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Steel concentrically braced framé€BF) are popular seismic resistant structural

systems widely used all over the world due to their high elastic stiffness and moderate
ductility for many decades. However, conventional CBFs are subject istsnft

damage pattern which may lead to collapse @any overly large drift concentrated

in one story in strong earthquakes; measures to enhance the seismic resilience of CBFs
is thus desirable. This study looks into quantifying the seismic resilience of CBFs with
and without duahction damping devices ligllowing the newly released 2018 ed.

FEMA P58 procedure. The duattion damping device include a viscous damper and



metallic hysteretic dampers which are activated at different timing: viscous damper
always active and effective in controlling storyfdduring small and moderate
earthquakes, while metallic hysteretic dampers are activated only when the story drift
exceeds a prepecified value during strong earthquakes. Astoty steel CBF

building designed b$AC Steel Project resear(t999) is adpted as prototype

building to demonstrate the effectiveness of éaction damping device in enhancing
the seismic resilience of CBFs. Nonlinear statialyses as well as nonlinear time
history analysis werperformed to obtain thEngineering Demand Hareters (EDP)
required for seismic resilience evaluati@ullapse Fragility is developed based on
incremental dynamic analysis (IDA) by SPO2IDA Tool. The distribution function of
Decision Variables (DV), including Repair cost, Repair time, Casualtiessetc.
obtained through Mont€arlo simulation of prior nonlinear tirri@story analysis EDP
by Performance Assessment Calculation TEACT). It is found from this study that
the Collapse Risk and the Potential Loss of the prototype structure with ddrapers
been significantly reduced, suggesting the Gigdion damping device provides a

beneficial alternative for enhancing the seismic resilience of CBFs.
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Chapter 1 Introduction

1.1Background

Steel Concentrically Braced Frame (CBF) has been widely used in seismically active

zones throughout the world, typically in ride and lowrise buildings. It proves to

be one of the most efficient structure systems to res@hsgelateral force due to its

high stiffness and strength. The centerline of beam, column and brace intersect with

each other at the same joint to provide a load distribution of truss action. Several types

of CBF structures have also been used as resitditnative for existing structures.
However, CBF’s seismic performance 1s also
of low inelastic deformation and capacity of energy dissipation. [1] According to the

AISC code, columns and beams are required to reesai@ntially elastic under

earthquake loading. Inelastic deformation appears in braces.

Prespecified damage regions are concentrated in the brace of CBF. The cyclic lateral
earthquake force will load the brace on one side under intension and the other side in
compression. The tension brace is likely to result in ductile yielding while the
compression brace will end up in brittle global buckling. However, since the seismic
force acting on the structure is the cyclic excitation, the tengaded brace is likely

to suffer from subsequent compression buckling. Engineers found both tension
yielding and compression buckling failure in a CBF brace aftedjlogokenNanbu

Earthquake in Kobe, Japan, 1985%aces with design to resist tension or compression

1



only has been found go through severe damage during the earthqudlendibn

yielding andcompression buckling are expected failure mode in CBF system since the
structure is likely to remain standing. There will be large inelastic deformation

demand in the middle of the brace and plastic hinge is expected to be found at the mid
span of the bracunder certain level of earthquake ground motion. Local
buckling/yielding, torsional buckling and unintended fracture before inelastic

deformation of the brace are strictly restricted in the CBF systgm. |

There is a likelihood of soft story even colapduring large magnitude earthquakes in
CBF due to its sensitivity to irregular distribution of mass and strength along the
building height. In the 1990s, researchers have feigrdficant economic loss due to
unexpected large plastic rotation deformata the joint of beam, column and brace.
Unbalanced internal force has been found as a major problem of connection design.
Later design codes (ANSI/AISC 345) come up with special treatment and

restriction on connection design. [2] All related decisiariables (DV) estimation,

basically potential repair cost and repair time, are based on the way the connection has
been design. Variance in design approach will result in damage state division of the
connection directly which will further affect the fility functions development of

each structure performance group.

According to FEMA P336, theeconomicannualized earthquake loss (ABEh)the

United States is reported as in average of 6.1 billion US dollars per year. It provides an
estimation of potentlaninimum value of direct loss from the earthquake regardless of
the life-long performance of the infrastructure. This magnitude represents an average

magnitude over a relatively long period, which means it should not be a typical

2



reference for a specifigear. The annualized earthquake loss ratio (AELR) is also
reported to compare potential seismic risk with AEL. The report also figures out that
California accounts for 61% of the annual earthquake loss of about 3.7 billion US
dollars. On the metropolitaeVel of the AEL estimation, Los Angeles and San
Francisco lead up to 80% of the total loss. [3] Based on the information provided, the
case study in this research looks into a six floor steel SCBF structural located in

downtown area, Los Angeles.
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Figurel.1Annualized Earthquake Losses by StaEeEMA P-366, 2017

The most favorable way to reduce potential loss from extreme disasters is to take
mitigation measures as well as preventive actions beforedasthuctiveeventstake

place. Structure resilience can be enhanced by mitigation measures. These mitigation
measures can be generally based on either structural level or component level. [4] For
Steel CBF systems, rehabilitation on component level mainly related tods acsl

as gusset plate connection. Structure level performance can also be improved by better

seismic resistance integrity action between beams, columns and braces. In this study,



dualaction viscous and metallic damping devices are employed for seismic

rehabilitation.

However, these measures are not always sufficient in terms of unexpected level
disasters. There will be significant direct loss of properties and casualties from
structure damage. Owners will also suffer from indirect loss including buidtting

time as well as potential environmental impacts. Once the damage occurs, the
structure will go through a recovery procedure. The economic and time expense of the
retrofit is quantified probability distribution form by Seismic Performance Assessment
of Buildings (FEMA R58). This method has an edge over Performéased

Seismic Design codes in that it allows the stakeholders to assess different kinds of

potential loss from a range of level of expected earthquakes. [5]

1.2 Research Objectives

This first objective of this study is to perform nonlinear static analysis as well as
nonlinear timehistory analysis to determine the seismic response of the CBF
structures with and without dual action dampers. Numerical analysis will be
performed usingenerahonlinear structural analysis softwar®pensees (fof Op ¢ n
System folEarthquake EngineegrSimulation) [6].A six-story inverteeV (Chevron)
steel CBF building and threstory steel CBF building were selected as the prototype
building, which were then excited with an ensemble of 20 earthquake ground motion
records scaled to the design basis earthquake at dotesklocation. The ground

motion record has been scaled to the design code level of the late 1990s to match the

4



design date of the prototype building. The ground motion record was also scaled to
account for the uncertainty in the response spectrum reéurtdamental period of

the prototype structure. To mitigate the seismic response of the steel CBF buildings, a
dual action damper comprised of a viscous and metallic hysteretic damper was
installed at each floor and Engineering Demand Parameters (EDénajpared with

the corresponding prototype structure without such supplemental dampers. This
research aims to illustrate how dual viscous and metallic damper can prevent the

occurrence of excessive story drift under DBE level earthquake.

The second objewke of this research is to employ a software tool called PACT, a
recently developed tool accompanying FEMA®(2018) to assess the resilience of
rehabilitated CBF structures with dual action dampers under the selected level
earthquake. This research aitnslemonstrate the basic procedure of PACT, including
risk-based Monte Carlo simulation of EDP values and fragility function development.
Then the fragility function and the decision variable estimation model for the dual
action damper will be developed order to use PACT for this purpose. Potential
casualties will be estimated based on the results of collapse analysis. Since the
occurrence of excessive story drift can be prevented by installing the dual damper
system, there will be less risk for thelapkse of either a single story or the entire CBF

structure.

1.3 Thesis Organization



This study investigates the seismic performance and resilience of CBF buildings with
and without a newly developed dual viscous and metallic damper under DBE levels of
earthquakes. The fragility function of the dual action damper is developed and its
economic and environmental impact is assessed in accordance with-PE&IA

procedure.

Chapter 2 presents a literature review of previous work done in three major fietds: firs
the evolution and seismic performance assessment of CBF structures are presented.
Then the development of ADAS & TADAS damper system in structures proposed in
the 1990s and the research on its seismic mitigation effect during the early 2000s are
reviewed as well as some modified versions of the original TADAS damping system
and newlydeveloped simulation models. Then the background of the Performance
Based Earthquake Engineering (PBEE) Framework is reviewed as well as case study
done in recent years;

Chapter 3 mainly focuses on the numerical model and finite element analysis of the 3
story CBF and the-6tory CBF buildings selected as the prototype structures for this
numerical simulation study. In this chapter, the general information of the CBF
structue and numerical models for both CBF structure and dual action dampers are
presented and verifietllonlinear static analysis is applied to provide an insight of the
structure performance especially useful for potential collapse analysis. Nonlinear time
history analysis will be performed to get the EDPs which is necessary for PACT input,
under selected earthquake ground motion record scaled to account for uncertainties of
different types. The benefits of applying the dual action damper will be demonstrated

based on the results of tiagstory analysis.



Chapter 4 focuses on seismic resilience assessment of CBF buildings using PACT.
The assessment results will be presented in terms of five decision variables (DV):
repair time, repair cost, casualties, unsddegrd and environmental impact. This
chapter introduces general procedure of employing PACT to determine the values of
such DVs. The benefits of installing dual action dampers to mitigate the seismic
response of the original CBF building are demonstrayecbmparing the

consequence variables.

Chapter Horesents the conclusions and summaries of this researphoaids

suggestions for worthy future research work.



Chapter 2 Literature Review

2.1 Energy Dissipation Device

Energy dissipation devices have been put into practice for earthopskEance

structures since the 1970s. These energy dissipation systems can be generally divided
into three categories: Passive Dissipation systems, Active/&sdive systems, and

Base isolation systemg’] An activestructural control system (Figure 2djnsists of

three major parts: Sensors, Data processing devices and Actuators. Sensors are used to
measure the external seismic excitations as well as structure response EOBR#aThe
processing devices then will obtain the EDP from sensors and calcetassary

inner control forces. Once the control forces have been carrigthewtctuator will

produce the required forcasting on the structure. Since the magnitude of the
eathquake ground motion impredictableand damage is strictly not allowed to

appear in all these equipment during the entire event, special protections for the active
control system must be built and it might be not useful for regionshigth
earthquakénazard level. The system needdernalpowersourcesupply in case of

the power outrage durirthe event. These suggest less favorable ecormngfitand

flexibility in construction [8]

Passive Energy dissipation syst@fgure 2.2) is a more widelysad approach for
earthquake resistance in structures. This system is designed basically to absorb
external energy input from seismic excitation in order to mitigate energy transmitted
to primary structural elements and damage in these regions can bezadltni

brings more favorableonstructiorflexibility becausehis type of energy dissipation

8



device only neesito beinstalled at the superstructure of the building and only
replacement of the damper is needed for retrofit action. It is ezan@omically

efficient as it does not require external power supply. It alsargegrallywith the
structureand is more stable for its less probability of influenced by other factors such

as humiditytemperaturetc.[7]

Hysteretic systems basically include mitadampers and friction dampers. The

energy dissipation methodology of metal damper is based on the yielding and plastic
deformation of metals while friction dampers depend orette¥gytransformation to

heat by dry sliding friction. Added Damping a8tiffness (ADAS) and Triangular

Added Damping and Stiffness (TADAS) are two typical metallic dampers in new
generations of structures.-stiaped and triangular dampers have been found to be
among the most efficient configuration for metallic dampers. Idesdlizorce

displacement response of Metallic Dampers is shown in Figure 2.3. [8]

At the early researches on the metallic dampers in 1970d, Ozeleahicome up with

a loadrate independent model to describe the falisplacement relationship of a

metallic damper device. Two variables: the damper force F and the internal back force
B are employed to describe damper performance with respect td-meparameters

are selected to indicate the seismic response of the metallic: initial elastic device
stiffness k, the slope of the foreé i s pl acement <curve 1in the
yielding force Iy, and the exponent n. Further constitutive relationship model for the
metallic material includesniaxial bilinear steel model as well as Giufivienegotte

Pinto Model with Isotropic Strain Hardening predictiéiture models are more likely

to accountfor describingdeterioratiorbehavior of the metallic materigl]

9



A series of researches have been done on the seismic resisting performance of the
ADAS &TADAS devices in different types of structur& Alehashem, AKeyhani,

and HPourmohammasdt al. looled into ADAS & TADAS installed on the
superstructure of a Hoor steel frame[9] Four different configuration of the steel
frame are studied: CBF with-Bhaped brace, CBF with chevron shaped brace,
eccentricaly braced frame (EBF), steel frame with AD&STADAS. (Figure 2.42.5)
They foundthat the structures witADAS & TADAS have respectively higher
fundamental period than EBF, CBF and chevron systems which suggests more
induced ductility of the system. The induced base shear is relatively sowetipared

to all other types of steel frames. The drift ratio and roof acceleration can be reduced

significantly by the ADAS & TADAS dampers.

