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Abstract

Base isolation systems generally perform well under ddsiggi gound motions to
reduce both interstory drift and acceleration demands. During a larger than anticipated
earthquake, however, large displacements in the base level may cause pounding between the
structure and perimeter moat wall, which can lead to venh kagceleration in the

superstructur e. A phased passive control syst

control base isolator displacement during extreme events while having no effect on the
isolation system performance for earthquakes up and imgjuttie design level. After a
threshold displacement demand is reached, the gap damper system triggers additional energy
dissipation by engaging existing hysteretic and viscous damping mechanisms during large
earthquakes to limit displacements. Use of thap damper device eliminates undesirable
effects often exhibited with large amounts of supplemental damping at lower intensity
motions.This research will present development, experimentation and implementation of gap
damper system.

In this project, the gp damper concept is developed through computational
simulation and experimentation. Preliminary computational feasibility and optimization
studiesareconducted to (1) validate the concept of phased damping to control displacement
demands in very large ehquakes while having no effect in a design earthquake, (2)
determine which form of damping mechanism would be most effective to control
displacements, and (3)evelop a rational method for selecting the damper properties
Numerical studies suggest thaapy damper modeléncorporating viscous damping are
preferable ovehysteretic damping to control the isolatlisplacementwith the tradeoff of
greater superstructure acceleration due tosindden engagement of a viscous damping
device An optimization pocedure isdevelopedio select energy dissipation to minimize a
performance index that balances competing objectives of limiting both displacements and
superstructure acceleration demands.

Following this, the report describes the design and experimental validaticm of
prototype gap damper for practical implememtatiThe gap damper device uses four viscous
dampers oriented around a bumping surface. The device was designed, fabricated, and tested
i n Auburn Univer sity ®hegaf dampecsystem test waRiedoatar ¢ h
at the NEES facility at University of Nevada, Reno to simulate the gap damper system
functioning within a base isolated building during large motions. Two test configurations
consisting of a base isdkd building withouaind with a gap damper system were tested. To
the extent possible, the same trials were carried out in both configurations to quantify the
influence of the gap damper on isolator displacements and superstructateraions
compared to the isolated building without a gap damper. The gap desfuend to be more
effective in limiting isolator displacements during putgpe motions compared to cyclic
motions, and in predominantly unidirectional motions compaoethétions with a strong
bidirectional component. In addition, several fact@® identified that limited the
effectiveness of the gap damper relative to predictions from numerical simulations, which are
possible to overcome in the design process. Supetste acceleratiorse found to increase
as a result of activation of the gap damper, but these high frequency acceleration spikes are
not seen to be detrimental to the overall structural performance relative to a conventionally
designed building with no specialis@ic protection.
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The report concludes with the development of a design procedure for practical
application, and a sample case study implementation. The design procedure is applied to a
case study -3tory basesolated steel moment frame building that bagn used in several
life cycle analysis studies. The case study building is analyzed in OpenSees and SAP2000 for
a comparison basis and demonstration of practical modeling techniques. The results of the
case study clearly show the reduction of displacemean the isolation level with some
consequences in the superstructure for extreme ground motions. Overall, the gap damper
system shows promise in providing a performabased system that can effectively reduce
isolation level displacements without affiect response in lovto-moderate level intensity
motions.
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Chapter 1. Introduction

1.1 Background

A seismic isolation system protects a building and its continiag an earthquake
by decoupling the superstructure from the ground. The low horizontal stiffness of the
isolation system lengtherike fundamental period of the isolated structure, which leads to
smaller base shear demand and subsequently smaller structural accelerations and
deformations. However, the flexibility of the isolation system increases the displacement
relative to the grood during an earthquake. To limit isolation system displacements to an
acceptable level, most isolation systems incorporate an energy dissipation mechanism to
introduce asignificantlevel of damping into the structure [Buckle et. al. 1996]. Figufe 1
shonvs how the main functions of an isolation systerto lengthen the natural period and
increase the overall dampirig affects spectral acceleration and displacement demands.
Period lengthening due to isolators function leads to reduction in the spectiaratton and
increase in spectral displacement demands. Increasing damping decreases both spectral
acceleration and displacement demands.

(a) (b)
Increasing Period Increasing Period
Fixed Base Structure 2 =3
(@] c o
S4 z ‘@ S Suq ‘n £ | Isolated Base Structt
o 2 =S A
— E b E U
O © O ©
£N £N0

I
<
)
o
w
)
17
@
[9)]
=
c
o
Q

Isolated Base Structu A

Figure 1-1: Typical design spectra for: (a) acceleration and (b) displacement

Two commontypes of seismic isolation devices are mainly used in United States:
elastomeric bearings and sliding bearings [Naeim and Kelly, 1999]. Elastomeric bearings
incorporate alternating layers of steel and low or high damping rubber. Steel shims provide
vertical stiffness for the bearing to withstand the superstructure weight and rubber layers
provide horizontal flexibility to isolate the structure. Lead rubber bearings (LRB) are a type
of elastomeric bearings that have a lead plug inserted in the core dbrismlaprovide
hysteretic energy dissipation. Sliding bearings (also called friction bearings) can be
categorized based on the sliding surface shape as either flat sliding bearings or spherical
sliding bearings. Spherical sliding bearings are also knowinic@®n pendulum bearings.
Similar to elastomeric bearings, sliding bearings are also designed to be flexible in the
horizontal direction to limit the shear force transfer across the isolation system while being
stiff enough to sustain gravity loadeifn the superstructure.

Numerical studies [e.g. Lin and Shenton 1992; Dolce and Cardone 2003], shake table
studies [e.g. Taniwangsa and Kelly 1996; Fenz and Constantinou 2008; Sato et. al. 2011] and
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physical observations in earthquakes [e.g. Stewart e198D; Nagarajaialand Sun et. al.

2000; Nagarajaiahand Sun et. al. 2001; Kani et. al. 2006] have shown very good
performance of seismically isolated structures during moderate to deserearthquakes.
However, during motions larger than design lesalh as maximum considered earthquake
(MCE) and beyond, or near fault motions with pulse like characteristics that introduce
extreme displacement demands to seismically isolated structures, many of benefits of
isolation systems are lost [Hall et. al. 199angid and Kelly 2001]. During such extreme
events, increasing isolation system damping to limit isolator displacement demands may not
be sufficient since the response of the structure is more sensitive to the nature of the damping
mechanism rather thahe amount of energy dissipation provided [Makris and Chang 2000].
Extreme displacement demands in the isolation system during extreme events may lead to
pounding or collision of the structure against the outer moat wall, which transfers very high
accelertion demands to the superstructure and increases probability of the building collapse
[Masroor and Mosqueda 2012]. One study showed that wide discrepancy in displacement
demands may be observed due to statistical variation in the motions selected entepres
MCE, increasing the possibility of pounding between the base isolated structure and the
surrounding moat wall [Erduran et. al. 201These studies indicate an ardent need to
develop reliable methods for limiting isolator displacement demands nenextground
motions and preventing impact with the outer moat wall.

Different approaches to control isolator displacement demands have been studied.
One approach to limit isolator displacements is to design the isolation system to stiffen at
large displaement demands [Kelly 1999]. Isolation systems capable of stiffening at large
displacements could be developed by the following design approaches:
1. Utilizing high damping rubber witktrain induced crystallizatioproperty in elastomeric
bearinggo increasestiffness and damping at large displacemé§@tark et. al. 2007
2. Designing the slider in friction pendulum isolators to have larger curvature and friction
near the outer edges of the sliding surface corresponding to the displacement limit
[Panchal andangid 2008; Panchal and Jangid 2009; Lu et. al. 2009].
3. Utilizing a skid system alongside elastomeric bearings that engages at preset level of
isolator deformation and subsequent shortening in the bearings [Kelly et. al. 1980].

In addition to passive techlogies, other approaches usirggtive and serractive
control methods have been developed and evaluattthugh active strategies can be very
effective in limiting displacement demands, large power requirements, expensive control
equipment and systemasility problems have limited research and investment in these
systems. Sera ct i v e Asmart i sol ati on systemso t hat
controllable damping, or a combination of the two have been also investigated. An example
of such device ignagnetorheologicaklastomer (MRE) which is a modifieelastomeric
element that incorporates a composite layer of passive elastomer and MRE to make a variable
stiffness and damping isolator (VSDI) [Behrooz et. al. 2014 (I) and BRperimental study
on VSDI showssignificant reduction of the acceleration and relative displacement of the
superstructuréoors [Behrooz, 2014 et. al. (I) and (I1)].

Perhaps the most common approach to limit isolator displacements is to use
supplemental damping alongside tiselation system when sufficient damping and energy
dissipation cannot be provided by isolators. Both passive andastive devices have been
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investigated for this purpose. Some notable examples ofagimé control systems that
have been developed tee used in parallel with isolation armagnetorheological (MR)
dampers under a neucontrol system with leadubber isolation bearinggBaniHani and
Shebar200q, MR dampers with sliding isolatofSahasrabudhandNagarajaial2009, and
piezoelectric fiction dampers[Bitaraf et. al. 201D In some of these cases, either
displacement demands are actually larger with the -setiie isolation system [e.@®ank

Hani and Shebar2006 Bitaraf et. al. 2010], or superstructure acceleration and overall base
shear demands increase, as a severe tradeoff for displacement redfahasrgbudhand
Nagarajaiah2009. While smart isolation systems have demonstrated improvements in
performance, a wellesigned passive device may be able to achieve the desiredevariab
damping for different ground motion intensities without the negatives associated with a
controlled device.

The passive devices that have been used alongside isolation systems include those
with plastic, friction and viscous damping mechanisms. Suclicewan be generally
categorized as either velocity dependent passive control devices or displacement dependent
passive control devices. Velocity dependenften referred to as ratdependent passive
control devices incorporate viscous fluid danspeYiscous fluid dampers consist of a
cylinder filled with a fluid, typically silicon, and a piston with orifices on the face (Figure 1
2). The movement of the piston through the viscous fluid inside the cylinder provides energy
dissipation. The viscous dgers can be either linear (with velocity power coefficient = 1.0)
or nonlinear (with velocity power coefficierit 1) depending on the arrangement of the
orifices on the face of the piston. Application of viscous fluid dampers in parallel with
isolation sytems led to significant displacement demand reduction in some dtHdiesain
et. al. 1998 The San Bernardino Medical Center and the lAsgeles City Hallare
examples of projects that utilized the isolation systems and dampers in a parallel
configuraton [Hussairet. al. 1998

Displacement dependent, often referred to as hysteretic, passive control devices
usually incorporate plastic or friction damping mechanisms that use the large inelastic
capabilities of the device to provide energy dissipatiime two most common hysteretic
devices are metallic yielding and friction devices. Metallic yielding devices rely heavily on
the plastic action of the metaltypically mild steeli to provide energy dissipation. Various
devices and configurations have bedesigned, researched and implemented with success
using this concept. Examples of isolation systems using metallic yielding passive devices
include the following:

1. Devices with shape memory alloys (SMAs) such as a base isolation system that
combined lanmated rubber bearings and SMP¥ilde et. al. 200Dor a Nitinotbased
SMA in parallel with a rolling isolation systefolceand Cardon200]]. Recent studies
on application of shape memory alloys in isolated structsmggest their feasibility and
effediveness [Alvandi and Gassemieh 2014].

2. U-shaped steel dampers that provide hysteretic energy dissipation. Such devices can be
built by integrated rubber beariing in separated configuration from the bearings.

Friction passive control devices are anotlygre of displacement control deviceSlotted

bolted connections (SBC) are a type of friction device often used due to the relative ease of

design and construction [Levy et. al. 2000]. This device incorporates bolts that connect two
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plates together with @alamping force. Once the slip force is reached, the coefficient of
friction and bolt compression dissipate energy through heat.
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Figure 1-2: Typical viscous fluid damper (Hussain et. al. 1998)

Although using supplemental dampiradongside isolation system is a common
approach, studiekave shownthat for typical broadband frequency motions, too much
additional damping increases superstructure floor accelerations and interstory drifts
associated with increased higher mode respdKsdly 1999]. Therefore, an optimal
approach is required that provides supplemental damping during an extreme event but does
not affect damping in a smaller design level event. The concept of a phased system was first
investigated to reduce peak inelastesponse ot sequentially coupled lateral resisting
systemWeidlinger 1996] Recently, a hybrid passive control device with phase behassr
developedthis device incorporated a viscoelastigh-damping rubber sandwich damper and
buckling restraing braces (BRBs) [Marshall and Charney 2010]. In this configuration, a
rubber damper is engaged in the first phase, followed by later engagement of BRBs. The
rubber damper reduces the response and eliminates damage for small to moderate events,
while the BRBs provide life safety in larger events due to tHange hysteretic energy
capacity.

This report presents the investigation of a phased passive system that can trigger
additional damping when a specific displacement demand is reached. The proassed
system, called the 6gap damper 6, provides pha:
an energy dissipation device. The energy dissipation of the system can be provided by
various combinations of hysteretic and/or viscdamping mechanismsh& added damping
slows the isolated structure during extreme events and prevents pounding at the isolation
level and subsequent damage. In this configuration, by selecting an appropriate initial gap,
the damper will not engage at low to medium intensitgksty in order to preserve the
optimal performance of the isolators at this range of earthquake intensity.

1.2 Research Objectives

The objectives of this research are: (1) to investigate the effectiveness of gap damper
system to reduce the displacemesatn@nd of isolated structures whill@iting superstructure
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acceleration and story drifts to acceptable levé2$ to optimize the gap damper system
performance during numerical studies by selecting the optimal combination of damping
mechanisms and the apil level of energy dissipation; (3) to develop and validate the gap
damper system overall function through a component test conducted at Auburn University;
(4) to provide experimental proof of the gap damper system effectiveness in limiting
displacementdemands through a system test of the gap damper implemented in-a base
isolated building at University of Nevada, Rerand (5) to develop and demonstrate a
performancebased design procedure for the gap damper system.

A large portion of thisreport focuses on the system test conducted in the NEES
facility at University of Nevada, Reno. Alternatenfigurations of aaseisolated 3story
steel frame specimeénwith and without a gap damper systénwere testedand responses
of boththeisolation sys¢m and the superstructure wetadied The extensive data recorded
from the test are used to compare the response between the 2 configurations, develop and
validate analytical models, and investigate and understand the responsegap themper
systemjsolation device§LRBs) and the structural system undxtremeearthquaks.

1.3 Organization of the Report
Thisreportis organized into nine chapters with the following contents:

Chapter 2 presents a numerical feasibility study of the gappe@a system. The
chapter starts by introducing the numerical model considered, the gap damper concept and
function, a calibration procedure for the damper properties, and various considered gap
damper models. This is followed by a numerical example of#pedamper application and
how the gap damper system would affect the response of isolated structures. An optimization
study concept is introduced to find the optimal gap damper parameters based on the
efficiency of the model to limit the displacement dewts while satisfying superstructure
response acceptability criteria. Also, the optimal energy dissipation level of gap damper
models is determined for various isolation systems with different effective periods and
damping ratios. Finally, the effects of sidual displacement in gap damper system
configuration on the system performance are investigated.

