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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications that is dedicated to the reduction ofearthquake losses
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center
was originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout the
United States, the Center's mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and post
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of
multidisciplinary team research, education and outreach activities.

MCEER's research is conducted under the sponsorship of two major federal agencies: the National
Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the State ofNew
Yark. Significant support is derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

The Center's NSF-sponsored research is focused around four major thrusts, as shown in the figure
below:
• quantifying building and lifeline performance in future earthquake through the estimation of

expected losses;
• developing cost-effective, performance based, rehabilitation technologies for critical facilities;
• improving response and recovery through strategic planning and crisis management;
• establishing two user networks, one in experimental facilities and computing environments and

the other in computational and analytical resources.

I. Performance Assessment of the Built Environment.. using
Loss Estimation Methodologies

!
IV. User Network

II. Rehabilitation of Critical Facilities
• Facilities Network using..
• Computational Network Advance Technologies

~ !
III. Response and Recovery

l+ using
Advance Technologies
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The study described in this report focuses on fundamental issues related to the design and use of
supplementaldamping devices in building structures. The principle objective is to develop a generic!
practical analysis and design methodology for structures that considers structural velocities and
equivalentviscous damping ofthe devices. These two issues are explored in depth. Tools to transform
the spectral velocity to an actual relative structural velocity are provided, and a simple design
procedure which incorporates power equivalent linear damping based on actual structural veloci
ties is presented. The effectiveness ofthe design methodology is demonstrated with a retrofit design
example using a supplemental load balancing tendon configuration.
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ABSTRACT

This report considers two issues related to the design of nonlinear viscous dampers:

structural velocities and equivalent viscous damping. As the effectiveness of non-linear viscous

dampers is highly dependent on operating velocities, it is important to have reliable estimates of

the true velocity in the device. This estimate should be based on the actual relative structural

velocity and not the commonly misused spectral velocity. This is because spectral velocities are

based on design displacements (Sv=mo Sd) and are thus fundamentally different from the actual

relative structural velocity. The difference between these two velocities is examined, and based

on an extensive study of historical earthquake motions, empirical relations that permit the

designer to transform the well-known spectral velocity to an actual relative structural velocity

for use in design are proposed.

Nonlinear static analysis procedures recommended in current guidelines for the design of

structural systems with supplemental damping devices are based on converting rate-dependent

device properties into equivalent viscous damping properties based on an equivalent energy

consumption approach. Due to the nonlinear velocity dependence of supplemental devices, an

alternative approach for converting energy dissipation into equivalent viscous damping is

advanced paper that is based upon power consumption considerations. The concept of a

normalized damper capacity (E) is introduced and a simple design procedure which incorporates

power equivalent linear damping based on actual structural velocities is presented.

Based on these studies, general step-by-step retrofit/design algorithms are presented for

building structures with supplemental damping systems. An overall strategy is presented for the

various phases of the design process. This includes facets of conceptual and preliminary design

as well as the final design verification process. The efficacy of the preliminary design phase is

improved by a well-conceived SDOF idealization of the structural system. This is followed by a

brief overview of performance objectives. The general normalized design parameters for the

supplemental system are then transformed for the MDOF system based on the specific

configuration details. Finally, the design of a nine-story building is presented as an example of

the applicability of proposed design algorithms and alternative system configurations.
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SECTION 1

INTRODUCTION

1.1 BACKGROUND

As modem structures become taller, more slender and lighter with the advent of new

structural materials, the quest for enhanced design and economical construction techniques

becomes more pronounced. In particular, the control of seismic excitations and/or wind effects

is essential to the well being of a structure. In the past, many design and analysis methods for

structures subjected to seismic excitations have been proposed based on extensive analytical and

experimental research. Most of the conventional seismic design and construction approaches

rely on system ductility.. Conventional ductile design requires that structures passively resist

earthquakes through a combination of strength, deformability and energy dissipation. Lateral

strength to the structure is provided to resist seismic loads in the form of moment resisting

frames, shear walls, concentric and eccentric braces or a combination of these. To prevent

collapse during severe earthquake excitation and to achieve an economical design for frame

structures, shear walls are permitted to crack and yield, concentric braces are permitted to buckle

and eccentric brace-shear links are designed to yield so as to reduce the inertia forces during

earthquake shaking. Hence, inelastic deformations take place in the form of localized and/or

spread plasticity in hinges that result in increased flexibility and energy dissipation. These

inelastic actions, however, result in damage to the structural members.

It is now well know that supplemental damping through the use of mechanical energy

dissipating devices improves the seismic performance of structures by reducing deformations

and forces in the structural members. Supplemental damping devices dissipate earthquake

induced energy through yielding of metals, sliding friction, viscous and visco-elastic action, etc.

However, the amount of response reduction varies depending not only on the supplemental

damping provided but also on the inherent mass, stiffness and damping characteristics of the

parent structure. A comprehensive review of the characteristics of various devices and their

implementation in building structures can be found in Constantinou et al. (1998).

The increasing number of building structures that are either retrofitted or designed using

energy dissipation devices, however, requires a simple, yet accurate design methodology that
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eliminates rigorous analysis. Much research has been done to investigate various kinds of

supplementary damping systems. Preliminary design guidelines have been suggested based on

the results obtained from numerous experimental and analytical studies. Whittaker (1992) was

first to propose general guidelines for the design of structures incorporating energy dissipating

systems. Currently, several documents, specifications and guidelines provide building design

formulations that are based on available research findings. In fact, various simplified linear and

nonlinear analysis and design procedures have recently been suggested inNEHRP Guidelines for

the Seismic Rehabilitation ofBuildings (FEMA 273) and its Commentary (FEMA 274). These

documents contain the most up-to-date analysis and design guidelines for buildings that

incorporate energy dissipating as well as seismic isolation systems. The capacity-demand

spectral approach is employed for one of the nonlinear static procedures in which the structural

response is found at the intersection of capacity and demand curves. The reduced demand is

determined as a function of the available damping in the structural system such as: inherent and

hysteretic (if any) damping, and/or supplemental devices (if any). The added damping

associated with the supplemental energy dissipating devices is approximated with an "effective"

damping based on equivalent linear viscous properties. Hence, five percent-damped demand

spectra is modified to account for the total effective damping in the structure.

Various other design methods for building structures with supplementary damping

systems have been suggested by Shen and Soong (1996), and Gluck et al. (1996). Shen and

Soong proposed a design method for multistory reinforced concrete structures that is based on

the concept of damage control. In their study, they used equivalent SDOF system properties in

determining a damage index recommended by Park and Ang (1985) and included the effect of

energy dissipating devices implicitly through maximum deformation and hysteretic energy

quantities. Gluck et al. adopted optimal control theory using a linear quadratic regulator to

design linear viscous or visco-elastic devices. It was proposed that the gain matrix obtained by

minimizing a performance index that ensures optimality can be used to determine the damping

system properties in terms of constant stiffness and damping coefficients.

1.2 OBJECTIVES AND SCOPE

This study focuses on fundamental issues related to the design of supplemental damping

devices for building structures. In general, various techniques and approaches adopted in current

2



guidelines for the design of damping devices are based on equivalent linear properties, namely,

equivalent linear damping and stiffness properties of the device under consideration. These

simplified procedures are approximate due to the assumptions involved in the equivalent linear

presentation of nonlinear properties of the structure and the supplemental damping system. It

must be noted that the accuracy of design and retrofit methods for building structures may

largely depend on the "quality" of the linearized (approximate) parameters versus their actual

values. In fact, traditionally, equivalent damping is determined based on the equivalent energy

consumption approach. However, in this study, the development of equivalent linear properties

based on the notions of power consumption equivalent between a viscously damped system and a

system possessing nonlinear [viscous nature] dampers is proposed (Pekcan et al. I999a).

Furthermore, it must be noted that the general behavior of viscous devices is governed by

the structural velocities. To successfully use the spectral design methodologies such as the

capacity-demand spectral approach, it is essential that actual structural velocities be used in all of

the equivalent damping formulations. This is because if the spectral velocities based on design

displacements (81' =0)0 8d) are used, errors are introduced as the two velocities are not

equivalent across the spectrum. Hence, simplified design formulations are given for the

proposed transformations to actual velocities.

Finally, the principal objective of this study is to propose a generic/practical analysis and

design methodology for supplemental damping devices, which address the issues mentioned

above along with the uncertainties involved in the assessment of the seismic demand. The

effectiveness of the design methodology is demonstrated with a retrofit design example using an

innovative supplemental load balancing tendon configuration, previously introduced by Pekcan

et al. (1999b, 2000).

1.3 ORGANIZATION OF THIS REpORT

Section 2 presents an overview of the capacity-demand spectral design approach.

Various steps involved in the pushover analysis to determine the structural capacity are described

and an alternative elasto-plastic analysis approach is introduced. Section 3 focuses on the

fundamental considerations for the design of supplemental damping systems. The design

formulations for a pseudo-actual velocity transformation are given following a discussion of the

differences between the two quantities. Also discussed in this section is the proposed equivalent

3



linear damping for the nonlinear [viscous nature] devices based on the equivalent power

consumption approach. Finally, various phases involved in designing supplemental systems for

building structures are introduced in Section 4. Design steps for two alternative device

configurations are given. Section 5 presents the retrofit design example of a nine-story flexible

steel building and discusses the performance of these two alternative configurations.

Conclusions are drawn and recommendations are made in Section 6.

4



SECTION 2

CAPACITY-DEMAND SPECTRAL DESIGN APPROACH

2.1 INTRODUCTION

In this section, capacity-demand spectral design approach is reviewed in detail. First,

techniques used to evaluate the structural capacity to form so-called capacity spectrum are

discussed. A simplified elasto-plastic approach is introduced to determine the structural capacity

of building structures. This approach consists of an elastic analysis step to determine the initial

elastic period of the structural system. In the second step, a generalized plastic analysis is

formulated to evaluate the ultimate base shear capacity. Finally, various sources of uncertainties

involved in the assessment of the seismic demand are discussed and quantified through a

statistical analysis on 36 earthquake ground motions and their components.

2.2 BACKGROUND

Linear elastic analysis and design methods are in general not permitted or appropriate for

inelastic structures with or without supplemental damping systems. A significant departure from

linear elastic analysis has been the adoption of nonlinear methods of analysis over the last

decade. Dramatic advancements in the development of computational tools have made nonlinear

time history analysis methods easily accessible to the practicing engineers. This took place

almost concurrently with the establishment of the capacity design principles as the preferred

design methodology. Engineers had the opportunity to design their structures and check the

validity of their designs using sophisticated computer programs (DRAIN-2DX, IDARC, etc.).

However, this meant that analysis became more involved and significant attention had to be paid

to detail every aspects of the computer model of the actual nonlinear structure. Hence, there

have been extensive studies focused on simplified nonlinear static procedures that are utilized in

developing design methods.

As will be discussed in the subsequent sections, response spectrum analysis is a well

known method to evaluate the seismic response of structures. Elastic as well as inelastic

response spectra can be generated for many different types of ground motions. Furthermore,

approximate inelastic spectra can be obtained from elastic response spectra performing

appropriate adjustments that are based on the system ductility (Newmark and Hall, 1982). It
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must be noted that, in applying response spectra methods for the analysis and design of

structures, it is generally necessary to idealize the multi-degree-of-freedom (MDOF) system with

an equivalent single-degree-of-freedom (SDOF) system.

An alternative and attractive representation of structural response is to use a composite

capacity-demand spectral approach which monitors the acceleration and displacement response

simultaneously. Freeman et al. (1975) and Freeman (1978) first suggested the so-called

Capacity-Spectrum Method. This type of spectral representation (Capacity-Demand Curves) of

the maximum inertia forces vs. the maximum displacement response was used for the evaluation

of elastic as well as inelastic structures by Kircher (1993), Freeman (1994) and Mahaney et al.

(1993). The Capacity Spectrum Method is the preferred method in this study. In fact, it is a

nonlinear static procedure that provides a graphical representation of the global force

displacement, capacity curve of the structure (which is referred as "pushover") and compares it

to the response spectrum representations of the earthquake demand. It must be noted that

demand is a representation of the earthquake ground motion hazard whereas capacity is the

resistance exhibited during the dynamic response as a reaction to the inertial and damping forces.

The capacity spectrum method estimates the peak response by expressing both the

structural capacity and seismic demand in terms of spectral accelerations and displacements.

The response of a nonlinear structure can be estimated graphically as the point where the

capacity curve of the structure intersects the elastic demand curve that corresponds to the

available damping in the structural system. Hence, one of the steps in capacity spectrum method

is the determination of the pushover capacity of the structural system via pushover analysis. The

theoretical background, formulations and various issues related to the evaluation of pushover

capacity (lateral strength) are discussed in detail in the following sections.

In the second step of the capacity-demand spectral design approach, demand curves for

various effective damping within the structural systems are generated using demand reduction

factors. The amount of reduction of 5% damped demand spectra associated with a specific

effective damping is based on the median spectral amplification factors proposed by Newmark

and Hall (1982). These factors vary depending on the effective period of the system at the

performance point. In general, both effective period and effective damping are amplitude

dependent. Up to yield, effective period is the same as the initial period calculated based on the

elastic pushover stiffness of the structure. Corresponding effective damping is equal to inherent

6



5% demand

Higher damping demand

Performance point

~~-~~--'--PPushover capacity
spectrum

Figure 2-1 Graphical Interpretation ofthe Capacity Spectrum Method
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structural damping (usually 2 to 5%). After yield, effective period lengthens and effective

damping increases as inelastic deformations take place.

The capacity spectrum method is graphically shown in figure 2-1.

2.3 EVALUATION OF STRUCTURAL CAPACITY

In general pushover analysis explicitly incorporates the nonlinear behavior of the

structure in a quasi-dynamic fashion. The structure is subjected to assumed lateral loads of

specified distribution (pushover mode) and analyzed for increments of loads. Corresponding

base shear is plotted versus the deformation at a specified node. Pushover curve of the structural

system is then converted to an equivalent capacity curve using appropriate transformations.

2.3.1 Pushover Analysis

One of the key elements in Capacity Spectrum Method is to establish the capacity of the

structure under consideration through an appropriate pushover analysis. This can be achieved by

plotting force-displacement curve for the structure by tracking the base shear and roof

displacement. This curve so obtained is called the "pushover capacity". It becomes almost a

trivial task during the design process when a nonlinear structural analysis program is used, such

as DRAIN-2DX, IDARC etc. For a displacement-controlled pushover analysis, a target

displacement profile is specified and applied in increments to the structure. In general, modal

values that define the first mode shape can be used as unit load factors at the corresponding floor

levels. The nonlinear pushover analysis is then carried out by applying incremental

displacements in the direction of applied unit loads and calculating the corresponding structural

force response for each instant of deformation increments. However, a force-controlled analysis is

usually preferred since so-called displacement profile is generally not known a priori. In force

controlled pushover analysis, a mathematical model of the structure is subjected to a predefined

lateral force distribution. The distribution of lateral forces mimics the distribution of maximum

inertial loads induced at location of lumped story masses in case of a ground shaking and

depends mostly on the dominant mode shape. In either case, the structural displacement at a

predefined control node (e.g. roof displacement) is plotted against the total base shear to form the

pushover curve as shown in figure 2-1.

The lateral load pattern can be determined using a code type equation:
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(2-1)

in which Wi = portion of the total building weight (W), Wx (or i) = portion of the total building

weight (W) located on floor x, hi (or x) = height from the base to level i (or x), k = constant that

determines the shape of the load pattern, and Vb = design base shear. Shape constant determines

the shape of the load pattern and can take values between 1 and 2 as:

1< k =1+ T - 0.5 < 2
2

(2-2)

where T = considered fundamental period of vibration of the structure. If the shape constant k =

1, the corresponding load pattern is an inverted triangle which emphasizes the dominant first

mode response.

The static pushover analysis has no rigorous theoretical background. It is based on the

premise that the response of a MDOF structure is essentially governed by a single mode that

remains constant through out the time history analysis. Accordingly, if the equation of motions

is expressed as

Ad +CX +KX = -M{l}xg (2-3)

where M = mass, C = damping and K = stiffness matrices, {I} = unit vector and xg =. ground

acceleration. Using the modal analysis approach where the displacement matrix X is expressed

as a product of mode shape matrix <1> and a vector of generalized modal coordinates {Y}, the

equation (2-3) can be rewritten as

M<1>{Y} +C<1>{Y} + K<1>{Y} =-M{l}xg (2-4)

where <1> =[¢l ¢z .. , ¢m ... ¢N] column matrix of mode shape vectors and

{Y} = {Yl YZ ... Ym ... YN f modal coordinates. Ifit is assumed that only mth mode is

dominant then the above equation (2-4) can be modified as

9



M(JmYm +C(JmYm + K(JmYm = -M{l}xg

Pre-multiplying both sides of the above equation with ¢>~

From which

(2-5)

(2-6)

(2-7)

where m: =¢>~M~m= generalized mth modal mass, ~m = mth modal damping, (tJm = generalized

mth modal frequency and Lm = mth modal excitation factor. Equation (2-7) can be solved as a

SDOF system from which

(2-8)

where Sd(OJm,~"J = spectral displacement corresponding to damping ~m and frequency (tJm.