Steel brace has been used as a retrofit method to enhance the stiffness of Reinforced
Concrete (RC) StructureflLQ] Although the increasestiffnessis desirable, it will
alsointroduceextra base shear and increasedtiginal internal force in th@rimary

elements. Destructive soft story effect can also be observed in the RC structures in

Mehdi & N. A 1 sirésearchrigure 2.6visualizeshow story drift can be reduced where base shear of the

structure can also be reduced.

Recent Studies have been focusing omtlodification of theADAS & TADAS

dampng systemsR. Mohammadi and A. Nasri looked into the behavior 6ffl@or
structure with TADAS dampers under big seismic excitation. (Figure 2.7) They found
that when exposed to large deformations, pins in the damper are likely to hit the top of
the holes which will result in an abrupt increase in damper stiffness wicarebe

considered as rigid element. (Figure 2.8) It will result in unfavorable large geometric

10



deformation in the primary elements like beams, columns, and bracing systems. They
suggest avoiding pins hitting the top by calculation of a minimum heiglthéo

damper holes. [11]

Z. Li, G. Shu, Z. Huang et al. came up with an innovative sheading combined

metallic damper, which consists of several shear panel (SP) dampers and a series of K
shaped metal plates dampers. This energy dissipation devit®fsity shear

yielding of the SP damper as well as plastic hinge developeeshaied metal plates
asFigure2.9-2.10. It was found that dampers with SP only has poor hysteretic
performance due to significant pinching effect which ban be reduced byrapply
shearbending combined (SBC) damper. (Figure 2.11) The capability of energy
dissipation is enhanced by the combination of individual shearing and bending
component. Notable ovestrength effect has been observed in the system. They

figured out that arealler gap is beneficial for the SBC system. However, special

treatment is needed for these small gaps to prevent potential scratch damage. [12]

A. Ghaffary and R.K.Mohammadi et al. employed combined finite element analysis
programs (Virtual Hybrid Simulain system) to study a one story steel frame with

TADAS damper. A detailed TADAS model was built in ABAQUS and the model of

the remaining structure was developed in Opensees. This study looked into how

variance in metallic plate numbers, plate spacingianite the seismic resistance
performance of the metallic damper. It wa
reduced by applying more metal plates. (Figure 2.12) However, there would be

increase in base shear if more metal plate has been used.stéretiy curve

indicated the energy dissipated by 4 or 6 plates was similar buipiagedsystem
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went through a smoother stiffness incred¢e plate spacing should be restricted to a
medium value. A small spacing is likely to worsen the pinching efiiedta large

spacing will probably result in a notable stiffness decrease of the dg\ate.

H.S Dareini and B.HHashemi came up with a modified ADAS&TADAS system. [14]
They found thahowadgs thedamping deviceare mainly designed to start energy
dissipation when the relative displacement has reached certain level so it might be not
effective to consume the energy input of moderate level earthquake. They developed
the dual TADAS system with two sets metallic plate. The gaps between the plates in
eachset ae different. The first set of plate start working at an early stage, and the
second set of plate will take effect after certain level of igtery drift. The result

indicates increase in stiffness and energy dissipation capability. This thesis also
employs dual damping system under different levels of earthquake. The SCBF system
works with viscous damper only at initial stage. If the hstery drift exceeds 1%, a
metallic TPAD metallic damper will function as a supplement for the original
dampingsystem. Th@rapezoidal Added Damping PIgEEPAD) is developed bj.

K. Esfahanishows that thelate is connected to a round rod as showfignre2.13.

[15] This rod camot only decrease the friction force when THRAD plate slides

inside the fuse Hder butcanalso toreduce the local bearing on TPAD plate from

plastic deformation.

2.2 Performance-Based Earthquake Engineering (PBEE)

Methodology
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During the late 1990s, ATC and FEMA come up with the first generation of PBEE
assessment. The gengpabcess of the assessment is visualized in Figar{&). A

Base Shear to Displacement curve is developed by static pusimalgsis underra
induced design level lateral ford@erformanceriented variables includestimated

repair cost to a total regtementatio, potential casualty ra@nd down time etc. The
decision variables are directly related to the structure response parameters from a
simplified analysis procedure. The biggest shortcoming of this assessment method is
that the overall performae of the system is controlled merely by any component in
the worst damage staféhus the decision variables are likely to be overestimated. [16]
Another pioneering PBEE effoetxample ighe seismic performance objectives for
buildingschart developed bYEMA 356, where the structural designer and owner
work together to derminea reasonable combination linat performance and seismic

excitation level as shown in Figurel2(b). [17]

The Pacific Earthquake Engineering Research (PEER) center introthece8EE
framework methodology later which is gengralccepted as the most efficient

seismic performance assessmegoproachsince then Th@erformance Assessment
Calculation Too[PACT) employed in this study is based on this fundamental theory.

It canbe described by equation 2élow and Figure 25.[17] The flowchart

generally consists of 4 sequential steps: hazard analysis, structure response analysis,
damage state determination, and loss and impact estimation. Intensity Measires (IM
EngineeringDemand Parameters (EDP), and Decision Variables (DV) are four

corresponding product of the analysis sequential analysis. Each parameter is given as
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conditionalprobabilityof the prior parameter from its predecessor analyis.
annualprobability of excedance of each parameter is provided as a representative if
the distribution. Direct loss is estimated as the result of EDP simulations. The example
of an analysis of transportation systems suggests that both direct and indirect losses

can be estimated lilie performance assessment netwfrk]

Mpv)= [[[6(DV|DM) dG(DM|EDP) dG(EDP|IM) dA(IM) (Equation 2.1)

Several casstudies employing PBEE framework to predict the potential loss and
indirect impact has been carried out during the last decade. The p&{ded a
commercial seismic risk assessmiport of & 8-Story RC SMHocated in San
Francisco, CA. [18] The overall performance is assessed by three aspects: Safety,
Damage and Recovery, accordindgXx&. Resiliency Cancil (USRC)Seismic Rating
criteria. The repair loss is presented in a continuous seismic hazardcettiaee
probability exceedance level shownFigure2.16.G. M. D. Gobbo, M. S. Williams
andA. BlakeborougHooked into a 1&tory X-shaped CBF structure decision
variablesat bothULS ultimate limit state (ULSas well as serviceability limit state
(SLS) level[19] They basically paid attention to the repair cost proportion of the
structure component and nstructure component as showrFigure2.17. They
developed the figility curvefor a nonstructure partition. They suggested that DVs

from the nomstructural components based on acceleration EDP is not negligible.

C. Del Vecchio, M. Di Ludovico, S. PampanandA. Protaperformed a case study
on RC buildinggddamagedby. > Aqui Il a e ar t h q ctaakepairtcast c o mp ar e

versus predicted repair cast shown irFigure2.18.[20] They found thabtal
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predicted repair costs are significantly lower than actual costs, in the rdidjeaf

the total replacement cost. Thein sources of errmome fromthe estimation on

repair cost of nonstructural components liegtitions.They also suggested that

fragility curve should be modifies according to the quality of construction. Y. Dong

and D. M. Frangopol provided an-atlund seismic assessment report including
environmental impact and resilience as shown in Figure 2.19, which is useful for Life
Cycle Assessment of the Building. [21] They also compared building down time based

on two different repair schemes: fast track alwav track in Figure 2.20.
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Figure 2.8Pins hitting the top of the holes in the TADAS under very large
deformation in Abaqué@MohammadjNasriandGhaffary [11]
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Chapter 3 Numerical Modeling and Analysis of Steel
Concentrically Braced Frame (CBF) Buildings under
Seismic Loading

3.1 Prototype CBF Building

This study is intended to investigate the vibration mitigation effect of the dual viscous
and TPAD dampers on steel CBF structures under seismic ground motion excitation.
Two prototypes steel CBF buildings are selected for this purposstany3CBF

strudure and a &tory CBF structure, both with invertedshhape (or Chevron)

bracing configuration. These two prototype CBF structures were originally designed
for the SAC Project (1997) [22] according to two design codest98@ NEHRP
Recommended Provisisior Seismi®kegulations for New Buildings and Other
StructureFEMA, 1997)andthelLoad Resistance Factor Design Specification for
Structural Steel Building@AISC, 1993)The prototypestructures arboth designed

for locaionsin downtown Los Angelewith site Clas®. Based on theeismicdesign
code at tk design timethe importance factavastaken asone It is noted that most
recent seismic design codASCE #16 code (2016) recommends an importance

factor of 1.25 for commercial office use.

Theconfiguratiors of these two prototypstructuresareshown in Figure3.1-3.3 The
3-story structurdnas gplanarea of 2816 square feeimeasuringl24 ft. in length and
148 ft. in width. Each bay hasbay widthof 30 feet. Typical storyheight is 13eet.
The 6story structure has a squdi@or plan, witha dimension o.54 feet in both
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directions.Its bay width is also 30elet The 6story CBF buildingfunctions as a
commercial office building, so the first story height is designed as 18 ft. athiée
story has theamestoryheightof 13 feet A total of eight braced baymrticipate in
theseismicforceresising systemin the 3story CBF structure, ith four bays in each
direction. The 6story CBFbuildinghas 12 braced bays in total, wheseach

direction has 6 bays. The pldrstribution of the braced baysshown in Figure 3.1.

The concept of Special Concentrically braced frame (SCBF) first came up after the
1994 Northridge Earthquake near Los Angeles, California. SCBF structures become
more ductile and are expected to have reduced seismic base shear by implementing
ductile detailing and design provisions of all the components and connections. The
braces in the SCBF systems are expected to take several large cycles of compression
bucklingand tension yielding without pmaature fracture. Wid#ange sections are

used for all the beams and columns while holkivaped sections are applied to the
braces. The steel material is ASTM A992 Grade 50 steel. Expected|astt

strength of the bras has been enhanced by construction detalfisngy and Mahin
(2005)proposed the use gfelding strength for the braces with HSS sections to be 60
ksi. Uriz et al. [ 23] suggested that the y
material could be incread to 55 ksi, as adopted also for this study. The same design
(i.e., member sections) as the original desigsalil’s (20Q) [22] is adopted in the

current studyThe sections afinembersn a braced bay are listed in Table arid3.2.

The seismic mss of eacliloor in the 6story CBF structure is listed in Table 3.3.
Effective seismic mass includes all dead load.-&eifyht of the structure includes

steel frames, roofing, ceiling, partitions, and etc. 50 percent of live load is also taken
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into consderation for the total seismic mass. The live load is 50 psf. Seismic mass is
assigned to each floor node of the lesmncolumnBecausesix braced frames

contribute to theseismic resistance in eaolthogonaldirectionof the 6story building

the seismic mass applied to t@responding floor nods taken as onsixths of total
massat eachfloor. Similarly, the seismic massf the 3storystructureassigned to the

mo d ¢ 1 ~om columnis proportioned by the ratio ¢&fibutaryarea of edebraced

bay. Since there are four braced bays in galeine the lumpednasss onefourth of

that d the entire floor.