Chapter 3 describes the design of the gap damper system to be used in both the
component and system tests, and presents component test results. The propéste
rubber bearings selected for the gap damper system test are described. Also, the effective
damping mechanism for the gap damper system component is selected and the component
properties are designed. Finally, the gap damper component test,mmstfat Auburn
University to verify gap damper function, is summarized.

Chapter 4 presents the design procedure ohebay by onebay three story steel
frame specimen, designed at University of Nevada, Reno. This ivaseonstructetbr the
gap damperystem test. The chapter introduces load cases and combinations considered for
the steel frame design along with the final frame member sizes and connection details.

Chapter 5 presents the test plan for the gap damper system test performed at
University ofNevada, Reno. The test plan includes the base isolated configuration and base
isolated with gap damper configuration, hereafter called only gap damper configuration. This
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chapter illustrates the steel frame specimen assembly sequence for both testatmmfggur

the design of safety cables to be used with the safety frame, the test instrumentation, the test
plan, and the test data processing algorithms. The test plan description includes the criteria
for selecting the test motions and sequence of motippsied during the experimental
testing.

Chapter 6 presents the results observed during gap damper system test. This chapter
starts by presenting an example of gap damper system performance during one of the trials.
Then, statistics of the system test fesuncluding base displacement, superstructure
acceleration and torsional response in both base isolated and gap damper configurations are
presented. The influence of ground excitation characteristics on gap damper system
performance are presented to istigate why gap damper performs inconsistently when
subjected to different motions. Then, factors that limited the gap damper effectiveness during
experimental relative to theoretical studies are discussed. Finally, the steel frame floor
acceleration ancdhterstory drift responses are presented.

Chapter 7 presents analytical simulation results. This chapter describes the
development of the analytical models of the building specimen, lead rubber bearings and gap
damper system in detail. The analytical modeldeveloped using the Open System for
Earthquake Engineering Simulatio®genSedsand used to validate experimental test
results.

Chapter 8 develops a performasmesed design procedure for the gap damper system
and demonstrates the procedure by apfdinain a casestudy building. The design
procedure is compatible with new design requirements for seismically isolated buildings.
Philosophically, thegap damper systemmay be developed as a backup systamas an
integral part of the isolation systefinally, the design procedure is demonstrated thr@ugh
case study of base isolated structure withe proposed gap damper system. Tiislding is
modeled in bottOpenSeeand SAP2000 andthe two models are compared to evaluate the
overall gap damper permance in limiting isolators displacement demands and
superstructure acceleration demandssing the design procedurelevelopedfor the gap
damper system, its effectiveness in limiting isolated structure displacement demands will be
investigated.

The fndings from both analytical and experimental studie summarized in
Chapten.



Chapter 2. Feasibility Study of Gap Damper System

As explained in Chapter 1, to limit isolator displacements during extreme events such
as maximum considered earthgag MCE) and prevent pounding between the structure and
surrounding moat wall, gap damper system is proposed to trigger additional damping when a
threshold displacement demand is reached. The selection of an appropriate initial gap allows
the gap damper stem to activate only during large earthquakes to control displacements. In
this chapter, various combinations of hysteretic and viscous damping mechanisms are
considered to develop different numerical models for gap damper. Then, a numerical study is
devised to evaluate the ability of various gap damper models to reduce the base displacement
by at least 25%. Preliminary studies on the gap damper system show that due to sudden
engagement of a damping device, the roof level acceleration increases. Thé lepehaf
energy dissipation in the damper that limits displacement while simultaneously avoiding
large accelerations in the superstructure is determined through an optimization study [Zargar
et. al. 2012].

In addition, the effect of initial offset on éhgap damper performance is studied.
Upon gap damper activation, the dampers will elongate or shorten and displace permanently
until they are engaged again, whereas the isolator will tend -tenter. The residual
displacement in dampers after each atitivaleads to a permanent offset in the device that
changes initial gap damper system configuratibmassessnitial offset effects on the gap
damper performance, numerical simulations with different initial gaps for gap elemgent
performedZargar etal. 2014]

2.1 System Considered

A simple numerical model of an isolated building has been developed to examine the
gap damper concept. This system consists of a linear single story shear structure supported
atop a bilinear base isolation syst@rigure 2-1(a)). The superstructure roof massMsand
base mass is 0.Bf representing a muistory building, where the majority of the weight is
above the base level. The superstructure has p&@.5 £cand damping raties = 5%.

2.1.1 Base Isolation System Properties Calibrated for Target MCE Spectrum

The base isolation system is assumed to have a bilineardefeemation relation
(Figure 21(b)). The properties of the isolator are calibrated for a target secanectiveff
periodTm and effective damping rati@ corresponding to the isolator displacemBgite in
an MCE earthquake. A target MCE spectrum with 1.0 sec spectral accel&atori.11g
and shoHperiod spectral accelerati@us = 2.29 has been selectedo find Duce, the target
spectral acceleratiors{ was determined by:

Yo — (2-1)

whereg is ground acceleration ar8l is a damping factor.The damping factor is a scale
factor that represents the spectral response atsyiseem effectivedamping ratio $v) in
comparison to damping ratio of 58 theMCE target specal intensity,computed by:



0 a— (2-2)

For damping ratiossf,) smaller tharb%, B is smaller tharl, and for @amping ratios larger
than 5%,B is greater tharl. Finally, the isolator displacement at MCE earthquakie)
was computed by:

0 —_— (2-3)
The effective stiffness of the isolation syst&gwas computedsing:
0 _— (2-4)

where Mwtal iS the total mass of superstructure atop of isolation system NO.25L.0M =
1.25M). The characteristic streng®us and postyield stiffnessKq are computed frorKy, the
effective stiffness corresponding e, andaw according to:

~

o @ — (2-5)
R — (2-6)

whereDy was assumed to . @& cm). The moat width, or distance to outer moat wall,
is assumed to be 10% higher thance (Figure 2-1(b)). The primary objective of the gap
damper is to limit the base displacement to be less than thewdih to avoid impact of the
structure withthe neighboring moat wall.

M Moat = 1.1 *Dycp

=~ Force
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. /
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\

s

>Displacement

0.25M

Figure 2-1: (a) Numericalmodel of single story basisolated building and (b) bilinear force
displacement relation of isolation system

2.1.2 Base Isolation System Properties Calibrated for Target Design Spectrum

According b the US design procedure [e.g. ASCR{], the target design spectrum
is 2/3 of the MCE spectrum (i.€5p1= 2/3-Sw1 and Ss=2/3-Sus). Given Qd and Kd from
Equations (%) and (26), the design displacemedb, periodTp, and damping ratiap are
determired by iteration [Ryan and Chopra 2004]. The following iterative procedure was used
to calibrate the isolation properties for the target design spectrum:
1) Deformation demand from design spectrudg)was set to 2/Bwce.
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2) The isolator forceRmay Was compued using the following equation:
O 0 0 © (2-7)
3) The isolator effective period and damping ratio were updated according to:

Y ¢t — (2-8)

, = 8= (2-9)

whereKp is isolator design effective stiffness and compute&sFmay/Do.

4) Using updated values df and 3; Duce [Equations (21) to (23)] and subsequentlpp
(2/3-Dmce) were updated. Steps3lwere repeated with updated valueslaind 3-until
successive estimatesdf converged.

As an example, Figura-2 illustrates the MCE acceleration and displacement spectra
for a baseisolation system withTy = 3.0 s andaw = 15% It is by using the iterative
procedure that the desigrarameters of tkireference isolation system arg= 2.7 s,3p =
23.6% andDp = 30 cm which isabout 1/2 oDuce. The design spectra are also shown in
Figure2-2. The dots on Figurg-2 pinpointtheaccelerations and displacementIat 3.0 s
for the MCE spectrums( = 15%)andTp = 2.7 s for the design spectruss € 23.6%)
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Figure 2-2: (a) Targetaccelerationspecta and (b) target displacement spadior MCE and
designlevel earthquakes

2.2  Ground Motion Selection and Scaling

A suite of 24 ground motions waeglscted from the motions in the PEER NGA
databas¢Chiouet. al. 2008 and the motions prepared for the SAC Steel Pr¢featerville
et. al. 1997. Two sets of scale factors are utilized for scaling earthquakes. To define the
overmoat scale factors, theelected ground motions are scaled such that when applied to the
baseisolated system, the isolator displacement exceeds the moat Witib\ce) by exactly
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25%; that is, isolator displacementl-375Dwmce. Scaling to a common starting displacement
demand allows for systematic evaluation of the gap damper ability to reduce the
displacement by a large amount (25%). To define the design scale factors, ground motions
are scaled such that the isolator displacement demand is exactly equal to the design
displacenent Dp. Note that the scale factors vary with variation in the properties of the
isolation system. Initially, a larger set of ground motions was considered. After thmoaer
scaling procedure was applied to a representative isolation system, grouod reobrds

with scaled peak ground acceleration greater thgrodscaling factors greater than 3 were
eliminated, to minimize the potential that the scaled records have unrealistic properties. The
retained ground motions are listed in Tapl& along wih essential characteristics including
earthquake, station, magnitude, closest distance to fault rupture, and peak ground acceleration
before scaling.
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2.3 Gap DamperSystemConcept

As discussed before, the gap damper is a passmtrolsystemthat engages at a
thresholddisplacemento prevent the structure from impacting the perimeter moat wall
during extreme seismic eventSor this study, the initial gap (threshold displacemést)
selected a®).6:Dwce, which generally exceels the design displacemeBp so that the
additional energy dissipation is not active in a desaprthquake. When the base
displacement reaches the iaitgap, the energy dissipatiatevice (hysteretic, viscous or
combination of two)s assumed to engadierough contact with the isolated structure. During
the contat phase, thestructureis susceptible to an acceleration shock because of a sudden
change in lateral stiffness at thisolation plane, which is taken into consideration in
evaluation of the gagamper performance.

2.3.1 Gap Damper Properties Calibration

The parameters of the damper are calibrated to a referentefleveergy dissipation
EDremce, Which is the theoretical energy dissipated by the reference isolation system as it
moves from the M E displacemenbDwce to the oveimoat displacemerit.375Dmce. EDpmce
is visually equivalent tothe dasheenclosed area in Figure BDpawvrer is ddined as the
energy dissipatiorof the deviceas it moves from the initial gaf.6-Duce to Duce. As a
starting point forcalibration, EDpameer iS selected to be equivalent EDpmce, that is, the
energy dissipated iyre damper prior to reachii@MCE is equal to the energy dissipatey
the isolation system as ihoves fromDwce to 1.375Dmce. In one complete aje of
amplitude equal to the ovanoatdisplacement, the energy dissipated byisiodation system
in moving beyon®dwce (2- EDpmcein Figure2-3) is:

¢ 00 0 p® X0 0 p®0 O (2-10)

Suppose the emgy dissipation of the gap damper is provided by a hysteretic
mechanisnrepresented by elasterfectly plastic forcalisplacement with initial stiffneds;
and vyield forceFy (Figure 2-4(a)) In this case, the energy dissipated by the damper in a
complde cycle[2- EDpamvperin Figure2-4(a)] is:

¢ 00 O ™80 — (2-11)

As the performance of a hysteretic gap damper was found to be insensKiyento
this studyK; is equated to the initial stiffness of the isolation system. Equ&Dgice to
EDbamper (hysteretic) leads to

N 8 8 8
O

(2-12)

Alternatively, bothlinear and nonlinear viscous energy dissipation mechanisms are
also considered for theag damper. In the viscous models, the force is a function of velocity
was given by

0 i QB é (2-13)

whereC is a coefficient andl is the power applied to the velocifwhich ranges from 0:3
2.0) of the viscous dashpot.oF alinear viscous dashpot) reduces to 1.0, and the force
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displacement relation under cyclic loadimgy an ellipse (Figure 24 (b)). It is by using
numerical integration that the general expressiorefergy dissipated by the damper in a
complete cyclg2- EDpamvperin Figure2-4 (b)] is:
¢ 00 o 4 (] ®w Qo (2-14)
In Equation 2-14, the displacemenk was assumed to be a sine function with
frequencyy. EquatingEDpmce to EDpamrer (Viscous) leads to

) CE— (2-15)

~ 8

For the calibrationyy is assumed to equal the natural frequency of the isolation
system. For the linear viscous mo@lék 1.0), Equation2-15 simplifies ta

0 0% u—— (2-16)

EDDAMPER

Displacement
] | S

Figure 2-3: (a) Calibration of gap dampepropertiesusing equivalent energy dissipation
approach(a) reference level of energy dissipation by isolation system and (b)afissgpation
by gap damper

(a) (b)
X! sh
F ________ ...EDDAJ[PEE Ciai_i‘igﬁ‘

ED (6=1.0)

DAMPER

= 0.6D D =
Displacement : MCE Displacement

Figure 2-4: Energy dissipated by: (a) hysterafimperand (b) linear viscous damper
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2.3.2 Gap Damper Numerical Modeling

A series of gap elements and specific damper models were used to model the gap
dampersystemin OpenSes. Two zeroLength elements using elastic perfectly plastic gap
materials were assembled in parallel (to represent damper engagement in positive and
negative directions) to definsystemgap elements. The initial gap was assigned to be

0.6-Dwmce for the g elements. The gap element yield strength or force was assigned to a
very high value to avoid yielding. The gap element stiffness was assigned to be relatively
large to provide a realistic estimate of the impact force, ensure small impact duration and
limit the penetration or overlapping of the colliding structures During initial simulations, the
gap element stiffness was assumed equal ti; XBolator initial stiffness) which validated
later by results of experimental test on gap damper system (Chémers 7). The parallel
model of gap elements was assembled in series with a specific damper model (hysteretic or
viscous) to create singfghase model. Later on this chapter, mptliase models will be
introduced (Section 2.3.4) which incorporated twaaflak singlephase models with different
initial gaps. A hysteretic damper was modeled using a zeroLength element with elastic
perfectly plastic material and the following properties: stiffness equal to the initial stiffness
(Ki) of reference level isolaih system and yield forde, determined by Equation {22). A
viscous damper was modeled using a zeroLength element with viscous material and damping
coefficient ofC [Equation (215)] and power of velocitl

This numerical model of the gap damggstemactivates the damper in both positive
and negative directions. Figureb2shows the general gap dampgstemmodel. The figure
in the left illustrates numerical singfghase gap damper model assembled in parallel with
base isolator. The figure in the rigbhows the physical model of singdbase gap damper
model. According to this model, dampers will not engage as long as the isolation
displacement demand is smaller thaf.6-Duce. Once the isolator displacement demand
exceeds the initial gap (initial gapetween isolator and damper closes due to isolator
movement), the device will engage and respond to impact.

