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ABSTRACT

Application of viscous dampers to structures has demonsirated to remarkably
enhance damping values of buildings to as high as 30%. The supplemental damping
results in considerable increase in the amount of dissipated energy and substantial
reductions in story displacements and inter-story drift ratios and plastic rotations.
However, the effectiveness of viscous dampers applied to structures of different
heights located within near fault regions is not yet fully understood.

In this research, a comprehensive study of the effectiveness of the application
of viscous dampers to structures located within near-fault seismic regions (within 15
km from the fault) is performed. The effectiveness of enhanced damping as it relates
to fundamental period of the structures as a function of the height of buildings is
explored. The velocity related axial loads developed in columns adjacent to the
viscous dampers and their phase difference relative to displacement related flexural
moments 1s investigated. The effect of linearity versus non-linearity of dampers in
resisting seismic pulse characteristic of near-fault excitations is investigated.

The results of the study are utilized to establish design procedures for

implementation and design of viscous dampers to structures.
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INTRODUCTION
1.1 History

The first production usage of a fluid damper was in the 75 mm French
artillery rifle of 1897 to reducé recoil forces. The dampers used inertial flows of oil
forced through small orifices at high speeds (80 fi/s) to generate high damping forces
[Taylor, 1998]. By the early 1960’s, Fluid Viscous Dampers (FVDs) were utilized in
steel mills as energy absorbing buffers on overhead cranes, offshore oil rig leg
suspensions, seismic pulse attenuation of nuclear generators, and wind induced
vibration suppression of space shuttle launching platforms.

Because of their efficiency, reliability, and longevity, FVDs have been used
in military applications in the 1900’s. During World War II, FVDs were utilized to
provide to isolate radars and other sensitive electronic equipments from severe
weapon shocks. During the Cold War period, F VDs were used to protect guided
missiles against weapons detonation. Since the late 1980’s and the end of the Cold
War, there has been more emphasis in application of FVDs to buildings and brnidges
to improve seismic performance.

Application of FVDs in buildings is a new technology that improves the
performance of buildings by providing supplemental damping. The purpose of

enhanced damping is to reduce the earthquake induced displacements
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of the structure. Only recently, FVDs have been used in large-scale structural
applications. A number of these projects have been located on the west coast of the
United States of America and within near-fault regions. In 1994 FVDs were installed
in the building foundation isolation system of the San Bernardino County Medical
Center Replacement Project [ Taylor, 1998]. Being located in a high seismic zone of
southern California, the buildings were designed to provide immediate occupancy
subsequent to major earthquake events. The buildings were base isolated on high
damping rubber bearings and analysis indicated excessively large base
displacements. Nonlinear FVDs were added in parallel with the base isolation
bearings to reduce the displacements to acceptable values so that after a major
seismic event the building would fully reset with no permanent offset. In 1995 FVDs
were applied within chevron braces to the 4-story concrete structure of the historic
Woodland Hotel, in the city of Woodland, California [Miyamoto, 1995]. In 1998
FVDs were installed within cross braces in a new 14-story steel moment-frame
structure of the State Building in San Francisco [Elsessor, 1997]. In 2000, FVDs
were installed in the rehabilitation project of a 2-story addition over the existing 4-
story concrete structure of the Capitol Mall parking structure in Sacramento

[Miyamoto, 2001].
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1.2 Principles of Operation

FVDs operate on the principle of fluid flow through orifices. The dampers
provide forces which are proportional to their deformation rate or relative velocity of
the piston with respect to its housing (Eq. 2-8). FVDs do not exhibit stiffness within
low frequency ranges (f< 4 Hz, T>0.25 s). Therefore, while structures equipped with
FVDs benefit from improved performance levels, they are not subjected to the
additional earthquake design loads, which result from the conventional stiffening and
strengthening design alternatives.

An FVD consists of a cylinder and a stainless steel piston with a bronze
orifice head and an accumulator (Fig.1-1) [Taylor, 1998]. The cylinder is filled with
silicone oil, which has stable properties over a wide range of operating temperatures
(-40 Cto 70 C). The orifice configuration and mechanical construction can be
adjusted to produce various flows and characteristics. As shown in Fig. 1-1, a
damper under compressive loads, the piston moves from left to right and fluid flows
from chamber 2 toward chamber 1. The damping force is proportional to the pressure
differential in these two chambers [Reinhomn, 1995]. However, the fluid volume is
reduced by the product of the piston travel Eéng&h and piston rod area. As the fluid is
compressible, this reduction in fluid volume is accompanied by the development of 2
spring type restoring force. However, the fluid is allowed to exit and reenter into the
accumulator and therefore prevent the FVD from developing stiffness. Nonetheless,

because of accumulator limitations, at large frequencies (>4 HZ), stiffness in FVDs
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are detected [Conatantinou, 1992]. The modal frequency of vibration of most
structures is less than 4 Hz and the period is larger than 0.25 seconds. For higher
modes with higher frequencies, the FVDs could desirably display additional
stiffnesses and result in lower participation of the higher modes in the structure’s

response.

Piston Rod _Compressible
Cylinder £ Silicone Fluid Accumulator
; Housing

Rod Make-Up
Seal Retainer Chamber 1 Chamber 2 Y Accumulator
Seal Piston Head Control Valve
With Orifices

Fig.1 -1  Cross Section of A Viscous Damper

1.3 Recent Studies and Applications

Viscous dampers are known to activate well when subjected to distant-fault
earthquake ground motions (EQGMs) of sinusoidal nature [Constantinou, 1992].
Near-fault EQGM records have shown the presence of severe (over 0.4g)
acceleration pulses. These severe pulse-type EQGMs may significantly increase the

lateral displacements and consequently the inter-story drifts and inelastic
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deformation demands, especially for the lower stories of buildings [ Anderson et al,
1987]. In addition, the lower parts of buildings carry high axial loads. The
combination of large inter-story drifis and high axial loads (P-A effects) cause major
concern in the design adequacy of structures located within near-fault regions.

The analyses of the accelerograms recorded during near-fault
EQGM’s have indicated the presence of severe acceleration pulses in such records.
The presence of such severe acceleration pulses has been recognized and introduced
into the seismic provisions of the building codes through the introduction of the near-
source factor [UBC 1991, 1997]. Accordingly, for buildings located less than 15 km
from the seismic source, application of higher near-source factors results in higher
required base shears. A historical review of near-fault, pulse-type EQGMs by
Bertero [Bertero et al, 1999] stated that the effects of the large acceleration pulses of
the near-fault EQGMs on the building response can not be obtained by simply
increasing the required base shears which. The severe large acceleration pulses may
result in development of unusually large velocity increments and displacement
excursions at near-fault sites. In fact, the peak ground acceleration is not a very
accurate means of classifying the severity of strong ground motion with regard to
structural damage potential [ Anderson et al, 1987]. To obtain a more meaningful
classification, the use of other parameters such as incremental velocity and peak
ground displacements may be required. In a related study, [ Anderson et al, 1999], it

was found that while for structures of about 10 to 30 stories), the
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large ductility and displacement demands tend to be concentrated in the lower third
of the structure, for taller buildings the largest demands occur in the upper third.
According to this study, most of the structures designed for building code
requirements established before 1997 will perform poorly when subjected to the
severe pulse-type EQGMs.

By providing supplemental damping, FVDs dissipate large amounts of
energies when subjected to large velocities and displacements. It is recognized that
for a single acceleration pulse, damping is not very effective in decreasing the
maximum response which usually occurs in the first cycle of the response.

Therefore, there have been concerns about effectiveness of supplemental damping
for structures located within near-fault regions and subjected to pulse-type EQGMs.
However, in the study by Anderson et al [1999], the use of overall supplemental
damping in structures located within near-fault regions was investigated and found to
be very effective. The effectiveness of the dampers was attributed to the fact that the
amplitude of the velocity pulses are very high and that the recorded EQGMs contain
at least three severe acceleration pulses which generally occur after several smalier
pulses. In that study, a system-wide supplemental viscous damping of 30% was used.
A set of actual near-fault ground acceleration records with high acceleration peaks
were used for the analysis. The study concluded that for long-period concrete frame

buildings and for most of the flexible steel frame buildings, the application of
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passive energy dissipation devices offers an attractive means of reducing the
deformation demands on the building members and joints. The study did not include
discrete simulation of the individual dampers and the corresponding increased axial
loads on the affected structural members. As a part of this research, and in a paper
presented by Anderson, Bertero, and Tarassoly [ Anderson et al, 2000] discrete linear
FVDs were designed and placed within nonlinear models of several steel structures.
The design of the linear dampers used by Anderson et al (1999) will be discussed in
detail in the forgoing chapters. Anderson et al (1999) found that the application of
discrete FVDs results in substantial reduction of structures’ responses to near-fault
EQGMs.

The benefits of FVDs to improve the seismic performance of a 6-story steel
moment-frame with brittle welded connections subjected to near-fault EQGMs were
recently investigated [Filliatrault, et al., 2001]. That investigation considered that the
supplementally damped structure would exhibit characteristics similar to a structure
with reduced period of vibration. The reduced period of vibration would be a
function of the amount of the supplemental damping and can be calculated (Eq. A-
42). The authors then installed fictitious springs at each story to simulate the reduced
period in the structure and converted the derived stiffness values of the springs to
equivalent damping constants of a series éf linear dampers (Eq. A-43). While the
force in a linear FVD is 3 linear function of the damper’s velocity (Eq. A-35), fora

nonlinear damper its force is an exponential function of its velocity (Eq. A-56).
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Filliatrault et al, [2001] also proposed an equation to determine the design
parameters of nonlinear dampers by maintaining the same energy dissipation
characteristics as linear viscous dampers (Eq. A-59). In that investigation the FVDs
were considered as part of a chevron bracing system that was added to the onginal
structure. To reduce additional structural loads resulting from the application of
FVDs and to avoid plastic rotations of the moment frame connections, an inter-story
drift ratio of 1% was used in derivation of the nonlinear dampers’ damping
coefficients (Eqg. A-50). The results indicated that while the linear viscous dampers
could significantly reduce the response of the structure under near-fault EQGMs,
they could not single handedly prevent the fracture of beam-to-column joints. It was
found that in addition to the application of FVDs, other means of damage prevention
such as ductile detailing of the connections should be provided for earthquake safety
of the structure. Several factors may result in higher effectiveness of the FVDs in this
study [Filiatrault et al, 2001]. As it will be demonstrated in Chapter 3, dampers may
be placed in configurations other than chevron-bracings to provide larger reductions
of the structure’s deformations. It also appears that in this study [Filiatrault et al,
2001] the use of overly flexible nonlinear dampers (0¢=0.3), the low damping
coefficient values resulting from the imposed low inter-story drift limits of 1%, and
the yielding of bracing members placed in a single bay of the structure, may have

contributed 1o the lack of effectiveness of the FVDs.
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In a recent commercial application, viscous dampers were installed as a
retrofit measure to supplement damping in a 6-story parking structure of the Capitol
mall parking structure located in Sacramento, California, a near-fault seismic zone
[Miyamoto et al., 2001]. The project involved the addition of two new stories to an
existing 4-story concrete parking structure. Viscous dampers were utilized within the
exterior concrete moment-frames to enhance the overall damping of the structure to
about 25% of the cnitical. Federal Emergency Management Agency (FEMA 356)
[FEMA 356, 2000] guidelines and performance-based engineering were used for the
design of the rehabilitated structure. Nonlinear time-history analysis of the
rehabilitated structure revealed that the implementation of the viscous dampers was a
very effective means of reducing the maximum story displacement and seismic
design demands of the structure. Seismic design demand of the structure was based
on a FEMA 356 prescribed 475-year return event site-specific spectrum for a
pushover and response spectra analysis. A time history analysis of the structure was
also performed for verification and comparison of the results of the pushover and
response spectra analysﬁs methods. Earthquake time history records comparable fo
the site-specific spectrums were provided by the project geologist and used for the
time history analysis. The structure was not specifically investigated for exposure to

near-fault, pulse-type excitations.
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1.4 Guidelines

In 1992 the Energy Dissipation Group of the Base Isolation Sub Committee
of the Structural Engineers Association of Northern California (SEAONC)

[ Whitakker et al, 1993] drafted the first code requirements for design of buildings
with passive dampers. According to the 1992 SEAONC draft document, the inelastic
activity in the structure was confined to the passive energy dissipation devices and
the structure’s gravity-load-resisting system was required to remain elastic for the
design-basis earthquake. The energy dissipation devices, inter-story drifts and the
building base shears were to comply with the requirements of the 1988 Uniform
Building Code regardless of the effect of the damping devices.

In 1994, the NEHRP Recommended Provisions for Seismic Regulations for
New Buildings, permitted the engineer to use the dampers to reduce the base shears
resulting from increased structural damping [Wu et al, 1989].

In 1997, the NEHRP Guidelines for the Seismic Rehabilitation of Buildings
[FEMA 273] presented linear and nonlinear displacement (damage-based) methods
of analysis for analyzing buildings equipped with energy dissipation devices. The
displacement-based analysis methods introduced the performance-based earthquake
engineering by allowing the engineer to select performance and objective levels for
structures without limitations on minimum base shears and maximum inter-story
drifts. Two types of dampers, displacement-dependant and velocity-dependant

dampers were identified. The use of nonlinear analysis procedures was promoted by
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restricting the use of linear analysis methods only to structures with damping levels
below 30% of critical, and elastic framing systems {for design-basis earthquakes).

In 1999, the Structural Engineers Association of California (SEAOC)
published guidelines for implementing passive energy dissipation devices in
buildings as a part of the Recommended Lateral Force Requirements and
Commentary (Blue Book). Two types of dampers, displacement-dependant and
velocity-dependant were identified. The framing system, regardless of the effect of
the dampers or the type of analysis used, has to comply with the base shear strength
requirements of the 1997 Uniform Building Code. If the demand-capacity ratios of
linear analysis procedures exceed 2.0, the framing system excluding the dampers
must meet the drift requirements of the code. If nonlinear time history analysis is
used, the energy dissipation provided by the damping system may be used to satisfy
the drift requirements of the code.

The 2000 NEHRP Recommended Provisions for Seismic Regulations for
New Buildings (NEHRP 2000) introduced simplified linear procedures (equivalent
lateral force and response spectrum analysis) for analysis and design of buildings
with passive energy dissipation systems [Ramirez et al, 2000]. In NEHRP 2000, the
response spectra for levels of damping exceeding 5% of critical were based on
selected ground motions, which did not include records with near-fault or soft soil

characteristics. Hence, the NEHRP 2000 guidelines require nonlinear time history
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analyses for buildings located at near-fault sites or with peak ground accelerations
greater than 0.6g. FEMA 273 and its successor FEMA 356 are the current National
Earthquake Hazard Reduction Program (NEHRP) guidelines for the seismic
rehabilitation of buildings equipped with energy dissipation devices. According to
these guidelines, for regular buildings (non-essential facilities) a Basic Safety
Objective (BSO) may

be selected as the rehabilitation objective. Two levels of earthquake shaking hazards
are used to satisfy the BSO. These are termed Basic Safety Earthquake 1 (BSE-1)
and Basic Safety Earthquake 2 (BSE-2). Mean return period for BSE-1 is 475 years
(10%/50 Yrs.) and for BSE-2 1s 2500 years (2%/50 Yrs.). The performance levels are
defined as life safety and collapse prevention. To achieve the BSO,

structures are designed to achieve the life safety performance level for the BSE-1
demands and the collapse prevention level for the BSE-2 demands.

Two linear procedures and two nonlinear procedures are presented in the
FEMA 356 guidelines for seismic analysis of building. The two linear procedures are
termed the Linear Static Procedure (LSP) and the Linear Dynamic Procedure (LDP).
The two nonlinear procedures are termed the Nonlinear Static Procedure (NSP) and
the Nonlinear Dynamic Procedure (NDP). Design earthquake demands for the LSP
are derived from the structural analysis of the building subjected to static lateral
forces whose sum is equal to the base shear formula prescribed by the FEMA 356

guidelines. The response calculations for LDP are carried out using either a linearly
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elastic response spectrum {modal superposition) or a linear time history analysis. A
site-specific spectrum is utilized for LDP. The site-specific spectrum is developed
according to the prescribed specifications. Under NSP, a structural model directly
incorporating inelastic material response is displaced to a target displacement, and
resulting internal deformations and forces are determined (push-over analysis).
Under the NDP, design seismic forces, their distribution over the height of the
structure, and the corresponding internal forces and system displacements are
determined using an inelastic response time-history dynamic analysis.

The FEMA 356 guidelines require the nonlinear time-history analysis to be
performed using a minimum set of three scaled data sets of actual appropriate ground
motion time histories (records with magnitudes, fault distances, and source
mechanisms similar to the site). The data sets are scaled such that the average value
of the square root of the sum of the squares spectra does not fall below 1.4 times the
5% damped site-specific spectra for periods between 0.2T s an’d 1.5T swhere T 1s
the fundamental period of the building.

For the purpose of this research the BSO is selected as the rehabilitation
objective, and the NDP is utilized as the method of analysis. Actual near-fault
EQGMs with distinct pulse type characteristics are utilized in the analysis of the

structures.
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1.5 Current Design Practices

In a recent project, FVDs were designed to be installed in a recent project
consisting of a 2-story 150,000 square feet data storage facility located in
Santa Clara, CA in accordance with the 1999 SEAOC Blue Book [Gemmill et al,
2002). The site for the project is located approximately 16 km from the San Andreas
and Hayward faults. The building houses heavy, sensitive equipment in its second
floor with a story mass approximately three times that of a typical office building.
The building’s lateral load resisting system is comprised of nonlinear FVDs placed
within “X” braced frames working in tandem with multi-bay moment resisting
frames.

According to the 1999 Blue Book, the use of static force procedures for the
building with FVDs was permissible if the Lateral Force Resisting System (LFRS)
meets the strength and drift criteria of the UBC, independent of the FVDs. If time
history analysis is used the LFRS is required to meet the UBC strength requirements,
while the building need only sustain the reduced drifis provided by the FVDs.
Therefore, the designers selected the use of the time history analysis leading to a
relatively flexible building and lower building base shears.

The 5% damped, site-spectific spectra for Design Base Earthquake (500-year
return) and Maximum Credible Earthquake (1000-year return) were estimated using
stiff soil attenuation relationships consistent with the subsurface conditions

encountered at the site. Time histories similar in magnitude, geology, and distance
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from the fault were chosen and spectrally matched to the 5% damped, site-specific

response specira.

The procedure used for design of the building and dampers is as follows:

I- Special Moment Resisting Frames (SMRFs) were designed by using
conventional computer software to meet the strength requirements for the
static lateral loads prescribed by UBC.

2- A one-dimensional model (stick model) with story stiffness and mass equal to
those of the building was developed. Maximum allowable drifts as required
by FEMA 273 were set as performance criteria. Time history analyses were
used to determine the seismic demand on the structure. The analyses were
performed by trial and error to obtain an initial estimate of the required story
damping properties, including maximum force, damping coefficient, and
nonlinear damping exponent.

3- A linear 2-dimensional model of the building was analyzed next with ETABS
(CSI, 1999) using the damper properties from the stick model. The number of
dampers in each story was determined by limiting the story drifts (under a
DBE level earthquake) below the maximum allowable values and limiting the
maximum damper loads to 400K, which was deemed an acceptable and
economical damper force level for the structure. The model was analyzed

using three DBE time histories. The procedure produced a slight variation of
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damping properties of the FVDs from the preliminary stick model. A
maximum value of 0.9 was obtained for Demand-to-Capacity Ratios {DCR)
of the beams and columns, which is an acceptable level for immediate
occupancy of the building according to FEMA 273 (DCR<2.0).

4- RAM Perform 2-D was used to perform a nonlinear time history analysis of
the building. The dampers were modeled as nonlinear viscous elements with
elastic bars representing the steel braced frames. LRFD was used for design
using a load combination of 1.2D+1.0L+1.0E. The model was subjected to
DBE and MCE level time history events. DCRs were obtained for all beam
rotations and forces, column rotations and forces, panel zones, damper loads,
and inter-story drifts. P-delta effects were checked for all gravity columns
and found to be negligible. All deformations and force’ level results
corresponded to an immediate occupancy level for both the DBE and MCE

level events. The LFRS remained fully elastic throughout the MCE event.

1.6  Overview and Statement of Problem

At the present time, research in simulation and discrete modeling of viscous
dampers subjected to severe pulse type records is limited. The design and modeling
of discrete viscous dampers and the resulting imposed loads on the structure’s lateral

force resisting system needs to be further investigated. The relationship between

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

Applicability of linear analysis procedures to structures experiencing nonlinearity
and equipped with nonlinear viscous dampers remains to be examined. Current
design practices are based on restriction of the structure’s maximum inter-story drifis
to the limits required for a target performance. In doing so, the building may be
supplemented with large amounts of damping beyond maximum reasonable limits
(25%-30% of critical). To assure that a supplementally damped building attains
reasonable amounts of damping, the structure’s damping ratio should also be
established as target performance. A step-by-step procedure to design linear and
nonlinear dampers with such target performance has not been established. The

possible advantages provided by use of nonlinear dampers requires additional study.

1.7 Scope of Current Study
In this research the effectiveness of the application of viscous dampers to

structures located within near-fault seismic zones is investigated. The findings are

utilized to establish design procedures and criteria to explore:

(1) How effective is the application of viscous dampers in structures, which are
subjected to severe pulse-type, near-fault ground motion excitations?

(2)  How effective are different damper bracing configurations (chevron vs. cross
brace vs. stiff brace/flexible frame)?

3) How should the dampers be designed, how many dampers are to be used and

at what locations should they be placed at?
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4) How to devise a procedure for design of linear and nonlinear dampers to
provide a 25% of critical damping for the supplementally damped structure?
(%) What are the effects of velocity-related forces generated by the dampers on
the structure?
(6) What are the advantages of the application of FVDs to structures for resisting
earthquake-induced loads compared to a conventional brace system?
(N Do nonlinear dampers provide better structural performance at a more
economical cost compared to linear FVDs?
(8) Is effectiveness of supplemental damping a function of the structure’s
stiffness and height?
| To investigate the relation between the effectiveness of the application of
FVDs and building height, FVDs are applied to a 3-story, a 9-story and a 20-story
SMRF, steel structures. These structures had been originally designed according to
the UBC versions eatlier than 1991. Their designs reflect neither the near-field
factors nor the required changes, which have come to effect following the 1994
Northridge earthquake of California. These buildings have been used in
comprehensive studies for the problems relating to welded, steel moment-frame
connections by a joint venture of the Structural Engineers Association of California,
the Applied Technology Council, and California Universities for Research in
Earthquake Engineering (SAC). In this research, the structures are referred to as the

SAC buildings.
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CHAPT

FORMULATION, MODEL SET-UP, AND NEAR-FAULT EQGMs
2.1 Formulation
In this study, the supplementally damped models are formed with the
application of system-wide damping, linear damper elements, or nonlinear
damper elements. The governing formulations are presented in the following
sections.
2.1.1 System-wide Damping
Where the damping ratio of the dominant modes of vibration of a structure
are within the proximity of each other, the structure is considered to have that
approximate system-wide damping ratio.
Because both mass and stiffness matrices are orthogonal, an orthogonal

damping matrix could be formed by their linear combination.

