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CHAPTER 1. INTRODUCTION

1.1 Background

The seismic behavior of appendages mounted on structures has been
studied extensively in the past fifteen years, primarily because of the
attention focused on equipment response as a part of the seismic
resistance of nuclear power plant construction, Most of the work is based
on the assumption that both structure and appendage behavior remains
linearly elastic. However, during an earthquake, structures (and
appendages) can undergo inelastiec deformations which may have considerable
influence on their response. This influence is a result of the change in
the stiffness (and natural frequencies) as well as the energy dissipated
during the inelastic excursions,

Inelastic behavior, even when the ductility ratios are small, can
reduce the seismic loads transferred to a structure significantly. The
inelastic behavior of structures (without appendages) has been studied
extensively. Since modal superposition i1s not wvalid in the case of
inelastic structures, usually motion time-history analyses involving step
by step direct integration are performed to calculate the response., For
MDOF structures these calculations are costly and modeling can become
complicated. Simplified methods have been suggested to avoid these
difficulties in estimating nonlinear response (42), (40), (36). Modified
Response Spectra to account for inelastic behavior of SDOF systems also
have been developed (31), (33). The wuse of these Modified Spectra to
calculate the response of MDOF systems still poses some problems (33),

(48), (26).



Although both the response of appendages on elastic primary
structures and the inelastic behavior of primary structures were studied
extensively, it is only recently that some attention has been given to the
seismic response of appendages mounted on inelastic structures. Step-by-
step direct integration, using motion time history of decoupled SDOF and
MDOF priﬁary systems (18), (7), (4l1), (24), (25) were reported. In one of
these studies (24), (25), some combined systems consisting of a SDOF
inelastic primary structure and SDOF elastic appendage also were studied
numerically, showing that decoupling would cause overestimating the
appendage response, The results of these studies were presented as
changes in the floor response spectra computed for the elastic structures.
These results show that appendages mounted on inelastic structures are
usually subjected to lower seismic loads than those mounted on linear
elastic structures, at least over some frequency range. Loading reduction
for the appendage is less than for the supporting structure, Slightly
higher loads can occur in the case of very flexible appendages (24) and
when the appendage is tuned to one of the structure's higher frequencies
(7), (41). These results have significance in the design of nuclear power
plants where certain damage to the structures can be tolerated, especially
if safety related equipment mounted in them remains functional.

However, the studies mentioned earlier are limited in scope and are
based only on numerical computations of the decoupled structures, No
analytical models or ekperimental verifications of the behavior of
appendages on inelastic primary structures are reported. Therefore no
design rules for the general case of an appendage on inelastic structures

can be derived from these studies.
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Although a large amount of analytical work exists about appendages on
elastic primary structures, it is sometimes difficult to understand the
physical behavior of detuned and tuned appendages from the results of
these studies. Also the ranges in which an appendage should be considered
tuned or detuned and the transition from the detuned to the tuned case is
not always clear.

Also, almost noc information exists about experimental tests of
appendages on elastic structures with which the large amount of existing
analytical or numerical work could be compared. Only three cases of
experimental studies of tuned appendages on elastic supporting structures
are reported (3%), (19), (27). These studies which are limited in scope
will be discussed briefly in Chapter 2.

Clearly, clarification of the points just noted appears needed.

1.2 Objectives of Study

The main objective of this study is to establish a better
understanding of the behavior of appendages on inelastic structures by
means of tests. Based on existing conventional methods for the analysis
of iInelastic structures as well as existing couventional methods for the
analysis of appendages on elastic structures, a procedure for the design
of an appendage on a structures that regsponds inelastically will be
suggested in this study. The complexity of such a process requires making
several assumptions and simplifications in the development. The results
of the experiments will be used to evaluate the suggested method and to

modify it empirically if necessary.
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Another objective of this study, is to establish a better
understanding of the behavior of appendages on elastic structures by means
of simple interpretations that will be compared with previous work and
with results of the experiments.

As developed herein, the procedure for the design of appendages on
inelastic primary structures will be based on conventional methods.
Accordingly, some testing of the response of appendages on elastic primary
structures and of the behavior of inelastic primary structures (without
appendages) also should be performed., The results of these experiments
will be compared with results of the analytical metheds that will be used
in the development of the method suggested in this study. This comparison
will be useful as a reference in the evaluation of the suggested method

for appendages on inelastic structures.

1.3 Scope of Work and Organization

In Chapter 2 related work about appendages mounted on elastic and
inelastic structures is reviewed and observations that are important for
this study are made. The different methods which are in use to calculate
the response of an appendage on an elastic primary structure, such as the
decoupled and combined models and floor response spectra are briefly
discussed and their developments are described. For inelastic primary
structures, previous studies involving the numerical generation of
inelastic floor response spectra are described.

In Chapter 3 a simple interpretation of a detuned appendage on an
elastic primary structure is developed and is shown to be identical to the

results of previous studies. This interpretation is extended to the tuned
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case and compared with the results of other studies. A transition between
the detuned and tuned case, which is based on the slightly detuned case
(38), (37) is suggested.

The case of an inelastic primary structure is Freated by modeling the
structure as an equivalent linear system, which is a function of the
ductility. A SDOF structure subjected to harmonic ground motion is
considered and iInsight of the meaning of replacing the actual structure
with an equivalent one is cobtained. 1In the case of earthquakes, existing
relations (42), (16), (ll) are used to estimate the SDOF equivalent linear
system. For MDOF primary structures a procedure to estimate modal
ductility from local ductilities is suggested and is compared with other
studies. Once modal ductilities are obtained equivalent linear modes can
be estimated for the use in the calculation of the appendage response.

In Chapter 4 a description of the experiments is presented. Tﬁe
different models, such as single-story structures, two-story structures,
and the appendages, are listed and described. The test equipment,
including the earthquake simulator and the instrumentation used with the
different models, is described and discussed. The ground motions used in
this study are given and modifications such as filtering and scaling are
described and explained. The tests are divided into three main series:
the preliminary tests, tests of appendages on single-story structures and
tests of appendages on two-story structures. For each series, the models,
the test settings and equipment, the loading, the instrumentation and data
collection are described.

In Chapter 5 the results of the experiments are presented and

discussed. This chapter is divided into three main sections. First the
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preliminary experiments are treated. These include experiments performed
to determine the properties of the structures and appendages as well as
experiments which were used as reference cases. Such experiments are
static inelastic tests of the structures, free vibrations of the decoupled
one and two story structures, free vibrations of the decoupled appendages
and forced vibrations of the decoupled structures and appendages.

In the second section appendages mounted on the single-story
structures are treated. This section includes a test series of tuned and
some mnearly tuned (slightly detuned) models. Free vibrations and
earthquake excitation of the combined systems are discussed.

In the third section appendages mounted on either story of the two-
story structures are treated. Free vibrations and earthquake excitation
of the combined systems are discussed.

In Chapter 6 a procedure 1is suggested to estimate the response of
appendages on inelastic primary structures, based on the discussion in
Chapter 5 and the analytical considerations from Chapter 3.

The results and conclusions are summarized in Chapter 7. The main
conclusion is that the response of appendages on inelastic structures can
be estimated reasonably using the procedure suggested in this study. The
agreement with the results of the experiments is comparable to that

obtained in the case of elastic primary structures.

1.4 Notation
All terms are defined where they first appear in the text. The
'following notation is used in this study:

A maximum ground acceleration



AF  amplification factor

IA(n)l Fourier amplitude spectrum at frequency 0
Ceq equivalent linear viscous damping of an inelastic system
Cro term of the generalized damping matrix (row r and column c)

[C] damping matrix of the decoupled structure
d; detuning parameter from Ref. 37
dg detuning parameter from Ref, 38
D maximum ground displacement
Fy damping force
k  appendage stiffness
K stiffness of a SDOF structure
K stiffness of story i of a structure
K; generalized stiffness of mode j of the decoupled structure
{K] stiffness matrix of the decoupled structure
[K*] generalized stiffness matrix of the decoupled structure

[Keql equivalent linear stiffness matrix of an inelastic MDOF
system

m  appendage mass
M masé of a SDOF structure
MF magnification factor
M, mass of story i of a structure
M; generalized mass of mode j of the decoupled structure
[M] mass matrix of the decoupled structure
M"* 1] generalized mass matrix of the decoupled structure
R resistance
Roax Maximum resistance

Ry modal resistance of mode j



(RY)

&
(R,)
(R,}
{R({u?

SA(G, ()

{u)

{U}

vector of yield resistances of the members (or stories)
modal yield resistance of mode j

vector of resistances R; in the modal coordinates
vector of resistances in the DOF coordinates

vector of resistances in the DOF coordinates

pseudo-acceleration spectrum at frequency £} and damping
ratio ¢

time

earthquake duration

transfer function defined in Eq. 3.61
relative displacement

elastic portion of the relative displacement
maximum relative displacement

ground acceleration

vector of relative displacements

vector of relative velocities

vector of relative accelerations

vector of relative displacement amplitudes
energy dissipated in one hysteresis loop
acceleration of DOF i

maximum absolute appendage acceleration

reference maximum absolute appendage acceleration
(Eq. 3.44)

vector of absolute accelerations
displacement of mode j
acceleration of mode j

yield displacement of mode j



Y, amplitude of mode j
{y} vector of the displacements ¥y in the normal coordinates

1y

vy vector of yield displacements yg in the normal coordinates

{Y} vector of amplitudes Y; in the normal coordinates
a empirical constant
v mass ratio

Yo  modal mass ratio of mode m

4 equivalent mass ratio of a slightly detuned appendage,
Ref. 37
v¢  equivalent mass ratio of a slightly detuned appendage,

Ref, 38

Ty participation factor of mode j of the decoupled structure

ey participation factor of a mode of the detuned combined
system, when the frequency is equal to a frequency of the
structure

Teo participation factor of a mode of the detuned combined
system, when the frequency is equal to the frequency of the
appendage

5 constant defined in Eq. 3.49

¢ damping ratio, damping ratio of a SDOF structure

o1 elastic viscous damping ratio

equivalent linear viscous damping ratio of an inelastic
eq q g

system
¢E equivalent linear viscous damping ratio of an inelastic
agq q plng

system for earthquake excitation

§§q equivalent linear viscous damping ratio of an inelastic
system for harmonic ground motion

£; damping ratio of mode j of the decoupled structure
$o damping ratioc of the decoupled appendage

{yg beat envelope damping ratio



By
Ky

¢1J

¢oj

10

!

{dcs)

{¢co}

(4151

10

coefficient of hysteretic energy for curved force-
deformation relation

coefficient defined in Eq. 3.40
ductility

story (or member) ductility
modal ductility of mode j

modal displacement of the decoupled structure, DOF i and
mode j

modal displacement of the appendage in a mode of the
combined detuned system

modal displacement of DOF i of the structure in a mode of
the combined detuned system

mode shape j of the decoupled structure

mode shape of the combined system, when the frequency is
equal to a frequency of the structure

mode shape of the combined system, when the frequency is
equal to the frequency of the appendage

modal matrix of the decoupled structure

tuning frequency

natural frequency of the decoupled SDOF appendage
lower natural frequency of the combined tuned system
higher natural frequency of the combined tuned system

natural frequency of the detuned combined system, when the
frequency is equal to the frequency of the appendage

beat frequency of the damped combined system

equivalent tuning frequency of a slightly detuned
appendage, Ref. 37

equivalent tuning frequency of a slightly detuned
appendage, Ref. 38

beat frequency of the undamped combined system

natural frequency of a decoupled SDOF structure
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natural frequency of the decoupled MDOF structure in mode j
harmonic forcing frequency

natural frequency of the detuned combined system,
when the frequency is equal to a frequency of the structure

equivalent linear frequency of an inelastic system for
earthquake excitation

equivalent linear frequency of an inelastic system for

harmonic ground motion
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CHAPTER 2. REVIEW OF RELATED WORK

2.1 General

Over the years there have evolved, especially in connection with
nuclear power plant design (1), (2), wvarious approaches for designing
appendages mounted in structures. In most cases it is assumed that both
the appendage and the .supporting structure are linearly elastic and one of
the following analysis methods is normally used: |

Decoupled models employing motion time history analysis (Figure 3.1)

The decoupled structure is subjected to the ground motion and the response
at the point of attachment of the appendage as a function of time (time
history) is obtained by a numerical solution of the equations of motion,
either directly or by using modal superposition. Interaction between
structure and appendage is usually neglected, under the assumption that
the mass of the appendage is small, The appendage is then subjected to
the motions calculated at the point of support. Neglect of interaction
can lead to overestimating the appendage response, particularly in the
case where the 4ppendage is tuned or slightly detuned to one or more
frequencies of the structure (53), (37).

Combined Model employing motion time history analysis (Figure 3.2)

The structure and appendage are included in a combined model, so that the
interaction between the primary and the secondary systems is included in
the analysis. This model is subjected to the ground motion and the
response as a function of time is calculated usually by the method of
modal superposition. Numerical difficulties may arise from the large

differences in the elements of the mass and stiffness matrices, and
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different damping ratios may lead to nonproportional damping. In the case
of MDOF appendages on MDOF structures, the use of this method can become
complicated and costly.

As a result of these difficulties, as well as the fact that the
structure and appendage are designed separately, this method is seldom
used in practice. The method is often considered as an exact solution and
used for comparison with other methods. Recently, methods were suggested
to evaluate the frequencies and mode shapes of the combined system from
those of the decoupled structure and appendage, so that some of the.
numerical difficulties mentioned earlier could; be avoided (29), (53),
37y, (9), (15).

Floor response spectra -- Since the ground motion during an

earthquake camnot be predicted exactly, several analyses using several
different ground motions are needed when the appendage vresponse is
estimated by the decoupled or combined model. In order to avoid the need
for sevsral analyses, floor response spectra, which are plots of the
maximum response of the appendage as a function of 1ts natural frequency
and damping, were developed.