—— :
N P —
71 \< i
I/ Damper Damper ' Isolator
Base - l 1 —E—--__.__‘ ______________________
Isolator 1 = Gap N R
v Ty Element Initial gap: | Initial gap:
AN .60y, '0-6Dycr

Figure 2-5: Numerical modebf gap damper system
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2.3.3 Gap Damper Response Behavior

To show how the gap damper functions, the response staus gap damper under
harmonic load with increasing amplitude (Figuré)2 applied to the base level of numerical
model (Figure 2L (a)), is illustrated by cycles. For this illustration, the gap damper is
assumed to be a linear viscous damper, where fgra function of velocity, and the force is
normalized by the weightv of the structure. The dampers engages initially when the isolator
displacement demand reaches-Dyge in either direction. In this example, the damper is
first activated in negativdirection at a base displacement@6 Dwce (Figure 27 (a)). The
damper force is very small, due to small velocity of loading at the initial cycle. Figti®)y
shows the damper force versus isolator displacement plot for this example. The gap damper
engages in the positive direction at +Qface (Figure 27 (c) and (d)).In this case, the
damper elongates by 0.@uce until unloading starts. In the next step, the device engages at
-0.55DMCE (Figure 27 (e)) Physically, the initial gap changesie b permanent shift of
dampers in the positive direction artle fact that systemdoes mt recenter upon
disengagement.Also, sincethe totalgap distancein the two directiongemains constant
(1.2Dwmce), the initial gaps on the positive and negative sides both move accortingly
distance @M5-Dwce in the same directiofFigure 27 (c) and (d). This shifting ability of the
gap damper system causes the dampers to activate sooner in the rettiondindncreases
the energy dissipation compared with ecemtering deviceln Figure2-7 (gi h), the damper
engags at +0.5Dycg, this time due to the permanent displacement of the damper in the
negative direction Clearly, the energy dissipated byetlgap damper increasess the
displacement amplitude and velocity dependent force in the dashpots increase at larger
displacement amplitudes (Figures Zb), (d), (f) and (h)).

g 12 [ [ L [ L
0.9
2 o6
*GC-; O.g
S 03
& 06
& -0.9
'5 _12 [ [ r [ [
0 5 10 15 20 25 30
Time (sec)

Figure 2-6: Harmonic loading with increasing amplitude
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Figure 2-7: Step ly step illustration of the engagement of a viscous gap damper under harmonic
loading with increasing amplitude

2.3.4 Gap Damper Models Considered

Considering different combinations of hysteretic and viscous energy dissipation
mechanisms, several hybrid des have been developed. The models considered in this
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study can be categorized as siaglease and muHphase models. Singjghase models are

classified by the engagement of one or two energy dissipation devices at the same time, and

thus with the sammitial gap. Multiphase models, on the other hand, engage more than one
energy dissipation device in different phases, classified by different initial gaps. Bigure
illustrates the singkphase and mulphase models considered in this study.

1. Thehysteetic gap damperis an elastigerfectly plastic spring that serves as the energy
dissipation device, in series with a gap element with an initial g@pdmce (Figure 2
8 (a)) The two gap elements shown in Figar8 (a) each represent device engageime
in one direction. Figure&-9 (a) shows the forecdisplacement of the combined base
isolator and hysteretic gap damper subject to harmonic loading with increasing amplitude
(Figure2-6).

2. The viscous gap dampeconsists of a viscous dashpot in series vatlgap element
(Figure 2-8 (b)). The total forcedisplacement of the base isolatagap damper element
for a linear dashpot = 1.0) - is shown in Figure2-9 (b). Increased displacement
amplitude leads to increased energy dissipation in the viscousaggmed compared with
the hysteretic one because the relation between force and velocity means the energy
dissipation in this model is proportional to displacement to a power greater than 1 (2.0 for
linear dashpot) (Equatiazi14).

3. The Kelvin gap dampeis a singlephase model that combines a hysteretic element
(elasticperfectly plastic spring) in parallel with a linear viscous dashpot that engages at
the same initial gap0(6-Dwmce) (Figure 2-8 (c)). Similar with the previous models, the
energy dissipationalices are in series with gap elements. The combination of viscous
and hysteretic energy dissipation tends to limit the force caedpaith a pure viscous
element (Figure-® (c)).

4. The two-phase viscoelastic gap dampera multiphase model that combineslinear
viscous dashpot with a linear elastic spring. The dashpot and spring are activated at
different gaps, and thus, each element in the model is combined in series with an
independent saif gap elementsHigure2-8 (d)). In the example shown in Figai2-9 (d),
the dashpot engages first at an initial gapOdDwce, and the linear elastic spring
engages later &8 Dwuce (Figure 29 (d)).

5. The two-phase viscoplastic gap dampes similar to the twephase viscoelastic gap
damper but utilizes an elasferfectly plastic spring in pte of a linear elastic spring
(Figure 2-8 (e)) As an example, the viscous dashpot engages at the initial gap of
0.6Dwmce, and the hysteretic spring engages (@8Dwce (Figure 2-9 (e)) The
displacement at which each devieegages shifts independently to maintain the correct
total distance between positive and negative engagements according to the prescribed
initial gap of each device.
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Figure 2-8: Gap damper modetonsidered(a) hysteretic, (b) viscous, (c) Kelvin, (dyd-phase
viscoelastic and (d) twphase viscoplastic
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2.4  Example of Gap Damper Performance Subject to Erzican, Turkey 1992

To illustrate the functionality and efficiency of the gap dampers in controlling the
system displacement, an analysis of the system with various gap dampers to the 1992
Erzican, TurkeyTable 21 and Figure 20) ground motion is presented. Figa@&11 and 2
12 compare displacement histories at the base level for a base isolation system alone and the
same system with hysteretic and linear viscdus (1.0) gap dampers. Roof acceleration
histories (Figure2-13) and total baséevel force versus displacement (Fig@d4) for the
same systems are also presented. The reference base isolation system is calibfated for
3.0 sec andv = 15% Dwmce = 23 6, @nd the ovemoat scale factors are applied to the
ground motions. At 5ex; the base isolator without a gap damper reaches thenoyar
displacement 08 2 ., égaal tol.375 Dwmce (Figure2-11). The hysteretic gap damper cannot
quite limit the disfacement to less than the moat width206 0 =Dlwce, Idenoted by black
envelope lines. The maximum bdseel displacement for this caseds6 . 8 0 (-IRi gur e 2
(a)), which will lead to slight pounding with the outer moat wall. On the other hand, the
viscousgap damper limits the displacement to less than the moat width for this example
(Figure 212 (b)) The maximum baskevel displacement o2 3 . o8cors at 3.5ex; which
means the viscous gap damper reduces the peak displacement by 37.5%. The selected
accderation objective is to limit the roof acceleration to 3 times the median peak roof
acceleration observed under the design scale factors for the suite of records, Aenoted
The effects of pounding between the system and perimeter moat wall were rebé o
the acceleration history results only show how adding the gap damper would affect the roof
acceleration. The hysteretic gap damper meets this acceleration ob{Edive 213 (a))
whereas the viscous gap damper doegfigtire 213 (b))

Theengagement of the gap damper and its resulting effects can also be deduced from
these figures. The damper is activated when the positive and negative gap distdiceged
by dashed blue lines in Figurel2 (a and b} becomes coincident and moves oaid/
simultaneously with the base displacement, and disengagement occurs at the displacement
reversals. Both the hysteretic and viscous gap dampers engage at about 3, 4.5, and 6 sec, and
acceleration spikes occur at roughly the same time instants (Figl8e Zhese spikes are a
result of the sudden increase in force at the base level when the damper is engaged, as
confirmed by force versus displacement of the system (Figlr®.2The viscous gap damper
(Figure 213 (a)) is subject to larger acceleratieimps because, as explained earlier, the
force in the viscous damper is larger because of its relation with velocity. The dampers first
engage at a displacement df 4 . 2 0 , but engage at di fferent 4
(about 4. 70 i ndlbetween8 a@and’aMmMd dycltehean hird cycl e
shifting of the damper described earlier. Any shift in the gap damper lines from the centered
position at the end of the record represents the permanent offset in the gap damper
mechanism, which isetatively small in this example. In Secti@b, the effects of the gap
damper initial offset will be discussed in more details.

Baselevel displacement and roof acceleration histories for Kelvin,-phase
viscoelastic and twphase viscoplastic gap dampeare also shown in Figurel®. The
Kelvin gap damper and twphase viscoelastic gap damper control displacement well (Figure
2-15 (a and c)), but similar with the viscous gap damper, they cause larger than desired
acceleration spikes (Figurel® (b aml d)). On the other hand, the system with fpt@ase
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viscoplastic gap damper essentially meets both the displacement objective (Figu(e)?

and the acceleration objective (Figurd2 (f)). The acceleration spike for this case is softer

at the peak copared with other models because (i) the portion of viscous damping is
reduced compared with a viscous gap damper, and (ii) the hysteretic component, which

engages at a larger displacement (initial gap =D&), is out of phase with the viscous
componenand therefore does not increase the overall peak force.
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Figure 2-10: Erzican, Turkey 1992 groundotionrecorded at Erzican station (ERES)
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2.5 Optimization Study
2.5.1 Theoretical Concept

The numerical examples suggest that a ta@ifleoccurs between badevel
displacement and roof accelgoa; that is, the gap damper models that more effectively
control displacement generally produce higher roof acceleration. For a particular gap damper
model, an increase in the energy dissipation capacity relative to the calibrated values (Figure
2-4) is expected to reduce displacement and increase acceleration, whereas a reduction in
energy dissipation capacity has the opposite effect. The energy dissipation capacity of the gap
damper can be adjusted to achieve the ideal balance of displacement andtamcekor
this purpose, a normalized energy dissipation leeBIL{ is introduced:

000

(2-17)

where a number greater (or less) than unity indicates the gap damper possesses a higher (or
lower) energy dissipation capacity than that calibrated to reduce the isolator displacement
from the overmoat displacement tBwuce (Figure 23).

Optimized gap damper models shall be selected by considebhgn the range of
0.5-2.25. The effectiveness of gap dampers is evaluated for reference base isolation systems
with different target values of periody = 2.5, 3.0, 3.5, and 4.0 s) and damping radip=<
10%, 15%, and 25%) at the MCE level. The corresponding MCE displace®ggy),(
design propertiesDp, To and3p), and ground motion scale factors differ for each reference
system. The design displacemdd in the reference systems ranges from Mike -
0.55Dwce, such that the gap dampewith an initial gap of 0.@wmce - never engages during
a design earthquake.

A Pl is introduced as a means of evaluating the relative efficiency of various gap
damper models to control displacement and acceleralibe displacement performance
objective is to reduce the baewel displacement from the overoat displacement
(1.375Dwce) to no more than the moat displacement-Qwke), which is a target reduction
of 0.275Dwce. From a statistical perspective, thap damper system is effective if it can
achieve the target reduction for the majority of ground motions. Thus, the achieved reduction
is defined as 1.37Buce - Doss, WhereDosa is the 84 percentile (median plus one standard
deviation) baséevel displaement resulting from application of the scaled ground motion
suite. The performance index for bdseel displacemer®lp is thus:

00 p p

5 (2-18)
A value of 1.0 forPlp indicates that the displacement objective is achieved, and
valuesless than 1.0 are possible if the achieved reduction exceeds the target reduction for
base displacement. As presented earlier, the target acceleration to preserve superstructure
safety is defined as-Bowm (3 times the median observed roof acceleratiorhefreference
baseisolated system to the scaled design ground motions). The achieved acceleration of the
system with gap damper is defined as the median roof acceleration resulting from application
of the ground motion suite with ovenoat scale factorsy @om. Thus, the PI for acceleration
Plais:
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0 'O (2-19)

Again, the performance objective for acceleration is me&iAf 1.0. Combining thestwo
performance criteria, we have the compoBite

0 0a®®d B O (2-20)

The gap damper is considered to meet both performance objectives if the cofposit®.

Note that the displacement objective {8#ercentile displaceemt must meet target
displacement) is stronger than the acceleration objective (median acceleration must meet the
target acceleration).

2.5.2 Optimization Results

Next, Pl is evaluated for a wide range of calibraEdLs to identify the optimum gap
dampe model for each reference base isolation system. As an example, FgjGrdepicts
Pl versusEDL for various gap damper models and a reference base isolation systefw with
= 3.0 sec andw = 15%. The optimum calibrateBDL for a given gap damper model
corresponds to thEDL with the minimumPl. If PI at the optimunEDL is around 1.0, the
corresponding gap damper model can control the base displacement without an undue
influence on the a@teration. WherkDL is less than optimum (corresponding to the portion
of PI-EDL curve to the left of the optimum point), the displacement criteria control, or
Plp. In this case, the energy dissipation capacity of the damper should be increadest to be
control displacement. When EDL exceeds the optimum (corresponding to the portion of the
PI-EDL curve to the right of the optimum point), the acceleration criteria controB| ar
Pla. In this case, the acceleration increase as a-boHidg controling displacement is no
longer acceptable, and the energy dissipation capacity of the damper should be decreased to
limit acceleration to acceptable levels. At the optimum pé&ikt, Pla.

Comparing the different gap damper models (Figui®y, the hysteetic gap damper
appears to be significantly less effective than other models in controllingleyate
displacement. On the other hand, all gap damper models that incorporate a viscous dashpot
control displacement well for this reference isolation sysim. twephase viscoelastic and
viscoplastic models are the most effective to simultaneously limit-leasé displacement
and roof acceleration, approaching optimhclose to 1.0 (1.04).

Several of the models were optimized by selecting the model panantkat led to
the best performandgowestPl), and Figure2-16 reflects results for the optimized systems.
For the viscous model, ttemefficientUwas optimized. Figurg-17 compares| versusEDL
for viscous gap dampers with varyingefficientUfor a reference base isolation system with
Tw = 3.0 sec andw = 15% The optimumP| decreases slightly dsincreass up to 1.0; for
values ofU 1.0, the optimun®l is approximatelyconstant. The EDL at which the optimum
Pl is observed decreases@mcreaes, which means tlwgptimum coefficienC decreases as
Uincreases (Equatio?15). A compelling argument that a nonlineascous damping model
improves performance relative to linear viscous damping cannot be thade;the linear
viscous dashpot is ogidered to be the optimized viscous model.
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Figure 2-16: PI-EDL curve for various gap damper models applied to a reference isolation
system withTy = 3.0sec andw = 15%

2

mrm- a=0.3

8 S e 2=05
T e A e I P Lo a=0.7
a a=1.0
Lar | a=12
1.2 . a=15
""" a=20

%).2 04 06 08 1 12 14 16 18 2 22 24
EDL

Figure 2-17: PI-EDL curve for viscous gap damper models with various poweretgcity

coefficientUapplied to a reference isolation system With= 3.0 sec andw = 15%

The hybrid models have all been optimized to determine the most favorable portion
of energy dissipation capacity for viscous and hysteretic components (appticafddvin
and twephase viscoplastic models), and the most favorable initial gap for the second
component of twghased models (applicable to twbase viscoelastic and tvphase
viscoplastic models). Table-2 lists the optimized parameters for the hgbmodels.
Performance is improved in twghase models by providing the majority of the energy
dissipation through a viscous component, but engaging an elastic or hysteretic component at
a later displacement when the viscous component starts to loseds$vefiess. Because they
are not viscous, the secopflase components are less likely to produce sharp and
undesirable acceleration spikes. In summary, theplase viscoelastic and viscoplastic gap
dampers are the most effective for this reference isalaystem, followed by the viscous
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gap damper. However, none of the proposed systems satisfy the performance objectives
becausél > 1.0.

