Seismic resilience and performance design approach for conuoatent resisting

frame buildingsequipped withyielding restrained braces

Ali Naghshineh

A Thesis
In theDepartment
of

Building, Civil and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy (Civil Engineering) at
ConcordiaUniversity

Montréal, Québec, Canada

October2021
© Ali Naghshineh2021



CONCORDIA UNIVERSITY

School of Graduate Studies
This is to certify that the thesis prepared
By: Ali Naghshineh

Entitled: Seismic resilience and performance design approach for concrete moment resisting frame
buildings equipped witlyielding restrained braces

and submitted in partial fulfilment of the requirements for the degree of
Doctor d Philosophy (Civil Engineering)

complies with the regulations of the university and meets the accepted standardspaii to
originality and quality.

Signed by the final examining committee:

Chair

Dr. Arash Mohammadi

External Examiner

Dr. M. Shahria Alam

External to Program

Dr. Muthukumaran Packirisamy

Examiner

Dr. Khaled E. Galal

Examiner

Dr. Anjan Bhowmick

Thesis supervisor

Dr. Ashutosh Bagchi

Approved by

Dr. Mazdak NikBakht, Graduate Program Director

11/29/2021 Dr. Mourad Debbabi, Dean
Gina Cody School of Engineering and Computer Science



ABSTRACT

Seismic resilience and performance design approach for concrete moment resisting

frame buildings equipped witfielding restrained braces

Ali Naghshineh, Ph.D.
Concordia University, 2021

Advanced structur al di ssipation devices <can
passi va&¢gtisweniand active control energy dissip
an important role in structduervailc edse sairgen,t hpea snso
types of control systems which can be c¢l assi
Friction Dampers, Vi scoel astic Dampers, Vi sca
Tuned Liquid Dampers.s Trhes @arianariys ptua pbeer eod s e
mini mizing the demand for main structural el el
devices, particularly, in the form of Yieldinc

(Il FDs) onFdiaempers dissipate energy through fri

solid elements relative to one anot hiemduded i
vi brati on, another example on aismdlpladre 4 dal ¢
energy of motion. The friction damper (brake)
moving body, when a major earthquake occur s,
unsymmetri cal hysterettinesbehaniidwer tdared flroxg i
predetermined | oad before yielding occurs in
energy. It saves the initial cost of a new co

the dpmpeise a very high energy dissipation.

Even though damping devices can provide sup
buil dings due to wind or earthquake effects
strai ghRofoewamgl| esi gaoi Wdt hgidline friction da
in the Canadian <code. The NBCC 2015 <contains
di ssipation in general, but no specific provi



Buil @Godg of Canada (2015) , the minimum earth
Resisting System(s) (SFRS) is divided by a re
modi fication factor, can be calculanedt bhg dutt
rel ated force n)o.diAfsi cantei @20 1f5a cNtBoCrC (dPPes not pr
(B and the duyctfidri-dfgrmpacatditosry s { &ms , engineer s |
factor f oerqutihvealcelnots essyts t-reens, t rdavicntei d eb rbaugeekd i (nBJR B
R=1.2) . This practice is already -cdaomageseat i v e
modi fication factor for a Yielding Restraine
shstantially higher, and because the system c
( MCE) ground motion forces and displacement i
avoid uncertaintwy.in their actual behavi o

The objectives of the prest research are to (ijvestigate the life safety performance of
different concrete moment resisting frames (CMRFs) considering supplemental damping to
estimate seismic response factdig, evaluate seismic design parameters of concrete moment
resistirg frames (CMRFs) equipped with different energy dissipation systems to understand the
relative performance of YRBSiji) collaborate experimental work with simulation to investigate
dynamic performance and reliability of YRBs under real earthqudkesdevelop a set of

guidelines for the use of yielding restrained braces in concrete frame buildings.

Il n order to achieve the above goals, a set
have been considered. Thesei drlaoneast iwenrs idre sCa!
equivalent | ocations in the US. The design YR

ASCE/ FEMA gui delines and contextwualized for C
could be benefi dinagls fwart hd @ snilg miend rh witlicdon damp

cost savings but also, enhanced seismic safet
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CHAPTER 1

Introduction

1.1 Background and Problem Definition

PerformanceBased Seismic Design (PBSD) is increasingly being adopted in various
jurisdictions around the worl@ased on the owner's expectations, the acceptable levels of dynamic
loadings and performance objectives for structural anestroigtural elements can betdrmined
Seismic design codes presently in use are prescripiead and they focus dime strength and
capacity of structur al me mber s, but the struc
event cannot be clearly described. Performdrased dsign differs from this in that it is
objectivebased with a specific level of structutahaviourduring a seismic event. With this
approach, different methods of analysis were used here depending on the performance level
chosen. Structuralandnetrud¢ ur al damages were computed to di
performance. Because of this, the structural engineer, architect, owner, and contractor can all
provide input in the determination tife performance level required as well as the achieveofent
that level.Steel concentrically braced frames have been widely used to protect buildings against
lateral loads as they are simple both in design and fabrication. They dissipate energy by yielding
in tension and by bending/buckling in compression. el@v, their performance during past
earthquakes has been adversely impacted by several factors including limited ductility, buckling
failure, fracture of connections, and unsymmetrioahaviourin tension and compression. In
recent years, the fundament# dissipation systems kdeen evolving and used within the
structural elements. In general, the damage energy can be reduced by supplemental damping,
which can be added by incorporating passive/active/aethie energy dissipaters. In this regard,
the passive control system can be more reliable than the active system and they do not need
sophisticated sensing equipment or external power. Base isolation tuned mass dampers, friction
dampers, viscous dampers, viscoelastic dampers hysteretic dampers $hiae categorized as
this group. Understanding the system and dynamic characteristics and ensuring the stability of the
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structures with supplemental dampers may require the application of the concept of the control
theory. The thesis will focus on thes@ests, particularly in the context of buildings with concrete

momentresisting frames.

1.2 ResearchSignificance and Motivation

A comparison of structural control systems®yongand Spencef2002 showed that semi
active control systems are a bettion without the limitations associated with the passive and
active control systemg&xperimentally tested serarctive control systems include stiffness control
devices, electrorheological dampers, magnetorheological dampers, friction control dewides, fl
viscous dampersand tuned liquid dampers were explained, and it was observed from the
experimental testing that the seadtive control method can improve the seistmtaviourof
structures. Similar results were obtained (Soong and Spencer 20@akisAdeli 2011; Yanik,
and Aldemir 2019), these reseanchstudy the active and seamtive control systems from 1997
to 2018. Moreover, Yanik and Aldemir (2019) did not find any study on the review of the new
active and semactive control approachedhis entire technology is still evolving, further
experimental and analyticaludiesare requiredo understand these systems better, and to include
their realistic performance as well as letegm operatioras they aréntegrated into the structural
sysems.

Different types of devicethatdissipate energy through friction are including Limited Slip Bolt
Joint (Pall et al., 1B9), Threestage Friction Grip Elements (Roik et al., 1988), Friclimmper
in X-Bracing, FrictioaDamper in ChevroiBracing andFriction-Damper in Single Diagonal (Pall
et al., 1996), Sumitomo Friction Damper (Aiken and Kelly, 1990), Energy Dissipating Restraint
(Nims et al., 1993), and Slotted Bolted Connection (Popov et al. 1995). The Idéaimadour
of LSB Joint which was nesented by Pall et al. (19), wasfurther investigated by Roik et al.
(1988) for threestage friction grip elements. It was shown the mechanical properties of the bolts
and the limited geometrical of slotted holes play an important role in laterakssffalip force

and the amount of dissipated energy per cycle. Moreover, friction grip connections can reduce



horizontal forces and displacementstbgir energy dissipation capacity, howeytite proposed

model was not able to capture additional fedesplacement. The effectiveness of slotted bolted
connections with steel brass surface was verified by Popov et al. 1995, more investigations are
required to investigate the effects of different surface treatments. Galvanic corrosion and the
effects of diffeent coatingas well as largecale testspeed more investigations.

Pall friction dampers consist of treated plates in a séneslevelop resistance when sliding
against one another. Pall and Marsh (1982), Patil et al. (2015), and Tirca et al pi2@b3ed a
combination of momentesisting frams with friction devices. Colajanni et al. (1997) discussed
hysteresis characterissiof friction damper and Morgan et al. (2007) presented their effectiveness
of friction dampers. Significant saviam the construction cost of friction dampers were discussed
by Changet al. (20®), Vail et al. (203). Constantinou et al. (1998), Tirca (2009), Haider et al.
(2012), Chen et al. (209, and Kiran et. al., (2016) showeadeduction in seismic demand using
friction devicesNonlinear static pushover and time history analysis analyses were performed to
assess the over strength, ductjland response modification factors for steel buckling restrained
braced frame. It was sbrved the response modification factor decreased when the story height
and span length increased (Moni et al.@0Barjou and Shabakhty (2017) showed improved pall
friction dampers in concentric steel bracing frames, reduced the base ahéarelatie
displacement.

Modeling of yielding restrained braces including Coulomb friction and Ben models are
discussed. The method proposed by Baber and Nob®85 and 1988s discussed in detail, they
addeda general degradation model to smotith hystaesis model of Bouc and Barber and Wen
1981, to capture the pinching effect. It was revealed the sliding mecha@sisubjected to
different parameters including types of loading, friction coefficient, temperature, velocity as well
as the contact treatmematerial, pressur@nd size (Pall 1979; Constantinou et al. 1990; Sextro
2007). Therefore, to avoid discontinuity between stz and slip phases Makkar et al. (2005)
proposed a new friction model with a combinatiortha stribeck effect, Coulomkrittion, and

viscous dissipation.



The critical review otheliterature reveals that most of the researsfocusedon retrofitting
of steel structure by seismic dissipater devices and concrete structure byihesinginforced
polymer (FRP) compositematerials and very few studies have been conducted in case of the
performancebased seismic design for concrete structures utilizing supplementary dampers such
as yielding restrained braces. Moreover, yielding restrained braces have been used to lraprove t
dynamic characteristics and stability of structuré® 2015 NBCC recommendation is for
supplemental energy dissipation in general, and not for friction danmppssticular Buildings
designed and constructed in accordance with earlier codesaantthrds often do not meet the life
safety criteria based on the current seismic criteria objectives as earthquake regsioieansyed
over time (NBCC 2015 commentary L). There is a need to provide a design guideline, retrofitting,
and methodologies toiprove the seismic performance of concrete structures and to create a more
optimal and economical design by incorporating energy dissipation devices in the seismic force
resistance systems. In summary, the seismic performance of different types of cooonetet
resisting frames equipped with yielding restrained braces needs more investigation. Moreover,
seismic design factors of concrete moment resisting frames equipped with yielding restrained
braces are required to be examined. The current study apastitally address this by using both

numerical analyses and simulation of available experimental tests.

1.3 Objectives andScope ofWork
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1.4 Thesis Layout

This thesis is structured in a sandwich thesis format, which is divided into various chapters such
thatexcept chapterl, 2 and 6, all other chapters can be converted to manuscripts of articles to
peerreviewed journals. The thesis is divided into six chapters as follows:

1 Chapter 1lis an introduction to the proposal which includes background and problem
definition, research significance, motivation, objectiaed scope of work

1 Chapter 2s the literature revievand covergerformance base design and evaluation,
common strengthening techniques, various types of seismic protection control systems,
history and types of friction dampers, and a background of the Coulomb and the Bouc
Wen models of friction dampees well as the methodology

1 Chapter 3is the explanation of seismic performance levels and analysis procedures;
Seismic performance of threede designedoncretemomentresisting frame buildings
evaluated considering FEMA 356 and ATC 72 procedures; enhancing seismic safety
and performance of different Reinforced Concert momesisting frames including
ductile, moderately ductile as well atastic frames quipped with/without yielding
restrained braces are discussed, moredtiverbehaviourof inline seismic friction
dampers ofreinforcedconcert momentesisting frames as well as the procedures of
determining the damping properties are diseul

1 Chapter 4is theinvestigaton of the seismic design parametefsfour-, eight, and
fourteenstory ductile concrete framegth inline friction dampersgesigneds per the
2015 national building code of Canaddoreover,the effects of building éight and
span length for single diagonal braces (SBEdiscussed. In addition, a comparative
study of design procedures of American and Canadian standatdsussed and the
effects offive passive energy systenmeluding TerCo Seismic Brake (TCSBJluid
Viscous Damper (FVD), Triangular Metallic Yielding Dampers (TMYD), Lead Rubber
Bearing Isolator (LRBI) and Triple Pendulum Isolator (TéM)the overall response of

thestructure were evaluated.



1 Chapter onsists ofwo phasesthe first phase is theollaboratingexperimental work
of a dual system moment resisting frame and a single leg braceddratae inline
friction damper The second phase is the simulation of experimental work to evaluate
the effectiveness dheinline friction damper Thediscussion covera comparison of
accelerationdamping ratios, driftand displacement.

1 Chapter 6 includes the summary of the research project, the main contributions and

conclusionslimitations,and recommendations for future work



CHAPTER 2

Literature Review and Methodology

2.1 Background

Recent earthquakes all around the world have provided performance data demonstrating
that large losses can result frahe inadequate performance of Buildings and bridges moreover
building codes in various jurisdictions are moving towards perforrabased design approaches
where a structure is designed not only to have adequate strength but also for the required
performance tributes, such as adequate deformab{liousavi Azad Kasmaei, 2011)ypical
problems that have caused extensive damage and collafiseprevious earthquakmay be
summarized as underestimation of seismic deflection demands, with posathktrophic
consequences related to unseating of spans and insufficient rotation capacity in plastic hinges and
underestimation of seismic forces and inappropriate apiplicatf capacity design principles
(Sullivan and @lvi, 2013, Calvi et al., 2018

In 1988Uang and Bertero proposed the energy relationship with equation 2.1.
O O O ©O © (2.7

In which, E, is the total energy input,nEis the residual energygHs the dissipated energy
by damping, E, is the kinetic energy, and 5 the elastic strain energy. Seismic load and damage
relationship was definebly equilibrium energy in which the totakismic inertia is equal to the
summation of elastic vibration energy plus cumulative inelastic strain energy and the energy
absorbed by damping, therefore the energy insltecéghe structural damage is equal to the total
seismic inertia minus energy ablsed by dampingAkiyama2000). In other words, damping and
damage of a systemvma direct effeconone another.

Understanding the system and dynamic characteristics and stability of structures are the
conceps of the control theoryln general, the daage energy can be reduced by supplemental

damping, which can be added by incorporating passive/activets#ive energy dissipaters.



Moreover, dampers have been used to improve the dynamic characteristics and stability of
structures. In this regarthe passive control system can be more reliable than the active system
and they do not need sophisticated sensing equipment or external power. Base isolation tuned mass
dampers, friction dampers, viscous dampers, viscoelastic dgrapdriiysteretic dampersah
be categorized as this group. Since most of the buildings in Canada were designed and constructed
according to earlier codes, retrofitting techniques are essential to improve seismic performance.
Moreover, dampers have been used to improve the dynemaiacteristics and stability of
structures. There is a need to provide retrofitting and methodologies to improve the seismic
performance and to cread®@ optimal design of structures by incorporating dissipater devices in
earthquake resistance systems.

The objective of thighesisis to propose methods for the optimal design of supplemental
damping in structures subjected to seismic loads aechptoy passive energy dissipation devices
to control the dynamic response sfructurs. Hence, the following iterature focuses on
performancebased seismic desigand retrofitting techniquesvarious types of control systems

including advanagfriction dampersas well astructural damage control.