Floor response spectra for the point of attachment in the structure
are calculated from time-histories of ground motions or directly from the
response spectra (17), (34), (39), (10). Interaction between structure
and appendage 1is wusually neglected but recently the effects of
interaction, tuning and nonproportional damping also have been studied
(29), (39, (53), (37).

In normal practice, floor response spectra for several earthquakes

are calculated, averaged, smoothed and the peaks are widened to give floor
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response spectra for the design (floor design spectra). The maximum
response of the appendage is estimated from one computation invelving
modal analysis and response summation which replaces several computations
involving step by step time integration. However, oﬁly the maximum
response can be obtained.

The main difficulty in the development of floor response spectra is
in the determination of the amplification of the resonant case, i.e., when
the appendage is tuned or slightly detuned to a frequency of the

structure.

2.2 Appendages on Elastic Primary Structures

The development of analysis methods which include interaction of
appendages and elastic structures is reviewed here briely. The purpose of
this presentation is to point out some common properties that will be used
in this study, Some of the references will be discussed in detail in
other chapters, where they are related to the analytical model ox
experiments.

Biggs (4}, (5) suggested estimating the amplification as a weighted
Square Root of the Sum of the Squares (SRSS) of the amplification factors
of each appendage normal mode with each structural normal mode. For the
detuned case these amplification factors were determined assuming that the
input to the appendage consists of harmoniec components of the ground
motion at the appendage frequency, amplified by the damped structure. For
the tuned and slightly detuned case these amplification factors are
determined numerically as a function of the ratio of the periods of the

appendage and the structure.
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Newmark (32) and Nakhata, Newmark and Hall (29), suggested a
procedure to approximate the normal modes and natural frequencies of the
combined system, assuming that the significant input to the appendage
consists of a series of harmonic components. Amplification factors for
each mnonregonant appendage normal mode with each structural normal mode
are calculated. Amplification for the resonant case 1is approximated
semi-empirically as a function of the effective mass ratio and appendage
damping. The total amplification is estimated by the Absolute Sum (ABSS)
rule.

Villaverde and Newmark (53) developed a procedure to calculate the
natural frequencies and normal modes of the combined system by decoupling
the structure and appendage and applying the interaction force on both,.
The frequencies of the resonant case are approximated from a reduced
eigenvalue problem, where only the two modes of the decoupled systems
whose frequencies are close are taken into account. For the nonresonant
cases the frequencies of the combined and decoupled systems are
approximately the same. The eigenvectors of the combined system are
calculated as linear combinations of the eigenvectors of the decoupled
systems, using results derived in the first step. Then the response and
amplification of the appendage can be calculated, using response spectra
and the SRSS rule. The procedure was expanded to include nonproportional
damping and two points of attachment.

Ruzicka and Robinson (37) used an undamped 2-DOF system to study the
case where the appendage is tuned or slightly detuned to one frequency of
the structure, The solution could be simplified due to the small mass and

stiffness ratios and approximations were obtained for the frequencies and
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mode shapes of the combined system. Two closely spaced frequencies were
obtained and the free vibrations were characterized by a beat phenomenon.
The response of the appendage to ground motion was obtained using
Duhamel’'s Integral and also was characterized by the presence of beats.
The appendage maximum response was then estimated, assuming that it occurs
after the earthquake (short ground motien) and then extended for long
ground motions. The method was then expanded to include proportionally
and nonproportionally damped systems (using frequency domain analysis).
Finally the method was expanded to include MDOF appendages on MDOF
structures, including the response of the detuned modes.

An independent parallel study was conducted at the University of
California at Berkeley by Sackman and Kelly (38), (39) and Der Kiureghian
et al. (9), (8). In this study frequency domain analysis and Laplace
transforms were used instead of the modal analysis procedure used in the
study conducted at the University of Illinois., The results of the two
studies are generally similar.

Random vibration techniques were utilized by Singh (43), (44), (45),
(46) for the construction of Floor Response Spectra.

All these methods show some important common properties that will be
used in this study, namely the following: the amplification of each mode
of the appendage with each mode of the structure 1is caleculated, a
summation of these amplifications is performed usually by the SRSS rule,
and the nonresonant case 1is usually simple in form (decoupled}. Some
problems are assoclated with the resonant case that require certain
assumptions concerning the earthquake and/or some approximations

asgsociated with the small mass of the appendage.
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2.3 Appendages on Inelastic Primary Structures

Kawakatsu et al. (18) used motion time-history step by step direct
integration to calculate the response at. different locations of a
decoupled inelastic MDOF primary structure. Two earthquake records were
used in this study, The results were used to generate floor response
spectra that were compared with floor response spectra calculated for the
elastic structure. These results sghow that appendages on inelastic
structures are subjected to lower seismic loads than appendages on elastic
structures when they are tuned to the fundamental frequency of the
structure. Higher seismic loads can exist in the higher frequencies.

Coats (7) reports a similar study with similar results.

Sewell et al. {(41) conducted an extensive numerical study,
calculating the response at different locations of a decoupled MDOF
primary structure. The influence of several parameters was investigated
and included such items 4as the iIntegration method, ground motion and
structural properties (number of DOF, damping, hysteresis:type, ductility)
but yielding was restricted to one location in the structure. Again, the
results show lower seismic loads for appendages tuned to the fundamental
frequency of the structure. 1In higher frequencies, seismic loads can be
lower or higher and the dependence on the different parameters is not
always clear. ﬁigher seismic loads also can occur in lower frequencies.

Lin and Mahin (24), (25) used motion time-history step by step direct
integration to calculate the response of decoupled SDOF inelastic primary
structures. Ten earthquake records and two types of hysteretic models
were used in the analysis. Floor response spectra were generated and were

compared with floor response spectra calculated for the elastic primary
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structure. The results show lower seismic loads when the appendage is
tuned or has a higher fredueﬂcy ‘than the structure. Slightly higher
seismic loads can occur in lower frequencies. The influence of
interaction between structure‘and appendage was studied by analyzing some
cases of tuned combined systéﬁs, also wusing step-by-step direct
integration, The results show that floor response spectra based on
decoupled structures will overgstimate the appendage response.

These studies are limited inlscope and illustrate certain tendencies
of behavior, Prediction of the response of the general‘ case of an
appendage mounted on inelastic structures cannot yet be derived from the

results as published.

2.4 FExperimental Studies

Sackman and Kelly (39) tested tuned light appendages mounted on an
elastic three-story structure that was subjected to three different
earthquakes. The results were used qualitatively to suggest a summation
rule for the appendage maximum responses in the detuned and tuned modes.

Kelly (19) tested tuned light appendageslthat were mounted on an
elastic five-story base-isolated structure and was subjected to three
different earthquakes. The results were used to study the effect of three
different base-isolation systems on structure and appendage response.

Manolis et. al (27) tested two detuned and two tuned appendages that
were mounted on an elastic three-story structure and subjected to white
noise and one earthquake. The results were used for gystem identification

and were compared with numerical analyses,
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These studies are limited in scope and cannot be considered as a

systematic comparison of the theory with experimental results.
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CHAPTER 3. ANALYTICAL MODELS

3.1 General

In this chapter, two analytical models are developed. In Section 3.2
the case of a light appendage on elastic structure is treated first.
Since a large amount of analytical work already exists, emphasis is placed
on simple interpretations of the behavior of detuned and tuned appendages,
the transition between the detuned and the tuned case, and estimates of
upper and lower bounds. A comparison of the results with previous studies
gives insight into the behavior of appendages. The case of an inelastic
primary structure is studied in Section 3.3. The idea is to replace the
inelastie structure by an equivalent linear elastic system and estimate
the appendage maximum response using procedures for an appendage on an
elastic structure. The method is developed for a SDOF supporting

structure and then extended for a MDOF supporting structure.

3.2 Appendages on Elastic Primary Structures

3.2.1 Detuned Appendages

An appendage is detuned when its natural frequency is neither equal
to nor close to a frequency of the structure. The range where an
appendage should be considered detuned is discussed in Section 3.2.3. In
this section a simple interpretation of the behavior of a detuned
appendage 1is suggested and the results compared with those of other
studies.

Previous studies of detuned light appendages on elastic structures,

show that the natural frequencies of the combined system are approximately
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equal to the natural frequencies of the decoupled structure and appendage
(29), (38), (53), ¢37). The fact that the frequencies remain unchanged
means that when either structure or appendage vibrates at one of its own
natural frequencies, it applies a harmonic disturbance to the other system
which vibrates at the same frequency but with negligible feedback. To see

this behavior the following assumptions are made:

1) When the circular frequency fi;; of the combined system is equal to a
frequency Q; of the structure, the mode shape of the combined system
is composed of the unchanged mode shape of the structure and the
deformed shape of the appendage subjected to the harmonic motions of '

its supports in the structure.

II) VWhen the circular frequency w;, of the combined system is equal to a
frequency w, of the appendage, the mode shape of the combined system
is compesed of the unchanged mode shape of the appendage and the
deformed shape of the structure subjected to the harmonic forces

applied by the apﬁendage at its supports.

Since this study deals with SDOF appendages, for simplicity only the
case of a SDOF appendage mounted on one location (degree of freedom k) in
a MDOF structure (with n DOF’s) will be treated here. However, the same

procedure can apply to MDOF multiply supported appendages.
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Case I) Og; = Q

The mode shape {écj) of the combined system is

-~

[ #1;

(beyy =1 ¢y o | (3.1)

in which ¢;; is the displacement of DOF i in mode j of the decoupled
structure and ¢,;, 1is the displacement of the appendage (as yet unknown).

The maximum absolute diéplacement response ¢,; of the decoupled
undamped SDOF appendage subjected to the harmonic base motion ¢ sing;t,
where t is the time, is equal to (6)

1 wg
$os = i = by - (3.2)

JZ
1-——] o - 02
Wy J

Substitution of Eq. 3.2 into Eq. 3.1 gives:
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The mode shape {¢y,} of the combined system is

r¢10 3 re I
$20
. 1 U ¢
{¢C°} = o ¢k0 > = < > .
¢n0 . J
\ 1 y \ 1 - J

(3.4)

in which ¢;, is the displacement of the structure DOF i‘(yet unknown) and

{U} is the vector of the unknown relative displacement amplitudes 4¢;,,

where i=1,2,..n.

The appendage with mass

m, vibrating with a displacement amplitude

of 1, applies a harmonic force mwisinw,t to the structure at the point

of support k.

The equation of motion of the decoupled undamped MDOF

structure subjected to this harmonic force is given by

[M1{u} + [K]{u} = <

in which:

(u)
(i}
]
[K]

is

is

is

the

the

the

the

P mwd sinwgt

vector of unknown displacements
vector of unknown accelerations

mass matrix of the decoupled structure

stiffness matrix of the decoupled structure,

(3.5
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Using the transformation
(u} = [&;1ty} (3.6)

assuming harmonic response of the structure

{u} = [(U}sinw,t (3.7a)
{v} = (Nisinwgt , (3.7b)
in which: |

[®,;3]1 1is the modal matrix of the structure (DOF i and mode j)
{y} 1is the vector of displacements in the normal coordinates
(Y) 1is the vector of the amplitudes Y; in the normal coordinates

and premultiplying both sides by [QLJ]I. Eq. 3.5 becomes

8 0 I
0
-[2y 5 17 MI[2; 1 {Y)wf sinw, € )
+ [8,, 1T [KI[2,; 1{Y)sinwgt = (8,17 0 } mo? sinwgt (3.8)
\ 1
0
Lo ]
or )
$e1 ]
¢k2
[-[M*}w% + [K*}]{Y - mw} 1 ot , (3.9a)
\ ¢k!’l y
in which:
M*] = [®,,]7[M][3,] (3.9b)
[K*] = [‘I’ij]T [K][‘I’“] : (3.9¢)

are respectively, the diagonal generalized mass and stiffness matrices of

the decoupled structure,
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Equation 3.9a can be uncoupled to obtain
[-wgﬂg + K;}Yj = mw%¢rk.j , (3.10)

in which Mj and K] are respectively, the generalized mass and
stiffness of mode j of the decoupled structure (terms of the diagonal
matrices [M'] and [K']).

Solving for the amplitudes gives

2

m wy
g - ) =2 s, - G
: My 4tk 2J ™

- wo

Equation 3.6 can be written in the form

n .
(U} = 3 (8,17, (3.12)

i=1 )
in which ({¢;} 1is a mode shape of the decoupled structure, j = 1,2,....n.

Substitution of Eq. 3.11 inte Egq. 3.12 gives

2
Wg

z]qskjwj) (3.13)

- wo

n o,
w -1 [—](
=1 M; O§

and after substitution of Eq. 3.13 into Eq. 3.4, the eigenvector becomes



{¢co} = 9 . ' . (3.14)

The participation factors of the combined system can now be
calculated for the two cases:
Case I) QCJ = 03

S (gl

0 "My
re, = : - (3.15)

n wg 2
Z‘f%jMi + [ ¢ki]m

i=1 Wi - 0%

The terms containing the appendage mass m are small compared to the
summations and will be neglected in both the numerator and denominator,

Equation 3.15 becomes

n n
Y My Téy My
i=1 1=1
I‘cJ == n - T - I‘J . (3.16)
Wi M My
i=1
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The participation factors, Tey» of the combined system are, in this
case, approximately the same as the participation factors, T;, of the

decoupled structure.

n n m wu

)) Mi[Z N 'f’kj‘ﬁij]}"'m

im1 3=1 Mj 0§ - wi

Tgo = . (3.17)
n n m &
I {m (2

im1 j=1 My 0% - o}

Using the orthogonality of the modes of the decoupled structure in

the denominator, Equation 3.17 can be rewritten as

n
n wj ) I
i=1
Y [ b 5 - +1
j=1% 0% - wi M
Too = ] (3.18)
n
. m Wi ) ZMi¢fj
1=1
Z{ * [ 2 P * +1
j=1 MJ QJ - wf Mj

The summation containing the small mass m of the appendage in the
denominator will now be neglected. Each term of this summation contains
three factors. The first factor (mass ratio) becomes very small for low
0y, the second becomes very small for high Qj; and the third is equal to

unity.
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Substitution of Eq. 3.16 into Eq. 3.18 gives

wj

n
Teo =1+ )
i=1 ﬂ§ - ot

Pidey - (3.19)
Using the SRSS rule, the maximum absolute acceleration response of a

detuned appendage X,,, can be estimated as:

2
_'_-2- Pj ¢k) SA(QJ ’cj )]

2

+ [ [ 14 ) — ry ¢kj] SA(wo,go)] }- , (3.20)

i=1 0% - o
in which SA(Dj,fj) is the acceleration response spectrum at frequency
2; and damping ratio ¢{; of the decoupled structure and SA(w,,{,) 1is
the acceleration response spectrum at frequency w; and damping ratio ¢,

of the decoupled appendage.