Table 2-2: Optimized Parameters of Hybrid Gap Damper Models

Hybrid Portion of Energy Por_tlor_1 of_Energy Initial Gap Initial Gap
S Dissipation by : for
Gap Dissipation by . for Viscous .
: Hysteretic Hysteretic
Damper Viscous Component Component
Component Component
Kelvin 75% 25% 0.6:Dwmce 0.6:Dwmce
Two-phase 100% NA 0.6Dwce  0.8Duce
Viscoelastic ' '
Two-phase o 0 . :
Viscoplastic 70% 30% 0.6-Dwvce 0.8Dwmce

To provide further insight into the gap damper performance, the response distribution
is presented in Figure-P8, which plots pedlbase displacement versus roof acceleration
observed in individual ground motions. For this plot, the gammers were calibrated for
optimized EDL (Figure 216), and the reference isolation systeéfm € 3.0 sec andwv =
15%) was considered. Besides the scatter points for individual ground motions,the 84
percentile achieved displacemebbgs) versus mediaachieved acceleratiod\gv) for each
gap damper model is highlighted. Figurdl suggests that when a gap damper model is
effective at controlling a response, the variation in that response parameter over the suite of
ground motions is limited. For inste@, the hysteretic gap damper, which can best control
acceleration, shows a small range for accelerationd ’9g) but a large range for
di splacem8ht $§0).180B0the ot her hand, gap damp
which can better control disglae me nt , l imit di splacement scatte
280) but show a very wiid.ég)vBecausamultiplenevidemce accel e
suggests that the hysteretic model and Kelvin models do not achieve performance objectives
(minimizePI) as well as other models, they are eliminated from further consideration.
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individual ground motions with various gap damper models applied to a reference risolatio
system withTy = 3.0 sec andv = 15%

Next, the gap damper models are optimized for base isolation systems with different
reference parameters. Several trends are indicated in Figd@$02221, which presen®l
versusEDL curve for a viscous, twphase viscoelastic and twmhase viscoplastic gap
damper models. These figures also present the values for optfthamd EDL for all gap
damper models and reference isolation systems. According to these figures, first, as the
effective isolation periodlv increases, the optimurRl increases, meaning that overall
performance is not as good. This observation is a result of the changing value of target
acceleration (Fowm), which becomes lower a$w lengthens and the isolation system
becomes increasingly efféat for a design earthquake. Thus, the target acceleration
becomes harder for the gap damper system to meet in such systems. This result might suggest
that a single and unchanging target acceleration would be more appropriate. However, the
present criterio was chosen with the expectation that selection of longer isolation periods is
generally motivated by higher performance criteria. Second, as the dampinguratithe
reference system is increased, HBL corresponding to the optimuml reduces, or the
optimum point shifts to the left. This means that relatively less energy dissipation is needed
to provide a satisfactory reduction in base displacement wtenetarence base isolation
system has a higher initial level of effective damping. Furthermore, the acceleration objective
controls the PI at lower levels of relative energy dissipation with increasing damping in the
reference isolation system. On the otlmand, the gap damper efficiency (optimumh
appears not to be much affected by the reference system damping ratio. Third, comparing
curves provided for various gap damper models shows that thph=s®e viscoelastic model
generally performs better (lesptimum PI) for reference isolation systems with effective
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period of 2.53.0 sec, while viscous and twahase viscoplastic models perform slightly

better for systems witfiv 3.5 to 4.0 sec.

For several gap damper models, optimBnis plotted as a functio of isolation
period Tw and damping ratiaw in Figure 222. The tendency for optimuil to increase
with increasing period is confirmed for viscous and-pt@ase gap damper models, &l
1.0 can generally be achieved only fiar = 2.5 sec. The relation between optimum Pl and
damping ratio is nclear, althoughPIl decreases consistently at the largest considered

damping ratio of 25%.
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Figure 2-19: Pl versusEDL curve for theviscousgap damper model applied to various reference
isolation systems with: (8w = 2.5 sec, (bJm = 3.0 sec, (cJw = 3.5 sec and (dm = 4.0 sec
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2.6  Effect of Initial Gap Offset on Gap Damper Performance

As explained earlier, gap damper activation leads to damper ntlbibmay induce a
permanent offset at the end of the motion. On the other hand, the isolation system tends to re
center at the end of motion. Therefore, the gap damper system initial configuration may be
affected by residual displacement in dampers. Is #ection, first, numerical examples
illustrate the possibility of early or late activation of the gap damper due to initial offset in the
gap damper system. Then, numerical simulations and an optimization study in systems with
different initial gap configrations show how residual displacemaffects the gap damper
performance.

2.6.1 Numerical Example of Initial Offset

In the example shown iRigure 212, the isolation system feenteed during strong
ground motion and permanent offset othe dampers s not obvious. Therefore, another
example is presentddere Figure 223 (a) and (b) presents an analysis of a base isolated
system calibrated fofy = 2.5 secgw = 25% andDwce= 16 . 30, widviscomsnd wi t hi
gap damper model subjected to the 1995&at Takatori (TAK) ground motion (Tablel2.
The gap element displacement history is presentedrigure 223 (b). Thedamperis
activated for the first time at 3 sec aadisolation displacement o® . 8@®6-Dfce) and
movesl . B the negative diion (-0.1-Dmce). The base isolatonovement causetamper
engagementwo more times imegative directiorand three times ipositive direction After
the damperis engagedor the last time at around 8.5 sec, the amplitude of the cyclic
displacement othe base isolator reduces until the system iserdgered.But due to last
engagement of gap damper system, the dampeektagaed at the end of motioffrigure 2
23 (b)).In general, his changstheinitial gap to a value other thanD.6-Dwce for a poential
follow-up earthquakeln this example t he gap el ements initial g
(+0.8Dmce) and-6 . 5®4-Dfce). In a follow-up earthquakethe gapwill close soonem
the negative direction@.4-Duce) and later in the positive directiom (&0.8 Dumce) compared
to thegap damper system with no offset.

30



To study how residual displacement in gap damper model affects the @ystalin
performance, three gap damper models with different initial offset conditions are examined
(Table 23). Casel represents the original gap damper configuration, while Cases 2 and 3
represent gap damper models with residual displacement ofDys3-and -0.3-Dmck,
respectively.Figures 224 (a) and 25 (a) llustratethe roof acceleration history and base
level dsplacement historyespectivelyfor Cases 43 subject to the 1995 Kobe, TAK ground
motion. Figures 24 (b) and 225 (b) highlight the same results for the time frame from 2.5
sec to 6.5 sec. Thease lgap damper system figst engagedn the negativelirectionat 3.1
sec with corresponding acceleration spikes shown in Figit#é @). These acceleration
spikes show that the nigeractivates sooner in Case 2 compared to Case 1, and not at all in
Case 3 (no acceleration spike) duettie larger initial gap in negative direction. The roof
acceleration increases to @%nd 0.45g for Cases 1 and 2, respectively, while renrajrat
0.25¢g for Case 3. Figure-26 plot the gap damper force versus base level displacement
incremented in each subfiguadter each half cycle of engagement. Figur2@ (a) which
showsthe damper forcers base level displacement relations up until 3.1 sec, vetifie
damperdoes not activate in Case 3. Therefore, the base isolator displacement amplitude

this cycle is largefor Case 30.82Dwce=-13. 40) i n comp@e6bDwesn t o Cas
10. 80) -0a7wke=1:1 2. 6 0) . Mpemctivateoxotcursl aaound 4 sec and in

the positive direction (Figures24 (b), 225 (b) and 226 (b)). This time the damper engs

at the smallest displacement for Case 30&Dmce = 4. 90, which [|imits
displacement t0.35Duyce= 5. 7 0. Due to damper activation at

level displacement amplitude react®85-Dyce = 7 . 5@71-Rwee e 116 dn Cases 1
and 2, respectively.

The next gap damper activation occurs at 6.0 sec, again in the positive direction, and
corresponds to the largest displacement demand for this earthquake record. The damper
activates at abo1.35Dwyce= 5 0.53®wce= 8 . 60650Dmtrd 10. 60 for Cases
and 2 respectively (Figure2b (c)). The gap damper activation leads to acceleration spikes
of 0.74g for Case 3, 0.9 for Case 2 and 0.74 for Case 1 (Figure -24 (b)). Early
activation of the damper in Cagelimits the isolator displacement @95Dyce= 15. 50,
while late activation in Case 2 allows the peak displacement to readbvdsl= 17 . 90
(target displacement limit). The corresponding displacement amplitude for Case 1 is
1.05Dvmce= 17 . 1 0 -26 (@)islgows tlee dé@mper force versus isolator displacement at
the end of ground motion. These results indicate that a change in the initial configuration of
gap damper can affect gap damper system performance by either improving or reducing the
effectivenes of the system in limiting the isolator displacement.

Table 2-3: Initial Offset of Gap Elements inThreeDifferent Simulation Cases

Case 1 (No Case 2 (0.Dwmce Case 3¢

Offset) Offset) 0.3-Dwmce Offset)
Initial Gap (+) 0.6:DmcE 0.9DwmcE 0.3 Dwmce
Initial Gap () -0.6:Dmce -0.3Dmce -0.9Dmce
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2.6.2 Performance Index Study

According to the numerical example shown, the change in gap damper initial
configuration affects the gap damper performance. To evaluate the gap damper system

performance as a function of the initial offset in system, eékaive performance for systems
with different initial offsets is quantified using tiid defined previouslyEquations 218 to
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2-20). Here, the same suite of 24 ground motions provided in Table/@s utilized. Here, to

avoid a possibility of directiond&y bias, each motion was applied in both directions. First, an
optimization study was performed to determine the optiniDh and Pl for a reference
isolation system with an effective periodTaf = 2.5 sec and damping ratio &f = 25% with

no initial offset of the gap damper. According to Figus272 the optimunPl andEDL are

1.01 and 0.8, respectively. Then, the optimization study was repeated for the gap damper
models with initial offsets of 0.1, 0.2 and M&ce (Figure 227). Figure 227 suggestshiat

the optimumEDL can change in the presence of an initial offset.

In order to realistically compare tld of different cases, optimuil of all cases are
determined for the optimurgDL of the case with no initial offset (0.8), since the initial
offsetcannot be anticipated in design. Therefore, the comRitéor offsets of 0.1, 0.2 and
0.3 Dwmce are 1.01, 1.04 and 1.09, respectively. The gap damper effectiveness in controlling
both isolator displacement and roof acceleration slightly reduced (by @%itial offsets
up to 0.2Dwce (which is 1/3 of the initial gap). Even for offsets as large as 50% of the initial
gap (0.3Dwce), the system performance only reduces by 8%.

Figure 228 presents the optimum performance ind&j §ensitivity to systemmitial
offset for reference base isolation systems with varying effective periods and damping ratios.
For each specific reference isolation systeptimumPIl was obtained at the optimuBDL
for the corresponding case to zero initial offset. As explairaatiee, the optimumEDL
varies for different isolation systems. Also, the gap damper was earlier shown to be more
effective for isolation systems with shorter effective periods. Therefore, Fig2& dhly
presents results for isolation systems with peyiofi2.5 and 3.0 sec. Foi = 2.5 sec andw
= 25%, increasing the initial offset reduces performariekeirfcreases). However, such
results were not observed for systems with the same period and damping of 10% and 15%
(Figure 228 (a)). For these two caseerformance improve®( decreases) for larger initial
offsets. Therefore, a solid conclusion cannot be made on how the presence of an offset can
change the gap damper performance. This suggests that the development of permanent offset
in initial configuration is not a matter of much concern.

When the effective period is 3.0 sec (Figur@& (b)), increasing the initial offset
increases the optimufl for damping ratios of 15% and 25%enerally, increasingsolation
systemdampingratio increases the fluence of initial configuration (initial offset) on tHa.
For example, while the optimuil in system withTy = 3.0 sec andw = 10% is relatively
insensitive to initial offset changes, optimd®hincreases by 3% and 11% at initial offset of
0.3 Dwce for systems with damping ratios of 15% and 25%, respectively.
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2.7 Conclusion

This chapter summarized the concept of a phased control system or gap damper to
control the displacement demandaobase isolation system during an MCE level event. The
gap damper system combines a gap element with a damping element that engages at a
threshold displacement, or initial gap. The initial gap is selected so that supplemental
damping is provided only in vg large earthquakes, but not during a desaye| earthquake.
The damping mechanisms considered include viscous damping, hysteretic damping, and
various combinations of the two. Models that engage one or more damping mechanisms at a
single displacementra classified as singlphase, whereas models that engage more than one
damping mechanism at different displacements are classified aspimadte. Also, in this
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chapter, the effects of possible permanent offset in gap damper system after a strong ground
motion which can lead to change in the gap damnsgeteminitial configuration for a future
earthquake has been investigated. A simple numerical investigation and optimization study of
various gap damper models in addition to a numerical study of a gapedaggtem with
different initial offsets have led to the following observations and conclusions.

1.

The initial gaps at positive and negative displacements are assumed to move with the
damper, maintaining a constant distance between the two gaps. Thigsibitity of the

gap damper not only increases the energy dissipation compared witceateeng

device but also leads to small residual displacements in the gap damper.

An acceleration pulse is observed at the roof level when the damping device ehgages.
general, the amplitude of this acceleration pulse increases as the energy dissipation
provided by the damper increases. This suggests that the energy dissipation capacity of
the damper should be optimized to achieve a balance between base displarement
structural accelerations.

A PI has been developed to evaluate the relative effectiveness of different gap damper
models. ThePI evaluates the 84percentile reduction in displacement relative to a target
reduction and the median roof accelerationtiedato a target acceleration. The energy
dissipation provided by the damper can be optimized to minimizePthahereby
providing the best possible performance.

Gap dampers with a viscous mechanism (the viscous gap damper and Hphasdti
derivatives) control base displacement more effectively than dampers with just a
hysteretic mechanism. On the other hand, the viscous damping mechanism tends to
introduce larger acceleration spikes into the system. Thephase viscoplastic gap
damper, which engagesviscous element followed by a hysteretic element, effectively
controls both displacement and acceleration by limiting the viscous damping and
introducing hysteretic damping after the force in the viscous element subsides.