2.2 Performance-baseal design and evaluation

PerformanceBasedSeismic Design isleemed a performance methodseismic desigmn
many jurisdictions Engineers can evaluate realistic seismic motions and performance target
criteria for both structural and netructural elements, as per the owner's expectations.
Perfomancebased seismic design concepts are increasingly being adopted in \a@rimss
While the National Building Code of Canada (NBEEL5, as well as Euro Coel@8, are not fully
performancebased, they provide some features of a performbased code, ugh as
displacement control and objectibased solutions. Performance evaluation is an important part
of a performancdased design. Seismic design codes presently in use are prebasieedand
focus onthe strength and capacity of structural membewstb t he structureds ov

during a given seismic event cannot be clearly described. Perforsbased design differs from



this in that, it is objectivdasedperformance is concerneglith a specific level of structural
behaviourduring a seisnt eventas demonstrated iRigure 2-1 (Lateral deformatiora seismic

event versus base shear demand).

Base shear
Demand

Very Rare Events
(2% /50yrs)

Rare Events
(10%/50yrs)

Occasional Events Z Structurally Stable

(20%/50yrs)

Frequent Events — Life Safety

(50%/50yrs)

Operational

Lateral deformation

Figure2-1. A schematic view of selecting a performance level (FEMA 273/35
Hamburger and Holmes 199®hoto Credits: F. M. Tehrani, Buildings in Rasht a
Manijil after the 1990 ManjRudbar Earthquake (Tehrani 1990)

The resultsof a series of vibration tests conducted on tall reinforced concrete shear wall
buildings located in Downtown Vancouver, British Columbia, Canada with the buildings range in
height from 15 to 45 stories and ambient vibration tests were performed on édicty bo obtain
its dynamic characteristics, vibration levels, mode shapes, modal frequency, damping, rocking
behaviourand soilstructure interaction of the raft foundatiQrurek et al., 2008)t was observed
that the fundamental natural pegiincreased from 0.81 to 3.57 seconds. These results showed that
the NBCC 2005 is more conservative for taller buildings and by using the predicted period from
FEM, lower design forces can be used for response spectrum analysis. Regarding ttremmacro
and base analyses results, there was a significant correlation between the movement of the
foundation and thédehaviourof the vibration modes of the structure, which showed a strong

potential for soHstructure interaction effects due to foundation rogkiSince modal updating

10



studies dealt with many parameters and became a mathematical problem, it is limited to translate
these changes into a real structure.

The 8.8 magnitude Mauelarthquake in 2010 caused strong ground motion, the majority of
the building were reinforced concrete structures. It was observed that the majority of structural
damages were in musitory and higkrise buildings due to the poor performance of slender R
shear walls, without confined boundary elements, that caused crushing of concrete and buckling
of vertical wall reinforcement at the end and throughout of the entire length of the wall. Since
Chil ean code didnoét pr ov iguaestracturgs, hemes, softandweako ns i
stories and discontinued shear walls were created that resulted in an increased force and
deformation demand and global and local failures. Moreover, the interaction of nonstructural
componentsvith the seismic forceesisting system resulted in damages, such as the presence of

masonry walls provided forces on columns around window openings created short columns and

Figure2-2. (a) Soft story failure, (b) plastic hinge formation, and (c) ductile detailing
problems (EERI12020

therefore,resulted in diagonal tension failures, there was also a lack of proper connections in
precast structures. Morgtudy in seismic detailing practice of RC shear walls and effects of
irregularities and a comprehensive study of comparison design of RC buildings according to CSA
and Chilean Code are required to find out the weakness of design and RC detailing in CSA
(Saatcioglu et al., 2013%oft story failure, plastic hinge formaticemd ductile detailing problems

are shown irFigure2-2 (EERI, 2020Q.
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Four ductile steel momemesisting frame buildings with heights of 5, 10, 15, and 20 stories,
were designed in Vancouver, Canada, and their performances were stutbegtiane the level
of seismic protection implied in the co@ousuf and Bagchi, 2009For the seismic load, the
equivalent static load (ESL) procedure as provided in NBCC 2005 (NRCC 2005) was used in the
preliminary design of the buildings, and this viebowed by modal and dynamic analysis. The
pushover analysis of the buildings was performed by applying estimated equivalent seismic lateral
forces inaninverted triangular shape, as defined in NBCC 2005 (NRCC 2005), and monotonically
increasing theseofces. Synthesized and scaled real ground motion records were used to evaluate
the nonlinear dynamic response of these structieth pushover and dynamic analyses indicated
that building frames designed according to the seismic provisions of NBCCaz2@@ved the
expected performance level of collapse prevention or better. From the pushover analysis, it can
al so be observed t ha-levelauctlity capadity reduces with budding sy s
height. While the ductility capacities of thedhd10-story frames studied were more than five, as
was assumed in the calculation of the design lateral forces, the ductility capacities ofahd 15
20-story buildings were much lower. Infill panels were found to reduce dynamic drift demand and
damage, wite also reducing the ductility capacity of the structural system. In addition, building
performance was found to be affected by the preseht®e nature of selected ground motion
records(Yousuf and Bagchi, 2009)

Strengthening techniqueare available in a variety of types such @ncrete Jacketingn
integratedshear wall with steel plate, dissipatidampers inthebracing system, seismic isolation
and FRP wrappingAs the most comimon retrofitting technique, severabsearchers have
investigated the FRP strengthening upgrade in concrete structures. Most of them indicate that the
externally bonded FRP improves tleformability and/or strengtltapacity of members
remarkably. The séngthening techniques, depending on the role of the member, ugheade
shear, bendingor confining capacity of the members. There are three main applications for the

use of FRPs as external reinforcement of reinforced concrete structures (ISIS 2004):
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Flexural Strengthening: In this method, FRP materials are bonded to the tension and/or side
faces of a concrete beam to provide additional tensile reinforcement and to increase the strength

of the member in bending as is showrrigure2-3.

L
Elevation Section A-A

Figure2-3. Externally bonded FRP reinforcemefiexural strengthening (ISIS
2004)

ShearStrengthening: In this method as it is presentdddare2-4, FRP materials are bonded
to the side faces of a concrete beam to provide shear reinforcement supalements that

provided by the internal steel stirrups.

A
<

> 4

Elevation Section A-A
Figure2-4. Externally bonded FRP reinforcemeBhear strengthening (ISIS 200«

Confining Reinforcementin this method, columns are wrapped in the circumferential

direction with FRP sheets. Unde@compressive axial load, the column expands laterally and the

FRP sheets develop a tensile ficonfining®d stre

as shown irFigure2-5.
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Section A-A

Elevation

Figure2-5. Externally bonded FRP reinforcemenixial strengthening (ISIS 2004

(Davalos etal.,201d) nvesti gated a Acomprehensive stud:
composites for the rehabilitation of reinforced concrete@a m br i dges o0o-Bealii r st ¢
bridges were classified into three categories for repair with FRP ttfee nondestructive tests
were performed, the results showed tha quality of some beams wasacceptableand
retrofitting would require major removal and replacement. Moreover, Concrete cylinders were
obtained as deck core samples and testecbmpressionwhich was 40 MPa, the cylinders
indicating that the deck concrete was not carbonated. Then by applying tandem trucks on one or
two lanes the field test was conducted, also ABAQUS program was used for finite element
analysis it was concludedidt there is a good correlation between Test and FE under the most
critical load case when the rear axle of the truck was atspat. After beams were strengthened
by FRP according to AASHTO (2002), and a finite element model was built accordingudtas
drawing and field information and the same test field applied to assess the performance by the
verification of the model permitted its confident use in designing FRP reinforcement. Overall, the
stiffness of the repaired bridge did not change much wiigh also verified by the ladcale
studies.

(Hamed et al., 2014resented Strengthening of Reinforced Concrete Arches with Externally
Bonded Composite Materials in this paper an experimental and analytical study that includes
testing to failure of fibereinforced polymer (FRP) strengthened medgoaled reinforced
concrete shallow arches and the application of a specially tailoreebrdgh finite element for
their analysis was presented. The experimental study was included testing to failure of three

mediumscaled RC arches, two of them strengthened with FRP and one tested as a control
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specimen. All arches had been tested under six nonsymmetric point loads equally spaced along the
arch. The theoretical model had been based on a specially tailorechyeudtd finite element

along with modeling the arch as a polygon with inclined segments. The test results had shown that
the FRP system can effectively increase the-kadying capacity of RC arches. In contrast, the
application of the FRP had shifted tloeation of the critical crack to the weakest section that has
fewer or no bonded FRP strips. Among the two strengthened arches, the stronger one included
FRPend anchoring and additional FRP strips bonded to the arch sides at two spandrel columns.
This dructural layout contributes to the continuity of the force taken by the FRP strips. Based on

that, the consideration of such overlapping pasteuer critical sections was found positive.

2.3 Control systems for seismic protection of structures

The predidbn of structurabehavioursubjected to seismic excitation is a challenging task for
civil engineering. The strength capacity design of a structure is a traditional approach, but newer
concepts are including both passive and active control sgstecomprehensive comparison and
explanation of passive, activend semiactive control systems for protecting structures against
earthquakswas presented in order to define a reference for-aetiie control systems (Symans
et. al., 1997).

Supplementa¢nergy dissipation is also presented by (Soong and Spencer 2002), the passive
systems which enhance damping, stiffpassl strength ahestructure as well as active structural
control systems which include active, hyhrathd senactive systemswere reviewed, their
advantage and limitation wemrdiscussedand their basic concepts are explained. This entire
technology is still evolving, further experimental and analytical are required including their
realistic performance as well as letegm operationfor these devices to be integrated into
structural systems.

Active and semactive control systeswere reviewedrom 1997 to 2011 by (Fisco and Adeli
2011). Tuned mass dampers, distributed actuators, active tendon syatenative coupled

building sysems are included in active control systems, while sative control systems are
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including, magnetorheological (MR) fluid dampers, sagctive stiffness dampers, seattive
tuned liquid column dampers, and piezoelectric dampers were discussed ipéhi®paing these
years researchers moved from active control to-setne and hybrid vibration control systems.
The stateof-the-art of the new active and seinitive approaches during 2008 and 2018 was
evaluated (Yanik, and Aldemir 2019), duethe latest technology and computational advances,
thereis the numerical evaluation of some developed algorithms. However, there is not any
implementation of these control algorithmstie structural system. They did not find any study
on the review of the newactive and semactive control approaches. Therefore, there is a fuged
experimental evaluation and validation of these new active andaseive control approaches.

The full-scale 5story building was examined with steel damper, oil damper, viscougetam
and viscoelastic damper usingCtefense threelimensional shake table (Kasai et al020 Most
of the major Japanese buildings were designed and constructati@itebe earthquake in 1995
using either base isolator or passive control systemse 8iese systems were never tested under
a major ground motion, their performance is validated usiod -scale shake table test at the E
Defense. The JR Takatori motion, noise excitation as well as free vibration tests were performed,
strain, deformation displacementand acceleration were measured. The recorded damper
deformation was used for analytical prediction, it was observed damper force is in the same range
asthe recorded data. Viscous, oil, and viscoelastic dampers were predicted by anegystishex
steel damper using bilinear model. From the vibration periods and damping ratios, the steel
dampers showed the shortest period and smallest damping ratio while oil dampers experienced the
largest damping ratio of about 17% and viscous and Jstie dampers haaldamping ratio of
about 10%. The reason is the oil dampeesemversized compared with the other dampers. Due
to thelimitation of budget the building size decreased; and also, the friction dampers performance
was not investigated.

Shape memory alloys (SMASs) have the ability to undergo large deformation and recover their
initial configuration, this paper investigated the performance of steel mop®siting frames
using shape memory alloys (Sultana and Youssef 2016). Further reisei@ghired to examine
the optimum use of SMAs in connections as well as bracing elements. This paper examined the
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effects of SMAs at identified parts of the frame for reducing the residualsiaer drift as well
as the associated costs. Incrementaadyino analysis using five different ground motions was used
to identify the floors with severe damage of a-séory building during earthquake excitations.
Then the rigid connectionserereplaced by SMA connections and nonlinessponsehistory
analysiswas performed using the same records. It was observed the number of SMA connections
influenced the maximum intestory drift (MID) and its location effect on the maximum residual
inter-story drift (MRID). It was also concluded the overall seismic perfonaaithe SMRFs can
be improved using SMA with a high reduction in the maximum residualstaey drift. A large
scale testas well as a time history analysis of at least seven ground masorgjuired to
investigate the numbers and locations of SMA in more detail.

There are three major classegsta# control system including passive control system, active
control system, and seractive control system. The combination of these control systeaso
called hybrid control system consisting of combined passive and active devices or passive and

semiactive devices.

2.3.1 Active control systems

Active control systems require a large power source for operation, the control forces are
generated by electhydraulic or electromechanical actuators based on feedback information from
measured response of the structure or external excitation. These measurements are monitored by
a controller which determines the control signaltf@operation of actuators mented irFigure

2-6.

CONTROLLER
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ACTIVE
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Figure2-6. Active control system (after Symans et al. 7)99
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A common type of active control system is active mass damper (AMD) which is shown in
Figure2-7, which was used to enhance the comfort of people inside the buildimg diirong

motions.

Figure2-7. Active mass damper (AMIK)Yamamoto and Sone, 2014)

2.3.2 Semtactive control systems

Semitactive control systems require a small external power source for operation and a controller
that observes the feedback and produces an essential signal for the devices and utilizes the motion

of structure to develop the control forces as demonstiateidure2-8.
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Figure2-8. SemiActive control system (after Symans et al. 799
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In this part, those systems that were experimentally evaluated were reviewed are including
stiffness control devices, electrorheological dampers, magnetorheological dampers, friction
control devices, fluid viscous dampers, tuned mass dampers, and quedal&mpers.

The main function of Stiffness control devices is to modify the stiffness and thus natural
vibration characteristic$zigure2-9 showed the seractive stifness device in a chevron bracing
arrangement, the device composed of a hydraulic cylinder wi¢had control valve, when the
valve is closed the beam locks to braces below and when it is open it disengaged the beam and
brace connections, at each time step the stiffness configuration was determined and appropriate
command signals were sent to thefsébs control devices. The results showed thatower
magnitude earthquake (4.9) had0% reduction of roohccelerationand the higher magnitude
(5.7) hada 40% reduction of roof acceleration, which showed the feasibility of -setiie

stiffness cotrol technology.

% /_Control Valve%
’ !

Bracket ; ; ; ;
e 7 Tz Z

BRACES UNLOCKED BRACES LOCKED IN BRACES LOCKED
FIRST STORY ONLY IN ALL STORIES

(b)

Figure2-9. Stiffness control device (a) installation detail and (b) configurations within fu
scale test structure, (after Kobori 1993)

Electrorheological (ER) dampers consist of a hydraulic cylinder containing rsed
dielectric particles suspended within a fluid, when a strong electric field happens, the particles

polarize and become aligned and increase the resistance to flowefi@ieiourof ER dampers
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can be modulated by changing the electric field. A lmapde capacity ER was developed
(McMahon et al., 1997) as demonstrate&igure2-10.