The results will now be compared with other studies.

Using frequency domain and Laplace Transforms to solve the equations
of motion directly and dropping negligible terms associated with the small
mass, Sackman and Kelly (38) obtained the following expression for the
maximum acceleration response of a detuned SDOF appendage with a single

support, on a MDOF structure:
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2
" Ty éiy SA(ﬂj,S‘j)]

2

n a3 2%
+ [ [E ___—; r_j ¢kj] SA(WQ,S'Q):I } . ‘ (3.21)

i=1 Dg - w5

It is possible to show that Eqs 3.20 and 3.21 are identical.
n
Using the equality IFj¢kj = 1 , the second term of Eq. 3.20 becomes

i=1

n n wz - .
[ er¢kj + Z 5 T ¢ij SA(wy ,8p) (3.22)

j=1 i=1 0 - Wl
and after combining the terms into a single summation

n a3 .
[ E Ty ¢’k3] SA(wg,85) (3.23)
i=1 Qg - w%

which is the second term in Eq. 3.21. 1In the following Eq. 3.21 will be

used instead of Eq. 3.20.

In the case of SDOF detuned appendage on a SDOF structure, Eq. 3.21

t

becomes

wd z ¢ @ 244
Xnax = {[-“—— SA(0,0] + [ﬁ———- SA(wo,go)] } , (3.24)
2 QZ 2

2
wO - - wo

in which @ and  are the frequency and damping ratio of the SDOF
decoupled structure, respectively.

The two terms in Eq. 3.24 are symmetrical.. Since the first is the
result of a structure with a frequency @ driving an appendage with a

frequency w,, the second can be interpreted as the result of a structure
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with a frequency «, driving an appendage with a frequency . This
observation will be useful in the interpretation of the tumed case.

Using time domain solution of the equations of motion and alse
dropping negligible terms associated with the small appendage mass,
Ruzicka and Robinson (37) obtained an expression for the displacements
relative to the ground, of a detuned MDOF appendage multiply supported on
a MDOF structure (Eq. 199 in Ref. 37). It is possible to bring their
expression to a form similar to Eq. 3.21, assuming a SDOF appendage and a
single support. With recognition that the two integrals in their
expression are the relative displacement responses of damped SDOF systems,
the maximum responses can be estimated from the displacement response
spectra. Using the SRSS rule, an expression similar to Eq. 3.21 but for
displacements relative to the ground, is obtained.

It is also interesting to compare the expressions obtained by
Villaverde and Newmark (53) for the relative displacements (distortions)
of a detunedr MDOF appendage with a single support on a MDOF structure
(Eqs. 3.42 to 3.45 in Ref, 53). These expressions were obtained by modal
analysis and compatibility conditions at the support of the appendage.
Assuming a SDOF appendage, these expressions alsc can be brought to a form
similar to Eq. 3.21, by making the same assumption that led from Eq. 3.18
to Eq. 3.19. After some manipulations and the use of the SRSS rule, an
equation for displacements relative to the ground, which is similar to Eq.
3.21, is obtained.

From these comparisons it is concluded that the simple interpretation
suggested in this study leads to response estimates of detuned appendages

that are identical to the results obtained using different, usually more
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involved, approaches. A better understanding of the physical behavior of
detuned appendages is obtained, namely that each of the decoupled systems
vibrates in its own natural frequencies and forces the other system to
vibrate in the same frequencies with negligible feedback. This beha\‘rior
was confirmed from observations that were made during the fr;e vibrations
experiments of the combined structure-appendage systems (Sections 5.2.1

and 5.3.1).

3.2.2 Tuned Appendages

An appendage is tuned when its natural frequency is equal (or close)
to a frequency of the structure. The range of a tuned (or nearly tuned)
appendage is discussed in Section 3.2.3. In this section the simple
interpretation of the detuned case from Section 3.2.1, is extended to the
tuned case and the results compared with those of previous studies.

An approximate solution of the response of a tuned {or slightly
detuned) appendage is presented by Ruzicka aﬁd Robinson (37). Their
solution is based on the equation of motion of the undampéd 2DOF tuned
structure-appendage system, assuming that thé mass of the appendage is
small and characterized by the mass ratio

m k .
Y= — << 1 (3.25)
M K :
in which m and k are the appendage mass and étiffness and. M and K
are the structure mass and sﬁiffness. These mass and stiffness terms are

related by:
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K k
— = yf (3.26)
M m

in which w is the tuning eircular frequency.
The eigenvalue problem of the 2-DOF system was solved and small terms
resulting from powers of <y were neglected to obtain approximate

eigenvalues. Two close frequencies w; and w, were obtained (Ruzickal980):

ﬁ
wy; = w[l - '——] = w - Aw (3.27a)
2
A
Wy = w[l + ““““] = + Aw {(3.27b)
2

and the free vibrations of the combined system were characterized by a
beat with frequency Aw.

The same approximate results were obtained by Sackman and Kelly (38)
who used time domain solution and Laplace Transforms to solve the
equations of motion directly; and by Villaverde and Newmark (53) who used
modal analysis and compatibility conditions at the support of the
appendage.,

The fact that two distinct frequencies were obtained suggests that
the response of the tuned case could be estimated as a limiting case of
the detuned case. However, since small differences in the eigenvalues are
associated with large differences in the eigenvectors, it is not expected
that the procedure used in Section 3.2.1 to calculate the eigenvectors and
participation factors will give useful results, even if the feedback
between the two systems is accounted for. Instead, Eq. 3.24 will be used

directly, making the following assumptions:
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I) The structure and appendage are detuned, each having a natural
frequency approximately equal to one of the frequencies of the
combined system:
0 =w =w - Aw (3.28a)
Wy = Wy = w+ Aw . (3.28b)
I1) The damping ratios of the structure and appendage are identical:
o = ¢
In the case of nonproportional damping, where (¢, = §, the average
damping ratio can be used (38) (37).
"III) The absclute sum {(ABSS) will be used instead of the SRS3, since the
frequencies are close.
IV) The response spectrum accelerations are approximately the same:

SA(GQ,8) = SA(wy,$) = SA(w,{) . (3.29)

Equation 3,24 will then take the form

. (v + Aw)? (w - Aw)?

Xiax ™= SA(w, )| + SA(w,?) (3.30)
(2w) (2Aw) (2w) (2Aw)

and after neglecting the small term (Aw)?
~ { Jr+1 Jy -1 }
Xpax = + SA(w,T) . (3.31)
2/~ 2/

Since /¥y < 1, then |/fy - 1| = 1 - /v, Eq. 3.31 becomes

. 2 SA(w, )

Xoax = — SA(w,{) = ——— . (3.32)

2fy v
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An identical amplification factor of ;ﬁ , was obtained for an
undamped tuned appendage in previous studies, using different approaches
(29), (38), (37). With recognition that the expressions in Eqs. 3.21 and
3.24 were developed by using approximate eigenvectors of the undamped
combined system for the detuned case, it ig concluded that Eq. 3.32 will
give a good approximation only in the case of an undamped tuned appendage
and will be rewritten as

. S8A(w,0) 5

Xoax I . (3.33)

It is also concluded that the response of an undamped tuned appendage
can be estimated as a limiting case of the detuned appendage by using the
two frequencies of the combined system.

To obtain an expression for the damped case, Eq. 3.32 is written as

SA(w,$)

Xnax = 320 (3.34)

W
Ruzicka and Robinson (37) defined the damped beat frequency wp and

the beat damping {; as

wp = [(f:‘-w)2 + (yw)z]”* (3.35)
and
2t

T (3.36)
[(mz + 1]“

{z =

When the undamped beat frequency Aw is replaced by Eg. 3.35, Eq.

3.34 will give the following approximation for the damped case:
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SA(w,T)

e (3.37)
[7 + (2;)2]‘2

iima)\: -

Eq. 3.37 will now be compared with the results of previous studies.

Ruzicka and Robinson (37) used time domain solution of the equations
of motion and approximated the maximum appendage response by locating the
maximum of the beat envelope. For short ground motions where the duration

t; 1is limited by

Mwty << 1 (3.38)

and
fwty << 1 (3.39%9

the maximum appendage displacement relative to the ground wu_ ,, 1is given

by
e-K.
Upax = la)y| (3.40)
W['r + mﬂ}‘i
in which;
2¢ v
K= — arctan[——] (3.41)
e 2¢

and |A(w)| is the Fourier Amplitude Spectra (FAS) at the tuning frequency
w. For long ground motions, where Eqs. 3.38 and 3.39 are not satisfied,
|A(w)| should be replaced by a corrected average value of the FAS in the

region of the two frequencies of the combined system (bandpass) (37).

Sackman and Kelly (38) used frequency domain and Laplace Transforms

to solve the equation of motion directly. Also, making an assumption
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about short ground motions they obtained the following expression for the

appendage maximum acceleration response:

e-ac

[1 + (2:)2]’i

¥nax = SA(w,$) . (3.42)

The amplification factors in Eqs. 3,42 and 3.40 are identical. The
only difference 1is that response spectra is used in Eq. 3.42 and Fourier
Amplitude Spectra is used in Eq. 3.40.

The difference between these two methods will be discussed in Chapter
5 together with the results of the experiments. At this stage it will be
assumed that the two methods are identical and Eq. 3.42 will be used for
comparison with the results of other previous studies and Eq. 3.37

suggested in this study. Eq. 3.42 will be written as

Xnax = €% X¢ (3.43)
in which:
SA(w,$)
Xp = (3.44)

v+ e

will serve as a basis for the comparison and is identical to Eq. 3.37.
As mentioned earlier, the average damping can be used in the case of
nonproportional damping (37), (38). However, the mass ratio vy, should

also be corrected and becomes (37)
T - (@ -8)% (3.45a)
The denominator will take the following form (37), (38)

[1 + 4§o§]* : (3.45b)
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In most practical cases, Eqs. 3.38 and 3.39 are violated. Only
systems that are very close to tuning and have very small mass ratio and
damping will meet these requirements. Nevertheless, when the results of
the experiments are evaluated in Chapter 5, it will be seen that in many
cases Eq. 3.42 (or Eq. 3.40) gives a reasonable prediction of the

appendage response.

Willaverde and Newmark (53) obtained an expression for the maximum
relative displacements (distortions) of a MDOF appendage with a single
support, tuned to one frequency of a MDOF structure (Egs. 3.39 to 3.41 in
Ref. 53). For the maximum acceleration response of a SDOF appendage their

expression can be written as

1
J2
Xpax = SA(w,?) (3.46a)
[7 + (2:)2]‘5
or
) e
Xpax = " - (3.46b)
2

It is also interesting to compare the semi-empirical rule obtained by
Nakhata, Newmark and Hall (29) with the other previous studies. The
amplification of a tuned SDOF appendage on a SDOF structure is given by

1

(3.47)
al + J;

s

where a is an empirical constant which is a function Of;F; and 2 < a < 3.
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The maximum acceleration response of the appendage will be

SA(w, ) SA(w,¢) 1 1
Kpax = - - ——— % ., (3.48)
o + 5 [1 + czc)Z]" [1+61% [1+6]% °
in which:
Jr a? - 4
o +
¢ 4
5 - . (3.49)
Y
1l +
(2c)2

The ratio ﬁmax/ig is plotted as a function of Jy/2¢ in Figure 3.1

for five cases, namely the three references discussed in this section, Eq.

3.37 suggested in this study, and the undamped case (Eq. 3.32). These

cases are summarized in Table 3.1.

1)

2)

3)

4)

The following observations can be made:

In the case of low damping, all the equations, except Eq. 3.46, will
give approximately the same maximum appendage response.

In the case of high damping, all methods, except Eq. 3.37, will
result in a substantial reduction of the maximum appendage response,
compared with the undamped case.

The empirical equation (Eq. 3.48) and Eq. 3.43 based on the location
of the maximum of the beat envelope lead to similar results over the
whole range of damping (except for very low mass ratio near zero or
very large damping near infinity).

Eq. 3.37 suggested in this study will give response estimates which
are higher than those obtained by the other methods. The differences

will be larger for larger damping.
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Based on these observations, it could be concluded that Eq. 3,43 will
give a good estimate while Eq. 3.37 will give an upper bound for the
maximum response of the appendage. In order to obtain a better
understanding of the difference between the two equations the following

assumption will be made:

_ .z
k= {33 (3.50)

Eq. 3.50 1is substituted in Eq. 3.43 and the result is also plotted in
Fig, 3.1. It can be seen that although the results are slightly lower a
good agreement 1is obtained with Eq. 3.43. This means that the maximum
beat envelope (and maximum appendage response) should' ocecur near the
maximum of the first lobe of the free beat after the earthquake (short
ground motion). This is in agreement with the assumptions made in the
development of Eq. 3.43 (38), (37). However, for long ground motions,
where the maximum appendage response can occur during the earthquake, the
conditions for (relatively) free beats are not always possible. In such
cases, it is expected that Eq. 3.37 will give a better estimate of the
maximum appendage response.