. The performance of the gap dangeas evaluated byl, is better for isolation systems

with shorter effective periods of isolation. This observation is a result of the lower target
acceleration imposed on increasingly flexible isolation systems, such that acceleration
limits the optimumEDL of the dampers. As the effective damping ratio of the reference
isolation system increases, optimum performance is observed with a smaller level of
energy dissipation provided by the gap damper.

Changing the gap dampgystemgap distance can lead @égher sooner or later activation

of the system. Earlier activation of gap dampgstemcan lead to larger acceleration
spikes and smaller base level displacement peaks while late activation causes reduction in
gap dampesystemefficiency in limiting digplacement.

The overall system performance is not very sensitive to a change in the initial gap of the
gap damper. For representative cases, a 50% relative change in the initial gap leads to a
10% increase in the performance index, or 10% decrease inmarfce.

Generally, increasing the base isolation system period and damping ratio increases the
sensitivity of the system performance index to an initial gap offset.

36



Chapter 3. Design and Characterizationof Isolation and Gap
Damper Systems

3.1  Overview of Gap Damper Component and System Tests

In order to verify gap damper system function and effectiveness in reducing isolator
displacements during extreme events, two test series were designed. The first test series was
designed and executed at Aubur Uni ver si tyés Structur al Resea
hereafter referred to as the Acomponent t est ¢
cyclically by a hydraulic actuator to validate that it functions as designed and to characterize
the system pragrties. The component test and its results are summarized in Section 3.3. Data
and metadata from the component test are permanently archived in the NEES Project
Warehouse Gap Damper Project (Project 1080) as Experiment 1 [Rawlinson et. al. 2014 (11)].

To simulate the gap damper system functioning within a base isolated building during
large motions, a second test seFdse r eaf t er r ef er r eedvastdesignads t he f
and conducted. The system test was performed in the new Earthquake Engineering
Laboratory at the University of Nevada, Reno on a biaxial shake table. The gap damper
system was installed within a baiselated steel frame building that was designed and built
for the test. For the system test, two specimen configurations were reqUimedfrst
configuration consisted of the base isolated building without a gap damper system, while the
second configuration consisted of the base isolated building with the gap damper system. All
motions were scaled to induce a target displacement dewfafdB75Dwuce in the base
isolation configuration, where according to Chapter yce represents the isolator
displacement in an MCE earthquake. As much as possible, the same motions with the same
scale factors were applied to both configurations to iiyetst the ability of the gap damper
system to reduce the peak displacement demand #wtd (25% reduction). Discussion of
the steel frame design, test setup, data analysis and simulation are covered in Chapters 4 to 7
and comprise the remainder of theport In addition, data and metadata from the system test
are permanently archived in the NEES Project Warehouse Gap Damper Project (Project
1080) as Experiment 2 for the base isolation configuration and Experiment 3 for the base
isolation with gapglamper configuration [Zargar and Ryan 2015 (I) and (l1)].

Based on limitations of performing the system test at {faogde, all tests were
conducted at a reduced scale. A length scale of 1/4 was chosen for the model domain. As a
result, a smaller gap dquar system and isolators were selected, which led teeffesttive
tests. Table 3 shows the relation between the model scale and the prototype scale for
various parameters.

37



Table 3-1: Model Domain Scaling Factors

Parameters Model Domain Prototype Domain
Length 1/4 1
Time 1/2 1
Velocity (Length/Time) 1/2 1
Acceleration (Length/Tintg 1 1
Force 1/16 1
Stiffness (Force/Length) 1/4 1
Damping Ratio 1 1

3.2  Design of Isolation and Gap Damper Systems
3.2.1 Isolators

Before designing the gap damper system for both tests, the isolation system
properties in the model domain for the system test were chosen. For the system test, four
bearings from a previous project [Monzon 2012] were reused. These bearings were lead
rubber bearings (LRBs) consisting of alternating layers of laminated rubber and steel, a lead
core, and steel flange plates for mounting to the structure. The rubber layers provide lateral
flexibility while the steel plates provide axial stiffness and stigbilfhe energy dissipating
lead core in these bearings provides damping by deforming plastically when the isolator
moves laterally in an earthquake (Figuré§ a) ) . The bearings were 8.5
di ameter of 7.50) adaneté led4Lded The tad ahd, bottorn plates a 1. 2
were 3/ 40 tlh(ibc)k) .( FEagcuhr ebe3ari ng had 11 | ayers c
stiffness of the lead core and rubber layers configured in parallel leads to bilinear force
displacement behavior adown in Figure 2. In this figure Q4, Ka andK; representsolator
characteristic strength, pegeld stiffness and initial stiffness, respectively.

(a)
Top Mounting Plate not shown Lead Core
B Steel
Reinforcing
Cover Plates
Rubber
Internal
Rubber
Layers
« «
Bottom
Mounting

Figure 3-1: (a) Diagram of a leadubber bearing; (b) photo of bearing used in the previous test
configuration
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Figure 3-2: Bilinear forcedisplacement relation of isolation system

The design parameters to be selected included the overall frame weight and target
isolator displacement, which together with the bearing fdisplacement properties
detemine the isolation system effective peridd and damping ratidm. The overall weight
of 80 kips was chosen to be applied on four bearings (20 kips on each bearing), which
provided large isolation period and consequently large displacement demandsingsbea
This weight was selected based thie weight capacity of biaxial shake tabiasUNR 6 s
Earthquake Engineering Laboratory and availability of supplementary weight to be used in
the test. These limitations will be discussed in more detail in Chapter 4

To characterize the bearing properties and find the displacement demands for the
assumed weight of 80 kips, their fordesplacement hysteresis loops from the previous test
program were acquired. Among the psteresisded
behavior subjected to Sylmar motion, Northridge earthquak&d1@ith scale of 200% was
chosen (Figure -3). To find isolator characteristic strength, ppstid stiffness and initial
stiffness, the isolator properties were characterized usiegSylmar motion data. The
following steps were applied to find the bearing properties for the provided motion [Ryan et.
al. 2012]:

From the isolator displacement history (Figurd 8)), the cycle containing the largest
peakto-peak displacement (FiguB4 (b)) was identified and selected.

Energy dissipation of selected cycle was determined by numerically integrating the shear
force versus lateral displacement.

Finally, isolator properties were determined by fitting a bilinear loop to the recorded
hysteretic loop such that the energy dissipated and effective stiffness of the two loops
were equal (Figure-8).

39



Force (kips)

r r r r r

2 0 2 4 6
Displacement (in)

-10
-8

\
(o) =]
A

Figure 3-3: Hysteresisbehavior of test bearings subjected ®ylmar motion, Northridge
earthquake (1994)

(a) (b)
6 - - - .
4+ L
—_
c
= 2 J L
g MWNMW‘M
0 .
g %
O 2k - L
<
o
D 4f -
&)
6 L
-8 r r r £ c r
0 10 20 30 40 6.5 7 75 8 8.5
Time (sec) Time (sec)
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To obtain the best fit between the béar loop and the recorded hysteresis loop, the
initial stiffness of bearingsKi, was assumed RQ. Table 32 summarizes the bearing
characterized properties. It should be noted that the bearings characterized properties are
displacement sensitive. Here,he cycl e with di splacement ampl.i
find bearings properties, since this was on the order of the desired displacement demand in
the system level test. Cycles with smaller displacement amplitudes provided smaller
hysteresis loops (engy dissipation) (Figure -3), which would likely lead to smaller
characteristic strength and larger pgistid stiffness if used for characterization.

Table 3-2: Bearings Characterized Properties

Bearing Properties Characterized vglue- Characterized vaIL_Je-
Model Domain Prototype Domain
Characteristic Strengti®){) 1.94 kips 31.04 kips
Postyield Stiffness Kg) 1.01 kips/in 4.04 Kips/in
Initial Stiffness Ki) 21.27 kips/in 85.08 kips/in
Yield Displacement[dy) 0.1in 0.4in

The characterized beag properties were used to estimate the bearing displacement
Dwce, effective periodTw and damping ratiOm of isolators to be used in gap damper test.
The target MCE spectrum in Chapter 2 with 1.0 sec spectral accelefion,1.11.g and
shortperiod spectral acceleratiddus = 2.2:g was applied here. The parameters were first
defined in the prototype daain by using bearing characterized parameters in prototype
domain (Table ) and applying the weight scale factor (factor of 16) from TaHle®@the
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system weightDuce was computed as the damped spectral displacement from the target
spectrum:

0 0 ——"Y (3-1)
whereF,S = Swi/g = 1.11;g = 386.4in/se¢, and the damping factér was determined as:

f e 8 (3-2)

wherein was defined by following relation:
. = (3-3)

The maximum shear force in bearing$is= KuDwuce, whereKy is the effective stiffness of
the bearings. The effective period of bearings was determined by:

Yo — (3-4)

whereW, is the weidpt on each bearing. By combining Equationsl}3o (34) to solve for
Kwm:

8

VL PPC—= (3-5)

In Equation (35), bothKy and Duce are unknown, but are also related through the bearing
force-deformation relaon (Figure 32):

b — 0 (3-6)

The two Equations (3) and (36) were solved iteratively using trial and error for isolator
displacemenDwmce and effective stiffnes&u. The values oDuce and Ky were substituted

into Equations (31) and (33) to find the isolation system effectiyeriod Tv and damping

ratio Tm. Table 33 summarizes these results in both prototype and model domains. As
discussed earlier, in order to study the gap damper ability in limiting esslgieak

displacement demand to IDMce = 4. 60 (25% reduction), the te
target a displacement of 1.38mce= 5. 80 i n the base isolation ¢
displacement is close to the peak displacement of the cycle utilizetharacterize the

bearings (60). Therefore, simulations to predi

be more accurate near the target displacement.
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Table 3-3: Bearings Parameters in Model and Prototype Domains

Bearing properties Prototype Domain Model Domain
DisplacementDwuce 16.8in 4.2in
Effective stiffnessKwu 5.88 kips/in 1.47 kips/in
Effective period;Tu 2.36 sec 1.18 sec
Effective damping ratid,w 19.86% 19.86%

Knowing the isolator target displacement demand, the #jalmf the isolation
bearings under anticipated loading is investigated next to see if the displacement capacity
will be sufficient. The bearing lateral displacement limit as a function of supported axial load
is determined from stability principles. Inasng lateral displacement together with axial
load increase due to overturning may lead to instability in elastomeric bearings [Buckle et. al.
2002 and Sanchez et. al. 2013]. Once the bearing reaches equilibrium with the critical axial
load and lateral €far force but has no additional lateral force capacity, the stability limit is
reached [Sanchez et. al. 2013]. The critical load for the bearings in the deformed
configuration P, is estimated as [Buckle and Liu 1993]:

~ ~

v U = (37)

where Ar = vertically overlapping area between top and bottom of bearings as the bearing
deforms laterally,A = total bearing area, anBco, = critical load in the undeformed
configuration. The calculation &% depends on the bearing shapetda, S

% (3-8)

For a circular bearing, the equation for S specializes to the following:

A (3-9)

whered= bearing di ametaebber 71 &@&pemantthi ckness = 0.
factor was found to be equal to 7.5. Sige 5, Pcro was determined as [Haringx 1948, 1949
(a) and (b)]:

~

J— (3-10)

whereE; = rotational modulusG = shear modulus = 0.055 k#i;= area and = moment of
inertia of the bonded rubber area; dnd: total rubber layer thickness. To determifiethe
following relation was used:

O Op m1TY (3-11)

where rubber modus of elasticityE = 3G or 0.165 ksi since rubber is incompressilite.
was computed to be 7.05 ksi. Substituting the required parameters into Equat@nR3
was found equal to 59 kips.
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To find the bearing critical load in the deformed shape, Airstas determined as:

o —— (3-12)
wherel is calculated according to:
CAOAAT O (3-13)
D represents the lateral displacements of the bearinggdand 7. 50 i s the bearin

Equations (3L2) and (310) were substituteinto Equation (&) to find the bearing critical
load as a function of lateral displacement.

The peak compressive axial force demd?km, on each bearing is a combination of
gravity and overturning forces acting at the maximum lateral displacemeestifimate the
axial demand force, some assumptions about final superstructure geometry were made. In
order to accommodate four bearings underneath superstructure, a three story frame with four
columns and one bay by one bay in each direction was considéredrame floor plan was
assumed to be square. The height of each story was assumed to be half of frame bay width.
The axial load acting on each bearing due to gravity was eqM#@WtéFigure 36). The total
shear force due to lateral movement of fraagaals the sum of shear force in four bearings:

®w 1TO 10 00O (3-14)

where Q4 = 1.94 kips andKq = 1.01 kips/in were substituted from Table23Figure 36

shows the shear forc®) acting at 2/3 of frame height produces an overturning moment that
leads to tension in one bearing am@mpression in the other one. For moment equilibrium
around the bearing in the left, the compressive axial faZ¥avas computed to be equal to

2F. The total axial force demand on each bearing at maximum lateral displacement was
estimated as:

0 wft g0, U0 (3-15)

The critical and demand axial loads are plotted together in Figdr® 3ind bearing
lateral displacement at which the system is projected to reach instability. The red curve
shows the critical axial load and blueds shows the demand axial load. The two curves
intersect at bearing | ater al di spl acement 4.0
check suggested the bearing displacement sho
bearing stability [e.g., \Wisman and Warn 2012] have suggested that the overlapping area
method conservatively estimates the critical load capacity of bearings in comparison to
experimental results. Therefore, the decision was made to cautiously proceed with
development of atesttpan t hat included isolator displace
system level test, where larger displacements would be approached conservatively through a
series of ramp up scaling intensities.
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Figure 3-6: Axial force due to ombination of gravity and overturning forces on each bearing
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Figure 3-7: Bearings stability study

3.2.2 Gap Damper System

After the bearing properties were determined, a gap damper was designed for the
system experimental tests. According to the stegyprted in Chapter 2, the viscous and-two
phase viscoplastic models were predicted by numerical simulation to have the best
performance among five considered gap damper models. To test both models, the gap
damper was designed for viscous dampers (teesgpt the viscous model) in one direction,
and for viscous dampers in combination with a friction damper (to represent thphase
viscoplastic model) in the other direction. Due to difficulties with the friction damper, the
two phase viscoplastic modelas not successfully implemented in the component tests.
Therefore, the system test incorporated viscous dampers with different damper coefficients in
each direction.
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Figure 38 shows the gap damper component test configuration with the viscous
dampers ineach direction attached to a contact surface. An isolation nub, which in a real
application would extend down from the base of the building to sit inside the contact surface,
was connected to a hydraul i Bucea0.6>tdatlor .= An 5i0ni
was provided between the isolation nub outer surface and the inner contact surface. When
subjected to a harmonic load from the hydraulic actuator, the isolation nub moves uniaxially
in the direction of applied load. The dampers are not aetivaitil the actuator displacement
amplitude reaches the initial gap in the system. When the gap is closed, the dampers are
activated and impact forces transferred from the isolation nub to the contact system are
absorbed. The objective of the componest teas to validate the overall functionality of the
gap damper and the force displacement hysteresis behavior relative to numerical simulation.