C= Structure’s Damping Matrix

M= Structure’s Mass Matrix

K= Structure’s Stiffness matrix

a, p= Mass and stiffness proportional factors
& &= Damping ratio of modes 7, and &

w; Wy = Angular velocities of modes 7, and &
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C =aM + B K (2-1y
E -1

o 2

ﬁf F, "”J 3 (2-2)
W, )

Therefore, if two of the modal damping ratios, & and & are known, then o and B

could be derived.

Knowing o and B, the damping ratio at any other mode m, may be derived

®

m

Derivation of Egs. 2-1 to 2-3 are shown in Appendix A (Egs. A-1 to A-34).

2.1.2 Linear Discrete Damper Elements
The constant damping (not a function of time) of a linear damping element
may be assumed to be a direct function of the stiffness of that element.
€= Damping of damper element n
k,= Stiffness of damper element n

= Force in damper element n

Va(t)= Velocity in damper element n at time t
Bn= Damper element’s damping coefficient
C= Structure’s damping matrix
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F,=c,V, (), (2-4)
Cn = ﬁn kn {2_5)
C=c, +C (2-6)

Cwm and Cx are non-proportional mass and stiffness contributions to the damping
These matrices are formed in a direct assembly procedure similar to that used to
form the mass and stiffness matrices, except that upon assembly into the damping
matrix, the individual mass values are multiplied by the assigned o values and the

different stiffness components are multiplied by the appropriate § values.

D= Shape function of mode i
. oC,®, ®."C P
C.bi = - + T
200, MO,  20,®," MO (2-7)

[Ram International, 1998}

2.1.3 Nonlinear Discrete Damper Elements

The equations of motions for structures equipped with nonlinear dampers are
similar to structures with linear dampers with the exception that the damping of the
nonlinear damper is not constant but a function of time. In analysis, time dependant
forces of nonlinear dampers are computed and applied as external forces to structure.

The force in nonlinear dampers is an exponential function of its velocity.
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F)= Force in damper at time t

Ciy= Damping factor of the damper at time t

Viy)= Damper velocity at time t

a= Exponent of velocity

Fo=CuV (2-8)

For a nonlinear damper model the exponential curve may be simplified by

segmentation into several linear portions (Fig. 2-1).

LA

Fig. 2 -1 Force-Velocity Relationship of A Nonlinear FVD

The force-velocity relation of each portion of the curve may be linearly defined

through the C value for that segment of the curve

(2-9
Vn < g/(l) < V(n+1)

(2-10

F

n—-1
O Cn(V(f) - Vn) + Z Cm(VmH - ym)
0
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Because C is a variable function of time, a time history analysis of the structure is to

be performed even if the structure itself performs linearly.

2.2 Model Set-Up
Models of structures were generated using elasto-plastic elements for beams
and columns. Ram Xlinea nonlinear dynamic finite element program was used to

obtain nonlinear time history analyses of the structures.

2.2.1 System-wide Damping

For system-wide damped models, this program utilizes a mass (M), and
stiffness (K) proportional damping matrix. If all nodal masses are assigned the same
mass proportional damping factor «, and all
elements are assigned the same stiffness proportional damping B, the system
damping matrix is C= oM+ K.

User-specified damping ratios for two of the structural modes are used to
derive ¢ and B values required to generate the damping matrix (Eq. 2-1, 2-2).

Fig. 2-2 illustrates the plot of the modal damping ratios of a structure with
25% damping ratio assigned to modes 1 and 3. The damping ratio of mode 2 is
slightly less than but sufficiently close to 25% to establish that the first three

predominant structural modes exhibit damping ratios of approximately 25%.
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Fig. 2-2 Modal Damping Ratios of A Model

with 25% System-wide Damping Ratio

2.2.2 Discrete Linear Dampers

For discrete linear viscous damper elements, Ram Xlinea utilizes damper
connection elements. Supplemental damping is provided through damping of
connection elements and triggered by the relative displacement and velocity between
the two nodes that the elements connect to. The damper connection elements are
assigned minimal elastic stiffness values and insignificantly affect the overall
structural stiffness characteristics. Structure’s modal periods of vibration remain the
same as the mode] without the discrete dampers. For linear dampers, the viscous
element’s damping is a linear function of its imitial stiffness (Eq. 2-5) and the
structure’s overall damping matrix is formed in a direct assembly procedure as
described in section 2.1.2. Because the stiffness values of the linear damper

connection elements are very small, the dampers’ B damping factors are expected to
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be large values. In a cross brace, a discrete linear damper element is added by
assigning a secondary truss element in parallel with the cross braces. The secondary
truss element is assigned a minimal cross-sectional area and stiffness value but large
stiffness damping factor of B (Eq. 2-5). Structural damping matrix is formed in a
similar fashion as the damping connector element.

Because the damping values of the linear FVDs are a function of their
stiffness values, the model’s overall damping matrix is stiffness proportional and
damping ratios of higher modes increase almost linearly proportional to the modal

frequency of vibrations (Fig. 2-3).

% Damping
o

EAN
1
)
1
]
i

i Modal
f, £ £ Frequency
Fig. 2-3 Modal Damping Ratios of a Model with Discrete

Linear Dampers

2.2.3 Discrete Nonlinear Dampers

For the analysis of buildings with nonlinear damper elements, Ram Perform-
2D structural analysis program is utilized [Ram International, 2000]. In this program,

a nonlinear damper element is defined by the three quantities of damper’s maximum
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force, maximum velocity, and the velocity exponent o (Eq. 2-8). Ram Perform-2D
subdivides the nonlinear damper’s force velocity curve into several linear segments
(Fig. 2-1). The damping coefficient C is a function of the damper’s velocity and
therefore time. Damper’s force at time t, is computed through the summation of the
forces generated through all the linear segments of the curve preceding the segment
relating to the damper’s velocity at time t (Eq. 2-10).

To obtain a more thorough understanding of the dampers’ design
requirements and the overall structural response, the case study of the 9-story
building will be performed first and followed by the case study of the 3-story
building. The investigation of the more complex case study of the 20-story building

will be performed at last.

2.3  Near-Fault Earthquake Ground Motion Records

A suite of six near-fault EQGM records is used as input for the analysis of the
structures. The return event periods of these records constitute them as BSE-1.
Specific information about the near-fault EQGM’s used in this study is presented in

Table 2-1 { Anderson et al, 1999].
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Tabie 2-1  Recorded Near-Fault EOGM’s

Name Site Geolo Distance From | Acceleration
8Y | Fault (km) PGA(g)
1968 James Road Soil 31 0.36
1989 _Loma Prieta, | Rock conyerted 63 0.69
Lexington Dam to soil
1989 Loma Prieta, | Rock converted
Los Gatos to soil 3:5 0.72
1994 Northridge, .
Newhall Soil 0 0.63
1994 N.Oﬁhl.'ldge’ Alluvium 5 0.48
Rinaldi
1995 Kobe, .
Takatori Soil 4.3 0.79

Fig. 2-4 depicts the time history plot of the records. All records have been
collected from near-fault stations and contain severe acceleration pulses, which are
characteristics of near-fault earthquakes. In all records, the maximum acceleration
pulse is preceded by several pulses with lower amplitudes.

Fig. 2-5 depicts the 5% damped response spectra of spectral acceleration of
the records. Because of different frequency contents of the records, their

corresponding response spectra peaks occur at different periods.
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Fig. 2-5 5% Damped Response Spectra of EQGMs

The BSO requires that the rehabilitated structure achieve Life Safety
Performance Level for BSE-1 earthquake demands. The overall levels of acceptable

structural damage for Life Safety Performance Level are given in Table 2-2.

Table 2-2  FEMA 356, Performance Requirements of Steel
Frame Structures for Basic Life Safety Objective

Criterion | Life Safety Collap§e
Prevention
Drifi 2.5% 5%
Column
Rotation 66y 80y

Where 0y is the rotation of beams or columns at yield.
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AND

SELECTION OF BRACE CONFIGURATION, DESIGN PROCED
DAMPER PLACEMENT
3.1 Selection of Brace Configuration

To determine the efficiency of different bracing configurations in application
of the dampers, three configurations are investigated.

The first configuration entails placement of the dampers in cross braces
(Fig. 3-1(a}). In this configuration a damper elongation of “Acosa” is expected where
A is the inter-story displacement.

In the second configuration, a chevron brace connects to the mid span of the
overlying beam and a paif of dampers are installed within the brace elements. A
chevron brace configuration may be preferred because it results in reduced
obstruction of space. However, this system produces lower damper elongations
“AcosB” and it would not be as effective as the cross brace system (Fig. 3-1(b)).

In the third configuration, chevron braces are placed within flexible moment
frames and the dampers are placed between the apexes of the braces and the bottom
flanges of the overlying beams at their center spans (Fig. 3-2). The connection
between the apex of a chevron brace and the structural frame is through the viscous

dampers and therefore larger damper elongations of “A” are produced in the dampers
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(Fig.3-1(c)). This system is referred to as “Stiff Brace within Flexible Frame”
(SBFF) in this research,which has been originally introduced by Wada [Wada et al,
1999]. The two more efficient systems of cross braces and SBFFs are investigated

for comparison of system efficiency.

e e
/ 7 /
/ / :
9 Y
{a) Viscous Damper Placed in (b} Viscous Damper Placed in (¢} Viscous Damper Placed in
Cross Brace Chevron Brace SBFF

Fig. 3-1 Configurations of Damper Installation

f\ Steel Teflon Coated A
\1 / Girder / Steel Plates V
L

Teflon Coated
Steel Tube
Slider

—

Viscous
Damper

Fig. 3-2 SBFF Brace Elevation
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For the same inter-story displacement of A, the SBFF system induces an
elongation of A in the dampers, which is higher than the Acosa of the cross brace
system. Therefore, it is anticipated that the SBFF is a more efficient system for
placement of the dampers in the structures.

To compare the relative effectiveness of the two systems, the same amount of
damping is provided at each story of a 9-story frame through placement of linear
dampers within the two different systems of cross braces and SBFFs (Fig. 3-3). The

actual design of the dampers will be discussed in section 4.4.

(b} Viscous Dampers Placed {a}) Viscous Dampers Placed
Within Cross Braces in 8BFFs

Fig. 3-3  Comparison of Structural Damping Provided By
Dampers Instalied in Lateral Braces and SBFFs

Using Ram Xlinea, time history analyses of the two structures for the Los

Gatos record (Fig. 2-2) is performed. The results indicate that while the story
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displacements of the upper stories of the two models are similar, however, the lower
story displacements of the SBFF system (where inter-story drifts are highest and

most critical) are approximately 15% lower than the model with cross braces (Table
3-1). Therefore, the more efficient SBFF system is utilized for the remainder of this

research.

Table 3-1  9-Story Building Story Displacements With
Different Damper Bracing Configurations,
Los Gatos Record

Story Displacements (in)
Roof 37.38 37.7
8 36.46 36.83
7 35.22 35.54
6 33.77 33.85
5 31.50 31.14
4 | 2788 26.90
3 22.63 21.16
2 1615 | 1415
1| 878 | 747

3.2  Design Procedure and Damper Placement
The inherent damping ratio of the steel structure is considered to be 5%. To
simulate a structure with no dampers, a 5% damping ratio is assigned to the first and

the third modes of the structure. Mass and stiffness damping proportional factors
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(a,B) are derived (Eq. 2-2), and used to generate the damping matrix (Eq. 2-1) fora
model, which in this research is referred to as the 5% system-wide damped model.
To simulate general application of supplemental damping to the building, the
o and B values of the 5% damped structure must be modified to exhibit an overall
increased system-wide damping ratio of 25%. A 25% damping ratio is assigned to
the first and the third modes of the structure. Mass and stiffness damping
proportional factors (o,[3) are derived (Eq. 2-2), and used to generate the damping
matrix (Eq. 2-1) for a model, which in this research is referred to as the 25% system-
wide damped model. The 25% nonlinear system-wide damped model is subjected to
the suite of EQGM records introduced in section 2.3 and the analysis results are used

to design the linear and nonlinear FVDs for the structure.

3.2.1 Design and Application of Discrete Linear Dampers

For a linear damper, force is a linear function of the damper’s relative
velocity (Eq. 2-4). Ram Xlinea program is used for the structural analysis of the
model with linear dampers. In this program, the damping of linear damper elements
is defined as a linear function of the stiffness of the damper elements (Eg. 2-5).
Discrete linear damper elements are added to the 5% system-wide damped model to
provide a supplemental damping ratio of 20% and a total system-wide damping ratio

of 25% of critical for the structure’s 1% mode of vibration. Dampers are added to the
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model by means of the addition of SBFFs and as illustrated in Fig. 3-4. A linear
damper element connects the node at apex of the chevron brace to the node at the
center span of the overlying beam. Each damper element represents a pair of

dampers installed as shown in Fig. 3-2.

Node At Beam

/ Center Span

@ Da a
mper Node At Apex of Brace

Element (Same Coordinates As The

Node At Beam Center Span)

Fig. 3-4 Computer Model of SBFF

To facilitate the understanding of the forgoing discussions, a 9-story steel
moment resisting frame of a 9-story building is used as an example for design and
application of the linear and nonlinear dampers. The specifics of the 9-story building
and the steel moment resisting frame along with the analysis results of this building
will be discussed in detail in chapter 4.

Table 3-2 illustrates the design basis for the linear dampers for this 9-Story
building. The tabulated inter-story drifts are derived from a RAM Xlinea analysis of

a 25% system-wide damped model of the frame subjected to the Los Gatos record.
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Table 3-2 Derivation of Linear Dampers’ Group Relative Damping
Values For a 9-Story Building

Weighted

Story Drift A= _ Drift o fggyfz;i g | Average Rigtlilse
No. (25% Damp.) Min. Drift (2) Dampers “A” for Dambin
P Group ping

9 0129 1.000 1 .80 1.0

8 .0148 1.147 1 “ ¢

7 0132 1.023 1 ¢ «

6 .0130 1.008 2 o «

5 0183 1.419 2 ¢ “

4 .0290 2.248 3 .97 1.2

3 0372 2.884 3 “ “

2 0426 3.302 3 “ ¢

1 .0394 3.054 3 “ “

The dampers are most effective when they are placed in areas of the building
where highest story drifts are detected [Hanson et al, 2001]. Therefore, in design of
the dampers, the number of dampers in each story is directly related to that story’s
drift ratio derived from the analysis of the 25% system-wide damped model of the
structure. In the design procedure, the number and design parameters of dampers in
each story are proportional to the story drift ratios. In Table 3-2, the values under the
column “A=Drift/ Min. Drift” correspond to the supplemental damping required for
each story relative to the story with minimum drift ratio
(story 9), and are directly proportional to the number of braces and dampers used for
that story.

In order to not block all bays with SBFFs and leave at least two bays open,

braces are not installed in more than three bays of each story. As the “A” values
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decrease with the height of the structure, fewer number of dampers may be used at
the upper stories of the model. Therefore, for the upper three stories (stories 7 to 9)
one SBFF brace with total of 2 dampers is added to the model. For stories 5 and 6,
two SBFF braces with total of 4 dampers are added to the model, and for the lower
stories 1 1o 4, three SBFF braces with total of six dampers were added to the model.
The number of dampers and their placement within the frame’s bays in each story is
illustrated in Fig. 3-5.

oL COL.2 COL. 3 COL. 4 COL. 5 COoL.6

STOGRY 9

STORY 8

STORY 7

STORY 6

STORY S

STORY 4

STORY 3

STORY 2

STORY 1

BAY 1 BAY 2 BAY 3 BAY 4 BAYS

Fig. 3-5 Placement of Viscous Dampers Within the
9-Story Building

Different amounts of maximum load, velocity and elongation are developed
in each individual damper. However, for economy and construction feasibility only a
few groups of dampers are used throughout a building. In this 9-story building, two

groups of dampers are used. Group 1 is to be installed at stories with three braced \
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bays (stories 1 to 4) with “A” values (indicative of relative dampers’ elongations)
larger than 2.0, and group 2 at stories with two and one braced bays (stories 5
to 9) with “A” values less than 2.0. The design parameters of the dampers for each

group are the average of the parameters of all the individual dampers within that
group. The “Weighted Average “A” For Group= Z A / z N value is a relative

measure of the damping required for the dampers within that group. By dividing the
(13 (23 3% 3% 0'97 13
values of “Average “A” per Group” of the two groups (ﬁ =1.2), the “Group

Relative Damping” value of 1.2 indicates that the individual dampers of group 1 (in
stories 1 to 4) may exhibit a relative damping of 1.2 times that of group 2 (in stories
510 9).

The subsequent design procedure constitutes the following:

(1) Considering that the FVDs exhibit minimal stiffness within the vibrational
frequency ranges of structures (up to 4 HZ), define the two groups of
dampers both with minimal initial elastic stiffnesses (K=0.1 K/in). The ratio
of the assigned B value of dampers in group | must at all times be 1.2 times
that of group 2 (as derived above). Place the group 1 dampers in stories 1 to 4
and group 2 dampers in stories 5 to 9. Number of dampers in each story is as
determined in Table 4-1.

(2) Simultaneously, increase the § value of the dampers in each group iteratively.
At all times a ratio of 1.2 between the B values of dampers in group 1 to the

dampers in group 2 is maintained.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

(3) Continue iteration until the structure’s first modal damping ratio reaches
25%. Ram Xlinea with the capability to compute modal damping ratios based
on Eq. 2-7 is utilized for this analysis.

{4) For proper placement of the dampers within different bays in each story, two
factors are considered:

a. When dampers are installed within a single bay they exert axial loads
on the lower story columns of that bay.

b. When dampers are installed within adjacent bays in one story or upper
stories, they exert minor axial loads on the lower story column
common to both bays because tensile and compressive loads exerted
by the SBFF braces on the column are in opposite directions.

In the following discussions, the column lines and bay numbers are counted
from left to right (Fig. 3-5). The dampers in the first and second stories were placed
within bays 1, 3, and 5. Columns 1, 2, 3, 4, 5, and 6 receive axial loads from the
SBFFs connecting to these dampers. Forces (P) and Moments (M) in these columns
constitute the P-M interaction ratios which will be discussed in section 4.6.3.
Placement of any additional dampers within bay 1 of any of the stories above the
second will result in P-M interaction ratios of column 1 that exceed the yield limit of
1. Therefore dampers in the 3™ story are placed in bays 2, 3, and 4. The dampers in
bay 2 do not contribute any additional axial loads to column 1 and at the same time

cancel some of the axial loads in the underlying columm 2. When the P-M interaction
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ratio of a base floor column reaches the yield limit of 1.0, no additional dampers will
be placed within a bay adjacent to that column in the upper stories. The result is the
triangular shape of the dampers placed through the height of the building.

The parameters derived for the linear dampers of the model with first modal
damping ratio of 25% are listed in Table 3-3.

Table 3-3 9-Story Building, Design Parameters
For Linear Dampers

Damper Group 1 Damper Group 2
B K | C=BK B K | C=BK
560 | 0.1 56 460 | 0.1 46

Table 3-3 demonstrates that the K values of the dampers are small while the
their B values are large.

To confirm that the 25% discrete linear damper model does in fact display a
25% overall structural damping, the model is subjected to a pulse and the measured
logarithmic decay of the response indicates the model’s damping ratio to be
approximately 23% (Fig. 3-6).

Ram Xlinea analysis output of the model with discrete linear dampers
provides the maximum force and velocity values developed in the dampers.

These values constitute the parameters required by damper manufacturers for

fabrication of the linear dampers.
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Fig. 3-6 9-Story Building Response to A Pulse

3.2.2 Design and Application of Discrete Nonlinear Dampers

Modal damping ratios can be calculated for structures equipped with linear
dampers. The damping value of a nonlinear damper 1s not a constant value but
a function of the damper’s relative velocity, and thus, variable with time. Therefore,
for structures with nonlinear dampers, the damping matrix is time dependant and a
constant modal damping ratio can not be calculated. In structural engineering
practice, the damping of a structure is commonly quantified by the damping ratio of
its first mode. Although for a structure with nonlinear dampers such a ratio does not
exist, it is reasonable to equate the damping ratio of such structure to that of the same
structure equipped with linear dampers, if the two structures perform similarly when
subjected to the same earthquake. For example, if for the same earthquake record the

analysis of a structural model with linear dampers indicates the first modal damping

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42

ratio of 25%, and the analysis of the structure with nonlinear dampers indicates a
similar structural performance, it is reasonable to ascertain that the first vibrational
mode of the structure with nonlinear dampers equivalently exhibits a 25% damping
ratio. Therefore, to be able to quantify the damping ratio of a structure with nonlinear
damper, the aim is to equate the structure’s performance to that of a similar structure
with linear dampers, and assert that the structures also bear similar damping
quantities. From the analysis

of the structure with linear dampers, values are obtained for maximum force (Pjmax)
and maximum velocity (Vimax) of the dampers. These values are to be utilized to
derive the design parameters of the equivalent nonlinear dampers such that the
structural performance remains the same.

The RamPerform-2D [Ram International, 2000] computer program is used
for the analysis of the structure with nonlinear dampers. In this program, a nonlinear
damper elements are defined by the parameters ¢, the maximum force (P.x), and
maximum velocity (V) developed in the damper (Eq. 2-8).

There are two methods to derive the nonlinear damper design parameters.
The first method is based on the assumption that the equivalent nonlinear damper
with certain nonlinearity (o) is capable of developing the same P, and Vi

reached by the linear damper (equal force methed). Such an assumption will result
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in the nonlinear damper being stiffer than the linear damper because at all equal
velocities the nonlinear damper develops a greater force than the linear damper
(Fig. 3-7). The greater force in the nonlinear damper results in higher resistance to
the motion and reduction in structural displacements. Therefore, when the structure
is equipped with nonlinear dampers utilizing this method, story displacements are

less than those derived from the linear damper analysis.