On the other hand, when the beat is heavily damped, for instance in
some cases of inelastic behavior, it is expected that a better estimate of
the maximum appendage response will be obtained by substitution of the
beat envelope damping ¢y (Eg. 3.36) into Eq. 3.37, giving

SA(w,tp) SA(w,$p)

¥pax = il e . B (3.51)
[v+(2c)2]" SA(w,¢)
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The ratio of response spectra in Eq. 3.51, can be estimated from
equations for spectrum amplification factors given by Newmark and Hall
(33). However, this cannot be done for a dimensionless /y/2{ and was
therefore performed for two cases of vy, namely 0.1 and 0.01. The results
are also plotted in Figure 3.1. It can be seen that Eq. 3.51 can be
considered to be an estimate of the lower bound of the maximum appendage
response.

It can be concluded from the results that the suggestion made in this
section regarding interpretation of the tuned appendage as a limiting case
of the detuned appendage (Eq. 3.37) will give a good estimate of the upper
value of the appendage maximum response. The method based on the location
of the maximum of the beat envelope (Eq. 3.43) provides a good estimate of
the maximum response but may underestimate the response in some cases. A
lower boﬁnd of the response can be obtained by using response spectra
based on beat damping (Eq. 3.51) instead of damping of the combined

system.

3.2.3 S8lightly Detuned Appendages

An appendage is slightly detuned (or nearly tuned) when its frequency
is close to a frequency of the strucfure. The range of a slightly detuned
appendage 1s estimated in this section and it 1s shown that the case of
the slightly detuned appendage can be used as a transition between the
detuned case where the SRSS rule is used and. the tuned case that was
interpreted as a result of the ABSS rule.

Before the slightly detuned case is treated, it should be noted that

if the SRSS 1is used in Eq. 3.30 instead of the ABSS, the response of the
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tuned appendage calculated from Eqs. 3.33 and 3.37 will be reduced by a
factor of J2. These two reduced values represent the upper limit of
amplifications that should be calculated for the detuned undamped and
damped cases, respectively.

The case of slightly detuned appendage was studied by Ruzicka and
Robinson (37) and Sackman and Kelly (38). 1In both these studies it is
suggested that the equations for tuned appendage should be used with some
equivalent tuning frequency and mass ratio. Although their definition of
the detuning parameter is different, it can be shown that their results
are approximately identical,

Ruzicka and Robinson (37) define a detuning parameter dp as

2 2
5 - Q

1
dg = —F——— (3.52)
S boa?

and show that the solution for tuned appendage can be used with the

following equivalent tuning frequency «! and mass ratio +%

dg /v

wf = 9[1 + ] (3.53a)
4
az .

7 = 7[1 + —] . (3.53b)
4

Sackman and Kelly (38) define the detuning parameter dg and the

equivalent tuning frequency wf as

n'wo

dg = (3.54)

W
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0+ w, Q 1
ol = - [1 + ]
2 2 dg +1

and obtain an equivalent mass ratio

v -+ &

Eq. 3.52 will be expanded to

1 [(wo - Q) (w, + 0)]

dp =
S

QZ

and the assumption of slight detuning will give

Q+ w,
= 2
2
and
wo -~ ﬂ wO - ﬂ
= = -ds
£ w
or
-Jv
dg =~ —dg
2

Substitution of Eq. 3.59 in Eqs. 3.55 and 3.56 gives

wﬁ = wg , and

o=t

(3.55)

(3.56)

(3.57)

(3.58a)

(3.58b)

(3.59)

(3.60a)

(3.60b)

To see the transition between the detuned and tuned cases, a transfer

function TF is defined as
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imax .
TF = |———| . (3.61)

g
4
2

Similar to the tuned case, it will be assumed that the damping ratios

SA

of the structure and appendage are identical (Cog = €) or that the
average value can be used.

For the detuned case, Eq. 3.24 will be used. Since detuning is
slight and damping is identical, the following approximation can be made,

namely

Qt+w,
SA(Q,$) = SA(w,8o) = SA[ .§] . - (3.62)
2

Substitution of Eqs. 3.24 and 3.62 into Eq. 3.61 gives

[w§ + a*]"
TF = |——— (3.63a)
wi - Q2
Wy
A plot of TF as a function of the frequency ratio o (Eq. 3.63a) is

given in Figure 3.2.
If ABSS is used instead of SRSS in Eq. 3.24 the transfer function
becomes

2 2
wy +

TF = (3.63b)

wi - 02

Eq. 3.63b is plotted in Figure 3.3 for comparison.
For the tuned case, Eq. 3.37 will be used. The damping term (2{)?2
in the denominator will be ignored. This term is a constant that can be

added to v and the sum v + (2¢)? can be interpreted as an effective 7.
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The equivalent mass ratio defined in Eq. 3.56 will then replace 7y

and substitution of Eqs. 3.37 and 3.62 into Eq. 3.61 gives

TF = . (3.64)

)

]

Equation 3.64 is also plotted in Figures 3.2 and 3.3 for different
values of 4 between 0.001 and 0.1. It can be seen in Figure 3.3 that the
ABSS detuned case and the slightly detuned case will give wvery close
results over a certain frequency range, depending on 7. This is in
agreement with the suggestion made in this study, to interpret the tuned
case as limiting case of the detuned case, In Figure 3.2 it can be seen
that the curves of Eq. 3.64 give relatively smooth transitions from the
detuned to the tuned case. The intersection points in Figure 3.2 were
determined numerically. The curves of Eq. 3.64 for -« > 0.04 approach
but do not intersect the curve of Eq. 3,63a for frequency ratios smaller
than one (left branch of curve). In these cases, the points where the
distances between the curves were minimum were chosen to replace the
intersections, These points will have different symbols in the next
figures.

The frequency ratios at the intersections are presented in Figure 3.4
as a function of y. The relation can be approximated by

Wg

— = 1+1,1/f (3.65)
1Y
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Eq. 3.65 is also plotted in Figure 3.4. The agreement with the
calculated intersection points is very good except where there is no
intersection of the curves of the transfer functions in Figure 3.2.
Eq. 3.65 defines the range where the appendage should be considered
tuned or slightly detuned as

Wy

1-1.1/y < <1+ 1.1 . (3.66a)
¢}
In the remaining range
Wq .
<1-1.1fy (3.66b)
Q
and
Wy
=1+ 1.1fy (3.66¢)
Q

the appendage should be considered detuned.

The values of the transfer function at the intersection points, each
normalized to the maximum amplification at tuning, f: , for the same -,
are given in Figure 3.5 as a function of +y. It is noted that there is
only a slight change in these values which are close to f% . Therefore
it can be concluded that the slightly detuned case gives a reasonable
transition between the detuned and tuned cases.

If Eq. 3.42 is used instead of Eq. 3.37 in the calculation of the "
ranges, the range where the appendage should be considered tuned, will be
larger than the range defined by Eq. 3.66a. - This may lead to
underestimates of the appendage maximum response in some cases.

It is interesting to compare the results with the following ranges

suggested for a detuned appendage by Villaverde and Newmark (53):
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>J/y , and (3.67)

>/ . (3.68)

Eqs. 3.67 and 3.68 will give four values for the ranges of the
detuned case, which after some manipulations and neglect of higher powers

of [y, will reduce to the following two expressions,

<1 « -~ | and (3.6%a)
0 2
Wy Jr

> 1+ (3.69b)
Q 2

Eq. 3.69 is also plotted in Figure 3.4 for comparison. It is noted
that the range of the detuned case starts closer to tuning than the range
defined in Eq. 3.66 in this study. The difference is the result of the
method which is used in Ref. 53 to set the limit of the amplification for
each term of the detuned appendage, directly as the amplification of the
tuned appendage without considering the SRSS rule. It is expected that
the use of the equation for the detuned case, in the range between Eq.
3.66 and Eq. 3.69 will result in appendage responses higher that the
slightly detuned or even the tuned case. This can be seen by
substitution of Eq. 3.69 in Eq. 3.63a, expansion of Eq. 3.63a, and neglect

of powers of /vy, which will lead to

J2
TF = —— . (3.70)

S
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This transfer function value is larger than the amplification of the
tuned case, by a factor of J2. The exact values 6f TF at the
intersections of Egqs. 3.69 and 3.63a, were determined numerically and also
are presented in Figure 3.5. A good agreement with the approximate value
of Eq. 3.70 is obtained.

In this section, it was shown that the case of a slightly detuned
appendage could be used as a transition between the detuned case and the
tuned case. The ranges of the detuned and slightly detuned cases are

given in Eq. 3.66,

3.2.4 Total Response of an Appendage on a MDOF Structure

An inspection of Eq. 3.21, shows that the maximum response of a
detuned appendage 1s calculated as a summation of amplifications of the
ground motion evaluated at the frequencies of the decoupled structure and
appendage. Each of these terms depends on the frequency ratio, the
location of the appendage in the structure, énd the accelération response
spectrum, which in turn is a function of the frequency and damping. These
observations will be wuseful when the case of an inelastic supporting
structure will be treated.

When the appendage is tuned or nearly tuned to a frequency Q  of the
structure, the amplification at this particular freﬁuency cannot be
determined from Eq. 3.21. This amplification is dete?mined separately
from Eq. 3.42, which has to include the following ﬁdﬂifications:

1) The modal mass ratio 7, should be determined‘aééuming that the modal

mass of the structure is concentrated at the pointMof support k, or
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2
m WPy

-~ - . (3.71)
My /¢t M

Tm

2) Eq. 3.42 should be multiplied by the modal displacement of mode m at
the point of support k. This term vanished when Eq. 3.24 for the
SDOF structure was derived from Eq. 3.21. The value of T, ¢, (38)
will be used in this study, although as a result of the interaction

with the appendage this is only an approximation (37).

Eq. 3.42 becomes

ek

¥nax = T Tufxn SA(w,) . (3.72)
['rm + (2;>2]”

Inspection of Eq; 3.72 shows the analogy with Eq.3.21, The term
containing the frequency ratio was replaced by a term containing the mass
ratio and damping. 1In the case of slight detuning, the frequency ratio is
included in the mass ratio (Eg. 3.56).

The total amplification is obtained by adding the response calculated

from Eq. 3.72 to the result of Eg. 3.21, using the SRSS rule (39).

3.3 Appendages on Inelastic Structures

3.3.1 General

Cne of the methods employed to evaluate the response of an inelastic
structure (without an appendage) centers on replacing the actual structure
with an equivalent linear structure and by determining the frequency shift
and additional damping as a result of yielding (42), (48), (16).

In Seqtion 3.2.4 it was observed that the maximum response of an

appendage mounted in an elastic structure can be estimated as a summation
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of amplifications of the ground motion. Also was it noted that these

amplifications are functions of the following parameters:

detuned case: frequency ratio and acceleration response
spectrum
slightly detuned case: frequency ratio, mass ratio, damping -and

acceleration response spectra
tuned case: mass ratio, damping and acceleration
response spectrum.
It is noted that the acceleration response spectra also are a
" function of frequency and damping.

It seems therefore reasonable that in the case of an inelastic
supporting structure the appendage response could be estimated by using
the procedures for the elastic supporting structure by taking into account
the frequency shift and additional damping.

In the case of a SDOF supporting structure, the definition of
ductility is simple and the frequency shift and damping can be determined
empirically (16), (11). However, different definitions of ductility exist
in the case of a MDOF supporting structure, such as member or story
ductilities, overall (average) ductility (33), and modal ductilities (48),
(54), (25). It seems that the concept of modal ductility is the most
suitable for use in this study.

In normal practice, the response of a MDOF inelastic structure is
determined numerically and member ductilities are obtained. A method to
estimate modal ductilities from member ductilities will be suggested and
compared with other studies in this section and with the results of the

experiments in Chapter 5. Simplified methods also are available for
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design. Such methods include the use of a pglobal value of design
ductility for all modes (33), simplifying the structure as a SDOF
inelastic system (40), (36) and estimating frequencies shifts and modal
damping ratios from member ductilities (42). In such cases, modal
ductilities have to be esgtimated either directly or from member

ductilities,

3.3.2 Definition of Ductility

In this study the following standard definition of ductility, g,

will be used

Uy Koug,,
B o= - (3.73)

ue Rmax

in which K 1is the elastic stiffness, uy,, 1is the maximum relative
displacement (distortion), u, is the elastic portion of the relative
displacement and R,,, is the maximum resistance. This definition is shown
in Figure 3.6. Although this choice does not represent the inelastic
hysteretic energy exactly, it has been used in other studies (21) and has
the following characteristics:
1) The stiffness in Eq. 3.73 is identical to the linear elastic
stiffness of the structure.
2) The maximum resistance in Eq. 3.73 is identical to the
resistance of the structure,
3) The yield deformation is equal to the deformation of an elastic

unloading.
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4)  The chosen ductility lies between two values that represent the
inelastic hysteretic energy exactly, one where the elastic
stiffness, and the other where the maximum resistance, 1is
conserved., These two values also are shown in Figure 3.6.

5) The error in the energy 1is small especially for large
ductilities.

6) During an earthquake, the inelastic hysteretic loops are not
identical and there is no unique relation between the ductility

and the dissipated energy.