S Isolation==

Figure 3-8: Gap damper component test setup at Auburn

An optimization study for uniaxial models was used delect the damping
coefficients,C, of the viscous dampers. This optimization study utilized a numerical model of
an isolated building similar to that described in Chapter 2. The model, built in OpenSees,
consisted of a linear single story shear structupported atop a bilinear base isolation
system. The bilinear properties of isolators were the characterized bearing properties in the
model domain (Table -3). The system mas$1 was distributed as 0.79 to the
superstructure roof and 0.25 to the baseevel, which was considered to Epresentative
of the multtstory building to be tested. The superstructure was modeled with Jerdal25
sec and damping rati® = 5%. The optimization study was conducted for pure viscous and
two phase viscoplastic models similar to the procedure defined in Chapter 2. Fgure 3
shows the optimizeeénergy dissipation levelEQL) and performance indexPl) for the
models consided. The optimizedEDL was found to be 0.75 and 0.95 for the viscous and
two phase viscoplastic models, respectively.

The viscous damping coefficients were selected with the assumption of two dampers
in each direction (Figure-8). For the pure viscous mdel, all additional energy dissipation
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was provided by the damper§o find the damping coefficient of viscous dashpots, the
relation developed in Chapter 2 (Equatiofl® was used, which is repeated here for
convenience:

5 o®%uv——00D (3-16)

In this equation,¥ is the isolation system natural frequency aQd represents the
characteristic strength of the isolation system summed over the four be&eugl that
Equation(3-16) was developed by equating the energy dissipated by the isolation system in
moving from the target to the overgap displacement to the energy dissipated by the gap
damper from its initial engagement out to the target displacemenEDhevas takend be

0.8 instead of the optimized value (0.75) to provide greater energy dissipation to further limit
the displacements. Accounting for two dampers acting along the isolation system in a given
direction,C for an individual damper was found to equal 0.4gbsec/in.

The properties of the two dampers acting in the other direction were selected based
on the assumed twphase viscoplastic model. Optimization studies suggested that wees
optimized when 70% of energy dissipation is provided by viscouspidgrand 30% by
friction damping. Therefore, Equation1l® was modified as follows to select the damping
coefficient,C for two phase viscoplastic model:

5 o®%uv——000 T (3-17)

Furthermore, th&DL was set to 1.0 instead of the optimized value (0.95), which led to the
damping coefficienC = 0.407 kip.sec/in for each damper.

qL —— Viscous Model

N | mm—— Two-Phase Viscoplastic Model

0. I 1 1 1 L
%4 06 08 1 12 14 16 1.8 2 22 24

Figure 3-9: Optimization results for viscowmnd twephase viscoplastic gap damper model
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3.3 Gap Damper Component Characterization Tests
3.3.1 Component Test Setup

Section 3.2.2 summarized the gap damper test setup for component testing performed
at the Structural Research Laboratory at Auburnvehsity. Here, further details of the test
setup and results are provided, as originally presented in [Rawlinson et. al. 2014 (I)]. As
shown before, the gap damper was assembled from the following parts:

1. Four viscous dampers: These dampers were fabritgtdchylor Devices Incorporated.
Each damper was 34.250 in | er3gt hstwiotkhe a aH5a ck
East/West and North/South (Figure8B damper damping coefficients were 0.465 and
0.407 kip.sec/in, respectively.

2. Contact surface andolation nub: These parts were designed using strength limit states.
The initial gap required before damper actiywv
of four 653/ 80 member s we¢olfaine the sguare tohtact di agon
systeminFigg49. The isolation habl Sva4psedianpl i sed
with a stiffener plate added to the bottom to aid in force transfer.

3. Clevis attachments: Four pin and clevis connections were used to attach the viscous
dampers to the contact systemaltow rotation. The opposite side of each damper was
attached to a reaction support with a pin and clevis connection as well. The off center
location of the clevis attachments on the contact system (FigLo¢ @rovided resistance
to rotation due to ecodric impacts.

Clevis Design per Tavlor
Device Inc Standards

N\

/ HSS 6x6x1/2™

Built-up 6x6x3/4™
Isolation Nub (Attached
to floor above)

2.57 Gap Surrounding Isolation Nub
for Delayed Activation of Dampers

Figure 3-10: Plan view of contact surface and isolation nub

3.3.2 Component Test Setup and Instrumentation

Figure 38 shows the nominal concentric gap damper configuration. The East/West
dampers were connected to reaction blocks at ndeard to the contact surface at the other
end by clevis attachments. Two North/South dampers were connected in a similar way. Once
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the dampers and contact surface were connected together, the isolation nub was centered

inside the contact system with a@5 gap on al | sides. The 1isol a
rigidly to a hydraulic MTS 243.35 actuator, which applied displaceroentrolled loading in

the westeast direction. The East/West dampers activated axially once the isolation nub
displacement reached520 . The North/ South dampers were ac
transverse direction as a result of contact surface movement weagtstirection.

To investigate the range in behavior of the gap damper, four geometry test setups
were implemented (Figar311). In the concentric configuration, as described previously, the
isolation nub was centered inside the contact system (Figdrke (&)). In the eccentric
configuration, the nub was positioned 10 or 2
the stroke (Figure 31 (b)). To capture the gap damper response to obligue impacts, the
isolation nub was rotated by up to 5 degrees for a concentric rotated configuration (Figure 3
11 (c)) and an eccentric rotated configuration (Figulid &d)).

Several snsors were attached to the gap damper parts to record various responses.
Table 34 lists the sensor name, sensor type, measurement units, and a description of the
response that was recorded. A load cell recorded the axial force and an LVDT measured the
displacement of the actuator. All dampers were attached to 50 kip tension/compression load
cells to record the forces across the dampers. In addition, a stringpot was attached to each
damper in the axial and transverse direction to measure the dampemasiglakeation.

(a) (b) (¢) (d)

Figure 3-11: Load case configurations: (a) concentric, (b) eccentric, (¢) concentric rotated, and
(d) eccentric rotated
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Table 3-4: Summary of Sensors Used for Component Test

Sensor Sensor
Sensor Label Type Measurement Comment
Units
Act-LC Load Cell Ib Forces in actuator
Act-LVDT LVDT In Actuator displacement
EastLC Load Cell Ib Forces in east damper
EastAxial Stringpot In Axial displacement in east damper
EastTransverse Stringpot In Transverse displacement in east gam
North-LC Load Cell Ib Forces in north damper
North-Axial Stringpot In Axial displacement in north damper
North-Transverse Stringpot In Transverse displacement in north damps
SouthLC Load Cell Ib Forces in south damper
SouthAxial Stringpot In Axial displacement in south damper
SouthTransverse Stringpot In Transverse displacement in south damp:
WestLC Load Cell Ib Forces in west damper
WestAxial Stringpot In Axial displacement in west damper
WestTransverse Stringpot In Transverse displaogent in west damper

3.3.3 Loading Protocol

An input signal was applied to drive the actuator, which in turn activated the gap
damper. Two different types of signals were considered, a Sine Wave and a constant velocity
triangular function. Figure-22 shavs a sample Sine Wave inputwith4/. 20 ampl i t ude &
0.125 Hz loading frequency. Figurel3 shows a sample triangular function with the same
amplitude and frequency. In total, 24 different load cases were applied to evaluate the gap
damper response, agmmarized in Table-8. The loading frequency was either 0.125 or 0.2
Hz. Eight of the load cases were concentric or concentric rotated configurations while 16 of
the load cases were eccentric or eccentric rotated configurations. The 5 degrees clockwise
(CW) or counterclockwise (CCW) rotations is indicated in Tabkd 3where applicable.
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Figure 3-12: Sine Wave loading
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Figure 3-13: Triangle function loading

51



Table 3-5; Load Cases

Load Loading Displacement Rotation (5 Eccentricity Wave
Case Frequency Range (in) degrees) (in) Form
(Hertz)

1 0.125 4.2 - 0 Sine
2 0.2 4.2 - 0 Sine
3 0.125 4.2 - 0 Triangle
4 0.2 4.2 - 0 Triangle
5 0.125 4.0 Ccw 0 Sine
6 0.2 4.0 cw 0 Sine
7 0.125 +4.0 Cw 0 Triangle
8 0.2 +4.0 CW 0 Triangle
9 0.125 4.2 - 1 Sine
10 0.2 4.2 - 1 Sine
11 0.125 4.2 - 1 Triangle
12 0.2 +4.2 - 1 Triangle
13 0.125 4.2 Ccw 1 Sine
14 0.2 4.2 Ccw 1 Sine
15 0.125 4.2 CCW 1 Sine
16 0.2 4.2 CcCcw 1 Sine
17 0.125 4.2 - 2 Sine
18 0.2 4.2 - 2 Sine
19 0.125 +4.2 - 2 Triangle
20 0.2 4.2 - 2 Triangle
21 0.125 4.0 Ccw 2 Sine
22 0.2 4.0 Ccw 2 Sine
23 0.125 4.0 CCW 2 Sine
24 0.2 4.0 CCw 2 Sine

3.3.4 Experimental Test Results

Results for Load Cases 1 and 3 for the concentric configuration are preserted her
The gap damper properties have been calibrated against an analytical model of the damper
that was built in OpenSees and subjected to the displacemetnblled loading protocol
used in the experiments. The sum of the forces in the East/West damsers aetuator
displacement is plotted in Figurel3 for Load Case 1 and15 for Load Case 3. Preliminary
comparisons indicated the experimentally observed damping coefficient was lower than
design damping coefficient (0.465 kip.sec/in) due to preload Tdssrefore, for calibration
the damping coefficient in the analytical model was lowered by 15% to 0.395 kip.sec/in.
Figures 314 and 315 indicate that the experimental and analytical hysteresis loops match
well after modifying the damping coefficients.
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As illustrated Figure 34, for Load Case 1 the isolation nub moves without
activating the damper (no damper force) wuntil
3-14). In this time step, the East damper was in compression, while the West damper
experienced tension. The dampers then activated in the reverse direction at a lower
displacement-@ . 30) , since the contact surface shifte
first time (Loop 2 in Figure -34). As discussed in Chapter 2, the shiftibgity of proposed
gap damper provided larger energy dissipation capacity in comparison to a configuration with
no shifting capability. Since the displacement loading for this case was Sine Wave, the
velocity in the dampers was nonlinear which produced efliptical force displacement
curves.

During the triangle loading function (Load Case 3), the dampers activated for the first
time at-2. 50 ( Loop -15). Tha trighglegleadirey fuBction produced constant
velocity which led to constant force ime& dampers (rectangular force vs displacement
curves). For both cases, as the input displacement amplitude in a given cycle is increased, the
loading velocity also increases. Since the damper forces are velocity dependent, larger force
displacement loopsr@ observed at larger displacement amplitudes.

The damper force versus damper displacement in both the West and East dampers are
plotted in Figures-36 and 317 based on the recorded displacement from the axial stringpot
on each damper. Relative to Figar314 and 315, these figures measure the damper stroke
and do not include the movement across the gap. FigiBaso illustrates how the curve
for damper force vs. global displacement (displacement across the actuator) relates to the
curve for indivdual damper force vs. displacement across the damper. The damper
di spl acements did not reach their stroke capa
the experimental and analytical hysteresis loops in individual dampers (Figlifeargl 3
17) isgreater than for the complete gap damper (Figub$ 8nd 315).

Test
2000 " Analytical

Force (1b)
[=]

-1000

-2000 |

-3000 '
504 03 2 -1 0 1 2 3 4
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wn

Figure 3-14: Damper force vs. actuator displacement subjected to Sine Wave motion (Load Case
1)
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Figure 3-15: Damper force vs. actuator displacement subjected to triangle motion (lasad3)

(a) (b)
1500 " T T . T
Test
1000} - Analytical |
; >
1
]
_500| !
) [
= 1
2 i
2 0f
S
=4
=500
-1000 |
-1500
2 1 0 1 2 -2 -1 0 1 2
Displacement (in) Displacement (in)

Figure 3-16: Damper force vs. displacement subjected to Sine Wave motion: (a) West damper,
and (b) East damper
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Figure 3-17: Damper force vs. displacement subjected to triangle motion: (a) West damper, and
(b) East damper
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Figure 3-18: (a) Damper force vs. component global displacement and (b) damper force vs.
displacement across the damper for Sine Wave loading case

3.3.5 Individual Damper Qualification Tests

Due to the gap damper configuration in the component test, only the East/West
danpers properties were activated in the damper axial direction. Thus, qualification tests
were also performed on individual dampers to verify response characteristics and determine
the damping coefficient of all dampers [Rawlinson 2015]. For qualificatistintg the
dampers were installed between the actuator and reaction block as shown in Fi§ure 3
Each damper was instrumented with a drawstring wire gage attached to the damper
(measuring displacement across the damper) and a load cell attached t¢noéassaring
force in damper). Each damper was subjected to a Sine Wave loading with frequency of 0.3

Hz and di splacement amplitude of 1. 750, wh i
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in/sec at mid stroke. Table®B summarizes the observed damping ftoents for different
dampers from the qualification test. As illustrated in this table, the damping constants were 2
16% lower than intended values.

Load Cell Viscous Damper

Clevxs
Attachment

Instrumentatlon
Channels

Figure 3-19: Damper qualification test setup

Table 3-6: Observed Damping Coefficients from Qualiticen Testing

Damper Design DampingCoeff.  Observed Damping Coeff.

(kip.secl/in) (kip.secl/in)
North 0.407 0.398
South 0.407 0.38
East 0.465 0.42
West 0.465 0.389

3.4 Conclusion

This chapter summarized the design and characterization of isolators pnd ga
dampers for gap damper component and gap damper system tests. The chapter starts with
bearings characterization procedure and bearings stability check. Using characterized
properties of bearings, bearings effective periba £ 1.18 sec), damping ratiay =19.86)
and MCE displacemenDyce= 4. 20) wer e computed. The bearin
that the maxi mum di splacement in bearings sholt
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to approach conservatively larger displacement demands duringlagaper system test
through series of ramp up scaling intensities.

The chapter continues with gap damper system design procedure. Here, due to
complexities involved building hysteretic dampers, only viscous gap damper models were
designed and tested. Tadi viscous dampers damping coefficients, the optimization study
was conducted. Two set of dampers with different damping coefficients were designed
(larger dampers with damping coefficient of 0.465 kip.sec/in and smaller dampers with
damping coefficient 00.407 kip.sec/in).

