to determine the
expected median collapse intensity of such walls

1 Chapter 4 presents thdirst phase of theexperimental program that
guantifies the seismicperformanceof two two-storey low-aspectratio
nuclearRC sheamwalls with and without boundary elements. The study uses
the hybrid simulation testingechnique, where the first stories of the test

walls are represented by physical specimens, while their second stories are
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simulated using numerical modelghe main differences between the test
walls are presenteid terms oftheir forcedisplacement responses, lateral
and rotational stiffnesses, ductility capacities, rebar strains, crack patterns
anddamage sequences.

1 Chapter 5 describes the second phase of the experimental program which
evaluates the seismic performance tefo two-storey low-aspectratio
nuclearRC shearwalls with normal versus higkstrengthreinforcement
The study provides insighitsto the desigreriteriaof thetestwallsand their
construction detailsinstrumentationlayouts and test setugomponents
The test results ardiscussedor the differentappliedearthquake levels,
wherethe mainseismic responsdifferencesbetween the test wallare
highlighted.In addition an economic assessmesnpresentedo quantify
key metrics wherusing normal and highstrengthrebars in lowaspect
ratio RC shear wallsincluding their total rebar weights, overall
construction costandexpectedseismicrepair costs.

1 Chapter 6 presentsthe dissertation summayymajor conclusions and

recommendations for future research.

It should be noted that although each chapter presents a standalone journal
manuscript, Chapters 2, 3, 4 andcéllectively describe a cohesive research
program as outlined in this introdisot chapter of the dissertation. Nonetheless,
for the completeness of the individual standalone manuscripts, some overlap is

unavoidablewvithin such chapters



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

1.5. REFERENCES

ACI. (2013).ACI 34913: Code Requirements for Nuclear Safiegtated
Concrete Structures and Commentakpn ACI StandardFarmington Hills,

MI, USA.

ACI. (2019).ACI 31819: Building Code Requirements for Structural Concrete
Farmington Hills, MI, USA.

Akl , A., and Ezzel di n, M. (2023a). ASei smi
aspecr ati o rei nf or c e dourcabohStraceitale st ruct ur es.
Engineering 149(2), 040222371:17.

Akl , A., and Ez z e-Drivan Rramewark fof Rvalatbbgf . fiDat a
Building Seismic Performance: Application to Reinforced Concrete Shear
Wa | [EBsgin@ering StructuresSubmitted.

ASCE. (2016)ASCE*16: Minimum Design Loads and Associated Criteria for
Buildings and Other StructureAmerican Society of Civil Engineers,

Reston, Virginia, USA.

ASTM. (2019).ASTM E212619: Standard Test Methods for Cyclic ( Reversed )
Load Test for Shear Resistance of Vertical Elements of the Lateral Force
Resisting Systems faNest Conshohocken, PA: ASTM.
https://doi.org/10.1520/C0039 _C00398.

Barbachyn, S. M. , Devine, R. D. , Thrall, A
Of High-Strength Materials on Lateral Strength of Stocky Reinforced
Concr et &CIBtautturas Jownal114(4), 928936.

9



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

Bar da, F. ., Hanson, J. M., and Gene Corl ey,
Ri se Wall s wit h ReioforcediGoncsete Gttueunesint s . 0
Seismic Zones, SB3., American Concrete Institute, Farmington Hills, MI.

Birkeland, P. W., and Birkeland, H. W. (19
Co n st r Jdaurhal af the Ainerican Concrete Institués(3).

Dadkhah, M. , Kamgar, R., and Heidar zadeh,
calculations for incremental dynamic analysis of building structures using
t he discr et e \JoaraabdfEatthquake Engisderq@6(), 0
3317 3342.

Devi ne, R. D. ( 2 0 =bength Hedded Steeh Reinforcemeéne d Hi g h
with High-Strength Concrete for Accelerated Construction of Shear Walls in
Nucl ear Structures. o Ph.D. dissertation,
Engineering and Earth Sciences,Uniutgref Notre Dame.

FEMA. (2009).FEMA P695: Quantification of building seismic performance
factors Washington, D.C., USA.

Fintel, M. (1995) . APerformance of buil din
t he | ast RChlourng|y0(3), 6280.s . 0

GE Hitachi Nuclear Energy Americas LLC. (201B5BWR Design Control
Document

GE Nuclear energy. (1997ABWR design control document

Gogus, A., and Wallace, J. W (2015). nSei

Concrete Walls thr oughloummabAstruetldGed 5 Met hodo

10



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

Engineering 141(10), 117.

Gondia, A., Ezzeldin, M.,andBak hak hni , W. (-Q@de0) . fAMechan
genetic programming expression for shstaength prediction of squat
reinforced concr et e waolrhakofStrictural boundary
Engineering 146(11), 04020223.

Gulec, C. K., and Whittaker, A. S. (200PerformanceBased Assessment and
Design of Squat Reinforced Concrete Shear \Wakport No. MCEERO09-

0010, Multidisciplinary Center for Earthquake Engineering Research,

Buffalo, N.Y.
Gul ec, C. K., and Whittaker, A. S. (2011).
strength of | ow aspect ACI&ttuctwoal r ei nf or ced

Journal 108(6), 777.

Korea electric power corporation, and Korea hydro & nuclear power co Itd.
(2018).APR1400 Design Control Document

Luna, B. N. , and Whittaker  -Crifical S. (2019) .
Rei nforced CAG Structutaleloukva 116(2, 257Y266.

Luong, C. N., Yang, c. , and Ezbasd di n, M. (
drift ratio limit models for segmental peste nsi oned precast <concr
Journal of Bridge Engineerin@8(Ml).

Mansur, M. A., Vinayagam, T., and Tan-K.. (2008) . AShear Transf
Crack in Reinforced Higist r e n g t h JdDrmal af Magetriads.incCivil

Engineering 20(4), 294302.

11



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

Massone, L. M. |, Orakcal , K., and Wall ace,

structural wal | ACIStwctural Journgl E06(5),1646 s hear . 0

655.
Massone, L. M., Sayre, B. iLDeformationd Wal | ac e,
responses of sl ender str ucBngneaing st eel re

Structures 140, 77 88.

NIST. (2010) Evaluation of the FEMA 895 Methodology for Quantification of
Building Seismic Performance FactoiIST GCR 108917-8, Gaithersburg,

MD.

Rama Rao, G. V., Gopalakrishnan, N., Jaya, K. P., Muthumani, K., Reddy, G. R.,
and Parulekar, Y. M. (2016). AStudies on
of medium aspect ratio undtd@maloimonotonic a
Performance of Constructed Facilitie30(1), 1 14.

Solei mani, R., Hamidi, H., and Khosravi, H
O0Substitute Framed model for incremental
speed an dStractuesld(dacunry)6R77.

Standards New Zealand. (200MEZS 1170.5:2004 Structural design actions
Standards New Zealand, Wellington.

Terzioglu, T., Orakcal, K., and Massone, L
behavior of squat rEegineefing tuatuccdOoncr et e wa
147 160.

Tran, T. A., and Wall ace, J-:asp¥éfratio 2015) . nC

12



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

Wh

reinforced c¢onc AClStauctwal Jowngl11a(6),658 wal | s . 0
666.

iversity of California Berkley. (2013).
<https://openfresco.berkeley.edu/>.

l raven, J., Frenay, J., and Pruijssers,
Strength and Load History on The Shear Friction Capacity of Concrete

Me mb e Jownal®f Precast/Prestressed Concrete Instjt31), 66 84.

yte, C. A. (2012a). AHybrid Simulation o
Reinforced Concrete Shear Walls. o Ph.D.

Environmental Engineering, University of California, Berkeley.

Whyte, C. A., and Stojadinovi c, B. (2014) .

on Response of Squat ReiJoufnofced Concrete

Structural Engineering140(8), 17.

Whyte, C. a. (2012b). fAHybrid simulation o

Wo

reinforced c onlbthWarlckeCosfdieace on Eartoduaks . 0

Engineering

ods, J. E. (2018) . AAdvances I n Retrofit
Shear Wa |IDissertation, Déparitnent of Civil and Environmental

Engineering, Ottaw&arleton Institute for Civil and Environmental

Engineering, Ottawa, Ontario, Canada.

13



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

Chapter 2
SEISMIC COLLAPSE RISK ASSESSMENT OFL OW-ASPECT-
RATIO REINFORCED CONCRETE SHEAR WALLS USING THE

FEMA P695M ETHODOLOGY

2.1. ABSTRACT

Several recent research studies have demonstrated that the seismic performance of
low-aspectratio reinforced concrete (RC) shear walls (i.e., defined herein as walls
with heightto-length ratios less than two) has not been yet adequately quantified
to allow for robust risk assessment. This is mainly attributed to the complex
nonlinear flexure/shear interaction behavior of such walls along with their wide
spectrum of possible design parameters, leading to major discrepancies in their
seismic performance. Bpite this unique behavior, most building codes and design
standards do not assign distinctive seismic performance factors for such walls. For
example, the ASCE 7 currently assigns a response modification factor, R, of 6.0 for
special RC shear walls, redgégss of their aspect ratios. Recently, the National
Institute of Standards and Technology (NIST) reported thatalspectratio RC

shear walls, designed with this R value, might collapse under the maximum
considered earthquake (MCE). To address thisitam objective of the current
study is to propose seismic performance factors fordspectratio RC shear walls

when different wall geometrical configurations and design parameters (e.g., aspect
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ratios, axial load levels, and seismic design categories) are adopted. These factors
are evaluated against the acceptance criteria of the FEMA P695 methodology for
Quantification of Building Seismic Performance Factors. In this respect, an
OpenSees numeedtmodel is developed and experimentally validated to simulate
the seismic response of 36 l@aspectratio RC shear wall archetypes. The model

is utilized to perform nonlinear static and dynamic analyses, and collapse fragility
curves are then generated dssess the collapse risk of such wall archetypes
following the FEMA P695 methodology. According to the methodology, the
proposed seismic performance factors are assessed by quantifying the ratio between
the median collapse intensity and the intensityhefMCE. The results show that

R factors of 2.0 and 3.0 for special kaspectratio RC walls with low and high

axial load levels, respectively, can limit the probability of collapse under the MCE

and are subsequently able to meet the FEMA P695 acceptiérda.c

2.2. INTRODUCTION

Low-aspectratio reinforced concrete (RC) shear walls have been commonly used
as the main seismic forgesisting system (SFRS) in different lawge structural
applications, including conventional buildings, parking structures, and industrial
facilities (Massone et al. 2009; Terzioglu et al. 2018). This is becausadpect

ratio RC walls are capable of providing adequate lateral stiffness, resistance and
energy dissipation in the events of serdieeel earthquakes (Fintel 1995). In

addition, such wallscan provide sufficient lateral ductility capacity through

15



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

yielding in case of seveilevel earthquakes (Paulay and Priestley 1992), thus
preventing norductile structural elements from collapse and limiting the overall
building damage (Gulec and Whittaker 2009; Rama Rao et al. 2016; Massone et al.
2017). Additiorally, low-aspectratio RC shear walls are generally characterized
by having heighto-length ratios less than two (Salonikios 2007; Gulec and
Whittaker 2011; Luna and Whittaker 2019), resulting in structures with fairly low
structural fundamental periodand thus, high seismic demands. Such RC walls
also have a complex nonlinear behavior resulting from the axial/fleshear

interactions (Kolozvari et al. 2015b).

Despite such distinctive behavior, most building codes and design standards
do not assign unique seismic performance factors foragpectratio RC shear
walls. For instance, both the ASCE18 (ASCE 2016) and the NZEL70
(Standards New Zealand 2004) igeste seismic response modification factors of
6.0 and 5.0, respectively, for ductile RC shear walls, regardless of their aspect
ratios. The National Institute of Standards and Technology (NIST 2010) reported
that these response factors currently assigoddw-aspectratio RC shear walls
are inadequate in mitigating the seismic collapse risk under the maximum
considered earthquake (MCE). Conversely, the NBCC (NBCC 2015) designates a
ductility force modification factor of 2.0 for lov@spectratio RC walls however,
this value has not been yet evaluated when different wall geometrical
configurations (e.g., aspect ratios) and design parameters (e.g., axial load and shear

stress levels) are considered.

16



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

The FEMA P695 (FEMA 2009), Qualification of Building Seismic
Performance Factors, provides a methodology to assess the system performance
and the corresponding seismic performance factors, including the response
modification factor, R, the system oversgen h f a&,candothe, defl¥ction
amplification factor, @ The methodology considers the uncertainties in ground
motions, modeling, design, and test data to conduct a probabilistic seismic collapse
risk assessment. The acceptance criteria are based on quantifying the collapse
margin ratio, defined as the ratietiveen the median collapse spectral intensity and

the spectral intensity of the MCE.

Several research studies adopted the FEMA P695 (FEMA 2009)
methodology to evaluate the seismic performance factors of different RC systems.
For example, Lee and Kim (2015) evaluated 24 RC staggered wall archetypes to
propose new response modification fastthat are capable of mitigating the risk
of collapse under seismic loading. Gogus and Wallace (2015) also evaluated the
performance of 20 ordinary and 20 special RC shear walls that were all designed
using the current ASCE 7 response modification factoraddition, the current
U.S. seismic provisions for concrete buildings with rigid walls and flexible roof
diaphragms were evaluated by Koliou et al. (2016) using 50 wall archetypes.
Moreover, Lu and Wu (2017) compared the performance otselering kbrid
precast walls to that of conventional RC walls using the FEMA P695 (FEMA 2009)
methodology. Recently, the performance of ordinary and special RC shear walls,

constructed in regions with high seismic hazard uncertainties, was assessed by Aly
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et al . (2020) . To the best of the authorsbd
focused on the assessment of daspectratio RC shear walls using the FEMA

P695 (FEMA 2009) methodology, with exception of the work of Gogus and

Wallace (2015); however, ithis work, 1) a limited number of loaspectratio

walls was included (i.e., only four walls with low axial load levels); and 2) no

response modification factors were provided as suckagpectratio walls did not

satisfy the FEMA P695 acceptance craewhen they were originally designed

using the current ASCE-X6 (ASCE 2016) factors.

The main objective of the current study is to propose seismic response
modification factors for lowaspectratio RC shear walls that are capable of
mitigating the seismic collapse risk under the MCE, following the FEMA P695
methodology (FEMA 2009). In thisegard, a numerical OpenSees model is
developed to simulate the seismic response of such walls and subsequently
validated against previous experimental test results. Following the model
validation, a total of 36 wall archetypes, with different aspecbsatxial load
levels and seismic design categories (SDC), are designed, simulated and analyzed
using a wide range of seismic response modification factors (i.e., R = 2.0 to 6.0).
The FEMA P695 (FEMA 2009) methodology is then used to assess the
performanceof such wall archetypes through nonlinear static pushover analyses
and incremental dynamic analyses. The influence of different geometrical
configurations and design parameters on the wall seismic performance is

subsequently presented through collapsegilita curves. Finally, new seismic
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response modification factors are proposed forémpectratio RC shear walls to
be directly implemented in future editions of relevant building codes (e.g., ASCE

7) and design standards (e.g., ACI 318).

2.3. NUMERICAL MODEL

The FEMA P695 (FEMA 2009) methodology depends mainly on performing
nonlinear response analyses on the underlying SFRS. Therefore, a numerical model
capable of capturing the behavior of laspectratio RC shear walls is key to
ensuring the reliability ofne analysis results. In general, two main modeling
approaches have been used in previous studies (e.g., Orakcal et al. 2004; Shayanfar
and Javidan 2017) to simulate the nonlinear response of RC shear walls: () macro
modeling, where the wall is modeled e single equivalent frame element at its
center, and (2) micrmodeling, where the wall is modeled using a detailed mesh

of subelements (e.g., shell elements). Although the mmoaleling approach has

been shown to produce refined nonlinear responséd3avalls, it needs extensive
computational resources due to the required detailed representation of each
component (Mulas et al. 2007; Lu et al. 2015). Conversely, the mamtdeling
approach does not need this detailed representation to produce acesuétte
(Orakcal et al. 2004; Orakcal and Wallace 2006; Mulas et al. 2007; Kolozvari et al.
2018a). Therefore, to achieve the balance between the desired accuracy and

computational demands using a simplified model, the current study utilizes the
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macremodeling approach through OpenSees to simulate the seismic response of

low-aspectratio RC shear walls.

Since the walls considered herein have low aspect ratios, their shear and
sheasflexure interaction responses should be simulated (Kolozvari et al. 2015a).
As such, a numerical model was developed and experimentally validated using the
ShearFlexure Interation Multiple-VerticalLine-Element Model (SFMVLEM)
available in OpenSees (McKenna et al. 2000; Kolozvari 2013). This element can
capture the combined shefdexure interaction effects (Kolozvari et al. 2018b) with
sufficient accuracy (Kolozvari et &015a; 2015c, 2018b; Pozo et al. 2020). The
element uses a single beawlumn element to define the wall body, offering a
computationally efficient and reliable approach when a nonlinear analysis is
conducted (Kolozvari et al. 2018a). The element alsoatmmtmultiple vertical
concrete panels to directly incorporate the coupled stearre interaction at the
panel level. Unlike conventional beatnlumn elements that assume the rotational
center at the centroid of the wall base and subsequently ignoflectuation of
the neutral axis (Colotti 1993), this element assigns a unique axial load to each
vertical panel, and therefore the rotational center can move from the centroid of the
wall base, thus simulating the neutral axis shifts throughout the enéDakcal
et al. 2006). In addition, the SMVLEM element incorporates a modified
approach of the fixed strut angle method (Orakcal et al. 2012). Specifically, the

modified approach imposes a fixed angle for the developed cracks while a
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combined reinforcement dowel action and aggregate shear interlock are

incorporated to calculate stresses along such cracks (Orakcal et al. 2019).