ER Duct 5
Insulator v Inner Rod
Insulator —E=3kv/mm
E=0
External -~
Cylinder Iz e
Cylinder g//////////////{///////////////c % 0
S kj
O |
Piston /
Rod
© Seal ‘ -5
Piston Head ER Fluid 015 0 0.15

Displacement(in)

Figure2-10. Schematic of smabcale damper and hysteresis loopdtarge scale damper
for two different electric field strengths (aftertMahon et al., 1997)

It was observed that the elliptical shape of the hysteresis loop for the case of no applied electric
field may be modeled as a linear viscous dashpot. Similar results reported by Gordaninejad et al.
(1994), a hybrid ER damper with tvgeparate compartments, one containing a viscous oil and the
other containing an ER fluid was developed and utilized to control the vibration of a simple
cantilever beam subjected to sinusoidal excitation, it was shown that increasing tfieladero
viscosty may be desirable.

Magnetorheological dampers are the magnetic analogs of ER dampers with ls@inéeiour
but with a control effect of magnetic instead of electric. MR dampers conseshydraulic
cylinder containing microisized, magnetically polarizable particles suspended witi@rfiuid.

Its behaviouiis controlled by subjecting the fluid to a magnéiedd.

Semtactive friction control devices are used as energy dissgpaitrin the lateral bracing or
as components within sliding isolation systems. The idealized hysteresis loop of friction damper
is presented ifrigure 2-11, as the force is increased, the hysteresis loop expands in the vertical
direction, thus the amount of dissipated energy per cydleedfarmonic motion is controlled by

thenormal force.
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Figure2-11. Hysteresis loop of idealized Coulomb friction damper (after Feng 1993)

An isolation system was described by Feng et al. (1993), to limit the sliding displacement and
minimize the transfer of seismic force to the superstructure, the friction force on the sliding
interface between the superstructure and the foundation is lteshtFogure2-12 demonstrated a

crosssectional and plan view of the seattive friction control bearing.
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Figure2-12. Friction controllable bearing (after Feng 1993)

As shown in this Figure, each bearing has a fluid chamber a pressure control system composed
of a servovalve, an accumulator, and a compubatis used to modify thpressure.

Semtfluid viscous dampers consist of a hydraulic cylinder with a piston head to separate the
two sides of the cylinder. When the pistorcigled, the fluid is forced to pass through small
orifices at high speed and the pressure differenti@sadhe piston head, and the output force is

modulated by an external control valve, this control valve is in the form of a solenoid valve for on
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off control or a servwalve for variable control. Two different seiactive damper systems were
tested by $mans et al. (1997), twstage and variable dampers utilizing solenoid and s&ive
respectively. It consists of a stainlesteel piston rod, a bronze piston head, a piston rod-oyake

accumulatorand is filled with thin silicone oil as shown kigure2-13.
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Figure2-13. Schematic view of damper and hysteresis loops for seven different command
voltage levels, subjected to harmonic motion, (after Symans et al. 1997)

The dynamidehaviourof fluid dampers was generated through extensive cyclic testingiover
wide rangeof frequencies. It was observed that the darbpbiaviourcan be described by a linear
viscous dashpot with a voltagiependent damping coefficient. As for a tatage dampethe
damping coefficient can be adjusted between two values of high and low asstiatechin the
above Figure, which also demonstrated that dissipated energy per cycle of motion was very large

when voltage is 0V, thus it resulted in fadfe operation mode.

2.3.3 Passive Energy Dissipation Devices

Passive control systems are a system thas dwt require an external power source for
operation, and it is used to modtfyedynamic properties of a structure, thus reducing the demand
on the structural system. The response of the structure at the location of the passive control system

is used tdormulate the control forces as presenteBigure2-14.
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Figure2-14. Passivecontrol system (after Symans et al. Tp9

Supplemental energy dissipation devices may take many forms aaditfseent mechanism
to dissipate energy including the yielding of mild steel, viscoelastic action in rlikdenaterials,
shearing of viscaaifluid, orificing of fluid, and sliding friction. A specific shape of passive control
systems are seismic isolation systems, in which a flexible isolation system is placed between the
foundation and superstructure to increthsmatural period of the stem; this resuftin reducing
acceleration in the superstructure and increasing the displacement in the isolatiodPaksreé
energy dissipation devices minimize tteucturaldamage by reducing demanals theprimary
structural members.

Passive eneggdissipation devices can be divided into six groups which are: Metallic Dampers,
Friction Dampers, Viscoelastic Dampers, Viscous Fluid Dampers, Tuned Mass Dampers, and
Tuned Liquid Dampers (Soong and Dargush 19BRjure 2-15 shows major types of dampers.

The main function of viscous and oil dampers is to resist the flow of polymer liquid and low
viscosity oil. The hysteresis tiie Viscous damper is a combinatiohellipse and rectangle and

can be modeled iaseries combination with nonlinear dashpot and elastic spring. While the series
combination of linear dashpot and elastic spigigsed to model the oil dampérhe inclined
elliptical shape is developed kyviscoelastic damper which dissipates energy by utieg
molecular motion of polymer. Energy in steel and friction dampers are dissipated by yielding steel
material and through the friction between two solid bodies sliding off next to each other Kasai e

al. 2007).
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Figure2-15. Major types of damper technology (after Kasai et al.3p01

-

With a comparison of structural control systems (i.e., passive, active, anddena), it was
observed thatsemiactive control systems are a better option without passive and active
limitations. Experimentally tested seittive control systems include stiffness control devices,
electrorheological dampers, magnetorheological dampers, friction control deluasjdcous
dampersand tuned liquid dampers. It was observed from the experimental testing that the semi
active control method can improve the seish@baviourof structures. However, the largeale
semtactive control systems for seismic responsaucgdn need more investigations. Similar
results were obtained (Soong and Spencer 2002; Fisco and Adeli 2011; Yanik, and Aldemir 2019),
these researchestudy the active and seauitive control systems from 1997 to 2018. Moreover,
Yanik and Aldemir (2019jlid not find any study on the review of the new active and-sethie

control approaches.

2.3.3.1Seismic Isolators

Seismic isolators are used for decoupling the swimming movemethtedadtructure from
horizontal movement ahe structure, and they are categedzas either sliding or elastomeric.
Elastomeric isolators are including elastomeric bearing consist of natural rubber in the form of thin
layers bonded to steel plates with a combination of viscoelastic and hysbeiesisour lead

bearingbehavioumight be presented adbilinear hysteretic model, whidk constructed of low
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damping rubber with a central hole, in which the lead core deforms in pure shieael&istomeric
isolatots design, it is important to reduce the height of a bearing whellakeformation is
increased (Kelly, 1993). Sliding isolators including sliding bearing, reduce the transmission force
to a desired level of structure, although the peak displacement can be increasdtiehlestnce

of critical restoring force. To avoithis phenomenon, the solution would be a combination of a
restoring force mechanism with sliding bearings. The siding bearings idealized hysteresis curves

with flat, sphericgland conical surfaces are presenteBigure2-16.

Flat sliding Spherical sliding Conical sliding
surface surface surface
y /

! Lo

Y | 8 4 gn/j/W/ro
B / W LW . /‘éﬁ WiR, 2 Wiane
s _\ f_
—1— i A o
Displacement b/ Displacement 24, W.}._. 7¥/,‘ Displacement

Figure2-16. Idealized forcalisplacement curves (ASCE 4B)

Su et al. 198%simplified the mathematicatodels for several isolation systems namely as pure
friction (P-F) with friction mechanism, laminated rubber bearing (LRB) with parallel dashpot and
spring, resilient friction base isolator fBI) with the parallel mechanism of friction, restoring
springand damping, Electricite de France (EDF) uses elastomeric and friction plate in series, New
Zealand (NZ) with hysteretic sprirdamper, and sliding resisting frictidrase isolator (S) in
which RFBI is replaced by a friction plate as showrFigure2-17.
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Figure2-17. Schematic plots of designated base isolation systems (after Tehrani et.aar2D20,
Su et al. 198p

2.3.3.2Viscoelastic Dampers

Copolymers or glassy substances tmemost common viscoelastic materials, which dissipate
energy through shear deformation. Due to the structural movement, the relative motion between
steel flanges and the center pl&eimulated, which results in shear deformation and energy

dissipation. A typical view od viscoelastic damper is illustratedkigure2-18.

“ — STEEL FLANGE

V.E. MATERIAL
CENTERPLATE

Figure2-18.Schematic view of viscoelastic damg8oong and Dargush 1999)
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2.3.3.3Viscous Fluid Dampers

The primary operating system of viscous fluid dampers is basatligh velocity of fluidthat
flows through orifices, and they have numerous applications in isolation, aerospace, and defense

systems. A typical fluid damper is shownFigure2-19.

CLEVIS— FLUID—, 1 PISTON HEAD AND ,—CAP AND  CLEVIS—
A \ '\ ROD ASSEMBLY  / SEAL
A B 2
— A — j
- }=‘#=(. ‘ . |
B ] ) ;
A \‘\ ‘I\ t"" ‘..l‘ .(..‘x
SPHERICAL—  CAPAND—  —FLUD '—FLUID SPHERICAL—
BEARING SEAL ORIFICE BEARING
SECTION A-A

Figure2-19. A typical fluid dampe(Taylor devices inc., 2020)

The fluid damper presented tine figure above consists of two clevises for attachment to the
structure, and a cylindénatis full of fluid. This fluid is forced to move through the orifices in the
piston head, and to maintdime preservation of the fluid volume, one end of the piston rod moves
into the cylinder and another one meweit. The clevis, the piston rpdnd the piston head work

as a component, while the other parts remain stationary.

2.3.3.4Tuned Mass and Liquid Dampers

Tuned mass dampers consist of a single degree of freedom-gpragsdamper) which is
mounted on the top floor of a multtory structure and the dynamic charactersstf the system
are tuned to control the motion of the structure. Tuned liquid dampers are similar to tuned mass
dampers except that the maggingdamper system is replaced by a container filled with fluid. A
semtactive tuned liquid damper was proposgd_ou et al. (1994) and thehaviournf the semi
active damper the natural frequency of the sloshing fluid were controlled by the length of a
hydraulic tank, and by adjusting the position of rotatable baffles in the tank respectively which

demonstratethe effectiveness of different tank lengths for controlling the response of the mass.
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2.3.3.5Metallic yield dampers

The first concept of metallic yield dampers was discovere(Kbily et al., 1972; Skinner et
al., 1975) Metallic yield dampers dissipate energy throtighinelastic deformation of metal
Added damping and stiffness (ADAS) elementsathersors of MYD thatimprove the stiffness
and strength as well the energy dissipation capacity of the system, a typical ASAS device is
presented irFigure 2-20. New Zealand and Japdrawe experienced the first implementation of
metallic devices, the seismic upgrade using ADAS energy dissipation was discugSedy

and Dargush, 1999; Tet2olunga, 1997; Whittaker et al., 1999)
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Figure2-20. Added damping and stiffness (ADAS) element (Dimensions are in inches,
Whittaker et. al. 1991)

2.3.3.6Friction Dampers

Friction dampers dissipate energy through the friction between two sliding solid elefants.
instance, sadl friction can control tectonic movement and earthquake generation. Another
exampleon asmaller scale is automotive brakes which dissipate the kinetic energy of motion. To
extract kinetic energy from a moving body the friction brake is widely usecepall (1996).

When a major earthquake occurs, the friction damper slip at a predetermined load before yielding
occurs in members of a frame, which dissipatenajor part of energy. It saves the initial cost of
a new construction or retrofitting of existy buildings, with very high energy dissipatioithe

concept ofa semtactive frictional damper aan adjustable frictional damper, using hydraulic
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pressure to secure the clamping force was introduced (Samani, Mirtaheri, and Zandi 2015).
Hysteresidehaviair of adjustable friction damper was studied using analytical and experimental
methods. Dynamic and static loadingsreused for the experimental test, the hystbabaviour

of adjustable frictional damper was examined statically using three hydraesisupe (0.1 B

and dynamically using different frequencies (0.5 8.7 Hz, 1 Hz). Slippage load, dissipated
energy, effective stiffness as well as equivalent viscous damping were calculated and qualified
based on the ASCE/SEI 4b. Close agreement betrenumerical and analytical was reached

for hysteretic forcalisplacement. Due tthe limitation of the testing machine the hydraulic
pressure was taken as 70 bars vatBOmm stroke. Large experimental gesind analytical
evaluation are required to examine the real performance of the proposed devise as well as its costs
compare to other typesf friction dampers.

Severaldevices have been developed to dissipate energy through friction including Limited
Slip Bolt Joint (Pall et al., 1980), Thrastage Friction Grip Elements (Roik et al., 1988), Friction
Damper in XBracing, FrictionDamper in ChevroiBracing and FrictionDamper in Single
Diagonal (Pall et al., 1996), Sumitomo Friction Damper (Aiken andyKdlB90), Energy
Dissipating Restraint (Nims et al., 1993), and Slotted Bolted Connd&togov et al., 1995Yhe

following literature provides a brief explanation of some friction devices.

2.3.3.6.1 Limited Slip Bolt Joint

In large panel structurethe damage is usually along tleénits during an earthquake, therefore
the joints are the only locations where dissipate energy and based on the concept of energy
dissipation (Pall, 1979) maximized their capacity and developed a dissipated joint for seismic

control of large panel struces which is shown iRigure2-21.
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Figure2-21. The LSB joint: Walto-wall joint (left) and CorneWall-to-wall joint (right),
(after Pall 1979)

In order to provide a consistent fordsplacementresponseh e LSB design, the
padso was i ncor por aroebthin basid desige data and ecalistic girlicturale s .
response Pall emucted several experimental tests under static and dynamic cyclic tests on a
variety of simple sliding elements having different surface treatments including mill scale,
sandblasted, inorganic zinch paint, metalized, brake lining padsda polyethykene coating.

The resulting loadlisplacement response under monotonic loading is shokigume2-22, while
Figure2-23is the hysteresibehaviourunder constant amplitude displacemeantrolled cyclic
loading. Although metalized surfaces showed the highest static slip coefficient and energy
dissipation, theiperformance was far from predictable. The lbestaviourwas shown by brake

lining pads located between steel plates with mill scale swface

expected shear

failure of bolt
Mill Scale ?
Grit blasted

-. Zinc-rich paint
. Metalized .
. Sand blasted .6. Brake lining pads
3
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Figure2-22. Loaddisplacement Response of Limited Siplted Joints (Pall 1979
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Figure2-23. Hysteresis Loops of Limited Slip Bolted Joints (Pall 1979)

Based upon thbehaviourobtained by Pall et al. (¥9), the Idealizedehaviourof LSB Joint
is shown inFigure2-24, stage one itheelastic phase, the slipping phase, is shown in stage 2 and
simulated by a plateau, bearing phase is stage three and stage four is the failure which depends on

the slot lengtidue to shear force. Cyclic tests subjected to reversal load did not perform and SLB

i deal -pi aldlhvoameed more investigation.
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Figure2-24. Idealizedbehaviourof LSB Joint (after Pall et al., 79)
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2.3.3.6.2 Threestage Friction Grip Elements

Roik et al. (1988) discussed seismic control of structures under earthquake loading by three
stage frictiongrip elements, the energy dissipation of each story can be designed according to
serviceability, mediumand strongmotion earthquake based on the fantjoints that was verified
by Pall (192). The idea was created from braking by friction, for instataavoid high forces
by sudden braking the driver can push on the pedal softly.