=%
g7
e
Gé— 3 v > Nonlinear Damper
A 27 - Linear Damper

i

0 T T T Y

0 10 20 30 40 50
Damper Velocity, V
Fig. 3-7 Comparison of Force Velocity relationship

Between Linear and Nonlinear Viscous
Dampers, Equal Force Method

By analogy a nonlinear damper, which could develop equal maximum force and
velocity as a linear damper, dissipates more energy than the linear damper and
results in lower structural displacements. When dampers are subjected to harmonic
sinusoidal displacements u=a Sin (wt), they develop velocities of i=awcos(wt) and
forces as described by equations 2-4 for linear dampers and 2-8 for nonlinear

dampers. For a simple case of ©=1.0, 2=1.0, and C=1000 K.s/in, at time t=n, the
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linear and the nonlinear dampers develop the same amount of maximum load
Prax=1000 K. Fig. 3-8 illustrates the force-displacement relation between the linear
and nonlinear dampers subjected to a full displacement cycle. The area under the
force-displacement curve is the energy dissipated by the damper in one cycle and is
larger for a nonlinear damper than a linear damper and increases with higher degrees

of nonlinearity (lower a).

1500

1000 alpha=1.0
= = = alpha=0.7

# =  alpha=0.3

i
<
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Damper Force (k)

-1000

-1500 T T T T T
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Fig. 3-8 Force-Displacement Relationship of
Viscous Dampers

A second method to design nonlinear dampers is based on the premise that
an equivalent nonlinear damper with certain nonlinearity {a) is to develop lower
maximum loads than a linear damper but dissipate the same amount of energy (equal
energy method). The force-velocity (P-V) curve for this equivalent nonlinear

damper falls below that of the linear damper (Fig. 3-9).
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Fig. 3-9 Comparison of Force Velocity Relationship

Between Linear and Nonlinear Viscous Dampers,

Equal Energy Method
While the P-V curve for the linear damper is a straight line and defined by
coordinates Pmayi) and Vi), the P-V curve for the nonlinear damper may be
obtained by knowing three parameters of ¢, PNy <Pmaxwy, a04 Vimaxniy™ Vinax(w)
(Eq. 2-8). Having derived the values of Py and Vmax) of the linear damper, the
task at hand is to determine the values of Praxwi) and Vi) for a nonlinear damper
that may dissipate the same amount of energy as the linear damper (equivalent
nonlinear damper). Dampers subjected to harmonic displacements of u=a Sin (wt),
develop velocities of & =awcos(wt), which result in Py, =C.  (linear dampers), and

Py =Cn *(nonlinear dampers). A spread-sheet calculation of the areas under the

Force-Displacement curves (Fig. 3-10) and a final iterative derivation of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

Cne=0.897 C indicate that for =0.5, the nonlinear damper may develop

Praxviy™0.897Praxi; 0.9Pmaxqy while dissipating the same amount of energy as the

linear damper.

Pmax(NL)=0.9Pmax(L)

Fig. 3-10

I G PO
Pmax(L)

0.5
aipha=1
O -
e g foha=. 5
0.5 4

Damper Load (K)

-1.5 T T T T T
-1.5 -1 0.5 0 0.5 1 1)

Damper Displ. (in)

Comparison of Load-Displacement Relationships Between
A Nonlinear (alpha=0.5), and A Linear (alpha=1.0) Viscous
Damper With The Same Energy Dissipating Capacity

A linear damper with design parameters (Pimax, Vimax ), may be substituted

with an equivalent nonlinear damper (Pamax, Vamax ) When Pogay = 0.9P 1 ax, and

Vomax > Vimax, and still dissipate the same amount of energy (Fig. 3-11). Knowing

that Pymax =0.9P1nax, Curve 1, shown in dashed line, is drawn which passes through

(Pamax, Vimax) With a velocity exponent of a=0.5. It must be noted that as Curve 1

passes through Ponay, it does not develop a higher velocity Vomay as is expected of the

equivalent nonlinear damper. In fact a curve 2 which passes through the point (Pmax.

Vamax ) corresponds to the equivalent nonlinear damper. To be able to define curve 2,

Vamax needs to be defined. An estimate for Vomax may be obtained through extension
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of curve 1 to reach higher forces and velocities and the particular velocity of Vg
when curve 1 reaches the maximum damper 10ad of Pimax. Pomax and Vam., constitute

a point where the P-V curve 2 of the equivalent nonlinear damper of ¢=0.5 should

pass through.
Damper
Force, P
Derivation Process
P1max e T
P2max L = /:.___
urve 1 C 2
/ |
e
. | |
7,
7,
) | |
Vi
, | |
| 1 _ Damper
Vimax V2max Velocity, V
Fig. 3-it Derivation Process to Obtain the Maximum Force and
g

Velocity Values of An Equivalent Nonlinear Damper
From the Values of A linear Damper

The derivation process introduced above is used in this study to derive from the
linear damper parameters (Pmax, Vimax) to the equivalent nonlinear damper
parameters (Pamax , Vomax). Using Ram Perform-2D, for each structure, the amounts of
energies dissipaied through strain deformations, inelastic deformations, kinetics,
structural damping, and specially energies dissipated by the linear and the equivalent
nonlinear dampers are quantified. Comparisons of the amounts of dissipated energies

are made between the structural models with the linear dampers and the models with
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the equivalent nonlinear dampers and 25% damping ratio of the ﬁrst mode. In
sections 4.6.5, 5.6.5., and 6.6.5 such comparisons reveal that for all three SAC
buildings (the 3-story, the 9-story, and the 20-story), the compared dissipated
energies, and specially the energies dissipated by the linear and the equivalent
nonlinear dampers are very close.

In the case of the nonlinear dampers with 0=0.35, the spread-sheet
calculation of the areas under the Force-Displacement curves (Fig. 3-12) and a final
iterative derivation of Cn;=0.865C; indicate that for a=0.35, the nonlinear dampers
may develop Praxwiy=0.865P max) while dissipating the same amount of energy as

the linear dampers.

1.5

Pmax(L) 1 +
Pmax(NL)=.865Pmax{L)
0.5 -

alpha=1.0
pha=0.35

Damper Load (K)

'1 .5 T T T T T
-1.5 -1 -0.5 0 0.5 1 1.5
Damper Displ. {in}

Fig. 3-12  Comparison of Load-Displacement Relationships Between
A Nonlinear (alpha=0.35), and A Linear (alpha=1.0) Viscous
Damper With The Same Energy Dissipating Capacity
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The derivation process to obtain the P-V curve of the equivalent nonlinear
damper with & =0.35 is the same as described above and in Fig. 3-11, except that

PZmax:-865P1m3x~
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CHAPTER 4

CASE STUDY OF THE 9-STORY SAC BUILDING

4.1 Description of the Building and Loads

A 9-story square and near symmetric building overlying a basement is
considered for this research. The building has plan dimensions of 150°-0”, and floor
area of 22,500 square feet. Floor to floor height at the basement is 12°-07, at the first
floor is 16-07, and at the remaining floors is typically 13’-0”. The structure’s lateral
force resisting is comprised of perimeter steel moment frames of identical
configuration on all four sides of the building. In all frames, columns are oriented in
the direction of their strong axis except at the frames’ far right column lines. Beam-
column connections are fixed at all columns oriented in the strong direction and
pinned at the columns oriented in the weak direction. Because of the pin connection
and the weak axis direction, the columns at the far right of the frames do not
substantially contribute to the frames’ lateral load resisting capacity. Plan and
elevation views of the building are shown in Fig. 4-1. Frame member sizes, story
weights and masses are listed in Appendix B. Periods of vibration for the first three
modes are T,=2.19 s, T;=0.825 s, and T53=0.476 s. Because of the near symmetry, the
structural behavior of the building can closely be simulated with 2-dimensional

models.
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4.2 5% General Structural Inherent Damping

The inherent damping ratio of the steel structure is considered to be 5%. A
5% damping ratio is assigned to the first and the third modes of the structure. Mass
and stiffness damping proportional factors (a,B) are derived (Eq. 2-2), and used to
generate the damping matrix (Eq. 2-1) for a model, which 1n this research is referred
to as the “5% system-wide damped model”. The nonlinear model is subjected to the

suite of the EQGM records.

4.3 25% General Supplemental Damping

To simulate the general application of supplemental damping to the building,
the o and B values of the 5% damped structure are modified to exhibit an overall
increased system-wide damping ratio of 25%. A 25% damping ratio is assigned to
the first and the third modes of the structure. Mass and stiffness damping
proportional factors (a.,B) are derived (Eq. 2-2), and used to generate the damping
matrix {Eq. 2-1) for a model, which in this research is referred to as the “25%
system-wide damped model”. The nonlinear model is subjected to the same suite of

EQGM records as the 5% damped model.

4.4 Design and Application of Discrete Linear Dampers

For a linear damper, force is a linear function of the damper’s relative

velocity (Eq. 2-4). Ram Xlinea program is used for the structural analysis of the
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model with linear dampers. In this program, the damping of the linear damper
element is defined as a direct function of the damper’s initial stiffness and the
element’s damping coefficient (Eq. 2-5). Discrete linear damper elements are added
to the 5% system-wide damped model to provide a supplemental damping ratio of
20% and a total system-wide damping ratio of 25% of critical for the structure’s 1%
mode of vibration. Dampers are added by means of the addition of SBFFs and as
illustrated in Fig. 3-4.

As will be demonstrated in Table 4-3, the Los Gatos record results in the
highest roof displacements and may be considered the most critical record among the
suite of near fault EQGM:s for this 9-story building. Therefore, using the Los Gatos
results for the drift ratios of the 25% system-wide damped model, and according to
the design procedure introduced in section 3.2.1, a series of linear dampers are
designed (Table 3-4) to provide an overall damping ratio of 25% of critical for the
first mode of the structure. The linear dampers are placed within SBFFs throughout

the structural frame as illustrated in Fig. 3-5.

4.5 Design and Application of Discrete Nonlinear Dampers

Discrete nonlinear dampers are designed using the derivation method
described in section 3.2.2 and Fig. 3-11. From the analysis of the structure with
linear dampers, the maximum force (P} and maximum velocity (V) of each

linear damper are obtained. For both a=0.5 and a=0.35, using the derivation method
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(Fig. 3-11), the nonlinear damper design parameters (Pamax, V2max) may be derived

from the linear damper design parameters (Pimax, Vimax). 111 sections 4.6.5 and 4.6.6

the numerical values of the designed nonlinear dampers will be presented.

4.6 Comparison of Results

4.6.1 Comparison of the 5% System-wide Damped Model to the 25%

System-wide Damped Model

Base shears and roof displacements for the 5% and the 25% damped models

are presented in Table 4-3.

Table 4-3 Comparison of Base Shears and Roof Displacements
Between the 5% System-wide and the 25% System-wide
Damped Models, For the Suite of EQGM Records

5% System-wide
Damping

25% System-wide
Damping

EQGM Max. Base | Max. Roof | Max. Base | Max. Roof

Shear (K} | Displ. (in) | Shear (K} | Displ. (in)
Lexington Dam 2900 39.89 4175 27.57
James Road 2103 26.18 2157 17.74
Los Gatos 2652 54.53 4141 31.41
New Hall 2599 20.44 2354 14.67
Rinaldi 2903 24.82 4138 19.04
Takatori 2945 34.38 4672 23.72

As noted, the base shears of the 25% damped model are higher than the 5%

damped model. This is expected as there are additional velocity related loads

introduced to the system by the increase in the value of the damping matrix.
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These loads will be further investigated in section 4.6.3 for the more precise results
of the supplementally damped model with discrete linear damper elements.

Maximum roof displacement is the highest for the Los Gatos record while
base shear is the highest for the Takatori record. Accordingly, these two records are
selected for the following investigation of the 9-story building.

For these two records inter-story drifts are depicted in Fig. 4-2 and story
maximum joint rotations in Fig 4-3.

For the Takatori record, the inter-story drift ratios of the 5% damped structure
do not meet the life safety criteria at stories 1 to 7 (> 2.5%). The 25% damped
structure, however, meets the drift life safety standards.

For the Los Gatos Record, the inter-story drifts of the 5% damped structure
exceed the collapse prevention criteria at stories 1 to 5. The 25% supplementally
damped structure meets the collapse prevention criteria but exceeds life safety
provisions at stories 1 to 4.

For both records, application of 25% supplemental damping results in
substantial reductions in the structure’s inter-story drift ratios and story maximum

joint rotations.
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4.6.2 Comparison of the 25% System-wide Damped Model with the
25% Damped Discrete Linear Damper Elements Model

The 25% discrete linear damper model demonstrates similar story drift ratios
and structural displacements as the 25% system wide damped model. Inter-story
drifts of the discrete linear damper model are compared to the 25% system-wide
damped model and found to be close (Fig 4-4). Similarly, the story maximum joint
rotations of the two models are compared and found to be close (Fig. 4-5). In Figs.
4-4 and 4-5, 1t 1s evident that the participation of the higher modes in the overall
structural response is more captured more in the system-wide damped model. In the
25% damped discrete linear damper elements model the higher modes are over-
damped and their participation in the overall response is reduced.

In the 25% damped discrete linear damper elements model, the majority of
the dampers are installed in the lower stories where inter-story drift ratios are larger,
and fewer dampers are installed in the upper stories where damping ratios are lower.
As a result, the response of the upper stories of the 25% damped discrete linear

damper model is more severe than the 25% system-wide damped model.
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Comparison of the flexural moments, shears and axial loads in the base story
columns between the two models are respectively illustrated in Figs. 4-6, 4-7, and
4-8 for columns 1, Figs. 4-9, 4-10, and 4-11 for column 2, Figs. 4-12, 4-13, and 4-14
for column 3, Figs. 4-15, 4-16, and 4-17 for column 4, and Figs. 4-18, 4-19, and 4-20
for column 5.

Comparison of the axial loads in the outer columns 1 (Fig.4-11) and 5 (Fig.4-
20) indicate that the axial loads in these columns are very close but slightly higher
for the 25% discrete damper elements model. The flexural moments and shears in the
outer columns 1 and 5 are close for both models but slightly lower for the 25%
discrete damper elements model.

Comparison of the axial loads in the inner column 2 (Fig. 4-9), column 3
(Fig. 4-14), and column 4 (Fig. 4-17) indicate that in the 25% system-wide damped
model, the inner columns do not receive substantial amounts of earthquake induced
axial loads. However, in the 25% discrete linear damper elements model, the inner
columns receive substantial amounts of earthquake-induced axial loads which are
inflicted by the dampers that are installed within the adjacent bays. An even
placement of dampers within the structure could result in an even participation of the
columns in receiving earthquake-induced axial loads. In fact, as discussed in section
3.2.1, limiting the amount of such axial loads in the columns and utilizing the inner
columns in receiving the portion of the axial loads in excess of the capacities of the

outer columns is a factor in placement design of dampers. The higher axial loads in
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the inner columns of the 25% discrete linear damper elements model reflect the
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actual scenario. The 25% system-wide damped model does not capture these loads

and therefore is not an accurate tool for analysis of the structures columns.

Because of the higher axial loads in the inner columns of the 25% discrete
damper elements model, these columns yield at lower moments than the 25%

system-wide damped model. Therefore, the moments and shears in the inner base

story columns of the 25% discrete damper elements model are lower than the 25%

system-wide damped model.

Table 4-4 is a comparison of the maximum roof displacements and base
shears between the two models for the Suite of the EQGMs. It is found that the

derived values for both models are relatively close.

Table 4-4 Comparison of Base Shears, Roof Displacements,
Between the 25% System-wide and the 25% Discrete
Linear Damper Elements Models, For the Suite of
EQGM Records

25% System-wide

25% Discrete Linear

EQGM Damping Damper Elements
Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 4175 27.57 4287 30.11
James Road 2157 17.74 2365 17.36
Los Gatos 4141 31.41 4032 36.47
New Hall 2354 14.67 2477 14.61
Rinaldi 4138 15.04 4131 20.15
Takatori 4672 23.72 4727 26.09
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In conclusion, the structural deformations and base shears derived from the
25% system-wide damped model are similar to those of the 25% discrete linear
damper elements model. The 25% damped model could be used to provide relatively
accurate analysis results pertaining to structural deformations and base shears.
However, the axial loads in the structure’s inner columns are substantially higher in
the 25% discrete linear damper elements model. Therefore, for structural analysis
and design of members it is necessary to utilize a computer analysis program and a

model, which could incorporate the discrete damper elements.

Two of the most critical records, which result in the structure’s largest roof
displacements and base shears, are respectively the Los Gatos and the Takatori
records (Tables 4-3 and 4-4). The following research will be based on the structure’s

response to these two records.
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4.6.3 Comparison of the 5% Damped Model With the 25% Damped Discrete

Linear Damper FElements Model

Comparison of the two models reveals substantial reductions in the maximum
story drift ratios (Fig. 4-21), and maximum joint rotations (Fig. 4-22) for the 25%
discrete linear damper elements model.

For the Takatori record, the 5% damped model does not meet the life safety
performance criteria. The 25% supplementally damped model successfully meets the
life safety criteria.

For the Los Gatos Record, the 5% damped model does not meet the collapse
prevention criteria at stories 1 to 5. With the 25% supplemental damping, the
structure meets collapse prevention criteria but life safety hazard still exists in stories
1to 5. For the Los Gatos record, the application of the 25% supplemental damping
substantially alleviates the structure’s life safety hazard risks, however, life safety
criteria is not met at stories 1 to 5.

Base shears and roof displacements are presented in Table 4-5. The base
shears of the 25% damped model are higher than the 5% damped model. The
additional base shear loads are developed by the velocity-related motion resistive

loads generated in the dampers.
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Table 4-5  Comparison of Base Shears and Roof Displacements Between
the 5% System-wide and the 25% Discrete Linear Damper
Elements Models, For the Suite of EQGM Records

5% System-wide 25% Disc. Lin. Elems.
Damping Damping

EQGM Max. Base | Max. Roof | Max. Base | Max. Roof

Shear (K) | Displ. (in) | Shear (K} | Displ. (in)
Lexington Dam 2900 39.89 4287 30.11
James Road 2103 26.18 2365 17.36
Los Gatos 2652 54.53 4032 36.47
New Hall 2599 20.44 2477 14.61
Rinaldi 2903 24.82 4131 20.15
Takatori 2945 34.38 4727 26.09

Moments, shears and axial loads for the base floor columns are illustrated in
Figs. 4-23 to 4-37. All of the base story columns of the 25% damped model receive
higher axial loads than the 5% damped model. Fig. 4-25 for column 1 and Fig. 4-37
for column 5 indicate that for both models the axial loads in the outer columns are
high but slightly higher for the 25% damped model. Figs. 4-28 for column 2, 4-31
for column 3, and 4- 34 for column 4 indicate that the axial loads in the inner
columns are substantially higher in the 25% damped model. Because of the higher
axial loads the base story columns of the 25% damped model yield at slightly lower
moments and shears than the 5% damped model (Figs. 4-23 and 4-24 for columnl,
Figs. 4-26 and 4-27 for column 2, Figs. 4-29 and 4-30 for column 3, Figs. 4-32 and
4-33 for column 4, and 4-35 and 4-36 for column 5).

Fig. 4-28 for Column?2, Fig. 4-31 for Column 3, and Fig. 4-34 for Column 4

indicate that for the 5% damped model, the inner columns mainly resist the structural
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gravity dead and live loads and are not subjected to high earthquake-induced axial
loads. On the other hand, the 25% damped discrete linear damper elements model
results in much higher axial loads exerted by the dampers on the structure’s inner
columns.

Fig. 4-38 illustrates the contours of the maximum and minimum axial loads
in the structure’s basement columns and the structure’s foundation footings for the
two models. These contours confirm that for the 5% damped model, a large amount
of axial loads are exerted on the outer columns while the inner column do not
considerably participate in resisting earthquake-induced axial loads. In the 25%
discrete damper model, the base story columns almost uniformly participate in
resisting the earthquake axial loads. The 25% damped model provides a better
atilization of the high capacities of the inner columns for resisting earthquake-

induced axial loads.
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The higher axial loads of the supplementally damped model may require
larger column sections and if so the associated cost must be included in the overall
cost of the application of the dampers. Therefore, a thorough understanding of these
higher axial loads is paramount in justification of the application of viscous dampers.

It must be noted that in the 5% system-wide damped model the columns’
flexural moments (M), and axial loads (P), are functions of the column’s
displacements. For this model the columns’ axial loads and moments and the P-M
interaction ratios are all displacement related and they all reach their peaks
simultaneously. In the 25% damped discrete linear damper elements model, while
the columns’ flexural moments are still functions of the columns’ displacements, the
columns’ axial loads are functions of the dampers’ velocites and out of phase with
their displacement related moments. In this model, the columns’ axial loads and their
moments may not reach their peaks simultaneously.

Fig. 4-48 demonstrates an overlay of axial loads and moments in column 2 of
the base floor for the 25% discrete linear damper model for the two critical records.
A slight phase lag between the peaks of the two axial loads and the moments could
be observed. Although the phase difference is slight, however, it results in the peaks

of the axial load and the moment curves not to ocour simultaneous.
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Figs. 4-49 to 4-54 present the comparison of the axial loads and moments

(P-M) interaction ratios | — + —= | for columns 1 to 5 of the base floor between

v y
the 5% damped model and the 25% damped discrete linear damper elements model.
For all columns, the P-M interaction ratios of the 25% supplementally damped model
do not exceed the 5% damped model. Although the inner columns of the 25%
damped model receive higher axial loads, because the column sections have large
axial capacities (designed for gravity dead and live loads), and that these columns
receive lower moments, and their maximum moments and axiai loads are not
concurrent, the P-M interaction ratios remain close to the 5% damped model.

In conclusion, although the column axial loads of the 25% supplementally
damped model are higher than the 5% damped model, the overall demand and the P-
M interaction ratios of the columns remain close between the two models. The
application of the dampers substantially improves the structure’s performance while

it does not significantly increase the design demands of the columns.
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4.6.4 Comparison of the 25% Discrete Linear Damper Elements Model With

The Conventionally Strengthened Structure Using A Brace System

The higher base shears resulting from the application of the FVDs (Table 4-
5) require that the column base connections to the foundations be stronger and the
foundation sizes be larger. As an alternative structural seismic resistance system
braced frames could be added to conventionally strengthen the building. The
conventionally strengthened building will require upgrading the structural frame
members’ sizes and will result in an increase in the rigidity of the 5% damped
structure. Higher base shear loads will be received by the more rigid 5% system-
wide damped structure with braces. Stronger connections and larger foundation
systems will be required for such system as well. The cost associated with
conventional strengthening the 5% system-wide damped system could very well
measure up or exceed the cost associated with the 25% supplementally damped
system.