Numerical moded for both nonlinear static and time history analysis of these two
conventionabteelCBF structures under seismicagmd motion excitation were
establishedh a general nonlinear structural analysis progrédpenseefd]. Beams,
columns and braces are all modelled usiisplacement beam and column element
object, which considers plastic hinges spread along the element based on displacement
formulation.Eachcolumn is divided into 5 segments while beams and braces are
divided into 10 segmentdraces are divided int®0 elements to account for large
deformaion. Corotational geometric transformation type is applied to the elerwents
account fopotentialy large displacemerih the structure such &sickledbrace A

camber equal t6.1 percenof the brace length isetasthe initialimperfectionto the
middlelength pointof themember in order to trigger thrickling of themember

similar to the approach by Liu (2018)[24]he effectof the initial imperfection will be
discussed in detail later. Braces phgsicallyconnected to beams and columns with
gusset plates which can be idealized as pin connection in the numerical model. Lean

on column with lumped mass at theor nodess addedo account fotheglobal R
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deltaeffect Leanon columnis modeled aseriatconnected rigid truss elements and

no moment appears gints so that the lateral stiffness is zero

The first threevibration periodsof thetwo steelCBF frames are listed in Tald&.4to
3.5. The fundamental period of thes®ry CBFis 0.304secondsand the fundamental
period of the &toryCBF is0.647sec Thefirst three mode shapes thiese twaCBF

structures are presented in Figure &@3.7.

The CBF structures with dual viscous and metallic damper system are shown in Figure
3.4and3.5. The dampers are installed in the auxiliary bay attached to the original

CBF bay. Since the auxiliary bay is formed by simple connected beams and columns,
it will not contribute the lateral stiffness of the entire structural system before the
TPAD is engage. The dual damper system is connected-sh¥ped braces. The

braces are modeled using rigid beam element with large section size of much larger
stiffness than the adjacent beam. Since the braces are connected to the beam ends, a
rigid triangular modules formed to ensure that the displacement at the bottom node of
the brace is almost the same as the upper floor Ad@eviscous damper and the

metallic TPAD dampemwork independentf each other to provide energy dissipation

at prespecified interstory dift ratios. A two node link element with viscous material

is employed to model the viscous damper. The sarainected beamwith hinge

elements are used samulatethe TPAD steel platan the numerical modellhe

metallic TPAD dampelis modeled withiwo elastic gap elements connected to the

steel plateelementn both sides. Details of the TPAD damper willdreenin Chapter

3.2. The duahctiondamperis connected to the lower support floor through a rigid
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link element. These connections between thepgasnand support members (e.qg.,

braces and beams) are simplified as pin joints in the numerical model.

3.2 Mechanics and Property of the TPAD Damper

In order to mitigate the vibration of steel CBF buildings under severe earthquake
ground motiorexcitation, supplemental damping devices are conceived for this
purpose to dissipate more seismic energy. In this study, a metallic hysteric damper
called TPAD damper (Keivan 201R)5] is adopted, which is inspired from the design

of TADAS devices. A scheatic view of TPAD device in stl frame is shown in

Figure 3.93.10 TPAD is a trapezoidal plate connected to a round bar. In the TPAD
design, its trapezoidal shaped energy dissipation plate is connected to a round rod as
shown in the figure. The matersteel Q235 with a yielding strength of 235 MPa was
used for the trapezoidal shape energy dissipation steel plates, which is equivalent to

A36 steel by ASTM standard.

Figure 3.8.a shows thgeometry of the trapezoidal plate in TPAD dewac®pted for

this study each trapezoidal plate measures a25(4.921 in.)at top, 25mm (0.984

in.) at basewith a total length of 125 mm. Thepezoidaplateof 200mm (3.937 in.)

in lengthis extended to have25-mmwide tongue plate segment near its base
Thicknessof eachplateis 20 mm(0.7874 in.)In the pilot test, @et of4 metallicsteel
platesfor each TPAD devices installed in each storAs mentioned earlier aeh set

of steel plategn the TPAD areconnected to the upper flothrough V bracingnd
lowerfloor by a rigid steel holder device (modelededastic gap elemein the

numerical model)The initial gap of each set is designed to be one percent of the story
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height so that the metallltPAD devicewill not be engagedntil the interstory drift

ratio exceed1%. In this study four set of TPAD devicesare installed in each story to
increase the energy dissipation and the original numerical model for the TPAD is thus
increased tdour times the originalsteel plate width of the pilot studxs shown in

Figure 38.b, taperedcelementsareusal where therapezoidalshapedsteelplateis

divided into 10 segment length, and each segment is assumed to be constant
sectionwith correspondingvidth equal taheaverage widtlover the segmentigth
Beamwithhingelements used for the tapered platetire numerical model built in

the Openseesoftware The integration methodf modified GaussRadau quadrature

is used for th&eamwithhingelement. This method can avoid straoftening

behavior of the conventional fordmsed beam and column elements by specifying the
hinge lengths to confine the nonlinearity of the material at the elemen{25d§he
plasticdeformation of the steel trapezoidal plates provides the source of energy
dissipation, where plastic hinge will form along its length. Thus the properties of the
concentrated plastic hinge element in the numerical model is based on half of each
segment length while the part lyingletween the plastic hinge elements is
considerecklastic in each segment (Figure 3.12). Aggregator section model is
employed for each segment which combines the axial, shear as well as bending
behaviors. However, since the energy dissipation of those trapezoidal plates is
primarily from flexuratinducedplastic deformation and axial force (from friction) is
small, only momenturvature property is assigned for each aggregaioal force-
elongation property is also assigned for each segment in the pushover analysis of the

single steel plate to avoid cqatibility error, but they will not be assigned to the time
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history analysisnodd. Momentcurvature property is derived based on the Steel01
material. Yielding strength of threctangulasection will be the upper limit of the
elastic range of the material and a strain hardening ratio of 0.05 is considered for the

plastic deformation range.

Thetaperedbeamelemenmnumericalmodelfor the trapezoidal TPAD plais
validated by conducting@onlinear static analysis test of one TPAD plate in which a
concentrated load is appli¢althe freeend of the aggredadtapeed-beam elemdnn
the horizontal direction. The theoreticahP ¢ wotthe steelTPAD plate(Figure
3.15) can be derived ungj the Principal of Virtual Work (PVW) method. The function
is integrated along the length of the trapezoidal plate in whieimoment inertia of
the crossectionvarieslinearly with x andthe squaréongue segmeintasconstant
momentof inertiavalue.

0 &,

©®  Gol®

The theoretical elastic lateral stiffness (Load to displacement ratio) of each individual
metallic plate is determined to be 98.7 kips/in. Each TPAD set contains four steel
plates welded to its base plate, so the total lateral stgffokthe TPAD setis 395.0

kips/in. in the elastic range. Yielding strength of the metallic plate aggregator is
determined by the maximum force applied when the extreme fibers at the base section
first yield. A sample strain contour plot (Figure 3.11)K®ivan (2018) reveals the

first occurrence location of the plastic hingéke displacement of the free tip will be

used as the EDP demand to determine the damage state of the TPAD damper when
developing fragility functions. The maximum allowable latéoate is calculated
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when the yielding stress of the material is distributed over the entire cross section at
the base section. The lateral forces at the elastic and plastic strength level are
calculated to be 14.88 kips and 22.13 kips respectively. Fjlideshows the-R

curve from the nonlinear static pushover analysis of the numerical model (Figure 3.13).
The initial lateral stiffness of the tapbeam element in the elastic deformation range

is found to be 387.7 kips/in from the numerical analysie falperecbeam aggregato

model is thus believed to be acceptable since the error of the elastic stiffness compared
to the theoretical value is about 1.6%. The lateral force at yielding strength for the
numerical model is 12.83 kips, about 10% lower ttenanalytical value. This error is
believed to be caused by the approximation made in the numerical model of TPAD
since the surface area of the tagaHbeam model is smaller than the actual TPAD

plate.

In parallel to the TPAD dampervascous damper iglsoconnected t& bracing to
introduce viscous damping to the CBF structure. Unlike the TPAD darhjger, t
viscous dampenas no gap element connected to it and thus is always actiltaiad

the entireseismicexcitation. It is modelled by a Twaodelink element with viscous

material. Thedamping coefficientS 7,000 kN/(m/s) and thpowerfactoris taken as 0.5.

3.3 Nonlinear Static PushoverAnalysisand IDA Results

This sectiorconsists of three parts: Nonlinear static pushover analysis of a single

brace in CBFNonlinear static pushover analysis of thet8ry and éstory CBF
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structures, and the Incremental Dynamic Analysis for consideration for potential

collapse will be uselly SPO2IDA tool based on the previous results.

Since seismiperformancef steelCBF structures significantly depends on the
behavior ofbracing, it is critical to develop accurateimerical models téaithfully
captureghenonlinearbehavior of stedbracings undergoingielding, bucking, anda
combined failuraunder cyclic loading. The linear perturbation model (Figure 3.16) is
used to simulate the initial camber for all braces in this study. Alternatively, this can
also be done by using a quadratictpdbation model and test in this study showed that
doing so will not result in much difference in the numerical analysis results. Large
initial camber would cause substantiacrease igritical load forbuckling asshown

in Figure 3.17Compressiomrmenberscan beclassifiedinto long, intermediater

short columns based dineir slenderness ratidcong column usually fails elastically
with an abrupbucklingduring elastic range.He Euler formulaanfairly accurately
predictits critical stress which igsually mucHower thanits correspondingielding
stressHowever, most braces meal lifeare considered as intermediate compression
memberavhich would fail in mixedyielding and bucklingondition and their

behavior is aid to be inelastidJnsurprisingly, hecritical load ofsuchcompression
members predictelly nonlineamumerical model comes out to lmverthan the
Eulerformula givencritical load A 45 inches long tsection compression elemédras
beenselectedn this studyto validatethe numerical model fantermediatecolumns

with different yielding strengtlndidenticalinitial cambervalue The results are close

to those from Johnson Formula for Intermediate colshown below.
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Nonlinearstatic pushoveanalysis provides a useful insight of the CBF structure
performance under different legalf sesmiclateral force. It is also useful to predict
p ot e weaksatlo r‘y tausedyfprermaturéorace bucklingand associated
concentrated story deformationa particular storyThe load pattermimics the
dominating vibration mode shape and in this studynaerted triangulashapealong
the height of the structure on each stigrgdoptedased on thassumption thdirst
mode shape of structudeminages the responsd&helateralloads will increase
monotonically until theoof drift ratioreaches 4%n both the 3story and the &tory
buildings. The base shear vs. roof displacement @aave shown irFigures 3.19 and

3.18.

For the2D single bracedbay model of thes-storybuilding, its elastic deformation

stage will end when the base shesrchesabout810 kipswhile the roof dift comes

to 4.19 in.Performance of braced bay from th&-story structure will remain elastic
until base shear reach@$0.86 kipswvhen the roof drift i4.215 in. There is an abrupt
dropin the pushover curve for thesdory CBF (the base shear drops to 489.67 Xips
This would happen when a number of braces in the same story have elastic buckling
occuralmost at the saentime. A partiatollapseof the entire building might take
placedue tosoft story effect which should l@voidedthrough careful design or
installing supplemental seismic response modification devices such as hysteretic
dampersThe same abrupt drapould occur everwhen the roof mass reduced to

75 % that of lower storysuggesng that it is more effective to increase the strength of
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structual componentsn the roofstoryto reduce the abrupt change in lateral stiffness
or strengthbetweeradjacenstolies The ranainingstrength after buckling of
compressiomraceswill primarily relyonthetensionstrength of the brasen the
oppositeside This sudderecrease in base shéanot observeth the 6story CBF
structure. Similabbservationgan bemadein the nonlineartime-history analysis
resultslater onandthe dualactiondamperhas been showio be effective in reducing

the risk ofcollapse

The finite element model in this study is limited to model the nonlinear behavior of
steel CBFstructure system under DBE earthquake loading, therefore the ultimate
deflection before collapse is roughly estimated from the full scale experimental results
on CBF test specimens by Cameron et al.[26] . Only elastic andeyative

(hardening) range isonsidered reliable in the CBF model as in Figure 3[2e.fitted

Base shear vs. displacement curve for the SPO2IDA tool is shown in Figlire 3.2

The simplified method obtaining the incremental dynamic analysis (IDA) results by
SPO2IDA tool is applied ahthe outcome is shown in Figures 3.22 to 3R2§ure
3.22shows thdDA results based orelationship ospectrum acceleration (SA) to

roof displacemenilThe ordinate SA values are obtained by applying variant scale

factors on different ground motion ds.