Tests were performed on a single joint were investigated for siropteatesteet/steelsteel
friction-grip connections in order to show the mechanism of energy dissipation (SFB A51) as
demonstrated ifrigure 2-25 and Figure 2-26 which shows thédehaviourof the hysteresis loops
under repeated loading with the same amplitude and period. The durability of this type of

connection undenigh shoriterm dynamic loading asvery satisfactory.
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Figure2-25. Test specimen on the left is concrsteet and on the right is stesteel
friction-grip connections (after Roik et al.,1988)
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Figure2-26. Hysteresis Loops of a) concresteel and b) steesteelfriction-grip
connections (after Roik et al.,1988)

Using nonlinear spring elements with the bolts can control the loss of prestressing, therefore
friction grip joints can resist high dynamic loading and their hysteresis depends on the prestressing

of the bols as demonstrated kigure2-27.
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Figure2-27. Detail of steekoncrete friction grip by nonlinear disc spring (after Roik et
al.,1988)

They observed that coupling in parallel as showrFigure 2-28(a), avoids vibation by
transition phase from elastieehaviourto slipping stage. The componem¢haviourand the
predicted performance of a thr8tage Stiffening Element as well as hysteresis loop were
presented irFigure 2-28(b, c, d). Stage one is the serviceability limit state for linear structural
behaviourand small displacement, stage two is the transition stage with no damage and larger

displacement under medium earthquake to olitemequired smooth transition from stage 1 to
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stage 3, stage 3 is the ultimate design limit state under the maximum stoting with minor

damage and large displacement.

% f%_ e 1=

a Tse
g
T =
s Exasmple for &
T Y fiil “desired” performance
one storey
Caf
T
o fn
T
T
b Y,
@ ©) m c1
C v Desired” performance
T T ¥ of 3 parallel elements
in she starey
= L2
T Lig \4 / ¥
@ B 3
o3 L}

stage 1 stage 2 stage 3

Serviceability Medium Strong motion
d limit state earthquake earthquake

T A

(¥, - Y )

Figure2-28. a) Principabehaviourof one stiffening element: Ci: stiffness;frictional
displacement; T frictional force (level of friction), b) Thregisplacement coupled parallel
stiffening elements, c) Thre®tage Stiffening Element, d) Hysteresis loops of a tetage

stiffening element (after Roik at., 1988)
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A sevenstory building was chosen for the thiggstem investigation namedyductile frame,
threestage trussand stiff core which is shown frigure2-29. The truss ystem with threestage
elements was modeled by the girders hinged to columns. All three models were calculated by 5

percent damping andtheq@ ef f ect .

A-A B-B

E— e 21.75m

&)

horizontal g
stiffening system

2
Rz
L
o
7
1 oo ]

. OO o

i Ve‘_oo"' o ’J'L)(hz; | I).\'[mn | ! | "uoxlm [ o

horizontal
stiffening system

T/

21.756m
=

00| 3.00]3.00] .00
|
-
g

LT

I
o~
Q

3.50 500 350

! v n
6.00 500 6.00
1 H

75 [ 300 3.00]3
|
=

I
T G

1 575 |3.00]3.00]2.00]3.00]3.003.00|

1 =%

1 2) (8 AD DUCTILE 3-STAGE STIFF
NV A AN FRAME TRUSS CORE

Figure2-29. Seven story building and with three different versions (after Roik et al., 1988)

As demonstrated iRigure2-30, the elastic concrete core had a small maximum dispiant
and the threstage truss limited both the horizontal displacement and the story shear due to energy
balance versus time. Since the internal forces of both the-dtage truss and the ductile frame
are similar they showed the same energy balanitetiaé frame having higher kinetic and viscous
energy. The threstage truss showed the highest percentage of energy dissipation which allows

economical design.
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Figure2-30. a) Roof displacement vs time, b) Maximum horizontal displacement and shear
force, c) hysteresis loop for the first story of the three systems (after Roik et al., 1988)

An online earthquak&vas also simulated to verify thbehaviourof a threestage trussthe

specimen was scaled down with the available testing facility as giv@gune2-31.
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Figure2-31. Specimen setup for a thretage truss and the simulation of one degree of freedom
(Roik et al., 1988)
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The hysteresis loop tested undbe N-S component othe Elcentro record revealed the
smoothing effect of threstageelements bya transition from sticking to sliding and the force
overshoot was due to the bolt impact, as it was shown the proposed model was unable to capture

additional forcedisplacemenFigure2-32.

Figure2-32. Computed measured and calculated (Star symbol) hysteresis response (Roik et
al., 1988)

The mechanical properties of the bolts and the limgfedmetrical of slotted holes play an
important role in lateral stiffness, slip for@nd the amount of dissipated energy per cycle. It was
concluded that friction grip connections can reduce horizontal forces and displacemteis by
energy dissipatiogapacity. The experimental test was limited to one story and the effect of the
whole structure was not considered, moreover thtage elements using steel concrete friction

grip required further study.

2.3.3.6.3 Slotted Bolted connection (SBC)

Slotted bolted corections dissipate energy by moving two surfaces against one another and
through friction mechanism as presentedFigure 2-33. Different slotted bolted connectigres
well as their performance in the structusere examined separately and in a sygteapov et al.,
1995) Two different SBCs with steskteel and steddrass surfacesave examined individually

and subjected to sinusoidal and artificial earthquake displacements.
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Figure2-33. Schematic view of slotted bolt connectidafier Nikoukalam et al. 2017 afbpov
et al. 199%

Although SBCs with steddteel showed unacceptatlehaviouy thisbehaviourwas modified
by brass shim plates. Effects of various A325 bolts were examined for SBCS withrat=el|
Figure2-34 presents the hysteresis loop of SBCs with stisll with one A325 bolt and diameter
of % inch on the left with higher static slip force which may cause an extra shock, however, when
SBCs examined with stebtass and two A325 bolts on the right the slip force had a plateau with
lower static slip force wh smaller differences between kinetic and static forces compare with

steelsteel SBCs.
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Figure2-34. SBCs with steesteel on the right and using brass shims on th¢agérPopov et
al. 1995)

They found out the use of shims with mill scaled steel surfaces and high strength bolts, resulted
in stablebehaviourof slip forces. Although the brass shims were insensitive to washers, they were
useful in reducinghe loss of boltin tension. The results of SBCs on the chevron braces of the

threestory structures on a shake table showed the effectiveness of SBCs in controlling damage as
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well as story drifts. This study was limited to SBCs with brass shims as a frictional treamient,
investigations are required for different surface treatments such as shims materials. Galvanic
corrosion and the effects of different coating as well as {acgke SBCs to simulate industrial
structures and the extra slip force in chevron braciagses vertical forces at intersections of
beams to braces need more investigations. More experimental and analytical works and developing
a design method for using SBCsampractical sector such as nonlinear dynamic analysis as well
as nonrintensive methds, and considering possible torsional forces ahbgéraces with not in
line SBCs within the stiffness of structure in a specified floor need more studies.

The behaviourof slotted bolted connections under dynamic loads was performéchiayet
al., 2006) the shear deformation was proposed by an analytical model. SBC can be used to shift
the natural frequency of a structure by changing initial stiffness and slippage load. Slté&ed bo
connections with modified bolts have baarthe 1980s in the bracing systems. Then rotational
slotted bolted connections (RSBCsgne& developed by Yang and Popav 1995 in order to
integrate them ito the momentresisting frame system. Theehaviourof RSBCs is limited to
flexural behaviouy however in some caseshear is dominatetly flexural behavioursuch as
eccentrically braced frames (EBFs). Therefore, Nikoukalam et al. 2017, developed Shear slotted
bolted connections (SSBC), which dissipatergy through the friction activated by shéorce

as is presented iRigure2-35.
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Figure2-35. Installation of SSBENikoukalam et al., 2017)
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The applications of SSBC in eccentricity brace frame, momesistingframe, and coupled

concrete shear walls are presenteBigure2-36.

( ) ' '
= 3
Tssac E =
> P
. £ €
o g £
& 3 38
- = o
<
g ¥ - N
8| p—-_ —/
V-
e
A
-

Figure2-36. SSBC applications in EBF, MRBnd CCSWNikoukalam et al., 2017)

The effectiveness of SSBC was examined in artiagi®ccentricity braced frame using finite
element software, and the results were compared with a conventional EBF, addjtisneftgct
on a onestory moment resisting frame with three different span lenggs studied. It was
observed SSBC can imgre the energy dissipation capacity of E&Fmparedo the traditional
one. SSBC can be acted as a mechanical shear fuse in MRFs, and its capacity to dissipate energy
was better in lower span length. Large scale and component testseamcomparison wh
simulated work required further studies. Additionally, its effectiveness in different applicatsons

well as SSBCs 0 r eesquirad tuhker indestigatidna c e me nt s,

2.3.3.6.4 Pall Friction Dampers

Based on the development of LSB, Pall and Ma{s882) proposed a system with a
combination of friction dampers in a momeasisting frame, during severe earthquake
excitations, a large portion of the energy is dissipated by the friction thleelevice slipsPall
friction dampers can be grouped asl(fet al., 1996): FrictiotDbamper in XBracing, Friction

Damper in ChevroiBracing and FrictionDamper in Single Diagonal as showrFigure2-37.
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Figure2-37. a) Friction damper in »Bracing, b) Friction damper in Chevrd@racing
and c) Friction damper in Single Diagonal (Pall et al., 1996)

Pall Friction Dampers hysteresis loops are similar to an ideal gikstticbehaviouthavinga
wide rectangular shape, and their performance is independent of velocity. The forces on the
individual members can be adjusted based on their capacity by an appropriate slip load. The Pall
Friction Dampers in line and cross bracing were used to upgrade the Boeing commercial airplane
factory, reduced the lateral deflection, the exerted force, argtrgngthening of existing members
(Vail et al. 20@). Chevron brace with two friction damperasused in Sharp Memorial Hospital.

The results othenonlinear analysis showed an economical performaased desig(Soli et al.
2004).

Colajanni etl.(1997) examined the hysteresis characteristic ostory friction damped brace
frames in order to evaluate the roletloé period of vibration, the lateral stiffness ratamd the
global slip load calibration of the dissipative device. It was obdehat the frequency of the slip
excursions depends on the period of the system vibration and the average amplitude of the
normalized slip excursions is independenthefperiod and increases by lateral stiffness ratio. The
optimization of the response biction-damped multistory frames can be further sdan the
distribution of the global slip load of the devices alenth the structure's height.

Friction dampers have been utilized as a practical andeffestive energy dissipation
mechanism in many constructed structut@banget al. (20@6) examined the application of
friction dampers for seismic retrofit of asBory steel structure which didnt s thecurrent y
building code seismic requirement. Since the third floor was ustéebygurt, 48 friction dampers

were used at the ground and second &vdle FEMA 351,356 were used in the analytsie 3-D
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model was used by ETABS, the story ahand displacement were reduced by friction dampers as

demonstrated iffigure2-38.
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Figure2-38. StoryDisplacement and Shear comparis@hdgnget al., 206)

It was observed that the friction dampers significantly improve the structural performance and
with this reduction in story displacement and shear, the seismic force was reducethaBoye
floor.

A performancebased plastic design for a-2fiory steel momentesisting frame with friction
dampers was examined by Patil et al. (2015). In order to achieve a uniform target drift compatible
with peak interstory drift limits nonlinear static pushover dysis, and nonlinearesponséistory
analysis were performed. It was observed using friction dampers can specify a certain inelastic
displacement for a given earthquake, moreghere wasa reduction of almost 85% in the peak
inter-story ratio and thddxural moment at columns.

The use of friction dampers ithe seismic design of unbounded ptsnsioned precast
concrete frame structures was investigated by Morgan et al. (2007). In order to determine the
friction damper slip forces and pesinsioning steel areas and selected damper distribwion
nonlinear reversed cyclic analysis under latéyatl wasconducted. It was shawthat friction
damped precast concrete frames can dissipate energy levels while maintaining a large level of self

centering capability due to the pdshsioning force.
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A tall cylindrical tower which is used in industrialgezeses is called a process column, during
its seismic assessment, it was found that anchor bolts were not meeting éhvequocement.
Therefore, a retrofitting scheme using passive control deviessuged (Kiran et. al., 2016).
Various passive contralevices are including viscoelastic damper, elasastic damper, tuned
mass damper, tuned liquid damjpand friction which can be easily replaced after an earthquake.
Since viscoelastic dampesse affected by temperature and stiffness degradation Eadtlae
limitation of tuned dampens required the tuning the natural frequency, double sliding friction
dampers were used as they doFydre2-3pshosveddehe sne ma ny
end of the damper is fixed rigidly throutitebracket and another end is connectetiéhydraulic

actuator.

Figure2-39. Friction dampers on tHeft and its test setup used for characterizatic
(Kiran et. al., 2016)

The cyclic load was repeated for ten cycles by considering various torque values, a stable
hystereticbehaviourwas obtained, and the variation of slip load was linear with respebeto
applied torque. After retrofitting the seismic demand was reducdd%o of the capacity of
existing foundation bolts and was qualified for MCE condition.

The damping mechanisms combination of a-loear Reid damper and a viscous damper
showed that the PFD can significantly reduce the response of the structure, Ch€B0&€ia
Numerical simulations also showed that the friction dampers driven by the proposed control logic
can substantially reduce the peak acceleration and story drift of the building structure under
earthquake excitations. The same results were obtained bierHai al. (2012), the effects of
friction dampers were studied subjected to several seismic excitations and it was revealed that the
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effectiveness of friction dampers at dissipating the largest amount of energy. Aademi
electromagnetic friction danep and was proposed by Agrawal et al. (2004) and the proposed
damper and the control method were investigated for aibalsged building which showed that
the SAEMFD was effective in protecting rubkegarings of the bassolated buildings under the
strong ground motionsThe gnall scale of one and twstory steel models with a pair of parallel
friction devices at each flooragperformed on a unidirectional shaking table subjected to artificial
and real ground motions as well as the sinells(L6pezAlmansa et al., 2012There was a good
agreement in the experimental and ntina works, reduction in resonance, and response peaks
of the structure were observed. Thehaviourof steel frames equipped with concentric steel
bracing with improved pall friction dampers compared with concentric steel bracing frames with
no dampers(Sarjou and Shabakhty, 2017The stdy parameters were displacement, capacity
percentage to observe energy, and base shear. Two different methods can be used for modeling
pall friction dampers including simple which was suggested by pall and used in this study as well
asanaccurate method:he simple bracing system is consideagthmperthatyields in pressure
and tension with a full elastplastic material and rectangular hysteresis curve as the simple
method. In this method bracing yisloh slip load which is the same as damper slip ldadhe
accurate methqdhe stressstrain curve of linear elements is used to define the bracing and damper
link. Improved pall friction dampers are similar to pall friction dampers witentral core othe
T-shape. It was observed IPFD reduced the Ishear and relative displacements, however, the
changes in dissipated energy by a damper dependent on the location and,thedaadthe
absence of dampefsames experience damageéhis study is limited tehesimple method, more
accurate methods amrequired to model the friction dampers as well as their verification in
experimental tests for practical use. Further study is required to consider the effects of various
bracing configurations in structural frames with different heightsthedpproprate number of
ground motions.

A combination of momentesisting frames with frictiofbased frames &g used initially to
reduce the structural damage since friction brace frames have very limited lateral stiffness when
the connection slides, this may rdsul excessive story drifts and residual displacement, this
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behaviourcan be lessadby providing secondary lateral resistafiCgca et al., 2018)Therefore,

the application of FBF in 4and 10story as secondary steel momessisting frames for extra
stiffness and recentring capacity were conducted using nonlinear response history akalysis.
conventional forcebased method was used to design the frame as walldsiction devicesin
addition, larmonic loading signals and rdahe seismic displacement histories were used for full
scale testing on brace sabsemblages and braces equipped with friction dampers. Nonlinear
response history analysis confirmed #xtra story drift and residual displacement were dissipated
by MRFs. The experimental test verified the performance of pall friction dampers with stable slip
resistance under displacement demand from analytical simulation. This study was limited to two
different steel frames, more parametric studies are required to examine the effectiveness of the
proposed method as well asD3experimental tests to examine the real capacity of dissipated

energy by MRFs as a secondary dissipation system incorporategalitiiction devices.