Multiplying both sides of the above equation by the magnitude of the mth mode shape at the nth

location (Jnm, one obtains

(2-9)

where Xnm = displacement at the nth location for the mth mode shape. Using equation (2-9) the

spectral displacement can be solved as

in which

*
Sd = Xnm mm = Xnm

¢>nm Lm at

10

(2-10)



(2-11)

with Wi = tributary weight at the location i varying froml to N through n with N being the total

number of discrete weight/pushover mode shape locations. Also the maximum shear for the mth

mode shape can be obtained from the solution of equation (2-7) as

max {fs}m =MrPm L~ Sa(mm'~m)
mm

(2-12)

where Sa(mm,~"J = spectral acceleration corresponding to damping ~m and frequency OJm. The

base shear capacity can be obtained by adding all the terms of the shear force vector. Thus

N
V = L fs im =a2SaW

i=l

where

in which W = total seismic weight. Thus spectral acceleration can be solved as

(2-13)

(2-14)

(2-15)

From the above formulation it becomes clear that given the base shear vs. displacement at

any location in a MDOF system subjected to any arbitrary chosen distribution of lateral forces, it

is possible to convert them to an Sa vs. Sd format by using the transformation suggested by

equations (2-9) and (2-15).
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2.3.2 Elasto-Plastic Analysis Approach

Pushover analysis is basically a step-by-step plastic analysis for which the lateral loads

are applied to a structure and progressively increased until a target displacement is reached. It

provides information on many response characteristics and gives an overall picture of the

structural system behavior. These benefits however come at the cost of additional analysis effort

associated with incorporating all of the important characteristics of the structural elements and

performing incremental inelastic analysis.

As will be discussed later in this sectioI)., one of the performance objectives in designing

supplemental systems for building structures is to keep the seismic response within its elastic

limits for the design basis earthquake. Moreover, plastic hinge rotations are limited such that

structural collapse is prevented for maximum considered earthquake. While the pushover

capacity curve (as obtained from a pushover analysis) contains all relevant information for

design purposes, a three-stage elasto-plastic analysis can be used to obtain an approximate

bilinear pushover capacity ofa given building structure (figure 2-2) designed (or retrofitted) with

one of the alternatives introduced in Pekcan et al (1999).

The building structure shown in figure 2-2 comprises exterior-lateral load resisting

moment frames and interior-gravity load carrying frames that generally have simple beam

column connections. For the purpose of two-dimensional analysis, two frames can be modeled

with rigid links as shown in the figure. Three stages involved in the elasto-plastic analysis to

obtain the approximate pushover capacity are i) elastic analysis that will give the elastic

response, hence the initial period, of the structure ii) plastic analysis of the moment frame that

will give the ultimate strength of the structural system, iii) truss action analysis that will take

stiffness contribution of the supplemental system into account. These stages and the generation

of pushover capacity curve are depicted in figure 2-3.

2.3.2.1 Determination of Initial Elastic Period

In order to establish the initial elastic response, a period estimation for the building under

consideration is needed. This can be achieved using a code-based empirical formulation (FEMA

273) as follows

T =C h3
/
4

I "

12

(2-16)



T I-

I
I

f-+- Moment connection 1
~- Simple connection [ I

I
I

i+
_ t Ii:

I
I

~. 1\ I
I

...L , 1-

Interior-Gravity Load Carrying Frames T

Exterior-Moment Frames

~
I

!I

I

\ /
\ / I

: Simple (Pin)~COnnec1ions " '\ ~
Tendon-Fuse+Damper System Rigid Links

Figure 2-2 Plan View and Elevation of a Typical Building with Supplemental
System

13



v~ --

vtr

~----~----
/

[- n---r- TA--
~-_~\~+----\ ----t---

I t \I I *I \ I I

r---\t--i --d
I I \\ I\t-1- \i 1-><1-i
I I I
1 I I

~r---1I~ II I I
I 1 \

I1
pi
JL----

-T---'j
----i.--~-

---+--

vgl~ __-

--

+

I
I
I

~-\-

I
1
I

--------\

\
II

\ I II I
_1+--"

I I \ I

1 \ 1 I

I I I I

I \ I I

r - _~ ·_~l--r----·~--r---~l

I I \
I I I
I I I

r--- ---+
I I 1
I \ I
I I I
_--f ---+

\ \ \
II II II

vtl.-
Bas, Shear

I

.....
I vel

.j::>.

I

I
i b

/

Deformation

vel pi +Vtr
b b b

_~ Approximate
~ ~- pushover

I~ '------ including P-S effect
I
ii,

Figure 2-3 Idealized Representation of pushover Capacity



where T = fundamental period of vibration, Cr = 0.007 for moment-resisting concrete frames,

0.005 for moment-resisting steel frames, hn = height above the base to the roof level in meters.

Therefore, a relationship between elastic capacity and spectral displacement can be established

as

2.3.2.2 Determination of Ultimate Strength Using Plastic Analysis

(2-17)

The ultimate base shear capacity, C::;, of the building structure shown in figure 2-2 and

2-3 can be determined based on the well-established rules of plastic analysis. For this purpose a

lateral seismic force distribution is assumed in the shape of an inverted triangle. Hence, using

the upper bound method of plastic analysis general equations for the internal and external work

done due to a beam sidesway mechanism become

(2-18)

in which !:J.; = 8c h; is the horizontal deformation at the ith level.

Similarly internal work done can be written in terms of plastic moment capacities of the

beam and column elements

IWD = LMpb;()pb + LMpc/)pc

Note that hinge rotations at the beam end «() pb) are related to the column rotation «()pe)

(2-19)

(2-20)

in which Lb = the beam length, L = is the width of a typical bay.

Now equating the external work done to internal work done and simplifying using

equation (2-20), the overturning moment capacity of the structure can be determined as

15



(2-21)

The total base shear capacity is then determined by summing all the lateral loads eiP;) that

correspond to the plastic mechanism.

It must be noted that several plastic mechanisms should be considered to determine the

minimum base shear corresponding to a specific plastic failure mechanism. Most conventional

building structures are nowadays designed based on the so-called "strong column-weak beam"

concept. Therefore, a generic plastic collapse mechanism of the type shown in figure 2-4 can be

assumed for preliminary analysis purposes. This mechanism assumes that plastic hinges form at

all the beam ends up to a certain height (hpl = nsph). Plastic hinges are required at the column

ends located at the ground level and at top level of the plastic portion of the structure, as shown

in figure 2-4. The virtual work method of plastic analysis can be used to determine the base

shear capacity (Vb) in terms of unknown plastic structure height hpl. Total internal work done

due to plastic hinge rotations is

where

IWD = (fWD) beam + (IWD) column

(IWD)heam = 2nhM ph (n pl -1)Bph

(IWD)column =2(nh+ I)M pcOpc

(2-22)

(2-23)

in which Mpb, M pe = plastic moment capacity of beams and columns respectively, Opb, Ope =

plastic rotation at the beam and column ends respectively, nb = number of bays, nsp = number of

stories participating in the plastic mechanism (figure 2-4).

From figure 2-5 and 2-6, geometry requires that

(2-24)

where !::.p = plastic drift at the roof level and h = story height which is assumed to be constant in

this formulation (although this is not a general restriction).

Therefore equation (2';22) can be re-written as

16



FN
d p

!
~

I

I

i
I

I

I iI I

i I

I
i

FN-1 i I I
-I

I I ! I

I I
I I :
I

I

II I
I

I i I

I

I

I
Ii

IFN- 2 I
I

I I

f
~

I
I r i NJ1

FU
I

I I I I
/ I I
..----

2F\J I nsp h

I-r-1 \ I

~ j j •
f----- L L L -----i

Figure 2-4 Idealized Plastic Mechanism for a MDOF Structure

17



Idp I L b I

C-r-·---~~:)=_~~~--m_-. j

i I

L

h

_I

Figure 2-5 Relationship between Plastic Drift and Plastic Hinge Rotation

~

I P I
I ,---------,------,--------,

i
I
I
I
I
i
I
I
I
I
I
I

ope I
I
I
il----+-.-----+-------J

- Vb

i-- L --+-- L --+--L -

xn
I I

i

y I

Figure 2-6 Idealized Plastic Mechanism and Corresponding Base Shear

18



(2-25)

The total external work done (EWD) can be written in terms of the total base shear Vb

(figure 2-6) as

(2-26)

where Ns = total number of stories.

Equation 2-26 and 2-26 can be equated and solved for Vb as

(2-27)

Note that this is a general mixed mechanism solution that also gives two of the most

commonly assumed specific mechanism that are (i) beam sidesway mechanism when nsp = Ns,

and (ii) column sidesway mechanism when nsp = 1.

The correct number of stories in the critical mechanism will occur when the energy is

minimized. This can be found by minimizing equation (2-27) with respect to the number of

stories in the plastic substructure nsp• Therefore,

(2-28)

Once the above cubic equation is solved for nsp, the corresponding base shear can be

calculated using equation (2-27).

2.3.2.3 Truss Action Analysis

Supplemental systems in general increase the stiffness of the parent structure and hence

modify the pushover capacity. The stiffening effect on the pushover capacity can be easily taken
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into account by means of a simple truss-action analysis. For the tendon system shown in figure

2-2, stiffening effect of the system with supplemental damping devices can be determined

provided that its stiffness characteristics are known. However, preliminary design (sizing) of the

supplemental devices does not require the effect of the supplemental system on the overall

capacity of the structure. As will be discussed later in Section 4, normalized "total"

supplemental system capacity can be iteratively determined based on a SDOF idealization of the

MDOF system, approximate capacity of the bare structure and target design performance (i.e.

target design displacement Xmax and total effective damping ~':ltal).

2.3.2.4 P-8 Effect on the Structural Capacity

It is also possible to include so-called P-8 effects on the capacity of a building frame.

The P-8 effect on a structural system is to reduce the lateral force that can be resisted by the

structure. As shown in figure 2-7, the simple cantilever model (idealized SDOF) is subjected to

lateral force F, and the resulting horizontal displacement lead to additional overturning moments

due to the weight of the structure (W). Hence, in addition to the overturning moments induced

by lateral loads, the secondary moment W 8 should also be resisted causing additional lateral

displacements. Therefore available capacity of the structural system to resist the lateral forces

reduces as the displacement increases. Reduced capacity at a given horizontal displacement can

be derived from the basic equilibrium condition as shown in figure 2-7:

8
/).Cp _8 = h

e

(2-29)

where /).Cp _§= reduced capacity, We = effective weight of the structure, he = equivalent height of

the SDOF system.

A target design displacement, X max must lie on the above-mentioned capacity spectrum, in

order to represent the structural performance. However, the point that corresponds to the target

displacement must also be located on a demand curve which quantifies the demand, Cd that is

imposed on the structural system, as a function of the target design displacement, Xmax and total

effective damping ~':ltal. Construction ofdemand curves is discussed in what follows.
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2.4 ASSESSMENT OF SEISMIC DEMAND

The second step in the capacity spectrum method is the construction of demand curves as

a function of the target displacement, Xmax and total effective damping ~:;;a'. The maximum base

shear Vb and corresponding SDOF displacement Sd, can be obtained from a series of time-history

analyses for various equivalent viscous damping ratios. As a result, site specific demand curves

can then be plotted as Sd vs. Cd (Vb=W) for the damping level considered as mentioned above.

Alternatively, code-based relationships can be used. In publications ATC-33 and ATC

40, Applied Technology Council proposed the construction of a 5% damped elastic demand

spectrum as shown in figure 2-8. In this figure, Ca and Cv are the seismic coefficients. The

coefficient Ca represents the effective peak ground acceleration, PGA.

The modified demand spectrum for higher damping values can be obtained as shown in

figure 2-8. The amount of reduction is based on the mean spectral amplification factor given by

Newmark and Hall (l ?92) and listed in table 2-1. These factors are different for short (Bs) and

long period ranges (Bz) as shown in figure 2-8 and 2-9. A regression analysis is performed on the

Newmark-Hall values to obtain analytical expressions. Regression results are also listed in table

2-1 in comparison with Newmark-Hall values and plotted on figure 2-9. Following the

regression analysis the following relationships may be derived (Cheng, 1997):

B = (~~~a/ J0.5
s 0.05

and B =(~;a/JO

.

3

/ 0.05
(2-30)

The demand spectra can then be transformed into demand curve by calculating the

corresponding spectral displacements, Sd associated with demand Cd as follows

(2-31)
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Table 2-1 Demand Spectra - Damping Reduction Factors

Short Period Factors, Bs Long Period Factors, BI
~/o,al CY< Newmark-Hall FEMA Eq. (2-30) Newmark-Hall FEMA Eq. (2-30)

eff ' 0
273 273

2 0.78 0.80 0.63 0.81 0.8 0.76
5 1.00 1.00 1.00 1.00 1.00 1.00
7 1.12 - 1.18 1.09 - 1.11
10 1.30 1.30 1.41 1.20 1.20 1.23
15 1.54 - 1.73 1.39 - 1.39
20 1.82 1.80 2.00 1.54 1.50 1.52
30 2.38 2.30 2.45 1.79 1.70 1.71
40 3.03 2.70 2.83 2.08 1.90 1.87
50 3.85 3.00 3.16 2.33 2.00 2.00
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2.4.1 Effective Hysteretic Damping, ~:

In the capacity spectrum method, the total effective damping (~;al) is defined by the

equivalent viscous damping at a given defonnation on the capacity curve. Hence, total effective

damping represents all energy dissipation mechanisms of the structure, including inherent

viscous damping ;0' damping associated with inelastic action, ~~; and supplemental damping

system ;d, (if any) etc. The most common method for defining the equivalent damping is to

equate the energy dissipated in a response cycle of the actual structure to that of an equivalent

viscous system as (Chopra, 1995)

):Slr __1_ ED
~hy - 4n E

s

where

in which effective stiffness can be written in tenns of ductility ratio f.J as

(2-32)

(2-33)

(2-34)

(2-35)

Therefore, assuming an overall bilinear pushover response as shown in figure 2-1 Da,

effective damping due to hysteresis can be calculated by substituting equations (2-33) through

(2-35) into (2-32) and rearranging

): sIr =): + ): sIr =): +~ (1- a ..)(1- 1/ /l)
~eff ~o ~hy ~o 11 (1 + )n - as /las

(2-36)

where f.J = Xma.l~ is the displacement ductility, as=post yield to initial stiffness ratio, and 17 =

efficiency factor defined as the ratio of the actual area enclosed by the hysteresis loop to that of

the assumed bilinear hysteresis (figure 2-1 Db). The efficiency factor is influenced by bond slip or
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pinching effect in reinforced concrete and by the Bauschinger effect in steel structures as well as

the type of construction. Typical values range between 0.2 and 0.6 for concrete and steel

structures, respectively.

2.5 UNCERTAINTIES INVOLVED IN THE EVALUATION OF GROUND MOTION DEMAND

The uncertainty of the ground motion demand as well as the structural capacity has a

direct relationship to the reliability of engineering structures. Therefore, it is necessary to pursue

an analysis that takes into account the possible uncertainties in both capacity and demand. If

these uncertainties are not accounted for, the computed response represents only one result in a

set of possibilities. One commonly used method for quantifying the randomness in a given

problem is to treat the so-called random variable as a statistical quantity. In this part of the

study, peak acceleration response of various SDOF systems subjected to the ground motions

listed in table 2-2 were used to form the sets of statistical data in an attempt to identify the

confidence intervals from the demand point of view. Spectral accelerations for 5% and 20%

viscous damping were calculated at To = 0.2, 0.3, 1.0 and 2.0 sec as these damping ratios are

typical for steel and reinforced concrete structures. Average (mean) spectra are plotted together

with the corresponding range of specific data points on figure 2-11. A considerable scatter in the

data is evident. Nevertheless, the response, which is random due to the vagaries of the ground

motion input, can be described by a probability density function. An analysis of these results

show that the distribution of spectral acceleration response can be best described by using a

lognormal probability density function (PDF). This two-parameter PDF. can be described by the

following equation:

(2-37)

in which Sa = spectral acceleration, f3 = standard deviation of normally distributed variable, i.e.

InSa , OSa = median of lognormally distributed variable Sa (= exp(m1nSa ))' It must be noted that

for a normally distributed random variable, mean and median are equal due to the symmetry

(figure 2-12).