The SPO2IDA method simplifies the entire CBF structure into an SDOF system with
the same elastic and plastic properties, and use simulation to obtain the seismic
response. Therefore the IDA analysis only considers the potential global collapse

asso@ted with first vibration mode dominant response. The drve is shown in
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Fig 3.23, where R is the ratio between SA and the yielding acceleratipnvBére |
refers to the ductility of the structure. The results are shown in the form of expected
maximum displacement given SA on three discretipaabability level. In this study,

the median collapse @) is taken as 1.99, velneaghe dispersioff is 0.6.

3.4 Nonlinear Time History Analysis
3.4.1 Ground Motion Input and Scaling

As mentioned irChapter 2, seismic performance of the steel CBF structure can be
evaluated within the PBEE framework, which generally consists of four assessment

steps as visualized in Figure 2.15.

Earthquake hazard analysis is the first step of PB&Essment proceduhdost
design codesurrentlyin the United States employ Intensligsed assessment to
account for risk and uncertaintiesaafrthquake intensity measurements given the
location and designs of building. Intensiigsed assessments evaluate seismic
performance of the structure provided that it is subjected to the given intensity of
earthquake shakingyith the damping ratio takeais5% for theelastic acceleration
response spectra. Design criteria in the widedgd building code are based on the
response grtrumacceleratiofrom selectedesigrbasis EarthquakéDBE) ground

motion recorg.

Engineering Demand Parameters in gtigdymainly refers to the drift ratio and
acceleratioron each floor by performing nonlinear tirhestory analysis fosteelCBF

structures wh or without dualactiondampes. The uncertainties frortthe EDP values
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given Intensity measurements are considered in two aspects-Stbigy8ndthe 6

story CBF structurewill undergoseismichaseexcitation based on twenty DBE level
ground motion record®r Los Angeledy Somervilleet al. (1997)as listed in Table
3.6.These records aaiginally obtained bya numberof global seisragraphic

network stations from different earthquake evemtsihave been scaled to the
metropolitan of Los Angeles thereby introducing uncertainties from other properties of

the earthquake (e.g. epicenter distance).

ASCE #10/16 provide design response spectrum for use in seismic design. The DBE

SA is computed usindne parameter values from the USGS seismic design map.

However, for some ground motion record, the corresponding SA value at the
structure’s fundamental period can be quit
value and as such the ground motion recbrlikl be scaled to the design spectrum

level. Figure 3.25 presents the corresponding design response spectrum for several

versions of seismic codes and also median spectrum of the selected ground motion

records. It is seen that the median spectral culigifebetween the two design

spectral curves, especially in the constant acceleration range.

Potential change in the natural period of the structure could occur after structural

failure such as severe plastic deformation or buckling of key structuralocemis.

To avoid scaling only at a specific period value (e.g., initial natural period value),
weighted ground motion amplification (a) f

study is obtained by the following equation,
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YWY
where, Yrefers to the vibration period of the structure and is assumed to vary over a
certain range due to possible damagkiced structural property change. In this study,
“Yis taken as discretized points distributed in the neighboringrred the natural
period of the structure, whenan the equation refers to the total number of these
points andPi is the probability that the fundamental period of the structure t¥ be
DSA refers to the design spectrum acceleratioiY,athile RSA is the response
spectrum acceleration ‘atfor the concerned ground motion record. Four discretized
points are selected for both the®ry and 6story structures, and are listed in Table
3.7 and Table 3.8. The expected DBE level peak horizoctalexration of the

earthquake ground motion has 10% probability of exceedance in 50 years.

Maximum considered event (MCE) level earthquake ground motion records are also
applied to the 3tory CBF structure. This ground motion records are scaled to 1.5
times that of DBE level ground motions and is useful to demonstrate the effectiveness
of the dual damper in controlling the seismic response of steel CBF structures. The
earthquake ground motion scaled to MCE level earthquake has 2% probability of

exceedance 50 years.

It is noted thathe eachlground motion recortiasbeen linearly interpolatedith a
refined tmeinterval 0f0.001 secondsecause of nonlinear time histagalysis
requirements for numerical accuracy and stabilitye numerical model considers 2%

Rayleigh damping assigned to the first mode.
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3.42 EDP results from Time-history analysis

Engineering Demand Parameters (EDP) can be obtained from running nonlinear time
history analysis of the structure subjected toheprake ground motion. EDPs such as
inter-story drift ratio and floor acceleration response are closely related to the Decision
Variable in the PACT software accompanying FEMA#(2018). For example,

Damage states (DM) of the structure components ardymtegiendent on the inter

story drift ratio while DMs of certain nestructural components largely affected by

floor acceleration. This section focuses on the distribution and mean value -of inter
story drift, acceleration and residual dfifom nonlineattime history analysisiyhich

will be used as input tthe fragility functiors in Chapter 4.

Figure 3.26 shows the distribution of peak irgtary drift ratio along the height of 6
story CBF structure. The peak drift here refers to the maximum value of
comresponding floor drift during the duration of each ground moffioh.e “ me a n ”
refers to theensembleverage value of th&ructuralreponse ovethe twenty ground

motion records.

It is seen that larger intestory drift ratios mainly occurred in the firstory and the

roof story while the drift ratio is relatively small in the intermediate floor. This is

likely caused by significant change in member section sizes (e.g., beams, columns or
braces) between adjacent stories and thus abrupt change iniffteegstMost drift

ratios are still below the code drift limit 2% given by ASGE&. However, since

most drift ratio has exceeded 1%, there will be damage in the structure. For example,

brace buckled and damages in the gusset plate occurred. Figush@:23the drift
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ratio demand of each story of thestbry CBF structure with dual action dampers

(viscous damper + TPAD metallic hysteretic damper) corresponding to the DBE level
earthquake. Most of the drifts have been reduced to be less than 1% oroggen m

Figure 3.29 and 3.30 show the distribution of the floor acceleration response. The
acceleration is the absolute acceleration and tends to be greater at upper floors than the
lower ones, which suggests nstnuctural components in upper stories migltes

more acceleration related damage. A comparison of mean acceleration demand on
each floor is shown in Figure 3.31. It suggests that dual damping system is effective in
lowering the acceleration response of each floor in most cases diistogy anaysis

so that loss can be reduced respectively. It should be noted that the dual action
dampers selected in this numerical study have not been optimized and thus better
results might be expected for optimal design of dual action dampers fostbe/6

CBF structure. Residual drift is also needed to determine if the repair is worthwhile or
complete replacement is justified, together with the repair fragility discussed in
Chapter 4The residual drift demanaf each storys calculated athe averagelrift of

the last 30 seconds free vibration response in the time history analysis. It is noted that
an additional 3&econds zero acceleration values are appended to each ground motion
to simulate the free vibration responBgures 3.32 and3.33 showthedistribution of
residual drift demand for the structure without and with the dual action dampers. The
residual drift on the first floor is larger than other floors, suggesting that structural

components around the first floor have sustained larger ptiefticmation.

Nonlinear time history analysis of thesBry CBF structure has also been conducted

as well in order to obtain the EDP values required for resilience evaluation. Figures
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3.34 to 3.36 show the story drift ratio distribution under selecteld B&Ritation. As

for the CBF structure without dual action dampers, the roof-gttey drift ratio is
significantly larger than that of other stories. Thus there is a higher risk of collapse
occurrence in the roof, likely due to the abrupt drop in stoffness. Compared with

the original 3story CBF, the structure with dual dampers significantly reduces the
roof story drift, while most of the story drift on each floor is much smaller than 1%.
Using the dual action dampers is able to reduce potentiapse risk and
corresponding loss and casualties. The acceleration response @ftting GBF is also
plotted in Figures 3.37 to 3.39. The floor acceleration is generally larger on the upper
floor than the lower ones. The dual action damper is effextiveducing the floor
acceleration except for the roof by 40% or even more. It is again noted that the dual
action dampers selected in this numerical study have not been optimized and thus
improved results are very likely to happen if optimal design off @cteon dampers for
the 6story CBF structure is adopted. The residual drift results fronthistery

analysis are also compared in Figure 334401. The residual drift on the first and
second stories are negligible for both cases where these storles egpected to

have similapostearthquake performance comparethmintactstructurebefore
earthquakeAdding dual damgrscan significantly reduce the residual daftthe roof

story.

Time-history analysis is also appli¢al the3-story CBF under E levelseismic
excitation. The results in Figure 2.domparing the DVs indicate that TPAD metallic

dampercan further reduce thmeandrift demand byabout10%
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3.5 Summary and Conclusion

This chapter performs nonlinear static analysis and-histeryanalysis of both CBF
prototype structure with and without dual action dampers (viscous damper + metallic
TPAD damper) using finite element models built in a general nonlinear structural
analysis software Opensees. Viscous dampers start to work fronbégenning. The
metallic TPAD dampers function as a supplement to the viscous damper when story
drift exceeds a prepecified value (1% assumed in this study). For nonlinear time
history analysis, an ensembletafentyearthquake ground motion records araled

to the design response spectrum of the 1997 version seismic code. Scale factors have
also been weighted to average out the fluctuation effect of response spectrum near the
fundamental period of the prototype CBF structures which are associatetievith t
uncertainty in seismic excitation. It is found that tapédedmwithHingeslement with
aggregator section can exactly model the mechanical behavior of steel TPAD damper.
Pushover analysis of a single trapezoidal shaped steel energy dissipation plate in
TPAD damper was conducted to validate its nonlinear finite element model by

comparing with analytical formulation derived mechanical properties.

The nonlinear pushover analysis of thet8ry and éstory CBF structures provides a
useful insight of theiperformance under large lateral loading. For tstady CBF
structure, although the brace in tension will provide jetesstic strength, several
compression braces in the same floor buckled at the same time which may lead to
increased story deformationftinis specific story. This phenomenon is consistent with
the soft story effect observed in tirhestory analysis, where large drift only occurred

in the roof story. As for the-6tory CBF structure, relatively larger drift happened in
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the upper stories argfound story, especially for the stories where significant change

in the member section size exists. Dual action dampers are found to effectively reduce
the acceleration on all floors (except for roof) by about 40% to 50%, and lower the
story drift by abat 20% on average. Residual drifts were also reduced which would

help to prevent complete structural replacement.

The function of the metallic TPAD dampers can be considered as backup damping
device when an unexpected large earthquake takes place. Theniftaatio of the 3
story CBF under MCE level excitation can be further lowered by about 10%, ishich

helpful in controlling collaps&uring extreme events.

Table 3.1 Member section sizes e$t®ry prototype CBF structuré from Sabili

20000 [22]
Story Brace Braced Frame Braced Frame
Column Beam
3 HSS 6x6x1/2 W18x46
2 HSS 8x8x1/2 W12x96 W27x84
1 HSS 8x8x1/2 W30x90

Note: only members in the braced bays are shown here.
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Table 3.2Member section sizes 6fstory prototype CBF structuré from Sabili

2000 [o]
Story Brace Braced Frame Braced Frame
Column Beam
6 HSS 5x5x1/2 W27x94
HSS 6x6x1/2 W14x132 W30x99
4 HSS 8x8x1/2 W30x116
3 HSS 8x8x1/2 W30x116
2 HSS 8x8x1/2 W14x211 W30x116
1 HSS 10x10x1/2 W36x150

Note: onlymembers in the braced bays are shown here.