2.4 Common types of friction dampers

Friction dampers are among the hysteretic systems in which the eséiggipated within a
mechanism that does not depend on the rate of load appli¢@bmstantinou et al., 1998pall
friction dampers condi®f treated plates in a seriggatdevelop resistance when stig against
one another. Staggered pall friction dampeesemproposed by(Tirca, 2009)to optimizethe
seismic performance of an existing steel moment frame. Staggered pall friction dampers can
improvestructural performance even for ductile structures. The yielding restrained brace (YRB)
and rotational friction damper are among the most popular passive energy dissipation devices

currently employed for practical approaches.

2.4.1 Yielding restrained brace (YRB)

A yielding restrained brace is also known as a friedamped brace. When the axial forces
increase the slip load, the energy will be dissipated by an inline tension and compression seismic
friction damper. In this yielding mechanisthe force is conant, therefore stiffness and yielding

are differentiated. The idea is to equip the structure with a consistent stiffnesthatdoes not
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enter in a ductile mode. YRB consists of a brace attach@teinvith a TerCo as shown ifrigure
2-40 (Galindo et al. 2019, Quaketek Inc.). As it can be seen the hysteretic curve has a rectangular
shape, when a force activates an inline tensmmpression seismic brake, under dynamic load,

tension or compression has the sambaviour

et

F
Ten-Co Slip Load —_ A
(Tension) % K,= 0.0001K,

v. K=K,
~— Brace

*
~— Ten-Co Ten-Co Slip Load
(Compression)

Figure2-40. A schematic view of yielding restrained brace (YRB) and its fdisplacement
relationship(Galindo etal. 2019, Quaketek Inc.)

2.4.2 Rotational Friction Damper (FRD)

A rotational friction damper dissipgg@ ner gy wut il i zing friction pi
friction and constant torque, they can be in the forma single or x bracing system. A single
friction damper was developed by Mualla and Belev in 2002 and preserfgira2-41, when
the dampers subjected to a lateral force, it dissipates energy by the frictional forces develop
between the steel plates and friction pads.

Central Plate

e

Hinge

Side Plates Bolt

e

Disc Spring Washers Hard Washer

Figure2-41. Component and typical action of REMualla and Belev, 2002)
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2.5 Modeling of yielding restrained braces

As previouslydiscussedthere are three major stages of energy dissipation thitbedtiction
of two surface pall (1979) namely as stage 1 th@welastic zone or sticlslip and before yielding,

stage 2 is when the slipping occurs, and stage 3 is bearing-twcHlip

2.5.1 Attached Damping

A simple example of attached damping (Coulomb friction) is a block moving on a rough surface

in the horizontal direabin is presented ifrigure 2-42, therefore the created frictional force is

proportional to normal force in Equation 2.2.

"0 © 9 2.2

Wh e r &s the dynamic friction coefficient or kinetic energy andsNhie normal force.

N £
T T
F .U.kN
SN IR |
0
I N ;Ik/v Y
l AR
Mg
a) (b

Figure2-42. Fiction characteristics a) free body diagram, b) idealized dynamic friction, C) static
friction, d) actual friction Roberts and Spanos 1990)

Idealized dynamic friction presentedfigure2-42b frictional force is plotted versus velocity,

in which Friction andex remain constant during sliding, this modehiamed as Coulomb friction.
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If static frictional force, kaicis greater than kinetic frictional forceifion or F, the static force is

proportional to normal force in equation 2.3.

0 C 2.3

Il n t hi s siBthe datic friction coefficientFigure 2-42c shows two discontinuities,
from zero to kbefore the motion and fromsfo F after the motion. A more realistwf this
transition is presented Figure2-42d, howeverthis demonstrated a sharp peak stgifrom zero
velocity, and slightly beyond critical velocity (Roberts and Spanos 1990). Frictional damping
devices subjected to cyclic loading dissipate energy in the foemart-elliptical hysteretic loop,
this can be presented by a single degree of éead a simple form of mass, sprirand friction

as an ideal Coulomb damper presentelgigure2-43.
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Figure2-43. Massspring Coulomb damping and hysteresis loop (Roberts and Spanos 1990)

If the mass has a displacement of g, and ower than the Coulomb friction forcey, Fhere
is no slipping in the system and the characteristics e iE shown with thetraight line of AB
and the slope of () k , wmhequal tofkand displacement passes the critical displacement
of g* then the slipping occurs and the characteristics of the loop is the straight line of BC. When
the mass moves in the reverse diractioen kis lower than k, therefore slipping in the system
stops and the force decreased along the line CD with the slopelb) (& . At poi nt
displacement is€2q*, and compressive force is equal {9 therefore it slips along the line DE.
At E the mass movem the opposite direction therefore the force follows the line EF, and it

continues.
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Lukkunaprasit et al. 2004nvestigated théehaviourof dotted-bolted connections when the
slip exceeded the accessible slip length. To avoid severe damage which considerably deteriorates
the friction force of the damper, the restraining approach addressRdilbyet al. in 1988vas
modified and presented Figure2-44. The restrained system will be excited when the activation
slip force is greater than the slip distance, therefore the hysteresis loop consists of four major
parametersincludingskF s t he pr edet gistheislipdislance iziisphe hagimwme , @
restraining force below the buckling capacity of the brace, ansl te restraining stiffness and
eqgual to an axial stiffness of the inline brace.

A
FI]]EL.X

F

i

N

Figure2-44.Proposed Hysteresis curve with restrdingkkunaprasit et al., 2004)

Lukkunaprasit et al. 200bund that higher base shesicawsed by restraining force which has
a direct effect on the capacity of foundations. Their investigation was limited to displacement
dependent; more parameters are required to study the connections with-§iggioMoreover,
the sliding mechanisns subjected to different parameters including types of loading, friction
coefficient, temperature, velocity as well as the contact treatment, material, prasdwiee Rall
1979 Constantinou et al. 199&extro 2007)Makkar et al. 200%proposed a new friction model
to avoid discontinuity between stighip and slip phases based on vélgahis friction model is

presented in equation 2.4 and its characteriatiepresented ifrigure2-45.

O 1 OAltEw OATED | OATTED [ @ (2.4)
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Where 292 is positive slope constants, the f
the second part (II) describes the Coulomb friction, and the last part (Ill) is the viscous dissipation

condition.

o
o

IV-Combined Model

T-Coulomb

III-Viscous
I-Stribeck e ——
-10 -8 -6 -4 -2 \_(_,_,f—“’
| SEEpREREes e R AT SRS RRRRT
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coefficient of friction
=]
>
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N

Figure2-45. Different effect of friction modelMakkar et al., 2005)
2.5.2 Bouc-WEN MODEL

For a smooh hysteresis system under different excitation an equivalent linearization was
proposedWen, 1980)Various classes of BotWen models regarding their bounded input/output
stability properties as well as physical properties related to true data were investigated by
(Ikhouane et al., 2007)smail et al. 2009presented a background the BoucWen model for
hysteresis modeling of nonlinear structures subjected to dynamic loads.

Baber and Noori 198&nd 1986, proposed and adadegeneral degradation model $mooth
thehysteresis model of Bouc and Barber and Wen 1981, to capture the pinching effect. A nonlinear

single degree of freedom and slip lock hysteresis curve are presekigdre2-46.
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Figure2-46. Proposed single degree of freedom and slip lock hysteresi¢Babpr and Noori,
1985)
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This nonlinear system is presented withdifferential equation of wtion with equation 2.5.

Q Q
2o 21 26 Py 2.5
a a

W ¢4

l n whi c h -/preyiekl stiffiess, apda is the hysteresis restoring force which repsesent

thenonlinear hysteresis loop. The modified smooth system is showreguitition 2.6.

O —Qa 0 FTE o [DS (2.9
In this equation h(zbas soci ated with pinching effects, A
the shape factors, d, and 3 represent canhe st

be determined from equations 2.7 to 2.9.

O 0 1 -0 (2.7
" p ] -0 (2.9
- p 1 -0 (2.9

Where U(t) is the dissipation of Fgue2a6dsy fr om
added by an element with tirtependent slip lock with equation 2.11.

Q
o ela, 210

0 "Q&a (2.10)
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h(z) is equal to one when there is no pinching effect, the other parameters can be defined

accordingly, howeveif thepinching effect is considered, it can be calculated from equation 2.12.

Q4 p - Qo (2.12
In this equatione: a n d comtrol the magnitude and the slop changes and can be determined

from equations 2.13 to 2.14 (Foliente 1993).
-7 - p Q (2.13
-1 1 - - - (2.19

Wheroe iys the contr ol y,tislhe deénedochange if thefsloge,pnisctiei n g,
constant value ofzyt he drhoep tiont ailnistliigl, salnadp e, 6
magnitude and the slop.

A sample otheBoucWen hysteresis loop is presentedrigure2-47, to construct the model
the following parameters shall be defthened: [
transition from | i nelebasithystaresinshapa) andA, isthehysteresis b ¢
amplitude (Seismosoft Ltd, 2020).

[
>

Force or
moment

Hardening ratio* K

[
>

L/ Displacement or
rotation

Figure2-47. BoucWen Curve (Seismosoft Ltd, 2020)
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2.6 Literature Summay

In this chaptey performancéasel design methosl as well acommon FRPstrengthening
applicationsare explained briefly, different seismic control systems including active;asinme
and passive as well their different types and some of the previous works of energy dissipaters and
their performance are discussed. A comparison of structural control systems showed that semi
active control systemgrovide a better option withouthe limitations of thepassive and active
systens. Experimentally tested semctive control systems includeifiess control devices,
electrorheological dampers, magnetorheological dampers, friction control devices, fluid viscous
dampersand tuned liquid dampers were explained, and it was observed from the experimental
testing that the seractive control method can improve the seisbh@baviourof structures.

Different types of devicethatdissipate energy through friction are presenidte Idealized
behaviouiof LSB Joint whichwaspresented by Pall et al. (29), wasfurther investigated by Roik
et al. (1988) for threstage friction grip elements. It was shown the mechanical properties of the
bolts and the limited geometrical of gkd holes play an important role in lateral stiffness, slip
force and the amount of dissipated energy per cycle. Moreover, friction grip connections can
reduce horizontal forces and displacementgh®yr energy dissipation capacity, howeyvére
proposednodel was not able to capture additional fedcgplacement.

Modeling of yielding restrained braces including Coulomb friction and Ben models are
discussed. It was revealddat the sliding mechanismvas subjected to different parameters
including types of loading, friction coefficient, temperature, velocity as well as the contact
treatment, material, pressurand size Pall 1979 Constantinou et al. 19906extro 2007)
Therefore, to avoid discontinuity between stgtip and slip phases Makkar et al. 2005 proposed
a new friction model with acombination of stribeck effect, Coulomb frictioand viscous
dissipation. Then, the method proposed by Baber and No@885 and 1986, are discussed in
detail, they added general degradation model to smooth hysteresis model of Bouc and Barber and

Wen 181, to capture the pinching effect.
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The critical review otheliterature reveals that most of the research $exwon retrofitting of

steel structure by seismic dissipater devices and concrete structure by using FRP materials and

very few studiehrave been conducted in case of the based seismic design for concrete structures

utilizing supplementarydevices i.e. friction dampers, friction dampers are among the passive

energy devices, they are reliable and not sensitive to temperature, whichtheakesuitable for

retrofit of existing structures as well as new structures subjected to dynamic loadings. Therefore,

the objective of futurstudiesare as follows:

T

Most of the tests are on steel frames and the effects of friction dampers on concrete frames
andtheir behaviourare not clear.

The behaviourof friction dampers under real earthquskelargely unknown,andtheir
long-termperformance and reliability are uncleahichneed to be investigatedrther

The effects of different surface treatnmeeoft friction dampers need more investigation.

In some cases, more sophisticated methods are required for perfofmaardedesign in

that the damage state corresponding to each performance lekelooincrete structure
utilizing friction dampers must bguantified.

The cevelopment of performandsased seismic design provisions for reinforced concrete
structures utilizing friction dampers requires further investigation to develop analytical
models and appropriate design methodologies.

The effects of convaional and FEMA procedures on the overall response of the structure
are unclear.

The response modification factors for concrete structures equipped with friction dampers
are unknown.

Comparative study of different passive energy dissipation systems&ofpiion devices

within a proper frame of reference

Further studies are required to characterize the capacities of the overall friction damper system

in concrete structures, as well as experimentalestol examine their actublehaviouy therefore
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numerical and experimental studies need to be conducted to evaluate the long performance and

reliability of yielding restrained braces underground motions.

2.7 Methodology

2.7.1 Analysis Procedures

In this study the folowing two main types of analysis namely linear procedures including
Linear Static procedure (LSP), Linear Dynamic procedure (LI@RY nonlinear procedures
including Nonlinear Static procedure (NSP), Nonlinear Dynamic procedure (ldEEPYysed and
describd in this section.

FEMA, NEHRP Guidelines for the Seismic Rehabilitation of Buildings (FEMA 1980l
ATC 40 Seismic Evaluation and Retrofit of Concrete Buildings (ATC 1996) were the first
guidelines of the nonlinear analysis, witle main focus of nomhear static analysis. Then, ASCE
41 Seismic Rehabilitation of Existing Buildings (ASCE 2007), FEMA 440 Improvement of
Nonlinear Static Seismic Analysis Procedures (FEMA 2005) and FEMA P440A Effects of
Strength and Stiffness Degradation on Seismic ResgeEdA 2009a), the ATC 58 Guidelines
for Seismic Performance Assessment of Buildings (ATC 2009) is the nonlinear dynamic analyses
for seismic performance assessment of new and existing buildings have been introduced (Deierlein

et al., 2010).
2.7.1.1Linear procedures
2.7.1.1.1 Linear Static Procedure (LSP)

In this methoga linearly elastic static analysis shoblelperfornedto determine the seismic
forces and their distribution over the heighaotilding, internal forces, and system displacement,
in amother word the e of elasticity appliesThe fundamental period in this method can be
calculated based on the Eigenvalue (dynamic) analysis, Empirical equation, and the approximate

methods (ASCE 417).
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2.7.1.1.2 Linear Dynamic Procedure (LDP)

In this methoda linearly elastic statjadynamicanalysis shoulthe performedto determine the
seismic forces and their distribution over the heigha dlilding, internal forces, and system
displacementLinearly elastic stiffness and equivalent viscous damping based on the components
near or at yield level shall be used to model the buildmdjnear dynamic procedure or linear
response history analysibetime domain is used to calculate the resmoof the structure to the
seismic eventsThe linear dynamic analysis shall be performed usirgresponse spectrum

methodor response history method.