To conventionally strengthen the building, chevron braces are added to the
structure as illustrated in Fig. 4-46. Ultimate strength method is used to design the
brace members for the maximum tensile or compressive loads derived from the
nonlinear time-history analysis of the building for the Los Gatos record. However,

the design of brace sections is controlled by the inter-story drift limitations.
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Fig. 4-46 Elevation of Conventionally Strengthened
9-Story Building Using A Brace System

According to FEMA 356 life safety performance criteria, the maximum inter story
drift ratio for steel braced structures is not to exceed 1.5%. To obtain a minimum
inter-story drift ratio of 1.5%, the chevron braces need to have a cross sectional area
of 25 in®. This is a very large and impractical size for a brace section. With a smaller
and more practical brace area of 15 in’, the maximum inter-story drifts of the braced
model are 2.8 % (Fig. 4-47, 2" Story). Fig. 4-47 illustrates a comparison of the
inter-story drift ratios between the supplementally damped and the conventionally
braced models. As noted, both systems, to some extent exceed their corresponding
system limits to meet the life safety criteria, but they both provide substantial and

comparable reductions in the inter-story drift ratios of the 5% damped model.
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As noted in Table 4-6, the 1% mode’s period of the 25% damped discrete
linear damper model is equal to that of the 5% damped model. The base shear of the
25% damped discrete model is higher than the 5% damped model. The
conventionally braced structure has a lower period and a much higher base shear

than both the 5% damped and the 25% supplementally damped models.

Table 4-6 9-Story Building, Comparison of the 1* Modal
Period, Base Shears and Max. Roof
Displacements for Different Models, Los

Gatos Record
5% Discrete Linear | Conventionally
Damped Dampers Braced
1* Mode Period (s) 2.196 2.194 1.077
Base Shear (K) 2651 4032 5385
Max. Roof Displ. (in) 54.53 36.47 17.23

For the Los Gatos record, Figs. 4-48 to 4-52 illustrate the overlays and
comparisons of the moments, axial loads and the P-M interaction ratios in the base
floor columns for the two models. In the braced model, axial loads in column 3 are
low because the loads induced by the braces within the adjacent bays 2 and 3
counteract each other (Fig. 4-50). In the braced model, the axial loads in columns 2
and 4 are much higher than the 25% damped model (Figs. 4-49 and 4-51). The
higher axial loads result in lower flexural yield capacities, and the moments and

shears developed in the two columns of the braced model are lower than the 25%

damped model.
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On the conirary, for the conventionally braced model, the outer columns 1 and 5 do
not receive axial loads as high as the 25% damped model. Because of lower axial
foads, the two columns hold higher flexural yield capacities and in fact develop
higher moments than the 25% damped model. In general, higher column axial loads
are accompanied by lower moments in the columns and vice versa. The lower values
of one parameter counteract the higher values of the other and result in the combined
P-M interaction ratios of the two models being close. As noted, the P-M interaction
ratios of all columns are close for both models.

Fig. 4-53 illustrates the contours of the maximum and minimum axial loads
in the structure’s basement columns and the structure’s foundation footings for the
two models. These contours confirm that for the conventionally braced model, large
amounts of axial loads are exerted on the inner columns affected by the braces
(columns 2 and 4). In the 25% discrete damper model, the basement columns almost
uniformly participate in resisting the earthquake axial loads, which provides a better
utilization of the strength of the building.

Overall, design demands of the base floor columms could be considered
similar for the two models, while the foundations’ axial and lateral loads are
considerably higher for the conventionally braced system. In retrofit of the existing
buildings, the application of supplemental damping results in considerably lower
upgrades of existing foundations and may prove to be economically more attractive.

Figs. 4-54 to 4-58 illustrate the analogy for the Takatori record.
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4.6.5 Comparison of the 25% Damped Discrete Linear Damper Elements

Model With the 25% Damped Discrete Nonlinear Damper Elements

Model (0¢=0.5)
For fabrication practicality and economy, two groups of nonlinear dampers are
placed throughout the structure. The first group is placed within the stories with three
braced bays, and the second group is placed within the stories with one and two
braced bays (Table 3-2, and Fig. 3-5). Design parameters of the nonlinear dampers
are derived from the design parameters of the linear dampers. Table 4-7 illustrares
the maximum force (Fyay) and the maximum velocity (Vma) developed in the linear
dampers, which are designed according to section 4.4. The more severe results of the
Los Gatos record require the linear dampers of group 1 to be capable of developing
Frax=320 K, and V5,=10 in/s, and linear dampers of group 2 to be capable of
developing Fna=240 K, and V=12 1n/s.

The maximum velocities and forces of the equivalent nonlinear dampers are
derived based on the derivation method described in section 3.2.2. These values are
listed in Table 4-7. Such nonlinear dampers are incorporated into the structural

model using Ram-Perform-2D computer program.
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Table 4-7  Maximum Damper Design Parameters for the
9-Story Building, and the Los Gatos Record

Dam Linear Damper Nonlinear Damper
pers (e=0.5)

Frnax (K) | Venex (10/5) | Frogx (K) | Vinax (in/s)
Group | 320 10 257 13.75
Group 2 240 12 159 13.2

Fig. 4-59 illustrates a comparison of three different dissipated energy
quantities between the structure with linear and nonlinear dampers for the Los Gatos
record. The three energy quantities are the inelastic energies, the energies in
supplemental viscous dampers, and the structure’s inherent Beta-K viscous energies.
Fig. 4-60 illustrates a comparison of structure’s inherent Alpha-M viscous energies,
the strain energies, and the kinetic energies between the models with the linear and
nonlinear dampers, for the Los Gatos record. The energies dissipated by the
equivalent nonlinear dampers are close but slightly less than the energies dissipated
by the linear dampers (Fig. 4-59). As a result, the dissipated inelastic energy of the

mode! with nonlinear dampers is higher than the model with the linear dampers.
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In section 3.2.2, it was described that nonlinear dampers may dissipate the
same amount of energy as linear dampers while develop and exert lower axial loads
on adjacent columns. For the Los Gatos record, Figs. 4-61 to 4-65 illustrate
comparisons of moments, axial loads and P-M interaction ratios for the base floor
columns between the models with linear and nonlinear dampers. As illustrated, the
columns in the model with nonlinear dampers develop lower axial loads. The
moments developed in these columns are very close for the two models and
generally slightly more for the model with nonlinear dampers. The columns’ P-M
interaction ratios of the model with nonlinear dampers are not lower than the model
with linear dampers. In fact, the columns’ P-M interaction ratios are more influenced
by columns’ moments than axial loads. The columns’ lower axial loads provided by
the use of the nonlinear dampers do not provide considerable design relief for the
affected columns.

Figs. 4-66 to 4-70 illustrate the analogy for the Takatori record.
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Table 4-8 illustrates a comparison of the base shear values between the model
with linear dampers and the model with nonlinear dampers. As noted, the base shear

is higher for the model with linear dampers for both records.

Table 4-8 9-Story Building Comparison of Base Shears
Between The Model With Linear Dampers and The

Model With Nonlinear Dampers of 0=0.5

Base Shear (K)
Los Gatos Takatori
] Nonlinear . Nonlinear
Linear Linear
Dampers Dampers Dampers Dampers
0=0.5 o=0.5
3512 3244 4241 3669

In the model with nonlinear dampers, the lower base shear values in
conjunction with the reduced column axial loads result in construction cost savings

for the foundation system.
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4.6.6 Comparison of the 25% Damped Discrete Nonlinear Damper Elements

Models of a=0. 5 and a0=0.35
Using the design parameters (Fpnax, Vmax) of the linear dampers

obtained from section 4.6.2 and tabulated in Table 4-7, and based on the
derivation method described in section 3.2.2, the design parameters of the
nonlinear dampers of 0=0.35 are derived for the Los Gatos record. Table 4-9
illustrates the comparison between the design parameters derived for dampers
of =0.35 and 0=0.5. The nonlinear dampers of ¢=0.35 develop lower loads

at higher velocities and exert lower axial loads on their adjacent columns.

Table 4-9  9-Story Building, Maximum Nonlinear Damper
Design Parameters for the Los Gatos Record

Dampers Nonlinear Damper (¢=0.35) | Nonlinear Damper (0=0.5)
Frax(K) Vinax (10V8) | Frax (K) Vimax (10/s)

Group-1 193 15.5 257 13.75

Group-2 117 13 159 13.2

As assigned in section 4.6.5, group 1 dampers are installed within the stories
with three braced bays, and group 2 dampers in stories with one or two braced bays
(Fig. 3-5).

Table 4-10 is a comparison between the maximum story displacements of the
two models. As noted, the story displacement of the the model with higher

nonlinearity of a=0.35 are larger than the model with 0=0.5.
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Table 4-10  9-Story Building, Maximum Story Displacements for
Models with Nonlinear Dampers

Maximum Story Displacement (in)
Los Gatos Takatori
Story No. | Nonlinear | Nonlinear Nonlinear | Nonlinear
Dampers | Dampers | Dampers | Dampers
o=0.35 o=0.5 o=0.35 0=0.5
Roof 37.83 35.15 39.42 37.14
8 36.63 33.84 36.98 35.02
34.77 31.82 32.75 30.94
6 32.24 29.3 27.84 26.28
5 28.78 25.87 22.3 21.02
4 23.74 21.35 16.45 15.92
3 18.26 15.96 11.1 10.98
2 12.43 10.8 6.85 6.73
1 6.46 5.58 3.34 33

Figs. 4-71 to 4-75 illustrate comparisons of the P-M interaction ratios of the
base floor columns between the two models for the Los Gatos record. The column
axial loads developed in the model with nonlinear dampers of 0=0.35 are lower than
the model with nonlinear dampers of 0=0.5. However, the columns’ P-M interaction
ratios, which are mainly influenced by the large values of columns’ moments, are not
affected by the altered axial loads.

Figs. 4-76 to 4-80 illustrate the analogy for the Takatori record.
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Base shears for the two models are listed in Table 4-11. The model with

nonlinear dampers of 0=0.35 develops lower base shears.

Table 4-11  9-Story Building, Base Shears for Models
With Nonlinear Dampers
Base Shear (K)
Los Gatos Takatori
Nonlinear | Nonlinear | Nonlinear | Nonlinear
Dampers | Dampers | Dampers | Dampers
a=0.35 0=0.5 a=0.35 0=0.5
3078 3244 3259 3669

The use of higher nonlinearity in dampers (¢=0.35) does not provide
measurable design relief in design demands of the base floor columns. However, in
the model with nonlinear dampers of «=0.35, the lower base shears in conjunction
with the reduced columns’ axial loads result in construction cost savings for the

foundation system.
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CHAPTERS

CASE STUDY OF THE 3-STORY SAC EUH@ENG

5.1 Description of the Building and Loads

A 3-story rectangular building of dimensions 180°-0” and 120°-0” is
considered for this research. The structure’s lateral force resisting system is
comprised of moment frames on all four sides of the building. The more critical
3-bay moment frames on the shorter sides are considered for this research. Floor to
floor height at all stories is 13°-0”. Plan and elevation views of the building are
shown in Fig. 5-1. The frame’s member sizes, building weights, and masses are
listed in Appendix B.

Periods of vibration for the first three modes are T1=1.03 s, T,=0.33 s, and
T5=0.17 s.

Because of near symmetry, the structural behavior of the building can closely

be simulated with 2-dimensional models.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



185

\VAV/\VAV/\VAV
4%\404\%04\0404'
\»&oox«,ov@@o N\
NOOONAN

B

L NAY VA
XN

{a) Perspective

]
|

g 22)

wa

wa

120.00

{c) Elevation

30080

30.00

30.00
{b) Plan

30.00

30,00

30.00

30.00

30.00

30.00

30.00

3- Story Building Perspective, Plan and Elevation

Fig. 5-1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



156

52 5% General Structural Inherent Damping

A 5% damping ratio is assigned to the first and third modes of the structure.
Mass and stiffness damping proportional factors (o, 3) are derived to generate a2 5%
system-wide damped model (Eq. 2-1, 2-2). The nonlinear model is subjected to the

suite of the near-fault EQGM records (Fig. 2-2).

53 25% General Supplemental Damping

To simulate the general application of supplemental damping to the building,
the 5% damped structure was modified to exhibit an overall increased system-wide
damping ratio of 25%. A damping ratio of 25% is assigned to the first and third
modes of the structure. Mass and stiffness damping proportional factors (o) are
derived to generate a 25% system-wide damped model (Egs. 2-1, 2-2). The 25%
supplementally damped model is subjected to the same suite of near-fault EQGM

records as the 5% damped model.

54  Design and Application of Discrete Linear Dampers

Similar to section 4.4, discrete linear damper elements are added to the model
by means of the addition of SBFFs as illustrated in Fig. 4-2.

The number of dampers in each story is directly related to that story’s drift
ratio derived from the analysis of the 25% system-wide damped model of the

structure. Because all three inter-story drifts are close, the same number of bays with
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two dampers in each, are utilized at each story. Table 5-1 illustrates the design basis

for the linear dampers for the 3-Story building.

Table 5-1 Derivation of Linear Dampers’ Relative Damping
Values For the 3-Story Building, Los Gatos Record

A=_Dnft N= No. Average | Group
Min. Drift | of Bays with | “A” for | Relative
Two Dampers | Group | Damping

Story Drift
No. (25% Damp.)

3 028 1.000 1 1.095 1.
2 .030 1.071 1 ¢ “
1 034 1.214 1 ¢ “

An SBFF brace with total of two dampers was added to each story of the

model (Fig. 5-2).

Col. 1 Col. 2 Col. 3 Col. 4

W

\

w2 2
Bay | Bay 2 Bay 3

Fig. 5-2  Placement of Viscous Dampers Within the 3-Story Building
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The design procedure constitutes the following:
(1 Define a single group of dampers with minimal stiffness (K=0.1 K/in).
(2) Increase the B value of the linear dampers iteratively until the structure’s first

modal damping ratio reaches 25%.

In the following discussions, the column lines and bay numbers are numbered
from left to right. To minimize axial loads exerted by the dampers on their adjacent
columns, the dampers in the first story are placed within bays 1, the dampers in the
second story are placed within bay 2, anéi the dampers in the third story are placed
within bay 3. The parameters derived for the linear dampers through this iterative

procedure are listed in Table 5-2.

Table 5-2 3-Story Building, Design Parameters
For Linear Dampers

Damper Parameters
B K C=BK
320 | 0.1 32

5.5  Design and Application of Discrete Nonlinear Dampers
Discrete nonlinear dampers are designed using the derivation method
described in section 4.5 and Fig. 4-9. From the analysis of the structure with linear

dampers, values are obtained for maximum force (Pimax) and maximum velocity
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(Vimax) of each linear damper. For both 0=0.5 and 0=0.35, using the derivation
method illustrated in Fig. 3-11, the nonlinear design parameters (Pamax, Vamax) may
be derived from the linear damper design parameters (Pimax, Vimax). Damper design

parameters will be derived and listed in sections 5.6.5, and 5.6.6.

5.6 Comparison of Results
5.6.1 Comparison of the 5% System-wide Damped Model to the 25%
System-wide Damped Model
Base shears and roof displacements for the 5% and the 25% damped models
are presented in Table 5-3.

Table 5-3 3-Story Building, Comparison of Base Shears and Roof
Displacements Between the 5% System-wide and the 25%
System-wide Damped Models, For the Suite of EQGM Records

5% System-wide 25% System-wide
Damping Damping
EQGM Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 1543 25.2 2047 12.21
James Road 1280 7.81 1112 4.52
Los Gatos 1608 214 2092 12.17
New Hall 1359 10.63 1814 7.46
Rinaldi 1606 20.41 2219 12.58
Takatori 1846 31.52 2245 19.18

As noted, because of additional velocity related loads, the base shears of the

25% damped model are higher for all records except James Road, for which,
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the low maximum roof displacements of the 5% damped model correlate to low
inter-story drift ratios and dampers loads. For the James Road record, the 5%
damped structure basically remains elastic. The 25% damped model develops lower
base shears than the 5% damped model.

Maximum roof displacements of the 5% damped model are the highest for
the Takatori record. For the 5% damped model, the Los Gatos record results in the
highest base shears among the remaining records and indicates some of the highest
roof displacements as well. These two records are used for the following
investigation.

For these two records inter-story drifts are depicted in Fig. 5-3 and story
maximum joint rotations in Fig. 5-4.

For the Takatori record the inter-story drifts ratios of the 5% damped model
indicate the possibility of collapse. With the application of supplemental damping,
the 25% damped structure meets the collapse prevention criteria while it still exceeds
the life safety limits.

For the Los Gatos Record, the inter-story drifts of the 5% damped structure
exceed the collapse prevention criteria. The 25% supplementally damped structure
meets the collapse prevention criteria and only slightly exceeds the life safety limits.

For both records, the application of supplemental damping results in the

structure’s substantial reductions of the story maximum joint rotations.
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5.6.2 Comparison of the 25% System-wide Damped Model with the 25%

Damped Discrete Linear Damper Elements Model

The 25% discrete linear damper model develops similar story drift ratios and
structural displacements as the 25% system wide damped model. Inter-story drifts of
the discrete linear damper model are compared to the 25% system-wide damped
model and found to be close (Fig. 5-5). Similarly, the story maximum joint rotations
of the two models are compared and found to be close (Fig. 5-6}.

Figs. 5-7, 5-8, and 5-9 respectively illustrate the comparisons of the flexural
moments, shears, and axial loads developed in column 1 of the structure’s base floor
between the two models.

It is noted that the flexural moments and shears developed in the 25%
system-wide damped model are close to those derived from the 25% discrete linear
damper elements model. The comparison of moments, shears, and axial loads
between the two models for the other base floor columns are respectively depicted in
Figs. 5-10, 5-11, and 5-12 for column 2, Figs. 5-13, 5-14, and 5-15 for column 3, and
Figs. 5-16, 5-17, and 5-18 for column 4. The results of these comparisons indicate
that flexural moments and shears developed in the structure’s base columns of the
25% system-wide damped model are close to values obtained from the 25% discrete

linear damper elements model.
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Fig. 5-9 illustrates a comparison of the axial loads in outer column 1 of the
base floor between the two models. Fig. 5-18 illustrates the same comparison for the
outer column 4 of the base floor. In both models, the structure’s outer columns
receive substantial amounts of earthquake-induced axial loads. The axial loads in
these two columns are not substantially different for the two models.

Figs. 5-12 and 5-15 illustrate the same comparison for respectively the inner
columns 2 and 3 of the base floor. While in the 25% system-wide damped model the
inner columns do not receive substantial earthquake-induced axial loads, in the 25%
discrete linear damper elements model the inner columns experience high axial loads
which are exerted by adjacent dampers.

Table 5-4 is a comparison of the maximum roof displacements and base

shears between the two models for the suite of the EQGMs.

Table 5-4 3-Story Building, Comparison of Base Shears and Roof
Displacements, Between the 25% System-wide and the 25%
Damped Discrete Linear Damper Elements Models

25% System-wide 25% Discrete Linear
EQGM Damping Damper Elements
Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 2044 12.93 2036 13.77
James Road 1076 411 1127 4.14
Los Gatos 1986 13.82 1949 14.31
New Hall 1787 8.16 1610 8.50
Rinaldi 2221 13.01 2230 13.57
Takatori 2199 16.56 2254 18.6
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The base shears and maximum roof displacements for both models are
relatively close. Two of the most critical records that result in the structure’s largest
roof displacements are the Los Gatos and the Takatori records. The following
research will be based on the structure’s response to these two records.

In conclusion, structural deformations, base shears, moments, and shears in
the base floor columns derived from the 25% system-wide damped model are similar
to those of the 25% discrete linear damper elements model. However, the axial loads
in the inner columns are much higher for the 25% discrete linear damper elements
model. Therefore, for the analysis of structures with FVDs, it is necessary to utilize 2

computer program, which could incorporate the discrete damper elements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

5.6.3 Comparison of the 8% Damped Model With the 25% Damped Discrete

Linear Damper Elements Model

Base shears and roof displacements for the 5% and the 25% damped models

are presented in Table 5-5.

Table 5-5 3-Story Building, Comparison of Base Shears and Roof
Displacements Between the 5% System-wide and the 25%
Discrete Linear Damper Elements Models, For the Suite of

EQGM Records
5% System-wide 25% Damped Discrete
EQGM Damping Linear Elements
Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 1543 25.2 2036 13.77
James Road 1280 7.81 1127 4,12
Los Gatos 1608 21.4 2002 12.5
New Hall 1359 10.63 1610 8.5
Rinaldi 1606 20.41 2230 13.57
Takatori 1846 31.52 2340 20.83

Similar to section 5.6.1, because of additional velocity related loads, the base
shears of the 25% damped model are higher than the 5% damped model for all

records except James Road.

For the two critical records of Los Gatos and Takatori (Section 5.6.1) the
inter-story drifis are depicted in Fig. 5-19 and story maximum joint rotations in Fig.

5-20.
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For the Takatori record, the inter-story drift ratios of the 5% system-wide
damped building exceed collapse prevention criteria. With the application of 25%
supplemental damping, although the inter-story drifts are substantially reduced, the
building still slightly exceeds collapse prevention limits. For the Los Gatos record,
while the inter-story drift ratios of the 5% damped model exceed collapse prevention
criteria, the 25% supplementally damped structure complies with the collapse
prevention requirements and slightly exceeds the limits for life safety.

Moments, shears and axial loads are respectively illustrated in Figs. 5-21,
5-22, and 5-23 for column 1, Figs. 5-24, 5-25, and 5-26 for column 2, Figs. 5-27,
5-28, and 5-29 for column 3, and Figs. 5-30, 5-31, and 5-32 for column 4 of the base
floor.

When a column is subjected to higher axial loads it yields under lower
moments. In the two outer columns, the maximum axial loads of the two models are
very close and yet slightly higher in the 25% damped model (Fig. 5-23 for column 1,
and Fig. 5-32 for column 4). The outer columns’ moments and shears of the two
models are very close and slightly lower in the 25% damped model (Figs. 5-22 and
5-23 for column 1, and Figs. 5-30 and 5-31 for column 2).