3.3.3 Equivalent Linear System

3.3.3.1 General

The concept of an equivalent linear system consists of replacing the
nonlinear system with a linear system that has similar energy dissipation
and response characteristics. A good overview, as well as comparison, of
several studies is given by Hadjian (l11). Usually an equivalent elastic
stiffness (or natural frequency) and an equivalent viscous damping ratio
are estimated as functions of the ductility (11). The equivalent
stiffness and damping are different for the cases of harmonic and
earthquake ground motion, but certain correlations exist between these two
cases {48) (11).

The method of equivalent linearization has been previously used to
estimate the response of inelastic SDOF and MODF structures. In this
study an attempt is made to use this concept to estimate the response of

appendages on inelastic primary structures. Different methods will be
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reviewed here and will be compared with the results of the experiments in
Chapter 5.

The case of harmonic ground motion will be studied first. The
purpose 1s to explain the meaning and demonstrate the wvalidity of
replacing the actual structure with an equivalent one. Also, as mentione.d
earlier, certain correlations with earthquake excitations exist.

3.3.3.2 SDOF Structures

Harmonic Ground Motion -- A typical single hysteresis loop of the

response of a single-story structure to harmonic ground motions is given
in Figure 3.7. The energy W,, dissipated in one inelastic hysteresis
loop, is equal to the area enclosed by the loop. For elasto-plastic

systems this area is equal to

1 s -1
W, = ARmu[l - —]um, - AK[ ]ugu . (3.74)
B B

For the curved force-displacement relations and the ductility defined
in this study, the dissipated energy will be calculated numerically and

can be expressed as

1 u -
Wp = nRpax [1 - —]umax = r’K[ ]llflax ' (3.75)
2
I T
in which » is a constant smaller than 4.
The equivalent viscous damping will be defined as having an
elliptical force-displacement loop with the same area W, and the same

maximum displacement uw,,, as the inelastic hysteresis loop (6), (49).
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The equation of this ellipse is
F, = ic.qﬂa[uf,u - uz]‘* . (3.76)

in which Fp is the damping force, c¢,, is the equivalent viscous damping
factor, (€l is the harmonic forcing frequency and u is the relative
displacement. Such an elliptical loop is shown as a dashed line in Figure
3.7, together with the inelastic loop having the same area,

The equivalent viscous damping factor is calculated from the area of

the ellipse as

Coq = —— (3.77)

and after substitution of Eq. (3.73) becomes

u - 1
=(—
u?
Cog = —— - (3.78)

iy

The equivalent damping is a function of the frequency of the motion.

It remains to define the equivalent stiffness, which means that the
abcissa of the ellipse has to be rotated. Since the equivalent viscous
damping is based on equal areas of the leops, it seems logical that the
best equivalency of the two systems will be obtained when maxinmum
overlapping bétween the two areas is reached. The slope of the rotated
ellipse in this position will be defined as the equivalent stiffness, Kegq-

The equation of the rotated ellipse becomes
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R = K,qu + Fp (3.79)

in which R is the resistance of the equivalent linear system. This
rotated position can be determined numerically and also is shown in Figure
3.7.

The equivalent damping ratio, ¢ is calculated from

ag?

w -
)
2
oq = ————— (3.80)
2my [K, M1
in which M is the mass of the structure.
The equivalent damping ratio is also a function of the frequency. In

the case of resonance, where the forcing frequency is equal to the

(equivalent) natural frequency, Eq. 3.80 simplifies to

"

1

Cog = ™ - (3.81)
27K, o

If the equivalent stiffness, K is assumed to be equal to the

eq’

secant stiffness, —%—, a further simplification is obtained

n{p - 1)
Log =" - (3.82)
2nu
Earthquake -- The main difference between the inelastic response to

harmonic and tc earthquake excitation is that the response cycles are not

identical and the maximum response is normally attained 6nly once during
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an earthquake. However, computed time histories of the energy dissipated
in damping and inelastic hysteresis during earthquakes, are similar (58)
(28). These studies were performed on elastoplastic systems where yield
was concentrated in a few cycles. In the case of a curved force
deformation relation, which characterizes most structures (and the models
used in this study), yield is more evenly distributed and a better
agreement between the dissipated energies is expected. Frequency shift
also will be more evenly distributed in this case.

Attempts have been made to estimate the equivalent stiffness and
damping (11). Results of some of these studies will be compared with the
experiments in Chapter 5. These studies will be reviewed here briely,

Shibata and Sozen (42) suggested a design procedure based on a series
of studies on the sgelsmic response of concrete structures. In their
method, the actual inelastic MDOF structure is replaced by a "Substitute
Structure” with linear stiffnesses and damping ratios. The stiffness can
be interpreted as the secant stiffness

K
Keg = — (3.83a)
I
and the damping ratio is given by

1
£ = 8oy + 0-2[1 - *—'] ) (3.83b)
Ju

in which {,, 1is the elastic viscous damping ratio. It seems that this
method overestimates the reduction in the natural frequency (1l1), (47).
This may have negligible effect on the design of structures using smoothed

design spectra, In particular concrete structures where scoftening is
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permanent. However, the effect on the amplifications between structure
and appendage (Eq. 3.21) may be more substantial,

Iwan (16) proposed empirical expressions for peried shift and
effective damping of SDOF systems, based on numerical studies performed on
several hysteretic models and earthquakes. By minimizing the root mean
square average error between the maximum response of the inelastic and the

equivalent systems the following expressions were obtained

K

Koy = (3.84a)
[1 + 0.121(u - 1)°~939]2

Coq = $a1 + 0.0587(m - 1)¢-371 | (3.84b)

Iwan’s method was recently extended to MDOF structures (47).

It should be noted that there is a good agreement between the
expressions given in Eqs. 3.83b and 3.84b for the equivalent damping (11).

In his review, Hadjian (l1) proposed the following simple ratios to
relate the frequency shift and equivalent damping in the cases of

earthquake and harmonic excitations:

ﬂfq = ZQEq (3.85a)
teq = 0.2¢%, (3.85b)
in which ﬂEq and qu are the equivalent linear frequency and damping
ratio for earthquake and ngq and eq are the equivalent linear

frequency and damping ratio for harmonic excitation, which are based on

secant stiffness.
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However, Eq. 3.85a does not give useful results for ductilities less
than approximately 5. Therefore, from Fig. 5 of Hadjian’s work (11) the

following linear interpolation will be used in this study, namely

p+3
{Eq - ———qu for 1.0 = p=x5.0 |, (3.86a)
4
and
QEq = 20§q for 5.0 =4 (3.86b)

It should be noted that structures subjected to broad band
~excitations like earthquakes, <vibrate essentially at their mnatural
frequencies with variable amplitudes. Therefore the correlations of Egs.
3.86a and 3.86b should be based on harmonic excitation at or near
resonance,

Tansirikongkol and Pecknold (48) introduced a correlation which
relates the earthquake maximum response to a steady state maximum, for
bilinear systems. Two values of pseudo-steady-state ductilities are
calculated from the expected ductility. These ductilities are used to
calculate the equivalent frequency and damping respectively, for use in
earthquake response, The procedure is iterative and will not be used in
this study.

3.3.3.3 MDOF Structures

General -- The equation of motion of a MDOF inelastic structure,

subjected to a ground acceleration u, is (25)

[M]{U} + [Cl{u} + {R({uD)} = -[M]{l)y, (3.87)

in which {R({u})} is the vector of resistances and (1} 1is a wvector

relating the ground motion to the structural degrees of freedom.
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The elastic mode shapes constitute a basis for all the vectors of the
deformed shape of the structure. Therefofe, although modal superposition
is not valid, the response can be expressed as a linear combination of the

elastic mode shapes
{u) = [¢,;1ty) . (3.88)

Substitution of Eq. 3.88 into Eq. 3.87, and premultiplication of Eq.

3.87 by . [¢13]T, leads to a transformation that does not uncouple the

equations of motion. Coupling remains in the term of the inelastic
resistance
{R,} = [¢13]T{R({U~})} - [¢1J]I{R\,} (3.89)

in which (R,} 1is the vector of resistances R; 1in the modal coordinates
(modal resistance vector) and (R,} 1is the vector of resistances in the
DOF coordinates.

It is sometimes convenient to lump the damping forces together with

the resistances. ' Eq. 3.89 can be written as

Ry} = [«ﬁij]T[{R({u})l + [C]{Srl} (3.90a)
oxr

(R} = -[¢; ;17 [M1{X) (3.90b)
in which {X} is the vector of absolute accelerations.

Eqs. 3.88 and 3.90b can be used to calculate the vectors (y)} and (R,)}
from the results of experiments or numerical analyses of the response of
inelastic structures.

When each modal resistance, R;, is plotted as a function of the

relevant modal displacement, y;, inelastic force-deformation hysteresis
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curves are obtained. The general behavior is similar to the force-
deformation curves of SDOF inelastic systems, but irregulérities can be
observed (25). These observations will be confirmed in the results of the
experiments in Chapter 5. Using a modified version of the ductility
defined 1in Section 3.3.2, it will be possible to derive in Chapter 5
approximate modal ductilities for each mode from these curves.

The main difficulty in relating the modal ductilities to local (story
or member) ductilities arises because the maximum local and modal
deformations do not occur simultanecusly. Only a few attempts to obtain
such relations are known (48), (54), (25). The limitations will be
discussed briefly in the next two sections.

Harmonic Ground Motion -- The steady state response of a MDOF

undamped elastic structure subjected to harmonic ground motion is in phase
(or 180° out of phase) with the ground motion. Therefore, maximum modal
and member displacements occur simultaneously. In the case of a damped
structure there is a different phase shift for each mode and maximum
modal and member displacements will not occur at the same time. The
situation is much more complicated in the case of an inelastic structure,
However, due to the steady state conditions, large portions of the
inelastic excursions are simultaneous and the difference will be
neglected. |

Eq. (3.89) can now be written in the following two forms:

Ry} = [4:,)7 [Keq1[ds;1ty) (3.91a)
in which [Keq] is an equivalent linear stiffness matrix and

(Ry} = {4, 1T K14, ; 1{y¥) (3.91b)

in which {yY} is the vector of the modal yield displacements.
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It is not possible to uncouple Eq. 3.91la by using the elastic mode
shapes. Mode shapes of the equivalent system should be used instead (48).‘
However, in the same study (48), it was found that the actual changes in
the mode shapes are small. Also, the concept of modal ductilities which
is used in this study implies that the mode shapes remain unchanged.

Therefore, Eqs. 3.91a and 3.91b will be combined and "uncoupled", giving

[¢_j ¥ [qu]{¢3 ly; = [¢j ) [K]{¢j }Y§ (3.92)

in which yj is the yield deformation of mode j.

If the member (or story) secant stiffnesses are used in [K,,] and if

Y

¥y 1s compatible with the ductility defined in this study, modal

ductilities p; are obtained as

¥; {¢_j )T [K] [¢3 }
By = - (3.93)
v} T X

in which l}%} is the stiffness matrix assembled from secant stiffnesses
;f of all members (42) and K; and g; are member elastic stiffness and
ductility, respectively,

It is interesting to compare Eq. 3.93 with an expression derived by
Tansirikongkol and Pecknold (48) for the modal ductility of a MDOF
structure with bilinear elements subjected to harmoniec ground motion.
Their expression is based on minimizing the modal mean square error over

one cycle and then simplified for secant stiffness, For an elastoplastic

system, it can be written as
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(4,1 [xi [1 . %:]]wj}
uy = (3.94)

ol - )]

in which [Ki[l - i—]]is the stiffness matrix assembled from the products
i

K, 1
of stiffness and the term in parenthesis for each member and E:—[l - ;—]]
i 1

is the stiffness matrix assembled from the products of the secant

stiffness and the term in parenthesis for each member.

It should be noted that Eq. 3.94 was derived for an iterative
procedure and should be used with the equivalent mode shapes in each
iteration. As mentioned earlier the difference between the equivalent and
elastic ﬁode shapes will be neglected. It is also noted that for large
member ductilities Egqs. 3.94 and 3.93 will give identical results.

Earthquake Ground Motion -- Although the peaks of the story drifts

(or member deformations) do mnot occur simultaneously, most of the
distortions take place during the large inelastic excursions. Therefore,
Eq. 3.93 will be used to relate modal and story (or member) ductilities in
the case of earthquakes as well. The equivalent linear frequencies and
damping ratios can then be determined from the relations given in Section
3.3.3.2. 1t should be noted that the results of Eq. 3.94 were also used
to determine equivalent linear frequenciles and damping ratios (48),
Villaverde (54) used an analogy between expressions of SDOF and MDOF
systems to derive approximate modal ductilities as a function of story
ductilities for elastoplastic chain structures, subjected teo earthquake,

His expression is written as
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{4, Vip, - 11{RY)
by =1+ (3.95)
TR}

in which, (R{] is the vector of member yield resistances, Rg yield
resistance of moede j and [p, - 1} is a matrix assembled from member
ductilities, depending on member connectivity (54). For two-story
structures it takes the form
(B - 1) -(up - 1)
(s - 1] = : (3.96)
0 (uy - 1)
In Chapter 5, Eqs. 3.93, 3.94 and 3.95 will be compared with the results
of the experiments.

It is interesting to mention that Lin and Mahin (25) used the SRSS
rule to express member ductilities as a function of modal ductilities,
thus taking into consideration that peaks do not occur simultaneously.
Their expression will be used in this study (Chapter 5) for comparison.

Once the modal ductilities are known, the procedure described in
Section 3.3.3.2 can be used to determine modal equivalent linear
stiffnesses and damping ratios which in turn can be used to determine the

response of appendages.
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CHAPTER 4. DESCRIPTION OF THE EXPERIMENTS

4.1 Introduction
As a part of this investigation a series of experiments were

performed. These experiments can be divided into three main groups:

L) Preliminary experiments designed to determine the elastic and
inelastic properties of the structures, and the elastic properties of
the appendages. These experiments are described in Section 4.5.