Table 33 Seismic rassof 6-storyprototypeCBF structure

Roof 5th floor |4th floor (3th floor |2th floor |1th floor

Steel Framing(psf) 14.0601705(15.6266666/18.970692920.6155540[20.6155540125.4490483
Floors and Roof(psf) 34.24 34.25 34.25 34.25 34.24 34.25
Ceilings/Flooring(pst.) 3 3 3 3 3 3
Mechanical/Electrical(pst.) 7 7 7 7 7 7
Partitions(psf.) 0 1q 1q 10 10 10
Dead Load(psf) 58.3101705/69.8766666(73.220692974.865554074.865554079.6990483
25%Live Loads(psf) 12.9 12.5 12.5 12.4 12.9 12.4
Total Load(psf.) 70.8101705(82.3766666/85.7206929/87.3655540(87.3655540/92.1990483
Distributed Area(sf.) 375( 375( 375( 375( 375( 375(
Weight of Exterior 802083333  1625(  1625( 1625  1625( 1625
Wall(lb .)

Seismic Mass(Ib) 265538.139  308912.1321452.598327620.827|327620.827/345746.431
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273558.973

325162.1337702.598

343870.827|

343870.827|

361996.431]

Seismic Masgkips.)

273.558973

325.162}337.702598

343.870827

343.870827

361.996431

Table 34 Natureperiod of first three modes for&oryprototypeCBF structure

6-Chevro|/6Chever on

dual damy
l st 0.6468 |[0. 62091
2nd 0.2309 [(0.2236
3rd 0.1307 (0. 1245

Note: Unit is in second

Table 3.9Natureperiod of firsttwo modes for3-story prototypeCBF structure

3-Chevron 3-Cheveron with
dual damper
1st 0.3039 0.2975
2nd 0.1249 0.1205

Note: Unit is in second

Table 3.6 leatures oDBE ground motion

Ground Motion Duration | PGA ()
LAO1 Imperial Valley, 1940, El Centro 53.46 0.46
LAO2 Imperial Valley, 1940, El Centro 53.46 0.68
LAO3 Imperial Valley, 1940, El Centro 39.38 0.39
LAO4 Imperial Valley, 1940, El Centro 39.38 0.49
LAOS Imperial Valley, 1940, El Centro 39.08 0.3
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LAO6 Imperial Valley, 1940, El Centro 39.08 0.23
LAO7 | Landers 1992, BarstoWineyard & H 79.98 0.42
LAO8 | Landers 1992, BarstoWineyard & H 79.98 0.43
LAO9 Landers 1992, Yermo Fire Station 79.98 0.52
LA10 Landers 1992, Yermo Fire Station 79.98 0.36
LAl1l Loma Prieta 1989, Gilroy 39.98 0.67
LA12 Loma Prieta 1989, Gilroy 39.98 0.97
LA13 Northridge 1994, County Fire Statio ~ 59.98 0.68
LA14 Northridge 1994, County Fire Station ~ 59.98 0.66
LA1S5 Northridge 1994, Rinaldi 14.95 0.53
LAL6 Northridge 1994, Rinaldi 14.95 0.58
LAL17 Northridge 1994, Sylmar,Olive View,  59.98 0.57
LA18 Northridge 1994, Sylmar,Olive View, 59.98 0.82
LA19 North Palm Springs 1986 59.98 1.02
LA20 North Palm Springs 1987 59.98 0.99

Table 37 Discretized fundamental period distribution of thetéry prototype CBF

Note: PGAs are not scaled

structure

T s)

Table 38 Discretized fundamental period distribution of thet@y prototype CBF

structure
| 1 2 3
T s) 02 03 04
Pi 0. 0 0.
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Figure 36 First three mode shapes e$®ry prototype CBF structure
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Figure 37 First two mode shapes of thest®ryprototypeCBF structure
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Figure 38 (a) Geometryof TPAD with tongue segment
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Figure 310 Actual ghematic of TPAD devicd45]

Figure 311 Straincontourof TPAD deviceg(K. Arshia)[15]
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Figure 3.12Plastic hings regionon individualbeamwithhingelement

Figure3.13TPAD nonlinear static pushovaeumericalmodel
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Figure 314 TPAD nonlinear static pushover/Pcurve by Opensees
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6-Story CBF
1400
-——-—-.
1200 — e —
/f’_
— 1000 A
A yid =R
= goo
]
o /[
v 600
L
o/
D400 /
200
0
0 5 10 15 20 25 30 35 40 45
Roof Displacement (in) 4%
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6F CBF Static Pushover Curve
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Figure 3.200riginal 6-Story CBF base sheanof displacement curve for SPO2IDA
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Figure 3.21Fitted static pushover (SPO) curve for SPO2IDA
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Figure 3.24 Response spectrum of the selected DBE ground motion (5% damping)
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DBE Mean Drift Ratio Demand (Conventional)
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Figure 3.26 Conventionat€tory CBF drift ratio demand
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Figure 3.27 6story CBF drift ratio demand with dual damping system
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DBE Mean Drift Ratio Demand
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Figure 3.28 6story CBF mean drift ratio demand comparison
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Figure 3.29 Conventionat€tory CBF acceleration demand*
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DBE Mean Acceleration Demand (Dual Damping)
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Figure 3.30 6story CBF acceleration demand with dual damping*
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Figure 3.316-story CBF acceleration demand comparison*
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DBE Mean Residual Drift(Conventional)
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Figure 3.32 Conventionat&ory CBF residual drift demand
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Figure 3.33 6story CBF residual drift demand with dual damping
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Figure 3.34 Conventionat&ory CBF drift demand only under DBE
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Figure 3.35 3story CBF drift demand with dual damping under DBE
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DBE Drift Demand
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Figure 3.36 3story CBF drift ratio demand comparison under DBE
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Figure 3.37 Conventional&ory CBF acceleration demand under DBE*
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DBE Mean Acceleration Demand (Dual Damping)
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Figure 3.38 3story CBF acceleration demandth dual damping under DBE*
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Figure 3.39 3story CBF mean acceleration demand comparison under DBE*
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DBE Residual Drift (Conventional)
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Figure 3.40 Conventional&ory CBF residual drift under DBE
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Figure 3.41 sstory CBF residual drift demand with dual damping under DBE
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Figure 3.42 3story CBF Mean Drift Demand comparison under MCE

*Floor numbers in the acceleration demand graphs refer to the top floor of each story,
where the acceleration of ground floor is not shown.
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Chapter 4 Seismic Resiliencéssessrment using PACT

PACT is a newly developed practical application tool of FEMB8{2018) within
the wellestablishegherformancebased earthquake engineeriRBEE) framework.
Chapter 3 dealwith hazard and structure analygiswhich EDPs wereobtained
through nonlineartime history analysis undem ensemble dfventy earthquake
ground motions scaled to DBE level at the building, sitelthe intensitybased
assessment is considered as the approach for hazard analysis. Thispchapteghe
DamageState(DM) of theprototypestructure tomponents andorresponding
Decision Variables (DV) for steel CBF structures with and without dual action
dampersDVs are determined directly frodMs. DMs are d&ned for each
component in the building based on different repair actions needed to restore the
component to its originahtactstate. DMs are derived through Monte Carlo
simulation from EDPs by large numbers of realizatidfigure 4.1 shows the

procedue for each realization.

4.1 Background Information

The 3storysteelCBF and 6éstorysteelCBF buildingsare both commercial office
buildingslocatedin metropolitan LosAngeles,CA. Losses can be divided into direct
losses and indirect losses. Diragses mainly refer to repair cost and repair time, and

indirect losses include Casualties and Environment impact parameters.
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Before applying the loss assessment, a rough estimattotabfeplacement cost is
givenby anonlinedatabasg27] Thereplacementostemployedn this studyis the
median value by simplified lump sum methmmked orbuilding type, project location
and thearchitectural layoubf the building. The median total replacement cost for the
6-storyoffice building is estimatetb be about $12.59 milliorso the estimated cost
has been furthescaled to $11.08 millioto matchthe2011 national averages in US
dollars. The mediamaluefor the 3storyCBF building is taken as $4.86 millidoy a
similar methodOther input paramete includemaximumworker per square foot,
which istaken as 0.008sing the population model (this is aigenerated by?ACT,

on a daily basjs as shown ifrigure 4.2

4.2 Resilience Assessment Procedure using PACT
Structural response inputs to tREMA P-58 analyss procedurdor the 3-story and 6
story CBF structurgare calculatethroughnonlinear timehistoryanalysisin

Opensees
PACT assessment procedure basically includes the following steps:

(1) Input project and building formation are showm Figures 43(a) and 43(b).
Identificationinformationof the project, client and engineer are included.
Region and date cost multiplieasetakenas one so that all pecuniary cost is
based onthe Year2011 national averag@he same solver random seealue is

used to ensurtheresultsfrom each simulation execution to be the saf@ the
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building information tab, total replacement cost and time as well as building
architecture layout are input.

(2) The second step is to set up phopulation mode. The default population
model for commercial officbuildingon a daily basis is shown in Figure 4.2.
The defaulcommerciaoffice population model is then assigned to each floor
andwill be used for casualty estimation.

(3) Componentragility specifications included in the building model will be divided

into three groups by the horizontal directions they applggshown in Figure 48).
PACT model is then furnished by other required information sucfuastity,

corresponding populian modeland controlling EDP about each component entry
in all directions Quantitydispersioncan be specified to deal withe
uncertainties asheach element in the same performance grotigagglity
unoorrelated therebythe damage state and corresponding cost is not
necessaly identicalgiven thesameEDP value.

(4) EDP valuesarefrom thenonlinearstructual analysis in Chapter 3, including
peak story driftratio and floor acceleration based on selected DBE ground
motion. (Figure 4.3 (d))lhe study is based on the DBE intensity and employed
2,000 realizatioafor each building. Modelling dispersion is taken as 0.385 to
account fotheuncertaintiesn the numerical model. Damage state of the-non
directional components are detened by the converted demand from each
direction.PACT will automatically determine the nalirectional demand
parameters by multiplying the maximum value for the two input directions by

a conversion factor which is taken as 1.2 in this study.
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(5) PACT alsoconsiders irreparable conditions when sp@etcceleration (SA) of
the realization exceedise median collapse SA or the residual drift exceeds the
median repairablealue and therefonepair cost will be totally alternated by
replacenentcost.This stug considers 1% as median irreparable residual drift
and assigns a dispersion factor of, @8 shown in Figure 4.3 (€3esidual drift
demand is taken as the maximum value of residual drift from each story. It is
taken as the average of story driftlhe 30 second$ree vibration stage
appended ttheoriginal ground motiorrecord

(6) Median Collapse SA is based on SPO2IDA tool in this study to be taken as
1.99 for the 6story building. Four expected collapse modes with fatality and
injury rate are estimatdahsed on the results obnlineartime-history analysis

shown in Figure 4.3 (f).

The major results from the PACT assessment are in the following form: Repair
time, Repair cost, Casualties (from collapse analysis), Unsafe placard, and

Environmental impact.