Then, the considered assumptions for gap damper component test and results
observed during the test were discussed. Two Sine Wave and triangle function loadings were
applied during the gap damper component test. This test confirmedag&mction of gap
damper (developed in Chapter 2, Section 2.3.3) with similar shifting ability and similar force
displacement trends. Qualification tests were also conducted on individual dampers. These
tests showed the dampers damping coefficients le@rer than designed values. During the
test, smaller dampers damping coefficients lowered by Z.3% and larger dampers
damping coefficients lowered by 10.728.5%.
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Chapter 4. Design of 3Story Steel Test Frame

4.1  Overview of FrameDesign

This chapter describes the design of a-bag by onebay 3story steel frame
specimen that was constructed for the gap damper system test. The frame properties were
chosen for a single table test using one of the three biaxial shakeitdbdBR6 s Ear t hquake
Engineering Laboratory. Each &maRilun stnokesos ur es 1«
+ 1 2 @nd a peak acceleration off &t a payload capacity of 50 tons (approximately 100
kips). The ¥4 length scale single bay configuration was choseadbas the shake table
specification. The model bay widths were chos
height was 46, | eading to an overal/l height o
bearings and gap damper were selected and @eslggsed on an assumed specimen weight
of 80 kips, the majority of which would be provided by supplementary weight attached to the
frame. Both frames in each direction were desigoeesist the lateral forcethe resistance
was provided byraced frames the NorthSouth direction and moment frames in the East
West directionThe 3story steel specimen and connections were detailed by the project team
and fabricated by Yajima structural & specialty steel fabricator.

4.2  Specimen Loads

To provide the requisite mass for the specimenthe frame was designed to
accommodate combination of steel platesndlead baskets that would be installed to the
frame.Available steel plates were selected that would span between the frame beams and a
secondary beam htlf-s p a n. T h epktesmdasure#8o x 36dkand weigled 0.5 kips
each.Four plates would be placeah each flooto provide2 kips per floor o8 kips overall
for the specimenThe steel plates also provided a base slab on each floor to suppegdhe
baskets.

Table 4-1 shows the dimensions of lead baskets and their measured weights. Each
lead basket was filled with a number of 50 Ib. and 100 Ib. lead weights. Lead badkdts 3
2, 7-8 and 56 wereselectedor thebase, first, second and thilddrs respectively. Figuré-
1 showsphotosof two representativiead basketonfigurationsused in thetest. Table4-2
summarizes théotal supplemental weighfrom steel plates and lead baskets each floor
that was considered in the steel frame dedipte that this weight is less than the 80 kips
assumed for design, but does not include the weight of the frame.

To find the lateral load demands (earthquake loads) on the frameelateral load
transferpath was defined firsfAs illustrated in Chapte3, the gap damper is designed to be
activated by impact of the isolation nub with the bumper surface. For the system test, the
isolation nub was to be connected to bottom of the base isolated frame, which would transfer
the impact force to the frame upantivation. So, the design lateral load was determined by
the story shears generated by impact of the isolation nub against the bumper surface, as
estimated by analytical simulation.
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Table 4-1. Measured_ead Baskets Weight and Dimensions

Lead Basket Dimensions (in) Weight (kips)
1 65.5 58 12.4 7.62
2 65.5 58 12.4 7.72
3 65.5 58 12.4 7.72
4 65.5 58 12.4 7.82
5 51 51.5 12.4 7
6 51 51.5 12.4 6.9
7 51 51.5 12.4 7.72
8 51 51.5 12.4 7.82

60.32
(a) (b)

Figure 4-1: (a) Lead basket 4, and (b) lead baske

Table 4-2: Extra Weights on Specimen Floors

Floor Weight (kips)
Base 17.54
First 17.34
Second 17.54
Third 15.9
68.32

The design lateral loads were estimated based on numerical simulation of the
simplified structural model mentioned in Sect®@.2 that was also used for the optimization
study. The optimized damping coefficien€ (= 0.465 kip.sec/ipfor the viscous gap damper
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was introduced, antthe 24 ground motions from Chapter 2 scaled by-oveat scale factors
were applied to the uniadianodel. Thetotal design lateral force or base sh¥ain steel
frame was taken to be the 84ercentile(median plus one standard deviationximum
shear force in superstructure over the suitenotions The numerical model predictéd
equal to 37.3 ipsfor 80 kips of specimen weight (Chapter Bhe base shear was distributed
to the floor leveldaccording toEquation 128-11 of ASCE 710], where the lateral seismic
forceFxat levelx is computed by:

O 0 w (4-1)
whereCyis a vertical distribution factor computed as [Equatiof81PL of ASCE 710]:

0 E— (4-2)
In Equation (42), Wx andW arethe total effective seismic weighssigned to Levell or x; h;
andhy arethe heightft or m) from the base to Levelor x; andk is an exponent related to the
structure period. Since the steel frame specimen was expected to be stiff with a period
smaller than 0.5se¢ k was taken to be.1The design floor weights and height were
substituted into Equation {2) to find vertical distribution factors. The computed lateral
seismic force and story shear for the different levels of the specimen are summarized in Table
4-3.

Table 4-3: Lateral ismic Forces for Design of the Steel Specimen

Floor Wi (kips) hi (ft.) Cwx Fx (kips) Vy (kips)
Base 17.54 0 0 0 37.30
First 17.34 4 0.17 6.46 37.30
Second 17.54 8 0.35 13.07 30.84
Third 15.9 12 0.48 17.77 17.77

4.3 Steel Specimen Design
4.3.1 Memker Sizes

After steel frame geometry and loading were determined, the steel specimen was
modeled in SAP2000 v.15 softwaré&irst, using 3D frame model from the software
templates, the steel frame was built as a three story frame with one bay in eachndiféeti
base floor primary beams, all secondary beams, braces and isolation nub were added to the
model. The base was fully fixed in the moment frame direction and pinned in the braced
frame direction. Moment releases were applied for all primary beartige ibraced frame
direction, all secondary beams and all brag&gid diaphragm constraints were introduced
for each floor taemove out of plane local modasd improve modal analysis results.

Steel material properties were introduced for different steetions such as wide
flange, box and angle sections. The properties of each steel material type were chosen
according to AISC Steel Construction Manual 13. Table 44 shows the steel type,
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minimum yield strengtlFy and minimum tensile strength, for each section type, the steel
plates and the isolation nub. The following properties were assumed for all types: steel
modulus of elasticitE= 29000 k si ,3=0@3andvweight @esunitrvalume 490
Ib/ft3. To start, all frame section sizes were assigned automatically using the program default
section sizes.

Table 4-4: Steel Material Properties

Section Type Steel Type Minimum Yield_ Minimum Tensi_le
Strength, K (ksi) Strength, F, (ksi)
Wide Flanges A992 50 65
Angles A36 36 58
Box Girders (HSS) A500- Gr. B 46 58
Plates A36 36 58
Isolation Nub 1018 Mild Steel 53.7 63.8

As explained before, one secondary beam was considered on each specimen floor to
suppot the steel mass plates. In the base floor, the secondary beam also provided connection
surface for the isolation nub. Preliminary evaluations showed there was a large demand on
the isolation nub as a result of simultaneous device activation in bothahsavhich could
lead to double curvature bending on isolation nub. Therefore, to increase the isolation nub
capacity, four stiffeners were attached to the nub as shown in HgRrelo provide
adequate supports for the stiffeners, a cross shape catitguwas selected for base floor
secondary beams. The combination of two secondary beams, the isolation nub and stiffeners
wi || hereafter be referred to as the fcross
model to complete the model geometry.

/

Stiffener Stiffener

Isolation Nub

Figure 4-2: Four stiffeners to increassolationnub capacity for gap damper system test
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The steel mass plates on different floors were modeled by thin plate elements since
their length to thickness ratio was p8ntsel andKrauthamme001] The steeplates were
divided into 108 elements, each 40 I 40 squs
calculations.The lead baskets were not modeled explicitly, but their weight on different
floors was distributed as uniform dead load (gravity) on the skatelsp

The lateral loads in braced and moment frames direction calculated by Eqdation (
1), were applied as earthquake load (Figd#®. Since the relative lateral stiffness$ the
vertical resisting elements (specimen 4 corner columns) and the diaph@ag equal, the
seismic design story shear was evenly distributea the floors. Specificay, the derived
lateral seismic forces were applied equally to the four corner nodes on each floor to represent
earthquake loading on the steel frame. To applyrdxtional earthquake loading, the same
lateral forces were applied in each orthogonal direction. Figud@) shows the distributed
earthquake loads in braced frame direction while FighB¢b) shows the same loads in
moment frame direction.

Figure 43: Earthquake loading in: (a) braced frame direction and (b) moment frame direction

The load combinations for steel frame design compliant with ASEIB Were
introduced as follows:
1) 1.4 xD

2) 1.2xD+1.0 xEQs+ 1.0 xEQu
3) 0.9xD+1.0xEQs+ 1.0 XEQwm
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whereD represents dead loaBQs shows earthquake loading in braced frame direction and
EQu shows earthquake loading in moment frame direction. Recall that the earthquake loads
include the effect of impact of the isolation nub against the bumper surfazad
combinations 2 and 3 each included 4 combinations to cover all possible maximum demands.

The steel specimen was designed for a conservative factor of safety against yielding
under the various load combinatior@nce specimen geometry, sections &atling were
defined,the steel frame was analyzed to find maximum demand fordéferentelements.

The frame was designed (in SAP) using the AIBRFD for Structural Steel Buildings 29
steel codewhichusedmentionedoad combinations ithedesigh procedure

According to LRFD design method, the force demands on an element (required
strength) would be compared with element force capacity (design strength) in order to
determine section adequacy in satisfying following equation:

2% Y (4-3)

whereR; is required strengthy is resistance factoR, is section nominal strength addck R,
is design strength.

For example to design a girder or moment frame, the moment diagram of element and
maximum moment demandbl{) were determined by analysis. Then, the flexural nominal
strength of elementM,) was determinedby selected codéased on the limit states of
yielding, lateral torsionabuckling andlocal buckling in the elemenfhe resistance factor
for flexure @ip) is equal to 0.9.The peakmomentdemand divided by theection moment
capacity (design strengthti, x M, was computed to determine sectionoment
demand/capacity ratioAlso, girders shear capacity was checked separately in similar
procedure. Once peak shdarce demand was determined, the shear demand/capacity ratio
was computedn the girders, the moment demand/capacity generally governed the selection
of the section size.

To find demand/capacity ratio in columns, the interaction between of flexure and
compression was considered:

(@For— 1R,

- (4-4)

(@For— TR d,

(4-5)

where ¢ is resistance factor for compression and equal to 0.85 [According to AISC Steel
Construction Manual, v. 131 =0.9]. P, is the maximum axial forcelemandand Myz3 and

Mu22 are peak moment demandB, is the available axialcompressive strengtland
determined based dhe controlling buckling mode.

To find appropriate sections, list of wide flange sections was created columns,
girdersand secondary beamand a list of angles was created for the braSag 2000
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software cheokdautomaticlly the demand/capacity ratio for all frame elements and selected

the most efficient sectiafrom auto selection lisifter frame elements demand determined,

the capacity of selected auto selection sections were chéeldkedollowing key points were

apdied to select final steel frame sections:

1) For sufficient conservatism against yieldiad), components demand/capacity raticere
reduced tol/3, or a factor of safety of 3 against yieldinGuch modification was
considered since the effects of impa&dmg can be damaging.

2) Thenumber of different section typ&gs limitedto reduce the frame construction cost
and effort.

Table 45 summarizes the selected frame sections satisfying the -amwv#oned
criteria. Figure 4 shows the demand/capacity oatif these sections. With the exception of
the isolation nub with a demand/capacity ratio of 0.69, all other sections have ratios less than
0.5 according to the color bar next to the frame. The weight of steel frame by this
configuration was 6.8&ips, which refined the estimated total specimen weight on the
bearings to 75.Rips or 18.8kips/bearing The first mode periods were found to be 0.18 sec
in the moment frame direction and 0.1 sec in braced frame direction.

The crosselementwas designedor local effects of impact loadingTo find the
demand on the isolation nué,proceduresimilar tofinding the lateral force demand on the
frame was considereddere, the 84" percentile(median plus one standard deviation)
maximum axial force in the viscous daemnp produced by the suite of ground motions was
applied as ammpact load on isolation nub. This force was found to equal 34.3akigw/as
applied bidirectiondy on the isolation nubOnce the momenshear and axidbrce demands
werepredicted fodifferentparts of cross element, the eleméesign included the following
components
1) Secondary beams: Intersecting base floor secondary beams were composed of a box

girder HSS8x8x5/16 and a wide flange W6x25 section. A factor of safety of 3 was
applied to @sign these sections (Figutet).

2) Isolation nub:The isolationnub was a 6x60x3/40 box section welded to the bottom of
the box girder. Since the demand was very high on this section, a factor of safety of only
1.5 could be provided for reasons of economy

3) Stiffeners: Fours / ghitk plates were welded to the nub and the secondary beams to
increase the nub capacity. To design the stiffeners, their maximum axial loads were
determined, and a factor of safety of 3 was applied to the demand. Then, using the
procedure of Example 1145 [AISC, Steel Construction Manual, Example Designis¢
plate thickness was calculated. To control the thickness, the limits in bug¢kli8g,

Steel Construction ManudEqgn. E31, E32 and E34] and tension yieldingAISC, Steel
Construction ManuaEqgn. J41] were checked.
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Table 4-5: Summary of Steel Specimen Sections

Component Cl\g:nn;)%ire?lfts Section Section Type

Column 4 W 10x% 26 Wide Flanges

Girders- Moment Dir 8 W8x24 Wide Flanges

Floors Girders Braced Dir 6 W6x15 Wide Flanges

Base Girders Braced Dir 2 W6x15 Wide Flanges

Base BeamsMoment Dir 2 W 6 x 25 Wide Flanges
Base Beam Braced Dir 1 HSS 8x 8 x5/16 Box Girders (HSS)

Floors Beams Moment Dir 3 W6x15 Wide Flanges

Braces 6 L5x5x1/2 Angles
Isolation Nub 1 Box Section 6x 6 x 3/4 Isolation Nub

Cross Element

Figure 4-4: Steelspecimerdemand / capacity ratio

Steel plateswere checked for stress and deflection. Figd#'® shows the stress
distributionon steel plates. Th&tress demand raedfrom 11.1 to13.3ksi, whichis smaller
than the steel plate yield stress of 36 ksi. The allowable plate deflection was deliA&dCas
whereLwas t he spanos AISE Stget QonstruationcMamual 13nThesteeb
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plate length of480 led to an allowable deflection 00.48. The deflection demandwas
estimatedrom:

I (4-6)

whereq =0.00246ksi wasthe uniformly distributed dead loadh= 3 60 was t he pl
width, D = h®E/12(1-3%) = 2656kips-in was bending stiffness ing plate thicknesd= .1 0
Thep a r a mwas éounddbe0.0681based on thenaximum deflection ahe platecenter
[Table 4ai Bastia 201Q] The deflectiondemandwas determineds 0.0106in, which is
smaller tharthe allowable deflection.