2) Tests of appendages mounted on SDOF (single-story) structures,
subjected to free vibrations and earthquakes. This group included
tuned and slightly detuned systems. The description of the combined
systems and the experiments follows in Section 4.6.

3) Tests of appendages mounted on either story of two-story structures,
subjected to free vibrations and earthquake motions. These tests
included some cases where the appendage was slightly detuned to one
mode of the structure, The description of‘the combined systems and

the experiments follows in Section 4.7.

4.2 Structures and Appendages Tested

4.2.1 General

The models of structures and appendages tested in this study were
designed to simulate real inelastic structures and elastic appendages in
the frequency range of the constant acceleration amplification, This
frequency range is typical for structures and components of nuclear power
plants (20). The models do not represent scale models of real structures

and appendages.
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Single-story and two-story structures with SDOF appendages were
tested in this study., Single-story structures were used with the purpose
of studying the basic behavior of an appendage, while the two-story
structures were employed to get some insight into the behavior of an
appendage on a MDOF structure.

Shear beam type structures were chosen where each story consists of a
statically determinant one bay frame in the direction of the motion. The
stiffness (and capacity) of each story was obtained by restraining the
upper end of one column in the much stiffer floor plate. Structural steel
was used for the structure and the cross section of the columns was
reduced near the point of restraint so that vyielding was restricted
locally. The other ends of the columns were hinged. Different natural
frequencies and yield strengths were achieved by changing the length of
the columns and the cross section of the reduced section.

The two-story structures were compoged of single-story structures
mounted on top of each other. A typical two-story structure is shown in
Figure 4.1,

The appendages were modelled as small one bay one story frames
(shear beam type). Spring steel was used for the columns so that the
required natural frequencies and capacities could be obtained at the same
time. The appendages were designed to remain elastic during the testing
and were hung from the floorg to avoid buckling. A typical mounted
appendage is also shown schematically in Figure 4.1. In the actual tests
the appendages were mounted at the center front edge of the floor plate

between the hinged columns.
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4.2.2 Single-Story Structures

4.2.2.1 Detuned and Slightly Detuned Systems

Two series of single-story structures were used in the tests of the
detuned and slightly detuned systemss. One series of three structures was
designed to have natural frequencies of approximately 3 Hz but different
yield strengths. A second series of two structures was designed to have
natural frequencis of approximately 6 Hz, but different yield strengths.
These structures are listed in Table 4.1.

4.2.2.2 Tuned Systems

This series was composed of four different single-story structures.
In order to bring the structures as close as possiblé to tuning with the
appendages it was necessary.to remove or add masses on the floor and
restrain all the ends of all the columns in some cases, Restraining all
columns also served to reduce the damping in some of the structures.

These structures are also listed in Table 4.1.

4.2.3 Two-Story Structures

Two configurations of two-story structures were tested. Structure Ml
was designed so that most of the yielding would take place in the first
story and structure M2 was designed so that most of the yielding will take

place in the second story. These structures are listed in Table 4.2,

4.2.4 Appendages

The appendages were composed of three series. The two series tested
in the detuned and slightly detuned systems consisted each of four

appendages with frequencies between 1.5 Hz and 9 Hz. The appendage weight
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was 3.30 lbs and 26.09 lbs for the first and second series, respectively.
One appendage of the second (heavier) series was used to test the
influence of appendage damping on the appendage response. An adjustable
damper was mounted and testing was performed at different levels of
damping. The damper increased the weight of the appendage and caused some
changes in the frequency.

The third series was used in the tests of the tuned systems and
consisted of seven different appendages, six with small mass and one with
the large mass, Two configurations were tested with the damper. In order
to bring the appendages as close as possible to tuning it was necessary to

add or remove mass from them. The appendages are listed in Table 4.3.

4.3 Test Equipment and Instrumentation

4.3.1 General

The experiments were performed at the U.S. Army Corps of Engineers
Construction Engineering Research Laboratory (CERL) in Champaign,
Illinois. The CERL Biaxial Shock Test Machine (BSTM) was used as an
earthquake simulator to generate the ground motions described in Section
4.4 and harmonic ground motions.

The tested model was mounted on a thick steel base plate. A small
auxiliary column was mounted permanently on the base plate which thus
formed an independent platform for static and free vibration tests (sece
Sections 4.5.2 and 4.5.3), When earthquake and harmonic ground motion

tests were to be performed the base plate was mounted on the BSTM.



67

4.3.2 Earthquake Simulator

The BSTM is a large machine capable of ghaking large specimens with
an acceleration of up to approximately 30g and velocity of 30 in/sec in
both the horizontal and wvertical directions. However, the maximum
horizontal displacement (stroke) 1is limited to 2.75 inches. Vertical
motions were not used in this study.

Six hydraulic actuators provide controlled horizontal motion to a
table that supports the model. Table response is measured, fed back into
the control systems and the input to the actuators 1is modified, thus

ensuring accurate reproduction of the input ground motion time history.

4.3.3 Instrumentation

Piezoresistive accelerometers were used to measure the accelerations
of the models. Two accelerometers were mounted in the direction of the
shaking on the one-story structures. The accelerometers were placed
symmetrically as far apart as possible from each other so that any
torsional motion could be detected. In the case of the two-story
structures one accelerometer was piaced in the centerline of the first
story and two accelerometers were placed on the second story. Appendage
horizontal acceleration was measured using an accelerometer mounted on the
axis of the appendage. Vertical appendage acceleration was also measured,
Table accelerations were measured with a built-in accelerometer.

Displacements of the structures were measured using an Electro-
optical Auto Collimator for each floor. These optical devices measure the
motion of target (optical discontinuities) that were mounted on the

floors., Appendage displacements were not measured. Table displacements



68
were measured with a built-in linear wvariable differential transformer
(LVDT) .

The acceleration and displacement signals were fed through a signal
conditioner and recorded on tape. Two channels were also sent directly
from the signal conditioner to a display analyzer so the response of both
the structures and appendage could be monitored (and plotted) during the
testing and the next experiment could be planned accordingly. 1In some
cases where more information was needed during the testing the tape was
played back sending the signals to a second analyzer. A schematic layout

of the equipment is given in Figure 4.2,

4.4 Ground Motions

The following three earthquake motions were used in this study:
Imperial Valley, Ca,, May 18, 1940, - EL CENTRO station (SOOE),
Bear Valley, Ca., September 4, 1972 - MELENDY Ranch station (N29W),

Kern County, Ca., July 21, 1952 - TAFT Lincoln School station (S69W),

El Centro and Taft are long-duration records with broad-band response
spectra, while Melendy is a short-duration, high frequency record with
narrow-band response spectra, The acceleration records and undamped
response spectra of the three earthquakes are given in Figures 4.3, 4.4
and 4.5,

The models in this study represent systems in a certain frequency
range and in that sense are small structures and not scale models.
Therefore, the earthquake records were used without any time scaling.
Accelerations were scaled to a desired level depending on the required

level of inelastic response.
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Since the maximum stroke of the shake table was 2.75 inches it was
not possible to generate the required accelerations at low frequencies.
Therefore the records had to be filtered, using a 1 Hz high pass filter.
The filtered acceleration records and undamped response spectra are also
shown in Figures 4.3, 4.4 and 4.5. It can be seen that filtering has
almost no influence on the acceleration records. Also, no changes can be
seen in the response spectra in the frequency range of interest (1 Hz to
10 Hz).

The El Centro record was used to test most decoupled and combined,
systems in this study. The Melendy record was used to test several
systems, including most cases of tuning. The Taft reéord was used to test

only one decoupled and one combined system.

4.5 Preliminary Tests

4.5.1 General

The preliminary tests include all experiments, static and dynamic,
that were performed to determine the properties of the decoupled systems,
or to serve as reference cases. These include static tests of the single-
story structures as well as free and forced vibrations of the decoupled

systems.

4,5,2 Static Tests of Single-Story Structures

All single-story structures that were used either as SDOF structures
or as stories of the two-story structures were tested statically to obtain
inelastic force-displacement relations, The tested structure was mounted

on the base plate and was loaded horizontally by pulling it towards the
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auxillary columm and then pushing it back. At least one full cycle of
loading was performed. A threaded rod and nuts were used to apply the
load. The rod was hinged on both ends so that it could follow the
displacements of the structure without restraint. A load cell was mounted
on the rod to measure the force. An LVDI, also mounted on the auxillary
column and comnected to the structure, was used to measure the

displacement. A test arrangement is shown in Fipure 4.6,

4,5,3 Free Vibrations

All decoupled systems, were tested in free vibrations to determine
their natural frequencies and damping ratios.

The structures were tested by pulling the floor (or the first floor
of two stories) towards the auxillary column, using a wire connected to
the threaded rod, and then cutting the wire. Floor 'accelerations and
displacements were measured.

The decoupled appendages were pulled by hand and released.

Accelerations were measured.

4.5.4 Harmonic Tests of a Single-Story Structure

The purpose of these tests was to verify experimentally that an
inelastic SDOF structure can be replaced by an equivalent linear system.
Structure S1 was subjected to harmonic ground motions using the shake-
table. The frequency was varied between 1.0 Hz and 10.0 Hz and the input
acceleration also was varied from test to test. Floor accelerations and

displacements as well as input ground accelerations and displacements were
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measured. Inelastic response was reached in cases where the forcing

frequency was close to the natural frequency.

4.5.5 Earthquake Excitation of the Decoupled Systems

4.5.5.1 Single-Story Structures

Four decoupled single-story structures were subjected to the
earthquake ground motioms. Structure S1, 82, 54 and 55 were subjected to
the El Centro ground motion. Structure S2 was subjected to the Melendy
and Taft ground motions as well. Shaking was started at a low level so at
least one experiment was performed in the elastic range. Each experiment
was repeated a few times, increasing the level until substantial inelastic
deformation or the capacity of the BSTM was reached.

Accelerations and displacements of the floor and the table were
measured.

4.5.5.2 Two-Story Structures

Structures Ml and M2 were subjected to El Centro ground motion.
Structure M1l was subjected to Melendy ground motion as well. Sﬁaking was
started at a low level and then increased, Accelerations and
digsplacements of both floors and the table were measured. |

4.5.5.3 Appendages

Two of the decoupled appendages, namely AS2 and AS3, that were used
in several experiments of the combined systems were subjected to the
ground motions of El Centro and Melendy earthquakes. Since the appendages
were designed to remain elastic during the tests only one level of
excitation was used in these cases. Appendage acceleration as well as

table acceleration and displacement were measured.
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4.6 Appendages on Single-Story Structures

Several different configurations of detuned systems, including some
slightly detuned systems, and seven different tuned systems were tested,
A list of these systems is given in Table 4.4. Also listed in Table 4.4
are the ground motions used with each configuration. All systems were
tested in free vibrations and all systems (except one) were subjected to
the ground motion of the El Centro earthquake. All tuned systems and two
detuned systems were subjected to the ground motion of the Melendy
earthquake and one detuned system was subjected to the ground motion of
the Taft earthquake.

Shaking was started at low levels and then increased. Accelerations
and displacements of the floor and the table as well as acceleration of
the appendage were measured.

4.7 Appendages on Two-Story Structures

Eight different configurations of combined systems consisting of two-
story structures with appendages were tested. These systems consisted of
structures Ml and M2 and appendages AS2 and AS3 mounted on either floor.
A list of these systems is given in Table 4.5. Also listed in Table 4.5
are the ground motions used with each configuration. All systems were
tested iIn free vibrations and were subjected to the ground motion of the
El Centro earthquake, The configurations where structure M1 was used were
subjected to Melendy earthquake as well.

Shaking was started at low levels and then increased. Acceleration
and displacements of both flcors and the table as well as acceleration of

the appendage were measured.
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CHAPTER 5, INTERPRETATION OF THE RESULTS OF THE EXPERIMENTS

5.1 Preliminary Tests

5.1.1 Elastic Properties

5.1.1.1 Single-Story Structures

Typical measured free vibration displacement and acceleration records
of single-story structures (without an appendage), are given in Figures
5.1, 5.2 and 5.3 for structures S1, 54 and 57, respectively. It can be
seen that the structures behave as damped SDOF systems with fairly
constant natural frequencies. In the hinged structures such as S1 and S4,
damping is mainly a result of friction in the hinges. In the tuning
structures, such as S7 where no hinges were used, damping is low.

The natural frequencies were caleulated from the zero crossings of
the acceleration and displacement records over several cycles and then
averaged. The elastic stiffnesses were determined from the measured
natural fréquencies and the masses. These natural frequencies and the
elastic sfiffnesses are given in Table 5.1.

The method of the logaritmic decrement (6) was used to calculate an
equivalent viscous damping for each system as an average over the cycles
of constant natural frequency of the acceleration and displacement records
in free vibration. These average values are given in Table 5.1 and the
envelopes of free vibrations of the same structures but with these viscous
damping ratios are also given in Figures 5.1 to 5.3. It can be seen that
by using average values damping may be underestimated (and response

overestimated) for low excitatioms.
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The natural frequencies and equivalent damping ratios obtained from
free vibrations were checked to verify their wvalidity in forced vibration.
This was done by comparing measured amplifications of harmonic and
earthquake ground motions with aﬁplifications calculated using these
natural frequencies and damping ratios.

In the case of harmonic ground motion, the magnification factor MF,
defined as the ratio between the maximum structure and maximum ground

accelerations (or between absolute displacements) is equal to (6)

[+ )T

Y ey

In the case of earthquake ground motion, the amplification factors

AF, are defined as

SA(Q,0)
AF = —— (5.2a)
A
and
SD(©2,¢{)
AF = —— (5.2h)
D

for accelerations and relative displacements, respectively. Here, A and D
are the maximum ground acceleration and displacement.