Repair costare estimated from the aggregation of performance groups of structure
components and nonstructural components. Structumpanentsn each building
modelincludeseismically ratedrace elements the prototypesteelCBF structure
Architectural layouts for each building and the associated inventory of damageable

nonstructuratomponents are used for the aggregation.
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Building components considerddr the assessmeatemodeledfrom the commercial
office model byFB&C Engineers Consting Group 201518], as shown in Table 4.1.
Sincethe CBFsin this studysatisfythe capacity design requirements fmimary

structure componentdamagesreassumed tbe restrictedo the brace elements

The structural response inputs are then used in complavehfragility functions to
calculatethedamage predictions fall componergin thebuilding. Thedamage state

controllingthe structural response input to a given fragility functiondasideed to

bee i t h e rceldratianior story drift ratidemand, dpendhg on the specific
componentComponerdevel damage predit i ons ar e ficampohegt t r ans |l a

level loses estimationby loss curves.

As aforementionedhe EDPs and collapsé&agilities of the 3story and &story CBF
buildingswere analyzethased on a-#8 onebracedbay model with leaton column.
The planamodelis acceptable for lowise and medium rise building analysis since
there is no significant 3D affect such as cauplor torsional irregularity in both
structures. The lateral strength and stiffness in the two orthogonal directions are
considered to be identical to each and thus only one direction will be considered in the
model. Asuite oftwentyground motion recordsere utilized tccapturethe variability
in earthquakground motionThe selected DBE level ground motions are recorded
from stiff soil or rocksites(Class D)with moderate to large fadttipture distances to
the epicenterfEDPs areobtained for each gund motion casmerelybased on the
DBE intensity measurement, and the sssday dynamic instability is rarely observed
throughout the timdnistory analysisLarge quantities of EDPs are generated by

Monte-carlosimulation based otine nonlinear analysigsults fronthe Opensees
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model. Inthe6-story CBF EDPs listed in Table 4.2, twenty sets of EDPs have been
recorded while each set has seven individual variablesprbiabilistic description of
any two ofcritical EDPsin each set is assumed to be lagnal according tdcFEMA

P-58.[28].

4.3 Fragility properties of TPAD Damper

Fragility parameter$or the TPAD damper (i.e., metallic hysteretic damper with

trapezoidal steel energy dissipation plates and a holder in each sttparein

Figure 44. Thedamage state of the TPA@amperin this studycanbe 1l a s si fied 1 nt o
two states‘No n er*yielded The median demand for the damaged state is the steel

ener gy di s sdefgrmationaotn ypilealtdi’nsg point based on
static pushover gue. Once plastic hinges appear along the steel energy dissipation

plate, replacement of the TPAD damper would be required. The uncertainty dispersion

recommended by PACT is taken as 0.45.

The repair cost and repair time consequence functions are sh&guie

4.5.Imediate replacement is needed only for the TPAD damper and-tkplacement

option is adopted for the viscous damper system because of the long stroke capacity of
the viscous damper. The expected unit repair cost for one TPAD damper igazstima

as $250 based on the material and geometric configuration of metallic plate, including
the auxiliary parts such as holder and connecting bolts. A set of backup steel energy
dissipation plates of the TPAD damper is usually provided in initial construatid

placed next to the damper in the building and thus whenever a replacement occurs, the
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total unit repair cost for the TPAD damper is assumed as $400, with deductions for

large producing quantitiesss shown irFigure4.5(a).

The time needed to replacee set of TPAD damper is experimentally confirmed as
30minutes in a full scale structural t€$bng et al. 2019)29]. A total number of 30
TPAD arethusexpecedto bereplacedn oneworkday. So the unit repair time for this

component is taken &033 days(Figure 4.5(b))

4.4 Observed DV Results and Comparison

DVsin this studyrefer tothe totalpecuniaryand timecostassociatd with repair and
replacement o$tructure and noestructural components returnthe CBF structure

back to its undamagedate after an earthqualés illustrated in Figure 4. Repair

costs are considerexhly if the structure is repairabl@/ith theoccurrencef collapse

or the exceedance of allowable residual ditife, structure needs to be regdand

thereby the DV expectatidor given intensity level refers to the total replacement

cost of the structure. If no replacement of the structure is needed, the expected DV can

be calculatedoy summingoverall damageable component groups.

The repairime in this study mainly refers to the rational component of building down
time according to Comeris model (2006 Therepair time calculation is based on the
damage state categorized in FEMA® performance group fragility function

database. Detailed description of repair strategy necessary to return the component

back toits pre-earthquake condition is specified thergiogviding an insightful
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estimation of the entire repair track for contractors. The contractor applies a direct
downtime consequence function for DV calculation underrttaghodology The
irrational component of building down time planning allows ownats@ntractors to
work together to figure out other contributifegtars, such as damage inspections,
assessments, consultations, as well as other business and technical intermipiobns
will have tobe performed on a catg-case basis. Thisiely assimesslow-track

repair schemaherecomponents are repaired seridty the repair time
approximation. (Figure 40) This repair schemeestrictstrades overlaping within or

betweerfloors. Details can be found the Reisers report[30]

Repair cost ashrepair timeof thearchetype buildings are expressed in terms of the
expected

loss at DBE level ground motidnintensitymetric. The distribution of DVs by
discretized pointsdr each realization and a fitted lognormal CDF curve are shown in
Figure4.6 for the 6story CBF with duahctiondampes and Figure 4.8 for the-§tory
CBF building without supplementatlamper. Potential collapse is not included in these
figures since EDP resultbrectly obtained from finite element model indicate low
probability of collapseUnsafe Placard iglotted in Figure 4.7 and Figuek9 for 6

story CBF structure, where most of the peatthquake immediate risk to safety

comes from brace elements and suspended ceilings.

The calculated low (fOpercentile, P10), besstimate (50th percentile, P50), and
high (90" percentile, P90) valuesf repair cost and repair tinfer the 6-story CBF
buildingunder DBE level intensitgre listed inTables 4.3 and 4.4The repair time

and repair cost of-8tory CBFbuilding are catulated by the same method and the
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results are listed based on the sgmababilisticdescription inTables 4.5and4.6.
Results of theepair cosestimation for eaclEBF buildingnormalized by their

replacement costs are summarize#figures4.12 and4.13.

As shownin Figure 4.12, for the 6tory CBF withousupplementatlamper, expected
repair cost o$3.15million, equivalent to abow26.3% of the replacement cos$
predictedunder the DBE intensity @Gfveraged Sa (TY.he expected repair time uerd
serial repair scheme is 49 day$eldentical structure with duactiondampes can
reduce the expected repair cos$1075 million, equivalent to about4.®% of the

replacement costn the same metric.HEexpected repair time is shortened to 26 days.

For the 3story CBFbuilding without supplementatlamger, expected repair cost of
$1.4million, equivalent to abo28.43% of the replacement co$s predictedunder
the DBE intensity ofveraged Sa (TYheexpected repair time under serial repair
scheme i3 days. heidentical structure with duactiondampes havereducel
expected repair cosf $ 0.45million, equivalent to abol.268% of the replacement

coston the same metric.nEexpected repair time is shortene®tdays.

DV assessment including potential collapse of ttsto8y CBF building is also

performed based on simplified IDA results shown in Figures 4.14 and 4.15. An

expected maximum probability is given by the CBF cuoreepair cost and repair

time. It suggests the probability that the damage is repairable is about 84.8% and 15.2%
of the total realizations should use replacement cost and time as DVs due to building
collapse and large residual drift. Figure 4.15 shtheshormalized repair cost on three

different probability levels. The median repair cost and repair time for-shery
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building are close to each other in both cases regardless replacement analysis is

included or not. The potential risk of fatalities angiries are provided by CDF plot.

4.5 Summary

The dual action damper can considerably reduce the expected median repair cost and
repair time for both the-6tory and 3story buildings under DBE intensity. The

expected median repair cost for conventidiatory CBF building is about 28.43% of

the total replacement, applying the dual action dampers can reduce the median repair
cost by about 44.44%. The repair time can be reduced by 46.94%. Festtrg GBF
building, median repair cost is about 28.81fthe total replacement of the original
building. Thetotal replacement can be reduced by 67.5% if dual action dampers are

used. Soft story effect in the top story can be prevented by using dual action dampers.

Unsafe placard indicates immediate risk rafte desigrbasis earthquake takes place.

For conventional CBF building, there are high immediate risks in brace element and
suspended ceilings, while unsafe placards also appear in partitions and exterior walls.
If the building is equipped with dualtamn dampers the unsafe placard will be

alleviated for all performance groups.

Table4.1Performance group for the commercial office Building

Structural Component Performance Groups

Quantity(Assume identical in both
- . directions .
Description ID Unit Direction | Direction | Non- Location

1 2 direction
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6 for 6- 6 for 6-
story story
CBF CBF Floor
g:;urﬁgurgl itcgzll Braced B1033.031a | each bay 4 for 3- 4 for 3- / 586
» SPeCt story story
Concentrically Braced
CBF CBF
Frame (CBF), Hollow 6Tor 6 6Tor 6
structural section (HSS) sto?r : sto?r :
(AISC minimum standard) , CBg CBg Floor 1-
Chevron brace B1033.031b | each bay 4 for 3- 4 for 3- / 4
story story
CBF CBF
Cold-Formed Steel Stud 53(Floor | 53(Floor
) : each 100
Wall, 22 mil/31 mil steel B1061.021b | ft*2 wall 1), 1), / All
sheathing, Stucco finish ) 39(Floor | 39(Floor Stories
. Panel
exterior 2-6) 2-6)
Nonstructural Component Performance Groups
Exterior Wall
Exterior Wall, Cold Formed each 100 53(Floor | 53(Floor
Steel, Stud Wall, 22 Mil/31 B2011.021b | ft*2 Wall 1), 1), / All
Mil Steel Sheathing, ) Panel 39(Floor | 39(Floor Stories
Stucco Finish Exterior 2-6) 2-6)
Partition Wall
Quantity
. is based
gygfufnagg:rg(it;ﬂ slt;g; C1011.001a | upon 6 6 / éltlories
13'x100'
Panels
Floors and Roof
. each 100
Raised Access Floor, C3027.002 | ftr2wall |/ / 20 Al
Seismically rated Floors
Panel
Roofing
/
Ceilings/Flooring
Suspended Ceiling, SDC
D/E: (Ip = 1.0) Vertical and
lateral support for larger
ceiling areas plus wider
perimeter angle, Support:
Vertical hanging wires
only. Includes lighting
fixtures in suspended
ceiling.
Costing
for each All
< 250 SF C3032.003a 250 SE / / 19.4 Floors
Unit
25071 1000 SF C3032.003b | Costing / / 8.1 All
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for each Floors
600 SF
Unit
Costing
. for each All
10007 2500 SF C3032.003c 1800 SF 2.7 Floors
Unit
Costing
for each All
> 2500 SF C3032.003d 2500 SE 1.9 Floors
Unit
. . All
Mechanical/Electrical
Floors
Elevator, Traction, installed Per All
after 1975 D1014.011 elevator 2 Floors
Based
upon All
Cold Water Service, Cold D2021.023a 1000 ft 0.324 Floors
or Hot Potable Pipe, segments.
Threqded Steel, diameter Based
a O 2.50, SDC upon All
D2021.023b 1000 ft 0.324 Floors
segments.
Based
upon All
Hot Water Service, Cold or D2022.013a, 1000 ft 16 Floors
Hot Potable Pipe, segments.
Threaded Steel, diameter Based
ot O 2.50, SDC upon 16 All
D2022.013b | 1000 ft ' Floors
segments.
Sanitary Waste Piping,
Cast iron with bell and D2031.023a, Each 12 All
spigot couplings, SDC D, E | D2031.023b ' Floors
orF
Chiller, Hard anchored or
isolated, and Based
restrained,350 to < 750 upon
Ton, Simultaneously D3031.013i 1000 ft 1 Roof
occurring AF(Anchorage segments
failure) and ID(Internal of duct
damage)
HVAC Ducting, galvanized
Sheet Metal,< 6 SF in D3041.011c | Per unit 16 Al
cross sectional area, SDC Floors
D,EorF
Compressor, Isolated, not
restrained, Small non-
medical air supply, D3032.012c | Per unit 1 Roof
Simultaneously occurring
AF and ID
Packaged Air Handling
Unit, Hard anchored or Based
isolated and restrained, . upon
10000 to < 25000 CFM, D3052.0131 | 1500 1 4 Roof
Simultaneously occurring segments.