Equation (2-37) can be written in terms ofthe standard normal variant z, as,
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Table 2-2 Earthquake Ground Motions

Ground motion Station Direction PGA,g PGV, m/s PGD,m

Tabas, Sep 78 TabaslIran N/A 0.812 0.856 0.430

Lorna Prieta, 89 Los Gatos P.C. N/A 0.717 1.728 0.646

Lorna Prieta, 89 Lex. Dam N/A 0.686 1.787 0.566

C. Mendocino, 92 Petrolia N/A 0.655 0.929 0.414

Erzincan, 92 Erzincanffurkey N/A 0.432 1.192 0.421

Landers, 92 Lucerne N/A 0.713 1.359 1.566

Northridge, 94 Rinaldi R.St. N/A 0.889 1.746 0.383

Northridge, 94 Sylmar, Olive N/A 0.732 1.219 0.305

Kobe, 95 Kobe,JMA N/A 1.088 1.698 0.402

Kobe, 95 Takatori N/A 0.786 1.738 0.560

Imperial Valley, 79 Array 5 N230 0.374 0.880 0.541

Imperial Valley, 79 Array 5 N140 0.527 0.438 0.246

Imperial Valley, 79 Array 6 N140 0.376 0.627 0.275

Imperial Valley, 79 Array 6 N230 0.436 1.061 0.578

Imperial Valley, 79 Array 7 N140 0.333 0.447 0.208

Imperial Valley, 79 Array 7 N230 0.462 1.063 0.418

Imperial Valley, 79 Bounds Corner N140 0.587 0.437 0.131

Imperial Valley, 79 Bounds Corner N230 0.785 0.485 0.151

San Fernando, 71 Pacoima Dam S16E 1.170 1.156 0.561

San Fernando, 71 Pacoima Dam S74W 1.070 0.590 0.156

Northridge, 94 SylmarCH. 360 deg 0.843 1.291 0.313

Northridge, 94 SylmarCH. 90 deg. 0.604 0.776 0.188

Northridge, 94 Santa Monica 360 deg 0.369 0.250 0.074

Northridge, 94 Santa Monica 90 deg. 0.883 0.411 0.129

Northridge, 94 Tarzana 360 deg 0.989 0.778 0.334

Northridge, 94 Tarzana 90 deg. 1.778 1.064 0.289

Northridge, 94 Newhall F.S. 360 deg 0.589 0.952 0.393

Northridge, 94 Newhall F.S. 90 deg. 0.583 0.741 0.187

Northridge, 94 Arleta F.S. 360 deg 0.308 0.231 0.1l2

Northridge, 94 Arleta F.S. 90 deg. 0.344 0.396 0.162

Kobe, 95 Kobe, KOB/Japan NS 0.833 0.918 0.214

Kobe, 95 Kobe, KOB/Japan EW 0.629 0.757 0.238

Imperial Valley, 40 EI Centro SOOE 0.348 0.396 0.169

Imperial Valley, 40 EI Centro S90W 0.214 0.489 0.150

Kern County, 52 Taft L. Tunnel N21E 0.156 0.181 0.080

Kern County, 52 Taft L. Tunnel S69E 0.179 0.175 0.100

AVERAGE - - 0.629 0.844 0.327
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Table 2-3 Scaled Standard Deviations of the Mean Spectral Accelerations

Damping 5% damping 20% damping

Period
T=O.2 0.3 1.0 2.0 T=0.2

(sec.) 0.3 1.0 2.0

Mean Sa, 8a (g) 1.12 1.27 0.83 0.41 0.76 0.78 0.52 0.26

Standard Dev., p 0.29 0.28 0.51 0.55 0.18 0.21 0.48 0.58

(2-38)

where z = ! In( 8oJ and f(z) = PDF of the standard normal variant with a zero mean and
p (JSa

standard deviation of 1, which is widely tabulated.

Corresponding cumulative distribution function (CDF) can then be determined in terms

ofz as,

(2-39)

where the interval represents the probability that the random variable (8a) take on a value in that

interval and F is the standard cumulative distribution function.

Figure 2-13 presents results of the present analysis. First, in figure 2-13(a) and (b), the

field observed CDF's are respectively plotted for damping ratios of 5% and 20%. Secondly, the

theoretical lognormal distributions in accordance with equation (2-37) are shown for the two

damping ratios in figure 2-13(c) and (d). The parameters used for fitting these distributions are

given above in table 2-3.

From the results in table 2-3, it is evident that there is a measure of consistency in the

distribution factors p for the short periods (T =0.2 and 0.3sec., p =0.18 - 0.29) and long

periods (T = 1.0 and 2.0 sec. , p = 0.51 - 0.58). Figure 2-14 further normalizes the field observed
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results in terms of the mean spectral acceleration response Sa for each given period and damping

factor. This clearly shows the grouping of the data sets. For subsequent convenience (for design

purposes) it is proposed to adopt single P values for short and long period motions as follows

P.,. = 0.20

PI =0.50

for short period

for long period
(2-40)

The theoretical lognormal distributions using these values are overplotted (with thick

heavy line) in figure 2-14. It is evident from the results that this form of simplification is

justified. It must be noted here that the suggested values in equation (2-40) are representatives of

higher damping ratios (when compared to those in table 6-3). However, it is believed that the so

called uncertainties become more critical for the higher damping ratios. In fact, most structural

systems with supplemental systems as well as yielding structures possess higher damping

(>10-20%).

The results of this study can be extended to develop the probability ranges for the ground

motion demand in terms of well-known amplification factors. The probabilistic values for the

amplification factors was determined as those that bound the 90-percentile range around the

mean 5%-damped acceleration response for the lognornlal distribution as follows

A; =eZP' and A~P = e ZP'

A~ = e-zp. and A~o =e-zp,

for upper bound

for lower bound
(2-41)

where As and Al = are the short and long period amplification factors respectively, P = 0.2 or 0.5

depending on the period range, z = standard normal variant (= 1.64 for 45%-percentile range),

and superscripts up and 10 designate the upper or lower bound amplification factor respectively.

Therefore upper and lower bounds of 5%-damped spectra can be obtained as

(2-42)

with a comer period determined as the ratio
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(2-43)

where Ca and Cv = are the peak ground acceleration and the peak ground velocity (0.6g and 0.8

m/sec for the ground motions used in this study).

It must be noted that an amplification factor of 2.5 is used initially in order to fit the

common design spectra to the mean response spectra as shown in figure 2-15. So obtained 90%

percentile demand curves are also plotted in figure 2-15 together with the 5% and 20%-damped

mean demand and individual ground motion response curves. Finally, following amplification

factors, which bound the 90-percentile range around the mean demand spectra, are suggested.

A~' =0.72

A~P =2.27

A~" =0.44
(2-44)

2.6 SUMMARY AND CONCLUSIONS

In this section, a brief review of current seismic design and retrofit philosophy was given.

This was followed by a summary of the capacity-demand spectral design approach. An

alternative elasto-plastic analysis approach was used to derive, in a direct fashion, the lateral

strength (pushover) curve that is intended to be used in the preliminary stages of the design. The

technique presented provides a straightforward alternative to somewhat time consuming inelastic

pushover analysis. It must be noted that it yields very good approximations to pushover analysis

especially for regular MDOF systems. However, caution must be exercised when applying this

method for irregular frame systems as the dominant response may not be governed by the first

mode and may result in erroneous structural capacity predictions.

The assumptions built-in the capacity-demand spectral design method are that both

capacity and demand curves are known a priori without any associated uncertainty. However, in

a real scenario, such an assumption can lead to gross errors because both capacity and demand

will have some form of probabilistic variations as shown in figure 2-16. If this is neglected, then

the answer obtained will be one among the many possibilities. Alternatively, if it is assumed that

both capacity and demand are probabilistically known in the form of some distribution, then the

PGA corresponding to a particular response level will also be known in the form of probability
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distribution within certain limits of confidence. The uncertainty associated with the final answer

will be as a result of the uncertainty in both demand and capacity. The uncertainty in the

demand arising from the fact that there can be an array of ground motions with associated

response spectra, which are being generalized to follow a code-specific spectrum. Consequently,

it was noted that uncertainties involved in deterinining the ground motion demand on structures

can be identified by means of a statistical analysis. This type of analysis was performed for the

set of 36 scaled ground motions used in this study. A set of normalized standard deviations was

proposed for the assessment of uncertainties within the short and long period ranges.
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SECTION 3

FuNDAMENTAL CONSIDERATIONS FOR THE DESIGN OF
SUPPLEMENTAL DAMPING SYSTEMS

3.1INTRODucnON

This section focuses on the two fundamental issues related to the design of nonlinear

[viscous] dampers. In general, various techniques and approaches adopted in the current

guidelines for the design of such damping devices, are based on the equivalent linear properties,

namely equivalent linear damping of the device under consideration. Traditionally, equivalent

linear damping is determined based on the equivalent energy consumption approach. However,

in the following paragraphs, the development of equivalent linear properties based on notions of

power consumption equivalence between a viscously damped system and a system possessing

nonlinear [viscous] dampers is proposed. It is then noted that the general behavior of viscous

devices is governed by the structural velocities. To successfully use spectral design

methodologies such as capacity-demand spectrum, it is essential that actual structural velocities

be used in all of the equivalent damping formulations. This is because if spectral velocities

based on design displacements (Sv= W oSd) are used, errors are introduced, as the two velocities

are not equivalent across the spectrum. Simplified design formulations are given for the

proposed transformation to exact velocity. Normalized damper capacity (e) is introduced in

design formulations and a simple design procedure which incorporates the power equivalent

linear damping is presented.

3.2 DETERMINATION OF ACTUAL STRUCTIJRAL VEWCIlY

In this part of the study, it is realized that the accuracy of design/retrofit methods for

building structures may largely depend on the "quality" of linearized (approximated) parameters

versus their exact values. This becomes more important in the design of supplemental damping

systems whose characteristics are primarily function of velocity. Therefore, it is desirable to use

the actual maximum structural velocity in order to obtain consistent and more accurate

estimations of damping system characteristics in terms of linearized quantities. Consequently,

any attempt to predict the behavior of such systems, in general, should be based on the actual

response parameters. However, actual velocity response is usually not readily available since
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response spectra are typically available only for spectral deformation (Sd), pseudo spectral

velocity (Sv) and pseudo spectral acceleration (Sa). Therefore, this section first describes the

important characteristics of response spectra, and then derives an empirical spectral approach to

estimate the actual maximum velocity response from the pseudo velocity spectra.

3.2.1 Characteristics of Response Spectra

As mentioned previously, response spectra have become a standard design tool to

characterize the frequency content of an earthquake and the effective demands on a structure.

Response spectra provide concise information that enables one to apply the knowledge of

structural dynamics to structural design. Response spectra can be generated for various viscous

damping ratios and presented by plotting the maximum value of the absolute displacement D (or

Sd), relative velocity V, and acceleration A, obtained by solving the equations of motion of the

linear single-degree-of-freedom (Snop) system for various natural periods, To. However, it has

been a common practice to use the pseudo-relative velocity Sv ( ... OJoSd) and pseudo-acceleration

Sa ( ... W;Sd - woSv) instead of their actual counterparts, as these quantities can be directly

calculated from the corresponding spectral displacements for the range of natural frequencies (wo

in rad/sec.) considered on a spectra plot. Moreover, the three spectral values thus calculated can

be conveniently plotted simultaneously on a tripartite log-log scale graph. More specifically,

response spectra values are defined as follows:

S d ... D ""lx(t)lmax

V = Ix(t)lmax

A ""lx(t)lmax

Sv ... woSd

Sa = woSv =W;Sd

(3-1)

in which x(t),x(t),i(t) are the displacement, velocity and acceleration response time histories,

respectively, \.I
max

designates maximum absolute value of the enclosed quantity, and

OJ 0 = 2.n / To is the natural circular frequency of the SDOF system.

Each of the pseudo spectral values contain the same information and are inter-related via

the natural period of vibration, To. However, they each provide direct relationships to different
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physically meaningful quantities. The pseudo acceleration spectra are directly related. to the

maximum forces in the structure, whereas pseudo relative velocity is related to the peak strain

energy stored during ground shaking. The fact that these three quantities can be interrelated

(approximately) and presented on a single plot makes it very desirable from an elastic design

point of view. However, it can be shown that large variations of the shape and hence the

characteristics of the response spectra exist. Some of the geological factors that have an effect

on the response spectra are source mechanism, epicentral distance, focal depth, and soil

conditions. The former factor is generally considered to be more significant than the rest. Due

to the fact that these factors cannot be identified quantitatively, most of the studies have used

approximate stochastic methods to generate site specific response spectrum curves which are

functions of soil type and the critical viscous damping ratio.

Response spectra can be divided into various period ranges for which distinct

observations can be made. The characteristics of each of these regions become very important

when deriving the design response spectra. In general, it can be observed that in the short period

(high frequency) range (which implies a stiff structure), pseudo acceleration approaches the

maximum ground acceleration as the system deforms very little and the mass moves with the

ground. This observation is valid for all damping values. Similarly, in the long period (low

frequency) range (flexible structures), the maximum displacement response is practically equal

to the maximum ground displacement whereas in the medium period range the displacement

response is somewhat amplified beyond the ground displacement. However, in this period range,

there is a near constant amplification factor for pseudo acceleration response for a given viscous

damping ratio. This amplification factor becomes smaller for higher damping ratios. A nearly

constant velocity response is observed in the medium period range.

At this point of the discussion, some of the important aspects of pseudo vs. actual

response will be given in the following.

The maximum displacement response Sd of a SnOF system subjected to a ground

acceleration p(t) may be expressed by the well-known Duhamel integral as:

1 t

Sd = -fp( -r) sin Old ( t - -r )exp( -goOlo ( t - -r ))d-r
Olo 0 m=
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when small critical viscous damping is assumed (OJd = OJ0 ~1 - g2 Ell OJ0)' The displacement

response can be differentiated with respect to time to obtain the corresponding velocity response

from which the maximum response can be calculated as:

(3-3)

It must be noted that viscous damping ratio ~O> is assumed to be zero in the above

expression for simplicity. Moreover, using equation (3-2) with ~o =.0, the pseudo relative

.velocity can be written as:

(3-4)

It is clear from equations (3-3) and (3-4) that the actual spectral velocity and pseudo

velocity are different even for zero damping, since the latter involves a cosine term whereas

pseudo velocity expression has a sine term. It can be shown that the difference between the two

response values becomes more pronounced for long period systems as well as for high damping

ratios. In general, pseudo-relative velocity spectra values are consistently higher than the actual

relative velocity spectra in the low period range, and become nearly the same in the medium

period range for low damping values. The lower and upper period limits of this region depend

on the frequency content of the velocity trace of the ground motion. In other words, the broader

the band of frequencies involved, the broader is the range of natural periods over which the

pseudo and actual velocities are similar. Furthermore, pseudo-relative velocity (Sv) is

unconservative in the high period region as the actual-relative velocity (V) approaches the

maximum ground velocity (vg ) while pseudo velocity approaches zero as To - 00.

Following a similar discussion, it can be shown that the pseudo acceleration is the same

as the maximum acceleration when there is no damping in the system. However, for higher

damping values, pseudo acceleration starts to diverge from the maximum acceleration. The

pseudo acceleration is typically less than the maximum acceleration. Constantinou et al. (1998)

have proposed an approximate relationship between the maximum and pseudo acceleration by
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assuming that during the cycle of maximum response, the analyzed SnOF system undergoes

harmonic motion of frequency OJ 0 :

(3-5)

in which f 1 = cos[tan-1(2 g)] and f 2'" sin[tan -1(2g)]

The difference between maximum and pseudo acceleration, however, has less

significance from the design point of view, since current seismic design codes specify the

earthquake excitation in the form of an acceleration response spectra with amplification factors

that indirectly consider the above mentioned pitfall. This is the case for the difference between

pseudo and exact vdocities, but only for classically damped systems. If the system damping is of

linear viscous type and does not change with time and loading, it will be referred as "classically

damped". When system damping is of classical type, the desired responses are the induced

deformations and the forces in the system by the ground shaking. Therefore the response spectra

needed are those for maximum relative velocity. In previous applications of spectral analysis

and design approaches to non-classically damped systems, the spectral values of relative velocity

were approximated by the corresponding pseudo velocity values. While it may lead to results of

reasonable accuracy under certain conditions, this approximation is clearly not generally valid.

Hence, there is a need to re-examine the issues involved in the application of the analysis and

design methods to non-classically damped systems such as those with nonlinear rate-dependent

devices (nonlinear viscous, a < 10).

3.2.2 Relationship Between Actual and Pseudo Relative Velocity Spectmm

Based on the above observations, a general relationship between pseudo and actual

maximum velocity is analytically derived using a series of earthquake ground motions. Each

record was scaled such that the maJtimum ground velocity is vgnuzx ... 1m I sec. This is in order

to facilitate direct comparison of results. The ground motions used are previously listed in table

2-2, with some selected acceleration time histories plotted in figure 3-1. Mean pseudo and actual

relative velocity spectra are plotted on log-log scale velocity-period graphs in figures 3-2 through

3-10 for To =°to 10 sec. and viscous damping ratios, gof 5, 10,20,30,40,50, 60, 70 and 80%.

The following set of relationships are proposed for three different period ranges mentioned

above:
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Parameter Definition

Table 3-1 Regression Results

Equation

Upper Limit Period, Tu Tu = 3.149~+ 3.112 0.98

Medium Limit Period, Tm Tm = -0.064~+ 0.756 0.96

Lower Limit Period, T\ If = -0.042~+O. 113 0.96

Exponent, au au = -0.489~+ 0.607 0.99

Exponent, am am = 0.455~ + 0.132 0.98

Exponent, 0.\ a I = -0.450~+ 0.729 0.99

(~r(;:f O<To <1[

V=Sv U:f 1[~To~Tu (3-6)

(;:f(~r To> Tu

A least square regression analysis was used to establish the parameters in equation (3-6).

Results of this analysis are presented figure 3-11 and in table 3-1 along with the respective

correlation coefficients, r2
• Note that for perfect agreement r2

= 1. Using the relationships

proposed in equation (3-6), the graphs of exact and theoretical maximum velocity spectra are

plotted in figures 3-2 to 3-10. It is evident that excellent agreement is obtained throughout the

entire range ofperiods from To = 0.01 to 10 sec.