2.3.1. GEOMETRICAL MODEL

The SFIMVLEM consists of (m) panels that are linked to upper and lower rigid
elements in order to ensure the transmission of forces through the different panels,
as shown irFigure2.1 As can be seen in the figure, a number of (N} 8¥LEM
elements are also assembled vertically to represent the wall height. The SFI
MVLEM concentrates the relative rotation between the bounding rigid elements at
a point that is located at a height eqt@l(c x hpane), Where (c) is the height
coefficient and (pune) is the panel height of each SMIVLEM element. The value

of (c) has been researched and verified to have a recommended value of 0.40
(Vulcano and Colotti 1988; Orakcal and Wallace 2006). In the current study,
through the model validation procedure, it was fbtimt a number of (m) panels
within the range of 80 per each SAFMWVLEM element can produce accurate
results while also optimizing the analysis time. In addition, the discretization in the
vertical direction was observed to be accurate when the heigbaasf SH
MVLEM element (Rane) is assumed close to the plastic hinge length due to strain
localization, where plastic deformations concentrate only at the first element
located above the wall base (Calabrese et al. 2010). To demonstrategtins2.2

shows the influence of parameters (m) and (n) on the developed model results when

compared to the experimental results of wall SW1 tested by Luna et al. (2018). As
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shown in the figure, as the values of parameters (m) and (n) vary from the
aforementioned criteria, the model results deviate further from the experimental
results. For exampldsigure 2.2a shows that a small number of (m) panels of 2
underestimates the experimental results; however, the model results are enhanced
when this parameter increases from 5 to 20 with slight differences between these
lower and upper bounds. As can be seen alsogare2.20, when the number of

(n) elements is selected based oa piastic hinge length,d.using the formula
proposed by Kazaz (2013) and presented in(Ed), the experimental results are

well estimatedSpecifically, this formula yields a plastic hinge length, af 645

mm for wall SW1 that results in (n) elements of approximatefydure2.2b shows

that the model captures well the experimental {disglacement response when n

=5; however, as (n) deviates from this value (i.e., n =3, 7, and 20), the experimental

results are significantly either underestimated or overestimated.

L,=0.143L +0.072( M/ V) (2-1)

where Ly is the wall length and M/V is the mometotshear ratio.

A rotational spring was defined at the base of the walls to simulate the effect
of slipping rebars (Massone et al. 2009), as shovkigare2.1 This spring has a
rotational stiffness value equal tgMgwhere M is the sectional yielding moment
a n g is tie corresponding yield rotation. Full details about the properties of the
SFEMVLEM including its sensitivity to the different parameters are also available

in Kolozvari (2013)
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2.3.2. MATERIAL M ODEL

The ConcreteCM model available in OpenSees (Kolozvari et al. 2015a), which is
based on the model by Chang and Mander (1994), was used to simulate the concrete
nonlinear behavior. This material model depends on various parameters including
concrete compres® strength, strain at compressive strength, initial tangent
modulus of elasticity, tensile strength, and strain at tensile strength. The confined
material properties of the walls were determined using their corresponding
boundary element configurationscarding to Razvi and Saatcioglu (1999). The
steel rebars were also represented by the SteeIMPF model (Kolozvari et al. 2015a),
which is based on the nonlinear hysteretic model by Menegotto and Pinto (1973)
and was extended by Filippou et al. (1983) tdude the isotropic strain hardening
effect. This model depends on the steel yield strength, initial tangential modulus of
elasticity, and strain hardening ratio. All the material properties of the validated
walls were obtained from their corresponding aesk studies and subsequently
used in their respective models.

Such concrete and steel models were selected in the current study due to
their compatibility with the fixeestrutanglemodel (FSAM) that is used in the SFI
MVLEM elements. In general, the FSAM depends on the concrete friction
coefficient and the reinfoeznent dowel action coefficient. In this study, the
concrete friction coefficient (d) was
indicated by Orakcal et al. (2012), which lies within the recommended range of 0<
d <1.5 (Kol ozvari ercemeant | dowel 2€tidn5«tiffness T h e
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coefficient was also observed to result in accurate predictions when set to 0.012,

which lies within the recommended range ot Bs<0.05 (Kolozvari et al. 2015a)

2.3.3.MODEL VALIDATION

The model was validated against six tagpectratio RC shear wall experimental

tests from the literature (Salonikios et al. 1999; Kuang and Ho 2008; Tran and
Wallace 2015; Luna et al. 2018). These walls were selected because they had
different design paraeters (e.g., horizontal and vertical web reinforcement ratios)
and geometrical configurations (e.g., aspect ratiosprasented inTable 2.1
Specifically, walls SW1 and SW2 had aspect ratios of 0.94 and 0.54, respectively,
while wall U1.5 had a relatety higher aspect ratio of 1.5, all had uniformly
distributed web reinforcements and without any boundary elements. Wall C1.0 had
an aspect ratio of 1.0 with a portion of the reinforcement concentrated at the wall
ends (i.e., without boundary transversafi@cement) and the remainder of the
reinforcement was evenly distributed over the remaining wall length. Lastly, walls
LSW1 and RWA15-P10S51 with aspect ratios of 1.0 and 1.5, respectively, had
boundary el ements at t henswaddInthécurentds and t
study to verify the effectiveness of the model when boundary elements are used as

a confinement strategy for leaspectratio RC shear walls.

As shown inFigure2.3andTable2.2 the overall OpenSees model results
show good agreement with the behavior of the experimental specimens. For

example, relative to the experimental results, walls SW1 and SW2 have maximum
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errors of 21.5% and 14.4%, respectively, in the lateral load at any level of drift
ratios. The energy dissipation of the same walls is well simulated by the model,
with maximum errors of 3.2% and 15.9%, respectively. Also, the maximum error
in the lateraload in either push or pull direction is 11.2%, 16.9%, 18.7% and 19.2%
for walls U1.5, C1.0, LSW1 and RW15-P10S51, respectively. In addition, the
maximum difference between model and experimental energy dissipation for all
the drift levels is 12.9%, 26%, 1.0% and 26.3% for walls U1.5, C1.0, LSW1 and
RW-A15-P103S51, respectively. As can be seerfigure 2.3 unlike walls RW
A15-P10S51, SW1 and U1.5, the pgstak behavior of wall LSW1 was not well
estimated by the model, where the maximum errors in the lateral load predictions
at the posultimate range (i.e., strength degradation) are 18.3% and 22.1% in th
push and pull directions, respectively. These errors might be attributed to the
limited ability of the SFIMVLEM to capture specific wall failurenodes such as
buckling/rupturing, sliding, and lateral instability. According to the results
presented herein along with prior verification of the model (Kolozvari et al. 2015c),
the model was observed to show good agreement with the experimental test resu
In this respect, it was concluded that the model is capable of simulating the
nonlinear response of leaspectratio RC shear walls and subsequently was

utilized in the current study to assess their risk of collapse under the MCE
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2.4. Structural Archetypes

2.4.1.Building Configurations and Wall Layouts

Based on the applications available in the literature fordspectratio RC shear

walls (Gulec and Whittaker 2009; AdorBonilla 2016), the considered wall
archetypes can be categorized into three building configurations: (1) buildings with
a single stoy, whose archetypes are named as W1; (2) buildings with two stories,
whose archetypes are named as W2; and (3) buildings with a dwigle single

story, whose archetypes named as W3. These three building configurations were
selected to cover a wide g of structural applications for leaspectratio
reinforced concrete shear walls (e.g., residential, industrial, parking, and other
buildings) since such applications are usually-fese buildings with different
loading conditions that require differeheight clearance specifications. These
configurations were also selected to produce three different wall archetypes that
were consequently categorized into different performance groups, as required by
the FEMA P695 (FEMA 2009). All buildings were regulanildings with a
rectangular floor plan, representing the layouts of industrial and parking structures,
as shown irFigure2.4. As can be seen in the figure, the singfiery (W1) and
doubleheight (W3) buildings had story heights of 4.00 m and 6.00 m, respectively,
while the first and second story heights of the-stary building (W2) were 4.00

m and 3.60 m, respectively. Thrdwaut the different building configurations, two

cantilever squat RC walls with rectangular cresstions were assumed to resist
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the seismic forces in each direction and a building frame system was implemented.
The considered design parameters included the floor plan dimensions (L x W), wall
dimensions (v X Hw X tw), wall aspect ratio (ldLw), axial load level through the
tributary area (i.e., indicated in redrigure2.4), and shear stress level. The values

of such design parameters were selected in order to achieve the intended design

objectives as will be discussed next.

A wall thickness () of 250 mm was initially assumed to match that
typically used in concrete construction practice (Gogus 2010; NIST 2010). The wall
lengths were also initially assumed to produce walls with aspect ratios of 0.50, 1.00
and 1.50 for archetypes W1, W2, and W&pectivelyFigure2.7 shows the basic
dimensions and reinforcement details that were used across the different wall
archetypes. In addition, the figure shows the definition of the boundary vertical
reinforcement (plotted in blackyertical web reinforcement (plotted in green),
horizontal web reinforcement (plotted in red), and boundary horizontal
reinforcement. The latter is the summation of the horizontal web reinforcement and
perimeter hoops (plotted in blue). The full reinforcemeéetails of the wall web
and boundary elements are presentéehinie2.5andTable 2.6 for SDC Dnaxand
Dmin, respectively. At the design stage of the wall archetypes, the reinforcement
ratios presented in these tables were ensured to be lower thanmat@um
reinforcement ratio according to AGIL819 (ACI 2019). To simulate the high

shear stress levels that such walls would experience (Gogus and Wallace 2015), the
initial floor dimensions were selected to produce shear stress'@fd all walls,
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representing the maximum average shear stress allowed as per AC9 8A8I

2019). Low and high axial load levels were considered in the current study with
values of 0.0754& and 0.20Af <0 respectively, following the FEMA P695
(FEMA 2009), where Aisthe grosscrossect i on ar ea ciethe t he
concrete compressive strength. The low and high axial level levels were selected in
the current study to evaluate the collapse performance ofaspectratio
reinforced concrete walls when they adppted in a wide range of structural
applications including residential buildings as well as industrial and parking
structures, as presented in relevant previous studies (Hirosawa 1975; Lefas et al.
1990; SLDRCE 2008; Alarcon et al. 2014; Gogus and Wallace
2015).Subsequently, the assumed axial load levels were then used to calculate the
corresponding equivalent tributary area carried by each wall. While some of the
implemented design parameters for some buildings (e.g., floor dimensions and
configurationshumber of walls, and equivalent tributary areas) could have been
changed to more practical values (e.g., increasing the number of walls shown earlier
in Figure2.4), these parameters were selected specifically in the current study to

match those values implemented in NIST (2010) for comparison purposes.

An iterative procedure was carried out thereafter in order to determine the
maximum response modification factor, R, that is capable of satisfying the
acceptance criteria of the FEMA P695 methodoldggure 2.5 shows the steps
implemented throughout this iterative procedure. The initial design was carried out

according to the ACI 3:89 (ACI 2019) recommendations for special structural
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shear walls. Specifically, the design was first performed using the seismic
performance factors that are currently assigned to special structural shear walls (i.e.,
R = 6). Afterwards, additional R values were assumed and assessed according to
the FEMA P6% (FEMA 2009) until the safety criteria of the methodology were
satisfied. As shown iRigure2.5, for each assumed R value, the dimensions of the
walls and the required reinforcement were determined according to the
corresponding seismic demands. Thisittesl in 36 different lowaspectratio wall
archetypes, as presented Tiable 2.3 that were grouped into 12 performance
groups. Each performance group constituted of three archetypes that were all
designed using the same R value, as per the full application of the FEMA P695
(FEMA 2009). The nomenclature of such archetypes was bastte dyuilding
configuration, R value, SDC and axial load level, as shovaigare2.6. Table2.4
presents the floor plan dimensions as well as the dimensions and the equivale

tributary area of each wall
2.4.2.Design Requirements

The design forces of all walls were calculated using the equivalent lateral force
procedure (ASCE 2016). All walls were also assumed to behave in a cantilever
manner with concentrated masses to represent the seismic mass at each floor. In
addition, all wal were assumed to have perfect fixed bases andtsodture
interaction effects were not considered as per the NIST (2010) study. It should be

noted that although the added flexibility associated with foundation rotation would
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alter the overall seismic behavior of the walls, such effects were not taken into
consideration herein (Gogus and Wallace 2015; Ezzeldin et al. 2016; Nazari and
Saatcioglu 2017; Kim and Chu 2018; Dabaghi et al. 2019). The-lwamk
approximate fundamentakeriod (Tz), which is equal to 0.0287 (i.e., hy is the

wall height), was used along with the upper imposed limit of the calculated period
(Cu) to calculate the codeased fundamental period (T), as presented i(Z=8)
(ASCE 2016). The lower bound the codebased fundamental period (T) of 0.25
sec, imposed by the ASCELB (ASCE 2016) and the FEMA P965 (FEMA 2009),
was considered. All walls were within the shperiod domain to match the
expected periods of lowise buildings. Specifically, the de-based fundamental
period of all walls (T) was less than the transition periog, [@oth calculated
according to the ASCE-X6 (ASCE 2016). E((2-2) has resulted in codeased
fundamental periods of 0.25, 0.31, and 0.27 seconds for buildings W1, @2, an

W3, respectively.
T=C,T, 20.25se« (2-2)

Following the FEMA P695 (FEMA 2009) methodology, the spectral
accelerations of the MCE for such seismic design categories (h&.aid Dhin)
are obtained from the design earthquake spectral accelerations based on Site Class
D (stiff soil) coefficients. The seismic response coefficieny (@as calculated
based on the design 5% damped spectral response acceleration parameter at short
periods (SDS), which was taken as 1.0 and 0.5 for SR&dnd Dnin, respectively

(ASCE 2016). The base shear was thdoutated and distributed over the wall
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height using the design 5% damped spectral response acceleration parameter at a
period of 1 sec (SD1), which was taken as 0.6 and 0.2 for SR&and Duin,
respectively (ASCE 2016). The distribution of the shear force and bending moment
demands were determined according to the equation provided in section 12.8.3 of

the ASCE 716 (ASCE 2016).

The design and reinforcement detailing of the walls were performed
according to the ACI 3189 (ACI 2019) based on the different load combinations.
All walls had the same mater paldlMPaoperties.
(6.0 ksi) and reinforcement vyield stress of 420 MPa (60 ksi). Afterwards, the
ultimate bending moment (Y1 and ultimate axial load (P on the walls were
ensured to |lie within the acceipitPabl e desi
interaction surface, where the former is the oedunominal sectional moment
capacity and the latter is the reduced nominal sectional axial load capacity. Since
the considered walls were either eme two-story high, the reinforcement was
maintained constant throughout the full wall height without eaductions. In
addition, the need for boundary elements in the walls was determined and provided
following the recommendations provided in section 18.10.6 of the ACI1918
(ACI 2019). The reinforcement details of the wall web and boundary elements are

presented inTable2.5andTable 2.6 for SDC Dnaxand Dwin, respectively.

31



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

2.5. Nonlinear Analyses

The model was used to perform nonlinear static and dynamic analyses on all the
wall archetypes as per the FEMA P695 (FEMA 2009) methodology. Each model
had a leaning column that wasnnected to the wall at each story using an axially
rigid element. The leaning columns were used in the models to represent the gravity
system (i.e., gravity columns of the building). The columns had high axial stiffness
and no lateral stiffness, whereethatter was accomplished through the use of
rotational springs with very low stiffness at each story. The main function of such
columns was to carry the remaining floor weight that was not directly assigned to
the walls. Therefore, when a ground motiorsweroduced, the model was able to
capture the additional -Belta effects resulting from the gravity system

deformations (Geschwindner 2002; FEMA 2009; NIST 2010). Furthermore, the

C
D

af orementioned materi alcandf) wggecusedfoeal of t he
the archetype models. Other material properties, including the tensile strength of

concrete (4 MPa), the modulus of elasticity of concrete (E=29000 MPa), the
concrete strain at ma X i .¢pu0d27),camanphe e s si v e
reinforcementyclic properties represented by the curvature valgeZ® and the

reinforcement degradation parameters (cR1=0.925 and cR2=0.15), were also
utilized in the model s. Moreover, the conc
reinforcement dowel a Cydw=0.012) wereé uded me s s coef

agreement with the values recommended by Kolozvari et al. (2015a). Additional
modeling parameters required to define the nonlinear behavior of concrete were
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defined for all the models, including the shape parameters for compression (rc=15)
and tension (rt=1.2) as well as the critical strain on the tension envelope
(xcrp=1000). The critical strain on the compression envelope (xcrn) was also taken
as 1.006, 1.(8, and 1.026 for archetypes W1, W2, and W3, respectively, based on
the model validation results discussed earlier. In addition, the confined material
properties were calculated for each wall based on its corresponding boundary

element configurations andawding to Razvi and Saatcioglu (1999).
2.5.1.STATIC PUSHOVER ANALYSIS

The nonlinear static pushover analysis is a displacebas#d approach that is
generally utilized to assess the deformation and strength capacities of structures
(FEMA 2009). In the current study, a pushover analysis was performed on each
archetype, wherthe vertical distribution of the lateral force at each story level was

in proportion to the mass at this story and the corresponding fundamental mode
shape ordinate (ASCE 2016). For each archetype, the analysis was used to compute
the maximum base sheavniax) and the ultimate roof displacement at 20%
strength degr &daet ioomer(sdrengt h -bhsact or (Y)
ductility (ur) were then calculated according to E@s3) and(2-4), respectively,

where V is the design baseh e a rye iz thaleffactive yield displacement as per
section 6.3 of the FEMA P695 (FEMA 2009).