In the inner columns, the axial loads are considerably higher in the 25%
damped model (Fig. 5-26 for column 2, and Fig. 5-29 for column 3). The moments
and shears in these columns are slightly lower in the 25% damped model (Figs. 5-24

and 5-25 for column 2, Figs. 5-27, and 5-28 for column 3).
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Figs. 5-23 and 5-32 illustrate that in the 5% system-wide damped model a
substantial amount of earthquake-induced axial load is received by the structure’s
outer columns 1 and 4. Fig. 5-26 for Column 2 and Fig. 5-29 for Colummn 3 indicate
that for the 5% damped model, the inner commns mainly resist the structural gravity
dead and live loads and are not subjected to high earthquake-induced axial loads.
Fig. 5-33 illustrates the contours of the maximum (+ for compression) and minimum
(- for tension) axial loads in the structure’s base story columns and the structure’s
foundation footings for the two models. These contours confirm that in the 5%
damped model, large amounts of axial loads are exerted on the outer columns while
the inner columns do not significantly participate in resisting earthquake-induced
axial loads. In the 25% discrete damper elements model, with proper placement of
dampers, the base story columns almost uniformly participate in resisting the
earthquake-induced axial loads. In the 5% damped model, because of the lack of
participation of the inner columns in resisting earthquake-induced axial loads, most
often, their strengths are not fully utilized. The 25% damped discrete damper
elements model provides a better utilization of the high capacities of the inner
columns for resisting earthguake-induced axial loads.

Fig. 5-34 illustrates an overlay of the axial load and moment time history
curves in column 2 of the base floor for the 25% discrete linear damper elements. A
phase gap between the peaks of the two curves is observed. Although the phase

difference is slight, the peaks of the axial load and the moment curves do not
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coincide. This behavior implies that when the columns in the supplementally damped
structure carry their maximum earthquake-induced axial loads, their moments are not
at maximum levels.

Figs. 5-35 to 5-38 illustrate comparisons of the P-M interaction ratios for
columns 1 to 5 of the base floor between the 5% system-wide damped model and the
25% damped discrete linear damper elements model.

For all columns, the P-M interaction ratios of the 25% supplementally
damped model are close and slightly less than the 5% damped model. Although the
inner columns of the 25% damped model receive higher axial loads, because the
column sections have large axial capacities (designed for gravity dead and live
loads), and that these columns receive lower moments, and their maximum moments
and axial loads are not concurrent, the P-M interaction ratios remain close to the 5%
damped model.

In conclusion, although the columns’ axial loads of the 25% supplementally
damped model are higher, the columns’ P-M interaction ratios of the two models are
close. The application of the FVDs substantially reduces the structure’s deformations
while it does not significantly increase the design demands of the columns.
Application of FVDs cannot be the only means of seismic load resisting system for
the structure. Strengthened frame members must be used in tandem with FVDs so

the structure can meet the collapse prevention and life safety criteria.
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5.6.4 Comparison of the 25% Discrete Linear Damper Elements Model With

The Conventionally Strengthened Structure Using A Brace System

To conventionally strengthen the building, chevron braces are added at each
story to the middle bay of the model (Fig. 5-39). The structure’s inter-story drift
ratios must be limited to 1.5% to comply with the life safety provisions of FEMA
356. Ultimate strength method is used to design the brace members for the maximum
tensile or compressive loads obtained from the nonlinear time-history analysis of the
building for the Los Gatos record. However, the design of brace sections is

controlled by the inter-story drift limitations.

V) vz

Fig. 5-39 Elevation of Conventionally Strengthened
3-Story Building Using A Brace System
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To obtain a minimum inter-story drift ratio of 1.5% for the Los Gatos record, the
chevron braces need to have a cross sectional area of 30 in”. This is a very large and
impractical size for a brace section. With a smaller and more practical brace
sectional area of 15 in%, a maximum inter-story drift ratio of 1.9% for the structure is
attainable. Fig. 5-40 illustrates a comparison of the inter-story drift ratios between
the supplementally damped and the conventionally braced models. For the Takatori
record, the conventionally braced model meets the life safety drift limitation criteria
for braced frames. For the Los Gatos record both models exceed the life safety
requirements by about 30%. However, both models provide substantial reductions in
the inter-story drift ratios of the 5% damped model.

The application of supplemental damping does not result in a change in the
modal periods of the structure. In Table 5-6, the structural properties and response of
the different models are compared. The 1% mode period of the 25% damped discrete
linear damper elements model is equal to that of the 5% damped model. The base
shear of the 25% damped discrete linear elements model is higher than the 5%
damped model, which was discussed in section 5.6.3.

On the other hand, the conventionally strengthened structure with braces has
a lower 1* mode period and a higher base shear than both the 5% damped and the

supplementally damped structures.
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Table 5-6 3-Story Building, Comparison of the 1 Modal
Periods, Base Shears and Max. Roof Displacements
for Different Models, Los Gatos Record

5% Discrete Linear | Conventionally
Damped Dampers Braced
1°* Mode Period(s) 1.028 1.028 .505
Base Shear (K) 1608 2002 2775
Max. Roof Displ.(in) 21.54 12.50 5.73

For the Los Gatos record, Figs. 5-41 to 5-44 illustrate the overlays of the
moments, axial loads and the P-M interaction ratios of the base floor columns for the
25% damped discrete linear damper elements model and the conventionally
strengthened model using the brace system.

In the outer columns 1 and 4, the axial loads of the 25% supplementally
damped model are higher (Figs. 5-41 and 5-44). Because the inter-story drift ratios of
the 25% supplementally damped model are higher (Fig. 5-40), the base story
columns in this model yield more than the conventionally braced model. Therefore,
although in the supplementally damped model the columns start yielding at slightly
lower moments than the conventionally braced model, due to strain hardening the
columns’ maximum moments end up slightly higher than the conventionally braced
model. The resulting P-M interaction ratios for these columns are slightly higher for
the 25% supplementally damped model than the conventionally braced model.

For the inner columns 2 and 3 (Figs. 5-42 and 5-43) the 25% supplementally

damped model results in substantially lower axial loads and slightly higher moments
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than the conventionally braced model. The resulting P-M interaction ratios of the two
models are very close. Figs. 5-45 to 5-48 illustrate the same findings for the Takaton
record.

Fig. 5-49 illustrates the contours of the maximum and minimum earthquake-
induced axial loads in the structure’s base story columns and the structure’s
foundation footings for the two models. These contours cohﬁrm that for the
conventionally braced model a large amount of axial loads are exerted on the mner
columns while smaller axial loads are exerted on the outer column. In the 25%
discrete damper model, the base story columns almost uniformly participate in
resisting the earthquake-induced axial loads and the inner columns and their
foundation footings receive substantially lower amounts of axial load than the
conventionally braced model. In retrofit of existing buildings, the supplemental
damping method requires less upgrade to the existing inner columns’ supporting
foundations.

The P-M interaction ratios obtained from the 25% supplementally damped
model are very close to the conventionally braced model. The structures’ column
sizes, steel weights and the construction cost of the superstructures are comparable
for the two systems. However, the base shears and the vertical earthquake-induced
loads of the inner base floor columns are higher in the conventionally braced model.
The corresponding foundation axial and lateral loads and associated costs are

considerably higher for the conventionally braced system.
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5.6.5 Comparison of the 25% Damped Discrete Linear Damper Elements
Model With the 25% Damped Discrete Nonlinear Damper Elements
Model (e¢=0.5)
Design parameters of the nonlinear dampers are derived from the design parameters
of the linear dampers. The maximum force (Fpax) and the maximum velocity (Vinax)
developed in the linear dampers derived from the Ram-Xlinea analysis of the
structural model is tabulated in Table 5-7. The more severe results of the Takatori
record require the linear dampers to be capable of developing Finax=377 K, and
Vmax=23.56 in/s.
Based on two iteration cycles as described in section 4.5, for a=0.5, the
values of Fra= 303 K and V=36 in/s are derived as design parameters of the
equivalent nonlinear dampers. Such nonlinear dampers are incorporated into the

structural model using the Ram-Perform-2D computer program.

Table 5-7 Maximum Damper Design Parameters for the
3-Story Building

Dam Linear Damper Nonhneixr Damper
pers (0=0.5)
FroK) | Viau(ins) | FroadB) | Vima(i0/s)
Los Gatos 360 22.51 290 34.75
Takatori 377 23.56 303 36
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Table 5-8, demonstrates a comparison between the base shears of the models
with linear and nonlinear dampers of @=0.5. As noted for both records, the model

with the nonlinear dampers develops less base shear.

Table 5-8 3-Story Building, Base Shears for Models
With Linear and Nonlinear Dampers of a=0.5
Base Shear (K)
Los Gatos Takaton
. Nonlinear . Nonlinear
Linear Linear
Dampers Dampers Dampers Dampers
a=0.5 0=0.5
2025 1870 2183 2100

Fig. 5-50 illustrates a comparison of three different dissipated energy
quantities between the structure with linear and nonlinear dampers for the Takatori
record. The three energy quantities are the inelastic energies, the energies in
supplemental viscous dampers, and the structure’s inherent Beta-K viscous energies.
Fig. 5-51 illustrates a comparison of structure’s inherent Alpha-M viscous energies,
the strain energies, and the kinetic energies between the models with the linear and
nonlinear dampers, for the Takatori record. As noted in Fig. 5-50, the equivalent
nonlinear dampers designed as described in section 4.5, dissipate slightly less energy
than the linear dampers. As a result the dissipated inelastic energies of the model

with nonlinear dampers are higher than the model with the linear dampers.
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The larger dissipated inelastic energies of the building with nonlinear
dampers could be interpreted as larger deflections and inter-story displacements.
Table 5-9 indicates that while the story displacements are considerably more for the

Takatori record, they are not substantially different for the Los Gatos record.

Table 5-9 Comparison of the 3-Story, Maximum Story
Displacements Between the Model With Linear Dampers
and The Model With Nonlinear Dampers of ¢=0.5

Story Maximum Displacement (in)
Los Gatos Takatori

Story No. Linear Nonlinear Lincar Nonlinear
Dampers Dampers Dampers Dampers

a=0.5 a=0.5

3 13.12 14.23 2221 26.67

2 9.29 10.17 15.71 18.57

1 44 4.78 7.57 8.92

Fig. 5-52 illustrates a comparison of the inter-story drift ratios between the
models with linear and nonlinear (¢=0.5) dampers. For the Takatori recorder the
inter-story drift ratios of the model with nonlinear dampers are substantially higher.

For the Los Gatos the drift ratios are close for both models.
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For the Los Gatos record, Figs. 5-53 to 5-56 illustrate comparisons of
moments, axial loads and P-M interaction ratios for the base floor columns between
the models with linear and nonlinear dampers. As illustrated, the maximum moments
developed in these columns are very close for the two models. In general, while the
model with nonlinear dampers exhibits larger deformations and inter-story drifts
(Fig. 5-52), it develops lower base shears (Table 5-8). The columns’ axial loads
depicted in the figures are also very close and generally slightly less for the model
with the nonlinear dampers. The respective P-M interaction ratios are very close for
the two models. No substantial design relief is provided for the superstructure by
using equivalent nonlinear dampers in place of linear dampers.

Figs. 5-57 to 5-60 provide analogous comparisons and results for the Takatori

records.
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5.6.6 Comparison of the 25% Damped Discrete Nonlinear Damper Elements

Medels of o=0. § and ¢=0.35

The more severe results from the Takatori record (Table 5-7) are used to
perform two iteration cycles as described in section 4.5 and derive the design
parameters of the nonlinear dampers (Frax and Vi) of 0=0.35 from the design
parameters of the linear dampers.

Table 5-10 illustrates the comparison between the design parameters derived
for dampers of 0=0.35 and 0=0.5. For the dampers with higher degree of nonlinearity
of a=0.35, the maximum force is lower while the maximum velocity is higher than
the damper of 0=0.5. Subsequently, the nonlinear dampers of 0=0.35 exert lower

axial loads on the adjacent columns than nonlinear dampers of a=0.5.

Table 5-10 3-Story Building, Maximum Nonlinear Damper
Design Parameters for the Takatori Record

Nonlinear Damper (a=0.35) Nonlineaf Damper (0¢=0.5)
Froax(K) Vinax{iV/s) | Frmax(K) Vimax(11/8)
282 82 303 36

Table 5-11 is a comparison between the maximum story displacements of the
two models. As noted, the story displacements of the the model with higher

nonlinearity of 0=0.35 are larger than the model with 0=0.5.
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Table 5-11  3-Story Building, Maximum Story Displacements for
Models with Nonlinear Dampers
Maximum Story Displacement (in)
Los Gatos Takatori

Story No. Nonlinear | Nonlinear | Nonlinear | Nonlinear
Dampers | Dampers | Dampers | Dampers

0=0.35 0=0.5 a=0.35 a=0.5

3 15.99 14.22 30.55 26.76

2 11.24 10.11 20.65 18.55

1 5.27 4.77 9.79 8.93
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Figs. 5-61 to 5-64 illustrate comparisons of the moments, axial loads and
P-M interaction ratios of the base floor columns between the two models for the Los
Gatos record. The columns’ moments, axial loads, and P-M interaction ratios
developed in the model with nonlinear dampers of 0=0.35 are very close to the
model with nonlinear dampers of 0=0.5. Figs. 5-65 to 5-69 illustrate analogous
results for the Takatori record.

Table 5-12 lists the base shears for the two models for the Los Gatos and
Takatori records. The base shears for the model with nonlinear dampers of a=0.35

are not substantially lower than those with dampers of =0.5.
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Table 5-12  3-Story Building, Base Shears for Models
With Nonlinear Dampers
Base Shear (K)
Los Gatos Takatori
Nonlinear | Nonlinear | Nonlinear | Nonlinear
Dampers | Dampers | Dampers | Dampers
a=0.35 0=0.5 0=0.35 0=0.5
1756 1870 2027 2100

235

In conclusion, for short structures, the use of dampers with higher nonlinearity of
¢=0.35, does not result in a substantial reduction in column axial loads and their
design demands. The reduction in base shears provided by the use of these dampers
is also not substantial. On the other hand, the highly nonlinear dampers, result in
higher story displacements and inter-story drifts than linear dampers. For this

3-story short building, the use of linear dampers is a better option.
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CASE STUDY OF THE 20-STORY SAC BUILDING

6.1 Description of the Building and Loads

A 20-story rectangular building of dimensions 120°-0” and 100°-0” is
considered for this study. The building overlies a two-story basement. Floor to floor
height is 12°-0” at both stories of the basement, 18°-0” at the first floor, and
13°-0” at all remaining floors. The structure’s lateral force resisting is comprised of
perimeter steel moment frames on all four sides of the building. The perspective,
plan, and elevation views of the building are shown in Fig. 6-1. Because of near
symmetry, the structural behavior of the building can closely be simulated with 2-
dimensional models. The 5-bay moment frames, located on the shorter sides of the
building, are considered for this study.

Story weights and masses are listed in Appendix B. Periods of vibration for

the first three modes are T1 =4.081 s, T2=1.368 5, and T3 =0.778 s.

6.2 5% General Structural Inherent Damping

A 5% damping ratio is assigned to the first and third modes of the structure.
Mass and stiffness damping proportional factors («,p) are derived to generate a 5%
system-wide damped model (Eq. 2-33). The nonlinear model is subjected to the suite

of EQGM records.
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6.3 25% General Supplemental Damping

To simulate general application of supplemental damping to the building, the
5% damped structure was modified to exhibit an overall increased system-wide
damping ratio of 25%. A damping ratio of 25% is assigned to the first and third
modes of the structure. Mass and stiffness damping proportional factors (o,B) are
derived to generate a 25% system-wide damped model (Eq. 2-33). The 25%
supplementally damped model is subjected to the same suite of EQGM records as the

5% damped model.

6.4  Design and Application of Discrete Linear Dampers

Discrete linear damper elements are added to the model by means of the
addition of SBFFs as illustrated in Fig. 4-2. The number of dampers in each story is
directly related to that story’s drift ratio derived from the analysis of the 25%
system-wide damped model of the structure. Table 6-1 illustrates the design basis for
the linear dampers for the

20-Story building.
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Table 6-1 Derivation of Linear Dampers’ Relative Damping
Values For the 20-Story Building , Los Gatos Record

Story Drift A= —‘Digﬁ"m of g;ylfizith A ézgig;
No. | (25% Damp.) Min. Dnift (2) Dampers N Dampers
20 .008 1.000 0 - -
19 009 1.165 0 -= -
18 .010 1.215 0 -- -~
17 .010 1.0304 0 - -
16 012 1.519 2 0.759 0.917
15 012 1.519 2 0.759 «
14 013 1.696 2 0.848 *
13 .014 1.797 2 0.898 “
12 .016 1.962 2 0.981 “
11 .016 2.051 2 1.025 “
10 016 2.000 2 1.000 “
9 .017 2.127 2 1.063 “
8 .018 2.251 3 0.747 1.005
7 .019 2.433 3 0.811 «
6 .022 2.744 3 0.915 «
5 025 3.190 3 1.063 “
4 027 3.430 3 1.140 “
3 028 3.557 3 1.186 «
2 .028 3.557 3 1.186 “
1 .023 2.962 3 0.987 *

In order to not block all bays with SBFFs and leave two bays open, braces are
not installed in more than three bays of each story. As the “A” values decrease with
the height of the structure, fewer number of dampers may be used at the upper stories
of the model. For all stories with “A” values of 2.25 and larger, three chevron braces
with total of 6 dampers were added to the model (Fig. 6-2). For all stories with “A”

values of 1.25 to 2.25, two chevron braces with total of 4 dampers were added to the
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model. No dampers are installed at the stories with “A” values of less than 1.25 and

inter-story drift ratios of smaller than 0.01.

Fig. 6-2 Placement of Viscous Dampers Within the 20-Story Building

For economy and construction feasibility, in the first attempt, only two

groups of dampers are used in this design. Group 1 is to be installed at stories with
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three braced bays with ““A” values of greater than 2.25 (stories 1 to 8), and group 2 at
storics with two braced bays with “A” values between 1.25 and 2.25 (stories 9 to 16).
No dampers are installed at stories 17 to 20 with “A” values of less than 1.25.

The design parameters of the dampers for each group are the average of the
parameters of all the individual dampers within that group. The “Average “A” for
Group” is a measure of the damping required for the dampers within that
group. By dividing the values of “Average “A” for group” of the two groups

(___1‘005 ~1.0), the “Group Relative Damping” value of 1.0 indicates that the

0.917

individual dampers of group 1 and group 2 may exhibit the same amount of
damping. Therefore, we may use only one group of dampers with the same damper
design parameters throughout the structure.

The damper design procedure constitutes the following:
() Define a single group of dampers with minimal initial elastic stiffnesses
(K=0.1 K/in).
(2)  Increase the B value of the dampers iteratively until the structure’s first modal
damping ratio reaches 25%. In the following discussions, the column lines and bay
numbers are counted from left to right.

In the 1% story, the dampers are placed within bays 2, 3, and 4. Columns 2
and 5 receive considerable axial loads from these dampers. Resultant loads from the
dampers and braces on each side of columns 3 and 4 are in opposite directions

(tension in one while compression in the other) and to a great extent cancel each
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other. Therefore, the dampers in the first story do not considerably affect columns 3
and 4 of the base floor.

In the 2™ story, dampers are placed within bays 1, 3, and 5. Columns 1 to 6
receive axial loads from these dampers.

In the 3" story, dampers are again placed in bays 2, 3, and 4. Dampers in
adjacent bays 2 and 3 do not exert considerable axial loads on column 2. Similarly,
dampers in adjacent bays 3 and 4 do not exert considerable axial loads on column 3.
The dampers in bay 2 of the 3™ story and the dampers in bay 1 of the 2™ story exert
axial loads on column line 2 which are in opposite directions. Therefore, the effect of
these dampers on column 2 of the base story is not substantial. However, the
dampers placed in bay 1 of the 3" story continue contributing axial loads to column
1 of base story. Column 1 continues to receive additional axial loads every time
dampers are placed in bay 1. By the time dampers are installed in the 8" story, the P-
M interaction ratio of column 1 of base story reaches its yield limit of 1. Therefore,
no more dampers are installed in bay 1 beyond the eight story. The same strategy is
utilized for the placement of the remaining dampers. The pyramid form of the
dampers placed through the height of the building is the result of this strategy.

The parameters derived for the linear dampers of the model with first modal

damping ratio of 25% are listed in Table 6-2.
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Table 6-2 20-Story Building, Design Parameters
For Linear Dampers

Damper Parameters
B K C=BK
1000 1 0.1 100

6.5 Design and Application of Discrete Nonlinear Dampers

Discrete nonlinear dampers are designed using the iteration method described
in section 4.5 and Fig. 4-9. From the analysis of the structure with linear dampers,
the maximum force (Pimax) and maximum velocity (Vimx) of each damper are
obtained. For both ¢=0.5 and 0=0.35, and within two iteration cycles, the
nonlinear design parameters (Psmax, Vimax) may be derived from the linear damper
design parameters (Pimax, Vimax). Damper design parameters will be derived and

listed in sections 6.6.5 and 6.6.6.

6.6  Comparison of Results
6.6.1 Comparison of the 5% System-wide Damped Model to the 25%
System-wide Damped Model

Base shears and roof displacements for the 5% and the 25% damped models

are presented in Table 6-3.
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Because of additional velocity related loads, for all records the base shears of
the 25% damped model are higher than the 5% damped model. These loads will be
further investigated in section 6.6.3 for the more precise results of the

supplementally damped model with discrete linear damper elements.

Table 6-3 20-Story Building, Comparison of Base Shears and Roof
Displacements Between the 5% System-wide and the 25%
System-wide Damped Models, For the Suite of EQGM Records

5% System-wide 25% System-wide
Damping Damping
EQGM Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 1571 47.79 2940 38.02
Los Gatos 1398 62.72 2506 51.53
Rinaldi 1558 31.96 2827 23.89
Takatori 1648 29.51 3135 26.74

In the 25% damped structure, the Takatori record results in the highest base
shears and the Los Gatos record results in the highest roof displacements. These two
records are used for the following investigation. For these two records, maximum
inter-story drifts are depicted in Fig. 6-3 and story maximum beam and column hinge
plastic rotations in Fig 6-4.