The measured acceleration and displacement magnification factors are
compared in Table 5.2 with the calculated wvalues for the case of harmonice
ground motions. In the case of earthquake excitation the measured

acceleration and displacement amplifications are compared with the
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calculated values in Table 5.3 and Table 5.4, respectively. It is noted
that the use of the average viscous damping gives a good approximation of
the response except for very low earthquake excitations. Also given in
Tables 5.3 and 5.4 are maximum amplifications caleculated using scaled
equivalent viscous damping, evaluated from the free vibrations at the same
level of response as for the earthquake forced wvibration. It is noted
that in this case a good approximation is obtained for low earthquake
excitations as well,

Since this study involves large excitations well into the inelastic
range equivalent viscous damping calculated from the first cycles of free
vibrations (rounded to the next 0.5%) will be used in the following.
These damping wvalues, which are soﬁewhat lower than the average wvalues,
are also given in Table 5.1 and the envelopes of the free vibrations with
these damping values are also given in Figures 5.1 to 5.3.

For large excitations associated with inelastic hysteresis energy
dissipation the influence of a small error in the elastic viscous damping
should have a negligible effect on the response.

5.1.1.2 Two-Story Structures

The natural frequencies and eigenvectors of the two story structures
(without an appendage), were calculated from the eigenvalue problem of the
2-DOF system using the masses of the floors and the stiffnesses calculated
from the results of the free vibrations of the single stories from which
the two-story structure is assembled. These will be called the
"calculated" frequencies in the following,

The eigenvectors were mnormalized so that the participation factors

would be equal to unity; thereafter the diagonal generalized mass and
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stiffness matrices were calculated., Since the participation factors are
equal to 1.0, modal masses and stiffnesses of the equivalent two SDOF
systems are obtained (13).

Damping matrices were constructed using the damping values obtained
for the single-story structures from which the two-story structure is
assembled, Two damping matrices were constructed for each structure, one
using the average values and one using the lower wvalues for large
excitations.

The damping matrix of structure Ml which is composed of two identical
stories can be diagonalized by the calculated eigenvectors; however, some
coupling between the modes is expected because damping is not purely
viscous. In the case of structure M2 the eigenvectors do not diagonalize
the damping matrix and the off-diagonal terms of the generalized damping
matrix will be neglected.

Neglecting the off-diagonal terms can be Interpreted as weighing the
damping according to the energy stored in the springs (35), (30), (31).
This method for estimating modal damping ratios for structures with
nonproportional damping was first suggested by Biggs (53), (56) and is
still recommended for nuclear structures (2). Results of other studies
show that the errors resulting from the use of this method are small (30)
especially in cases where differences in stiffness (35) and damping (32)
are not too large. It seems that the method should not be used for a
combined structure-appendage system where large differences in Dboth
stiffness and damping are expected but it is recommended for estimating
the damping of structures with nonproportional damping that support

appendages (57). Recently, a correction of the diagonal terms was
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suggested by taking into account the contributions of the neglected off
diagonal terms (22). The correction factor, which is identical for both

modes is

C12C3,
[1 ] _] , (5.3)

* ok
C11C22

and will be used in this study for comparison. Here C; , is the term of
the generalized damping matrix in row r and column c.

The calculated natural frequencies, eigenvectors, modal masses, modal
stiffnesses and the two values (average and low) of modal damping ratios
are given in Table 5,5a,

The measured free wvibration acceleration records of the two-story
structures (without appendage) are given in Figures 5.4 and 5.5 for
structures Ml and M2, respectively. It is possible to express these
accelerations as linear combinations of the two modes of the structure by

using the calculated eigenvectors

tes- ) =
Here §3 is the modal acceleration of mode j and ;1 is the acceleration of
DOF 1{i.

The modal accelerations §j for the two-stery structures calculated
from Eq. 5.4, are plotted in Figures 5.6 and 5.7 for structures Ml and M2,
respectively. It can be seen that similar to the single-story structures

each mode behaves as a damped SDOF system with a fairly constant natural

frequency and damping, which also is characterized by friction.
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The natural frequencies and average equivalent viscous damping ratios
were determined using the same methods that were used in Section 5.1.1.1
for the single-story structures. An equivalent viscous damping for large
excitations was also determined. These values will be called the
"measured" natural frequencies and damping in the following.

The measured natural frequencies and damping ratios are given in
Table 5.5b and can be compared with the calculated values which are alse
given in Table 5.5b. The agreement between the frequencies is very good
and it can be concluded that the calculated eigenvectors can be used to
uncouple the results of the measurements and obtain modal responses. A
reasonably good agreement 1is obtained in the damping considering that
damping is nonproportional and that friction is represented as viscous
damping. It is possible that some of the differences are caused by the
differences in the level of excitation of the two modes in the free
vibrations. It is interesting to try the correction of the diagonal
terms, mentioned earlier (Eq. 5.3). The corrected modal damping ratios
also are presented in Table 5.5b. It can be seen that a better agreement
is obtained for mode 1 but agreement is less good in the case of mode 2.

Since this study involves large excitations the measured lower values
of damping will be used, which is consistent with the wvalues used for the
single-story structures. The envelopes of free wvibrations of the two
modes, but having these measured damping ratios, are also given in Figures
5.6 and 5.7.

The natural frequencies and equivalent damping ratios obtained from
free vibrations were checked to verify their validity in forced vibration.

This was done by comparing in Table 5.6 measured modal amplifications of
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the structures subjected to earthquake ground motions in the elastic range
with modal amplifications calculated using these natural frequencies and
damping ratios.

The measured modal responses were obtained by wusing Eq. 5.4 to
transform the story accelerations into modal accelerations. The measured
amplifications are defined as the ratios between the maximum values of
these modal accelerations and the maximum ground acceleration. The
calculated amplifications were obtained using Eq. 5.2a. It is noted that
the agreement is good and it can be concluded that the measured viscous
damping is a good approximation for the use in response calculations of
the two-story structures,

5.1.1.3 Appendages

Typical measured free vibration acceleration records of the decoupled
appendages are given in Figures 5.8 to 5.11. The response of appendages
AS2 with a small mass and appendage AL3 with a large mass are given in
Figures 5.8 and 5.9, respectively. It can be seen that these appendages
behave as SDOF systems with very light damping. This behavior is typical
in all cases where no damper was used (Table 4.3). The respOnses of
appendages ASl and ATé are given in Figures 5.10 and 5.11, respectively,
The behavior is typical in all cases where the damper was used.

The natural frequencies and damping ratios were calculated using the
same methods that were used in Section 5.1.1.1 for the single-story
structures and are given in Table 5.7. The envelopes of free vibrations
with the calculated damping are also given in Figures 5,8 to 5.11.

Two of the decoupled appendages, namely AS2 and AS3 which were used

in several experiments, were subjected to the ground motions of El Centro
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and Melendy earthquakes. The measured amplifications are compared with
the calculated amplifications in Table 5.8a. It is noted that the
agreement is not as good as in the case of the single and two-story
structures. A probable reason for the differences is that when damping is
low small deviations in the natural frequencies may result in substantial
changes in the response (Figures 4.3, 4.4 and 4.5).

The following steps were undertaken to verify the reason for the
differences and suggest a correction, which could be wused in the
interpretation of the results of the experiments performed in this study.
To see the influence of small deviations in the frequencies the standard
deviations of the measured natural frequencies of the two appendages were
determined. Maximum and minimum responses were calculated for this range
of frequencies and are also presented in Table 5.8a. It 1is noted that the
range of response is of the same order of magnitude as the differences
between the measured and calculated responses. The procedure was then
repeated for the damping, but the influence on the results was much
smaller in this case. The next step was to try to obtain a mére accurate
value of the natural frequncy during a test. This can be done by
measuring the frequency at the end of the record where the response is
essentially in free vibrations. Since free vibrations at the end of a
record were not available in several experiments the frequency was
measured in the region of maximum response. These frequencies were used
to calculate corrected responses, The results are given in Table 5.8b and

it is noted that a better agreement with the measurements is achieved.
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5.1.2 1Inelastic Properties

5.1.2,1 Sinple-Story Structures

A typical force-displacement plot of a static test of the single-
story structures is shown in Figure 5.12 for structure S1. The behavior
is characterized by a linear elastic portion and a curved portion as a
transition to the plastic range.

A typical inelastic m;asured response of the single-story structure
S1 to harmonic ground motion is given in Figure 5.13. Three inelastic
hysteresis loops are shown in this case. It can be seen that static and
dynamic inelastic behavior is similar, In practice the static force-
deformation behavior is usually known and the dynamic behavior is taken as
the same or estimated from the static behavior.

The equivalent stiffness and viscous damping ratios were calculated
using the procedure based on the rotation of the viscous damping ellipse
outlined in Section 3.3.3.2. The results are presented in Tables 5.%a and
5.9b. Table 5.9a contains the measured maximum ground and structure
displacements, magnification factors, ductilities, as well as the energy
dissipated in one cycle and the coefficient . Table 5.9b contains the
calculated secant stiffnesses, —%—, equivalent stiffnesses and damping
ratios and the magnifications calculated using these equivalent systems,
For cémparison, the measured magnifications from Table 5.9a are also
given. The agreement is good and it can be concluded that the method
suggested in Section 3.3.3.2 is suitable for the determination of the
equivalent linear system in the case of harmonic ground motion. It is

also noted that the secant stiffness gives a very good approximation for
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the equivalent stiffness, which is in agreement with Hadjian’'s conclusions
(11). Therefore the secant stiffness will be used in the following.

Another approach for calculating the equivalent linear system was
also tried. Replacement of the actual inelastic structure by an
equivalent one means that the actual response is replaced by a harmonic
response which is as close as possible to the actual. Such a harmonic
response can be obtained by performing a Fourier Analysis of one cycle of
the actual response and keeping only the term with the forcing frequency.
This procedure was performed on both the displacement and resistance
responses, giving a rotated elliptical force-displacement loop for each
test. These rotated ellipses were practically identical to those obtained
from the best fit with the hysteresis loops.

The maximum measured inelastic response of the single-story
" structures (without appendage) subjected to earthquakes is shown in
Figures 5.14a and 5.14b. Also shown iIn these figures are the responses
calculated using the equivalent linear systems of Shibata (Egs. 3.83),
Iwan (Eqs. 3.84) and Hadjian (Eqs. 3.86). The results are presented Qs
amplifications, determined from Eq. 5.2a, as a function of ductility. It
can be seen that the results are generally similar. The simplification by
Hadjian gives a slightly better overall agreement with the eXperiments.
Therefore Eqs. 3.86 will be used in this study. It should be noted that
the equivalent damping ratios calculated by the three methods were very
close so that most of the differences are caused by differences in the
calculated equivalent linear frequency. Therefore it is expected that Eq.
3.86a will give a better estimate of the frequency shift than the other

methods,
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It is interesting to compare the measured amplifications with
amplifications calculated using modified response spectra suggested by
Newmark and Hall (33). Since the models in this study are in the
frequency range of the constant acceleration amplification, Eq. 5.2a can

be written as

SA(G,0)

AF = ———
A[zp-1]*f

(5.5)

Amplifications calculated from Eq. 5.5 are compared with the measured
amplifications in Figures 5.15a and 5.15b. It can be seen that the
agreement is similar to that obtained.by using an équivalent system. In
most cases the modified spectra underestimate the measured response but
give a better description of the change in the response as a function of
ductility. However the modified spectra does not provide an estimate of
the change in the natural frequency, which 1is required for the
determination of the response of an appendage.

5.1.2.2 Two-Story Structures

Three typical measured inelastic responses of the two-story
structures subjected to earthquakes are shown in Figs. 5.16, 5.17 and
5.18. The three cases are: Structure M1 subjected to El CGCentro,
structure M2 subjected to El Centro, and strﬁcture M1 subjected to Melendy
ground motion. The results are presented as absolute accelerations and
relative displacements (drifts) of the two stories.

Story inertia forces and story resistances (shears) were calculated

from the story accelerations and masses as
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Fp =My ¥, (5.6a)
F, =M %, (5.6b)
Ry = -F, - F, , and (5.6c)
R, = -F, , (5.6d)

in which F; 1is the inertia force of floor i and R; 1s the resistance of

story 1. It should be noted that the elastic damping is included in the

resistance so that Egs. 5.6 are compatible with Eq. 3.90.

The story resistances are plotted against story relative
displacements in Figures 5.19, 5,20 and 5.21, for the same three typical
cases. Using the ductility definition from Section 3.3.2, story
ductilities can be determined,

Modal displacements were obtained from story displacements relative
to the ground by using Eq. 3.88 and modal resistances from story inertia
forces using Eq. 3.90b. The modal resistances are plotted against modal
displacements in Fig. 5.22, 5.23 and 5.24 for the same three typical
cases. The following observations can be made:

1) The general behavior of both modes is similar te the force-
deformation curves of SDOF inelastic systems, consisting of inelastic
hysteresis loops.

2) Large modal inelastic excursions correspond to the large story
inelastic excursions. However, the maximum modal deformations and
maximum story deformation do not always occur simultaneously.

3)_ The shapes of the modal hysteresis loops is less regular than in the
case of SDOF systems, particularly in the higher mode.

Large irregularities can be cobserved in the case of Melendy ground

motion,
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4) Maximum resistances and maximum deformations do not always occur
simultaneously and sometimes may occur in different cycles.
5) The slopes of the "elastic" parts of the modal hysteresis loops are

equal to the modal elastic stiffnesses, K], which are also shown in

J L

the figures.