W = 2-3
V 29
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m=— (2-4)
dy,eff

Figure 2.8 (a, b, and c) show example pushover curves for walls W1
DmaxL, W2-DmaxL, and W3DmaxL, respectively, along with their
correspondingi, andY values. The obtained ultimate drift ratios may seem to be
higher than the expected low drift capacities of-spectratio walls; however,
several relevant research studies have experimentally demonstrated that such walls
can attain relatively higher thausual ultimate drift ratios by reaching as high as
3.50%(MohammadiDoostdar 1994; Huang, C. C., and Sheu 1988; Salonikios et
al. 2000; Tran and Wallace 2015; Luna et al. 20A8)can be seen in the figures,
as expected, when tifactor decreases, thégaxincreasesT he figures also show
that the overstrength factay, values exceed one for all wall archetypes. A full
summary of the pushover results is provided @ble2.7 andTable2.8 for SDC

Dmaxand Dnin wall archetypes, respectively.
2.5.2.COLLAPSE CRITERIA

Due to the limitations of OpenSees, not all modes of failure were incorporated
directly in the developed model. The following reimulated failure modes were

considered in the current study through garstcessing of the structural responses:

1. Steel buckling/rupturing: Failure due to steel buckling/rupturing was assumed to
occur when single rebar (or a row of vertical rebars) reached a failure strain value

of 0.05 (Gogus and Wallace 2015). However, the failure of single rebar is not

34



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

sufficient to cause structural collapse (Thomsen and Wallace 2004). Therefore, the
collapse was determined to occur when the reinforcement within -guamter
length of the wall failed by buckling/rupturing (NIST 2010). This failure mode was
considered bgomparing the strain of each panel located within this length of the
wall to the failure strain. Subsequently, if these panel strains satisfy the failure
criterion (i.e., exceed the failure strain) at a drift level lower than that corresponding
to 20% stength degradation, a new ultimate drift for the wall is defined based on

the onset of steel buckling/rupturing.

2. Sliding shear: Failure due to shear sliding takes place when a weakened
horizontal plane is formed near the wall base because of the propagation of concrete
crushing over the wall length after a large number of cycles (Gulec and Whittaker
2009). The eqation proposed by Mattock et al. (1975 and 1976) was used to
calculate the sliding shear strength of the wall archetypes, as presente(RHd)Eq.

This equation was implemented since it includes the effects of the shear aggregate
interlock along the cr&cplane and the reinforcement dowel action. The equation
was also reported to produce accurate predictions of thetshesfer strength than

the codified equation (Krolicki et al. 2011). In addition, the equation is permitted
by the ACI 31819 (ACI 2019)Commentary R22.9.1.4 to be used as an alternative
method to provide an accurate estimation of the shaasfer strength. The

nominal shear strength is as follows:

V=084 f +AK, (2-5)
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where Ayt is the reinforcement area perpendicular to the shear plasehé yield
strength of the rebars;dAs the gross crossection area of the wall; and ks 400

psi for normalweight concrete. Eq2-5) was used to calculate the sliding shear
capacity for each wall. The sliding shear failure was then assumed to occur when
the value of the peak load attained by the wall, obtained through the static pushover
analysis, exceeds the sliding shear capacitutated from Eq(2-5). In this case,

the drift level corresponding to the sliding shear capacity was considered as the

ultimate drift of the wall.

3. Axial failure: The model presented by Wallace et al. (2008) was used to define
the mode of axial failure. As shown in E@-6), the model provides a general

expression for the lateral drift ratio at which the axial failure occurs.

A ((1+C tand) + (P/C,) (C —tand))
—= (2-6)
h (C,(P/C +1and))

where G and G were taken as 2.14 and 25, respectively, as recommended by
Wal |l ace et al . (2008) ; d is the angle
plane that extends diagonally over the wall height; P is the axial load demand on

the wall; and @is a coefficient calculated by E®-7).

(A f h)

C =— " 7w (2-7)
3
SV_ v?"

where Afy: is the total force developed in the horizontal web rebars crossing the
critical crack; k is the wall height; sis the vertical spacing of the horizontal web

rebars; and Vis the residual shear resistance at the onset of axial failure, which
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was taken as zero in the current study (Abdullah and Wallace 20212-&qvas

used to obtain the maximum drift ratio that defines an axial failure state of the wall.
This drift ratio was then compared to that corresponding to 20% strength
degradation, and the lowest drift level was considered to be the ultimate drift of the

wall.

2.5.3.INCREMENTAL DYNAMIC ANALYSIS

Incremental dynamic analysis (IDA) is an approach that is based on subjecting the
structure to increasing ground motion intensities until the structure collapses
(Vamvatsikos and Cornell 2002). The FEMA P695 (FEMA 2009) provides a set of
far-field ground notions to perform IDA. The set includes a total of 44 horizontal
ground motion records, all were captured from sites at a distance equal to or greater
than 10 km from the fault rupture. Such ground motions were recorded on soft rock
or stiff soil sites (ie., Site Class C and Site Class D, respectively) and were obtained
from reverse or strikslip mechanism faults (FEMA 2009). All records were
normalized by their respective peak ground velocities to remove variability
between records as described in appeAdof the FEMA P695 (FEMA 2009).
Throughout the IDA, a Rayleigh damping value of 5.0% was implemented which
is typical for lowrise structures (PEER/ATC 2010). The damping coefficients were
determined by using periods of 0;2and T. (Gogus 2010; NIST 2ID; PEER/ATC

2010), where Tis the fundamental period of the wall based on Eigenvalue analysis.
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The IDA results are then used to calculate the median collapse intensity
(4aCcT), which corresponds to the | owest spe
cause ondhalf of the ground motions to result in a structural collapsgure2.9
shows example IDA curves for four singlory and four twestory wall
archetypes. Each point on the curve represents a single result obtained from a
nonlinear dynamic analysis of one wall archetype using one horizontal ground
motion record scaled to omatensity level. The ultimate drift ratio, obtained from
the nonlinear pushover analysis considering-siomulated failure modes, and the
corresponding median collapse intensity are presentEdjure2.9 for each wall
archetype. Wal |l s designed ugwvalugstham R f act c
those designed using an Q&valuesoftwallsWiof 6. 0. F
R2-DmaxL, W1-R2-DmaxH, W2-R2-DmaxL and W2R2-DmaxH are 21%,
91%, 78%, and 68% higher than those of wallsR&DmaxL, W1-R6-DmaxH,
W2-R6-DmaxL and W2R6-DmaxH, respectively.Table 2.7 and Table 2.8

presenthe IDA results for all wall archetypes.

The results were subsequently used to calculate the value of the collapse

margin ratio (CMR) according to E(R-8).

SCT

CMR = (2-8)

S ur
where St is the spectral acceleration of the MCE at the duaed fundamental

period, T.
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Collapse fragility curves were then developed using the IDA results. These
fragility curves were constructed using a cumulative distribution function that links
the probability of collapse of a structure to the level of ground motion intensity,

which canbe mathematically represented as follows (Baker 2015):

P(C | IM=x) =®(In(x/0)/f) (2-9)
where P(C|I M=x) is the probability of coll
is the standard nor mal cumul ative distribu
intensity, and b is the standard deviati on

Figure 2.10 shows example collapse fragility curves for several wall
archetypes designed using different axial load levels (i.e., low and high), R factors
(i.e., 3.0 and 2.0) and SDC (i.em&and Dnin). For all 24 archetypes shown in the
figure, wall s subjected drwoaludsithgrhthosex i a | | oa
subjected to low axial loads when both wall systems are designed using the same
R factor. For instance, as can be sedrigure2.10  tchvalued are 33%, 16%,

14% and 36% higher for wall&/1-R3-DmaxH, W2-R2-DmaxH, W3-R3-Dmin-

H and W1R2-Dmin-H, respectively, than those for walls VRB-DmaxL, W2-
R2-DmaxL, W3-R3-Dmin-L and WXR2-Dmin-L. This is because lowaspect

ratio RC shear walls are mainly governed by their flexure/shear behantbr, a
therefore, axial loads would typically reduce sliding displacements, limit crack

widths and enhance the peak shear strength of such walls.
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2.6. COLLAPSE PERFORMANCE EVALUATION

Following the FEMA P695 (FEMA 2009) methodology, the calculated (CMR)
values are adjusted to account for the variability between the spectral shapes of the
rare MCEs and those of the design spectrum considered by the ASE€EBa@ker

and Cornell 2006). Thi is performed through the use of a spectral shape
modification factor (SSF) based on the petii@sed ductility (i) calculated earlier
through the nonlinear pushover analysis. Subsequently, the adjusted collapse
margin ratio (ACMR) is determined throutjie multiplication of the CMR by the

SSF.

The acceptance criteria are based on comparing the FEMA P695 allowable

ACMR values. These all owabl e valtwres consi d:

Bror=y Bran®+ B g+ B>+ By, (2-10)

brTr IS the recordo-record uncertainty due to frequency content variation and the

dynamic characteristics of the different records. A value of 0.40 was assigned to

this parameter as the peribdsed ductility exceeded 3.0 for all archetypes (FEMA

2 0 0 BRinterpkets the completeness of the implemented design requirements and

their robustness against unexpected failure modes. Since the design of special RC

walls is weltestablished with only a few shortcomings, it was decided to assign a

value of 0.20 forhis parameter (Gogus and Wallace 2015; NIST 2010), reflecting

a B (good) g¢usdahe completeneast andnrgpustndss of the test data

that i1 dentifies the system. The ftpest dat a
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value of 0. 20 ( Ml &doun’ odtlie)degred-af gorfidlehcg in b

the model used to capture the full range of structural collapse characteristics,
behavior, and associ at ed wmflaevasiagsignepar amet er ¢
value of 0.20 with a qualitative good (B) rating as per section 5.7 in the FEMA

P695 (FEMA 2009)This rating was selected to refleoedifferencesetween the

experimental and numericasponsesas discussedarlierin section 2.3.3Based

on the aforementioned parant e fos had évalue of 0.525 according to Eq.

(2-10) in agreement with Table-Zb of the FEMA P695 (FEMA 2009).

The FEMA P695 (FEMA 2009) methodology assesses the seismic collapse
risk based on the overall system uncertainty by defining two acceptable limits,
ACMR10% and ACMR20%. which ensure probabilities of collapse less than 10%
on average for each performanceup and 20% for each wall archetype within the
performance group, respectively. The ACMR10% and ACMR20% values were
found to be 1.96 and 1.56, respectively, where both limits have to be satisfied in

order for the system to have an acceptable seismicrpeice (FEMA 2009).

Table2.7and Table2.8compare the ACMR with the acceptable ACMR for
SDC Dmax and Dnin wall archetypes, respectively. The tables show that although
some wall archetypes designed using an R factor of 6.0 (i.eR6ABmaxL, W3-
R6-DmaxH, W1-R6-Dmin-L, W2-R6-Dmin-L, W1-R6-Dmin-H, W2-R6-Dmin-
H) were individually able to achieve high ACMR tleatceeded ACMR20%, the
mean ACMR values of their performance groups (i.e., performance group 1, 4, 7

and 10) were less than ACMR10%. Therefore,-mpectratio RC shear walls
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designed using an R factor of 6.0 did not fully meet the FEMA P695 acceptance
criteria (FEMA 2009). In this respect, a lower R factor of 3.0 was assumed and the
design procedure was carried out accordingly, as shown earkagure2.5. As

can be seen imable2.7 andTable2.8, wall archetypes designed using an R factor

of 3.0 performed well across the different performance groups, where each wall
archetype had an ACMR value that was higher than its corresponding ACMR20%.
However, performance group 2¢(i. low axial load walls designed for SDGd)

failed the FEMA P695 acceptance criteria as the mean ACMR value of this
performance group (i.e., 1.85) was less than ACMR10% (i.e., 1.96), as presented
in Table2.7. To address this, an R factor of 2.0 was assumed which was enough to
meet the FEMA P695 safety criteria for the seismic collapse risk under the MCE.
The results demonstrate that relevant building codes (ASCE 7) and design standards
(ACI 318) should consigr assigning unique R factors to laspectratio RC shear

walls based on their axial load levels since different R factors of 3.0 and 2.0 were
enough to fully meet the FEMA P695 acceptance criteria when used to design walls

with high and low axial loads, respectively.

Table2.7andTable2.8 also show that high values of overstrength factors
were achieved through the different performance groups. For walls designed using
an R factor of 2.0, the average overstreng
for low axial load walls, while such fag®varied between 2.41 and 4.75 for high
axi al | oad wal l s. Li kewi se, the q values f

ranged from 1.92 to 2.64 and from 2.24 to 3.82 for low and high axial load walls,
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respectivel y. The FEMA P695 indigates that
shall be taken at least equal to the largestrage value across the different
performance groups. The met hodaoheedgy al so i1
not exceed which are 1.5 times the assumed R factor, and a practical limit of 3.0.

Therefore, based on the results presenteiainie 2.7 and Table 2.8 along with

t hese | i,shoutddbe takeénlae3.0dor special laspectratio RC walls.

2.7. CONCLUSIONS

The current study proposes response modification factors folaspectratio
reinforced concrete (RC) shear walls as such walls were not able to mitigate the
risk of collapse under the maximum considered earthquake (MCE) when designed
using the current fdors in building codes (e.g., ASCE 7) and design standards
(ACI 318). In this respect, a nonlinear numerical OpenSees model was developed
and validated against six leaspectratio RC shear walls tested in previous
experimental programs. The model wasnthdilized to simulate the seismic
response of 36 lovaspectratio RC shear walls that were categorized into 12
performance groups based on their R factors, axial load levels, and seismic design
categories (SDC). Following the FEMA P695 methodology, smighover and
incremental dynamic analyses, using a set of 44 earthquake ground motions, were
subsequently performed on such walls to evaluate their peased ductility (),
overstrength factor ( gr),andcolapse mangimtoo ! | apse i

(CMR). The analysis results were then used to assess the collapse performance of
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such walls by comparing their adjusted collapse margin ratios (ACMR) to the

FEMA P695 acceptable limits.

The results showed that lesspectratio RC shear walls that were designed
using an R factor of 6.0 (i.e., currently assigned to special RC shear walls in ASCE
7 regardless of their aspect ratios) did not satisfy the FEMA P695 acceptance
criteria as theiACMR values were lower than the corresponding acceptable limits
for all performance groups. However, using R factors of 2.0 and 3.0 feadpect
ratio RC walls with low and high axial load levels, respectively, was enough to
limit the probability of cdiapse under the MCE and was subsequently able to fully
meet the acceptance criteria of the FEMA P695 methodology. The results also
showed that walls under high seismic demands (Skh&) Dad lower ACMR,
therefore higher collapse probability, compared to walls under low seismic
demands (SDC f). In addition, walls with high axial load levels (0.29Ap
showed overall increased values of overstr
lower axial load levels (0.075ApH These results demonstrate that dingd) codes
and design standards should distinguish between special RC shear walls based on
their design parameters (e.g., axial load levels). Based on the analyses presented
herein, unique and different R factors are needed foakgpectratio RC walls wih
low and high axial load levels as they exhibited different seismic collapse

performances compared to special RC shear walls with aspect ratios of two or more.

The current study focused on special rectangulardspectratio RC shear

walls with specific design parameters according to ACI-BA§ACI 2019) and
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ASCE %16 (ASCE 2016). Further research studies are still needed to evaluate the
proposed response modification factors when used for different building layouts,
story heights, and span lengths as well as otherakpectratio wall types (e.g.,
coupled), configurations (e.g., flanged), and reinforcement details (e.g., high
strength rebars). Such studies will facilitate quantifying the influence of these
design parameters (e.g., including the average shear stress level at nominal flexural
capacity) on the werall behavior of the walls and their corresponding collapse

margin ratios under the MCE.

Future studies should also consider the potential effects e$tsadture
interaction on the collapse performance of siperiod structures that are sensitive

to these effects, especially when such structures are located on top of weak soils.

Additionally, further studies are still needed to assess the proposed response

modification factors when adopted to walls without axial loads.

Finally, the current study focuses on the compoierdl behavior of the
considered walls; however, future studies caodraed out to consider the system
level behavior by including the interaction between the different structural
components. These studies can address the potential discrepancies between the way
buildings are designed and analyzed (as an assembly of maiciomponents) and

the way they behave as an integrated system, comprised of these components.
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2.9. TABLES

Table 2.1. Properties of wall specimens

: Horizontal Boundary Boundary
Vertical web : :
. Aspect ) web vertical horizontal
Specimen Source : reinforcement , : .
ratio (%) reinforcement| reinforcement| reinforcement
’ (%) (%) (%)
SwW1i (Luna et al. 2018) 0.94 0.67 0.67 - -
SW2 (Luna et al. 2018) 0.54 1.00 1.00 - -
Ul.5 (Kuang and Ho 2008)| 1.50 0.92 1.05 - -
C1.0 (Kuang and Ho 2008)| 1.00 1.05 1.05 - -
LSW1 (Salonikios et al. 1999] 1.00 0.57 0.57 1.70 1.70
RwArs | (Tran ;‘8‘115\)""'"”“9 1.50 0.73 0.73 3.23 1.16
P10S51
Table 2.2. The maximum deviation between the model and the experimental
results
Specimen Push Pull Energy dissipation
(%) (%) (%)
SW1 14.2 21.5 3.2
SW2 12.5 14.4 15.9
ul5 6.3 11.2 12.9
C1.0 16.9 9.7 25.6
LSW1 18.7 18.5 1.0
RW-A15-P10S51 12.7 19.2 26.3
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Table 2.3. Performance groups for leaspectratio RC shear walls

Performance
Group

Archetype ID
number

Grouping summary

Design load level

Gravity SDC

Design
R-Factor

Number of
archetypes

W1-R6-DmaxL

PG1

W2-R6-DmaxL

W3-R6-DmaxL

W1-R3-DmaxL

PG2

W2-R3-DmaxL

W3-R3-DmaxL

W1-R2-DmaxL

PG3

W2-R2-DmaxL

W3-R2-DmaxL

Low Dmax

6

3

W1-R6-DmaxH

PG4

W2-R6-DmaxH

W3-R6-DmaxH

W1-R3-DmaxH

PG5

W2-R3-DmaxH

W3-R3-DmaxH

W1-R2-DmaxH

PG6

W2-R2-DmaxH

W3-R2-DmaxH

High Dmax

W1-R6-Dmin-L

PG7

W2-R6-Dmin-L

W3-R6-Dmin-L

W1-R3-Dmin-L

PGS8

W2-R3-Dmin-L

W3-R3-Dmin-L

W1-R2-Dmin-L

PG9

W2-R2-Dmin-L

W3-R2-Dmin-L

Low Dmin

W1-R6-Dmin-H

PG10

W2-R6-Dmin-H

W3-R6-Dmin-H

W1-R3-Dmin-H

PG11

W2-R3-Dmin-H

W3-R3-Dmin-H

W1-R2-Dmin-H

PG12

W2-R2-Dmin-H

W3-R2-Dmin-H

High Dmin
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Table 2.4. Wall configurations and dimensions