For the Takatori record the inter-story drift ratios at story 3 of the 5% damped
model barely meet the life safety requirements. With the application of the 25%

supplemental damping, the entire structure meets the life safety standards.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



253

Takatori
20
18 -
64 R R ey Limit of Life
o 14 -
2 12 Safety
» 10 -
% 2 4 ) B o= wm we Limit of
4 Collapse
2
O 1 H v
0 0.01 0.02 0.03 0.04 0.05 0.06
Drift Ratio
Los Gatos
20 T
18 ! !
16 ot A e 5% Damp,
o 14 + -3 System-wide
Z 12 - i g
- 12 i s 25% Damp,
A g i System-wide
41 )
0 H i El

0 0.01 0.02 0.03 8.04 0.05 0.06
Drift Ratio

Fig.6-3  20-Story Building, Maximum Inter-Story
Drift Ratios (System-Wide Damping)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Takatori

Story No
=
)

Limit of
Collapse

s con oo | eodl mm war mw S g

0

T

0.01

T T

0.02 0.03 0.04 0.05 0.06
Joint Rotation (rad)

Los Gatos

Story No

(NS WU SO NOUSOR WU SO S |

L

Bt ek penk pmd ek )
ON BARODTODNLANOO

T T T T

e 5% Damp,
System-wide

e 25% Damp,
System-wide

0

8.01

0.02 003 004 005 0.06

Joint Rotation (rad)

Fig. 6-4  20-Story Building, Maximum Story Joint
Rotation (System-Wide Damping)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

254



255

For the Los Gatos Record, Figs. 6-3 and 6-4 illustrate that at stories 1 to 9 the
inter-story drifts and the joint rotations of the 5% damped structure do not meet the
collapse prevention criteria. The 25% supplementally damped model, the structure
meets the collapse prevention criteria and the inter-story drift ratios at stories 1 to 6
slightly exceed the life safety limits.

In Table 6-3, the maximum roof displacements of the Takatori record are not
considerably reduced due to the application of the 25% supplemental damping.
However, Figs. 6-3 and 6-4 indicate that drift ratios and joint rotations within the

lower stories of the 25% damped model are reduced sizably.

6.6.2 Comparison of the 25% System-wide Damped Model with the 25%

Damped Discrete Linear Damper Elements Model

Figs. 6-5 and 6-6 illustrate the comparison of the maximum inter-story drift
ratios and story joint rotations between the 25% discrete linear damper elements
model and the 25% system-wide damped model. The 25% discrete linear damper
elements model exhibits lower drift ratios and joint rotations at the lower stories
where these values are most critical. Because there are no dampers installed at stories
17 to 20, at these stories the 25% damped discrete elements model exhibits higher

inter-story drift ratios than the 25% system-wide damped model.
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The comparison of moments, shears, and axial loads between the two models
are illustrated in Figs. 6-7, 6-8, and 6-9 for column 1 of the base floor, Figs. 6-10,
6-11, and 6-12 for column 2 of the base floor, Figs. 6-13, 6-14, and 6-15 for column
3 of the base floor, Figs. 6-16, 6-17, and 6-18 for column 4 of the base floor, Figs.
6-19, 6-20, and 6-21 for column 5 of the base floor, and Figs. 6-22, 6-23, and 6-24
for column 6 of the base floor.

The 25% damped discrete elements model subjects all of the columns to
higher axial loads than the 25% system-wide damped model (Fig. 6-9 for column 1,
Fig. 6-12 for column 2, Fig. 6-15 for column 3, Fig. 6-18 for column 4, Fig. 6-21 for
column 5, and Fig. 6-24 for column 6). Therefore, in the discrete damper model, all
columns yield at lower moments.

Table 6-4 is a comparison of the maximum roof displacements and base
shears between the two models for the suite of the EQGMs. Except for the Takatori

record, the base shears of the 25% damped discrete elements model are higher.

Table 6-4 20-Story Building, Comparison of Base Shears and Roof
Displacements, Between the 25% System-wide and the 25%
Damped Discrete Linear Damper Elements Models

25% System-wide 25% Discrete Linear
EQGM Damping Damper Elements
Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 2940 38.02 3184 44.79
Los Gatos 2506 51.53 2765 57.41
Rinaldi 2827 23.89 3132 29.01
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The two models generate different results for the inter-story drifts and story
maximum joint rotations, the structures’ base shears, and the values of moments,
shears and axial loads in the base floor columns. The analysis resuits obtained from
the 25% system-wide damped model do not reflect the effect of the individual
damper elements on the structure. For the analysis of this structure, it is necessary to

utilize a computer program, which could incorporate the discrete damper elements.

6.6.3 Comparison of the 5% Damped Model With the 25% Damped Discrete

Linear Damper Elements Model

Comparison of the two models illustrates that the application of the FVDs
result in substantial reductions in the story maximum drift ratios (Fig. 6-25), and
joint rotations (Fig. 6-26). The abrupt increase in inter-story drift ratios of the
supplementally damped model at stories 17 to 20 is due to the fact that no dampers
are installed within these stories.

For the Takatori record, the 5% damped model meets life safety criteria. With
the application of FVDs, the maximum inter-story drift ratios and joint rotations at
stories 17 to 20 experience a sudden increase due to the lack of dampers within these
stories. The drift ratios at these stories nearly meet the life safety criteria.

For the Los Gatos Record, the 5% damped model exceeds inter-story drift
limits for life safety at stories 1 to 9. With the 25% supplemental damping, the entire

structure meets the life safety criteria.
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Maximum base shears and roof displacements for the two models are
presented in Table 6-5.
Table 6-5 20-Story Building, Comparison of Base Shears and Roof

Displacements, Between the 5% System-wide and the 25%
Damped Discrete Linear Damper Elements Models

5% System-wide 25% Discrete Linear
EQGM Damping Damper Elements
Max. Base | Max. Roof | Max. Base | Max. Roof
Shear (K) | Displ. (in) | Shear (K) | Displ. (in)
Lexington Dam 1571 47.79 3184 44.79
Los Gatos 1398 62.72 2765 57.41
Rinaldi 1558 31.96 3132 29.01
Takatori 1648 29.51 2906 36.04

Because of velocity related resistive loads developed in the FVDs, the base
shears of the 25% damped model are higher than the 5% damped model. Because of
lack of dampers at the upper stories, the roof displacements are not substantially
affected by the application of the FVDs. However, the reductions in maximum inter-
story drift ratios and joint rotations of the supplementally damped model (Figs. 6-25
and 6-26) confirm the effectiveness of the application of the FVDs.

Moments, shears and axial loads are respectively illustrated in Figs. 6-27, 6-
28, and 6-29 for columnl, Figs. 6-30, 6-31, and 6-32 for column 2, Figs. 6-33, 6-34,
and 6-35 for column 3, and Figs. 6-36, 6-37, and 6-38 for column 4, Figs. 6-39, 6-40,

and 6-41 for column §, and Figs. 6-42, 6-43, and 6-44 for columnb of the base floor.
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The 25% discrete damper elements model results in higher axial loads in all
base floor columms. Concurrentily, the columns yield at lower moments and shears.
Therefore, the 25% damped discrete elements model results in lower moments and
shears than the 5% system-wide damped model. The yield capacity of the outer
columns 1 is 1750 K (A¢= 34.9 ir?, F,=50 Kst). It must be noted that in the 5%
damped model, column 1 reaches axial yield (Fig. 6-29). Design specifies placement
of dampers in bay 1 in several stories which results in application of additional axial
loads on this column (Fig. 6-2). It is expected that the P-M interaction ratio of
column 1 exceeds well beyond the limit of 1.0, and that the column is required to be
strengthened to acquire increased yield capacity.

Both models result in considerable earthquake-induced axial loads in the four
outer columns 1, 2, 5, and 6. In the 5% damped model, the inner columns 3 and 4
mainly resist the structural gravity dead and live loads and are not subjected to high
earthquake-induced axial loads. On the contrary, the inner columns 3 and 4 receive
considerable amounts of axial load in the 25% supplementally damped model. Fig.
6-45 illustrates a comparison of the contours of the maximum (+ for compression)
and minimum (-~ for tension) axial loads in the structure’s basement columns and the
structure’s foundation footings between the two models. These contours confirm that
in the 5% damped model, large amounts of axial loads are exerted on the outer
columns while the inner column do not significantly participate in resisting

earthquake-induced axial loads. In the 25% damped discrete damper elements model,
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with proper placement of the dampers, the base story columns almost uniformly
participate in resisting the earthquake-induced axial loads. The 25%
supplementally damped model provides a better utilization of the high capacities of
the inner columns for resisting earthquake-induced axial loads.

Fig. 6-46 illustrates an overlay of the axial load and moment time histories in
column 2 of the base floor for the 25% discrete linear damper model. A slight phase
gap between the peaks of the two curves is observed. Although the phase difference
is slight, it implies that in the supplementally damped structure when the columns
carry their maximum axial loads, their moments are not at maximum levels.

Figs. 6-47 to 6-52 illustrate comparisons of the P-M interaction ratios for
columns 1 to 6 of the base floor between the two models. As expected, Fig. 6-47
indicates that for both records the P-M interaction ratio of column 1 exceeds the
yield limit and the column needs to be strengthened to obtain increased axial yield
capacity. The P-M interaction ratios of columns 2 to 6 are less than or close to 1.0.
Although the inner columns of the 25% damped model receive higher axial loads,
because the column sections have large axial capacities (designed for gravity dead
and live loads), and that these columns receive lower moments, and their maximum
moments and axial loads are not concurrent, the P-M interaction ratios remain close
to the 5% damped model. The application of the FVDs substantially reduces the
structure’s deformations while it does not significantly increase the design demands

of the columns.
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6.6.4 Comparison of the 25% Discrete Linear Damper Elements Model With

The Conventionally Strengthened Structure Using A Brace System

To conventionally strengthen the building, chevron braces are added at each
story to the three middle bays of the model (Fig. 6-53). The structure’s inter-story
drift ratios must be limited to 1.5% to comply with the life safety provisions of
FEMA 356. Ultimate strength method 1s used to design the brace members for the
maximum tensile or compressive loads obtained from the nonlinear time-history
analysis of the building for the Los Gatos record. However, the designs of brace

sections are controlled by the inter-story drift limitations.

Fig. 6-53 Flevation of Conventionally Strengthened
20-Story Building Using A Brace System
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To obtain a minimum inter-story drift ratio of 1.5% for the Los Gatos record,
the chevron braces need to have a cross sectional area of 30 in”. This is a very large
and impractical size for a brace section. With a smaller and more practical brace
sectional area of 15 in%, a maximum inter-story drift ratio of 2.6% for the structure is
attainable. Fig. 6-54 illustrates a comparison of the inter-story drift ratios between
the supplementally damped and the conventionally braced models. For both records,
the 25% supplementally damped model nearly meets life safety criteria for steel
moment frame structures (drift ratio limit of 2.5%). For neither record the
conventionally braced model meets the life safety criteria for steel braced structures
(drift ratio limit of 1.5%). However, both models comparably provide substantial

reductions in the inter-story drift ratios.
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In Table 6-6 it is illustrated that the 1* mode period of the 25% damped
discrete linear damper elements model is equal to that of the 5% damped medel. On
the other hand, the conventionally strengthened structure with braces has a lower 1%
mode period and a much higher base shear than both the 5% damped and the
supplementally damped structures.

Table 6-6 20-Story Building, Comparison of the 1 Modal Periods,

Base Shears and Maximum Roof Displacements for
Different Models, Los GatosRecord

()
5% = A’ Dar{lped Conventionally
Disc. Lin.
Damped Braced
Elems.
1" Mode Period (s) 4.088 4,082 2.2
Base Shear | Los Gatos 1398 2765 9507
& Takatori 1648 2906 6337

For the Los Gatos record, Figs. 6-55 to 6-60 illustrate the overlays of the
moments, axial loads and the P-M interaction ratios of the base floor columns for the
25% damped discrete linear damper elements model and the conventionally
strengthened model using the brace system.

Fig. 6-55 illustrates that the 25% damped model results in axial loads beyond
the yield capacity of column I which was discussed in section 6.6.3. The axial loads
resulting from the conventionally braced model are also beyond the column’s yield
capacity but lower than the 25% damped model. The column’s moments in the 25%

damped model are lower than the conventionally braced model.
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For both models, the P-M interaction ratios of column 1 are heavily influenced by
the column’s high axial loads and are beyond the yield limit of 1.0. Because of the
higher column axial loads, the P-M interaction ratios are higher for the 25% damped
model. Column 1 requires strengthening for both models.

For all other columns (Figs. 6-57 to 6-60) the axial loads are higher and yield
moments are lower in the conventionally braced model. Especially, columns 2 and 5
receive very high axial loads in the conventionally braced model. For these columns
the P-M interaction ratios of the conventionally braced model are substantially
higher than the 25% supplementally damped model (Figs. 6-56 and 6-59). Figs. 6-61
to 6-66 illustrate the analogy for the Takatori record.

Fig. 6-67 illustrates the contours of the maximum and minimum earthquake-
induced axial loads in the structure’s basement columns and the structure’s
foundation footings for the two models. These contours confirm that for the
conventionally braced model, a large amount of axial loads are exerted on the inner
columns while smaller axial loads are exerted on the outer columns. In the 25%
discrete damper elements model, the base story columns almost uniformly participate
in resisting the earthquake-induced axial loads and the inner columns and their
foundation footings receive substantially lower amounts of axial load than the
conventionally braced model. In retrofit of existing buildings, the supplemental
damping method requires less upgrade to the existing inner columns’ supporting

foundations.
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6.6.5 Comparison of the 25% Damped Discrete Linear Damper Elements
Model With the 25% Damped Discrete Nonlinear Damper Elements
Model (e=0.5)
Design parameters of the nonlinear dampers are derived from the design parameters
of the linear dampers. The maximum force (Fuax) and the maximum velocity (Vimax)
developed in the linear dampers derived from the Ram-Xlinea analysis of the
structural model are tabulated in Table 6-7. The results of the Los Gatos record
require the linear dampers to develop Frax =370 K, and Vpax =7 inv/s.
Based on two iteration cycles as described in section 4.5, for a=0.5, the
values of Frax= 282 K and V,,,,=10.8 in/s are derived as design parameters of the
equivalent nonlinear dampers. Such nonlinear dampers are incorporated into the

structural model using Ram-Perform-2D computer program.

Table 6-7 Maximum Damper Design Parameters for the
20-Story Building

5 Linear Damper Nonhnefr Damper
ampers (0=0.5)
Froax(K) | Vi (i0/8) | Froa (K) | Vinay (i0V/s)
Los Gatos 350 7 282 10.8
Takatori 342 6.83 275 10.5
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Table 6-8, demonstrates a comparison between the base shears of the models
with linear and nonlinear dampers of a=0.5. As noted, for both records the model

with the nonlinear dampers develops less base shear.

Table 6-8 20-Story Building, Base Shears for Models
With Linear and Nonlinear Dampers of ¢=0.5
Base Shear (K)
Los Gatos Takatori
i Nonlinear . Nonlinear
Lmear Linear
Dampers Dampers Dampers Dampers
P =0.5 a=0.5
2765 2453 2906 2674

Fig. 6-68 illustrates a comparison of three different dissipated energy
quantities between the structure with linear and nonlinear dampers for the Los Gatos
record. The three energy quantities are the inelastic energies, the energies in
supplemental viscous dampers, and the structures’ inherent Beta-K viscous energies.
Fig. 6-69 illustrates a comparison of inherent Alpha-M viscous energies, the strain
energies, and the kinetic energies between the models with the linear and nonlinear
dampers, for the Los Gatos record. As noted in Fig. 6-67, the equivalent nonlinear
dampers designed as described in section 4.5, dissipate slightly less energy than the
linear dampers. As a result the dissipated melastic energies of the model with

nonlinear dampers are higher than the model with the linear dampers.
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The larger dissipated inelastic energies of the building with nonlinear
dampers could also be interpreted as larger deflections and inter-story displacements.
Table 6-9 indicates that the story displacements of the model with nonlinear dampers

are slightly more for both records.

Table 6-9 Comparison of the 20-Story, Maximum Story
Displacements Between the Model With Linear
Dampers and The Model With Nonlinear Dampers

of a=0.5
Story Maximum Displacement (in)
Los Gatos Takatori
Story . Nonlinear . Nonlinear
No. Lmnear Dampers Linear Dampers
Dampers — Dampers —
a=0.5 0=0.5
20 54.08 57.96 38.95 38.65
19 52.22 56.29 36.08 36.63
18 4998 54.13 32.89 34.24
17 4721 51.69 28.74 31.18
16 4413 49.24 25.54 28.26
15 4213 47.55 24.35 26.74
14 40.17 45.62 23.24 25.54
13 38.17 43.59 223 24.35
12 35.8 44.94 20.83 23.05
11 33.37 38.73 19.71 21.84
10 30.58 35.92 18.2 20.21
9 27.94 33.14 16.8 18.79
8 24.99 30.04 15.05 17.2
7 22.23 27.21 13.78 15.91
6 19.43 24.17 12.11 14.42
5 16.57 21.03 10.56 12.78
4 13.44 17.09 8.67 10.76
3 10.23 13.12 6.82 8.57
2 6.57 8.55 4.6 5.83
1 3.43 4.39 2.47 3.13
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Fig. 6-70 illustrates a comparison of the inter-story drift ratios between the
two models. As noted, the inter-story drift ratios of the model with nonlinear
dampers are higher at the lower stories of the structures.

For the Los Gatos record, Figs. 6-70 to 6-76 illustrate comparisons of
moments, axial loads and P-M interaction ratios for the base floor columns between
the models with linear and nonlinear dampers.

The columns’ axial loads illustrated in the figures are very close for both
models and slightly lower for the model with the nonlinear damper elements.
Therefore, the columns of the model with nonlinear dampers yield at higher
moments and result in the maximum moments developed in the columns of the
model with nonlinear dampers to be slightly higher than the model with linear
dampers.

In general, while the model with nonlinear dampers exhibits larger inter-story
drifts (Fig. 6-70); it develops lower base shears (Table 6-8). There is a decrease in
the axial loads imposed on columns and foundation footings due to the use of
nonlinear dampers, which does not considerably affect the columns' P-M interaction
ratios. No substantial design relief is provided for the superstructure by using
nonlinear in place of linear dampers. However, there is cost savings in the
construction of the foundation due to the lower base shears and foundation axial
loads provided by the nonlinear dampers.

Figs. 6-77 to 6-82 illustrate the analogy for the Takatori record.
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6.6.6 Comparison of the 25% Damped Diserete Nonlinear Damper Elements

Models of a=0. 5 and «=0.35

The more severe results from the Los Gatos record (Table 6-7) are used to
perform two iteration cycles as described in section 4.5 and derive the design
parameters of the nonlinear dampers (Fax and Vi) of a=0.35 from the design
parameters of the linear dampers. Table 6-10 illustrates the comparison between the
design parameters derived for dampers of 0=0.35 and ¢=0.5. For the dampers with
higher degree of nonlinearity of =0.35, the maximum force is lower while the
maximum velocity is higher than the damper of 0=0. 5. Subsequently, the nonlinear
dampers of a=0.35 exert lower axial loads on the adjacent columns than nonlinear

dampers of ¢=0.5.

Table 6-10 20-Story Building, Maximum Nonlinear Damper
Design Parameters for the Los Gatos Record

Nonlinear Damper (0¢=0.35) | Nonlinear Damper (¢=0.5)
Frax(K) Vinax(11V/8) | FrauK) V max(I0/8)
262 24 282 10.8

Fig. 6-83 illustrates a comparison of the inter-story drift ratios between the
two models. The inter-story drift ratios of the model with nonlinear dampers of

a=0.35 are higher at the lower stories of the structures.
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Figs. 6-84 to 203 illustrate comparisons of the moments, axial loads, and P-M
interaction ratios of the base floor columns between the two models f@r the Los
Gatos record. As noted, the columns’ axial loads in the model with nonlinear
dampers of 0=0.35 are slightly lower. The columns’ moments and P-M ratios are
very close for both models. Figs. 6-90 to 6-9 illustrate the analogy for the Takatori
record.

Table 6-11 lists the base shears of the two models for the Los Gatos and
Takatori records. The base shears for the model with nonlinear dampers of 0=0.35

are slightly lower than those with nonlinear dampers of a=0.5.

Table 6-11  20-Story Building, Base Shears for Models
With Nonlinear Dampers
Base Shear (K)
Los Gatos Takatori
Nonlinear | Nonlinear | Nonlinear | Nonlinear
Dampers | Dampers | Dampers | Dampers
a=0.35 0=0.5 0=0.35 a=0.5
2198 2453 2433 2674
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CHAPTER 7

COMPARISON BETWEEN THE SUPPLEMENTALLY DAMPED AND
CONVENTIONALLY BRACED LATERAL L.OAD RESISTING SYSTEMS
7.1 Beam and Column Joint Rotations
Beam and column joint rotations derived from the analyses outputs are
compared to the allowable rotation values for the life safety and collapse prevention

performance levels prescribed by FEMA 356.

ZF 1,
For beams: 6, = — (7-1)
6E1,
= = — (E - ﬁ)
For columns: 6E1, P, (7-2)
P, = AF,
0,= Joint rotation at yield
Z= Plastic Section Modulus
Fy= Yield Stress
Iy, = Length of beam or column
E= Modulus of elasticity

Iy, I=  Moment of inertia of beam or column
A= Area of section

P, P~ Column axial load and yield axial capacity
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For beams and columns:

GL_S.Z 6 9):
ec,p,: 8 Gy
Where:

OLs= Acceptable rotation limit for Life Safety Performance
Ocr= Acceptable rotation limit for Collapse Prevention Performance

Comparisons of beam and column joint rotations between the 5% damped
model, the 25% supplementally damped model, and the conventionally braced model
(the three models) are performed to determine the effectiveness of the

supplementally damped system relative to the conventionally braced system.

7.2 3-Story Building

For the Los Gatos record, a comparison of the story maximum beam joint
plastic rotations between “the three models” and the limits for life safety and
collapse preventions. as illustrated in Fig. 7-1. Fig 7-1(a) and 7-1(b), indicate that for
the 5% damped model the beam end rotations exceed the limits of life safety
performance. In Fig. 7-1(a), in bay 1 where an SBFF is placed, the beam joint
plastic rotations of the 25% supplementally damped model exceed the collapse
prevention limits. However, 1n Fig. 7-1(b), in bays 2 and 3, the beam end rotations of

the 25% supplementally damped model are within the life safety limits.
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In both Figs. 7-1{a) and 7-1(b), the conventionally braced model, experiences
lower beam joints plastic rotations than the 25% supplementally damped model.