AF and ID
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Fire Sprinkler Water Piping
I Horizontal Mains and per 100 All
Branches Old style D4011.023a units / / 4.3 Floors
Victaulic, thin-wall steel,
SDCD,EorF
Fire Sprinkler Drop, Braced
lay-in tile, Dropping into D4011.053a | Perunit |/ / 1.95 Al
lay-in tile SOFT ceiling, Floors
SDCD, E, orF
Motor Control Center, Hard
anchored, Anchorage D5012.013b | Per unit / / 6 Roof
failure
per unit
Low Voltage Switchgear, and is
?Zard anchored, 750 to < D5012.023g based / / 1 All
00 Amp, Anchorage upon Floors
failure 1600
Amp.
6 for 6- 6 for 6-
story story
. . CBF CBF All
TPAD F1059.001a | Per unit 4 for 3- 4 for 3- / Floors
story story
CBF CBF
Table4.2 EDPinput for 6story CBF
Floor/Story + EQ1 EQ2 EQ3 EQ4 EQ5 EQ6 EQ7 EQ8 EQS EQ10 EQ11 EQ12 EQ13 EQ14 EQ15 EQ16 EQ17 EQ18 EQ19 EQ20
0,01122 0.01059... | 0.01234... |0.02956... |0.01283... | 0.01460... | 0.01429... [0.01006... |0.01143... |0.01452... |0.010472 |0.01861... |0.01592... [0.01293... |0.01149... |0.010757 |0.01245... | 0.01122... [0.01836... |0.01408...
Floor 56 {rad) 0.00940.. .000935 lDOOSD ‘001306 .‘D.00905.. .001039 l0.00991. .000362 ‘000329 .‘000324 .‘D.OOGZO.. .001038 lO.D1D€1. .000929 ‘ODDBDJ .‘D.00899. ‘D.00951. .000905 ‘001042 .001059
Floor 4-5 {rad) 0.00960... (0.00802... [0.01342... |0.00443... | 0.00431... | 0.00799... | 0.00981... | 0.00460... | 0.00869... | 0.00474... | 0.00469... | 0.00700... | 0.00415... | 0.00806... | 0.00765... | 0.00460... | 0.00995... [0.00880... |0.00562... | 0.00411...
Floor 34 {rad) ‘O.DDASD.. lDOO461 .000520 ‘000444 .‘D.00412..l000464) l0.00554. lDOOdm ‘000442 .‘000425 .‘D.00404..l000487 lO.DDAZG. .000462 ‘000453.‘0.00420. ‘D.00719. .001}479 ‘000425 .000404
Floor 2-3 {rad) 0.00963... (0.00801... [0.01889... |0.00853... | 0.00946... | 0.01076... | 0.00991... |0.01113 |0.01195... |0.01261... | 0.01013... |0.00732... | 0.00652... | 0.01027... | 0.00869... | 0.01019... | 0.01359... [0.00890... |0.00728... | 0.00784...
Floor 1-2 {rad) ‘0.00447.. .000903 .002564 ‘000334 .‘0.01180.. .001723 l0.D11133 .001646 ‘001384 .‘002129 .‘D.012485 .000863 lO.DmDG. l001321 ‘000936 . ‘D.016282 ‘D.01539. lODDSM ‘000918 .001009
=T cscs. 11605 | 1.32664.. | 1.90661... | 10620... 1.35170... 1.62423... | 1.50487... | 1.05525...| 1.42387... | 15747... 205368...|1.49257... | 141475... 1.07211... | 1.17057... 126226...| 1.40105... | 2.02506... 1.70618...
Floor 6 (g) 1.30896... [1.53292... | 1.64179... | 2.21552... | 1.09541... | 1.68360... | 1.17624... [1.31631... | 1.26713... 1‘50633..‘.1‘59385“ 2.49679”‘.1‘15031”. 1.10484... 1‘21337‘.‘.1‘10859“ 1‘26828‘...1‘62535”‘ 2.29360... | 1.71840...
Floor 5 (g) 1.02530... [1.10489... | 1.20715... | 1.35879... | 0.89747... | 1.19685... | 1.00719... [ 1.12425... | 0.86208... | 1.25900... [ 1.06364... | 1.51993... | 1.01415... [ 1.34422... | 1.08266... | 1.00434... | 1.10878... | 1.51007... | 1.49557... | 1.66561...
lHaurlﬂ @ ‘1.23615“ ‘1‘54910‘.. ‘1.22055.” ‘2‘07629”. ‘1‘09148“ ‘1‘41732..‘ ‘1.20903‘” ‘1.14284‘” ‘1‘09656”. ‘1‘19794..‘ .1‘27600‘” ‘2.07334“ l0‘96351”. ‘1.39190.” ‘1‘25932‘.‘ .1‘20259‘” ‘1‘17432‘.. .1‘55262“ ‘1.74525.” ‘1‘31904‘”
Floor 3 (@) 1.08981... |0.92858... |0.90887... | 1.19098... | 0.83091... | 1.10605... | 1.19144... | 1.28321... | 1.02665... | 1.10216... | 1.21614... | 1.63070... | 0.95950... | 1.04197... | 0.88265... [1.08266... |0.78740... |0.85180... | 1.24400... | 1.71368...
.Fluan@) ‘0.82489 ‘038850..‘0.99799. ‘093510.‘084038 ‘096086.. ‘0.71030 ‘1.03735 ‘075538 .‘037762.. .114642 ‘1.36293 .077213 .‘0.83733. ‘032595. .032392 ‘070580 . .082335 ‘1.23153. ‘12175»5
Floor 1 (@) 0.43492... (0.49959... (0.62208... | 1.04308... |0.50270... |0.58733... | 0.51099... |0.67823... |0.45562... |0.62429... |0.82156... |0.95810... |0.49274... | 0.38714... | 0.47211... | 0.44411...|0.63460... | 0.59404... | 1.12697... | 0.88436...
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Table4.3Repair cost of &tory CBF under DBE

Repairt hCoousdtah(dar s )

6-s t €BY¥ with Du
Con v e n tsitodiBH System
10% probabil
t han 1150 500
50% probabil
t han 3150 1750
84. 8% probat
t han 4500 2900
Note: Collapse analysis is not included.
Table4.4 Repair time of 6tory CBF under DBE
Repair Time(days)
6-Chevron CBF wit
Con v e n tsitodnBH System
10% probabi
t han 30 15
50% probabi
t han 49 26
84 . Bt%abh 11ty
t han 79 46

Note: Collapse analysis is not included.
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Table4.5Repair cost 08-story CBF under DBE

Repairt hOGamdtahdar s )

3st €BY¥ with Du
Con v e n tsitodiBH System
10% probabil
t han 600 90
50% probabil
t han 1400 450
84. 8% probat
t han 3400 1200
Note: Collapse analysis is not included.
Table4.6 Repair time of3-story CBF under DBE
Repair Time(days)
ConventsitoddtBHH [3-s t €BF with Dual
10% probabi
t han 8 0
50% probabi
t han 23 8
84 . 8%bptoby
t han 55 19

Note: Collapse analysis is not included.
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Project Info Building Info Population Component Fragilities Performance Groups Collapse Fragility Structural Analysis Results Residual Drift Hazard Curve

Froject Iuii—stnry 0ffice Building

|6 Story SCBF office building located in metropolitan LA, CA
Building
Description:

Client: |SN: Project

Engineer: |sN: Project|
Cost Multipliers

Region Cost lﬁultipl' Date Cost Multipl

#11 costs should be relative to 2011 national averages.

Solver Options
Solver Random Seed Value l:l (0 indicates use of new random seed value for each run)

(a) Project information (PACT)

Project Info Population Component Fragilities Performance Groups Collapse Fragility Structural Analysis Results Re

Number of Stories: D
Total Replacement Cost ($): Replacement Time (days ;::i %;s;o{h.iels{l:;%icg::nt

Core and Shell Replacement Cost ($): 000 Max Workers per sq. ft ‘:‘
Carbon Emissions Replacement (19600000 Embodied Energzy Replacement 130000000

Most Typical Defaults

Floor Area (sq £t;).:.J.UU Story Height (f_t;):

Floor Num Floor Name %‘;"’ Height Area (sq.R): Height Factor ~ Haamat Qeoupancy
Floor 1 18.00 22.500.00 1 1 1
2 Rloor 2 13.00 22.500.00 1 1 1
3 Floor 3 13.00 22.500.00 1 1 1
4 Floor 4 13.00 22,500.00 1 1 1
5 Floor 5 13.00 22.500.00 1 1 1
6 Floor 6 13.00 22.500.00 1 1 1
7 Floor 7 22.500.00 1 1 1

(b) Building information (PACT)

Project Info Building Info Population Component Fragilities |Ferformance Gre Collapse Pragility | Structural Andlysis Results 'Residual Drift | Hezerd Curve

Direction
® Direction 10 Direstion 20 Non-Direstiona: LD
M 4 Foor |1 /7 (Floor1) | b M
Performance
Quantity Fragiity Demand
No. Component Type Group Dispersion  Comelated  OPUlation Model Parameters
|+ [ERTEERERY Soecial Concertrc fraced Frame, designto AISC minium standards, Chevron race, Brace 41 PLF < <93 PLF 600 000 O [Commercil Ofice |~ |Story Dot Ratio |~
B1061.021b | Cold formed steel walls with 22 or 31 mil steel sheathing, exterior - stucco one side 53.00 0.00 0O (Commercial Office | Story Drift Ratio |~
B2011.021b | Exterior Wal - Cold formed steel walls with 22 or 31 mil steel sheathing, exterior - stucco one side 53.00 0.00 O Commercial Office | Story Drift Ratio |~
€1011.001a | Wall Parttion, Type: Gypsum with metal studs, Full Height, Fixed Below, Fixed Above 10.00 0.00 0 |Commercial Office | Story Dift Ratio -

(c) Performance Group and Component Fragilities (PACT)
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Project Info Building Info Population Component Fragilities Performance Groups Collapse Fragility [Structwral Analysis Result

Analysis Type
S i Intensi Non-Li Simplified (Line Typical Number
O Scenario @ Intensity @ Non-LinearO Simplified (Line Topiod X _

Assessment Type

Identify Intensity

Scenario/Intensity Information

Nunber

ber of
R ]