2.7.1.2Nonlinear procedures
2.7.1.2.1 Nonlinear Static Procedure (NSP)

The ronlinear static procedure of a building letnonlinear load deformation of individual
components of the structure which incorporating directly by a mathematical model and subjected
to monotonically increasing lateral loaddSCE 4117, 2017) Figure 2-48 represerd the
nonlinear static proceunle, first earthquake hazard is defined by elastic spectrumatimminear
model of structural componenisdefined into a nonlinear model. When this madedubjected
to either monotonically increasing force or displacements, it creates a capaegyrcterms of
base shear versus roof displacement. Then ESDOF can be used to calculate the maximum roof
displacement. Once component deformation and force action are known, force demands and
component deformation shall be checked against the &wogel as checking theomponent

deformatiorbased on the acceptance criteria.
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Figure2-48. Nonlinear static assessment procedure (FEMA 273/274/356, ATC 58)
2.7.1.2.2 Nonlinear Dynamidrocedure (NDP)

Nonlinear dynamic procedure or nonlineasponsehistory analysis of a building is the

nonlinear load deformation of individual components of the streattnich incorporating directly

by a mathematical model and subjected to ground motion acceleration hi6ASEE 4117,

2017) This method differs from NSP in which ground motions are used instead of response

spectra,components force, and deformation shall be calculated based on nonlinear dynamic

analysis. Component deformations fack degree of freedom can be estimated with a detailed

model subjected to a ground motion, higleael demands including story drift, roof displacement

and element distortions can be derivemf the component action as illustratedrigure2-49.
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Figure2-49. Nonlinear dynamic process (FEMA 440, 2005)

The relationship betweedhetype of structural model artie characteristic of ground motion
is presented ifrigure 2-50. Depending on the parameters of interest some analysis options are
better tlan the others, for instanca single degree of freedom can represent a good uncertainty
associated with global displacement demand when subjedieeMariability of ground motions.
The maximum global displacement can be calculated by a nonlineapstagclure, a muknode
pushover analysis can provide instory drift that mightnot beavailable from SDOF dynamic

analysis.
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Figure2-50. Seismic analysis procedures for various struct(F&IMA 440, 2@5)
2.7.2 Damping devices ina building

The seismic forceesisting system is distinct from the damping systdamping system
composes of damping devices combined with structural elements. Dampirggsdean be
categorized into three major groupxluding displacement velocity-dependentand force-
controlledelementsFor the structures with the dampisgstem, the response of the system can
be determined using alternate procedures including response spectrum as well as equivalent lateral
force poceduresln these methods design earthquake and maximum considered earthquake should
be considered and applied to the systéheseismic base shefor response spectrum procedure
is the square root dhe sum of squaresf modal componentsvhereasin the equivalent lateral
force procedureghe seismic base shaesithesquare root afhesum of squares dfefundamental
mode and residual base shéenen the design earthquake displacement and story drift shall be
calculated and controlled for botlegsign and maximum credible earthqualsgsne ofthe major

parameters for calculating ELFSD and RSPSD are shoWwigure2-5landFigure2-52.
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ELFSD [=>| Vi& Wz |= < W > — Control criteria

Fim & Fir

W, =Effective fundamental mode seismic weight

Wy =Effective residual mode seismic weight —
I'1= Modal participation factor WR & rR
Tz= Residual participation factor
Wy,=Maximum strain energy

T:= Fundamental mode

Tip= Effe(tllve perllod at DEg Csl&CSR
Tim= Effective period at MCEg _ y,
Tg= Period of the residual mode

Fim= Inertia force in the mth mode

Fir= Inertia force at residual mode

Csi= Fundamental seismic response coefficient
Csr= Residual seismic response coefficient

B mD:TetaI effective damping for DEg

B .= Total effective damping for MCEr

Figure2-51.Important parameters for calculatiB FSD

g =\
T, Tap, Tam, Tm

BmD & BmM

RSPSD |=>| Vvi&Vn I::>< Wy & > = Control criteria

Wm, Fig, Fim
W, =Effective seismic weight of mth mode
T'w= Modal participation factor
Wp,=Maximum strain energy
T;= Fundamental mode Cs1&Csm
Tio= Effective period at DEg
Tim= Effective period at MCEg - S
Tm= Period of the mth mode
Fiz= Inertia force in the fundamental mode
Fim= Inertia force at higher mode
Cs1= Seismic response coefficient of fundamental mode
Csm= Seismic response coefficient of higher mode
B mD:TotaI effective damping for DEr
B .= Total effective damping for MCEg

Figure2-52.Importantparameters for calculating RSPD

Next, the effective damping and ductility can be determi(&8ICE 7, FEMA P-2082, FEMA

450, FEMA 420, these factors are shownkigure2-53. These procedures are explained in detalil
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in section 3.7. These methods are limited to the height of the structure, therefore, to calculate the

seismic parameters following sections are explained.

Br
Damping = Bmp = Bym (Fim, Wnj, Sim, W)
properties
BmM
Bum(qH, B 1)

f31= Inherent damping
va:supp\emental damping

Fim= Inertia force at higher mode
Wmi=W0rk by jth damping in one cycle
&im= deflection

W= Maximum strain energy

B .p=Total effective damping for DEg

= Total effective damping for MCEg
= Hysteresis damping

B mM

B o
qH=Pinching factor
p= ductility

Figure2-53.Important factors in calculating the damping properties
2.8 The dructural response modification factor

The onventional seismic design allows the reduction of forces below the elastic level. This
inelastic action occurred the beams or adjacent to the beamlumn joints and is able to dissipate
energy (Aiken et. al. 1992). The seismic force values are calculated by forces divided by a response
modification factor, symbolized as R. Response modification coefficients incltiiéngsponse
modification factor R and the deflection amplification factarw@re introduced by ATC-86
(1978) based on the well detailed seismic framing systems. The general performance of the system
types during past earthquakes, toughnassl dampig of the system was considered foithe

selection of R values (ATC-36, 1978).

2.8.1 Components of response modification factors

Dependingon the performance level of the structure, the componenthefresponse

modification factor can be defined in several siahe focudereis thelife safety performancas
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recommended in NBCC 2015 here are two bilinear approximation methtustcan be used to

estimate yield force and yield displacement. The first approximation is the load or strength versus
displacementnethod for reinforced concrete elements (Paulay and Priestley 1992). Hereby, the
elastic stiffness is based on the secant stiffness of the frame and can be calculated from the force
displacement curve corresponding to 0.%5 Whe second method is the afjenergy approach.

Utilizing a bilinear approximation of the actual response curve (base shear Vs. displacement), it

is assumed that the area enclosed by these curves above the actual curve (i.e. area 1) is equal to
the enclosed area below the actuapoese curve (i.e. area 2), presentedrigure 2-54, where

Vyis the yiyelsd tfher cyei,el @ d ias pdagrteendesplacements d @
corresponding to a limit state and prior to failure. The-pastl stiffness K can be calculate

from equatior2.15

Actual Response Area 1

________________ cmmmmmmmmcramemees

vy P === vy [
l pET=

75Vy 75 Vy - ¥ / Area2

Base Shear (V)
Base Shear (V)

oy am Bu oy am  bu

Displacement () Displacement (4)

Figure2-54. Bilinear approximationkiiased orATC-19, 1995).

0 A (2.195

Ductility is the ability of a building frame to dissipate energy beyond the elastic level and can

be calculated for equatidhl6

(2.16

<
'~<c| <

Analytical or experimental evaluation can be used to determine the-dispacement
relationship. Dismcement versus base shear of a braced frame was calculated based on the
experimental data in the miB80s at theUniversity of California at Berkeley. Using
concentrically braced (Uang and Bertero, 8)%8hd eccentrically braced (Whittaletral., 1987),
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the Berkeley researchers defined three factors for calculation of R from ecquafijpnamely as
reverse strength,sRductility, R;, and damping, RThe calculatiosof ductility and strength factor

are presented iRigure2-55.

Y OYYY (2.17)

K Elastic Spectrum (& = 5%)
Required elastic

strength = RyRsVg

NNWE-

o
). | Maximum strength
o W\ (RsVa)
Design strength( Vq )

FPen’od range of
model
; T —

Period (seconds)

NN

Figure2-55. Ductility and strength factors (ATC9)

ATC-34 proposed an updated formula for calculation response modification factor present in
equatior2.18 In this equatiopRsand R arefithe perioddependent strength and ductility factpr
and Rk is thefiredundancy factar
Y OYYY (2.18

The only distinction between equation2.17 and 2.18 is the redundancy factorsrRwhich

accounts for the quantificatiasf severalinesofa b u i Vedicahsgiging frame systernihe

concept of over strengthndductility factors are defined in seatis2.81.1and2.8.1.2.

2.8.1.10verstrength factor

Structural analysis undan earthquake irthe elastic region can create the reverse strength in
the structures, which are bigger than structural response. The seismic codes take advantage of the
fact that strutures can dissipate a large amount of earthquake enertheioypverstrength and

ductility (Asgarian et al., 2009 and Moni et al., 2016). The steps in the procedure of calculation
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overstrength factor are including nonlinear static analysis and comsgrtted base shear versus
roof displacement, the reserve strength can be calculated from the ratio of the actual lateral strength

(Vy) to the design lateral strengthdfMrom equatior2.19and as shown ikigure2-56.
YETY © 2.1
€1 o (2.19

Idealized bilinear envelope
™~

1 \ Actual Strength

Vy i : A

: U= Amax/Ay, Ductility factor
! Ro=Vy/V4, Overstrength factor

T Viy= FirstéLocaI Yield Point Vy

: | Design Strength
Vd l¢—/ S B """'"'""""'""'""""""'”"*1—“—
Ay i

/ / Amax Vd

Figure2-56. Displacement versus Base shdxased orAlam et al. 2012)

2.8.1.2Ductility factor

Rq is known as the ductility factor which is the capacityhe#structure to dissipate energy in
inelastic range by considering ductility u which can be calculated by dividing the maximum
displacement over the displacement at the yield paihich depend®n thesoil type andthe
fundamental period of the structufidere are several relationships to estimate the ductility factor
(Krawinkler & Seneviratna, 1998; Krawinkler & Nassar, 1992; Miranda & Bertero, 1994;
Newmark & Hall, 1982).

2.8.1.2.1 Newmark andHall (1982)

Newmark and hall (1982) estimated the ductility reduction fagidraRed on the period tfe

structure presented fable2-1, Figure2-57 shows the ductility ratios of 2, 4nd 6.
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Table2-1. Ductility reduction factor (Newmark and hall,1982)
Period of Structure Ta (Sec) Ductility reduction factor Ru

Ta<0.1 Y  p&t
0.12<Ta<0.5 Y C p
Ta>1 Y !
8
p=6
6 P
- /
[*] /
£ ’ _
=4
£, P e —
£ s -
i =TT LT
8, L w2 ]
w7
-
0
0 0.5 1 1.5 2 2.5 3 35 4

Period (Sec.)

Figure2-57. Ductility reduction factor, ductilityand period relationshipésed oriNewmark and
hall,1982).

2.8.1.2.2 Krawinkler and Nassar (1992)

Krawinkler and Nassar (1992) developed equai@®based on the statistical study of fifteen
ground motions with magnitude ranging from 5.7 to 7.7 assuming 5% darapinock or stiff

soil.

) _
, o (2.20
Y —— ® PP

Herein, a and b are the regression parametersFrgune2-58.
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Figure2-58. Ductility and period relationship on the left and modification factors on the right
(based orKrawinkler and Nassar,1992)

2.8.1.2.3 Miranda and Bertero (1994)

Miranda and Bertero (1994) developed ductility reduction factan Rquatiorn2.21

v P o o (2.21)

Where p is ductility, T is the natural period of the structurgsprédominant period of the

ground motion, and is a function of ductility, fundamental periaghd soil conditions and can be

calculated from equatior’&s22to 2.24

P P. B

0 8% 88

%o P oY Y c"YQ QEll € wQ (2.22

0 . S 88

%o P DY Y u"\P Q¢ wa 0oL Q6 a (2.23)
Y oY

%o P v —T,,Y'Q T8 "0¢i € 'RE Qa (2.24)

Figure2-59 shows the ductility comparison of ductility facsdor Nassar and Krawinkler and

Miranda and Bertero, they can be ignored due to small differences.
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Figure2-59. A comparison of ductility factob@sed orATC-19)

An overview of theanalysis frameworks presented ifrigure2-60.

N
Design and
detailing
LP I—: > > NP
Design of FD
LDP braces
ELFP
Analysis Selecting the Damping
Procedures | Frame system Devices
Push over
NSP RSP
(f:> = curve
HL Seismic response
Factors
AL . I I
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HL=Hazard Level N Performance
CP= concentrated Plasticity @ NDP 14
DP= Distributed Plasticity
SDR= story Drift Ratio
DI.=Displacement SDR
HR= Hysteresis Response DI.
BSD=Base Shear Demand HR
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DR= Damping Ratio ST.
AC.= Acceleration DR
VE. =Velocity AC.
VE.

Figure2-60. Overview of the analysis framework
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2.8.2 Software tools used

Following software tools have been uded modeling, analysis, and desighome of the

important features of these softwgi@ckagesire explained below:

2.8.2.1Integrated Building Design Software

ETABS (CSI, 2016)s a program whicks capable of both linear dmonlinear procedures and
can be used to solve the most complicated taskse of its basic processes are presentejure
2-61. ETABS (CSI, 2016 is userfriendly, a 3D model can be createuinple and quick with the
maximum precisiomand differengraphical optionshoweverthere is no direct editing of the input

file, and the analysis consume more time and spackit is limitedto built-in materiaé and

Figure2-61. ETABS basic process
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2.8.2.20penSeesSoftware

OpenSeets an objeciriented finite element software developed by Francis Thomas McKenna
at theUniversity of CaliforniaBerkeleyin 1997 (McKenna 1997). It is opesource which allows
usesto create finite element models in sequential and parallel applications. The psqpynauary
software is C++ and was developedtbgcontribution of many researchers during the last years
and supported by the National Science Foundation (NSF), NefaoEarthquake Engineering
Simulation (NEES), and the Pacific Earthquake Engineering Research Center (REER).
powerful software for linear and nonlinear numerical simulationelsas geotechnical systems
Analysis withOpenSeegOpenSees Berkelep021)is quick and does not consume computer
storagejt is fully programmablewith different elemerstand materials and has different solution
methodsand algorithmshowever, itacksa user interfaceandthe input informations typically

complexandlengthy.

2.8.3 Details of the tasks

The work of thisthesisis performed in three parts to understand the effectiveness of damping
systensin concrete moment resisting frames, pamative performance of different supplemental
damping system@and experimentalalidation of damper modelfollowing subsections provide

some details of this work, which are elaborated in subsequent chapters.

2.8.3.1Phase onestudy of the effectiveness of supplemental damping systeain CMRF s

In this phaseETABS software was used fdinear static, Nonlinear dynami@and static
proceduresFirst the performance level as well as the nonlinear propedidsur-, eight, and
twelve-storyductile CMRF wereevaluated usinfEMA 356 and ATC 72Theeffectiveness o&
friction damperwas ten examinedn afourteenstory CMRF with variousframing systems
including elastic, ductile, and moderately ducti#ellowing that, theseismiccharacteristicéor a
CMREF structure with a heighéstriction ofa maximumof 30m werecomputedDesign load of
ASCE 7 and NBCC 2015 procedurfss structues without damping systeswere usedand

compared with equivalent lateral foremd response spectrum procedufer structures with
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damping systes Damping properties, ductility, displacement, dafid velocitywerecalculated
and discussed based ASCE 7, FEMA P2082, FEMA 450, FEMA 420Further details along

with results and discussion are presentedhapter 3.