3.2.3 Design Formulation for Pseudo-Exact Relative Velocity Transformation

The above-mentioned (table 2-2) ground motions were scaled to a maximum PGA = 0.6 '

m / sec2 and linear response spectra were generated for 5, 10,20, 30 and 40% viscous damping

ratio. A period range of To = 0 to 3 sec. was chosen, since it covers the period range that is

most relevant to most of the building structures. Corresponding design acceleration spectra

(So-T) were plotted together with those generated in figure 3-12. Also plotted in the figure are

the corresponding demand curves (Cd-Sd).
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Pseudo relative velocity (Sv - To Sa / 2n ) spectra are plotted in figure 3-13 together with

corresponding actual velocities. The difference between actual and pseudo velocities as

mentioned in the previous section can also be seen in these figures. Following transformation is

proposed for 5% damping based on the general expression given in equation (3-6) and for the

period range considered:

(
T

)

0.15
y 5% _S5% __

v 0.75
o:s To :s 3 sec. (3-7)

Approximate actual velocity spectra for higher damping values can be determined using

the same Bs and B) factors (equation 2-30) used for the spectral acceleration spectra as shown in

figure 3-13 with proper adjustment for the comer period 0.75 sec. as

(
T )0,15

y;- 
0.75

S5%
_v_

Bs
S5%
_v_

Bl

(3-8)

It must be noted that equations (3-7) and (3-8) are not valid for the period range

Tsl - Cv /2.5Ca < T < O. 75(Bs J Bl ), instead, a linear relationship is assumed for this

intermediate region.

As mentioned in the previous subsections, response spectra approaches using appropriate

equivalent linear properties are nowadays used in the design of structures. It was also noted that

this approach could be easily ~mplemented in a design procedure that involves supplemental

damping systems, particularly if the relevant nonlinear properties of such systems can be reliably

linearized Therefore, in the following subsections, a simple linearization technique is described

for nonlinear damping systems following a brief review of various other techniques.
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3.3 UNEARIZADON OF NONliNEAR (a ;II! 1) DAMPING

Equivalent linear models facilitate the analysis and design of corresponding nonlinear

models. Therefore, it is very important that reliable linearized models be studied and be

implemented at least in the preliminary stages of design.

Jacobsen (1930) first proposed to use an equivalent viscous damping coefficient for a

nonlinear system. Many other approximate linearization methods were then studied and applied

to analyze and to design various nonlinear dynamic structural systems. These include methods

based on harmonic linearization, energy balance, resonant amplitude matching, dynamic mass,

constant critical damping, geometric stiffness, and geometric energy, just to name a few.

Although these methods are based on the assumption that the earthquake response of a structural

system is quasi-harmonic, there are also methods that consider the random nature of the

earthquake response, namely, stationary random equivalent linearization, average period and

damping, average stiffness and energy etc.

Caughey (1959a, 1959b) first proposed application of equivalent linearization techniques

to stochastic systems. In his studies, Caughey proposed the replacement of a nonlinear SDOF

oscillator by a linear one for which the coefficients of linearization can be found from a ~ean

square criterion. Foster (1968), Iwan and Yang (1972) and Atalik and Utku (1976) have

generalized this method for multi-degree-of-freedom (MDOF) systems. A brief description of

these methods is given by Iwan and Gates (1979).

Among the above mentioned methods, harmonic equivalent linearization and energy

balance methods are the most widely accepted and are used by many researchers. Both of these

methods are similar in that they attempt to define an equivalent linear force-deformation relation

for the nonlinear system. The equivalent damping coefficient Ceq, and equivalent stiffness k eq ,

are sought such that the two equations of motion yield similar solutions:

(3-9)

where x,.t, x= displacement, velocity and the acceleration of the system, respectively, m= mass, C =

viscous damping, k = stiffness of the system, and F(x,.t)= a nonlinear function of velocity and

displacement.

In the method of harmonic equivalent linearization the difference between the exact

nonlinear equation of motion and the equivalent linear equation of motion is minimized with
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respect to the equivalent linear parameters over one cycle of sinusoidal response. In the method

of energy balance, the work per cycle of oscillation for the nonlinear restoring force is equated to

that of the equivalent linear restoring force. It can easily be shown that both methods yield

identical results.

In the following paragraphs, the classical energy balance method, which is customarily

employed in linearization studies and adopted in FEMA 273/274, is reviewed. A new approach

based on considering power consumption equivalence between viscously damped system and

system possessing nonlinear devices is proposed. An average empirical transformation between

actusl and pseudo spectral velocities is described and utilized in the linearization. The equivalent

energy approach and proposed power approach are then compared with exact time history

predictions for a number of earthquake ground motions for a linear SnOF system.

3.3.1 Equivalent Energy Consumption Approach

One of the most common methods for defining equivalent viscous damping is to equate

the energy dissipated in a vibration cycle of the actual nonlinear system and equivalent viscous

system. Applying the energy balance method to nonlinear viscous damping devices which can

be modeled using equation (3-10):

(3-10)

Constantinou (Soong and Constantinou, 1994) has shown that the work done (dissipated energy)

in one cycle of sinusoidal loading can be written as:

(3-11)

where To .. 21l / Wo and xD ... X osinwot. Equation (3-11) can then be integrated to give:

(3-U)

where r( ) is the gamma function. Therefore the equivalent damping is calculated by equating

equation (3-12) and the energy dissipated in equivalent viscous damping:

(3-13)
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in which strain energy Es - lao2 / 2 . Solving equation (3-13) for equivalent damping ratio:

2l +a C X a-l a-2 r 2 (1 /2)
~ _ a 0 W o +a

eq 1'lM r(2 +a) (3-14)

in which M =mass of the system, Xo =amplitude of harmonic motion at the undamped natural

frequency Wo' It must be noted here that due to the viscous nature of this type of device, it is

conveniently assumed that they possess only equivalent viscous damping characteristics.

3.3.2 Proposed Equivalent Power Consumption Approach

In this study, it is contended that for velocity dependent systems such as viscous dampers,

consideration of the rate of energy dissipation-that is power (rather than energy)-becomes

more important in seeking the equivalent linear properties for these systems. A simple method

for making the transformation from the nonlinear damper behavior to equivalent viscous

damping is described in what follows.

Power, by definition, is the rate of energy dissipation. The time-average power

consumption over one cycle of sinusoidal loading can be approximated as the area under the

force-velocity response curve, as shown in figure 3...14 and given as

F · F' 1 To / fjJ To
p.... DoXDo + Dn

X
Dn .... _ ~ (F. + F . )(x . - x . ) - fF d:X2 2 4 Dr+1 Dr D r+1 Dr D D

r-1 0

(3-15)

in which P = average power consumption over one cycle of sinusoidal response, FDo' FDn =

damper force at the beginning and at the end of the time history, respectively, xDo' xDn =

corresponding damper velocities, FD . =damper force, xD' =damper velocity.r r

Thus, average power consumption over one cycle of oscillation (area under the force

velocity curve) for the nonlinear damper (ca) is equated to that for the equivalent linear damper

(ceq) with a =1:

(3-16)

Solving the above equation (3-16) for Ceq gives:
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Figure 3-14 Equivalent Power Formulation

(3-17)

Given the customary definition of damping ratio (5) obtained from Ceq - 2seqOJom, then

equation (3-17) can be expressed in terms of:

(3-18)

The proposed theory can also be applied to determine the equivalent linear properties of

elastomeric spring dampers (ESD) (Pekcan et al., 1995a, 1995b). However, the stiffness

contribution for this class of damper should also be considered in the formulation; the effective

stiffness (OJ~ - K e / M) of an ESD can be calculated as the seCant stiffness at the maximum

displacement response. It is further assumed that in terms of absolute maximum response

quantities (displacement and velocity):

Finally, equivalent viscous damping of ESD can be determined from equation (3-18) using
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Figure 3·15 Comparison of Equivalent Damping Formulations

In the derivations of equations (3-14) and (3-18), maximum velocity response Xo is

assumed to be equal to the product of natural circular frequency (j) 0 and, the maximum

displacement response xo ' However, exact maximum velocity is used herein to obtain more

consistent and more accurate estimations of equivalent damping, as the actual behavior of the

devices is a function of the "actual" velocity. In fact, any attempt to predict the behavior, in

general, should be based on the exact response parameters. Therefore, firstly response spectra

for a series of ground motions were generated using both energy based and proposed power

equivalent approaches and compared with those obtained from exact analyses. Secondly, the

effect of pseudo-exact velocity transformation on the equivalent response spectra based on power

equivalent approach is presented.

3.3.3 Comparison of Proposed and Energy Based Methods

In the previous subsection an approximate relationship between pseudo and actual

relative maximum velocity is established.. The motivation behind this part of the study is the fact

that more accurate predictions of the nonlinear viscous damper behavior under the earthquake

ground motions can be made using actual relative velocity response of the systems rather than

the pseudo relative velocities. Therefore, this section is designed mainly to compare the

commonly used energy based equivalent linear model for nonlinear viscous dampers. with

proposed power equivalent method. The effect of using pseudo versus exact velocity response in

power equivalent formulation is demonstrated and the results are compared.
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Equations (3-14) and (3-18) that are used to determine equivalent linear damping ratios are

both in the form of:

(3-19)

where

21
+

a r 2 (1+ a/2)
K .. KEN .. () for the energy approach and

Jt r 2+ a

1
K = K PO .. -- for the power approach.

l+a

These coefficients are plotted for varioUs a values and compared in figure 3':'15. As can be

seen from the figure, the power equivalent approach predicts higher damping values (17 % more

for a = 0.5 and values 28 % more for a = 0.2) in general as the two curves converge to 0.5 for a =

1. One must be cautious using any of the above formulations for small a powers, since the

mechanism of the devices changes from viscous (velocity dependent) to Coulomb friction type. A

more detailed comparison using specific ground motions and levels of critical damping ratios is

given in the following paragraphs.

The equation of motion of a linear SooF system with various nonlinear viscous dampers

was numerically solved to generate response spectra For the present study, elastic response

spectra are generated for five different ground motions, namely 1940 Imperial Valley - EI Centro

N-S, 1971 San Fernando - Pacoima Dam S16E, 1994 Northridge - Sylmar County Hospital, 1995

Hanshin - Kobe (JMA) and 1992 Landers- Lucerne. Peak ground accelerations of these ground

motions are scaled to 1.0 g in order to facilitate direct comparison of the results. The inherent

viscous damping of the parent structure is assumed to be a standard value of $0 = 5%. The non

dimensional damper capacity e is defined as:

(3-20)

in which W =total weight of the system, and xre! =1m / sec which is a standard testing velocity for

viscous dampers (Note for some manufacturers standard testing velocity is 2 m/sec). Introducing

the non-dimensional damper capacity e into equations (3-14) and (3-18) and rearranging:
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t: (1r r(2+a). 1-a )e - 5, X Ol
EN - eq 21+a g r 2 (1+a/2) gt 0

t: (1 +a. 1-a )ePO = Seq gXgt Olo

(3-21)

(3-22)

in which Xgt =exact velocity response of a system with total effective damping 5t and Olo =

natural frequency of vibration.

Damper capacity E is calculated for equivalent damping values Seq = 5, 15 and 35%.

Since the inherent viscous damping $0 of the SDOF system is assumed to be 5%, pseudo (or

actual) velocity values that correspond to 10, 20 and 40% total viscous damping $ t are used to

calculate the corresponding damper capacities given in equations (3-21) and (3-22). The

equation of motion including the nonlinear viscous dampers with a = 0.5 and 0.2 is solved

numerically to obtain the exact response. Comparisons are given in figures 3-16 through 3-25

for the five ground motions listed above. On the left hand side column, pseudo spectral velocity

response is compared for the natural period of vibrations, To up to 10 sec. as the damper

capacities (E) were determined from equations (3-21) and (3-22) for energy and power equivalent

cases, respectively. On the right hand side column, results of four different cases are plotted, i.e.

the damper capacities were calculated using a) actual velocity response (V), b) pseudo velocity

response (Sv), c) the transformation from the pseudo to actual velocity (Sv -> V), of the equivalent

linear system.

As can be seen from these plots, power equivalent approach gives predictions either

better than or comparable to the energy approach. Analysis results b~ed on the velocity

transformation give (in general) better predictions compared to the predictions based on the

pseudo spectral velocity. Although approximations in all of the cases are unconservative (i.e.

overestimates the exact response) for periods To>4 sec., they are acceptable within the range

(0 ~ To ~ 4 sec. ) as far as the seismic design of building structures concerned

3.3.4 Added Damping in terms of Normalize Damper Capacity and Design Implications

The normalized damper capacity, E previously defined in equation (3-20) and the

proposed velocity transformation (3-8) allow one to express the added damping due to both

linear (a = 1.0) and nonlinear (a < 1.0) viscous [nature] dampers in terms of spectral quantities,
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i.e. spectral displacement, Sd and demand, Cd. Hence, equation (3-8) can be used to determine

the actual velocity in equation (3-22), which in tum is solved for the equivalent (added) damping

to give:

O.15(a-l)

f: =_._e_( 2Jr ) gO.5(O.85a+o.15) s0.5(1.15a-O.15) CO.5(o.85a-1.85)

5d 1+a 0.75 d d
(3-23)

in which ~d = added damping and a = the damper power. Note that for a linear viscous damper

(a =1.0 and g = 9.81 mj S2), equation (3-22) takes the simple form:

(3-24)

Equation (3-23) can be efficiently utilized in the preliminary as well as final design stages

involved in designing a wide variety of viscous dampers for structures. The relationship given in

equation (3-23) is in fact very suitable for the recommended design procedures recently

introduced in NEHRP (1997). These procedures mainly employ in the Capacity Spectrum

Method introduced in section 2.

In the capacity spectrum method, the total effective damping is defined by the equivalent

viscous damping at a given deformation on the capacity curve. Hence, total effective damping

represents all energy dissipation mechanisms of the structure, including inherent viscous

damping So, damping associated with inelastic action, ~1ry and supplemental damping system ~,

(if any) etc. In general, the effective (secant) period and the hysteretic damping for a structure

are amplitude dependent. The effective period is the same as the initial period up to the yield

response and the effective hysteretic damping is equal to the assumed inherent viscous damping

(usually 5% critical). After yield, the effective period lengthens and the effective damping

typically increases as the inelastic deformations take place. However, in all cases, a unique value

of total effective damping can be calculated for each spectral displacement on the capacity curve.

The damping due to structural yielding ~:' hence the total effective (structural) damping

can be determined using equation (2-36) given in section 2.4.1 and repeated here for

convenience,

(3-25)
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where ~o = inherent damping, ~hY = hysteretic damping, f.L = Xmax / x;, is the displacement

ductility, as= post yield to initial stiffness ratio, and T/ = efficiency factor defined as the ratio of

the actual area enclosed by the hysteresis loop to that of the assumed perfect bilinear hysteresis.

Similarly, added damping due to supplemental viscous dampers can be taken into account

using equation (3-23). The graphical procedure described above is depicted on figure 3-26. The

corresponding reduced demand curves for undamped and for one particular damper capacity Sa =

0.2 (a = 0.2) is plotted for the modified structural (due to added supplemental damping). In this

figure, it is assumed that the stiffness properties of the structure (structural" capacity) are not

affected due to supplemental viscous devices. This procedure yields a single demand curve,

which intersects the capacity curve at the performance point as shown in the figure. A desired

damper capacity can thus be determined graphically depending on the performance objectives.

3.4 SUMMARY AND CONCLUSIONS

In this section, importance of accurate linear approximation techniques was discussed and

due to the apparent velocity dependent behavior, it was recommended that actual spectral

velocities should be used in the design of such supplemental damping devices. For this purpose,

36 ground motions and their components were used to generate average pseudo and actual

velocity spectra. Emprical expressions were obtained that enable transformations between

pseudo and actual velocities as a function of damping, which were then simplified and employed

in design formulations.

Simplified velocity transformations were utilized in the proposed equivalent power

consumption approach to determine the equivalent viscous properties of nonlinear viscous

dampers. It was shown that the equivalent power consumption formulation gives improved

agreement to the exact solution compared to the equivalent energy formulation, particularly for

the periods of interest for structures ranging from 0.5 to 4.0 sec. Moreover, equivalent power

consumption approach provides a more direct and reliable relationship that can be easily

incorporated in the preliminary as well as final design stages. This was demonstrated via the use

of a normalized damper capacity term (E) which is expressed as the maximum [nonlinear]

viscous damper force at a reference velocity as a percentage of the structural weight. The

graphical design procedure, which is in fact an extension to the capacity-demand spectrum

approach, may considerably facilitate the design of viscous devices.

74



SECTION 4

GENERAL DESIGN THEORY FOR MDOF STRUCTURAL BUILDING SYSTEMS

WITH SUPPLEMENTAL ENERGY DISSIPATION DEVICES

4.1 INTRODUCTION

In this section, step-by-step design algorithms are presented for the two supplemental

damping system configurations, namely: the damping system to oppose shear forces (the truss

solution) and the load-balancing damping system (tendon-fuse+damper solution). These

solutions were introduced by Pekcan et al. (1999b). An overall strategy is presented for the

various phases of the design process. This includes facets of conceptual and preliminary design

as well as the final design verification process. The efficacy of the preliminary design phase is

improved by a well-conceived SDOF idealization ofthe structural system. This is followed by a

brief overview of performance objectives. The general normalized design parameters for the

supplemental system are then transformed for the MDOF system based on the specific

configuration details. Finally, the design of a nine-story building is presented as an example of

the applicability of the proposed design algorithms and system configurations.