Number Plan dimensions Lw tw Aspect | Equivalent
Archetype 1D | ot fioors mxm (foxf)] m (ft m(n) | ratio | tributary area
m?(ft?)
W1-R6-DmaxL 1 122x107 (400x350) | 7.95(26) | 0.25(10) | 0.50 636 (6845)
W1-R6-Dmin-L
W2-R6-DmaxL 2 85x73 (280x240) 7.60 (25) | 0.25(10) | 1.00 612 (6585)
W2-R6-Dmin-L
W3-R6-DmaxL 1 85x85 (280x280) 4.00 (13) | 0.25(10) | 1.50 320 (3446)
W3-R6-Dmin-L
W1-R3-DmaxL 1 122x107 (400x350) | 9.90(33) | 0.40 (16) | 0.40 | 1273(13698)
W1-R3-Dmin-L
W2-R3-DmaxL 2 85x73 (280x240) 9.85(32) | 0.35(14) | 0.80 | 1108 (11924)
W2-R3-Dmin-L
W3-R3-DmaxL 1 85x85 (280x280) 6.70 (22) | 0.30(23) | 0.90 648 (6980)
W3-R3-Dmin-L
W1-R2-DmaxL 1 122x107 (400x350) | 13.50 (44) | 0.40(16) | 0.30 | 1730 (18615)
W1-R2-Dmin-L
W2-R2-DmaxL 2 85x73 (280x240) 12.95 (42) | 0.40(16) | 0.60 | 1664 (17912)
W2-R2-Dmin-L
W3-R2-DmaxL 1 85x85 (280x280) 8.65(28) | 0.35(14)| 0.71 971 (10449)
W3-R2-Dmin-L
W1-R6-DmaxH 1 122x107(400x350) | 7.95(26) | 0.25(10)| 0.50 | 1670 (18263)
W1-R6-Dmin-H
W2-R6-DmaxH 2 85x73 (280x240) 7.60 (25) | 0.25(10) | 1.00 | 1631 (17561)
W2-R6-Dmin-H
W3-R6-DmaxH 1 85x85 (280x280) 4.00 (13) | 0.25(10)| 1.50 854 (9190)
W3-R6-Dmin-H
W1-R3-DmaxH 1 122x107 (400x350) | 9.90 (33) | 0.40(16) | 0.40 | 3393 (36527)
W1-R3-Dmin-H
W2-R3-DmaxH 2 85x73 (280x240) 9.85(32) | 0.35(14) | 0.80 | 2954 (31797)
W2-R3-Dmin-H
W3-R3-DmaxH 1 85x85 (280x280) 6.70 (22) | 0.30(23) | 0.90 | 1729 (18615)
W3-R3-Dmin-H
W1-R2-DmaxH 1 122x107 (400x350) | 13.50 (44) | 0.40(16) | 0.30 | 4611 (49639)
W1-R2-Dmin-H
W2-R2-DmaxH 2 85x73 (280x240) 12.95 (42) | 0.40 (16) | 0.60 | 4437 (47766)
W2-R2-Dmin-H
W3-R2-DmaxH 1 85x85 (280x280) 8.65(28) | 0.35(14) | 0.71 | 2589 (2B63)
W3-R2-Dmin-H
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Table 2.5. Reinforcement details for SDCJa wall archetypes

Archetype 1D Vertical | Horizontal | Boundary thicknes§ Boundary | Boundary

web web [mm (in)] vertical horizontal

(%) (%) (%) (%)
W1-R6-DmaxL 1.10 0.89 1270 (50.0) 1.71 2.07
W2-R6-DmaxL 0.35 1.00 1700 (67.0) 3.13 1.60
W3-R6-DmaxL 1.87 1.03 1270 (50.0) 5.54 2.13
W1-R3-DmaxL 0.78 1.07 1524 (60.0) 2.08 1.30
W2-R3-DmaxL 0.95 1.07 1450 (57.0) 1.94 1.62
W3-R3-DmaxL 1.72 1.03 1525 (60.0) 3.88 1.59
W1-R2-DmaxL 0.99 1.04 2030 (80.0) 1.60 1.27
W2-R2-DmaxL 0.94 0.99 2285 (90.0) 1.35 1.25
W3-R2-DmaxL 1.05 1.07 1780 (70.0) 2.85 1.31
W1-R6-DmaxH 2.73 0.89 3680 (145) 3.55 2.06
W2-R6-DmaxH 1.10 0.89 2285 (90.0) 1.92 2.06
W3-R6-DmaxH 1.63 1.03 1650 (65.0) 5.68 2.13
W1-R3-DmaxH 0.90 0.92 4300 (170.0) 1.19 1.18
W2-R3-DmaxH 0.72 1.03 2920 (115.0) 1.57 1.29
W3-R3-DmaxH 0.86 1.00 2920 (115.0) 2.58 1.57
W1-R2-DmaxH 0.99 1.04 5840 (230.0) 1.40 1.30
W2-R2-DmaxH 0.93 1.07 3800 (150.0) 1.77 1.61
W3-R2-DmaxH 1.41 1.05 3800 (150.0) 1.50 1.34
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Table 2.6. Reinforcement details for SDCia wall archetypes

Archetype ID Vertical | Horizontal | Boundary thickness Boundary | Boundary

web web [mm (in)] vertical horizontal

(%) (%) (%) (%)
W1-R6-Dmin-L 0.84 0.28 1420 (56.0) 1.10 2.07
W2-R6-Dmin-L 0.59 0.28 760 (30.0) 1.17 2.07
W3-R6-Dmin-L 1.09 0.31 1015 (40.0) 2.50 2.13
W1-R3-Dmin-L 0.39 0.25 1015 (40.0) 0.69 1.04
W2-R3-Dmin-L 0.45 0.31 1015 (40.0) 1.07 1.24
W3-R3-Dmin-L 0.75 0.30 890 (35.0) 2.26 1.56
W1-R2-Dmin-L 0.48 0.31 1270 (50.0) 0.94 1.03
W2-R2-Dmin-L 0.38 0.31 1270 (50.0) 0.90 1.03
W3-R2-Dmin-L 0.60 0.31 1270 (50.0) 1.20 1.25
W1-R6-Dmin-H 2.00 2.00 3960 (156.0) 2.00 2.00
W2-R6-Dmin-H 0.66 0.28 3300 (130.0) 2.07 2.07
W3-R6-Dmin-H 0.98 0.31 1650 (65.0) 2.19 2.13
W1-R3-Dmin-H 0.92 0.25 4570 (180.0) 1.00 1.04
W2-R3-Dmin-H 0.46 0.31 4320 (170.0) 1.33 1.24
W3-R3-Dmin-H 1.05 0.30 2920 (115.0) 1.48 1.56
W1-R2-Dmin-H 0.54 0.31 6100 (240.0) 1.03 1.03
W2-R2-Dmin-H 0.55 0.31 5720 (225.0) 1.03 1.03
W3-R2-Dmin-H 0.79 0.31 3800 (150.0) 1.31 1.25
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Table 2.7. Summary of collapse performance evaluation for Si{ax @all

archetypes
Archetype ID Gy Ser T Acceptance criterig
q ur CMR | SSF ACMR
(%) (@) (Sec) ACMR | Pass/Fail
Performance Group (PG1)
WI1-R6-DmaxL | 2.27| 1.96| 34.69| 1.74| 1.16 | 1.33| 0.24 1.54 1.56 Fall
W2-R6-DmaxL | 2.33| 1.77| 13.34| 1.40| 0.93 | 1.33| 0.52 1.24 1.56 Fail
W3-R6-DmaxL | 3.74| 1.98 | 27.75| 2.71| 1.80 | 1.33| 0.45 2.40 1.56 Pass
Mean 1.90 1.73 1.96 Fail
Performance Group (PG2)
W1-R3DmaxL | 1.53| 197 11.72| 1.96| 1.31 | 1.33| 0.20 1.74 1.56 Pass
W2-R3DmaxL | 2.21| 1.68| 10.81| 2.10| 1.40 | 1.33| 0.39 1.86 1.56 Pass
W3-R3-DmaxL | 1.56 | 2.12 | 15.67| 2.20| 1.47 | 1.33| 0.27 1.95 1.56 Pass
Mean 1.92 1.85 1.96 Fail
Performance Group (PG3)
W1-R2-DmaxL | 1.67| 1.88| 85 | 2.74| 1.83 | 1.33| 0.18 2.43 1.56 Pass
W2-R2-DmaxL | 2.14| 182 | 7.12 | 250| 1.66 | 1.31| 0.39 2.18 1.56 Pass
W3-R2-DmaxL | 1.63| 2.15| 11.38| 3.39| 2.26 | 1.33| 0.24 3.01 1.56 Pass
Mean 1.95 2.54 1.96 Pass
Performance Group (PG4)
W1-R6:DmaxH | 096 | 4.13| 14.7 | 1.61| 1.08 | 1.33| 0.23 1.43 1.56 Fall
W2-R6-DmaxH | 290 | 1.92| 18.03| 1.72| 1.15 | 1.33| 0.50 1.53 1.56 Fall
W3-R6-DmaxH | 2.23 | 1.98 | 15.33| 1.88| 1.26 | 1.33| 0.46 1.67 1.56 Pass
Mean 2.68 1.54 1.96 Fall
Performance Group (PGb5)
W1-R3DmaxH | 1.89| 2.72| 1447 | 261 | 1.74 | 1.33| 0.19 2.31 1.56 Pass
W2-R3DmaxH | 2.01| 1.87| 9.42 | 216 | 144 | 1.33| 0.40 1.92 1.56 Pass
W3-R3-DmaxH | 1.46 | 2.15| 138 | 2.24| 150 | 1.33| 0.28 1.99 1.56 Pass
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Mean 2.24 2.07 1.96 Pass
Performance Group (PG®6)
W1-R2-DmaxH | 1.61| 2.72| 8.21 | 3.08| 2.05 | 1.33| 0.18 2.73 1.56 Pass
W2-R2-DmaxH | 2.60| 2.30| 10.55| 2.90| 1.93 | 1.33| 0.36 2.57 1.56 Pass
W3-R2-DmaxH | 1.30| 2.21| 9.07 | 3.18| 2.12 | 1.33| 0.23 2.82 1.56 Pass
Mean 241 2.71 1.96 Pass

Table 2.8. Summary of collapse performance evaluation for Shi Walls

archetypes
. Acceptance criterie
Archetype ID (;Z) o] HT ?S)T CMR | SSF (;—éc) ACMR :
ACMR | Pass/Fail
Performance Group (PG-7)
W1-R6-Dmin-L | 2.01| 3.49| 61.43| 1.22| 162 | 1.14| 0.24 1.85 1.56 Pass
W2-R6-Dmin-L | 1.81| 253 | 23.27 | 1.22| 1.62 | 1.14| 0.49 1.85 1.56 Pass
W3-R6-Dmin-L | 1.21| 1.63 | 13.19| 0.67| 0.89 | 1.14| 0.52 1.02 1.56 Fail
Mean 2.55 1.57 1.96 Fail
Performance Group (PG-8)
W1-R3-Dmin-L | 1.33| 3.00| 20.41| 2.09| 2.79 | 1.14| 0.20 3.18 1.56 Pass
W2-R3-Dmin-L | 1.69 | 2.44| 1659 | 1.68| 2.24 | 1.14| 0.40 2.55 1.56 Pass
W3-R3-Dmin-L | 1.08 | 2.48| 19.4 | 1.52| 2.03 | 1.14| 0.29 2.31 1.56 Pass
Mean 2.64 2.68 1.96 Pass
Performance Group (PG9)
W1-R2-Dmin-L | 1.95| 3.02| 19.89 | 257 | 3.43 | 1.14| 0.18 3.91 1.56 Pass
W2-R2-Dmin-L | 1.71| 2.68 | 13.77 | 2.11| 2.82 | 1.14| 0.36 3.21 1.56 Pass
W3-R2-Dmin-L | 1.54| 2,50 | 18.79 | 2.41| 3.21 | 1.14| 0.25 3.66 1.56 Pass
Mean 2.73 3.81 1.96 Pass
Performance Group (PG10)
W1-R6-Dmin-H | 2.62 | 6.09 | 80.28 | 2.37 | 3.16 | 1.14| 0.24 3.60 1.56 Pass
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W2-R6-Dmin-H | 3.51 | 493 | 48.27| 2.31| 3.08 | 1.14| 0.47 3.51 1.56 Pass

W3-R6-Dmin-H | 0.92 | 2.31| 10.51| 0.72| 0.96 | 1.14| 0.51 1.09 1.56 Fail

Mean 4.44 2.73 1.96 Pass

Performance Group (PG11)

W1-R3-Dmin-H | 2.15| 3.59 | 32.84| 2.13| 2.84 | 1.14| 0.22 3.24 1.56 Pass

W2-R3-Dmin-H | 2.80 | 4.42 | 29.54 | 265| 3.54 | 1.14| 0.38 4.03 1.56 Pass

W3-R3-Dmin-H | 1.12 | 3.45| 20.22 | 1.74 | 2.32 | 1.14| 0.29 2.64 1.56 Pass

Mean 3.82 3.22 1.96 Pass

Performance Group (PG12)

W1-R2-Dmin-H | 2.28 | 5.16 | 23.29 | 3.51| 4.68 | 1.14| 0.18 5.34 1.56 Pass

W2-R2-Dmin-H | 2.28 | 461 | 19.27| 2.89| 3.85 | 1.14| 0.35 4.39 1.56 Pass

W3-R2-Dmin-H | 1.91 | 4.47| 26.67 | 401 | 535 | 1.14| 0.23 6.10 1.56 Pass

Mean 4.75 5.28 1.96 Pass
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2.10. FIGURES

SFI-MVLEM element
1

Figure21l:Schemat Dpeno fhewei®eé us ivivVgL EtVh ee | SSATle n t
(Kol ozvari 2013)
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(b)
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Wx-R %D x xHk
Buildings Axial Load Level:
Configuration: H = High Axial Load
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Chapter 3
DATA-DRIVEN FRAMEWORK FOR EVALUATION OF BUILDING
SEISMIC PERFORMANCE : APPLICATION TO REINFORCED

CONCRETE SHEAR WALLS

3.1. ABSTRACT

Seismic performance assessment is key during the design artbpingt stages as

it provides insights to relevant stakeholders about the safety levels of their buildings
under earthquake events. As such, the FEMA P695 methodology was introduced to
evaluae the seismic performance factors of buildings by assessing their collapse
risk under the maximum considered earthquake. However, the methodology
requires prolonged dynamic analyses and uses complex probabilistic techniques to
account for a wide range ofncertainties related to building geometrical
configurations, ground motions, available experimental datasets, and modeling
techniques. This situation has in turn imposed serious restrictions on the use of such
a methodology, especially by relevant buildoages and practicing engineers. In

this respect, the current study develops a-daten framework to practicalize the
FEMA P695 methodology by minimizing the levels of effort needed by engineers
to assess their buildings. Specifically, the seismic pedoace of buildings is
evaluated using datdriven expressions based on the geometrical configurations

(e.g., aspect ratio) and design parameters (e.g., axial load) of the comprising
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structural components. As such, the developed framework does not require high
levels of computational efforts (e.g., nonlinear models and analyses) that are
typically needed when the seismic performance factors are iterated during the
assessment stage diet methodology. To demonstrate its practical use, the
framework was operationalized herein to 91 reinforced concrete shear walls tested
in previous experimental programs. Such walls were numerically modeled and
analyzed to develop dathiven expressiondat predict the seismic collapse risk

of the walls, which can be subsequently used to assess their performance under
different earthquake levels. The results show that the developed framework can be
utilized in a wide range of assessment applications mgnigom quantifying the
seismic performance of existing buildings to evaluating the seismic performance
factors assigned by relevant building codes to design new buildings with different

architectural layouts.

3.2. INTRODUCTION

Building seismic performance factors are key design parameters that were first
introduced by the Applied Technology Council (ATC) in 1978 in their AF@56
report, Tentative Provisions for the Development of Seismic Regulations for
Buildings (ATC 1978). Sice then, such factors have been implemented by various
building codes (e.g., ASCE 2016; NRCC 2020; Standards New Zealand 2004) to
simplify the design process of the different seismic fosststing systems (SFRS).

Specifically, such factors are used tgtimate the nonlinear strength and
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deformation demands on the SFRS based on simplified linear analyses and design
procedures (NIST 2010). Initially, seismic performance factors were merely based
on either subjective judgment from experts or comparisons with widely used
structural systems vase behavior is fairly understood at the time (ATC 1978;
FEMA 2009). However, this introduced a significant number of inconsistencies
between the designs of different SFRS and also resulted in uncertainties regarding
the safety levels produced by each gegirocedure (FEMA 2009; PHRC 2011).
Therefore, a more reliable methodology for the adequacy of the seismic
performance was needed to ensure that such factors are capable of producing SFRS
that could mitigate seismic collapse risks. In response, the Fdtlmergency
Management Agency (FEMA) introduced the P695 methodology (FEMA 2009),
which has been later used in several research studies to assess the seismic
performance factors of different SFRS (e.g., Ezzeldin et al. 2016; Koliou et al.
2016; Steele andlViebe 2017; Akl and Ezzeldin 2023). The main aim of the
methodology is to reasonably quantify the competence of the current seismic
performance factors and also provide clear criteria that facilitate the acceptance of
newly introduced factors. This is perfned to ensure a consistent level of life

safety and resilience by mitigating the seismic collapse risk across all SFRS.

The FEMA P695 methodology starts with defining the design properties of
a set of predefined system archetypes. These properties are assumed to represent a
wide range of design parameters that are commonly found in the considered SFRS.

Subsequently, the dretypes are assembled into performance groups according to
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their seismic properties (e.g., fundamental period, height, number of stories, etc.).
Afterwards, a numerical model is developed, and incremental dynamic analyses

(IDA) are conducted for each archetype using 44 different horizontal ground

motion records wh different scale factors. The IDA results are then used to
determine the med icrawhichaeplederdsphe westisgeatrals i ty (&
acceleration intensity that would cause half of the applied ground motion records

(i.e., 22 ground motions)ters ul t i n a st r pgrsusedtadssessol | apse.
the collapse safety of the SFRS including their seismic performance factors.