2.8.3.2Phase two seismic reduction factors

Seismigperformance anceduction factorghcluding overstrength, fRKand ductility, R, of four-
, eight, and fourteesstoryductile QMRF withinline seismic friction dampekgere assessed. Next
CMRF without dampers and wittifferent dissipation devicesuch asTenCo Seismic Brake
Fluid Viscous Damper Triangular Metallic YieldingDampersas well as seismic isolators
including Lead Rubber Bearing Isolat@nd Triple Pendulum Isolatowere studiedto better
understand the performanceTd#nCo Seismic BrakeThe aforementioned studies weraried
out with the help of the ETABS program. Chapter 4 presentsethdts andliscussion of the
findings.

2.8.3.3Phase three simulation of the experimental work

In this phasehe collaborating experimental test wiuaketek Ing.andLyles College of
Engineering at California State University, Fresmas performed and simulated using ETABS
and OpenSees softwarEhe main purpose of this part tife study is to understand the actual
behaviourof the inline friction damper under seismic excitation andidaie the modeling
techniquesThe experimental test was conducted by an MSc student at CSU (Couch, 2020), and |
was involved irthedesign of experimental; and the analysis of data including raw data processing.
Thebehaviourof friction dampers and tr@mulation of theexperimental work were validated in

Chapter 5.

2.8.4 Summary

The analysigechniques are discussedgluding Linear and NonlineaapproachesNext, the
methodsfor calculating ductility, damping, displacement, driftand velocity aredescribed
followed bya briefhistoryof seismic design factors aad outline of the methodologjtilized in

the thesis. Thertherationak behindsoftware tools antheir apabilitiesarediscussedETABS
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is useffriendly and capable ohandling complex problens, which has been used by many
engineerdor design purposewhereas OpenSees is more sophisticated but nefriesetly, and
it is mostly used for researchAs aresult, ETABS software is chosewhere design and broader
analysis were neededhe tasks are divided into three phases, theghaseis the effectiveness
of supplemental damping systerim CMRF buildingsin Chapter 3. Phase two is tkeismic
reduction factorswhich are discusseoh Chapter 4, and phase thrdbe simulation of he

experimental works explainedn chapter 5.
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CHAPTER 3
SeismicPerformance Assessment oReinforced ConcreteM oment

ResistingFramesequipped with yielding restrained braces

3.1 Introduction

This chapter presents the detailed methodologpd for Concrete Moment Resisting Frame
(CMRF),thehazard levels, performance levels, and analysis procedigetescribed her&hen
different seismic design procedures includihg National Building Codeof Canada (NBCC
2015), and equivalent lateral force procedures based on ASCE 7 are discussed.

The effects othe TersionCompressiorseismic brakeat different types of concrete moment
resisting framesincluding elastic, moderately ductile, and ductdee evaluated.Seismic
performance of a set of codesigned 4, 8and 12 story moment resisting concrete frames at
different hazard levels namely, SLE (Service Level Event), DLE (Design Level EardtMCE
(Maximum Considered Event)ith and withoutTen-Co seismic brakare discussedrinally, the
damping propertiesdesign proceduresof yielding restrained braceasing FEMA 450 are

examined

3.2 Performance-Basa Design

Building codes in many jurisdictions are moving away from the traditipnescription
procedures towardsepformancebasedseismic design methodologyThe performancéased
design allows the design teams to evaluate various seismic motions and the performance objectives
for a building that is aligned with the owner's expectatiFEMA 349). Resiliencebased
performance is the next generation of building performance (Risk and Resilience Measurement
Committee, 2019).

Seismic design codes presently in use are presebiaseld and focus atme strength and

capacity of structural nneb e r s |, but the structureds overal/l
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event cannot be clearly described. Performdrased design differs from this in that it is
objectivebased with a specific level of structuta@haviourduring a seismic event. With #i

approach, different methods of analysis were used depending on the performance level chosen.
Structuraland nos t r uct ur al damages were computed into
Because of this, the structural engineer, architect, owner, arichcton are all a factor in the
determination othe performance level required as well as the realization of that Men a

building is subjectedo lateral ground motionsausestructural componentsespond nonlinearly

Figure 3-1 the structural response under different performance dameluding filmmediate

Occupancy (10), fiLife Safetyo (LS), andfiCollapse PreventianCP).
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0 25%  50% 100% 8, % replacement
0.0 0.0001 0.001/0.01 025 Casualty rate
1 7 30 180 Downtime, days

Figure3-1. Performancdased earthquake engineeribtatnburger et. al. 199&TC 58 20(B)
3.2.1 Hazard Levels

Basedon the ASCE1-17, the seismic hazard produced by ground motion shdikfieedas
acceleration response spectra or ground motion acceleration historiebaseldon the distance
of the building to the faults, geologic and geotechnical characteristics of the regional and site

specific, and the seismic hazard levé@lse ground moton for a seismic hazard level usia§%
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damped response spectrum for short (0.2s) and long (1s) periods in the direction of maximum
horizontal response.

This standard categorizedréhquake ground motions bdsen several probabilistic seismic
hazard levis as presented ifable 3-1. These ground motions are defined as a probability of
exceedance in a specific tinperiod, for instances0% in 50 years,raas a mean return period for
exceedance of specific earthquake in 75 years. The four commonly used seismic hazard levels are

namely50%, 20%, 10%, and 2% in 50 years.

Table3-1. Hazard level$ASCE 4117, 2017)
Earthquakerobability of Spectral Response

Mean returrperiod

exceedance Acceleration Parameter
50 % in30years 43
50 % in 50 years 75 -
20 % in 50 years 225 BSE1E
10 % in 50 years 475 BSE1
5% in 50 years 975 BSE-2E
2 % in 50 years 2475 BSE2N

The Vision 2000 report outlinddequent, occasional, rare, and very rare as design levels. Each
of these design levels is based on a specific mean recurrence interval or probability of exceedance
as presented iable 3-2. The recurrence interval is expressed as the average number of years
between earthquakes with an intensity equal to or greater than the design infensikgmple
475 years is the averageriod between the occurrence of earthquaRée probability of
exceedanctor example 10% in 50 yeaisthe statistical estimate of the likelihood that a seismic

event of that design level will take place within a given peoiospecified number of yea

Table3-2. Vision 2000 Earthquake Design Levels (SEAQE95)

Earthquake design lev{ Recurrence interval (year|{ Probability of exceedanc
Frequent 43 50% in 30 years
Occasional 72 50% in 50years
Rare 475 10% in 50 years
Very rare 970 10% in 100 years
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3.2.2 Target building performance levels

Performancelevels are defined based on the expected builthelgaviour or how much
damage, economic loss, and disruption may occur. Tdngsga are considered for both structural
and nonstructural elements to define the performance Jestetsmarized performance levels for
both Structural Engineers Association of California (SEAOC) Vision 2000 (1995) and NEHRP
guidelines (199) presentedh Table3-3.

1 Operational Level: Buildings are expected to sustain minimal or no damage to their
structural and nonstructural componemtfier an eatiquake the building remais safe
and suitable for its normal use. Although there mighalstightly impaired mode with
power, water and other utilities provided from emergency sources as well as some
nonessential systems

1 Immediate Occupancy:Buildings are expected to sustain minimal or no damage to their
structural components and minor damage to their nonstructural components. Although the
building remains safe to occupy immediately after an earthqtrekeonstructural system
might not function proerly. Therefore,it might benecessary to perform cleanup and
repair.

1 Life Safety: Buildings are expected to experient®deratedamage to structural and

nonstructural components. Repairs may be required to reoccupuittiieg; however it
might not bgustified from economical aspects.

1 Collapse Prevention:Buildings are expected to face extensive damage to structural and

nonstructural components without total or partial building collapse. Extensive repairs may
be required beforeccupancyhowevertheymay not be feasible due to extensive damage

anddeemed economically impractical.
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Table3-3. Structural performance lev@{rawinkler, 1997)
Level of performance

NEHRP Vision 2000 Description

Operational Fully Functional Both structural and nestructural are irthe
elastic zone.

Immediate Occupancy Operational Structural remaisin theelastic zone and ner
structural elements are functional.

Life Safety Life Safe Structural membersexperience significan
damage, and nestructural elements may n
function.

Collapse Prevention Near Collapse Substantial damage to both structural ¢

non-structural elemest

Figure 3-2 summarized the recommendation for three different occupancies andeashbs.
box is a combination ofthe earthquakereturn period andhe earthquake performance level
represents a performance objective for safle@izardous), essentiak basic (ordinarypuildings.
The philosophy behind these categories is that the safiétal facilities contain hazardous
material and their release wduesultin an unexpected hazard ®wide range of the puie,
therefore they should have legk damagetheir functionality for frequent, occasionahd rare
earthquakes should be fully operational and for very rare earthquake should be opdeatonal
nuclear power plantsThe essential facilities are critical to p@strthquake operations and their
functionality for frequent and occasional earthquakes should be fully operational and for rare and
very rare should be operational and-k&fe(e.g.hospitals) The basic facilitiesre not classified
as safety or essential buildings and should provide a low risk for life safety, their functionality for
frequent, occasional earthquakes, rare and very rare should be fully operational, operational, life
safe, and near collapsEne performance levels are expegsis quantities and presentedTiable

3-4.
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Figure3-2. Seismic performance objectives for buildings (€A 1995)
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Table3-4. Performance level damage descripti@EAOC, 1995)

Performance level

Description  Fully Operational Life Safe Near Collapse Collapse
Operational
Overall building Negligible Light Moderate severe Complete
damage
Permissible <+0.2% <+0.5% <+1.5% <+25% <+2.5%
transient drift
Permissible Negligible Negligible <+ 0.5% <+25% <+25%
permanent drift
Vertical load Negligible Negligible Light to Moderate to Partial to total
carrying element moderate, but  heavy, but loss of gravity
damage substantial element can carry load support.
capacity gravity loads.
remains to carry
gravity loads
Lateral load Negligible no Light, minor Moderate, Negligible Partial or total
carrying element  significant loss.  crackinglyieldin lateral system residual strength collapse.
damage g of structural  remains and stiffness, but Primary
components. functional, but  large permanent elements ray
residual drifts. require
stiffness and demolition.
strength were
reduced.
Damage to Negligible Light to Moderate to Severe damage tc Destruction of
architectural damage to moderate severe damage archiectural elements.
systems cladding, glazing, damage to to architectural system.
partitions, architectural system.
ceiling, finishes, system.
etc.
Egress systems Not impaired. No major No major Egress may be Egress may be

obstruction in
exit corridors,
elevators are
functional.

obstruction in
exit corridors,
elevatorsmay
be out of
service.

obstructed.

highly or
completely
obstructed.
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3.3 Seismic design provisions

In this sectionseismic design provisions based on NBCC 2015, and ASTGEare explained.

3.3.1 National Building Code of Canada (NBCC 2015)

3.3.1.1Uniform Hazard Spectra (UHS) based design

In the NBCC2015, six spectral acceleration parameters for periods of 0.2, 1.0, 28h& 1D
seconds are presented to define spectra matching based on the uniform hazard speetrum.
horizontal Peak Ground Acceleration (PGA) and the horizontal Peak Ground Y¢RGIV) as
explained earlier given a 2% probability of being exceeded in 50 y€hese six spectral
accelerationslefine spectra to match the shape of the Uniform Hazard Spectra.(Gkfsind
Motion Prediction Equations (GMPES) are revised and can liefossitespecific values of the
spectral acceleration Sa({Atkinson andAdams, 2013)

The design spectral acceleration values of S¢&8nh be determined with thdollowing
expressions &T), andstraightline interpolation can be uséar intermediate values of T.

S(T) =F(0.2)Sa(0.2) or F(0.5)8.5), whicheveri$ ar ger for T O 0.2 s

= F(05)Sa(05) for T=0.5s
= F@1.0Sa@.0) for T=1.0 s
=F@.0SaR.0) for T=2.0 s
= F(.0Sab.0) for T=5.0 s
= F(10.0Sa@0.0f or T ©10. 0 s

3.3.1.2PresentmethodologyNBCC 2015

Different soil categories from hard rock, Class A, to soft soil, Class E as well Class F for
liquefiable soil and sensitive, organand highly plastic clays are defined to characterize the soil
effect on the amplitude of seismic vemvarriving on the surface. NBCC 2015 allows short period
structures to be designed for 2/3 the calculated base shear to have afitedst amount of
ductility, this accounts for reserve strength which undesgmall displacement in such structures.

This can achieve by the greatest value of 2/3xS (0.2) or S (0.5). To have a better estimation of
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equivalent static design base shear, the shear multiply by the higher mode factor, equation 3

which is based on the assumptions that the structure responds in its firgHuode, 2015)

® YYD @ (3.2

Where \ is the elastic sheardesign spectral acceleration can be obtained fiféhY
Y'Y "O"Y , Y'Y can be obtained from the UHS N the higher mode factor which depends

on the period of the buildings and W is the seismic weight.

A — (3.2

Design base shearq\¢an be calculated with equatidh2, Ry accouns for ductility and
capability of a structurentdissipate energy in inelastehaviour Ro reflects the reserve strength
in a structure and:lis the importance factor.he weight of the building W can be estimated from

equation 3.

®w B (3.9

The fundamentdhteralperiod Ts, canbe calculated from equatisB.4 to 38 depending on

the height and Seismic Force Resisting System (SFRS).

Y omtpi - EICDAAIN AEGAT AO (3.9
Y ometx - AIAG T ADRDODAEGAT AO (3.9
Y oo AEITOHAG AEOGAT AO (3.6)
Y m8ico AIADAEDAT AO (3.7
Yo omtuQ T AICE AMIATHROERGTOOAODOOAD (3.9

A portion ofbase shear is concentrated at the top of the building, which can be calculated from

the equation 3.to 311
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0 YT (3.9
0 miXYo T Y o (3.10

0 T ® Y o (3.19)

The remaining W~ shall be distributed alortge height of théuilding, whichis representative

of the first mode from equation12.

"0 ® 0LQ B ®0Q (3.12

Where k is the lateral force at level x, Vis the seismic weightorresponds ttevel x, h is
the height, and n is the number of floorBhe overturning M can be calculated from equation
3.13. Where J=1.0 for kO 0n, afidnl= J + (£J)(h/0.6h,) for hy< 0.6

O 0B O0Q Q (3.13

Since the shear V, and &ccount for higher mode effect, the computed overturning moments
produce by such modeareoverestimated. Therefore, the code specifies the overturning moment
reduction factor J, ahJ is the overturning moment reduction factor at each Idéethodology
for estimating the shear adjustment factarnvivhs explained byHumar and Mahgoub, 20Q3he
structure was assumed to remain elastic, andatipgstment facr, My, was calculated from

eqguation 314, and by assuming that the entire response is in the first mode.

| A— (3.14

Where S(7) is the siteadjusted spectral acceleration corresponding to the ith modal period, W
correspondinga the modal weight, and W is the total weight of the buildltg sheaiY”Y 0 w
is distributed across the height to obtain the lateral forces and to calculate the base overturning
moment Mcand the story level moment® The corresponding moments obtained from response
spectral analysis are gyl and M. Therefore, the overturningjoment can be calculated from
equation 3L5. It is evident that Mfor a given spectral shape depends on only the modal periods

and weightgHumar, 2015)
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b — wEQ — (3.19

3.3.1.3Equivalent Lateral Force Procedure(ASCE 7-16)

This standard provides the minimum load requirements for the design of buildings, including
strength design (load and resistance factor) in which the computed member forces by the factor
loads do notexceed the member design strength and allowable stress design (working stress
design) in which the elastically computed stresses in members by nominal loads do not exceed
allowable stresses elastic zorhe code specifies thées soil properties as sitdass A, B, C, D,

E, or F as presented Trable3-5.