Figures 46 to 49 show the AutoCAD drawings that summarize the frame design.
Figures4-6 and4-7 indicate the plan views of different floors of the steel frame. dexin
these drawings are the columns sections, girders sections and ldregthes sections and
lengths, and all connection locations and their names. A different naming convention was
used for similar sections, such as W6 x 15 (1), (I1) and (lll) to differentiate length and section
hole patterns for connections. Figur$(a) shows the elevation viegi the moment frame,
and identifies lengths, section names for columns and girders, location of the base floor
secondary beam shear talad locations of thevelded unreinforced flangeelded web
(WUF-W) moment frame connections. Figuté(b) shows thelevation view of the braced
frame and identifies lengths, sections for columns, girders and braces, locations of secondary
beam shear tabs on each floor, and locations of braced connections. The plan and elevation
views of the cross element are shown iguFe4-9(a) and (b).
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Figure 4-5: Steelplatesstresses (units: ksi)



W10x26 (1) W10x26 (1)
Base © — © wiox26 (Il) Detail C o — °| Base
! H — —— — oy o] b
e ’=‘=§< 0| T ‘O p= <N ©
= 3
T "—Braced Conn. 0 £ " Beam-Column Conn. (1) 7|/
N —WUF-W (1) ; o  WURW(@ -
[ s |||Z I
[ , =
I —% 1 73 > {» |
- - " 3|
H‘_ 4 DetailB \ | 4111 | petwiie S
N = 7 [14E — Ty >
o SR T E— g
| [ 33l 33 |
| IE || =l
. n o
H § 3'_4%' " § g I
| [~ —wurwa) " WA -~y 1
2| Braced Comn. Beam-Column Conn. (I)\ \
L [@ — G‘ _izé[ J[: \ ] ) o]
B
o =T o W10x26 (1) “—Detail C le 5 o
W10x26 (1) W10x26 (1)

7"-103"

Figure 4-6: Planview of base floor

Wikma il Wex15(1&1) - DetailA W10x26 (1)
F-———cx————4
— ey 2y s s
~— | “—Braced Conn. (Il) |  S—p— m— | =
L wurw m wurw - — | |
| ! |
| ! |
e ! g )
=
N« il | | |3 5| | rad 3| »S
e = =
| | |
| | |
| | I
||~ -WUEW ) WUFW (- — | |
/—Braoed Conn. (1) :;; B7raoed Conn. (III)—\ N
S - - x; N e~ —
L Spper— . or— 1
=F’V10X26 o) Wéx15 (|&:!)103'| —Detail A \y10x26 (I n
~Va

Figure 4-7: Planview of floors 13

67



(a)

(b)

1.

W10x26 (1) W10x26 (1) 310" 2
i W8x24 (1) Sl Boam Courmn — W10x26 () . wioxze ) 7 et e
. Conn. () 2> W6x15 (1I1) =
(I 1
‘ Shear Tab 0 l
WUF-W (i) 4 ! A \\\\ l
ety
I oF |
Braced Conn. (i) — | | Braced Conn. (W)
wax24 (1) f W6x15 (1) I
I 1
| Shear Tab 0 |
|
1210 TN I
1210 WUF-W (Il) 4 | \‘5*54\1 |
Braced Conn. () | | Braced Conn. (if)
f W6x15 (1) i
w8x24 (1) 1 =
— - |
- = | Shear Tab D |
| |
p\\]
| 5‘(:91\ |
WUF-W (Il) W
WUEW (I 3 ul- Braced Conn. (1) — | | Sm}m Smum
A [ onn
NG | W10x26 (Il) '
- { £ !
W8x24 (II) 2! s |
4 1 Shear Tab B g . 11F 1. S5
3 z

8 . <33 —Shear TabE 4% T
71} Braced Frame (West)
)

Figure 4-8: Elevation view of: (a) moment frame and (b) braced frame

(a) (b)

Detail B Detail B
%) TS8x8x:%
% @ Cross Element Plan (Top View)
o © il — s —
g !
Nub Conn. (1) | I
Detail B Detail D
TS6X6X3
- TS8x8x1 —
| Detail C s 5 WUF-W (II)
TS8x8xy5 W625
Detail B 1
g 2 Nub Conn. (1) [ Detail C
n Detail E
=
= TS6x6x3
Detail C

Figure 4-9: (a) Cross element piaview, (b) cross element elevation view

4.3.2 Connection Design

Different types of connections weresigred for the steel frame assembly. the
moment frame direction, girders were connected to columns usingWdénnectios. On
the other hand, imhe braced frame direction, girders were connected to columbsl|tad
connections. Finallysecondarybeans were connectedo girders usingshear tabhsSince
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connecting member sizes or connection locations were different in some cases, different
detailingwas required for similar connections in the same category. Figut@sto 4-12
explain and illustrate these representativenection types in more detail
1) WUF-W connections: Welded unreinforced flangeelded web or WUV
connections were used to creéubly restrained connections between primary beams
and the columns ithe momentframe direction. The WUV connection was also
usedto connectthe box sectiorof the cross elemento the bas&V6x25 beam. This
type of moment connection is prequalified byne codes and documents like
FEMA-350 for use in ordinary moment frame (OMF) and special moment frame
(SMF) within certain parameter limitations [Table 33 | FEMA-350. These
connections utilize complete joint penetration (CJP) groove welds to join girder
flanges directly to column flanges. To jdime girder web to the column flange, CJP
groove welds are also used. Shear tabs are designed to resist sheawimnection.
Figure 4-10 shows the details & representativeVUF-W connection betweethe
base floor girder and the frame coluriio. create perfect WU connectionsmnany
details including different weld types and sizes between girders and colsineas,
tab thicknesssand fillet weld size, weld access holesandweb doubler plate and
continuity platedetailswereprovided.

2) Braced Connections:This type of connectiojoined a brace, a girder and a column
together. The connection of theaceto the gusset plate, thgussetplate to the
column, gusset plate to the girder, and the girder to the column were all designed.
Figure4-11 shows representative detai§x 3 / 4nd twol / plates werespecified
to connectdiameter A325 boltshe brace leg tahe gusset plate. The gusset plate
checks showed that a &®late would be adequate for the considered demands. To
connect the gusset plate to the girder S ¢
specified. Double angle shear connections with three rdws @ diaméter A325
bolts were usedot connect the base floor girder to the colurmiwo rows of bolts
were used to connethie girder sections to the columns in floor8.1Tensiorshear
action and prying action checks were performed to validate the ciomstrength.

3) Shear connectionsShearconnections wreused to join secondary beams to girders
in three differentocations: W6x15 secondary beams to W6x15 girders in flb@&s
(Figure 412), W6x25 beams to W10x26 girders in the base f{éayure 413), and
HSS8x8x5/16 beam to W8x24 girders in the base {lBigure 414). To connect the
secondary beams to girders in floor8 1t wdiam8tér A325 boltgFigure 412
(a)) and 3/ 80 s K2 @)) was usdd. Tphd plate was (vdidedgpow e 4
and flanges of girders wusing 3/160 fillet
were coped in both flanges. In the connection betWw&ém25 beamand W10x26
girder in base flogrlarger shear tab plate was used (FigwE34a) and (b))To
connect thébox beam to the shear tab on M8x24 girderin base floorthe 3/ 8 0
pl ate was welded to the HSS section using
Figure4-14(a) and (b) Then the welded plate was connected to shear tab using two
single rows of B 4diameter A325 bolts to resist shear demand on the connection
(Figure4-14(a)).
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Figure 4-10: WUF-W connection: (a) elevation, (b) shear tab and (c) plan
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Finally, the cross elementonnection details were specified. Theo secondary
beams were connected together using WMFonnectios. Then, the isolation nub was
welded tothe bottom of box girder byCJPgroove welds all arounthe perimeter. Stiffaer
plate size and connection details wespecifiedaccording todetails D and E (Figuse49
and 4-13). Figure 413 shows stiffener dimensionand fillet weld size and length for
connectingthe stiffeners to the nub and secondary beahie minimum filet weld size to
connectthe stiffeners tothe secondary beams and isolation nub was deterntned be 1/ 40
[Table J2.4 ofAISC Steel Construction Manual 13]. A 5.50 long fillet weld was neededn
both side®of the connectionat provide adequatgrengthto resistthe estimatedemands.
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Figure 4-15: Isolationnub stiffener details
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Chapter 5. Gap Damper System Test Plan
5.1 Overview

As described previously, theag dampemwas experimentally validated by testing an
isolated frame with and withub the gap dampef.he test specimen components consisted of

the steel frame, the isolators, the gap damper
i s o | eonfigudation Experiment 2) consisted of thbree story steel specimen atop four
leadr ubber bearings. The fAdgap dcmiptedrofdthebasenf i gur a

isolated configuration with a gap damper component added on. Comparing the response of
the basasolated frame without and with the gap damper (Experiments 2 and 3) guidiiel
opportunity to investigate the effectiveness of the gap damper in controlling the isolator
displacements.

As mentioned previously, the steel frame was constructed by Yajima, a specialty steel
fabricator, and the isolators were available from a previproject at UNR. Following
component testing at Auburn University, the gap damper device was shipped to UNR for
reuse in the system level test. The steel plates and lead baskets used as mass for the specimen
were available for general use forreseanctopj ect s at UNROGs NEES facildi

This chapter overviews the test setup and test plan for the gap damper system test.
Section 5.2 describes the specimen construction and assembly sequence. Section 5.3 details
the design and assembly of a backup safety framdecable system. Section 5.4 describes the
instrumentation used to record the responses. Section 5.5 describes the test plan, including
ground motion selection. Finally, Section 5.6 describes how the data channels were processed
to derive the desired respses.

5.2  Steel Frame Specimen Construction Sequence

The isolated frame specimen was assembled on shake table number 3. The table has
alternating strong holes and weak holes to tie down structures. The working clamp load for
strong holes = 30 kips andeak holes = 20 kips. Figurelsshows the shake table strong and
weak tiedown holes location. The steel frame dimension and placement on shake table were
selected such that more strong holes were used. Figairehbws the cardinal directions in
earthquak engineering laboratory. The east and north directions are consistent with the
positive x and positive y directions, respectively, of the assumed coordinate system.
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Figure 5-1: Shake table tielown locations: (a) strong tiowns and (b) weak tidowns
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Figure 5-2: Shake table directions

Figure 53 shows an overview of how the specimen is connected to the table. The

frame was supported atop the isolation bearings, which were placed on top of load cells. For

the gap damper configuration, the dampangl the bumper system were connected to the

table directly. A series of plates were designed to connect the isolators and gap damper to the

table. Figure 51 shows all of the support plates, which include:

1. Bearing Pl ates: E a ¢ h tr8néférred the 3p@dmen loadsdhrobgh a r i n g
the isolators to the shake table. The center to center distance between these plates in each
direction was 8606.

2. Bumper Surface Plate: A 600606 I 600 I 10 bumpe
of table for thdbumper surface to slide on during the tests.

3. Damper Supports: Each damper support absorbed the impact forces transferred through
viscous dampers to shake table. These supports were placed such that the gap damper
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component configuration from Experiment @utd be repeated. Figure%shows the

Aut oCAD drawing of the support délwerel s. Two
welded to the basplate( 1| ) and the support plate (I1) wi-
support plate.

Figure 5-3: 3-story steel specimen on the shake table 3
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Figure 5-4: Shaketable support plate configuration
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Figure 5-5: Damper support plates details: (a) plan, (b) elevation and (c) 3/4 in triangle shaped
plate

The first step in the construction sequence wasetadwn the support plates. All
plates were tied down to the shake table usimgdiameter rods and nuts or A307 heavy hex
bolts by applying 373b-ft torque for strong tiglowns and 250b-ft torque for weak tie
downs. All rods or bolts were a minimurho 560 | ong to sufficiently e
holes.

Next, the bearing load cells were seated on the bearing plates. Each load cell was
connected to the corresponding beadametey pl at e
bolts. Then the four beiags were placed on top of the load cells (Figu®).5The bearing
top plates and bottom plates had different ho
four holes spaced 120apart. The bearing bott
spacedl 10 apart. Each bearing bottom plate was
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diameter A325 bolts with 35Ib-ft torque, which is the same as the torque used in all lower
connections.

Prior to assembling thigame on top of bearingthe gap damper was assembled on
the table.There was no need to assemble the gap damper componeBkgeriment 2;
however, the gap damper component testAatburn U. indicated that the gap damper
componentnstallation and assembly could behallenging Therefore the gap damper was
assembld on the shake tablenitially to mark the exact location @he bumper surface and
the dampers, and subsequently remofeedExperiment 2 The gap damper wasssemisd
by placingfollowing components on the shake table: the bumper surfaedour viscous
dampess, and aload cell andwo clevisesfor each dampeio transferthe load to the adjacent
componentsFigure5-7 shows thegap dampr componentinstalledon the shake tahléAs
illustrated here, this configuration is very similar to the doe the component test
(Experiment 1, Fure 3-7). The viscous dampers with damping coefficient <C0.465
kip.sec/inwere placedn the EastWestdirection, while the viscous dampers with= 0.407
kip.sec/inwere placedn the North-Southdirection. Figure5-8 showsa more detailed picture
of an individual damper connectioAs shown, each damper was connected to one clevis at
each endusing 1 1/4diameter pins. The clevisesthe bumper surface esdvere welded to
the bumper surface using / 1filedbweld. The clevises at the supp@mhd were connected
to damperoad cells using ddiameterods. The load cells were attadht® damper supports
usi ng 1 1/réd®andnute. met er

Next, the steel frame specimen and mass were assembled. First, the frame without
secondary beams was placed on top of the four bearings oriented with the moment frame in
EastWest direction and brace frameinNeBbuh di recti on. The 10 thick
on the bottom of the frame were connected to
(Figure 59). These bolts were ptensioned by applying 39b-ft torque.
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Figure 5-7: Gapdamper configuration

Figure 5-8: Connection details for viscous damper

Following the placement of the frame, the cross element was transported by crane
over top of building, lowered down inside the frame (Figur#0O)), and then rotated
clockwise to fit inside the baseviel (Figure 510(b)). As explained in Chapter 4, the cross
element was a prefabricated component consisting of the base floor secondary beams
(HSS8x8x5/16 and W6x25the isolation nub, and stiffenefBnce the cross element was in
place, the isolation nulocation inside the bumper surface was investigated (Figdre (a))
to ensure an initial gap of 2. 50betwelégn the n
(b)). Since the gap damper placement was correct, the dampers were removed for-the base
isolated tests (Experiment 2) and the bumper surface was strapped to the cross element.
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