Residual Drift Hazard Curve

Nor-direoti onal
conversion

I4 4 |Intensity 1 /1 » »l  4p Add New Intensity X Delete Intensity | [iF Load Results From CSV g Save Results To CSV
e | For Collapse Only
ensi s o6 |
Wb 66 Deannd [0 ] Modeling Dispersif, [0.585 (s, g pr) Medim k]
Intensity Set
DirectidDireotion 1 | Demand Type [Story Drift Ratio
Floor/Story EQ1 EQ2  EQ3 EQ4 EQ5 EQ6  EQ7 EQ8 EQ9 EQ10 EQM  EQ12 EQI3  EQI4 EQIS  EQI6  EQI7  EQ18  EQI9  EQ20
001122 |001059.. |001234...|0.02956... | 0.01283... |0.01460... 0.01429... |0.01006... | 0.01143... |0.01452... | 0010472 |0.01861... |0.01552.. |0.01293... | 0.01149..|0.010757 |0.01245... |0.01122... | 0.01836... |0.01408..
Floor56(ad)  |0.00940... (0.00935...|0.00861... |0.01306... |0.00905... [0.01039...|0.00991... |0.00862... |0.00829... | 0.00824... |0.00620... [0.01038... |0.01061... |0.00929... |0.00904... |0.00899...|0.00951... |0.00905.. |0.01042... | 0.01059..
Foor45¢ad) |0.00960... [0.00802.. |0.01342.. 0.00443...|0.00431... |0.00799... 0.00981... | 0.00460... 0.00869... 0.00474... | 0.00463... |0.00700... 0.00415... | 0.00806... |0.00765... | 0.00460... | 0.00995... |0.00880... | 0.00562...|0.00411...
Floor34¢ad)  |0.00460.. [0.00461..|0.00520...|0.00444 . [0.00412... |0.00460...|0.00554... |0.00401. [0.00442...|0.00425... |0.00404...|0.00487... |0.00426... |0.00462... |0.00453... |0.00420... |0.00719... |0.00479... |0.00425... |0.00404.
Foor23fad)  |0.00963... 0.00801...|0.01889... |0.00853... |0.00946... |0.01076... |0.00891... |0.01113 |0.01195.. |0.01261... [0.01013... |0.00732... |0.00652... | 0.01027... {0.00869... |0.01019.. |0.01359... 0.00890... |0.00728... | 0.00784...
Floor12¢ad)  |0.00447...|0.00903...| 0.02564... |0.00834...|0.01180... |0.01728... 0011133 |0.01646...|0.01384...|0.02129... {0.012485 |0.00863... |0.00406... [0.01321... |0.00936... |0.016282 |0.01539... | 0.00644... | 0.00918... | 0.01009.
Sormaley A | Pk
Fuber of Diannd [0 ] Modeling DispersiP, [0.385 (s, pra prv) Mediom (0
Intensity Set
DirectidDirection 1 «| Demand Type [Acceleration v
Floor/Story EQ1 EQ2  EQ3 EQ4 EQ5 EQ6  EQ7 £Q8 EQ3  EQI0 EQ11  EQ12 EQ13  EQW4  EQIS  EQI6  EQI7  EQ18  EQIS  EQ20
1.18565... | 1.16954... | 1.32664... | 1.90661... [1.05620... |1.35170... | 1.62423... |150487... |1.05525... |142387... | 157497... |205388... | 149257 |1.41475... [1.07211... |1.17057... | 1.26226... | 140105... | 202506... | 1.70618...
Floor 6 (g) 1.30896... | 1.53292... 1.09541... |168360... | 1.17624... |1.31631... | 1.26713...|150688... |1.59385... | 249679...|1.15031... [1.10484.. | 1.21887... |1.10869... [1.26828... |1.62589... {2.29360... |1.71840
Floor 5 (g) 1.02930... | 1.10489... . |0.89747... | 1.19685... | 1.00719... 0.86208... | 1.25900... [1.06364... | 1.51993... |1.01415... |1.34422... [1.08266... | 1.00434... | 1.10878... |1.51007... |1.49557... | 1.66561...
Floor 4 (g) 1.28615... | 1.54910.. 1.09148.. | 141732 | 120908 |1.14284.. | 1.08656... | 1.19794... |1.27600... | 207834 |0.96851.. |1.39190... | 125982.. (120259, 1.17432... | 155262.. [174625.. |131904.
Floor 3(g) 1.08981... |0.92858... | 0.90887... |1.19098... |0.83091... [1.10605... |1.19144... | 1.28321... [1.02665... |1.10216... | 121614... |1.63070... |0.95950... |1.04197... |0.88265... | 1.08266... 0.78740... |0.85180... |1.24400... |1.71368...
Floor 2(g) |0.82489... | 0.86650... |0.99799... |0.93510... |0.84038... |0.96086... |0.71030... |1.03786... |0.75538... |0.87762... |1.14642.. | 1.36298... |0.77213... |0.83733.. |0.82595... [0.82392... | 0.70660... |0.62335... |1.28153...|1.21756...
Floor 1(g) [043492... |0.49959... |0.62208... | 1.04308... |0.50270... | 0.58733...|0.51099...|0.67823... |0.45562... 0.62429... | 0.82156... |0.95810... |0.49274... |0.38714... | 0.47211... |0.44411... |0.63460... |0.59404... [1.12697... | 0.88436...
[ Use Residual Drift
Median Trreparable Residual Story Drift Ratio Dispersion0.3 |
—— Damage State 1 - Irepairable
1+
094
084
074
06+
§ 054
044
034
024
014
0 1 4 . + . |
0.005 001 0015 002 0.025 003
Building Residual Story Drift Ratio
4 4 | Intensity 1 FARE 2|
EQ1 EQ3 EQ5  EGE EQ11 EQI2 EQ13  EQ4  EQIS  EQI6  EQI7  EQIE  EQI9  EQ20

e

EQ2 EQ4
0.0004..|00005...|00033.. [0.0016... [0.0002.. [0.0005

EQ7 EQ8 EQS EQ10
00003.. [0.0008.. [0.000e.. [o0ms.. |

00007.._[0.000¢... [00007.. [0.0007... [0.0003. [00010.. [00017.. Jo0oos.. [0.0004. [0.0009.

(e) Residual drift fragilitf PACT)
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[] Include Potentisl Collapse in Assessment

Collapse Fragility Median: Dispersion:

In terms of Sa (T)

Humber of Fotential Collapse Mi:l

Mutually Exclusive Probability of Mode Given Collapse

Mode 1 Mode 2 Mode 3 Mode 4
02 lo4 02

Fraction of Floor Subject to Collapse Debris

Floor Mode 1 Mode 2 Mode 3 Mode 4
03 04 03

1
Floor 5 (5) 1 01 02 03
Floor 4 (4) 1 01 01 03
Floor 3 (3) 1 01 01 0.3
Floor 2 (2) 1 02 0.2 03
Aoor 1(1) 1 06 04 03

Collapse Consequences
S 4 4 |Mode 1 /40 M

Floor Fatality Rate Fatality Rate Injury Rate Injury Rate
Mean cov Mean cov

0.1
01
0.1
0.1
0.1
01

oo 0| o o o

oo o o o o

(NCollapse fragility and casualty estimation model

Figure 4.3 Building model and analysis results import (PACT)
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Figure 4.6 DVCDF ofthe 6-story CBF with dual dampetsider DBE
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Figure 47 Unsafe placard of-8tory CBF with dual dampers under DBE

89

800



P (total repair cost <= $C)

08+

0.7+

06+

0

4
2000

000

6000

8000 12000 16000
10000 14000

€ 1S Nallare) v 1 ANAY

(a) Repair Cost

18000

20000

Note: No potential collapse considdr

Probability of causing Unsafe Placard

22000

24000

08+

06+

044

024

04
0

200

400 500 600

Time (Days)

300

(b) Repair time
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Figure 49 Unsafe placard of-6tory conventional CBF only under DBE
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Figure4.133-storyCBF normalized repair cost at DBE
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Chapter 5 Conclusions

5.1 Research Summanand Findings

In this study, two steel concentrically braced frame (CBF) buildings including a 3
story building and a-8tory building originally designed for the SAC project in 1997

are adopted as prototype buildings with and without supplemental dwal datnpers
(viscous damper + steel hysteretic damper) for seismic resilience quantification. Their
seismic performance under design basis earthquake (DBE) is investigated through
nonlinear finite element simulation study in a general structural analysisase-
OpenseesBoth nonlinear static and nonlinear time history analysis were conducted to

obtain the structures response under seis

as input parameters for seismic resilience assessment

The performance dhe prototype buildings under DBE was evaluated using PACT, a
software tool newly developed as the application for FEM28F2018). Monte Carlo
simulations based on large quantities of realizations waaréed out by the software

using the nonlinear timeistory analysis results. Five major decision variables (DV)
adopted by PACT include repair cost, repair time, casualties, unsafe placard and
environmental impact. DVs are obtained by aggregations of performance groups
consisting of structure componentslanonstructural components. All DVs from each
realization are represented as binned points and the lognormal cumulative distribution
function (CDF) curve has been used to fit the distribution where the expected cost is

taken as the median point and thgpérsion indicates the degree of variance. The DV
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results are also presented for individual performance groups or separate floors in the

2

building, where the performaneeo nt r ol 1 i ng component s fragi

This study also performs anabl analysis and finite element analysis of newly
developed dual metallic hysteretic and viscous dampers (hereafter referred to as dual
action damper), and the promising use of this dual action damper to mitigate the
seismic response of conventional CBHding with regard to the cost and risk

reduction.

A summaryof the research findings made in this study are listed as follows,

1 For the 6story CBF building under DBE excitation, large ing¢ory drift is
found in the first and roof story. Acceleratiangenerally higher at upper
floors than at the lowest floor. For thes®ry CBF building, large story drift
was observed at the roof floor. There is a high risk of partial or entire collapse
associated with excessive stalyitand® s o ft s t ocesgivestory us ed e x
drift would increase the risk of economic loss and injuries. The risk of collapse
of the CBF building is low under DBE, but there is a potential risk of excessive
story drift concentrated to the roof story of thet8ry CBF building and
grownd story of the &tory CBF building. Residual drift obtained from the
nonlinear time history analysis indicate that replacement risk due to irreparable
plastic deformation is relatively low under DBE intensity. The time history
analysis results suggesghiprobability of necessary repair on the components

of the building instead of replacement of the entire structure.

95



1 The newly developed dual action dampers are proved to be helpful in
enhancing the resilience of CBF buildings. Installing dual action daoape
considerably mitigate the seismic response of the prototype CBF buildings
such as intestory drift ratio, floor acceleration and residual drift. It can also
reduce the total unsafe placard of the entire building, thus implicating less
immediate risk from damaged braces, partitions and ceilings after given level
of earthquake. The metallic hysteretic damper (also called TPAD damper due
to its trapezoidal steel energy dissipation plate) works as a backup energy
dissipation device and is activated ownllgen the story drift ratio exceeds 1%
to further mitigate the dynamic response of CBF structure under large
magnitude of earthquake excitations. For frequent earthquake with lower
magnitude but more frequent, seismic energy dissipation mostly relies on th
viscous damper which does not need immediate replacement because of its
long operating stroke. This study also found that for tkoBy CBF building,
all engineering parameter demands (EDP) can also be reduced even under
maximum considerable earthquak&CE) excitation. The performance group
of dual action dampers has been developed based on the lognormal fragility
function with a median damage EDP based on analytical calculation, and
repair cost and time consequence functions are determined for thercemh
The replacement of TPAD damper has been proved to be economical and less
time-consuming for posearthquake retrofit of CBF building.

1 PACT provides a useful tool for performaraased seismic design (PBSD) by

giving an estimated prediction of risk life, occupancy, and economic loss for
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future earthquakes. It takes into account uncertainties from different aspects for
each level as specified in the PBEE framework. PACT can provide a useful
insight of building performance under series intensitidsaaard. However,

PACT power can be further expanded by including modules for seismic
response mitigation devices such as the proposed dual action dampers, which it
currently lacks. Empowered by including full spectrum of seismic force

resisting systemsna supplemental dampers, it would allow owners and
engineers to set expected performance goal under different risk level by

specifying each structural as well as sstructural component in the building.

5.2 Future Studies

Potential future studies alotige line of this research can be summarized as below:

1 As mentioned in Chapter 3, the structural median collapse spectrum
acceleration (SA) is based on simplified IDA results, from linear regression
of static pushover curve in finite element model. Equivaligteral load
pattern is based on the first vibration mode and only the most critical
engineering demand parameter (EDP) values are given by the simplified
method. Future collapse analysis can be performed based on IDA results
from the selected ground itnan records with different scaling factors to
find the SA point at the ultimate strength of CBF structure. More intensity

levels of earthquake in addition to DBE can be taken into account.
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1 Ultimate strength and deformation of the structure is estimatsztilin
limited number of available large scale structural test data. Failure mode
such as brace fracture under cyclic loading is not considered in the
numerical model of this study. Low cycle fatigue damage model can be
introduced in future study.

1 The paraneters of dual action damper such as viscous damper and TPAD
damper are not optimized. Further study can be done to optimize the

properties of dual action dampers for the CBF buildings.
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