Table3-5. Site classification (ASCE-I6)

Site Class v, Nor ﬁm Sy
A. Hard rock >5,000 ft/s NA NA
B. Rock 2,500 to 5,000 ft/s NA NA
C. Very dense soil and soft rock 1,200 to 2,500 ft/s >50 >2,000 psf
D. Stiff soil 600 to 1,200 ft/s 15 to 50 1,000 to 2,000 psf
E. Soft clay soil <600 fit/s <15 <1,000 psf
Any profile with more than 10 {t of soil having the following characteristics:
—Plasticity index PI > 20,
—Moisture content w = 40%,
—Undrained shear strength s, < 500 psf
F. Soils requiring site response analysis See Section 20.3.1

in accordance with Section 21.1

For SI: 1 ft/s = 0.3048 m/s; 1 1b/ft* = 0.0479 kN/m*

3.3.1.3.1 Design Spectral Accetation Parameters

Based on the site classes, the maximum considered earthquaker)(Slé&tral response
acceleration parameter farshort period, s and at 1s period M@ can be determined from

equations 3.6and 317.

Y OY (3.16

Y OY (3.17
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Where S and S are the mapped spectral response accelerati@shairt period and a period
of 1s. Rand k are site coefficientesign spectralesponseacceleratiorns categorized atshort

period, $s, and at one secomeriod $:, which can be determined from equatioris8&nd 319.

Yo=Y (3.18

Yo=Y (3.19

Design response spectruzan be developed whesée-specific ground motion procedurase
not used agpresented irFigure 3-3. The construction ofhe design response spectrum curve is

based on equations2B.to 322.

Sps :

Sbr

Spectral Response Acceleration, Sa (g)

To Ts 10 TL
Period, T (sec)

Figure3-3. Design response spectrum (ASCGHE6J

YOYY T T@— (3.20
Y — (3.2
Y — (3.22

Where 3 is the design spectral response accelerat@nl< To, Sashall be calculated from
equation 20, Suis equal to Ssfor ToOT OTs. If Ts< T ., 8a sfall be calculated from equation

3.21, and for T>T, Sashall be determined from equatio23.Spsis the design spectral response
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acceleration at short periody:Ss the design spectral response acceleratiorsatdndoeriod, T
is the fundamental periodp30.2($1/Sps), Ts= So1/Sps, and T is the long period transition.
3.3.1.3.2 Seismic base shear

The seismic base shear, V, is calculated from equati®® 8there Gis the seismic response

coefficient shall be determined in accordance with equati®>) &8nd W is the seismic weight.
®w Ow (3.23
6 — (3.24

Where Ssis the design spectral acceleration in the short period, Riisghensenodification

factor, ande is the importance factofhe seismic response coefficient shall satisfy the equations

3.25t0 328.
6 — AIDY (3.29
6 — A0 Y (3.26
6 MY 0 T8ip (3.27
6 ™Y YO LD m@Q (3.28

Where 9. is thedesign spectratesponse acceleration at a period of 1.0 second, T is the
fundamental period,Tis the long transition period, andiS the maximum considered earthquake
spectral response acceleratibhe approximate fundamental period, Ta, shall be determined from

equation 9. where Ct and x are coefficients fromable3-6, and h is the structural height.

Y 670 (3.29
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Table3-6. Approximate period parametersadd x (ASCE 716)

Structure Type C, X

Moment-resisting frame systems in which the frames resist 100% of the required seismic force
and are not enclosed or adjoined by components that are more rigid and will prevent the frames
from deflecting where subjected to seismic forces:

Steel moment-resisting frames 0.028 (0.0724)* 0.8
Concrete moment-resisting frames 0.016 (0.0466)" 0.9
Steel eccentrically braced frames in accordance with Table 12.2-1 lines B1 or D1 0.03 (0.0731 0.75
Steel buckling-restrained braced frames 0.03 (0.0731) 0.75
All other structural systems 0.02 (0.0488) 0.75

“Metric equivalents are shown in parentheses.

Thedistribution of the seismic for¢&, along the height of the buildirgan be estimated from

equation 30. Cy is the vertical distribution factor and can be determined from equa8an 3.

0 6 ® (3.30
00

5 @ — 3.3

B 0Q (3:31

Where Vis the total design lateral force; and vk are the total effective seismic weightahd
h« are the heighaind relates to the structural perid¢=1 for T O0.5s, K=2 for TO2.5s, and

structure having period between 0.5 and 2.5s, k isc2Zmbe determined by linear interpolation.

3.4 Design of Structural models

The NBCC 2015 differ from the earlier versions, life-safetyperformance based on the drift
demand shall be limited to 1%, 2%nd 2.5% for postlisaster, high importance categoand
other buildings. In the NBCC 2015, six spectral acceleration parameters for periods of 0.2, 1.0,
2.0, 5.0 and 10 seconds are prated to define spectra matching based on the uniform hazard
spectrum with different soil categories from hard rock, Class A, to soft soil, Class E as well Class
F for liquefiable soil and sensitive, organic and highly plastic clays are defined to chasaater
the soil effect on the amplitude of seismic waves arriving on the suifaeegismic load was

calculated based on the equivalent static load procedure in equ82qiNBCC 2015)
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0w — (3.32

Where \4 is the design base shealesign spectral acceleration can be obtained Th6ivi
Y'Y "OY , Y'Y can be obtained from the UHS, A8 the higher mode factor which depends
on the period of the buildings, W is the seismic weighgdeouns for ductility and capability of
a structure to dissipate energy in inelasgbaviour R, reflects the reserve strength in a structure,
and Eis the importahfactor.

In this section, the 2015 NBCC was used to design-faight, and twelvestory ductile
moment resisting concrete frames as present&wime3-4. The buildings consist of-Bay by 3
bay ductileconcretemomentresisting frames (DMRF), the height of ach levels 4mwith a bay
length of8m. Detailing followed the Canadian Standard feinforced concrete buildings (CSA
A23.3). The buildings are assumed to be located in Victoria, BC, in the western part of Canada
wi t h sit erlhe2018 NBCC fr€scribes ductility and overstrength factor 4 and 1.7 for
ductile concretemomentresistng frame. The compressive strengih f | s Pa3nfodulMs of
elasticity & is 24500 MPa, the design live and dead loads for all models are assumed to be
1.5KN/n? and 2.4 KN/, and the snow load acting on the roofis 1.64KRfpFp e f f ect has

considered by leaning column concept.
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Figure3-4. The elevation views and plan of the ductile momesisting frames (4, 8, 12
story)
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The leaning column concept was utilizedsimulatethe effect of gravity load (Lignos et al.
2011) the presence of these columns is to capture ttpcérrelatedwith gravity loads and ©
ensure that there is raxial deformation alongvith the component The leaning column was
modeled using an elastic column element with a significantly largerseasi®n area (around 100
times the column crossection area) and a stiff link, as they will not impact the |atesd
resistance systems presented iRigure3-5. The tributary area of the concrete moment resistant
frame (Pc) was not taken into account while calculating thavdy loadsappliedto the leaning
column(Pg). Thedesign details of different frames are preedirt Table3-7, thenonlinear model

for structural components calculatel and assigned teeachcolumnand beanmasindicatedin

section 3.4.1.
1 (1)
- >
D | LC_‘I
| Rigid Links
P
ic . . PG
P,. ) P,
Py Pe
Pee . L Pe
P P,
tc P .
" 1O ot
+Pg
. AP,
i SUNIES X
PI’CI . . PG
i P
I
binges -~ F P
Hiljge support
M &

Figure3-5. A schematic view of leanirgolumn conceptl(2-story)
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Table3-7. Design details for different models
Columns Beams

Story Level Interior Exterior Interior
(Cm) (Cm) (Cm)

4 4 60%60 55x55 5045
3 60%60 55x55 50x45
2 65%65 60%60 50%x50
1 70x70 65%65 50%x50
8 8 70x70 65%65 55x50
7 70x70 65%65 55x50
6 75%75 70x70 60x50
5 75%X75 70x70 60x50
4 80x80 75%75 60x50
3 80x80 75%75 65x55
2 80x80 75%75 65x55
1 80x80 75%75 65%55
12 12 75%75 6565  55x55
11 75%75 6565  55x55
10 75%75 65x65  55x55
9 80x80 70x70  60%x55
8 80x80 70x70  60x55
7 80x80 70x70  60x55
6 85x85 75%75 65%55
5 85x85 75%75 65x55
4 85x85 75%75 65x55
3 90x90 85x85 70%x60
2 90x90 85x85 70%x60
1 90x90 85x85 70x60

3.4.1 Nonlinear Model for structural components

Plasticity can be distributed through the structural member wheteelastic component can
be identified Figure3-6 (a, b) are the simplest form of concentrated inelastic deformation such as
plastic hinge and nonlinear spring hingeThe concentrated plasticity with momeaotation
parameters can hesed to define hinges at the beginning and end of each element. The distributed
plasticity can be presented by the finite length hinge model, fiber seamidfinite element shown
in Figure 3-6 (c,d,e) (Deierlein et al., 2010)By considering the expectdsehaviourof the
structures, in this study concentrated hinge model was used to have better results in capturing the

nonlinear dgrading response of members.
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(c)

Plastic Nonlinear Finite length Fiber Finite

hinge spring hinge hinge zone section element
J \

(a) (b)

¥ ki
Concentrated plasticity Distributed plasticity

Figure3-6. BeamColumn idealized elements (Deierlein et al., 2010)

A quaststatic member with inelastic concentrated hinges for a reinforced concrete flexural
member is presented iRigure 3-7. These component modeling options are based on the
deteriorating hysteretic response and backbone curve. These parameters and acceptance criteria

are based oklwood et al., 2007; Elwood and Eberhard, 2006; Haselton e08lz, 2

inelastic hinge
. — o

(@)

Moment (MM, )

8 £ 4 0 2 4 £ ]
Chord Rotation (radian x 107)

{b) (c)

Figure3-7. (a) Idealized flexural element (b) hysteretic response and monotonic backbone curve
(c) monotonic backbone curves (PEER/ATCI)2

These component modeling parameters namehcg@peing,/ and post capping plastic
rotations as well as the cyclic deterioratioare calculated based on FEMA 356 and ATC 72, the

normalized momenttotation component models for a sample calcutatibbeam and column of

the 4story building are presented kilgure 3-8.
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Figure3-8. Backbone curve fot-story building beam and column based on ATC 72

3.4.2 Modal Analysis

The calculated natural modes from Eigenvalue analysis which provides twibitaeéon mode
shapes and frequencies of the system were performed to determine the natural periods of the
friction damper frame systerfable3-8 shows the fundamental period of the structure based on

the modal analysis and the results obtained from the 2015 NBCC Empirical equagion 3.
Y m8xQ (3.33

Where T(s) is the fundamental lateral period andsthe height of the structure in megeit
can be observed that the empirical equatsonare conservative which is abo82% to-45% of
the estimated fundamental period.

Table3-8. Fundamental period of the structures

Story Fundamental period Ta (Empirical)
4 0.888 0.600
8 1.480 1.001
12 1.869 1.367
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3.4.3 Nonlinear Static Analysis

Nonlinear static analysis involves pushing the structure under monotonically increasing lateral
loads until a target displacement is exceeded. An idealized relationship between base shear and
displacement shall be created to calculate the elastic latiffreéss K, effective lateral stiffness

Ke as well as effective yield strengthy \As presented ifrigure 3-9. Idealized base shear

displacement curve (FEMA 356, 2000)

Approximately balance

//_' areas above and below
—

&y
(a) Positive post-yield slope

Figure3-9. Idealized base shedrsplacement curve (FEMA 356, 2000)

The mean value of the Northridge spectral acceleration for 101 different stations was calculated

based on the Pacific Earthquake Engineering Research Center (PEER) and considered as a design

base earthquake as showrigure3-10.
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Figure3-10. Northridge spectral acceleration for 5% damping
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Component force versus deformation curusspresented inFigure 3-11. Generalized
Component Forec®eformation Relations (FEMA 356, 200Q)inear response is between Points
A and yield point B, the slope from B to C represents the strain hardening, line CD shows the
component strength at point C and the significant strengtradation. Point E is the reduced
strength, and deformation greater than point C is Zdgure 3-11a and b show the prescribed
acceptance criteria in terms of deforratiand deformation ratiogzigure 3-11c shows the
acceptance criteria for primary and secondary members in accowdéimtiee target performance

levels offlmmediate Ocapancy (10), fiLife Safetyo (LS), andfiCollapse PreventianCP).

Q a
Q, Ty
b e ‘ 8
a——o d §
1.0 S-”_’—E\* ‘B C %
: E
o
2] E|¢ D ElY =
/A ¢ A ¢
Bora 10 ._@.... ) A ,or i Deformation or deformalion ratio
(a) Deformation : o, 4 I3
(b) Deformation ratio (c) Component ar element deformation

acceptance criteria

Figure3-11. Generalized Component ForPeformation Relations (FEMA 356, 2000)

The target displacement for building with rigid diaphragm was calculated based on-FEMA
356/ASCE41 for SLE, DLE, and MSE from Equatidh34 and presented ihable 3-9. The

effective fundamental periode $hall be calculated with Equati@85.
o~

18866 (3.39
0
YUY — (3.39
U
" Y p 33
S (3.39
v
o] & 0 (3.39
oy
6 o 3*’5#9 (3.39
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Where, @ relate roof displacement of MDOF to spectral displacement of an equivalent SDOF,
C: relate linear elastic response to maximum inelastic displacement, aapeiood greater than
0.2 secongshall be calculated with Equatior38, Ti is the elastic fundaental period, a is the
site class factor and R is elastic strength demand to yield strength ratio from EquBatiafy &
the yield strength, W is the seismic weight angi€the effective mass factor, Considers the
effect of pinch hysteretic shaped G represergthe increased displacement dughe P-Delta
effect in Equation 38. An idealized relationship between base shear and displacement was
created for all three models and #iastic lateral stiffnessiKeffective lateral stiffnessdas well
as effective yield strengthyWasextracted fom the equivalent bilinear envelope.

Table3-9. Target displacements
Number of Stories

Hazard 4 8 12
Level
(Cm)
1 YOO 13.387 51.37 73.81

1 000 36.815 141.29 202.97
1 0060 60243 231.20 332.14

Figure3-12is the nonlinear static analysis curves for different hazard levels of SLE, DLE, and
MCE with and without Rp e f f ect s. T h e thedastiapmait iche 8LE roeeraad n s
theP-gp ect dan be ignored, whereas MCE the capacithettructure was reduced when it

accounts fotheP-qp ef f ect .
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Figure3-12. Normalized base shear vs. roof drift ratio for MCE (4,851@ry)

The sequence of formation of plastic hinf@s4-story in DLE and MCE at step 49illustrated
in Figure 3-13. The dark blue color represents immediate occupancy trendurquoise color
represents life safety for DLE, which is seismically safe; however, when MCE enters the inelastic

zone, the damage mechanisms of the building are formed, as shown in red.

Figure3-13. Formation of plastic hinges forgtory (DLE &MCE)

3.4.4 Inelastic History Analysis

The connections betwedmeresponse of the structure and groundtion parameters have been
explored through different strategies (Gaviale2QL1, Cordova et al. 2001, Baker 200%caling
and spectral matching are two approaches for adjusting time series to be consistent with the design

response spectrum.
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