Ultimately, the FEMA methodology ensures the safety of SFRS against seismic

collapse risks, considering the effects of uncertainties in modeling, test data and

ground motions. However, the methodology is primarily based on IDA results that

require extensive computational resouécest typically available for engineers

(Dadkhah et al. 2022; Soleimani et al. 2022). Therefopeactical implementation

of the methodology is still needed. This implementation can be realized by using

available datalriven approaches to formulate expressions for the different SFRS

t hat predict key sei smi er)apcerding torFEMAN cC e par an
P695 (FEMA 2009). Such expressions are expected to facilitate the implementation

of the methodology in future building codes and design standards, and thus its use

by practicing engineers.

In general, datdriven approaches have always been linked to several
engineering fields, including structural engineering, in order to determine quantities

of interest using simplified expressions. For example, conventional statistical
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techniques (e.g., linear and nonlinear regressions) have been extensively used by
previous researchers to predict several seismic parameters such as the shear strength
of both reinforced masonry (Shing et al. 1990) and reinforced concrete (Barda et
al. 1977; Wood 1990) shear walls, the inelastic response of steel braced frames
(Hickey and Broderick 2022), the displacement capacity of reinforced concrete
block shear walls (Siam et al. 2019), and the hysteretic response of steel moment
frames (Lignos and Krawkler 2011). Other structural researchers used more
advanced techniques such as machine learning (e.g., Tsai 2009; Gilan et al. 2012;
Tsai et al. 2013; Aguilar et al. 2016; Chen et al. 2018; Mangalathu and Jeon 2018;
Zhang et al. 2019; Guan et al. 202hyiaenetic programming (e.g., Ashour et al.
2003; Gandomi et al. 2010; Yosri et al. 2019; Gondia et al. 2020; Luong et al. 2022)
algorithms. While developing an accurate etsyse datadriven expression can

be a tedious task, this however, based onftirementioned studies and others not
listed herein, has become a relatively applicable task due to the recent advancement

in computational power resources that are available to researchers.

3.3. StubYy GOAL AND OBJECTIVES

To facilitate the practical use of the FEMA P695 methodology that assesses the
seismic performance of buildings, the goal of the current study is to present a data
driven framework that can be implemented to all SFRS in order to develop an easy
to-use mate mat i c al expression for thecrexpected

The selection of this particular seismic parameter is because it is independent of

77



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

any site requirements, and it only depends on the geometrical configurations and
design parameters of the cocasheddamedd SFRS.
regardless of the site, soil or ground motion activities to be experienced by the

bui | di rcgecan b& suleseqéently used to evaluate the collapse safety of the

building under a wide range of earthquake levels. In this respect, a representation

of the developed framework is presented, where each stage of the framework is
detailed along with arkef discussion of several possible ddtazen approaches

than can be used in conjunction with the framework. As one practical demonstration

of its use in the field, the developed framework is then applied to 91 reinforced

concrete shear walls tested ieyious experimental programs.

3.4. FRAMEWORK OVERVIEW

3.4.1.SYSTEM INFORMATION AND DATASET DEFINITION

Figure 3.1 shows a simple depiction of the framework stages proposed in the
current study. As shown in the figure, a clear description of the system under
consideration is initially laid out. This description includes the type of applications
that this system is usllya associated with as well as the main structural design
parameters that govern the behavior of the system components. Afterwards, an
extensive dataset of the system components is assembled based on either
experimental work (i.e., obtained from literatwigen that sufficient information

about the tests is available) or numerical simulations. In the case of the latter,

reasonable geometrical configurations and design parameters should be considered
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within the dataset to agree with previously defined structural applications and code
recommended design procedures. A descriptive statistical analysis using data
visualization techniques can be also applied to the dataset to provide beneficial
insights abat any correlation between the different configurations and parameters

that characterize the seismic performance of the system components.

3.4.2. NONLINEAR ANALYSES

Following the system definition and dataset development, a numerical model is
utilized for the required analyses. The model should be able to capture the seismic
behavior of the system components, including their global behavior (e.g-, load
displacement iations). The model should be also validated to verify its
effectiveness to simulate the nonlinear response of the system includiltaP
effects. The model is then used to carry out nonlinear static analysis for each

component in order to obtain the ntaxm base shear () as well as the ultimate

roof displacement at . dhe%rmertpareametgrisiusedl e gr ad a't

to calculate the overstrength factor
used to determine the collapse criteria of the system. When an experimental dataset
is available, such parameters can be obtained difeattythe experimental results,
without the need to perform nonlinear static analysis, as indicated by the dotted line
in Figure3.1 Afterwards, nonlinear IDAVamvatsikos et al. 2004) are conducted

by subjecting the system components to several ground motions with different scale

factors i n or degvalugobeadh eomponemi ne t he &
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3.4.3.SELECTION OF VARIABLES AND DATA-DRIVEN APPROACHES

Several variable selection methods can be used to identify the key geometrical and
design parameters that havecrvalmesofthest i nfl u
system components, thus enhancing the overall accuracy of the developed data
driven expressions by avoiding under overfitting (Gilan et al. 2012). This can

be performed using basic variable selection methods such as the forward stepwise
selection (Whitney 1971), backward stepwise selection (Marill and Green 1963),
and floating search selection (Pudil et al. 1994). Afterwards, a propedrilza
approach is selected to devmidedpnthehe requi
identified keyparameters. Examples of potential ddtesven approaches include (i)
nonlinear regression, (Gergonne 1974; Stigler 1974), which has many forms to
produce acceptable expressions for nonlinear data; however, it lacks the flexibility

to include certain relainships between variables (James et al. 2021); and (ii)
genetic programming (Koza 1992), which is an evolutionary artificial intelligence
algorithm based on the Darwinian principles of genetics and evolHigure 3.2

shows a representation of the gemgirogramming algorithm, where an initial
population of expressions of size P is assumed, each has either one gene/tree in case
of naive genetic programming (Searson 2015) or multiple genes/trees in case of
multi-gene genetic programming (Hinchliffe et96; Gandomi and Alavi 2012).

Then, a set of evolutionary procedures are carried out until a proper expression is
obtained. Although a vast spectrum of other dataen approaches is available to

use, only a small subset is included in the current gardjemonstration purposes.
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Therefore, any other approach that is capable of producing accurate expressions
can be used for the framework presented herein. However, it is recommended to
use glass/white box approaches, where the inner processes and findings can be
inspected by userstenhance the physical understanding and judging of the

developed expressions.

3.4.4.EXPRESSION DEVELOPMENT

The dataset of the key pavaleesedveledsntoand t he
a training set and a testing set, where the training set is used to develop the required
datadriven expression and the testing set is used to determine the level of accuracy
produced by this expression. The process of dividingddta into training and

testing sets should be performed in a manner that would ensure the presence of
representative data points in each set, thus enhancing the accuracy of the developed
expressioras well as its generalization (Luong et al. 2022). This can be attained by
categorizing the data into several subgroups, where each subgroup has similar
characteristics. Then, the data in each subgroup are divided into training and testing
sets. Afterward, the selected dativen approach is used to develop an expression

t hat c a srwiphraccepialletaccaracy levels. It is also required to develop

an expression that is simple enough to implement since this would ultimately

facilitate its use by p@cticing engineers.
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3.4.5.EXPRESSION PERFORMANCE ASSESSMENT

Following the expression development, a set of statistical and interpretability
analyses is carried out to assess the performance of the developed expression. The
statistical analysis includes several metrics such as the correlation coeffiéent (R
the root mean squared error (RMSE), and the normalized root mean squared error
(NRMSE). R denotes the proportion of variance of the required response (Y) with
respect to a predictor variable (X) (James et al. 2021), as presented(811Eq.

The R metric hasa value between 0 and 1, where a value of 1 indicates a perfect
fit between the predicted and real values, whereas a value of O indicates that the
model cannot predict the required value (Chou et al. 2015). The RMSE and
NRMSE both indicate the aggregateskidual errors divided by the number of
observations or the product of the mean and the number of observations, as
presented in Eqng§3-2) and(3-3), respectively. In general, lower values of RMSE

and NRMSE indicate lower errors, and hence, a more decexpression.

 Lou

=| BE;' ‘c;; o LA (3-1)
Bi: o« AL :

1 F— (3-2)
BL o« L

14— (3-3)
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wheretheyi s t he actuadr) ;r ets pionstehd i mean aal

response;Y¥ s t he predicted response; 0 i s

the n is the total number of observations.

Interpretability analyses are then performed to verify the comfort of the
expression with the known behavior mechanics of the system (parametric analysis)
and to also quantify the impacts of each key variable on the variability of the

expression (sensitityi analysis).

3.4.6.SEISMIC PERFORMANCE EVALUATION

Thef i nal stage in the pr oempessidntdevaluate wo r K
the seismic perfor manc e crisusedthoalcuate the e m.

coll apse mar gin r atdrhythé¢ SpadtRa)acchlgratiahiofthe d i n g

maximum considered earthquake (MCE) at the dmaked fundamental period
(Sut) based on the corresponding seismic design category. The adjusted CMR
(ACMR) is then calculated to take into consideration the variation in the spectral
shapes of rare MCEs through thee of a spectral shape factor (SSF). Finally, the
evaluation process of the FEMA P695 methodology is based on comparing the
ACMR to a set of predefined allowable limits. The performance is deemed to be
acceptable if the ACMR values are below such linkitgther details can be found

in FEMA P695 (FEMA 2009)

In this respect, the developed framework stages can be divided into two

main tasks, as shown iRigure 3.1 (i) a task that is carried out by relevant
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researchers, which includes presenting validated nonlinear models, performing

IDA, and developing predictive dathiven expressions and then ensuring their

accuracy levels; and (ii) a task that is completed by practicing engineers, where the

developed exgssion is used to assess a builespgcific seismic performance

factor (i.e., R factor). The latter task can be performed by assuming different R

factors for a specific building, carrying out the design procedure, and obtaining the

ac value using the deeloped expression to evaluate the adequacy of the assumed

R factors. This can remarkably reduce the time and effort required by engineers to

assess the adequacy of the seismic performance factors since the framework

eliminates the needto carryout multie det ai |l ed | DA ohce an ex|

is made available by researchers.

3.5. DEMONSTRATION APPLICATION TO REINFORCED

CONCRETE SHEAR WALLS

Recent research studies have demonstrated that different performance factors
should be assigned to reinforced concrete (RC) shear walls based on their
corresponding geometrical configurations (e.g., aspect ratio) and design parameters
(e.g., axial load). Bwever, utilizing the FEMA P695 methodology multiple times

to evaluate different performance factors for such walls is computationally
intensive, which makes it almost impossible to be implemented by practicing
engineers. In this respect, the developeth&éaork is operationalized herein to

rectangular lowaspectratio RC shear walls, thus providing one practical
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application of the framework. In this section, the properties of the walls are

discussed, and the dataset used to represent the system is described. Afterwards, a

verified numerical model is constructed and used to perform nonlinear IDA on the

dataset usim 44 different ground motions. Following the IDA, the most influential

variables are determined using a variable selection method and sevethivdata
approaches are selected and utictAllzed to de
expressions aresd evaluated to verify their ability in predicting the performance

of the walls in terms of their safety against seismic collapse risk.

3.5.1.SYSTEM INFORMATION

Rectangular lowaspectratio RC shear walls are selected herein as a demonstration
system. These walls are used as a seismic-fesisting system in various leise
structures such as residential, parking and industrial buildings (Akl and Ezzeldin
2023) Such walls are generally distinguished by their low heligi¢ngth ratios

(i.e., less than 2), resulting in a unique seismic behavior that is mainly governed by

flexure-shear interaction (Kolozvari et al. 2015a).

3.5.2.EXPERIMENTAL DATASET

The dataset collected and used by Gulec and Whittaker (2009) was implemented
herein to demonstrate the developed framework. The dataset was collected from
previous experimental research studies and was originally used to assess the
performance of the diffent shear strength predictive expressions (Gulec and
Whittaker 2009). The dataset consisted of 434dgywectratio RC walls (150 with
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rectangular crossections, 191 with barbells, and 93 with flanges). However, it was
decided in the current study to consider walls with rectangular-sext®ns. Some

walls were also excluded from the dataset due to insufficient information. As such,
91 low-aspectratio wall specimens were selected to represent the dataset. These
walls were tested using two different methods, where some walls were tested
monotonically, and others were tested under cyclic loading to represent seismic

demands.

As shown inFigure 3.3, the dataset contains walls with different design
parameters. Specifically, the walls had thicknessgsbétween 60 mm and 160
mm, heights (k) between 500 mm and 2000 mm, and lengtf)sgtween 600 mm
and 3000 mm. These dimensions resulted in aspect ratios (h/l) varying from 0.50 to
2.00 with sheaspan ratios (M/VL) from 0.35 to 2.13 and lendtkthickness ratios
(L/t) from 5.30 to 30.00. In addition, some walls had end boundary ateméth
lengths (Be) ranging from 60 mm t800 mm; however, this was achieved using
boundary hoops without increasing the wall thickness. The web vertical
reinforcement rvaranged framf 0.00%te 2.:4%,| whike thé |
hori zont al rei nf or g wanleetween 0.60% and 1.61%. Forh e wal |
wall s with boundary el ement s, thg)e vertica
ranged from 0.87% to 12.75%. These ratios produced walls with total vertical
rei nf or c e meamging from1.B08020 3(03%. The concrete compressive
stregt h of torangeafeoin L4sMP& tb B0 MPa, while the yield strength

of the boundary rebarsygf) was between 300 MPa and 585 MPa and the yield
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strength of the vertical \f) and horizontal (f) rebars ranged between 300 MPa
and 610 MPa. In addition, some walls had axial loads, where the axial load ratio
(ALR) is calculated by dividing the applied axial load by the corresponding design
axial loadcarrying capacity of the section (i.e., the centre s t ¢ neultigdiedh , f
by the gross area of the section).AThe walls had ALR ranging between 0.00%

(i.e., walls with no axial load) and 18.20%.

3.5.3.NONLINEAR M ODELING AND ANALYSIS

A robust numerical model is essential to capture the unique flekear
interaction of the walls. In this respect, the sH@aure interaction multiple
verticatline-element model (SFMWVLEM) was used in the current study
(Kolozvari et al. 2015b). Thisiodel is available in OpenSees (McKenna 2021) and
has been extensively verified in several research studies (Kolozvari et al. 2015b;
Kolozvari et al. 2015c; Kolozvari 2018; Pozo et al. 2020; Akl and Ezzeldin 2023).
Such studies demonstrated that the-BMLEM can capture the seismic behavior

of low-aspectratio RC walls. The model is an example of the mawaaleling
approach, where several concrete panels are assembled laterally and connected at
the top and the bottom via an infinitely rigid element, aswhin Figure3.4 The

91 walls in the dataset were modeled by placing multipleNMBALEMs on top of

each other until the desired height of the wall was reached. The model parameters
used in the current study were in agreement with those used by Akl and Ezzeldin

(2023). Fo example, the number of concrete panels was selected to be 8 panels,
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while the height of each panel was selected to match the expected plastic hinge
length according to Kazaz (2013). In addition, the material properties used in the

models were based on those values reported in the experimental programs.

Afterwards, a tributary seismic mass was assigned to each wall to result in
fundamental mode vibration periods between 0.20 s and 0.5 s, as recommended by
previous research studies for kise RC buildings (e.g., Gulec and Whittaker
2009; NIST 2010; Akland Ezzeldin 2023). IDA were then conducted on the 91
wall s i n the da tcavalue of edclowall i this respecthtee 44 h e
ground motions, as provided in FEMA P695 (FEMA 2009), were used to conduct
the IDA through different scale factorSuchground motion recordsvere all
sourced from locations situated at a distance of 10 km or more from the fault
rupture.The ground motions wereecordedat sites characterized Imavingeither
soft rock or stiff soil (referred to as Site Classes C and D, respectively), originating
from faults with reverdstrike-slip mechanisms (FEMA 2009). Each record
underwent normalization based on its peak ground velocity to mitigate
discrepancies betweesuch records following the methodology outlined in
Appendix Aof FEMA P695 (FEMA 2009)The different scale factors (12 scale
factors for each ground motion) were progressively incremented until a collapse
caused by 22 ground motions was attained. This process yielded a total number of

48,048 differensimulations.
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3.5.4.VARIABLE AND DATA-DRIVEN APPROACH SELECTION

The backward stepwise selection method through the Bayesian information
criterion (BIC) was used in the current study to identify the most influential
geometrical and desvalgsnofthecavalls (BleataadKemaon t he &
2010). The BIC is a criterion for model selection based on the likelihood function
that overcomes bias through penalization (Kingdom and Prins 2016), where low
BIC values indicate that predictive models are accurateeprdsentative-igure
3.5shows the BIC values when a different number of variables are included in the
analyses. As can be seen in the figure, a minimum BIC vaké2 8 is achieved
when 8 wall design parameters are considered, namely the thickpedgeight

(hw), length (%), aspect ratio (h/l), sheapan ratio (M/VL), total vertical
rei nf or c euwpgield strengihtof thee bqundary rebasgdf and axial load

ratio (ALR).

The nonlinear regression (NLR) and genetic programming (GRpdiatn
approaches wer e s el eceekpeedsionsdue tbéheirabilites pr edi ct
to yield expressions with good interpretability of how the output relates to the input
features. Therefore, such glass/white box -diateen approaches can provide
insights into the underlying relationships of the systestuding key factors for the
algorithm decisions (Aler Tubella et al. 2019; Zhang et al. 2021). The 8 baeckward
selected variableseve used for the NLR approach only because the GP approach

has an inherent iterative method to select the appropriate variables (Koza 1992).
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3.5.5.EXPRESSION DEVELOPMENT

Each approach was wused to deverlvadups an expre
of the experimental walls. The training and testing sets were similar throughout the

two approaches, where the training set contained 69 walls (about 75% of the

dataset) and the testing set constituted the remaining 22 walls (about 25% of the

datagt). These ratioswere selected toprovide a good representation of the

variability of the different design parametensthe implemented datasand to

ensuret h e di é&ratuesara tepregented in each ¢6ondia et al. 2020;

Luong et al. 2023)as shown ifFigure3.6.