For the Los Gatos record, Fig. 7-2 illustrates a comparison of the story
maximum plastic hinge rotations of columns within line 1, between “the three
models”. Figs. 7-3 to 7-5 illustrate the same for column lines 2 to 4. In Figs. 7-2 to
7-5, the 5% damped model exceeds the limits of life safety. While both the 25%
supplementally damped and the conventionally braced models meet the life safety
performance limits, the conventionally braced model results in lower column plastic
hinge rotations.

Figs. 7-6 to 7-11 illustrate the same for the Takatori record. In these Figures,
the 5% damped model exceeds the collapse prevention limits. The 25%
supplementally damped model meets the collapse prevention limits but exceeds the
limits for life safety performance. The column joint rotations of the conventionally
braced model are within the acceptable limits for life safety provisions.

For the 3-story building, the conventionally braced model provides lower

beam and column joints plastic rotations than the supplementally damped model.
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7.3 9-Story Building

For the Los Gatos record, Fig. 7-11 illustrates a comparison of the story
maximum beam joint plastic rotations between “the three models” and the limits for
life safety and collapse prevention. Fig. 7-11 indicates that for the 5% damped model
the beam joints plastic rotations exceed the limits of collapse prevention. In the 25%
supplementally damped model, the beam joint plastic rotations are reduced
substantially but still exceed the life safety limits. The conventionally braced model
meets the life safety limitation criteria.

For the Los Gatos record, Fig. 7-12 illustrates a comparison of the story
maximum plastic hinge rotations of columns within line 1, between “the three
models”. Fig. 7-13 to 7-16 illustrate the same for column lines 2 to 5. In Figs. 7-12 to
7-16, at the first story, the 5% damped model exceeds the collapse prevention limits.
The 25% supplementally damped meets the life safety performance limits. Figs. 7-13
and 7-15 indicaté that for column lines 2 and 4, which receive high axial loads from
the braces, the first story of the conventionally braced model exceeds the collapse
prevention limits.

Figs. 7-17 to 7-23 illustrate the same for the Takatori record.
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7.4 20-Story Building

For the Los Gatos record, Fig. 7-23 illustrates a comparison of the story
maximum beam joint plastic rotations between “the three models” and the limits for
life safety and collapse prevention. Fig. 7-23 indicates that for the 5% damped model
the beam joint plastic rotations exceed the life safety performance limits. In the 25%
supplementally damped model, the beam joint plastic rotations are reduced to
acceptable levels to meet the life safety limits. For the conventionally braced model,
stories 12 to 20 exceed the life safety limitation criteria.
For the Los Gatos record, Fig. 7-24 illustrates a comparison of the story maximum
plastic hinge rotations of columns within line 1, between “the three models”. Figs. 7-
24 to 7-29 illustrate the same for column lines 2 to 6. Figs. 7-24 and 7-29 indicate
that for both the 5% damped and the supplementally damped models the lower
stories (1 to 8 approximately) exceed the collapse prevention limits. For the
conventionally braced model this deficiency is more severe and stories I to 16
exceed the collapse prevention limits. Figs. 7-25 and 7-28 indicate that for column
lines 2 and 5, the 25% supplementally damped model meets the life safety standards.
However, in the conventionally braced model, these columns receive high amounts
of axial loads and stories 1 to 17 exceed the column the collapse prevention limits.
Figs. 7-26 and 7-24 indicate that for the other inner columns 3 and 4, the
supplementally damped model meets the life safety standards while the

conventionally braced model exceeds the limits at stories and 5.
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Generally, for this 20-story building the supplementally damped model results in
substantially less strengthening demand on the structure’s columns than the
conventional bracing system.

Figs. 7-30 to 7-36 illustrate the same for the Takatori record.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Summary

8.1.1 Design of Linear and Nonlinear Dampers

A procedure is devised to design linear dampers and place them within a
structure such that they provide a targeted damping ratio for the structure’s first
mode of vibration.

Using the design parameters of the linear dampers, another procedure is
devised to design equivalent nonlinear dampers, which dissipate the same amount of

energy as the linear dampers.

8.1.2 Inter-story Drifts and Joint Rotations

In this research, FVDs are applied to a 3-story, a 9-story, and a 20-story steel
structure to provide supplemental damping of as high as 25% of critical. The
supplemental damping results in substantial improvements in the structures’
capabilities to resist near-fault earthquake loads.

From a group of six recorded near-fault EQGMs, the Los Gatos (Loma
Prieta, California, 1989), and the Takatori (Kobe, Japan, 1995) records, which result

in the structures’ most severe responses have been selected for this research.
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The effectiveness of the application of FVDs is a function of the structure’s
height. Fig. 8-1 is a plot of the maximum inter-story drift ratios of the 5% damped
and the 25% supplementally damped models for all three buildings. For the 20-story
building, the application of FVDs results in the supplementally damped structure
nearly meeting the life safety standards of FEMA 356, for both earthquake records.
For the 3-story and the 9-story buildings, although the application of 25%
supplemental damping results in substantial reductions of the inter-story drift ratios,
the structural lateral resisting systems of the buildings still need to be strengthened
for the buildings to meet the life safety criteria. While application of FVDs proves to
be advantageous for reducing seismic deflections of structures of all heights, it is
extremely effective for tall buildings in which FVDs could be conceivably utilized as
the sole seismic resisting system and with minimal upgrades required of the original
structure.

Without the FVDs, lateral force resisting systems of structures would be
comprised of either conventional braces or strong moment frames. In either case, the
buildings acquire additional stiffness, develop additional base shears and require
larger foundations. Application of FVDs reduces the demand for structural size
upgrades without increasing the stiffness of the structures, and prevents the buildings
from developing higher base shears. When compared with conventional bracing, the
more moderate structural members sizes and smaller foundations of the

supplementally damped building will result in construction cost savings.
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8.1.3 Axial Loads in Affected Columns and Foundations

Placement of FVDs in structures, results in the application of additional axial
loads in columns that are adjacent to the FVDs. Structural columns are designed for
the combined effects of moments and axial loads. In this research, a P-M interaction
ratio of 1 is used to define the yield limit of the columns .

With application of FVDs, when the applied axial loads in a column are
smaller than the column’s axial yield capacity, the column has some flexural
capacity before it yields. The higher axial loads in columns reduce the flexural yield
limits and the columns yield at a lower moments. In the presence of higher axial
loads in columns, although the structure tends to start yielding earlier, the total
yielding of the structure is reduced substantially because of the motion resisting
loads developed in the supplemental dampers and the supplemental damping energy
dissipated by the FVDs. When the applied column loads are greater than the column
vield capacity or when the structure reaches the state of strain hardening and yields |
excessively due to high inter-story drift ratios and joint rotations, the P-M interaction
ratios of columns exceed the yield limit of 1.

With proper placement of dampers, the amount of axial loads on columns can
be controlled to prevent the columns from yielding axially and to limit plastic
deformations to acceptable levels. In such structures, the affected columns remain

within the yield limits with P-M interaction ratios close to 1.
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The column axial loads resulting from the FVDs are velocity related. Whereas, the
moments in columns are displacement related. For a single degree of freedom system
subjected to a harmonic excitation, velocity is 90° out of phase with displacement.
For the multi degree of freedom structure, there are slight phase differences observed
between the columns’ moments and their axial loads. The phase difference, although
slight, is useful in causing the column’s maximum moments not to be concurrent
with its maximum axial loads.

Structures with FVDs develop higher base shears than structures without.
Additional velocity-related loads are developed in FVDs and transferred to the
foundation system mainly through the brace frames.

In supplementally damped structures, the dampers located adjacent to the
structures’ inner columns result in a more uniform distribution of lateral seismic
forces to these columns. Whereas, in structures without the dampers, shear lag in
structural frames tends to result in higher concentration of seismic loads in the
exterior columns. While for a framed structure without the FVDs, the structure’s
exterior columns tend to resist a larger portion of the seismic lateral loads, for
structures with FVDs, the seismic loads are almost evenly resisted by the interior and
exterior column. For the building with FVDs, when resisting seismic loads, the
strength of the interior columns is utilized and the burden on the exterior columns is

reduced. This concept is extremely useful for existing building.
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As alternate seismic resisting systems, conventional brace frames are added
to the three structures and compared to the supplementally damped structures for
efficiency and cost feasibility.

For all buildings, the periods of vibration of the supplementally damped
structures are higher than for the braced frames and the supplementally damped
buildings develop lower base shears. The columns and supporting foundations of the
supplementally damped buildings receive lower axial loads. The columns yield at
higher flexural moment levels than those in the braced frame structures.

In the 3-story and the 9-story buildings, the columns’ axial loads of both
models are below the columns’ yield capacities and the P-M interaction ratios of the
conventionally braced building are close to ratios in the supplementally damped
structure. There is no substantial difference in the cost of the structures of the two
different seismic load-resisting systems. However, the foundation system of the
supplementally damped model receives lower axial loads and base shears than the
conventionally braced system. This could result in lower costs, perhaps substantially
if retrofitting existing structures.

For the 20-story building, the conventionally braced system results in column
axial loads well beyond the columns’ yield capacities while in the supplementally
damped building the P-M interaction ratios of the columns are close to 1. The
foundation axial loads and base shears of the 20-story supplementally damped

building are lower than the conventionally braced structure. In the supplementally

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



409

damped structures, the FVDs almost evenly distribute the earthquake-induced axial
loads to all of the columns while the conventionally braced system activates only the
columns within the braced bays. The uniform distribution of axial loads on the
columns in the supplementally damped building allows the structure to utilize the
strength provided by all the base story columns and their supporting foundations

rather than concentrating the loads on only a few columns.

8.1.4 Effect of Nonlinear Dampers

In all three structures, the application of nonlinear FVDs results in lower
axial loads on columns, higher levels of column yield moments, lower base shears,
and higher drift ratios and joint rotations than structures with linear FVDs. These
effects are increased with higher degrees of nonlinearity in dampers.

In spite of the lower axial loads, the P-M interaction ratios of the columns in
the structures with nonlinear dampers are not reduced considerably because the
moments in these columns are higher than the structures with linear dampers. The
cost saving in the structural frame resulting from the use of nonlinear dampers may
not prove to be substantial. However, the structures with nonlinear dampers develop
less base shears and lower foundation axial loads which may provide construction
cost savings, especially in projects involving retrofit of existing buildings.

Application of nonlinear FVDs (K=0.35) to the 3-story building results in an

approximate reduction of 10% in the building’s base shears relative to linear FVDs.
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For short structures, while the decrease in foundation loads provided by the use of
nonlinear dampers is not considerable, the increase in the inter-story drift ratios is
critical. For short buildings, to avoid excessive inter-story drifis resulting from the
use of nonlinear dampers, it is advisable to use linear dampers.

Application of nonlinear FVDs (K=0.35) to the 9-story and the 20-story
buildings results in approximate reductions of 10% in the buildings’ base shears
relative to linear FVDs. There is associated construction cost saving in the

foundation systems of the mid-height to tall buildings with nonlinear FVDs.

8.1.5 Effect of EQGMs

All the records utilized in this research include near-fault, pulse-type
displacement characteristics. Additionally, in the Takatori record several severe
pulse- type acceleration peaks occur immediately at the start of the earthquake. For
the two more severe records of Los Gatos and Takatori, the inter-story drift ratios of
the structures when equipped with FVDs are reduced substantially. The FVDs start
being effective in reducing the structure’s drift ratios as early as the occurrence of
the first response peak and are effectively engaged by the time the second response
peak occurs.

As illustrated in Fig. 7-1, the Takatori record has its most severe effect on the
3-story building, while the Los Gatos record most severely affects the 9-story

building. Both records have a more moderate effect on the 20-story building, because
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of this building’s longer period of vibration. The elastic response spectra of the
records illustrated in Fig. 2-3 do not reflect these findings. For design of all buildings
equipped with FVDs, it is necessary to perform nonlinear time history analysis of

structures.

8.2 Findings and Conclusions

A procedure is devised to design linear FVDs and place them within a
structure to provide a targeted damping ratio for the structure’s first mode of
vibration.

Using the design parameters of the designed linear dampers, a procedure is
devised to design nonlinear FVDs, which dissipate the same amount of viscous
damping energy as the linear FVDs.

With a targeted damping ratio of 25% for the first mode of vibration, linear
and nonlinear FVDs are designed and applied to the 3-story, 9-story, and the 20-story
pre-1994 SAC steel structures.

Based on the results of the analyses presented, the following findings and

conclusions are drawn:
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(General Conclusions

Application of FVDs results in substantial reductions in inter-story
drift ratios and joint rotations of the buildings.

Although the supplementally damped buildings subjected to a group
of recorded near-fault EQGMs, undergo inelastic deformations, the
inter-story drift of these buildings are substantially reduced relative to
the buildings without FVDs.

When subjected to a group of recorded near-fault EQGMs, the
reduced inter-story drifts of the 3-story and the 9-story supplementally
damped buildings exceed the life safety performance criteria limits.
However, the drift ratios of the supplementally damped 20-story
building fall within the acceptable life safety performance limits.

The inter-story drift ratios obtained from the computer analysis of the
buildings modeled with discrete linear dampers are very close to the
drift ratios of the buildings modeled with system-wide damping. The
inter-story drifi ratios obtained from a system-wide damped model
may be reliably used to evaluate the reduced inter-story drift ratios of
a building with FVDs.

The supplementally damped buildings develop higher base shears

than the buildings with moment frames and without FVDs.
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e Placement of FVDs in structures results in application of additional
axial loads in columns (and their supporting foundations) that are
adjacent to the FVDs. A time history computer analysis, which
includes the effect of the discrete FVDs, is necessary.

e The axial loads that are developed by FVDs in columns are velocity
related while the columns® moments are displacement related.

In general, the maximum axial loads developed by FVDs in columns
are out of phase with the columns’ maximum moments. Because of
earthqguake ground motions containing a range of frequencies, and the
buildings being multi-degree-of-freedom structures, the phase
differences observed between the maximum moments and axial loads
in the lower story columns of the buildings are slight and not 90°.
Furthermore, time histories of the axial loads in columns indicate the
presence of substantial and frequent fluctuations, which are in phase
with the velocity fluctuations developed in the FVDs. Such
fluctuations may result in high axial loads concurrent with high
moments in columns. The buildings require structural analysis
procedures, which entail the combined effect of FVD, induced axial

loads and moments in the columns.
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e Application of FVDs does not result in a substantial increase in design
demands of the structure’s columns. In the application of FVDs to
buildings, dampers are placed within different moment frame bays
with the objective to maintaining the strength of the affected columns
within acceptable plastic limits (P-M interaction ratio =
P/P,+M/M,<1). To the extent possible, dampers are placed in such
locations to avoid overloading the adjacent columns beyond axial
yield limits. Hence, when resisting EQGMs, the columns adjacent to
FVDs experience higher axial loads but lower moments than the
building without the FVDs. The overall result is that for the buildings
with FVDs, the P-M interaction ratios of the columns are similar to
those of the buildings without FVDs.

e In moment resisting framed buildings without FVDs, the outer
columns and their foundation supports provide the primary resistance
to the earthquake-induced axial loads. In buildings with FVDs,
earthquake induced axial loads in the columms depend on the location
of the FVDs. With proper placement of FVDs, axial loads may be
more uniformly applied to all of the structure’s column lines.
Generally, the inner columns of structural frames are designed for

high gravity dead and live loads. Application of FVDs could result in
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better utilization of the strength of the inner columns and supporting
foundations in resisting earthquake loads.

e Effectiveness of FVDs subiected to near-fault pulse-type earthquakes
is immediate. Reduction in maximum responses occurs as early as the
first peak response.

® Elastic response spectra analysis method does not support the results
derived from the time history analysis. Therefore, in design of
structures with FVDs requires the use of a nonlinear time history
analysis program capable of utilizing discrete linear and nonlinear

damper elements.

8.2.2 Effect of Structure’s Height

The effectiveness of the application of FVDs is a function of the structure’s

height. The effectiveness increases for taller buildings.

e The 3-story and 9-story SAC buildings, which had been designed
according to the 1994 UBC lateral load provisions, do not comply
with the FEMA 356 life safety standards. Upgrade of structural
member sizes or implementations of additional bracing systems are
required for these buildings to meet the life safety deformation limits,
With the application of FVDs to these buildings, inter-story drift

ratios are reduced substantially but still exceed the acceptable
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limits for life safety performance. The 3-story and 9-story SAC
buildings with FVDs also require upgrade of structural member sizes
to meet the life safety deformation limits. However, application of
FVDs to these buildings, substantially reduces the demand for
structural size upgrades and the related cost.

® The 20-story SAC building, which had been designed according to the
1994 UBC lateral load provisions, does not comply with the FEMA
356 life safety standards. Upgrade of structural member sizes or
implementation of additional bracing systems is required for these
buildings to meet the life safety deformation limits. With the
application of FVDs to the building, inter-story drift ratios are
reduced to the extent that the supplementally damped building meets

the life safety performance criteria.

8.2.3 Comparison With Conventional Bracing Designs

As an alternate to supplemental damping, conventional bracing may be used
as the lateral load resisting system in structures resisting seismic loads. Ina
comparison between the two lateral load resisting systems, the following finding

were made:
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® Application of FVDs to the 3-story and 9-story SAC buildings, which
had been designed according to the 1994 UBC lateral load provisions,
results in substantial reduction of the buildings” inter-story drifts and
their beam and column joint rotations. However, the inter-story drift
ratios of the supplementally damped building are not reduced
sufficiently for the structure to meet the life safety performance
criteria (FEMA 356). The 3-story and 9-story buildings with FVDs
require upgrade of structural member sizes to meet the life safety
performance criteria.

e Application of conventional bracing to the 3-story and the 9-story
structures undoubtedly results in very large reductions of inter-story
drift ratios to meet the life safety performance limits but at the
expense of increasing the buildings’ stiffness, base shears, and
construction costs. In conventionally braced buildings, earthquake-
induced axial loads are concentrated on a few columns within the
bays containing the brace frames. These columns require large
sectional areas. In buildings with FVDs, with proper placement of
FVDs, axial loads may be more uniformly applied to all structures’
column lines, which result in better utilization of the strength of the
inner columns and supporting foundations in resisting earthquake

loads.
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e For the 3-story building:

o In general, the conventionally braced structure has higher
column axial loads, however, the flexural moments are lower.
The P-M interaction ratios of the base floor columns of the
conventionally braced structure are similar to those of the
supplementally damped building.

o The supplementally damped building deforms in excess of the
life safety deformation limits and its member sizes need to be
upgraded to meet the life safety performance criteria.

o The supplementally damped building develops lower base
shears and column axial loads, which result in foundation cost
savings.

o In a feasibility study, the cost of the installed FVDs and the
structural member size upgrades of the supplementally
damped system (required to meet the life safety standards)
may compare favorably with the cost of the larger foundation
system of the conventionally braced system.

e For the 9-story building:

o The P-M interaction ratios of the base floor columns of the

conventionally braced structure are similar to those of the

supplementally damped building.
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o The inter-story drift ratios of the lower stories of both the
suppiementally damped building and the conventionally
braced models are in excess of the life safety performance
limits. Both models require their lower stories columns sizes
to be upgraded to meet the life safety performance criteria.

o The supplementally damped model requires upgrades of some
of the beam sizes at the lower stories (1 to 4) to meet the life
safety standards for beam rotation limits. In the same way, the
conventionally braced model requires increasing the size of
some of the base story columns, which are affected by braces.

o The supplementally damped building develops considerably
lower base shears and columns axial loads, which result in
significant foundation cost savings.

® For the 20-story building:

o The conventionally braced system results in large axial loads
beyond the vield capacity of the affected columns.

The affected columns from ground level up to about 2/3 of the
height of the building would require substantial strengthening.

o The application of FVDs to the building, results in
considerable reductions of the inter-story drift ratios and beam

and column joint rotations and meets the life safety limits.
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o The building with FVDs develops substantially lower base
shears and axial loads than the conventionally braced building
and therefore the supplementally damped building requires
considerably smaller and less costly foundation systems. In
retrofit projects, size upgrade of existing foundations are often
difficult and unfeasible. Application of FVDs may prove to be
economically advantageous.

o Application of FVDs to existing steel moment frame buildings
is extremely effective and provides structural compliance with
FEMA 356 life safety performance criteria. Strengthening of
some structural members may be required, however the scope
of such strengthening is far less than that required by
conventional bracing of the structure. Application of FVDs
results in substantial cost saving in both the structural frame
and foundation and proves to be the most economical method

of providing structural seismic resistance.

8.2.4 Linear And Nonlinear FVDs
e Linear dampers may be designed to provide a target damping for the
first mode of buildings. When nonlinear dampers which dissipate the

same amount of energy as the linear dampers are used in place of
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linear dampers, the buildings experience higher inter-story drift ratios
but lower column axial loads and base shears.

e The overall design demands on the structure’s columns with nonlinear
FVDs are similar to the structure with linear FVDs. Lower axial loads
but higher moments are exerted on columns if nonlinear FVDs are
used in place of linear FVDs. The P-M interaction ratios of the
structure’s columns with nonlinear FVDs are similar to those of the
structure with linear FVDs.

® Use of nonlinear dampers in place of linear dampers provides savings
in the foundation cost of buildings. Structures’ base shears with
nonlinear FVDs are lower than the structures’ with linear FVDs.

e For the 3-story building, it is more beneficial to use linear FVDs than
nonlinear FVDs. In the supplementally damped 3-story building,
inter-story drift ratios and joint rotations remain in excess of the life
safety performance limits. Use of nonlinear FVDs in place of linear
FVDs results in an approximately 10% reduction of the building’s
base shears. At the same time, nonlinear FVDs result in higher inter-
story drift ratios than linear FVDs. Foundation cost savings associated
with lower base shears of nonlinear FVDs may not offset the
additional cost of structural member size upgrades required for

control of larger deformations.
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e For the 9-story building, Use of nonlinear FVDs in place of linear
FVDs results in an approximately 20% reduction of the building’s
base shears. Foundation cost savings could be considerable. Although
use of nonlinear FVDs result in higher inter-story drift ratios,
foundation cost savings may surpass the additional cost of structural
member size upgrades required for control of larger deformations.