4.2 RETROFIT !DESIGN STRATEGIES AND PERFORMANCE OBJECTIVES

Improved dynamic response can be achieved by either: a) adding damping, b) structural

strengthening, c) enhancing ductility or d) a combination of the three. As a result of

strengthening, the size of the structural elements may increase, but structural deformations such

as interstory drift reduce, thus decreasing damage. However, strengthening is commonly

associated with stiffening, which in turn increases the seismic demand, and therefore may lead to

increased damage potential. Careful detailing of structural members and connections may

provide improved ductility. However, strengthening, stiffening or ductility improvements may

not be desirable due to high cost and other constructional complexities.

One may consider the overall seismic design objective complying with the following:

SEISMIC CAPACITY;;:: SEISMIC DEMAND
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The above-mentioned design alternatives target improved capacity, Le. "left-hand-side of the

equation". As an alternative design/retrofit strategy the demand on the structural system (right

hand side of the equation) can be reduced by providing supplementary energy dissipation

devices. It must be noted here that this reduction in demand is usually accompanied by some

stiffening of the structural system due to either addition of the supporting components for the

supplementary system or inherent characteristics of the supplemental damping devices. These

aspects should be carefully considered in the design process.

As a structure responds to an earthquake ground motion, it expenences lateral

displacements. For moderate to high levels of ground shaking, inelastic response is likely to

occur and the stru~ture will experience damage. Performance objectives for a specific level of

design (or retrofit) prescribe the deformation limits for a desired performance level. Therefore

the structural system should be provided with a lateral load resisting system that is capable of

fulfilling these performance requirements.

The principal design objective is generally set by specifying the desired level of

performance for a given ground motion. Depending on intensities, ground motions are

categorized into two main groups (FEMA 273), namely, Maximum Considered Earthquake

(MCE) and Maximum Assumed Earthquake (MAE). FEMA 273 defmes MCE as the level of

ground shaking that has a 2 percent chance of being exceeded in a 50-year period. Similarly,

MAE is the ground shaking that has a 10 percent chance of being exceeded in 50-year period but

not more than 2/3 of the MCE. However, ATC-40 gives slightly different names and definitions;

Maximum Earthquake (ME) and Design Earthquake (DE). Maximum Earthquake (ME) in ATC

40 is defined as the ground shaking that has a 5 percent chance of being exceeded in 50-year

period. ATC-40 gives a third level of ground shaking namely Service Earthquake (SE) which

has typically 50% less intensity than that of (DE). The former terms (MCE and MAE) will be

adopted herein.

The desired performance objective for a MAE is that the structure remains elastic (no

damage) at all times during a ground shaking; some minor damage to nonstructural elements is

permitted. However, the structure is allowed to yield without collapse (with damage to the

structural elements) for MCE. The desired performance level for the MAE can be achieved by

proper distribution of added damping (supplemental devices, design/retrofit) and stiffening or
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strengthening as required (retrofit) of the structural elements. Since there will be some amount

of yielding under MCE, collapse should be avoided by properly designing the structural elements

and the supplemental devices to accommodate the deformation demands. Yielding, in general,

means permanent deformation. This can be avoided by providing damping devices with re

centering capabilities.

Another key element for the desired performance objective is the identification of

probable seismic load path. This is mainly a function of the structural configuration in terms of

distribution of stiffness, mass distribution and the type of framing (shear wall, braced frame,

moment frame etc). However, a preferred seismic load path can be attained by carefully

designing a supplemental system.

4.3 PHASES INVOLVED IN DESIGNING SUPPLEMENTARY SYSTEMS FOR STRUCTURES

A generic flow-chart of phases involved in the design of supplementary systems for

structures is given in figure 4-1. These phases are briefly discussed in what follows.

Phase I: SDOF Idealization

Based on the discussion presented in section 2, it is evident that a well-conceived SDOF

idealization of the MDOF system can considerably facilitate the overall design process of

supplementary systems. Therefore, this task is considered as Phase I of the design process.

Structural dynamic properties of the MDOF system are determined, which are then used to

transform the MDOF system into an equivalent SDOF system. Approximate methods may be

adopted to determine the dynamic properties in the absence of an analysis tool. Such an

approximation for the period of vibration can be obtained by a code equation for the specific

structural system or any method that can be readily found in the literature (Clough and Penzien

1993, Chopra 1995). Similarly, the first mode shape may be assumed to be proportional to the

story height (height from foundation to the floor level) vector. Consequently, the elasto-platic

structural capacity can be determined as described previously in section 2.
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effective mass me
Detennine structural capacity (elasto
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I PHASEII ~

I PHASEIII ~

Preliminary Design (SDOF)
Design general solution(s) for the idealized
SDOF system based on Maximum Assumed
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• Damper-Truss DTR
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• Straight PTFD etc.
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I
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Figure 4-1 Designing Supplemental Systems for Structures: Design Phases
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Phase II: Preliminary Design

In the preliminary design phase, lateral forces imposed on the structural system are

quantified based on the design ground motion (MAE) and the target design response. At this

stage of the design, the uncertainty factors that were proposed in section 3 can be adopted.

Accordingly, supplemental systems should be designed for

where A.s = 1.2 and A.I = 1.5.

An iterative preliminary design is then carried out to determine the normalized

supplemental system capacity for the deficiency between structural capacity and imposed ground

motion demand on the structure. In other words, a target design displacement at the effective

height of the MDOF system is chosen and the required normalized supplemental capacity and

corresponding added damping to achieve the target response is iteratively calculated. Various

design alternatives should be explored at this stage before proceeding to the next phase.

Phase III: Design Implementation

This may be considered to be the final design phase in which the normalized design

parameters for the equivalent SDOF system are implemented in the MDOF system through

appropriate transformations. These include the modifications of the normalized supplemental

system capacities to account for the layout geometry. The relationships that enable these

transformations were presented previously by Pekcan.et al. (1999b) for the damper-truss solution

(DTR) and the load balancing prestressed tendon-fuse+damper solution (PTFD).

Phase W: Simplified Design Verification

As was mentioned in section 4.2, the performance objective usually targets "no structural

damage (elastic response)" under MAE conditions. However, the performance of the

supplemental system as well as the parent structure should also be examined under MCE

conditions to ensure that; i) the damage (if any) to the structural members are within acceptable

limits, and ii) the supplemental system is designed for the possible maximum reserved
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deformation capacity which may be encountered under such events. This phase requires an

updated idealized SDOF system, which exhibits the characteristics of the supplemental system

(designed in phase III). The effect of the supplemental system on the overall pushover capacity

can be taken into account using the methods described in Section 6.

Phase V: Comprehensive Design Verification

The design process consists of a more comprehensive design verification in which

analytical tools are utilized to model the MDOF with all its members to reflect the realistic force

deformation characteristics together with the supplemental system as implemented in the

structure. It must be noted here that depending on how complex the MDOF system is, one might

choose to skip phase IV as both phases IV and V are for verification purpose as shown on figure

4-1.

Phase VI: Design Detailing

If the system performance is found to be satisfactory after the previous phase, the

supplemental system components can be detailed and the design process is terminated.

Otherwise, other design alternatives should be considered for either economical feasibility or

better structural performance.

These design phases are discussed in detail and a design example of a nine-story steel

structure is presented in the following sections.

4.4 PRELIMINARY RETROFITIDESIGN WITH SUPPLEMENTARY DAMPING SYSTEMS

One of the most important and challenging phases in the design of supplemental damping

systems for structures is the preliminary sizing of the supplemental system based on the

performance objectives. Initially, there is usually only information pertaini~g to the bare

(undamped) structure. However, the performance of the structure with supplemental system is

modified due to the added damping and/or stiffness by the supplemental system whose properties

are in fact a function of the overall system response. Therefore, the following questions should

be addressed:

(i) What is the capacity ofthe bare (undamped) structure?
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(ii) What. is the effect of the supplemental system on the stiffness/strength

characteristics?

(iii) What is the effect of added damping on the seismic performance of the overall

structural system?

It should be realized that the answers to the above questions should be sought for

considering the demand imposed on the structural system by the design ground motion. A

typical capacity-demand representation of an idealized SDOF structure is shown in figure 4-2.

As previously mentioned in section 3, the effective (secant) period and hysteretic

damping for a structure are amplitude dependent. The effective period is the same as the initial

period up to the yield response and the effective hysteretic damping is equal to the assumed

inherent viscous damping (usually 5% of critical). After yield, the effective period lengthens and

the effective damping typically increases as inelastic deformation of the structure increases.

However, in all cases, a unique value of effective damping can be calculated for each spectral

displacement on the capacity curve using equation (3-24) and repeated here for convenience,

]: =]: +]: =]: + ~ (1- as )(1 -1/ ,u)
~eff ~o ~hy ~o 1] (1 + );r -as ,uas

(4-1)

Demand reduction factors (Bs and Bf) can then be determined based on the values of the

effective damping and corresponding demand can be calculated. This procedure yields a single

demand curve, which intersects the capacity curve at the performance point as shown in figure 4-

2.

Similarly, the effect of damping on the structural performance. due to supplemental

system can be studied in terms of the normalized damper capacity previously given in equation

(3-22) and repeated herein,

( )

O.lS(a-l)
]: = _&_ 2;r 0.5(O.8Sa+O.1S) SO.S(I.lSa-O.IS) C0.5(O.8Sa-1.8S)

~d 1+a 0.75. g d d

in which qd =added damping and a =the damper power.
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Equation (4-2) and the corresponding demand curve for one particular damper capacity

Ga = 0.2 (a = 0.2) is plotted for the modified (stiffened) structural capacity (due to added

supplemental system stiffness) in figure 4-2. Note that hysteretic damping due to fuse yielding

and its stiffness contribution are also presented in this figure. A desired preliminary damper

capacity can thus be obtained graphically at the intersection of the corresponding demand curve

and the pushover capacity curves.

A step-by-step preliminary design (Phase II) algorithm based on the SDOF idealization

and plastic mechanism capacity of the structure (Phase I) is presented in what follows.

4.4.1 SDOF Idealization and Determination of Structural Capacity: PHASE I

Step 0: SDOF Idealization

Determine the equivalent SDOF properties of the structure: effective height, he and

effective mass, me' This can be done by performing a modal analysis. In lieu of such

an analysis a code-like approximation can be made which assumes that the first mode

shape ({ ¢JI}) is proportional to the story height vector,

h = {hf[M]{h}
e {hf[M]{l}

m = ({hf[M]{l}y
e {h}T[M]{h}

(PI-Oa)

(PI-Ob)

where {h} = story height vector from the base, [M] = diagonal mass matrix of the

MDOF structure.

Step 1: Initial Period, TQ

Estimate the initial, elastic period To

T =C h3
/
4

o / N

Ct = 0.007

Ct =0.005

for RIC MRF

for steel MRF
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where hN = height (in meters) above the base to the roof level. Therefore, the elastic

structural capacity can be detennined as

(PI-lb)

where Sd = displacement response at the effective height he.

Step 2: Plastic Mechanism Capacity

Determine the total plastic base shear capacity using equations (2-27) and (2-28)

v: _ 2(nb(n,p -l)MpbL/ Lb+(nb+l)MpJ

b,pl - n, h(l- !(n,p )2J
sp 3 N

(PI-2a)

where nsp = is the number of stories participating in the plastic mechanism which can be

determined from solving the following cubic equation:

(PI-2b)

Therefore, plastic mechanism capacity (C::;I = Vb,pl / Weff ) and elastic capacity can be

used to determine the overall push-over, capacity curve with an assumed post yield

stiffness ratio as. Furthermore, the P-<> effect on the structural capacity can be

accounted for as,

l:i.c str =!- = Sd
P-8 h h

e e

(PI-2e)

The outcome of the procedure described in Steps 1 and 2 to determine the approximate

capacity of a structure is graphically shown in figure 2-7.

In order to facilitate further design iterations, a Menegotto-Pinto (1973) model can be

used to represent the capacity (pushover) curves of the structure with and/or without various

supplemental system configurations as follows,
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(4-3)

in which Q= post yield stiffness ratio, ~y = spectral displacement at its theoretical first yield or

yield deformation of the supplemental system element, K1 = initial elastic stiffness based on the

first mode period or that of the supplemental system. It must be noted here that these parameters

must be replaced with the values corresponding to the damper/fuse properties as will be

exemplified later in this section.

4.4.2 Preliminary Design: PHASE II

Step 0: Target Displacement Response

Choose the design structural drift, emax. Therefore, the maximum roof displacement is

X roo/ - 1;;\ h
max - ~max N

And the target displacement at the seismic center of mass (effective height) is

Step 1: Total Effective Damping, ~:;al

(PII-Oa)

(PII-Ob)

Estimate the total damping ~~;al, required for the target design displacement Xmax, and

calculate the demand, .

Hence, calculate the effective period, Te,

T =21tJXm~
e gC

d

Step 2: Required Supplemental System Capacity

Determine the required added capacity due to supplemental system, C;uP,
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c sup =c _c.vlr
cdc

where c;,r can be read-off the figure 4-2.

Step 3: Damper and Fuse Capacities

(PII-2a)

Assign the design capacity proportions , d and 'f, for the dampers and fuses,

respectively,

where

Cd =, C sup
cdc

cf =, C sup
c f c

(PII-3a)

(PII-3b)

(PII-3c)

in which 'f +'d =1.0 where rfand rd are the proportions of the total load carried by the

fuse and dampers respectively. Note a damper-only system may be chosen (rd =1.0).

However, for optimal design it is considered that the fuses and dampers should have a

similar capacity thus,d = rf = 0.5. Such a requirement maximizes passive restraint

against wind while maximizing the double-acting nature of the combined fuse and

damper system, especially when prestressed to 50% of the yield strength (in case of a

system working in tension-only), and therefore minimizes the seismic response.

Step 4: Hysteretic Damping, ;~;

Calculate the structural hysteretic damping ;; including the inherent structural

damping ;0'

;:SIr =): +;:Slr =): +0.64n (l-as)(l-,uJ
~eff ~o ~hy ~o 'fs (1- + )as ,usa..

(PII-4a)

where 'Is = efficiency factor defined as the ratio of the actual area enclosed by the

hysteresis loop to that of the assumed bilinear hysteresis (typical values range between
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X
0.2 for concrete and 0.6 for steel structures), and II. =~ is the ductility factor at,....1 x"tr

y

the target displacement.

Step 5: Hysteretic Damping due to Fuse Yielding, ;4
Calculate the hysteretic damping due to fuse yielding (if any),

;:j =064 (1-aj )(l-f.lj)
~hy • rlJ

(1- a j + f.l jaj)
(PII-5a)

where 17f = efficiency factor (a typical value if the fuse is designed to yield at the

maximum displacement response is 1/8), f.l j = X m; . It must be noted here that fuse
Xy

length should be designed such that

(PII-5h)

in which & yJ= yield strain of the fuse and X: = corresponding yield deformation. For

satisfactory fuse performance, the fuse-length should be designed so that

(PII-5c)

Hence, the constant-design ductility factor for the fuse can be determined as

(PII-5d) .

(PII-6a)

Step 6: Added Damping due to Dampers, ;d

Calculate the damping due to dampers for the required normalized damper capacity

&eff (= C;) for chosen damper type (that defines power a):

& (2 )o.15(a-l);: =-!!!.- ---..!!.- 0.5(O.85a+O.15) XO.5(1.I5a-O.15) C0.5(O.85a-1.85)

~d l+a 0.75 g max d
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For ESD when a= 0.2 (and g = 9.81 m/s2
), equation (PII-6a) reduces to:

XO.04

~d =0.938eff c~'a;.
d

Step 7: Total Effective Damping, q:;aJ

Calculate the total available damping ~:;aJ ,
;:(otal = ;:.\"tr +;:1 +;:
~eff ~eff ~hy ~d (PII-7a)

Return to Step 4 until calculated total effective damping ~:;al is equal or acceptably

close to the assumed (previous) value.

Discussion:

At this point it is worth noting that effects of added stiffness and damping are implicitly

accounted for in terms of capacities of the components of the supplemental system. Therefore,

the preliminary design provides the basic design parameters, namely, required damper as well as

fuse (if any) capacities, total required effective damping and corresponding design ground

motion demand on the idealized SDOF structure.

In the following sections, a detailed development of the design equations for the two

supplemental system configuration introduced by Pekcan et al. (1999), is presented. Thus,

design of the supplemental system as part of the MDOF structure can then be undertaken for the

desired configuration and the design parameters modified accordingly. A supplementary system

should, in general, be designed for a performance deficiency; that is when the structural capacity

C:tr
(~;; ,Xmax ,T) is less than the demand Cd(~r;;t ,Xmax,T):

C str (J: str X T) C (J: total X T)
c '-:Jeff' max' < d '-:Jeff' max'

csup =C _ c str
cdc

(4-4)

where superscripts "sup" and "str" is used to represent the supplementary system and the bare

structure respectively. Although each of the design alternatives has similar conceptual
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background from the capacity-demand point of view, design algorithms vary due to

supplemental system behavior (as employed in the parent structure). Therefore, two different

step-by-step design algorithms are given in the following paragraphs for namely; Damper-Truss

Solution (DTR) and Prestressed Tendon-Fuse+Damper Solution (PTDF).