First, the polynomial NLRypproach was implemented to obtain a predictive
expression using the 8 backweselected variables. An upper limit of three on the
maximum raised power of variables was assumed to achieve acceptable accuracy
levels while also avoiding further complex exgsi®ns. The NLR approach

resul t ecglexgression thagis piiesented in E344)

-|||=4|| 8 8 < 8 e <« 8 e
8 ° 8 e =u 8 ° n

8 I 8z, 8 20 « g8 o | ta B =4 4
g o =44 (3-4)
Second, the GP approach was conducted using the MATLAB toolbox
GPTIPS (Searson et al. 2010; Searson 2015), where full details about the used GP

parameters are provided Trable3.1. The developed GP expression is presented

in Eq(3-5)
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3.5.6.EXPRESSION PERFORMANCE ASSESSMENT

The statistical assessment of the expressions is a crucial step to assassutray
levels. In this respect, the two expressions are evaluated using two statistical
metrics, namely the fand the NRMSE, as presentedliable3.2 As can be seen

from Figure 3.7 and Table 3.2, for the training set, the GP expression achieves a
higher R value (R=0.81) than that of the NLR expressior*£B.78). A similar
observation can be seen for the testing set, where’thaires for the GP and NLR
expressions are 0.82 and 0.81, respectividple 3.2 shows also that the NRMSE
values for the training set are 0.37, and 0.32 for the NLR, and GP expressions,
respectively, while the NRMSE values for the testing set are 0.37, and 0.40 for the
same expressions, respectively. TheaRd NRMSE results show that the GP
expressi on c a ncrMvalees af thea wals wherconsparedttothe NIER
expression. It is noticeable that although the accuracy of the NLR and GP
expressias is comparable, the latter expression is far simpler to use than the former
expression. This can be considered a substantial feature for the GP expression as it

can be adapted by building codes and practicing engineers.

Following the statistical assessment, an interpretability analysis through a
parametric analysis was performed to assess the effect of the wall design parameters

on t he prvealukes af the @P efpression. This analysis is conducted by
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varying a single parameter at a time while keeping all other parameters equal to
their corresponding mean values. This analysis can in turn yield insights about the
robustness of the GP expression when its predictions are compared to the known
behavior oimechanics, as shownkigure2.8(Kuo et al. 2009; Gondia et al. 2020;
Luong et al . 2022) . Specifically, when t hg
increases, as shownhkigure2.8a. This can be attributed to the fact that walls with

large thicknesseallow for betterconfined reinforcements at the wall ends, thus

enhancing the ductility capacity of such walls. In addition, as showigire2.8

( b and cci9 directly preportional to hand M/VL, which indicates that

when such parameter s i nccr\laesdo collappee wal | s
because they exhibit a more ductile behavior, as presented in previous studies (Cho

et al. 2004; Kolozvari et al. 2015b). A similar observation is demonstrakeglre

2.8(d, e, and g), as thed vt gnd fnincrease, the walls tend to have higher ductility
capacities and s ub sreapesdoncollapge. In a&djtion, thee hi gher
ef fectcomf tcthseshowh idFigure2.8f, and the figure shows that as the

fcdd ncreases, the walls begwvaues Findlysthe ducti | e
ALR ef f e cctvaluescan lie beenki@ure2.8n, where high ALR values

|l ead to diagonal compr es sdr\alnes (Galeclandr e s and

Whittaker 2009).

A sensitivity analysis was also conducted for the GP expression. This

analysis aims at providing information on the impact of each wall parameter on the
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acr value of the wall. The sensitivity analysis was carried out using Egj6sand

(3-7) (Gandomi et al. 2013)

ToAgaptes Aegapoee (3-6)
|
{1 =T 37)
where"Y w and"Y W represent the Brighest an

predictions utilizing the entire range of tigiredictor variable, respectively, while

keeping all other parameters at their corresponding mean values.; Th¢h&

sensitivity of the'f' predictor variable (i.e., design parameter), which indicates the

i mpact of this var i abekpeessiom Agtedirey withihe c o me o f
known mechanics of lovaspecr at i 0 R C cwia Indstssensitiveht@ thea

sheass pan ratio (M/ VL) and the ) onithal vertic
sensitivity coeficients of 26.47% and 19.75%, respectively, as showrigare

29Thi s is followed by t he)wtlhasensitevityef c ompr e s s
coefficient of 17.61%. All other parameters showed sensitivity coefficients ranging

from 1.15% to 11.41%.
3.5.7.SEISMIC PERFORMANCE EVALUATION

The framework produced an easyuse GP expression that is capable of accurately
pr edi c tctvalges df loveaspéctratio RC shear walls. This expression can

be then used by engineers in practice to either assess different seismic modification
R factors for new RC buildings or evaluate the seismic performance of existing RC

buildings. Specificallyfor a new building, engineers can identify several seismic

93



AhmedAKI McMaster University
Ph.D. Thesis Department of Civil Engineerini

parameters (e.g., R factor, importance factor, and site coefficients) to determine the
loading demands on the building and subsequently design its comprising RC walls
including their dimensions and reinforcement ratios. For an existing building,
engineerseed to use the dmiilt dimensions and reinforcement ratios of the RC
walls to be assessed. Afterwards, for new and existing buildings, the corresponding
Swr value can be calculated by using either relevant building codes or the maximum
values provided byrEMA P695 (FEMA 2009). For instance, the ASCH&
(ASCE 2016) provides a mapped representation of the spectral response of the
MCE at a fundamental period of 1 s and at short periodan&S), which can be

used to calculate the spectral acceleration of the MCE at the fundamental period of
the considered buildings ¢$). Thereafter, engineers can utilize the GP expression

t o cal c ¢ Value vdthout khe neéd to perform IDA. The CMR and ACMR
values can be then simply calculated and compared against the allowable limits of
FEMA P695 (FEMA 2009) to assess the collapse risk of the buildings under the
MCE. For new buildings, if the assumedf&tors and the corresponding design
details of the walls satisfy the acceptance criteria of the FEMA P695 methodology
with a significant margin, higher R factors can be assumed. However, if the
acceptance criteria are not achieved, lower R factors caastemed. This
procedure should be repeated until an acceptable performance and economic design

are attained by the considered buildings.
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3.6. CONCLUSIONS

The current study develops a ddtéven framework to practicalize the FEMA P695
methodology that evaluates the seismic performance of buildings under the
maximum considered earthquake (MCE). In this respect, the developed framework
stages are presenteddatail and the datdriven approaches required to carry out

the framework procedures are discussed. These stages include the selection of an
appropriate dataset to represent the underlying seismicreststing system. This

is followed by using validatenumerical models to perform incremental dynamic
analyses (IDA) on such a dataset. Afterwards, the IDA results are utilized to select
key system variables to be used by potential -deteen approaches. Such
approaches are used to develop predictive sgmas for the median collapse
intensity of the underlying system, thus assessing its seismic performance under the

MCE according to FEMA P695.

To demonstrate its practical use, the developed framework was
operationalized to a dataset of 91 laspectratio RC walls tested in previous
experimental programs. The walls were numerically modeled using OpenSees and
nonlinear IDA using different grounchotion records were conducted. The IDA
resul ts wer e usreallestofdhe walld. Mouliheartregressibneanda
genetic programming (GP) algorithms were then utilized to develop twe data
dr i ven pcrexmtassionsi Thesaccairacy of sugpressions was evaluated

using different statistical metrics, and the GP expression achieved the balance
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between simplicity and accuracy. Subsequently, interpretability analyses were
conducted for the GP expression to quantify the influence of the different design
par amet e grvaluesrof RC lwalls. @oinciding with the known mechanics,
the results showed that the shepan ratio and the total vertical reinforcement ratio
are key design parameters for RC walls when their seismic performance is

evaluated under the MCE.

Although applied in the current study only on RC walls, the developed
framework can be further extended in future studies to developddata vce N &
expressions for the different seismic foresisting systems (e.g., reinforced
masonry shear walldfurther research is also encouragedhialate thedeveloped
expressions against additional walls from literature, incluttingewalls presented
in Akl and Ezzeldin (2023 Practicing engineers can use such expressions to assess
the collapse risk of buildings under the MCE using a wide range of seismic
performance factoés without the need to perform IDA that is computationally
intensive. Therefore, thdramework developed herein is expected to have
significant impacts on the practicality of the FEMA P695 methodology by
including the resulting datd r i vce expredsions in future building codes and

design standards.
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3.9. TABLES

Table 3.1. Parameters for the GP expression

Parameter Value/Setting
Population size 1500
Number of generations 1000

Termination criterion

Number of generations

Fitness function NRMSE + 1/R
Maximum number of genes 2
Maximum tree depth 4

Mathematical functions used

Plus, minus, times, divide, square, square |

Elite fraction 0.10
Tournament size 5

Crossover rate 0.15
Mutation rate 0.80
Direct reproduction 0.05

Table 3.2. Expression evaluation

Approach R? NRMSE
Training Testing Training Testing
Nonlinear regression 0.78 0.81 0.37 0.37
Genetic programming 0.81 0.82 0.32 0.40
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Chapter 4
SEISMIC HYBRID TESTING OF TWO-STOREY LOW-ASPECT-
RATIO RC SHEAR WALLS WITH DIFFERENT CONFIGURATIONS

IN NUCLEAR FACILITIES

4.1. ABSTRACT

Low-aspectratio reinforced concrete (RC) shear walls are widely used as a seismic
forceresisting system in containment and safetated nuclear facilities.
However, there has been a very limited number of research studies to date that
experimentally gantified the performance of such nuclear RC shear walls when
subjected to different ground motion levels. This lack of studies is mainly attributed
to the significant challenges that most laboratories encounter when such walls are
tested, especially in a utti-storey setting, such as specimen sizes, actuator
capacities, space limitations and the ability to simulate the large mass associated
with nuclear facilities. To address this, the current study experimentally
investigates the seismic performance of two-storey lowaspectratio nuclear

RC shear walls with different configurations (i.e., namely, wallsR\vdnd W2B)

using the hybrid simulation testing technique. Wall-R/ivas designed to have a
rectangular crossection, while wall W2 had boundary ements with increased
thicknesses at the wall ends. Both walls were designed to have similar shear and

flexural capacities to allow for direct comparisons. The walls were then tested under
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different ground motion levels, ranging from operational to design and beyond
design earthquake levels using a developed hybrid simulation framework. The
experimental results of the test walls are presented in terms of their force
displacement responseatdral and rotational stiffnesses, ductility capacities, rebar
strains, crack patterns and damage sequences. The results show that both walls had
similar force and moment capacities, crack patterns, and stiffness degradation
trends. However, WB showed laver displacements and intstorey drifts than

those of W1R during their design basis earthquake levels. The former wall had
also higher ultimate lateral and rotational displacements than the latter wall at their
beyonddesign basis earthquake levels, ethiindicated enhanced ductility
capacities when boundary elements were used iFBW2 addition, the results

show discrepancies between the theoretical and experimental lateral and rotational
stiffness values, thus highlighting the need for distinct itigieéduction factors for
low-aspectratio RC shear walls in future editions of relevant nuclear design
standards. The current study enlarges the experimental database pertaining to the
seismic performance of lcaspectratio RC shear walls with boundangments to

facilitate their wide adoption in nuclear facilities.

4.2. |INTRODUCTION

Low-aspectratio reinforced concrete (RC) shear walls (i.e., with hetigiéngth
ratios of less than 2) are widely used in doge containment and safetglated

nuclear facilities (Barbachyn et al. 2017; Luna and Whittaker 2019; Akl and
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Ezzeldin 2023). Such walls are generally characterized by their large thicknesses
coupled with as few openings as possible to protect nuclear facilities against
radiation leaks, blasts, and fires (Whyte 2012b). These geometrical characteristics
result in wvalls with high structural stiffnesses, causing their nuclear facilities to
have very short fundamental periods that typically range from 0.11s to 0.30s (GE
Hitachi Nuclear Energy Americas LLC 2014; Whyte and Stojadinovic 2014).
Accordingly, the shear demds on such walls increase remarkably when they are
subjected to ground motion records (Gulec and Whittaker 2011). Such high seismic
shear demands and the associated complex-8barare behaviour of such walls

call for additional attention to their perfoance by investigating different design
parameters that can mitigate the seismic collapse risk of these critical nuclear

facilities.

Boundary elements (BEs) are defined as parts of a wall that are strengthened
using heavilyplaced longitudinal reinforcement, with sufficient additional
transverse reinforcement (e.g., hoops) to prevent buckling of the longitudinal
reinforcement (Wallacera Orakcal 2002; Massone et al. 2017). The use of BEs
can be also accompanied by an increase in the wall thickness at its extreme ends,
called barbelshaped walls (ACI 2019; Canadian Standards Association 2019a).
Such BEs enhance the flexural resistarictheir walls as they resist most of the
tensioncompression forces developed from lateral loads and overturning moments.
Hence, RC shear walls with BEs typically have relatively lightinforced webs

(Massone et al. 2017).
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The use of BEs in lovaspectratio walls is not widely adopted in existing
nuclear facilities (GE Nuclear energy 1997; Mitsubishi heavy industries Itd 2013).
This is mainly attributed to the fact that BEs are not required for nuclear RC shear
walls as peBection 21.9.6.1 of ACI 3483 (ACI 34913). In addition, researchers
recommend that since leaspectratio RC shear walls are mainly governed by
shear behaviour, investigating the use of BEs in such RC walls is not needed (
Cheng et al. 2016; Barbachyn &t 2020). However, recent research studies
demonstrated that lowaspectratio RC walls without BEs can develop flexural
failure (e.g., Devine et al. 2020). Other studies indicated that BEs can enhance the
ductility of these walls (e.g., Darani and Moghad2008). However, to the best of
t he aut hor so knowl edge, t o dat e, no
performance of lowaspectratio RC walls with increased thickness BEs (i.e.,

barbeltshaped walls) in nuclear facilities when subjected to growtthmrecords.

Seismic testing of lovaspectratio RC shear walls used in nuclear facilities

is a challenging task due to several laboratory constraints, including specimen sizes,
loading actuator capacities, space limitations and the ability to realistically
representte large mass associated with nuclear facilities (Whyte and Stojadinovic
2014). As such, the hybrid simulation testing technique offers an effective way to
overcome such laboratory constraints (Shao and Griffith 2013; Najafi et al. 2023).
A hybrid simulaton model consists of two main substructures 1) Physical
substructure: the experimental components that represent the most critical parts of

the structure, and whose behaviour has proven challenging to accurately simulate
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in a fully numerical domain; and 2) Numerical/Analytical substructure: the
structural components which behaviour is more predictable and can be precisely
modelled (Hashemi et al. 2017). Allowing both substructures to interact
continuously, the hybrid simafion testing technique can capture the system
behaviour while addressing the aforementioned laboratory constraints (Chen et al.
2018). Despite the increased interest in the use of this testing technique to
investigate the performance of several seismigefeesisting systems, such as steel
(Yang et al. 2009; Del Carpio Ramos et al. 2016; Mortazavi et al. 2022}, base
isolated (Schellenberg et al. 2015; Sarebanha et al. 2019; Harris and Christenson
2020; Furinghetti et al. 2020, 2022), and RC (Jeong arask# 2005; Saouma et

al. 2014; Hashemi et al. 2017; Woods et al. 2020) structures, there has been very
limited implementation of such a technique for RC shear walls in nuclear facilities.
Only, Whyte et al. (2014) utilized hybrid simulation to test twagka-storey low
aspectatio RC shear walls. In these tests, the physical substructure consisted of a
RC shear wall, while the numerical substructure contained a seismic mass;
however, no axial load was applied to the two test specimens. In additiotydje s

did not consider when lowaspectratio RC walls are used in muktorey nuclear

facilities.

The current study experimentally quantifies the seismic performance of two
two-storey lowaspectratio nuclear RC shear walls, with and without BEs, using
the hybrid simulation testing technique under different earthquake levels. In this

respect, the expienental program is first discussed, where the design criteria,
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construction details, material properties, hybrid simulation models, test setup
components, instrumentation layouts, and loading protocols of the test walls are
detailed. The test results are then presented in terms of theirdisptacement
responsesalteral and rotational stiffnesses, ductility capacities, rebar strains, crack
patterns and damage sequences. In addition, to guide future editions, comparisons
between experimental lateral and rotational stiffnesses to theoretical predictions
using relevannuclear design standards are included in the current study. Finally, a
set of conclusions including findings and recommendations for future research

studies are presented.

4.3. EXPERIMENTAL PROGRAM

Two low-aspectratio RC shear walls were tested in the current study, where W1

R indicates the wall with a rectangular crsggtion, while W2B refers to the wall

with BEs (i.e., a barbell crossection). Each wall was tested as a part of a two
storey nutear structure under several earthquakes to quantify the seismic response

of the wall over a spectrum of hazard levels.

4.3.1.WALL DESIGN

During the design phase of the test walls, three main criteria were considered: 1)
Resemblance, the walls should have geometrical characteristics and design
parameters as those of l@agpectratio RC walls used in nuclear facilities; 2)
Similarity, the wals should have similar capacities to facilitate direct comparisons

between the two test specimens; and 3) Mitigation of undesired modes, the walls
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should be checked to ensure that any undesired failure modes including the
surrounding test elements do not occur prematurely (e.g., premature wall sliding,

and loading beam or foundation failures).