® For the 20-story building, Use of nonlinear FVDs in place of linear
FVDs results in an approximately 20% reduction of the building’s
base shears. Foundation cost savings could be considerable. The
structure’s deformations with nonlinear dampers remain lower than
the deformation limits of life safety performance criteria. No
structural member size upgrades are required, and the use of nonlinear
dampers in place of linear dampers provides considerable savings in

the structure’s foundation cost.
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APPENDIX A

A1 System-wide Damping
A linear multi degree of freedom structure with system-wide damping could be

analyzed using modal superposition method:

i, () Seismic ground acceleration
m, C, k Mass, damping, stiffness matrices presenting the passive dampers

m, &k, p Structure’s Mass, damping, stiffness and applied external load matrices
(h + my) + (€ + o(e) + (k + Byu(t) = ~(h + myi (1) + p(t)

m = m + m {A-1)
¢ = ¢ +¢C {A-D)
k =k + k (A-3)
plt) = -mii (t) + p(t) (A-4)
mit) + cu(t) + ku(ty = p() (A-5)
A-6
éz—f—:corc:%mw (A-6)
c, 2mw (A-7)
wt) = @ U)

r . o . ; (A-8)

@ m@ Ul) + 0, c® Ut) + @, kd Ut) = &, plo)
MU+ CUG + KU @ = P (A-9)
M, = @ m® (A-10)
K =0k = o'm, (A-11)
(A-12)

The ease of the modal superposition analysis method is based on the assumption that

the damping matrix is also orthogonal.
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Therefore:
Cn :@nTC®=2§na}nMn (A-l:;\?
R,zq),,fp(t) (A-14)
C
eSS o ococuem, (A-15)
C, 2M. w, )

U () +28,0,0,0)+0, U, ()= %@

- n

{A-16)

Because both mass and stiffness matrices are orthogonal, an orthogonal damping

matrix could be formed by their linear combination.

c=agm+ak (A-17)
c=mY a[m 'kl (b=0,1) (A-18)
" (A-19)
Cn = @n C¢n :2§ﬂwnMii
(A-20)
Cnb = @nTCb@n = ab@nTm[m—‘]k]b @ﬁ A 0
k@, =w, ' m®, (A-21)
Multiply both sides by ®n'km’
@ mk®, =0, 0, k®, =0,'M, (A-22)
Similarly it can be shown:
: (A-23)
@ ' mm kD, =0,"M,
C=3C,=>aw"M =250 M, (A-24)
b b
E = 1 Sam”
" 2w G (A-25)
S o
0=1 (A-26)
a)ﬂ
£ =Loa (A-27)
n 2 7
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a, =20Q7¢, (A-28)
—glwiMl @ 0 |
0 w M 0
C=0cd =2 520:M,
0 0 Eo M, .. (A-29)
In simple form, if a=ay, and B=a,
C=aM + B K (A-30)
& = 0-5(—“— + ﬁwij | (A-31)
wi
1,
{‘ff } =05 & {“} | (A-32)
k

These are two equations and two unknowns. Therefore, if two of the modal damping

ratios, &; and &, are known, then o and p could be derived.

— o
@l _ 2 W, 1 él :
Vi B £ (A-33)
JR— a)7 2
Knowing o and B, the damping ratio at any other mode may be derived,

Cn = 0-5(5— + pa, J (A-34)

m
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A.2  Linear Discrete Damper Elements
The constant damping (not a function of time) of a linear damping element

may be assumed to be a direct function of the stiffness of that element,

F=CV.@®, C=p;k (A-35)

C=C, +C (A-36)
@'C,P, @' C.@

£ = + (A-37)

20,0 MO, 20 & MO

Cwm and Cg are non-proportional mass and stiffness contributions to the damping
matrix. These matrices are formed in a direct assembly procedure similar to that used
to form the mass and stiffness matrices, except that upon assembly into the damping
matrix, the individual mass values are multiplied by the assigned « values and the
different stiffness components are multiplied by the appropriate § values.

In a recent study, Filiatrault et al (2001) derived the damping of linear
dampers as a function of the supplemental damping. Fictitious springs are added to
the structure to reduce the period of the original structure from T; to T ;. Linear

dampers with equivalent C; replace the fictitious springs.
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K, =Generalized stiffness coeficient in the first mode of the original structure
K| = Generalized stiffness coeficient in the first mode corresponding to the fictitious springs

K = Generalized stiffness coeficient in the first mode of supplementally damped structure

K =K/-K, (A-38)
27 _r 2 2 2

K =220[C 1@, =22C, == 26, 22 M, i

1 T 1 ,j } T T}(%Ti !) (A-39)
2 " 2 2
pe[22) KK (22} (on
\n) M oM 1) 1) (A-40)
2

1| T

&== [*‘—] ~1 (A-41)
27

Tn 3 :[;

t m (A-42)

k, o) (A-43)
T,

x(t) = x,sinwt (A-44)

x(t) = x,wcoswt (A-45)

F(t) = C(x(5)” (A-46)
A The

E, = jf F(f)idi = 4C(x,0)*" _g’ceswzdz (A-47)

4] 0

E, = Theenergy dissipated per cycle

w/;F(E +%}

2601’(3 + ﬁ)
2 2

I'= The Gamma function
£y = noCx,
E,,, = Theenergy dissipated per cycle for a linear damper (a = 1)

F(l + -05)
E, = 4C(xw)*" = Z O, 0 (A-48)

C, = Thedamping constant of the linear damper
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Filliatrault et al (2001) suggested deriving the damping of a nonlinear damper by
equating the energy dissipated in one cycle of the nonlinear damper to that of an

equivalent linear damper.
3«
IN=—+—
Cy 7 i (2 2) )
M= X (g, )AL (A-49

For (0.2 <a <1.0)

S ;‘gi(w %) (A-50)

A.3  Nonlinear Discrete Damper Elements
The equations of motions for structures equipped with nonlinear dampers are
similar to structures with linear dampers with the exception that the damping of the

nonlinear damper is not constant but a function of time.

(7 + i) + (& + (O (t) + (k(E) + Fyu(t) = ~(h + )i () + p(t)  (A-SD

i (1) Seismic ground acceleration

4
7,8,k Mass. Damping and stiffness matrices representing the passive dampers
m,Ck, P Mass. Damping, stiffness and applied external load matrices of the structure

m = m + m (A-52)
ct)y = &+ (1) (A-53)
k() = k@) + k (A-54)
p(t) = -mu () + p(t) (A-55)
mi(s) + c()u(t) + k(Hu@) = p() (A-56)
mii() + k(Ou() = p@) - F@),F @) = c(u(r) (A-57)
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For a nonlinear damper model the exponential curve may be simplified by

segmentation into several linear portions (Fig. 2-1).
Fy=CuVy (A-58)

The force/velocity of each portion of the curve may be linearly defined through the C

value for that segment of the curve

(A-59)
Vn < E/(e‘) < V(m—})

S (A-60)
F'(f) = C"‘” (V(") - Vﬂ) + Zcm (Vmﬂ - Vm)
0

Since C is a variable function of time. A time history analysis of the structure is to be

performed even if the structure itself performs elastically.
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APPENDIX B

BUILDINGS SPECIFICATIONS

L.A, SEATTLE, AND BOSTON
PRE NORTHREDGE

MASS AND LOADING DEFINITIONS

MASS (for ope MRF in the N-§ direction)

Floor 4 (Rocf) ©35.5 kips-seczlft
Floor 3 - 32.8 kips-sec*/ft
Floor 2 :32.8 kips-secz/ft
LOADS

e The loads are calculated for (1.0*DL)+ (1.0¥LL) where the LL has been taken as 20psf
for the floors and the roof.

wl = 1.00 kips/ft
w2 = 0.85 kips/ft

L1 =23.6 kips
1.2 = 34.8 kips
L3 =203 kips
L4 =30.9 kips
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MASS AND LOADING DEFINITIONS

Dead Load

e Floor Slab (including steel deck) =53 psf

e Ceiling/Flooring = 3 psf

e Mechanical/Electrical = 7 psf

¢ Partitions

for dead weight calculations =20 psf
for seismic mass calculations =10 psf

e Steel Framing {assumption) =13 psf

e Roofing : = 7 psf

e For penthouse (additional to roof load) =40 psf
This gives the following dead loads:
For typical floor (for weight calculations) = 53+3+7+20+13 =96 psf
For typical floor (for mass calculations) = 5343+7+10+13 =86 psf
For roof (excluding penthouse) = 53434747413 =83 psf
For penthouse = 534347440413 =116 psf
Live Load

e Typical Floor =20 psf

e Roof =20 psf
e building envelope = 184'*124°
e floor slab envelope (for dead load calculations) = |82'*122’
e floor slab envelope (for live load calculations) = 180°*120°
Total Load  =0.025%*39*2%(184+124) =601 kips
1/6™ goes to the ground and is not considered =100 kips
1/3" each goes to the two floors =200 kips
1/6" goes to the roof = {00 kips
Penthouse Exterior Wall =0.025%12*2*(32+62) ' = 56 Kkips
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Dead Load due

Total Load = 0.025%(42/12)*2%(184+124) = 54 kips

FLOOR SEISMIC DEAD WEIGHTS (full structure)

Roof = (0.083%182%122)+(0.116%32*62)+54+100+56
= 2283 kips
Floor3 and Floor2 = (0.086%182*122)+200
: =2110kips
Full Structure =06503 kips .

Roof =2283/32.2

= 70.90 kips-sec/ft
Floor3 and Floor2 ~ =2110/32.2

= 65.53 kips-sec’/ft
Full Structure = 6503/32.2

=202.0 kips-sec’/ft

e The exterior beams take the dead load from 6ft of slab (which accounts for 1ft of
overhang). The live load is calculated based on a 5ft tributary width only.

Uniformiv Distributed Loads on the MRF Beams

e Floor3 and Floor 2

From Slab (dead load) =0.096%6 = 0.576 kips/ft
From Exterior Walls = 0.025%13 =0.323 kips/ft
From Slab (live load) =(0.0200%5 = 0.100 kips/ft
e Roof :

From Slab (dead load) = (0.083%6 = 0.498 kips/ft
From Exterior Walls =0.025*13/2 = 0.163 kips/ft
From Parapet =(.025%42/12 = 0.088 kips/ft
From Slab (live load) = 0.200%5 = 0.100 kips/ft
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Concentrated Loads at Column Lines of N-S MRE (values are for one MRF)

® These loads are due to the transverse beams in the E-W direction

e Floor3 and Floor 2
Dead Load (exterior column lines) = 16%10%0.096

+ 16*13*0.025 =20.56 kips
Live Load (exterior column lines) = 15¥10%0.200 =3 kips
Dead Load (interior column lines) = 30%*10%0.096 =28.8 k;:ps
Live Load (interior column lines) =30*%10*0.200 = kips
e Roof
Dead Load (exterior column lines) = 16*10%0.083

+16%*(13/24+42/12)%0.025 = 17.28 kips
Live Load (exterior column lines) = 15%10%0.200 =3 kips
Dead Load (interior column lines) = 30*10%0.083 =24.90 k.ips
Live Load (interior column lines) = 30*10*0.2000 =6 kips
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NINE STORY STRUCTURI
L.A., SEA’E”ELE AND BOSTON

MASS AND LOADING DEFINITIONS

Dead Load
e Floor Slab (including steel deck) =53 psf
e Ceiling/Flooring = 3 psf
e Mechanical/Electrical = 7 psf
e Partitons
for dead weight calculations =20 psf
for seismic mass calculations =10 psf
o Steel Framing (assumption) =13 psf
¢ Roofing = 7 opsf
o For penthouse (additioﬁal to roof dead load) =40 psf

This gives the following dead loads:
For typical floor (for weight calculations) = 53+347+20+13  =96.0 psf

For typical floor (for mass calculations) =53434+7+10+13  =86.0 psf
For roof (excluding penthouse) = 5343+747+13 = 83.0 psf
For penthouse = 53+3+7-+40+13 =116.0psf
Live Load

e Typical Floor =20 psf

¢ Roof =20 psf
e building envelope = 154’*154’
s floor slab envelope (for dead load calculations) = 152'*%152°
e floor slab envelope (for live load calculations) = 150"*150°

Dead Load due to Exterior Wall (full structure);

Floor 1 = 9*2*(152%52)*0.025 = 137 kips
Floor 2 = 15.5%2%(152+152)%0.025 =236 kips
Floor 3 to Floor 9 = 13%2%(152+152)*0.025 = 198 kips
Roof ' = (13/2+42/12)*2%(152+152)%0.025 = 152 kips
Penthouse = 12%2%(32+62)*0.025 = 56 kips
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FLOOR SEISMIC DEAD WEIGHTS (full structure)
Roof = {0.083%152%152)+(0.116%32%62)+54+152
_ = 2354 kips
Floor 3 1o Floor § = (0.086%152%152)+198
= 2185 kips
Floor 2 = (0.086%152*152)+236
=2223 kips
Floor 1 = (0.086%152%152)+137
= 2124 kips
SEISMIC MASS (full structure
Roof =2354/32.2

= 73.10 kips-sec*/ft
Floor 3 to Floor 9 = 2185/32.2
= 67.86 kips-sec/ft

Floor 2 =2223/32.2
= 69.04 kips-sec/ft
Floor 1 =2124/32.2

= 65.96 kips-sec*/ft

BEAM LOADS CALCULATIONS (for MRF in N-S direction)

» The exterior beams take the dead load from 6ft of slab (which accoums for Ift of
overhang). The live load is calculated based on a 5ft tributary width only.

Uniformly Distributed Loads on the MRF Beams

s Floor 1

From Slab (dead load) = 0.096%6 = (.576 kips/ft
From Exterior Walls =0.025*%9 = (.225 kips/ft
From Slab (live load) = 0.0200%5 = 0.100 kips/ft
e Floor 2

From Slab (dead load) = 0.096%6 = (0.576 kips/ft
From Exterior Walls =0.025%15.5 = (.388 kips/ft
From Slab (live load) = 0.0200%*3 = 0.100 kips/ft
¢ Floor 3 to Floor 9 ,
From Slab (dead load) = (.096*6 = 0.576 kips/ft
From Exterior Walls =0.025*13 = (0.325 kips/ft
From Slab (live load) = (0.0200%5 = (0.100 Kips/ft
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« Roof

From Slab (dead load) =0.083%6 = 0.498 kips/fi
From Exterior Walls = 0.025%13/2 = (.163 kips/ft
From Parapet = (.025%42/12 = 0.088 kips/ft
From Slab (live load) = (.200*5 = 0.100 kips/ft

Concentrated Loads at Column Lines of N-S MRF (values are for one MRF)

o These loads are due to the transverse beams in the E-W direction
e Floor 1
Dead Load (exterior column lines) = 16*10%0.096

+ 16%9%0.025 = 18.96 kips
Live Load (exterior column lines) = 15*%10%0.200 =3  kips
Dead Load (interior column lines) = 30*10%0.096 =28.8 kips ‘
Live Load (interior column lines) = 30*10%0.2000 = kips
e Floor 2 :
Dead Load {exterior column lines) = 16*10%0.096

+ 16%15.5%0.025 =21.56 kips
Live Load {exterior column lines) = 15*%10%0.200 =3 kips
Dead Load (interior column lines) = 30*10%0.096 =28.8 kips
Live Load (imterior column lines) = 30*10*(.2000 =6 kips
e Floor 3 to Floor 9 :
Dead Load {exterior column lines) = 16*10%0.096

+ 16%13*0.025 = 20.56 kips
Live Load (exterior column lines) = 15%10%0.200 =3 kips
Dead Load (interior column lines) = 30%10%0.096 =28.8 kips
Live Load (interior column lines) = 30%*10*0.2000 =6  kips
e Roof
Dead Load (exterior column lines) = 16*10%0.083

+16%(13/2+42/12)%0.025 = 17.30 kips
Live Load {exterior column lines) = 15*10%0.200 =3 kips
Dead Load (interior column lines) = 30*10*0.083 = 24.90 kips
Live Load {interior column lines) = 30%10%0.2000 = kips
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£ STORY STRUCTUI

L.A., SEATTLE, AND BOSTON
PRE-NORTHRIDGE

MASS AND LOADING DEFINITIONS

MASS (for one MRF in the N-S direction)
Floor 10 (Roof) : 36.6 kips-sec/ft
Floor 9 to Floor 3 : 33.9 kips-sec/ft
Floor 2 : 34.5 kips-sec/ft
Floor | :33.0 kips—sec2/ft
LOADS

e The loads are calculated for (1.0*DL)+(1.0*LL) where the LL has been taken as 20psf
for the floors and the roof.

wl =0.90 kips/ft
w2 = 1.06 klpS/ﬁ
w3 = 1.00 kips/ft
wd = 0.85 kips/ft

Li=22.0kips
L2= 34.8 klpS
L3 = 24.6 kips
L4 = 34.8 kips
L5 =23.6kips
16 = 34.8 kips
L7 =20.3 kips
1.8 = 30.9 kips
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PRE- NGRWGE

MASS AND LOADING DEFINITIONS

Dead Load
e Floor Slab (including steel deck) =53 psf
e Ceiling/Flooring = 3 psf
¢ Mechanical/Electrical = 7 psf
e Partitions '
for dead weight calculations =20 psf
for seismic mass calculations =10 psf
e Steel Framing (assumption) =13 psf
» Roofing = 7 opsf
» For penthouse (additional to roof dead load) = psf

This gives the following dead loads:
For typical floor (for weight calculations) = 53+3+7+20+13 =96.0 psf

For typical floor (for mass calculations) = 534+3+7+10+13 =86.0 psf
For roof (excluding penthouse) = 5343+7+7+13 =83.0 psf
For penthouse = 53+3+74+40+13 =116.0 psf
Live Load

¢ Typical Floor =20 psf

e Roof =20 psf
» building envelope = 104°%124"
e floor slab envelope (for dead load calculations) o= 1027122
o floor slab envelope (for live load calculations) = 100" *120°

Dead Load due to Exterior Wall (full structure);

Floor 1 = 9¥2*(102+122)*0.025 =101 kips
Floor 2 = 15.5%2*(102+122)*0.025 = 174 kips
Floor 3 to Floor 20 = 13%2%(102+122)*0.025 = 146 kips
Roof = (13/24+4212)*2*%(102+122)*0.025 =112 kips
Penthouse = [2*%2*(22442y*0.025 = 38 kips
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FLOOR SEISMIC DEAD WEIGHTS (full structure)

(0.083*102%122)+(0.116*22%42)+38+112

Roof =
' = 1290 kips
Floor 3 to Floor 20 ={0.086%102%122)+146
= 1216 kips
Floor 2 = {0.086*102*122)+174
= 1244 kips
Floor | = (0.086*102*122)+101
= 1171 kips

SEISMIC MASS (full structure)

Roof =1290/32.2

= 40.06 kips-sec™/ft
Floor 3to Floor20 =1216/32.2

= 37.76 kips-sec”/ft

Floor 2 = 1244/32.2
= 38.63 kips-sec™/ft
Floor 1 =1171/32.2

= 36.37 kips-sec™/ft

BEAM LOADS CALCULATIONS (for MRF in N-S direction)

e The exterior beams take the dead load from 6ft of slab (which accounts for 1Ift of
overhang). The live load is calculated based on a 51t tributary width only.

Uniformiy Distributed Loads on the MRFE Beams

e Floor |

From Slab (dead load) = 0.096%6 =0.576 kips/ft
From Exterior Walls = 0.025%9 =(.225 kips/ft
From Slab (live load) =(.0200%5 =0.100 kips/ft
e Floor 2

From Slab (dead lcad) = 0.096*6 =0.576 kips/ft
From Extericr Walls =(0.025%15.5 = 0.388 kips/ft
From Slab (live load) = 0.0200*5 : = (0.100 kips/ft
e Floor 3 to Floor 20

From Slab (dead load) = 0.096*6 =0.576 kips/ft
From Exterior Walls =0.025*%13 =0.325 kips/ft
From Slab (live load) = 0.0200*5 =0.100 kips/ft
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e Roof

From Slab (dead lcad) = 0.083%6

From Exterior Walls = 0.025%13/2
From Parapet = (.025%42/12 .
From Slab (live ioad) = (.200%5

= 0.498 kips/ft
=0.163 kips/ft
=0.088 kips/ft
=0.100 ki‘pS/ ft

Concentrated Loads at Column Lines of N-S MRF (values are for one MRF)

e These loads are due to the transverse beams in the E-W direction

e Floor 1
Dead Load (exterior column lines)

Live Load (exterior column lines)

Dead Load {interior coiumn lines)
Live Load (interior column lines)

e Floor 2
Dead Load {(exterior column lines)

Live Load {exterior column lines)

Dead Load {(interior column lines)
Live Load (interior column lines)

e Floor 3 to Floor 20
Dead Load (exterior column lines)

Live Load {(exterior column lines)

Dead Load (interior column lines)
Live Load {(interior column lines)

e Roof
Dead Load (exterior column lines)

Live Load (exterior column lines)

Dead Load (inteﬁor column lines)
Live Load (interior column lines)

= [1¥10%0.096
+ 16¥9%0.025
= 10*10%0.200

=20%10%0.096
= 20%10%0.2000

= 11¥10*0.096
+16%¥15.5%0.025
= 10%10%0.200

=20*10%0.096
=20%10%0.2000

= 11*10%0.096
+16%13*0.023
= 10*10*%0.200

=20%*10*0.096
= 20*10*0.2000

=11*10*0.083
+16%(13/2442/12)*0.025
= 10*%10%0.200

=20*10%0.083
=20%10*0.2000

= 16.80 kips

=2

kips

=19.2 kips

=4

kips

= 15.8 kips

=3

kips

=192 kips

=4

kips

= 13.1 kips

=2

kips

= 16.60 kips

=4

kips

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

446



447

MASS AND LOADING DEFINITIONS

MASS (for one MRF in the N-S direction)

Floor 21 (Roof) - 20.0 kips-sec™/ft
Floor 20 to Floor 3 : 18.9 kips-sec’/ft
Floor 2 : 19.3 kips-sec™/ft
Floor 1 : 18.2 kips-sec/ft
LOADS

e The loads are calculatcd for (1.0*DL)+1.0*LL) where the LL has been taken as 20psf
for the floors and the roof.

w1l = 0.90 kips/ft
w2 = 1.06 kips/ft
w3 = 1.00 kips/ft
w4 = (.85 kips/ft

LI =16.2 k.ipS
L2 =23.2 kips
L3 = 18.8 kips
L4 =23.2 kips
L5 = 17.8 kips
L6 =23.2kips
L7 = 15.1 kips
L8 = 20.6 kips
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