4.5 DAMPER PLACEMENT TO RESIST INTERSTORY SHEAR FORCES - TRUSS SOLUTION (DTR)

4.5.1 Design Philosophy

As previously mentioned, building structures primarily respond in their fundamental

(first) mode shape. Commonly accepted design approaches are based on sizing the dampers as a

function of the interstory deformations due their fundamental modal response along the height of

the building structure. It is also desirable that the overall structural deformation pattern follows a

uniform distribution of interstory deformations. This, ideally, leads to a linear-triangular

maximum response envelope. Moreover, these deformations are particularly dominated by the

interstory shear deformations, as would be the case for short/medium height building structures

(also a function of aspect ratio H/B). In such cases, damper sizes would be equally distributed as

predicated by recent design recommendations (FEMA 273, ATC 40).

However, most experimental research performed to date has shown that the efficiency of

dampers on the upper stories diminishes mainly due to the fact that interstory deformations (drift,

velocity) are smaller compared to those in the lower stories. Therefore, an efficient distribution

of seismic energy dissipation devices is proposed in which devices are sized in proportion to the

design story shears. The supplemental devices are placed in the interior load carrying frames

mainly for two reasons; a) a desirable moment frame-truss action is attained, b) the gravity load

carrying columns of the interior frames have usually reserve axial load capacities which can

accommodate additional axial loads due to damper-braces.
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4.5.2 Device Distribution to Resist Interstory Shear Forces

The relationship for the equivalent viscous damping ratio for the MDOF structure shown

on figure 4-3 are presented in what follows. Equivalent viscous damping can be formulated as

(4-5)

in which (j) e.ff= effective frequency, Ci = damper coefficient at the ith floor.

Story deformations IJ..i, are assumed to be proportional to the first mode shape which is

then ideally assumed to be proportional to the normalized story height vector {h}. Therefore,

(4-6)

Equation (3-14) can then be used in equation (4-5) to determined the coefficient for the

nonlinear viscous device,

(4-7)

where a = nonlinear damper power assumed to be the same in all floor levels, Cai = nonlinear

damper coefficient corrected for the inclination angle () i on the ith floor determined as,

( J
a(T Jo

.
1sa

21C X eff

[

V.. J car:;; max 0:75
C

ai

= L~v (21C Ja( Teff Jo.1sa
) -IJ.. cos(}. --

T
eff

rr I 0.75

which can be simplified as,

i=l...N (4-8)

i=1. .. N
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Based on the required capacity detennined from the preliminary design (section 4.4.2). It

must be noted that equation (4-8) ensures the damper size distribution is proportional to the story

shear Vsi •

4.5.3 "Damper-Truss Solution (DTR)" - Design Algorithm: PHASE III-A

Step 0: Damper Coefficient, Ca

Calculate the total damper coefficient Ca from the nonnalized damper capacity obtained

from the preliminary design based on a SDOF idealization described in section 4.4.2,

Csupw
C = c T

a 'a
X ref

Step 1: Damper Size Distribution

(PIlI-A-Oa)

Detennine the damper size distribution proportional to the design story shears and

correct for the damper brace inclination and design interstory velocity,

i=1...N (PIlI-A-la)

in which Teff= is the effective period ofvibration of the structure.

If elastomeric spring dampers are to be used, determine the damper properties, i.e.

preload Py , elastomeric stiffness K2,

( J
a (T )o.lsa

PYi =Cai 2;r Ii. ri cos 0i ~
Teff 0.75

(PIlI-A-l b)

The preload in the damper would typically be equal to the maximum damping force,

which ensures proper re-centering.

(PIlI-A-lc)
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The pseudo yield displacement due to brace (in series) stiffness typically ranges from

1% to 5% of the total maximum stroke capacity of the damper. Therefore initial

stiffness KI,

(PIII-A-ld)

The elastomeric stiffness K2 can be taken as 5-10% of the initial stiffness K\,

(PIII-A-le)

4.6 DAMPER PLACEMENT TO RESIST OVERTURNING MOMENTS - LOAD BALANCING
PRESTRESSED TENDON-FuSE+DAMPER SOLUTION (PTFD)

4.6.1 Design Philosophy

As mentioned above, the equivalent seismic lateral load distribution typically confonns to

the fundamental first mode shape of a structure. For buildings, which possess relatively unifonn

mass distribution along the height of the structure, this (inertial) load distribution is adequately

represented by an inverted triangle. However, in relatively tall building structures the overall

response is generally dominated by flexural defonnations and higher modes may be significant.

Therefore, the lateral load (or resulting displacement) distribution may deviate from the assumed

triangular shape. Regardless of the type of lateral distribution, it is contended that the seismic

response can be most effectively reduced if these inertial loads are balanced by applying

opposing lateral forces. While reducing the story shear demand, this type of load balancing

tends to reduce the overturning moment demand on the columns as well.

The concept of load balancing is widely used in post-tensioned prestressed concrete

design. The proposed load-balancing supplemental system is an analogous tension-only system

composed of two major components; prestressing (post-tensioned) tendons with high axial

stiffness and a supplementary damping system (consisting of elastomeric spring dampers and

fuse-bars). The draped tendon is anchored at one end (desirably, but not restricted to, the roof)

and connected to the supplementary damping system in series at its other end (generally the

foundation level). The tendon layout is designed to be piecewise continuous (i.e. in straight line

segments), so that each segment diagonally spans between holes bored (or cast in the case of new
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structure) in the floor slab. Tendons are allowed to slide through these holes. The layout is

considered to be optimal in that it generates balancing lateral loads whose vertical distribution

agree with the shape of the design lateral loads at each floor level. The damping forces are

therefore transferred in the horizontal direction by bearing of the tendons to the floor

slab/transfer beams.

4.6.2 Damper Deformation and Provided Effective Damping

Once the lateral design loads are determined from the preliminary design stage, the

geometry of the tendon layout described above can be determined using the method described by

Pekcan et aI. (1999).

Deformation of the supplementary system can be determined in terms of the geometry of

the tendon layout, interstory deformations, and axial forces in the tendons, as follows:

Interstory deformations, 8 i+1 between floor levels i+1 and i (figure 4-4) can be written

as:

i =O, ... ,N-l (4-9)

where !1j =absolute displacement at floor level i relative to ground.

As can be seen from figure 4-4, deformation of the supplemental system at the foundation

level can be written as the sum of all the tendon segment elongations assuming zero tendon

stiffness and subtracting the sum of all 'the actual tendon elongations due to tendon forces, FTi:

(4-10)

where Ai = cross-sectional area, Ei = Young's Modulus and, L; =h;+l /sin8; is the length of

tendon segment i.

Finally, it can be shown that the added damping due to dampers can be determined

considering the following relationships (section 3):
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(4-11)

is the horizontal component of the damping force at level i.

Therefore, using the geometry, equation (4-11) can be written as:

(4-12)

where FTi = force in the tendon between floor levels i-I and i.

4.6.3 "Load Balancing Prestressed Tendon-Fuse+Damper Solution (PTFD)"- Design

Algorithm: PHASE III-B

Step 0: Tendon Layout

Determine the tendon layout based on the vertical distribution of the design base shear,

solving the tri-diagonal system of linear equations for the system shown on figure 4-4:

[R]{X} = {D}

in which

-(RO•l + 1)
1

[0]

o

1

[0]

-(RN- 3,N-Z +1)
1

(PIII-B-Oa)

R N- 3,N-Z

-(R +1)N-Z,N-l N-l,N-l

is the characteristic vertical load distribution matrix, where Ri,i+l = L Fj / L Fj , and
j=i+l j=i+Z

{X}T = {xl'xZ""'XN_1} is the unknown column vector of tendon coordinates,

and {D}T = {0, ... ,-RN_2N-IB} (see figure 4-4).

96



Step 1: Tendon Design

Design the tendons based on the total supplemental system design capacity,

(PIII-B-la)

to get the tendon cross-sectional area Ai.

Step 2: Device Deformation Demand

For the design structural displacement, determine the displacement demand on the

supplemental devices.

(PIII-B-2a)

in which 8;+1 = L\;+1 - L\; and L\i = absolute design displacement at floor level i relative

to ground.

Step 3: Damper Design

The damper force capacity requirements are based on the required normalized damper

capacity C; =8 =rdC;up corrected for the tendon layout inclination angle at the

foundation level.

(C;WTJ 1

Ca = X~f (2" X Ja ( Teff J0.15a
T

eff
sup 0.75

in which Teff= is the effective period of vibration of the structure.

(PIII-B-3a) .

If elastomeric spring dampers are used, then determine the damper properties, l.e.

preload Py , elastomeric stiffness K2,

( J
a(T J

o
.
15a

P - c 2" X --!!!...-
y - a T~ff sup 0.75
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The preload in the damper would typically be equal to the maximum damping force,

which ensures proper re-centering.

X y =(0.01- 0.05)Xsup (PIII-B-3c)

The pseudo yield displacement due to tendon (in series) stiffness typically ranges from

1% to 5% of the total maximum stroke capacity of the damper. Therefore initial

stiffness Kl,

(PIII-B-3d)

The elastomeric stiffness K2 can be taken as 5-10% of the initial stiffness K\,

K 2 = (0.05 - O.lO)K\

Step 4: Fuse Design

(PIII-B-3e)

Determine the maximum force and corresponding ultimate strength requirements on the

fuses,

Ffu =1.2Fmax,f

(PIII-B-4a)

(PIII-B-4b)

Choose Young's Modulus £j, ultimate strength .!su, yield strengthh, strain at yield bY,

and ultimate strain Gu. Calculate the required cross-sectional are Aj,

Ffu
A =-

f lsu

and corresponding fuse diameter is then,

The required fuse length can then be calculated as,
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(PIII-B-4e)

4.6.4 Discussion of Load Balancing Approach

As discussed in the previous sections, near-source ground motions may be detrimental for

tall-flexible building structures due to high initial pulse in the ground acceleration history.

Excessive deformations and most of the yielding tend to concentrate in the lower stories.

Furthermore, the supplemental damping devices also become ineffective in mitigating the effects

. of this type of ground motion. Therefore, other types of supplementary systems should be

investigated to ensure that they are effective in mitigating the early high response to impulse type

ground motions as well as the following cycles.

In general, stiffness characteristics of the building structure may be improved to mitigate

such impulse type ground motion effects. However, uniform stiffening may not be attractive, as

the stiffer structure will attract more forces that in turn should be resisted by the structural

elements. Needless to say, a system whose stiffness is controllable as required, would in such

cases be a viable solution. An even better attribute of such a system is if the stiffness of the

system can be controlled in such a way that the -required amount of opposing force is induced in

the system when the seismic impulse hits the building structure. Consequently, a combined

fuse+damper system that has the above-mentioned characteristics proposed is considered to be

ideal. The sacrificial yielding fuse-bars are used in parallel to the main supplemental damping

devices. The fuse-bars provide a high initial stiffness and limit displacements. However, the

damping devices are still effective to attenuate the remainder of the response.

The design method of the tendon system utilizes the load-balancing concept as described

above. However, it is noted that the level of prestress becomes a more important parameter in

designing fuse-bars. In fact, prestressing is desirable to lessen the time when the tendons are

slack during the d~namic response. Furthermore, the yielding fuses can be used to enhance the .

overall system damping characteristics as well. Various levels of prestress and its effects on the

structural response will be analytically investigated later in this section. However, it can readily

be said that the initial prestress should not exceed the initial pre-load level (if any) of damping

devices and the deformation capacity should be carefully ascertained.
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4.7 DESIGN VERIFICATION

It is probable that the actual hardware selected for the damper and/or fuse devices do not

exactly correspond with the original design target value. It is therefore necessary to check the

overall structure performance for the final design layout using the specified mechanical

properties for the hardware adopted. This verification stage Can be achieved in two phases as

discussed in what follows.

4.7.1 Rapid Verification Using SDOF Models: PHASE IV

First, for the chosen solution MDOF can be converted back into an equivalent SDOF

system. Hence, expected performance levels can be assessed using a Capacity-Demand Spectral

Approach described in Section 2, under the MAE and MCE. If the target displacement

objectives are not met then the design should be reviewed. This stage is Phase IV of figure 4-1.

The overall capacity of the structure with the supplemental system can be determined by a series

of simple analysis described in section 2. The plastic mechanism capacity of the bare structure

will be the same. Therefore, the truss action analysis can be used to determine the contributions

from the damper braces or supplemental tendons, which are then added to the bare frame

capacity, determined in Phase 1. The performance point can be identified at the intersection of

the capacity and demand curves as shown in figure 4-5, under the MCE. The design process can

be advanced to the next phase, if the overall structural deformation is within acceptable limits.

However, design of the supplemental system should be revised to accept the imposed

deformations by the MCE condition.

A step-by-step algorithm is given for the rapid verification phase in what follows.
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4.7.1.1 Rapid Design Verification Algorithm

Step 0: Overall Capacity of the Structure

Determine the contribution of the supplemental system to the overall structural capacity

in terms of the device and configuration properties using an appropriate analysis

method.

It must be noted that the supplemental system is desirably implemented on the interior

gravity load carrying frames which consists of beam-column connections that are

ideally pin. Therefore, the interior frame together with the supplemental system can be

analyzed asa truss as described in section 2. Once the pushover capacity is established

for the interior frame and the supplemental system, it can be directly added to the bare

structure capacity (Phase I) to determine the overall pushover capacity of the structural

system.

Step 1: Demand Imposed by the MCE

Once the 5% demand spectrum for the MCE is determined, overall demand imposed on

the structure can be determined as a function of the damping provided by the

supplemental system as well as due to yielding as shown in figure 4-5. The

performance point can be identified as shown in the figure.

4.7.2 MDOF Evaluation Using Non-linear Time History Analysis: PHASE V

The second part of the design verification process is to conduct a series of non-linear time

history analyses for a variety of ground motions that are representative of the MAE and MCE.

Structural members should be checked for damage. Also, the supplemental hardware should be

checked for its adequacy to accept the deformation demands imposed on it.

Phase V is important, this is because the former verification step (which is based on a

SDOF idealization) is unable to ascertain difficulties with higher mode response. However, the

non-linear time history analysis of the MDOF idealization accounts for such effects. Moreover

the effects of any localized damage can be assessed and addressed in the design.
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4.8 SUMMARY AND CONCLUSIONS

A simple, straightforward definition of equivalent damping based on the power

consumption equivalence for nonlinear viscous and ESDs was introduced in Section 3. The

proposed equivalent linear approach was implemented in analysis and design methods along with

an analytical spectral approach to estimate the exact maximum velocity response from the

pseudo velocity spectra. It was then noted that near-source ground motions generally have a

very undesirable effect on the response, especially for flexible structures. The added damping

alone is usually not enough to mitigate such response, which can be characterized with its peak

that takes place early in the response history.

In this section, firstly, a straightforward preliminary design methodology is introduced as

part of a complete design process. Although this design methodology can be generalized for

other supplemental systems, the emphasis is given to the systems that are of [nonlinear] viscous

nature. The overall design methodology follows the basic principles of capacity design approach

but improves especially the preliminary design phase. The proposed preliminary design phase

yields a supplemental system capacity for the equivalent SDOF system which is then adopted in

one of the alternative design strategies.

Secondly, a damper distribution (Damper-Truss Solution, DTR) is proposed in which the

total design damper size is distributed along the height of the building in proportion to the design

story shears. A desired moment frame-truss action can be achieved in which the lateral seismic

forces are transferred by the dampers installed on the gravity load carrying interior frames.

Design formulations were derived and a step-by-step design algorithm was given.

Finally, an innovative configuration was proposed in which tendons are draped so as to

balance the equivalent lateral inertial loads and the supplemental devices are located at either end

of the tendon system (Load Balancing Prestressed Tendon-Fuse+Damper Solution, PDTF).

Design formulations were derived and step-by-step design algorithms given.
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SECTIONS

RETROFIT DESIGN EXAMPLE OF A NINE-STORY FLEXIBLE STEEL BUILDING

5.1 INTRODUCTION

This section presents a retrofit design example of a flexible steel building. The building

considered for the verification of the design methodologies introduced in the previous sections is

an existing nine-story steel building located in the Los Angeles region. The retrofit design

example is carried out for two different configurations; namely, Damper-Truss Solution and

Load Balancing Prestressed Fuse+Damper Solution. The performance of the two retrofitted

configurations is compared with that of the undamped structure based on the nonlinear ti.me

history analyses and results are discussed.

5.2 DESCRIPTION OF THE EXAMPLE BUILDING AND GENERAL MODELING ASSUMPTIONS

The building considered for the verification of the previously introduced design

methodologies is an existing nine-story steel building with square plan and with two axes of

symmetry as shown in figure 5-1. Moment resisting frames exist on the perimeter only with pre

Northridge welded moment connections, and all interior beam-column connections are simple

connections. Design loads and the structural properties pertinent to the analytical modeling

(discussed later) are summarized in table 5-1. The building is located in the Los Angeles region,

and according to NEHRP Seismic Bazard maps is located such that the effective peak

acceleration coefficient is Ca = 0.4 and effective peak velocity coefficient is Cv =0.4.