To satisfy the first design criteria, the concrete dimensions and
reinforcement ratios of both walls were assumed to lie within the typicalctate
practice range obtained from both design control documents (GE Nuclear Energy
1997; Mitsubishi heavy indusg¢s Itd 2013; GE Hitachi Nuclear Energy Americas
LLC 2014; Korea Electric Power Corporation and Korea Hydro & Nuclear Power
co Itd 2018; USNRC 2019) and relevant research studies (e.g., Devine 2020), as
presented iTable4.1l Specifically, wall WiR wasassumed to have a total height,
of 11.00m, a thickness of 1.10m and a length of 6.6m, resulting in an aspect ratio
of 1.67. The overall dimensions of wall WBwere similar to W4R but with BES,
whose dimensions were assumed to result in a ratio of Otd@drethe BE area to
the total wall area, which lies within the typical ratios of 0.22 to 0.60 found in
literature (Gulec and Whittaker 2009). All the wall dimensions were then scaled
down by applying a scale factor of 1:5.5 to the-fgéle walls. As shwn in Figure
4.1, both walls had similar overall dimensions, as follows: 1) total lengthofl
1200mm; 2) physical heightyhof 21000mm; and 3) web thicknesg, of 200mm.

The BEs of W2B had the following dimensions: 1) thickness, 6f 300mm; and
2) depth, bBe, of 200mm. Each wall had a physical fistbrey height equal to
1000mm and a numerical secestdrey height of 1000m, resulting in a total height

(i.e., physical + numerical) of 2000mm.
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The concrete compressive strength of both walls was taken as 35 MPa,
while the reinforcement was assumed to be grade 400W steel with a yield strength
of 400 MPa. For WR, a reinforcement ratio of 0.83%, typical for nuclear
structures (Whyte and Stojadinov2014; USNRC 2019), was assumed for the
vertical and horizontal directions, placed in two curtains. The rebars were spaced
at 120mm, resulting in a total of AWM (diameter 11.3 mm) and I®M rebars
in the vertical and horizontal directions, respedyivéin W2-B, each BE had a
vertical reinforcement ratio of 1.33% with a total e1@M rebars and 10M closed
hoops that were spaced at 120mm. As for the web;BWfad vertical and
horizontal reinforcement ratios of 0.38% and 0.83%, respectively. Thisew sl
a total vertical reinforcement ratio of 0.79% in MB2The design parameters of the
two walls and the range of parameters associated with typical nuclear structures are
presented inTable 4.1, while an overall layout of the wall dimensions and

reinforcement details is shown igure4.1

Both walls were designed to have similar shear and flexural capacities to
achieve the second design criteria, as presentédale4.2 The shear capacity of
each wall was predicted using expressions from relevant design standards and
research studies (Barda et al. 1977; ACI-389ACI 31819), while the flexural
capacity was obtained through sectional analyses as per ACI 349 and &CI 31
recommendations (ACI 3483, ACI 31819). Undesired failure modes (e.g., wall
sliding and foundation/loading beam fa#) were also ensured to not occur until

the flexure and shear capacities of the walls have been fully developed, thus
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satisfying the third design criteria. The expected shear sliding capacity was
calculated at the interface surface between the wall and the base using several
expressions (Birkeland and Birkeland 1966; Mansur et al. 2008; AGI1318
Walraven et al. 1987RAs presented iffable4.2, there is a significant scatter in the
capacity predictions of both walls, as reported in previous studies (e.g., Wood 1990;

Gulec et al. 2009; Gulec and Whittaker 2011).

Each wall had a RC slab at its top which connected the wall to the steel
loading beam, as shown kigure4.2 The RC slabs were mainly designed as D
regions according to the strahdtie method described in chapter 23 of ACI 318
(ACI 318-19) and were used to transfer the loads from the steel loading beam to
the walls. The two walls had the same foundation dsioes that were designed
to withstand the highest expected demands without experiencing premature failure
according to chapters 13 and 22 of ACBIACI 31819). The foundation of each
wall was connected to a fixed base using sixteentposioned rods, as shown in

Figure4.2

4.3.2.CONSTRUCTION STAGES AND MATERIAL PROPERTIES

The walls were cast in two separate stages, which is consistent with typical
construction practices. In the first stage, the foundation was cast, with the vertical

rebars of each wall put in place to continuously extend to the RC slab. In the second

staget he wall and its RC sl ab were poured.

was measured for three cylinders (150mm x 300mm) according to ASTM C39
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(ASTM 2021). An extensometer with a 203 mm (8 in.) gauge length was used to

measure the concrete strains, which was then used to calculate the concrete modulus

of elasticity, k. Three 10M rebar samples were also tested in tension to obtain the

required material properties. An extensometer with a gauge length of 200 mm (4

in.) was placed onto each tested rebar to
strength, fu. The rebadid not show a weltlefined yielding plateau, and therefore,

the 0.2% offset mthod was used to determine the corresponding yield strepgth, f

as per ASTM A370 (ASTM 2022). The measured concrete and reinforcement

properties are summarizedTable4.3.

4.3.3.HYBRID SIMULATION M ODEL

The hybrid simulation testing technique was used to test wall&k\Vaad W2B.

The first storey of each wall, where the plastic hinge was expected to form,
represented the physical substructure, while the second storey of the wall
represented the numericlbstructure, as shownhigure4.3a. The physical wall

was tested in a displacemamtntrolled setting, using lateral, axial and rotational
displacements that were all controlled at the interface node, as shBignrie4.2

The numerical substructureaw developed using OpenSees (McKenna 2021) and
contained the second storey and the two seismic ma3s$es.numerical
substructure isimplified hereinfor multiple reasonsi) the layouts of nuclear
facilities are extremely challengingto attain as such information is typically

considered highlyonfidential;ii) a simplfied model would limit the number of
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variables related to such analyserdiii) the usedmodelis in agreementvith

relevant research studidsatfocused orsimilar structuregWhyte 2012a; Woods

2018) As shown inFigure 4.30, OpenSees is responsible for determining the

structural displacements by solving the equation of motion at each time step of the
earthquake. The communication between the numerical and physical substructures

is carried out through OpenFresco (Universify California Berkley 2013), a

middleware that communicates between the numerical model and the servo

controller (i.e., MTS 793). Specifically, the middleware obtains the seismic
displacements from the numerical model and transfdh@ash into displacement

demand signals, which are sent to the physical specimen through the servo

controlled hydraulic actuatorsThe no-transformation setup in OpenFresco

(University of California Berkley 2013yas selectethroughoutthedifferenttests

All the transformations were carried dbtougha set of equations defined tine

MTS software in order toonvert all the model command displacemédrim the

model 6s coordinate system (i.e., contr ol n
to the corresponding command di spl acement s
system (i.e., displacements acted by each actu@dopds 2018) Each of the

connected hydraulic actuators has a load cell, which measures the restoring forces

of the specimefi.e., the forces in Xand Y-directions as well as the momexthe

interface node as shown in Figure Yahd sends them to the data acquisition

(DAQ) system. The DAQ system sends the forces to the numerical model through
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the middleware, and the model uses such forces to calculate the stiffness value to

be used for the next time step of the earthquake.

A seismic mass of 0.112kN/s1 was assumed on top of each storey. This
mass was particularly selected to produce a structural natural vibration period of
0.14s, which is typical for nuclear structures, as presentéalte4.1 (Huang and
Whittaker 2008; Whyte 2012a). In addition, to avoid unnecessary complexities to
the numerical model, the top storey of the wall was simulated by an elastic beam
column element as it was expected to remain elastic (Woods et al. 2020). This
elemen was assigned a modifier 66% for the modulus of elasticity to account
for concrete cracking as per CSA A23.3 (Canadian Standards Association 2019a).
An overestimated initial stiffness matrix was also defined by utiliziag=E
5500 "Q, as recommended by Woods (2018), to calculate the first displacement
demand. Moreover, the implicit Newmark method (i.e., with five fixed iterations)
was used to carry out the transient analysis in the hybrid simulation model, with
gamma and beta factoos 0.50 and 0.25, respectively, resulting in the average
acceleration method (Schellenberg et al. 2009). The analysis time step implemented
in the numeri cal model was taken as 1/ 8 of
while a damping ratio of 5% was assed, which is typical for lowise RC

structures (PEER/ATC 2010).
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4.3.4. TEST SETUP

Figure 4.2 and Figure 4.4(a and b) show the experimental test setup that was
developed to apply the lateral, axial and rotational displacements to the interface
node of the physical wall. As can be seen from the figures, aofgldne
restraining system was provided using twaiatirs at the north and south sides of

the loading beam. The oof-plane displacements of the loading beam were
measured using two laser displacement transducers, which were commanded to
maintain the initial position of the wallthus preventing any owif-plane
displacements throughout the tests. Also, the walls were expected to show high
stiffness values and subsequently very small displacements, especially at the early
stages of testing (Whyte and Stojadinovic 2016). Thergforapply smooth and
accurate displacement demands to the test wall, a 500mmridecBENC 150
high-precision displacement encoder with a -omerometer step resolution was
used to control the lateral displacements during the test. The encoder was used t
measure the displacement from the interface node to a stiff aluminum frame that
was connected to the wall ds base. This was
displacements (e.g., steel frame and/or fixed base movements) that might affect the
testing.The vertical displacements of the test wall were controlled using LVDTs

that were mounted onto the vertical actuators directly.
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4.3.5.INSTRUMENTATION

A total of 18 linear potentiometers and 8 wire potentiometers were used to measure
displacements during the tests. In addition, two 250mm-pirghision encoders
were used to measure the vertical displacements at two locations of the loading
beam, as showm Figure4.4c. Moreover, 27 and 26 strain gauges were installed
on the rebars of walls WR and W2B, respectively, as shownkigure4.5. Three
dimensional digital image correlation (dDIC) was also used to measure the
deformation of the wall surfa@nd subsequently provide strain values at different
locations on the wall, as shownRigure4.6. Specifically two 10 Industries 12MP
high-resolution cameras (12M180xCX) were installed to take pictures every 10
seconds, with a full view resolution of 4096 x 3072 pixels. Before the test, the wall
was painted white, and a pattern of black dots was then laid @weathusing pre

cut removable vinyl stencils. These stencils ensured an adequate and uniform
speckle density among the wall, where the dengitylack dots to white regions

was about 1:1. The black dot sizes were about 3mm in diameter, corresponding to
about 6 pixels in the pictures taken by the camera (Looi et al. 2017; IDICS 2018;
East et al. 2023). The GOM Correlate software (GOM mbH 2016 }hessused

to map the strain profile and crack widths of the wall by tracking the black dot

movements throughout the sequence of the taken pictures.
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4.3.6.L OADING AND EARTHQUAKE SEQUENCES

Safetyrelated nuclear structures experience low axial load values, typically
bet we eAgtdo 0 GA,fBadk @t al. 2017), wheregAddenotes the gross
crosssectional area of the concrete element. In this respect, a vertical axial load of
420 KN, which cd@gforeal fWoR, das gradaallyOapples fo 6

both walls before the start of each test.

The site of the considered nuclear structure was assumed to be located on
the western North American coast, known for its high seismicity. Then, the 1994
Northridge earthquake in California, recorded at the Beverly Hills station, was
selected in the curréstudy. Several earthquake levels were utilized herein to test
walls W1-R and W2B, as shown irigure4.7 (a and b)respectively. Since nuclear
structures are typically required to remain essentially elastic (ACH1349
Canadian Standards Association 2019b) under a design basis earthquake (DBE),
researchers defined the DBE level to be an earthquake that generates) bend
moments that lie within the range of 0.67 to 1.00 the yielding moment, My (Whyte
and Stojadinovic 2014; Woods 2018). In this respect, the 1994 Northridge
earthquake was scaled in the current study to obtain a DBE scale factor for each
wall namely, DBEIfor wall W1-R and DBE2 for wall WzB. DBE1 and DBE2

were also applied to both walls to allow for direct comparisons.

Seven additional scale factors were implemented by scaling the DBE level

of each wall. First, each wall was tested under two operational basis earthquakes
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(OBE), which is defined as an earthquake that induces vibratory motions without
hindering normal operations of the nuclear facilities or imposing risk to the health
and safety of the public at these facilities. Hence, scale factors of 0.30 and 0.50
(Whyteand Stojadinovic 2014; Woods et al. 2020) were used to produce the OBE
0.3 and OBH).5 earthquakes, where each scale factor was multiplied by each
wall 6s DBE | evel. T h e-0.3remd OBED&biisio obtdin usi ng t h
basic wall quantities such asthitial and cracked stiffnesses, respectively (Whyte

and Stojadinovic 2014). In addition, beyond design basis earthquakes (BDBE),
defined as rare earthquakes that are more severe and less frequent than the DBE
(ACI 349-13), were used. Five different BDBRvere investigated, namely, BDBE

1.5, BDBE2, BDBE-3, BDBE4, and BDBES5 with scale factors 1.50, 2.00, 3.00,

4.00 and 5.00, respectively, that are multiplied by the DBE scale factor of each
wall. These earthquakes were used to capture theppaktbehawour of the walls

when subjected to extreme seismic events. The scale factors of such earthquakes
were gradually increased until the walls showed a 20% strength degradation in both
their lateral and rotational strengths. This loading protocol has resukiggplying

a total of nine earthquakes to each wall, as shovAmure4.7.

4.4. TESTRESULTS

Table 4.4 presents an overview of the wall responses throughout the tests. It is

worth noting that the differences between the maximum displacements, forces, and
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moments in the push and pull directions are mainly attributed to the asymmetry

associated with the used ground motion records.

4.4.1.FORCE-DISPLACEMENT RESPONSES

As can be seen ifiable4.4, low lateral and rotational displacements were recorded
for both walls during their OBE levels. However, M82exhibited slightly higher
displacement values than WRL This behaviour might be attributed to the higher
scale factors of W:B (0.08 and 0.13)elative to those of WR (0.07 and 0.11) at

the two OBE levels.

For the DBE levels (i.e., DBE1 and DBEEjgure4.8 andFigure 4.9as
well asTable4.4 show that WiR had higher lateral and rotational displacements
than W2B. For example, at the DBEL1 level, WRLreached 42% and 21% higher
lateral displacements than WRin the push and pull directions, respectively. At
DBE2 levels, WiR showed higher rot@n values of 33% and 47% than V2n
the push and pull directions, respectively. These lower values @8 WW@icate that
using BEs limited the wall deformations before yield, which was attributed to the
higher lateral and rotational stiffnesses of W2elative to W1R, as will be

discussed later.

Figure 4.10 and Figure 4.11showthat both walls had similar maximum
lateral and rotational strengths, thus realizing the second design criterion discussed
earlier The figures showthat the maximum lateral capacity valuase on the

positivesideof they-axis while the maximum moment capacity valason the
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negative sidef the yaxis.Thisis due to the way theoordinate systemvasdefined

at the interface nodé.e., the lateral load is positive when pushing, white
moment is negativeehenpushing. As can be seen in the figurd¥2-B attained a
maximum lateral strength of 581 kN and 446 kN, in the push and pull directions,
respectively, while WAR achieved 535 kN and 415 kN in the same directions.
Also, W2-B reached a maximum moment of 1228 kN.m and 839 kN.m, in the push
and pul directions, respective] while W1-R attained 1010 kKN.m and 734 kN.m in
the same directions, indicating only 17.5% on average higher rotational strengths
for W2-B than W1R. However, these maximum experimental moments of each
wall surpassed the theoretical values obtained s&ntjon analyses following the
recommendations of ACI 3483 and ACI 31819, as presented earlieriable4.2
These results confirm that the section analysis, based on the-spletiun
hypothesis, did not produce accurate values fordepectratio RC shear walls

(Paulay et al. 1982; Gulec and Whittakef2))

Figure4.9andFigure 4.1Ghow also that strength degradation of about 48%
was attained by both walls during their BDBElevels, where the tests were

terminated to ensure the safety of the test setup.

In the current study, the ultimate lateral displacement is defined as the
lateral displacement of the wall at 20% lateral strength degradation, while the
ulti mate rotational di spl acement i's defin
rotational strength degdation (Kuang and Ho 200&igure4.11shows that W2

B had 18% higher ultimate lateral displacement (23.8 mm) thafiRW2D.2 mm).
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Also, W2-B attained 27% higher ultimate rotational displacement (40:2x40)
than W1R (31.8x1C rad). These results demonstrate the enhanced deformation

capacities of WzB relative to W1R due to the use of BEs.
4.4.2. MULTI -STOREY RESPONSES

Figure4.12showsthe force and moment distributions across the two stories
of each wall. For direct comparisons, the results from the DBE1 and DBE2 levels
are presented in the figure. The figure shows thatRAdnd W2B have similar
forces and moments at the DBE1 and DBIEZels. However,Figure 4.13
demonstrates that the maximum displacements andsittery drifts attained by
W?2-B, in the push and pull directions, are lower than those exhibited bR \At1
the DBE1 and DBEZ2 levels. For example, during BBE1 level, W2B attained
about 30% less intestorey drift ratios on average along the two stories than W1
R. The overall reductions in the displacements and-siteey drifts across the
multiple stories in W2B indicate an enhanced seismic perforneawben BEs are
used in lowaspectratio RC shear walls, where lower probabilities of damage can
be achieved by their structural and reiructural nuclear components (FEMA

2009) when they are subjected to DBE levels.
4.4 .3.LATERAL AND ROTATIONAL STIFFNESSES

The initial, cracked and secant stiffnesses of the walls were considered in the
current study. The initial stiffness is an important seismic parameter, especially for
nuclear RC shear walls as they are required to remain elastic throughout their
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operational states (Barbachyn et al. 2020). The initial lateral and rotational
stiffnesses were determined at the GBE level for both walls, where the average
values for each wall in the push and pull directions were calculated. The initial
lateral stifnesses of WAR and W2B were 1410 kN/mm and 1730 kN/mm,
respectively, while the initial rotational stiffnesses of both walls were 760x10
kN.m/rad and 975xfOkN.m/rad, respectively. These results demonstrate the
influence of the BEs in increasing the mamhof inertia of W2B and subsequently

its initial lateral and rotational initial stiffness values relative to-R/1

The cracked stiffness was also considered at the onset of cracking which
was determined using the DIC analysis. WallsR/and W2B had similar cracked
lateral stiffness values of about 800 kN/mm. However, the cracked rotational
stiffness of W2B was highethan that of W4R, where the former and latter walls
had cracked rotational stiffness values of 782xMm/rad and 646xFfkN.m/rad,

respectively.

A comparison was conducted between the theoretical and experimental
initial and cracked stiffnesses, as presenté&dhivie4.5. The theoretical lateral and

rotational stiffnesses were calculated based or{4t).to Eq.(4-3).