The example building is currently being studied by researchers throughout the United

States as part of a SAC project to investigate various performance issues related to the observed

response during the 1994 Northridge earthquake. Therefore, most of the modeling assumptions

are in agreement with those recommended by the SAC project-task groups. Since the structural

systems in two directions are essentially the same when viewed from the front and side

elevations, only the NS direction is chosen for the present study. Furthermore, because of

symmetry, only the front-half of the structure is modeled, i.e. one exterior moment frame and

two interior gravity-load carrying frames. The building has one basement and that the ground
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Table 5-1 Mass and Loading Definitions

Dead Load

• Floor Slab = 2.54 kPa

• CeilingIFlooring = 0.14 kPa

• MechanicallElectrical = 0.34 kPa

• Partitions
for dead weight = 0.96 kPa
for seismic mass = 0.45 kPa

• Steel Framing (assumed) = 0.62 kPa

• Roofing = 0.34 kPa

• For penthouse (additional to roof dead load) = 1.91 kPa

Live Load

• Typical Floor = 0.96 kPa

• Roof = 0.96 kPa

Seismic Mass (Full Structure, Total Weight = 88,395 kN)

• Roof = 1.07Mg

• Floor 3 to Floor 9 =0.99Mg

• Floor 2 = 1.01 Mg

• Floor 1 = 0.96 Mg

floor is restrained laterally therefore receives the same ground motion input as the column bases.

It is for this reason that only the upper nine stories are modeled in this study.

The following assumptions have been made in the analyses:

(i) The plastic hinges were modeled as point hinges at both ends of the beam and column

elements. Structural degradation was not included in the nonlinear models of the elements.

(ii) All the structural elements had 3% strain hardening with bilinear hysteresis properties.

(iii) M-P interaction diagrams were constructed such that plastic moment capacity (Mp = Z

Fy ) is assumed for up to 15% of the axial yield force (O.15Py ) and linear thereafter for the

strong-axis bending whereas the percentage is assumed to be 40% for the weak-axis bending.

Structural steel used in the building had a yield strength, Fy = 50 ksi (345 MPa).

(iv) Interior frame beams were modeled assuming 50% of the real plastic moment capacities

to account for the simple beam-to-column connections at their ends.
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Table 5-2 Comparison of Mode Shapes

Mode Shapes

Exterior Frame Only Exterior Frame+ 2 Interior Frames

Mode 1 2 3 4 1 2 3 4

Period 2.12 0.80 0.47 0.32 1.78 0.65 0.38 0.26

(sec.)

P. Factor! 0.818 0.113 0.041 0.015 0.822 0.109 0.039 0.016

Story 9 1.000 -1.000 -0.965 0.792 1.000 -1.000 -0.965 0.792

8 0.926 -0.536 0.129 -0.778 0.938 -0.582 0.039 -0.676

7 0.823 0.007 0.949 -0.994 0.846 -0.047 0.878 -1.000

6 0.719 0.420 1.000 0.087 0.746 0.388 1.000 -0.022

5 0.609 0.671 0.427 1.000 0.633 0.683 0.481 0.941

4 0.498 0.765 -0.288 0.830 0.518 0.808 -0.231 0.841

3 0.375 0.723 -0.857 -0.124 0.390 0.776 -0.814 -0.085

2 0.262 0.581 -0.998 -0.852 0.269 0.620 -0.965 -0.827

1 0.150 0.357 -0.725 -0.863 0.148 0.371 -0.695 -0.862

1 Effective modal mass as a fraction of the total mass

(v) The analytical model included one exterior frame and two interior frames. The horizontal

degrees of freedoms of the· interior frame joints were slaved to corresponding exterior frame

joints along each column lines in keeping with the rigid floor assumption.

(vi) . Supplemental systems are placed on the interior frame.
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5.3 MODAL PROPERTIES OF THE MODEL BUILDING

The inherent viscous damping of the structure is modeled as mass and stiffness

proportional (Raleigh) damping. Therefore, viscous damping is assumed to be ~=2% in the first

mode and at T = 0.2 in the following relationships:

mass proportion

(5-1)

stiffness proportion

Half the mass of the building (including live load) is distributed to the horizontal degrees

of freedom of the exterior frame. Masses and gravity loads are in general calculated from the

corresponding tributary areas shown in figure 5-1. P-O effects due to gravity loads are included

in both the pUSh-over and time history analyses.

Modal analyses were performed on the a) exterior moment frame only and, b) combined

system with one exterior moment frame and two interior frames to assess the effect of the

interior frames on the initial dynamic properties of the structure as well as the capacity. Mode

shapes and corresponding time periods together with the effective modal masses as a fraction of

the total mass are summarized in table 5-2. As can be seen from table 5-2, combined structural

system has a shorter first mode-elastic period of 1.78 sec. The dynamic response is expected to

be governed by the first mode reSponse with contribution from the second mode. Moreover, it is

evident from the table that the interior frames have a significant contribution to the overall stiffness

ofthe building. However, mode shapes and corresponding effective masses are similar for the two

cases.

5.4 PERFORMANCE OBJECTIVES FOR THE RETROFITTED NINE-STORY STRUCTURE

The general performance criteria adopted in this study is a "no yielding" essentially

elastic response of the structural elements under the Maximum Assumed Earthquake (MAE)

which has a 10% probability of exceedance in 50 years. The criterion for the Maximum

Considered Earthquake (MCE, 2% probability of exceedance in 50 years) however permits up to

0.5% plastic hinge rotation at the beam-ends. This plastic hinge rotation requirement is based on
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the findings of many researchers who have studied the performance of typical pre-Northridge

welded connections.

The general performance based design objective is to reduce the various response

quantities but most importantly to control the interstory drifts so that plastic rotations at the beam

ends are within acceptable limits. This plastic hinge rotation criterion (Bp<0.005 rad) is therefore

the most significant and challenging aspect of the retrofit design.

The retrofit design of the example building is given in what follows.

5.5 DETERMINATION OF THE STRUCTURAL CAPACITY: PHASE I

Overall capacity of the example structure is determined in two stages; a) elastic-modal

analysis, and b) plastic analysis.

Step 1: As was mentioned previously (figure 2-7), linear elastic portion of the push-over curve

can be approximated using the first mode period of vibration of the structure (equations

(2-17) and (pI-1b». Elastic stiffness is calculated based on

the first mode period of the exterior frame only, To = 2.12 sec., since the interior frame

beams yield at relatively small drifts,

CS1r = 47r
2

Sd =0.895A
c.ef T 2 Sg 0

(PI-lb)

Step 2: Plastic base shear capacity is determined using equations (PI-2a) and (PI-2b). Equation

(PI-2a) is plotted in figure 5-2 which has a minimum value-at nsp = 6. Hence,

~ (n - 6) -
C S1r = bopf SF - =0.302

c.pf W
T

(pI-2a)

It must be noted here that reduction in the plastic moment capacities of the columns is

taken into account for the presence of the gravity loads on the columns. A comparison

of Drain-2DX push-over analysis result and simplified analysis is shown in figure 5-3.

A 3% percent post yield stiffness ratio is assumed in both analyses.

P-B effect on the structural capacity is accounted for using equation (PI-2c). Equivalent

SDOF height is determined based on the modal analysis results as:
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p~ h h s

e e

(PI-2c)

Also shown in figure 5-3 are the Drain-2DX and simplified analyses results including

P-8 effects. As can be seen from the figure, simplified analysis provides a very reliable

estimate for the structural capacity. In order to facilitate further design iterations, a

Menegotto-Pinto model introduced in equation (4-3) is used with a shape factor of R =

4.

where initial elastic stiffness Kl was calculated based on the first mode period

5.6 PRELIMINARY RETROFIT DESIGN OF THE NINE-STORY BUILDING: PHASE II

The normalized design capacity of the supplemental system is iteratively determined

using the procedure described in section 4.4.2. It must be noted here that the demand Cd is

amplified by the factor A. to take uncertainty in the ground motion into account.

Step 0: Target Displacement Response

The target design drift 0 max, at the roof level (or at the effective height, he) is chosen to

be 0.5% which corresponds to a roof displacement of

x;:: =0.186m.

Step 1: Total Effective Damping, ~;;;a'

Total effective damping is initially assumed to be 10%. After a few iterations (see

section 4.4.2) for a damper only design (i.e. rd = 1.0), the total effective damping is

found to be

~;;al = 19.2%

for which the reduction factors are
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B
s
=(~:;O/J0.5 =(0.192)°·5 =1.995

0.05 0.05

(
;:;01 J0.3 (0.192)°.3

B, = - = -- =1.513
0.05 0.05

Hence, corresponding ground motion demand,

15C 15 C;g =1.5 0.4
2

.9.81 =0.199
• d =. 2 2

4Jl" B1 X max 4Jl"2 .1.515 2 ·0.186

Therefore the effective period Te can be calculated as,

T, = 21CJXm" =21C 0.186 =1.94 sec
gCd 9.81· 0.199

Step 2: Required Supplemental System Capacity

Structural capacity corresponding to the target displacement can be either calculated

using equation (4-3) or read off the capacity-demand curves shown in figure 5-4,

c;t1' = 0.145

Therefore required supplemental system capacity is,

C;UP = Cd _c;t1' = 0.199-0.145 = 0.054

Also shown in figure 5-4 is the 2% and reduced design demand curve. The response of

the unretrofitted structure subjected to design earthquake i~ expected to be at the

intersection of the reduced demand and capacity curves. However, as was mentioned

in section 2, variations should be expected due to the uncertainties in the ground

motions.

Step 3: Damper and Fuse Capacities

For a damper only design (rd = 1.0, rf= 0.0),

C: = rdC;up = 1.0 .0.054 = 0.054

C[ = rfC;up =0.0·0.054 =0
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Step 4: Hysteretic Damping, ~~;

Since at the target design displacement, the structure is expected to respond linearly,

then the hysteretic damping ~;;= 0, hence

Step 5: Hysteretic Damping due to' Fuse Yielding, ~4

(since rf = 0)

Step 6: Added Damping due to Dampers, ~d

The damper power is chosen to be a = 0.2, therefore the added damping due to dampers

can be calculated as,

Cd ( )o.IS(a-l)
j: = _c_ 2;r g0.5(0.8Sa+O.lS) x0.5(I.1Sa-O.IS) eO.S(0.8Sa-1.8S)

~d l+a 0.75 max d

= 0.054 .( 2;r )-0.12 .9.81°.16 .0.186°.04 .0.199-0.84

1.+0.2 0.75

=17.9%

Step 7: Total Effective Damping, ~::;;.a'

~::;;al =~:; +~4 +~d = 2%+0.%+ 17.9% = 19.9%

which is equal to previous value, therefore the preliminary design is satisfactory.

Design parameters are summarized in table 5-3 for the damper only and damper+fuse

design in which equal damper and fuse capacities are chosen (rd = rf= 0.5).

5.7 IMPLEMENTATION OF THE SUPPLEMENTAL SYSTEM: PHASE III

Based on the preliminary design, the normalized damper and/or fuse capacities are

calculated. In the third phase of the design, desired supplemental system configuration is chosen

and the supplemental system components are detailed together with the chosen system layout.

This process for the example structure is given for DTR and PTFD solutions in what follows.
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Table 5-3 Summary of Preliminary Design

Target Roof Drift =0.5%, Damper power, a =0.2

{/O'al 8. 8. Cd Te c;" C;UP c; c! qJ q4 ,;,'"Tff 'ff
% sec % % %

Damper 19.9 1.995 1.513 0.199 1.941 0.145 0.054 0.054 0.0 17.9 0.0 2.0
Only
Damper

16.9 1.840 1.442 0.219 1.849 0.145 0.074 0.037 0.037 11.4 3.6 2.0+Fuse

Table 5-4 Summary of DTR Design Parameters

Total equivalent (SDOF) damper coefficient, c =2,400 kN/(m1sec)O.2

St. Mode Norm. Norm. Interstory C(1. Py Xy K2 Xmas

No. Shape Inertial Story Drift
kN/(m/st (kN) (mm) (104kN/m) (mm)

Force Shear %

9 1.000 1.000 1.00 1.98 900 550 2.7 16 25

8 0.938 0.893 1.89 1.98 1750 1000 2.7 30 25

7 0.846 0.787 2.68 1.98 2500 1450 2.7 43 25

6 0.746 0.680 3.36 1.98 3100 1800 2.7 53 25

5 0.633 0.574 3.93 1.98 3640 2124 2.7 62 25

4 0.518 0.467 4.40 1.98 4100 2400 2.7 70 25

3 0.386 0.361 4.76 1.98 4400 2600 2.7 76 25

2 0.269 0.254 5.02 1.98 4650 2700 2.7 80 25

1 0.148 0.148 5.16 2.74 4550 2800 3.5 63 34
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5.7.1 Example DTR Design: PHASE III-A

Elastomeric Spring Dampers with re-centering characteristics are designed for the retrofit

of the example building.

Step 0: Damper Coefficient. Ca

Total equivalent (SDOF) damper coefficient is calculated as,

Step 1: Damper Size Distribution

Damper size distribution, proportional to the story shears, corrected for the damper brace

inclination is determined using equation (PIII-A-1a) and tabulated in table 5-4.

5.7.2 Example PTFD Design: PHASE III-B

Elastomeric Spring Dampers are designed and the tendon layout is determined based on a code

lateral force distribution with k = 1.65 given in equation (2-1). The design procedure is iterative

once the damper tendon layout is determined. The maximum tendon force is updated after the

previous iteration (based on the supplemental system capacity), as it equals to the sum of

maximum supplemental system capacity and prestress force. This affects the tendon cross

sectional area hence the supplemental system deformation (Equation (PIII-B-2a))

Step 0: Tendon Layout

Tendon layout is determined based on the overturning moments as mentioned above

and solving the matrix equation given in equation PIII-B-Oa. Scaled tendon layout is

shown in figure 5-5

Step 1: Tendon Design

Maximum design force in the tendon is calculated as:

C;UPWT = 0.054·44,197 = 2,800 kN
cos 0

0
cos(31.4°)
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Table 5-5 Determination of Supplemental System Deformation

Story No. Story Interstory Tendon Tendon Tendon Xsup

Displ. Displ Angle Length Force

(mm) (mm) (m) (kN) (mm)

9 186 32 68.0 4.27 2083 11

8 154 18 53.5 4.93 2402 11

7 136 18 44.6 5.64 2748 13

6 117 18 39.2 6.27 3056 14

5 98 18 35.8 6.77 3304 15

4 81 18 33.6 7.15 3487 15

3 62 18 32.4 7.40 3608 16

2 44 18 31.7 7.54 3677 15

1 26 26 31.4 10.53 3705 22

Cumulative Xsup = 132

Table 5-6 Summary of PTFD Design Parameters

ca Py xy K2 Xmu Max.F. Fuse Fuse Tendon Initial
Force! Dia. Length Force Prestr.

(kN/(m/st) (kN) (m) (104kN/m) (m) (kN) (m) (m) (kN) (kN)

2,131 1,852 0.003 3.00 0.20 - - - 3,705 925

1,455 1,275 0.003 3.00 0.20 1,915 0.07 1.5 6,376 1,145

!For the fuse+damper design, rd = rf= 0.5
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Step 2: Device Deformation

If a prestressing tendon withJ;. =450 MPa is chosen, supplemental system deformation

Xsup (Equation PIII-B-2a), can be calculated as tabulated in table 5-5.

Step 3: Damper Design (rd = 1.0)

The damper coefficient can be calculated using equation (PIII-B-3a)

c. = ( C:W
T:~OS«(}.) -Fp

)(~X l(!'!L)'".
T

eff
sup 0.75

= (0.054.44,197/ cos(31.4) _ F ) I

1.0°02
p (2;r )002(1.94)00IS0002

-·13.3 -
1.94 0.75

= 2,131.0 leN /(rn/ S)002

where Fp =the prestress in the tendons (in the first iteration Fp =0)

Therefore, ESD should be designed to have preload level Py,

( )

a (T )OolSa
Py =ca 2;r X

sup
-!!L =1,850 leN

Teff 0.75

Step 4: Fuse and Prestress Design

Based on the above design assumptions, no fuse design is necessary since, rf = O.

However, at this point of the design process, desired prestress Fp , should be calculated.

For this example, a prestress level, which is equal to 50% of the damper preload, is

chosen, hence,

F = Py = 1,850 = 925 leN
p 2 2

After a few iterations, supplemental system parameters are calculated and listed in table

5-6. Also summarized in the table are the design parameters for the fuse+damper alternative

based on the preliminary design parameters given in table 5-3.
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5.8 PERFORMANCE AND EVALUATION OF THE RETROFITTED STRUCTURE WITH THE
SUPPLEMENTAL SYSTEM

The previously introduced enhanced version of nonlinear time history analysis program

DRAIN-2DX was used to evaluate the performance of the example structure subjected to ground

motions representative of MAE and MCE earthquakes. Results of the following ground motions

are presented: 1940 El Centro SOOE, 1972 Taft S69E and 1994 Northridge - Arleta 900
• These

ground motions were scaled to peak ground acceleration (PGA) of OAg for the MAE. Three

ground motions (scaled to PGA=0.60 g) that are representatives of the MCE are 1994 Northridge

.- Sylmar County Hospital (PGA=0.61 g), 1979 Imperial Valley - Array 5 (PGA=0.59) and 1995

Great Hanshin - Kobe Station (PGA=0.69) were used. Five percent and twenty percent pseudo

acceleration response spectra of these ground motions are plotted in figure 5-6, and compared

with the corresponding design spectra. Undamped (unretrofitted) response of the structure is

compared to those with various supplemental system configurations designed in the previous

subsections mainly with reference to above mentioned target design and performance objectives.