Ly F and L, n“i;ﬂ (4-2)
Lyl

L, + < Iy L, (4-2)

L, iitll (4-3)
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Where k and K, denote the flexural and shear contributions to the lateral stiffness,
respectively, while Ka, and kot denote the lateral and rotational theoretical
stiffnesses. U and b are the flexural
respectively, as recommended by relevant standards and guidelines (ASCE 2005,
2017; ACI 31808; ACI 34913; TBI 2017). § denotes the gross moment of inertia,
while G is the concrete shear modulus which was taken as QA® 318-19;

ASCE 2005).Table 4.5 shows that the theoretical initial (uncracked) lateral
stiffness values exceed their experimental counterparts, whereptalie
predictions were only achieved when a flexural contribution reduction factor of
0.70 was used. However, for the initial rotational stiffness, the theoretical values
are significantly larger than the experimental stiffnesses, where the theoretical
values reach as high as 3.58 times their experimental values. For the cracked lateral
stiffness ratios, the results show some discrepancies with some theoretical values
being smaller (i.e., when-RéasmerALB318 nd
19orlargr (i .e., when U=0.35 an-d3)thanthe 00
experimental results. The accuracy of the theoretical cracked rotational stiffnesses
has improved (i.e., relative to the uncracked rotational stiffness predictions), with
values up to 22 times their experimental values. The significant discrepancies
between the theoretical and experimental stiffness valuesbie4.5highlight that

unique rigidity reduction factors are needed for4aspectratio nuclear RC shear

walls.
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For each wall, the secant stiffness was calculated at the peak loads in the

push and pull directions and the average secant stiffness values areFafpanen

4.14 As can be seen from the figure, ¥BZhows slightly higher secant lateral and
rotational stiffness values compared toWWAhcross the different earthquake levels

up to BDBEL1.5. For example, at the DBE 1 level, MBZhad a rotational stiffness

of 507 kN.m/ad, while WXR had a rotational stiffness value of 421 kN.m/rad. At
higher earthquake levelboth walls exhibited similar and low secant lateral and
rotational stiffness values. For instance, at the BE3B&vel, WXR and W2B had

a lateral secant stiffness of about 31 kN/mm.

4.4 .4 DuUcTILITY CAPACITIES

The ductility capacities of the test walls were used herein to assess thgieakst
responses. The displacement and rotational ductility values of the walls were
calculated based on Edg-4) and Eq(4-5), respectively (Paulay and Goodsir 1985;

Mahmoudi 2003; Luu et al. 2013)

Hy e (44)
Ho e (45)

whemwanddenote the di splacement and rotatior

is the wultimate | ateral di spl acietheent at 20
|l ater al di spl acemenditi att hdhewalnls@gsg todp yn etl a
rotational strengtshtdédeg waddtbison;opanmdtdti ol
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yielding. Higher displacement and rotational ductility values were attained by W2

B than W1B. Specifically, the displacement and rotational ductility values of W2

B were 11.13 and 13.80, respectively, while-®had values of 7.38 and 9.89.
These enhancatlctility values of W2B can be attributed to the effects of the BEs
that minimized the compression depth of concrete, thus reducing the yield curvature
and increasing the ultimate curvature. This enhanced the curvature ductility of the
crosssection andgubsequently the displacement and rotational ductility values of

the wall.

4.4.5.DISPLACEMENT COMPONENTS

Figure4.15(aand b) show the percentage contribution of the shear, base slip, base
rotation and flexure displacements to the total lateral displacements-&¥ &vitl

W?2-B, respectively. As seen from the figure, at low earthquake levels, both walls
showed mainly shear drflexure displacements, with insignificant contributions
from the base slips and/or rotations. For example, at the@BEvel, W1R had

shear and flexure contribution ratios of 56% and 41% in the push direction and 34%
and 63% in the puMldirection, respectively. At the same earthquake level;:BN2
showed shear and flexure contribution ratios of 43% and 54% in the push direction
and 39% and 59% in the pull direction, respectively. In both walls, all other
displacement components (i.e., dadip and rotation) accounted for negligible

contributions with less than 4%, as showirigure4.15
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As the earthquake level increased following their yield points, the walls
shifted more towards a flexutominated behaviour with the effects of the base
rotation becoming more pronounced as the separation between the walls and their
bases started to dewel For instance, at the DBE2 level, the shear and flexure
contribution ratios for Wall W-R were 23% and 64% in the push direction, while
the base rotation constituted the remainder of the displacement (i.e., 13%). The
shear and flexure contribution ragiof the same wall were 11% and 73% in the
pull direction and the base rotation was responsible for the remaining 16%. As we
moved further toward failure, the deformation was significantly dominated by the
flexure and base rotation displacements with mowntributions from the shear
displacements, as seenHigure4.15 For example, at the BDBE5, Wall W2B
had shear and flexure ratios of 17% and 54% in the push direction, while the base
rotation and slips were 26% and 3%, respectively. In the pa@ttitin, the shear
and flexure contribution ratios were 22% and 51%, whereas the base rotation was
about 27% with negligible base slip. These results are in agreement with what has
been reported for lovaspectratio RC shear walls with moderate shear stieasss
(Tran 2012; Gullu and Orakcal 2021 as the demands increase on such walls, the
shear contributions recede, while the base rotation and flexure govern the

displacements of the walls.
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4.4.6.REBAR STRAINS

Rebar strains were measured at discrete locations, as showniedflgure4.5.
Figure 4.16 shows the maximum vertical rebar strains during each test for both
walls. Both walls were considered to reach yielding when the maximum rebar strain
was about 4000 micrstrains, as obtained from the tensile rebar tests and presented
in Table4.3 Both walls had similar rebar strains at the GBE, OBEO0.5 and
DBEL1 levels. However, at the DBE2 level, Y®lshowed higher rebar strain than
W2-B, where W1R and W2B had maximum rebar strains of 2821 and 1707
micro-strains, respectively. The figure shows also that both walls reached yielding
slightly later than expected (i.e., beyond the DBE2 levels). In addition, at the
BDBE-1.5 level, W2B achieved a significant inease in the rebar strains relative

to W1-R due to the larger rebar spacing of the former wall compared to the latter
wall, as shown earlier iRigure4.1 No strain gauge data was obtainable beyond
the BDBE1.5 level as the strain gauges had lost accuaadjor damaged by that

point.

4.4.7.CRACK PATTERNS AND DAMAGE SEQUENCES

The formation of wall cracks under the different earthquake levels was monitored
using DIC. During the operational basis earthquakes (i.e.-@B&nd OBED.5),

no major cracks were observed from the DIC. Nonetheless, it is worth mentioning
that a singldnairline crack of 0.014 mm wide was observed in the south end of W2

B during the OBED.5 earthquake.
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Cracks started to form more clearly during the DBE1 levels of both walls,
as shown irFigure4.17andFigure 4.18 Specifically, the largest crack width was
0.045 mm and 0.074 mm for walls WRLand W2B, respectively, where more
cracks were also observed in ¥82han WXR. The existing cracks continued to
widen throughout the DBE2 levels, with new cracks forming in both wallsaas
be seen ifrigure4.18 For both walls, cracks were observed to initiate as horizontal
flexure cracks at the extreme ends of the walls and then transformed into diagonal
shear cracks as they propagated into the webs. This confirms the interaction
betwesn the shear and flexure behaviour of such walls. Starting at the BDBE
levels, the cracks in both walls were visible as their widths significantly increased,
as can be seen Figure4.17. The largest crack widths for walls WRLand W2B
were 0.52 mm and 0.66 mm, respectively. The larger crack width values in wall
W2-B were mainly attributed to large rebar spacing at the web ends of this wall

(220 mm) relative to W-R (120 mm).

During the BDBES3 levels, it was observed that more cracks formed, where
several shear and flexure cracks continued also to widen, as sagared.19 It
was also noticed that a larger number of cracks occurred in waB ¥tWan W1R,
with a maximum crack width of 0.92 mm and 0.88 mm in-B/2and WZR,
respectively. No crack width information was obtained beyond this point as

excessive damage had occdrgrerhich compromised the accuracy of the DIC.

The damage increased as the earthquake levels increased, where concrete

portions of the walls near their toes began to crush at the BDBEels. It was
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also noticed that one rebar fractured in Wall-®/#luring the maximum pull peak

of the BDBE4 level, while three rebars fracturedinM82 (t wo i n the South
and one in the North fApusho directions) du
the BDBES5 levels, W1R toes showed major concrete crushing, with two

additional rebars fracturing during the pull peak. Similarly, inBy2he remaining

five boundary rebars fractured, with increased toe crushing and extensive wide

cracks forming. The BDB tests were stopped midway as both walls surpassed

20% strength degradation. The damage of wallsR\éhd W2B at the end of their

tests is showin Figure4.20ard Figure 4.21respectively.

4.5. CONCLUSIONS

The current study presents the experimental results of twstivey lowaspect

ratio nuclear RC shear walls that were tested under different earthquake levels using
the hybrid simulation testing technique. Wall MRIhad a rectangular cressction,

while wall W2-B had boundary elements (BEs) with increased thicknesses at its
ends (i.e., Barbell). Both walls were tested under nine different earthquake levels,

and the obtained findings are listed below:

1 The use of BEs had a pronounced role in limiting the lateral and rotational
displacements of the wall, highlighting the effectiveness of BEs in
restricting the overall deformations in leagpectratio nuclear RC shear

walls.
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1 Although both walls achieved similar maximum lateral strengths;BN2
exhibited higher ultimate lateral and rotational displacements, showcasing
enhanced deformation capacities.

1 The experimentally flexural strengths of both walls exceeded the theoretical
values from section analyses, indicating that the dx@ded theoretical
predictions are conservative.

1 The twostorey response analysis revealed similar forces and moments
between WiR and W2B. However, W2B showed lower displacements
and interstorey drifts during the DBE1 and DBE2 levels, indicating
improved seismic performance and reduced damage tmtstal and non
structural elements when BEs are used.

1 The stiffness analysis results showed thatBWz2ad higher initial, cracked,
and secant stiffness values compared teR\efore the peaks. However,
the postpeak lateral stiffness degradation was similar for both walls.

1 The stiffness comparisons showed discrepancies between the theoretical
and experimental stiffness values for the walls, emphasizing the need for
unique rigidity reduction factors for lcaspectratio nuclear RC shear
walls.

1 The ductility analysis results demonstrated that-B/Zxhibited higher
displacement and rotational ductility values than-R/lattributed to the
beneficial effects of BEs on minimizing the compression depth of concrete

and enhancing the overall ductility.
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1 Displacement components analysis revealed balanced -fsaae
behaviour at low earthquake levels, transitioning to fleximminated
behaviour as the earthquake level increased, especially after yielding. After
yielding, the base rotation and base slidbecame more pronounced as
separation occurred at the wldundation interface.

1 The crack patterns at the peaks were similar for both walls; however, W2
B experienced larger crack widths than AR ,lwhich was attributed to the
larger rebar spacing in \WR.

It should be noted that the presented findings are based on the tests of the
current study and are only representative of RC shear walls with similar design
properties. As such, further testing is still needed to validate the effectiveness of
using BEs fo multi-storey nuclear RC walls. Additional investigation should be
also carried out to further enhance the understanding ed$pectratio RC shear
walls in nuclear facilities taking into consideration the effects of different design
and geometrical cdigurations such as the effects of using haglength materials

(i.e., reinforcement and/or concrete) on the seismic response of such walls.
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4.8.

TABLES

Table 4.1. Range of design parameters in nuclear structures.

Wall Vertical Concrete | Structural
Reference Height . and strength Period
thickness :
(m) (m) Horizontal (MPa) (s)
RFT (%)
1 5.4 10
ABWR 115 0.6t01.0| 0.54t02.83 27.6 0.16
5.3to
APR14006 76 09to2.1|0.72t0 1.03] 35.0 0.19
4.6 to
ESBWR 8.2 0.7t00.9| 0.70t0 2.01} 24.0 0.11
Devine (2020) 9.0 1.3 1.83 35.0 NA
Whyte et al.
(2014} 8.9 0.9 0.67 34.5 0.14
The current study 11.0 1.1 0.79t00.83 35.0 0.14

More information about the first three design documents can be found in the sources below:

1. GE Nuclear energ{1997)
2. Korea electric power corporation and Korea hydro & nuclear power ¢201iB)
3. GE Hitachi Nuclear Energy Americas LL(2014)

* Denotes the unscaled dimensions of the implemented prototypes, which were ultimately scaled

downin their respective studies
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Table 4.2. Predicted wall capacities.

Capacity type Reference W1-R W2-B
ACIl 34913 (Ch. 11) 980 980
ACI| 31819 (Ch. 11) and
Shear (kN) 943 943
ACI 34913 (Ch.21)
Barda et al(1977) 1090 1052
Flexural
Sectional analysis 684 783
(KN.m)
ACI 31819(Ch. 22) 787 895
Birkeland and Birkeland
Shearsliding 1102 1253
(1966)
(kN)
Walraven et al(1987) 1577 1815
Mansur et al(2008) 1630 1886

Table 4.3. Average material properties of the used concrete and reinforcement.

Reinforcement Concrete

Parameter, Value Parameter| Value

fy (MPa) 465 Walls

f, (MPa) 607 | f.@MPa) | 29

Es (GPa) 230 E: (GPa) 22

By 0.004 Foundations

5\ 0.087 | fcdMPa) | 46
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Table 4.4. Structural responses under the different earthquakes

Earthquake
Wall | Earthquake Intensity Scale PGA (9) Apush/Apun epu_szhlepull Voust/ Vpun | Mpush/Mpun Ares gres
D Level (% of each factor (mm) (10~ Rad) (kN) (kN.m) (mm) | (10° rad)
wall’s DBE)
OBE-0.3 30% 0.07 0.03 0.11/0.08 0.2/0.2 84/92 133/148 0.03 0.04
OBE-0.5 50% 0.11 0.05 0.23/0.22 0.3/0.4 141/158 228/262 0.03 0.00
DBE1 100% 0.22 0.11 0.84/0.86 1.0/1.2 304/274 474/438 0.02 0.02
DBE2 127% 0.28 0.14 1.99/2.05 2.4/2.5 351/359 594/578 0.01 0.00
WI1-R BDBE-1.5 150% 0.33 0.16 3.08/3.61 3.5/4.3 416/399 716/672 -0.01 0.07
BDBE-2 200% 0.44 0.21 6.19/7.67 6.3/8.5 491/415 823/734 -0.24 0.23
BDBE-3 300% 0.66 0.32 14.51/15.21 14.9/17.0 535/386 1010/720 -1.06 1.21
BDBE-4 400% 0.88 0.43 29.58/28.08 31.9/33.4 422/302 971/635 1.10 -0.68
BDBE-5 500% 1.10 0.54 24.6/19.61 25.1/30.4 205/103 474/317 - -
OBE-0.3 30% 0.08 0.04 0.11/0.19 0.2/0.3 107/131 170/214 0.01 0.02
OBEO0-0.5 50% 0.13 0.07 0.27/0.33 0.4/0.5 185/208 297/347 -0.02 0.02
DBE1 79% 0.22 0.11 0.59/0.71 0.8/0.9 261/248 430/427 -0.09 0.01
DBE2 100% 0.28 0.14 1.59/1.43 1.8/1.7 375/334 619/540 0.04 0.03
W2-B BDBE-1.5 150% 0.42 0.20 3.55/4.50 4.0/4.8 506/445 857/760 -0.18 0.09
BDBE-2 200% 0.56 0.27 7.82/8.95 8.2/10.1 568/446 982/788 -0.48 0.23
BDBE-3 300% 0.84 0.41 16.86/18.63 18.0/20.9 581/410 1188/839 -1.34 0.56
BDBE-4 400% 1.12 0.55 32.67/31.12 36.8/36.9 459/303 1228/780 1.20 -1.48
BDBE-5 500% 1.40 0.68 30.16/20.98 40.4/31.2 189/111 583/405 - -
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Table 4.5. Calculatedto-measured wall stiffness ratios.

Calculation ' Specimen Specimen
Stiffness method h i W1-R W2-B
Lateral | Rotational | Lateral | Rotational
ACI349-13
(Factored 0.70] 1.00 1.09 2.38 1.08 2.50
load)
Initial ACI349-13
(Uncracked) (Service 1.00| 1.00 1.19 3.40 1.17 3.58
load)
TBI 2017 0.75| 1.00 1.11 2.55 1.10 2.68
ASCE 4305 | 1.00| 1.00 1.19 3.40 1.17 3.58
ACI349-13 0.35] 1.00 1.50 1.40 1.86 1.55
ACI318-19 0.35] 0.50 0.96 1.40 1.17 1.55
Cracked | TBI 2017 0.35] 0.50 0.96 1.40 1.17 1.55
ASCE 4305 | 0.50| 0.50 1.05 2.00 1.26 2.22
ASCE 4117 | 0.35| 1.00 1.50 1.40 1.86 1.55
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4.9. FIGURES
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Figure 4.1: Dimensions and reinforcement details of wall (a)-R/land (b) Wall W2B
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Figure 4.3: Overview of the hybrid simulation system : (a) Hybrid model; and (b) Comifesauiback loop
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Figure 4.4: Test setup and external instrumentation: (a)CB0 pattern; (b) Setup and instrumentation;

and (c) Instrumentation layout
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Figure 4.7: Earthquake loading sequences of walls: (a}R®yand (b)W2B
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Figure 4.8: Response of walls at DBE1: (a) Displacement thistory; (b) Rotation timénistory; (c) Lateral force v
displacement; and (d) Moment vs. rotation
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Figure 4.9: Response of walls at DBE2: (a) Displacement thistory; (b) Rotation timdnistory; (c) Lateral force v
displacement; and (d) Moment vs. rotation
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Figure 4.10: Combined hysteresis loops: (a) Lateral fedigplacement of W-R; (b) Momentrotation of W1R; (c)
Lateralforce-displacement for WiB; and (d) Momentotation of W2B
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Figure 4.11: Response envelopes: (a) Lateral fedegplacement; and (b) Momenrdtation
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