It must be noted here that the target design objective yields a total effective damping ;:;;0' of

about 20% for all the design alternatives.

5.8.1 Expected Performance under the MAE and MCE ground motions

The effect of the supplemental system-tendon system on the capacity of the example

frame is evaluated after the above design detailing. Figure 5-7 compares the analytically (plastic

analysis and Menegotto-Pinto modeling) obtained capacity curves with those obtained from

Drain-2DX.

As was previously introduced in section 4, reduced demand curves that account for the

added damping due to fuse-bar yielding and dampers are obtained for two configurations and

two ground motions. These design curves are shown in figures 5-8 through 5-11. As can be

seen from the figures, performance point is defined as where the reduced demand curve

intersects corresponding capacity curve. It must be noted however, that these performance

points are considered to be mean response. Hence, variations should be expected as discussed in

section 2.
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5.8.2 Undamped and Damped Response Under MAE Ground Motions

Overall response of the example nine-story steel structure is plotted in figures 5-12 and 5

13 for the three MAE ground motions. A general overview of the undamped response

(especially under EI Centro) reveals the fact that structural system was well designed according

to the seismic code requirements. However, as can be seen from figure 5-13a, considerable

number of plastic hinges (although generally less than 0.5% radian) form under the scaled Taft

ground motion. Moreover, it can be seen from figure 5-12 that large interstory drifts may be

expected in the upper four stories. Therefore, as part of the retrofit these stories are braced. Also

plotted in figure 5-13b is the performance point of the structure on corresponding pushover

capacity curve along with the 5% damped demand curves of the two ground motions.

Maximum response envelopes for the damper tendon and fuse+damper tendon designs

are plotted in figures 5-14 through 5-19 in comparison with the undamped response. In general,

both designs reduce the maximum response consistently below the elastic limits; hence the

structure remained elastic at all times. A uniform interstory profile is obtained. Interstory

column shear is reduced and the target design roof displacement is attained. However,

overturning moments are amplified. This. is because the added supplemental system stiffness as

can be seen on figures 5-8 through 5-11. Performance points of the structure are plotted in figure

5-20 on corresponding modified (for the presence of supplemental system) pushover curves

along with the 20% damped demand curves of the two ground motions. Variations in the

response are attributed to the ground motion variability.

It must be noted here that Arleta ground motion is characteristically different than El

Centro and Taft ground motions. The impulsive nature is evident from figure 5-16 as the

maximum response occurs early in the time history (first major cycle of response). Moreover,

undamped structure response reaches up to about the same level 7 sec. after the first. This is

especially an undesirable response type for the damper-tendon as well as fuse+damper-tendon

designs since after the fuse yields during the first impulse (response), supplemental system

capacity technically relies on that provided by the dampers only.
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When comparing the performance of the two design alternatives, one must realize that the

size of the damper device needed for the fuse+damper design is about 40% less than that of

damper only design. Hence, considerable cost saving is evident.

Both the damper truss solutions namely, proportional distribution and uniform

distribution performed within acceptable limits with no significant difference. However, a

uniform distribution may be desirable since it provides better control of interstory drifts as shown

in figures 5-17 through 5-19.

5.8.3 Undamped and Damped Response Under MCE Ground Motion

As part of the verification phase (PHASE V), example structure was analyzed under 1994

Northridge - Sylmar County Hospital, 1979 Imperial Valley - Array 5 and 1995 Great Hanshin

Kobe ground motions (all scaled to PGA = 0.6 g). These ground motions are thought to be

representative of the MCE gJ:'ound motion, hence according to performance objectives (see section

5.4), supplemental system(s) should not allow any plastic hinge rotations larger than 0.5%.

Maximum response envelopes for the damper tendon and fuse+damper tendon designs

are plotted in figures 5-21 through 5-23, in comparison with the undamped response. Although

significant yielding can be observed from the figure, the plastic hinge rotations stayed below

0.5% radians at all times except under Lexington Dam ground motion. The distribution of

beam/column hinges on the unretrofitted structure for Sylmar case is depicted in figure 5-24.

The overall difference between the undamped frame and the damped frame is apparent. While

inelastic response is occurring in the damped frame, it is both of lower magnitude and less

widespread. However, as can be seen in figure 5-24, although the general response is controlled

by the fuse+damper-tendon system under Lexington Dam ground motion, high overturning

moments cause plastic rotations to take place even above the permitted limit.

Sample fuse and damper hysteresis are shown in figures 5-25 and 5-26 for Sylmar and

Kobe ground motions. As can be seen from these figures, supplemental system is in fact

designed for a sufficient deformation capacity (i.e. Xmax = 0.20 m).
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Table 5-7 Natural Period of Vibrations and Participation Factors for the Mass Normalized

Mode Shapes

ParticipatIOn factors for the mass normalIzed mode shapes

Undamped Damper Tendon Fuse+Damper Tendon

Mode 1SL 2fiU 3ru 1Sl 211u 3ru 1" 211u 3ru

Period 1.78 0.65 0.26 1.49 0.60 0.35 0.61 0.51 0.35

Part Fact· -1.344 -0.510 0.263 -2.016 -0.719 -0.443 -0.263 9.430 -0.421

1 ..

5.9 DISCUSSION OF THE PERFORMANCE OF PROPOSED SUPPLEMENTAL SYSTEM

It is evident from the analysis results summarized in the previous subsections that the

proposed preliminary design methodology is sufficiently accurate in light of the randomness of

ground motion spectra. Moreover, it is suitable for most of the design and retrofit alternatives

with supplemental energy dissipating systems. However, since the overall response may be

affected by the variations in ground motion characteristics as well as higher mode effects, a

comprehensive verification is generally needed to verify the adequacy ofthe design.

Prestress tendon solutions (damper-tendon and fuse+damper-tendon) characteristically

modify the structural dynamic properties (dominant mode shape etc.). Since the determination

and detailing of the tendon layout is initially based on the undamped response of the structure,

balanced inertial loads on the damped structure are in fact different than those initially

considered. First three natural periods and corresponding participation factors are summarized in

table 5-7 for the two alternative designs. It can be seen from table that while modifying the

mode shapes, the tendon layout also alters the respective participation factors, hence increasing

the higher mode contributions on the overall response. The expected damping forces (hence

damping) cannot be attained fully, merely due to fact that the inertial loads that the design is

based on, are not in fact balanced effectively. Consequently, although it may not be possible to

design a 100% optimal layout, an iterative procedure should be adopted which would close in

upon a "near optimum" layout. .Finally, due to high variations in structural system

characteristics, each problem should be treated on its own merits.
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As can be seen from the overall response comparisons, target design (performance

objective) can be more efficiently attained with a fuse+damper combined supplemental system.

The maximum response of the structure is reduced below the desired limits with both designs.

However, it can readily be said that fuse+damper design provides a more economical design.

Although column shear forces are reduced by about 20-30% at the base level, overturning

moments are not significantly (as expected) reduced due to the extra stiffening introduced and

the consequence of possible higher mode effects. If the inertial loads were truly balanced, a

significant reduction in both the displacement and member forces could be expected. Finally, in

general prestress losses were in the order of 5% of the initial level.

5.10 SUMMARY AND CONCLUSIONS

A retrofit design example of a nine-story flexible steel building structure was presented.

An innovative configuration was proposed in which tendons· are draped so as to balance the

equivalent lateral inertial loads and the supplemental devices are located at either end of the

tendon system (Load Balancing Prestressed Tendon-Fuse+Damper Solution, PDTF). Design

formulations were derived and step-by-step design algorithms given in section 4. Because of the

manner in which damping forces are transferred, the second alternative design and configuration

is considered to be preferable. However, it was also noted that the tendon layout should be

determined by an iterative process in which the change in system stiffness (hence mode shapes

etc.) is accounted for. Furthermore, it was pointed out that the proposed fuse-damper system

might be especially effective under pulse type ground motions. It was noted that the fuse-bars

provide high initial stiffness and therefore are desirable also under service conditions (wind loads

etc.).

It is noted that the variations m the seismic response (for which the

structure/supplemental system is designed) should be expected as was pointed out previously in

section 2.
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SECTION 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

In this study, various factors that have an effect on the development of seismic design of

reinforced concrete and steel structures were studied. It was realized that in developing

simplified design methodologies, straightforward and accurate idealizations are needed. One

form of idealization is to linearize the actual nonlinear device properties. The most commonly

accepted and employed linearization technique is based on the amount of dissipated energy by a

viscous device in one cycle of response. However, a linearized model based on power

consumption equivalence between a linear and nonlinear viscous device yields an accurate and

simple relationship. To satisfactorily use any linearized method, exact spectral velocities should

be used in design formulations. For this purpose, a set of 36 strong ground motions

(characteristically near-source ground motions) and their components were used to generate the

customary pseudo velocity and also actual-velocity spectra. Empirical expressions were

obtained to enable transformations between pseudo and actual velocities as a function of

damping and period. These relationships were then simplified to permit their use in design

formulations. Hence, simplified velocity transformations were used in the proposed equivalent

power consumption approach to determine the equivalent properties of nonlinear viscous

dampers.

To further facilitate the simplified design methodology, the notion of a normalized

damper capacity 8, was introduced. This parameter (8) was used in the preliminary design

formulations in which a SDOF idealization was used along with the capacity-demand spectral

design approach. This design approach lends itself to a simplified hand analysis by means of an

elasto-plastic representation of capacity (lateral strength, pushover) curve for the MDOF system.

On the basis of analyzing the 36 ground motions, it was concluded that the main source

of design uncertainty is due to the random variability in the ground motion demand on the

structures. Therefore, an attempt was made to quantify these uncertainties through statistical

analysis. This analysis was performed on the above-mentioned set of scaled ground motions.

Consequently, standard log-normal dispersion factors (/3) were proposed for the assessment of
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0.5) period ranges of the spectral0.2) and long (PIvariability within the short (Ps

acceleration curves.

Finally, the results of the above-mentioned studies were addressed and implemented in

the preliminary design and detailing of the proposed supplemental system configurations. A

retrofit design example of a nine-story flexible steel building, located in Los Angeles area, was

presented. Based on a preliminary design using capacity-demand nonlinear static procedures,

time-history analyses were conducted to assess whether the design objectives were met. Results

from this analysis showed that although the dynamic response could be reduced, some variability

in interstory drift as well as forces is to be expected due to the effects of ground motion

variability and also higher mode response.

6.2 CONCLUSIONS

The important conclusions drawn and observations made on the implications for design

and practical applications are summarized. Concluding remarks are made regarding the

simplified design methodology and various other issues investigated. Finally, conclusions

related to the analytical study are given.

6.2.1 Design Implications and Methodology

1. The Capacity-Demand spectral design approach can be efficiently employed In the

preliminary as well as final design stages provided that a reliable SDOF idealization of the actual

MDOF system is used.

2. Rigorous pushover analysis is often considered to be a more realistic way to determine

the structures' lateral capacity. However, it must be understood that any pushover analysis is in

fact a step-by-step plastic analysis. Therefore, a nonlinear pushover analysis can be effectively

replaced (without losing accuracy) by a two-stage elasto-plastic analysis for regular structures.

The first stage gives the elastic stiffness (and hence natural period), the second stage the plastic

strength (limit) capacity.

3. The amount of damping due to supplemental systems that are of [nonlinear] viscous

nature can be quantified in terms of equivalent linear damping by an equivalent power

consumption approach. This approach provides a simple, straightforward relationship that can

be efficiently included in the design process.
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4. Damping calculations may be quite sensitive to the velocity response of nonlinear

dampers. In fact, it should be kept in mind that the traditional approximation of the actual

maximum structural velocity by pseudo velocity is not a good approximation, especially for short

and long period response and particularly at higher damping levels. Although it is non-trivial to

find a precise relationship between pseudo and actual velocities, a straightforward empirical rule

based transformation has been proposed which is a function of both the damping level and

natural period.

5. As part of the preliminary design, normalized damper capacity is introduced based on the

equivalent linear damping formulation that used the above-mentioned velocity transformation.

When written in terms of spectral quantities, the normalized damper capacity can be efficiently

used along with the SDOF idealization.

6. Among many other sources of uncertainties involved in the seismic design in general,

those that are associated with the ground motions (demand) are the most challenging to quantify.

A statistical approach, however, yields two distinct log-normal standard deviations from the

mean response for the short (f3s = 0.2) and long period ranges (f31 = 0.5).

7. Finally, it must be noted that the proposed design methodology starts with a structure

which may be designed for gravity loads only.

6.2.2 Case Study- Design Example

A real 9 story steel building that suffered damage in the 1994 Northridge earthquake was

used as the basis for a case study for retrofit design.

1. The computational model developed for the analytical evaluation of the ESD devices

proved to be dependable and accurate. The model captured the main characteristics of the

nonlinear-velocity dependent behavior of these devices. The computational model was

implemented into a general purpose-nonlinear time history analysis program, (Drain-2DX) and

validated against experimental results obtained from testing the 1/3 scale concrete and 1/4 scale

steel buildings.

2. The proposed preliminary design procedure for idealized SDOF provides good estimates

for the supplemental system capacity when MDOF distribution of the damping forces are taken

into account by proper transformations.

3. Plastic methods of pushover analysis (including P-~ effects) provide a simple but
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accurate way to estimate the structural capacity.

4. The draped tendon layout used in the load balancing approach should be iteratively

determined as the higher mode effects may significantly reduce the effectiveness of the

supplemental system. Code-based distributions (first mode dominant response) of the inertial

forces can be used as an initial approximation.

5. In case of maximum considered earthquake ground motions for which structures are

permitted a limited amount of yielding, dominant modal properties change during the response.

As a result, the effectiveness of the load balancing tendon solution may diminish, but not

significantly. This can be observed from the time history analyses results obtained; the

performance points when plotted on the capacity-demand spectra do not always correspond well

with the SDOF prediction. However, response variations are within the expected range due to

ground motion variability.

6. Although design objectives are achieved for the maximum roof displacement response, it

is difficult to obtain a uniform interstory drift profile. This is because of higher mode effects on

the efficiency of the tendon layout as the balanced inertial loads may in fact be different than

those the system is designed for.

7. Fuse-bars can be used in series with the damper devices for a more economical design as

the required damper size is reduced by about 40% (for the analyzed structure) from the damper

only design to a fuse + damper design.

8. High levels of accelerations (and floor inertia forces) may be expected especially at the

upper stories, but the overall base shear is still reduced by about 30-40%. However, overturning

moment demands are generally increased for the stiffened structure.

9. Prestress level has no effect on the initial capacity of the structure and it does not

significantly affect the overall response. However, a prestress level of at least 50% of the

maximum expected supplemental system force response should be chosen in order to prevent the

tendons from becoming slack. This ensures the effectiveness of the system for low amplitude

earthquakes.

6.3 FUTURE RESEARCH RECOMMENDATIONS

1. The Capacity-Demand spectrum approach in the design of structures discussed earlier is a

deterministic approach. In evaluating the seismic response of structures, it is assumed that

both the capacity and demand curves are known a priori without any associated uncertainty.
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However, in a real scenario, such an assumption may lead to serious inaccuracy in the final

design stage since both the capacity and demand will have some form of probabilistic

variations as mentioned in Section 2. If this is neglected, then the design will be one among

many possibilities from a probabilistic point of view. Alternatively, if the probabilistic

variations in both capacity and demand are known in the form of some distribution, then the

expected response can be ascertained within certain limits of confidence. Probabilistic

versus deterministic response predictions should be assessed.

2. In general, the uncertainty associated with the final design will result from uncertainty in

both the demand and capacity or some combination of the two. The uncertainty in demand is

because at a given location, there can be an array of ground motions with associated response

spectra, which are being generalized to follow a code-specified spectrum. Hence, a statistical

study was undertaken to probabilistically quantify this type of uncertainty. However, similar

studies should be performed by carefully selecting the set of ground motions that can be

characterized according to the site conditions. Uncertainties in the capacity arise from the i)

uncertainty inherent in the method of analysis - approximations, assumptions etc., and ii)

uncertainty associated with the randomness of material properties (concrete/steel strength,

detailing etc.) Once various components of uncertainty are identified and assessed, they can

be combined in to groups that take different types of structural system configurations into

account. Hence, the final design and/or analysis can be represented probabilistically.

Consequently, systematic analyses should be performed with the aid of computational tools.

to reliably quantify these uncertainties.

3. Three-dimensional response of structures with load balancing tendons may pose important

problems if it is not carefully considered in the design. Fuse-bars are designed to yield under

major ground motion shaking. Hence, after the first major peak response, stiffness

characteristics and distribution in the structure will be modified due to yielding of the fuse

bars. This difference in stiffness is likely to promote torsional response. Therefore, the

overall supplemental system should be designed to accommodate the undesired torsional

effects. Moreover, three-dimensional nonlinear analysis tools should be developed and used

in the analytical investigation of this phenomenon.
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