Modai ductility, p;, can be determined from the modal hysteresis
loops, by using the ductility defined in Section 3.3.2. Eq. 3.73 will
then take the form

K3 (U3 dnax
py - —— (5.7)

(R Imax
in which, (uj),., is the maximum modal displacement and (RY),,, 1is the
maximum modal force. However, in the case of Melendy ground motion where
large irregularities exist this definition will not provide useful
results. Therefore, in these cases (RY)pax will be replaced by the
maXimum modal resistance that occurs during the maximum inelastic

excursion (uj)...-

The measured story and modal ductilities are given in Tables 5.1Ca,
5.10b and 5.10c for the three cases of the two-story styuctures (with and
without appendage). Also given in these Tables are modal ductilities
calculated from the measured story ductilities using the Eq. 3.93
suggested in this study and Eqs. 3,94 and 3.95 suggested by Tansirikongkol
and Pecknold and by Villaverde, respectively. Story ductilities
calculated from the measured modal ductilities using the method suggested

by Lin and Mahin (25) are also presented in Tables 5.10a, 5.10b and 5,10c.
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The measured and calculated modal ductilities are plotted as a function of

the maximum ground acceleration, in Figures 5.25a, 5.25b, 5.26a, 5.26b,

5.27a and 5.27b,
Based on these tables and figures, the following observations can be
made :

1) Both the measured and calculated results show that modal and story
(local) ductilities are in the same range in general, This
observation is in agreement with the results of previous studies
where structures were designed assuming some average ductility which
was then compared with calculated local ductilities (12), (23).

2) Reasonable agreement is obtained between modal ductilities measured
and calculated using the three equations in cases where the modal
hysteresis loops are regular (usually the first mode). Agreement
deteriorates as the loops become more irregular (usually the second
mode and Melendy ground motion).

3) Eq. 3.93 suggested in this study, tends to underestimate the modal
ductility of the second mode.

4) Large scatter exist in the modal ductilities calculated using Eq.
3.94., This scatter is attributed to the fact that one of the story
ductilities is equal or close to 1.0 in several cases.

5) Eq. 3.95 suggested by Villaverde gives the best overall agreement
with the experiments.

In view of these observations, Eq. 3.95 will be used in this study,

However, it should be remembered that Eq. 3.95 is wvalid for chain

structures only.
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5.2 Appendages on Single-Story Structures

5.2.1 Free Vibrations

5,2.1.1 Detuned Systems

The natural frequencies and eigenvectors of the combined detuned
single-story structures with appendage, were calculated from the 2-DOF
eigenvalue problem and are given in Table 5.11. These values will be
called the "exact undamped" frequencies and eigenvectors in the following.
The natural frequencies of the decoupled structures and appendages, and
the approximate eigenvectors calculated from Eqs. 3.3 and 3.14 are also
given in Table 5.11 for comparison. These values will be called the
"approximate undamped" frequencies and eigenvectors in the following. The
agreememt is very good.

Typical measured free vibrations acceleration records of the combined
detuned single-story structures with appendages are given in Figures 35.28
and 5.29 for the case of a small and large appendage mass, respectively,
It is possible to perform a modal decomposition of these accelerations, by
using Eq. 5.4 and the approximate eigenvectors.

The modal accelerations are plotted in Figures 5.30 and 5.31 for the
same two cases. It can be seen that the modal responses are similar to
the response of a SDOF system, meaning that a reasonable degree of
uncoupling 1is achieved by using the approximate eigenvectors. Some
coupling remains in the ﬁode of the appendage,.

The modal free vibrations of the combined systems can now be compared
with the free vibrations of the decoupled systems. For example, mode 1
from Figure 5.30 is compared with Figure 5.2, mode 1 from Figure 5.31 is

compared with Figure 5.1, and mode 2 from Figure 5.31 is compared with
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Figure 3.9. There is a good agreement with the assumption made in Section
3.2.1, that the mode shape of the combined detuned system is composed of
the unchanged mode shape of either the decoupled structure or appendage
and the deformed shape of the other decoupled system. These observations
will also be confirmed in Section 5.3.1, where the free vibrations of the
combined two-story structures with appendages are treated.

The method described in Section 5.1.1.1 was used to determine the
natural frequencies from the modal acceleration records. These values,
which will be called the "measured" natural frequencies in the following,
are also given in Table 5.11. The agreement with the exXact and
approximate undamped frequencies is good. It can be concluded that the
use of approximate {decoupled) frequencies suggested in previous studies
and approximate eigenvectors (Eqs. 3.3 and 3.14) 1s justified in the case
of detuned appendages.

5.2.1,2 Tuned Systems

Typical measured free vibrations acceleration records of the combined
tuned single-story structures with appendages are given for the following
four cases: in Figure 5.32, for a system with low damping and small
appendage mass, in Figure 5.33 for a system with low damping and large
appendage mass, in Figure 5.34 fof a system with a small appendage mass
and larger appendage damping, and in Figure 5.35 for a system with a small
appendage mass and larger structure and appendage damping.

The beat phenomenon is apparent in the cases where the appendage mass
is small. The beat periods, calculated for each case using Eq. 3.35, are

also given in the figures and the beat damping envelopes calculated using
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Eq. 3.36 are also plotted in the figures, A good agreement between the
measured and calculated beat period and damping can be observed.

Two sets of natural frequencies and eigenvectors, namely the exact
undamped and the tuned damped, were calculated for the tuned systems and
are given in Table 5.12. It is noted that there iIs a good agreement Iin
the case of low damping. For larger damping, the agreement between the
frequencies is good but some differences in the eigenvectors, can be
observed.

Modal decomposition was performed using the two sets of eigenvectors.
The results are plotted in Figures 5.36 to 5.39 for the same four cases,.
It can be seen that some coupling between the modes remains after the
decomposition. Both sets of eigenvectors deliver identical results except
in the case of large damping where the tuned damped eigenvectors give a
slightly better decomposition (Figuré 5.39).

The method described in Section 5.1.1.1, was used to determine the
natural frequencies from the modal acceleration records. These values
which will be called the "measured" natural frequencies in the following,
are alse given in Table 5.12. Only the results of the tuned damped case
are given in the table. The agreement with the calculated values is good.

The observations made in this section indicate that the use of the
approximate natural frequencies and eigenvectors (37) is justified in the
case of tuned appendages even for large appendage mass up to 10 percent of
the structure mass.

5.2.1.3 Slightly Detuned Systems

When the combined system is close to tuning damping cannot be

neglected in the calculations, Nevertheless, the exact undamped and
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approximate undamped natural frequeﬁcies and eigenvectors were determined
for the slightly detuned systems as well and are given in Table 5.13a. It
is noted that some differences exist in the natural frequencies and the
eigenvectors. Natural frequencies and eigenvectors were also calculated,
using the expressions given by Ruzicka and Robinson (37) for the tuned
case and including the influence of slight detuning and damping (38),
(37). These values which will be called the "tuned damped"” natural
frequencies and eigenvectors in the following are given in Table 5.13b.
The approximate undamped frequencies and eigenvectors from Table 5.13a are
also given in Table 5.13b for comparison. It is noted that the
differences in the eigenvectors are substantial, although the differences
in the mnatural frequencies are relatively small. This is not surprising
since the frequencies are either equal to the decoupled frequencies in the
detuned case, or close to the decoupled frequencies in tuned case (Eq.
3.27). The differences in the eigenvectors may lead to substantial
differences in the appendage response if one method is used instead of the
other. This observation will be confirmed in Section 5.2.2.3 where the
response of the slightly detuned system subjected to earthquake ground
motions is treated,

Typical measured free vibrations acceleration records of the combined
slightly detuned single-story structures with appendages are given in
Figures 5.40 and 5.41. Figure 5.40 represents a boundary case that could
be considered either detuned or slightly detuned, according to the range
defined by Eq. 3.66.

Modal decomposition of the structure and appendage acceleration

records was performed using the three'pairs of eigenvectors from Table
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5.13. Typical results are plotted in Figure 5.42 for the case given in
Figure 5.40 and in Figure 5.43 for the case given in Figure 5.41. It can
be seen that substantial coupling remains in the second mode (appendage
mode) in the case where the system is at the boundary of detuning,
regardless of the eigenvectors used in the decomposition (Figure 5.42).
In the case of the system closer to tuning reasonable uncoupling is
obtained when the exact undamped or the tuned damped eigenvectors are used
in the decomposition (Figure 5.43).

The method described in Section 5.1.1.1 was used to determine the
"natural frequencies from the modal acceleration records. These wvalues
which will be called the "measured" natural frequencies in the following
are also given in Table 5.13b. Only the results of the approximate
undamped and tuned damped case are given in the table., The agreement with
the calculated values is good.

The observations made in this section are compatible with the
assumption made in Section 3.2.3, that the slightly detuned case can be
used as a transition between the tuned and the detuned case. However, it
is expected that the estimated appendage response will not be as good as
in the cases of a detuned or tuned appendage, particularly in cases that

are near the boundary of detuning.

5.2.2 Earthquakes
5.2.2.1 General

Amplification factors, defined as the ratio between the maximum
appendage acceleration response and maximum ground acceleration are used

in comparison of the experimental and analytical results:
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(5.8)

In the case of an experiment, X ,, 1s the maximum measured appendage
acceleration. In the case of an analysis an equation from Section 3.2 is
substituted for X,,, depending if the system is tuned or detuned. When
the structure behaves inelastically the equivalent linear system from
Section 3.3 1s used in the calculation.

5.2.2.2 Detuned Systems

The measured amplification factors of the detuned appendages are
plotted as a function of the measured ductilities for different supporting
structures in Figures 5.44 to 5.48.

Amplification factors were calculated using Eq. 3.24 and are plotted
in Figures 5.44 to 5.48 together with the measured values. An upper bound
was estimated by using the ABSS rule instead of the SRSS in Eq. 3.24. A
Llower bound was estimated by taking only the larger of the two terms in
Eq. 3.24. These upper and lower bounds are also plotted in the same
figures.

It can be seen that a reasonable agreement exists between the
measured and calculated amplification. The agreement is approximately the
same for elastic (u=1.0) and inelastic supporting structures, and for the
small and large appendage mass. In most cases the measured amplifications
lie between the calculated lower and upper bounds,

Some exceptions, where the measured amplifications of the appendages
are smaller than the lower bound, can be seen in the figures. These cases

can be divided in two groups. One group includes cases where the combined
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system is close to the boundary between slight detuning and detuning (Eq.
3.65). Such cases are appendage AS3 on structure S4 {(Figure 5.46) and
appendage AS3 on structure S5 (Figure 5.47) that are close to the boundary
at low ductility and become detuned for larger ductilities. Recalculation
of these cases as slightly detuned gave a better agreement with the
measurments. Other examples are appendage AS2 on structure S4 (Figure
5.46) and appendage AS2 on structure S5 (Figure 5.47) that are detuned at
low ductilities and approach the boundary for larger ductilities.
Reaclculation of these cases as slightly detuned provided results which
were lower that the measurments.

The second group includes cases of large ductilities of structure S2
(Figures 5.453). These systems are not close to the boundary of slight
detuning. An inspection of Eq. 3.24 leads to the suggestion that the
reason for the differences should be found by examining the response
spectra, SA(Q,{), of the (equivalent linear) supporting structure. For
detuned systems the terms containing the frequency ratios should not be
sensitive to relatively small changes in the frequency, €, and the
response spectrum, SA(w,,{,), of the (elastic) appendage does not change.

The response spectra amplifications of the equivalent 1linear
supporting structures are given in Table 5.14. The measured
amplifications of these structures are also given in the table. It is
noted that for large ductilities the response spectra of the equivalent
linear system overestimate the response which is limited by the resistance
of the structure. Also given in Table 5.14 are the Newmark and Hall (33)

modified response spectra amplifications calculated using Eq. 5.5. It is
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noted that generally the modified spectra underestimate the response but
give better estimates for large ductilities.

Amplification factors for the appendages were recalculated using the
yield resistances instead of response spectra of the equivalent linear
systems. In most cases the results were slightly lower than those
obtained using the equivalent linear system. In some cases of large
ductility the results were substantially Ilower. The lower bounds for
these cases are also plotted in Figures 5.45 and 5.47. It can be seen
that in the cases of Figure 5.45 a better agreement between the measured
and calculated response 1s achieved when the response spectra of the
equivalent linear systems are vreplaced by the resistances of the
structures, However, in the case of Figure 5.47 this procedure may
underestimate the appendage response.

It can be concluded that the response of a detuned appendage mounted
on a SDOF structure that behaves inelastically can be estimated from Eq.
3.24 by replacing the actual structure with an equivalent linear system.
The procedure can be used for appendage weight of up to at least 10
percent of the weight of the structure. In cases of large ductilities,
this procedure may overestimate the appendage response. If the response
spectrum of the (equivalent linear) structure, SA((1,{), used in Eq. 3.24,
is limited to the resistance of the structure, a better estimate of the
appendage response can be obtained in cases of 1large ductilities.
However, in some cases the appendage response will be underestimated.
When the combined (elastic or inelastic) system is close to the boundary

of slight detuning, Eq. 3.24 will overestimate the appendage response,
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5.2.2.3 Tuned and Slightly Detuned Systems

The measured amplification factors of the tuned and sightly detuned
appendages, normalized to the calculated ig are plotted as a function of
Jv/2¢ in Figure 5.49a. 1t should be noted that these experiments include
the large and small appendage masses, two earthquakes (El1 Centro and
Melendy) and different levels of inelastic behavior. Four curves from
Figure 3.1 are also plotted in Figure 5.49a, These curves are the line of
the upper bound suggested in this study (Eq. 3.37), the curve based on the
maximum of the beat envelope (Eq. 3.43) and the two curves of the lower
bound suggested in this study (Eq. 3.51).

It can be seen that a good agreement is obtained and that most of the
measured results are located between the calculated lower and upper bounds
and follow the curve of the maximum of the beat envelope, Eq. 3.43,

At this stage the difference between Eq. 3.40 in which the FAS is
used and Eq. 3.42 in which the response spectra is used will be discussed
briefly. The responses of the tuned and slightly detuned appendages were
calculated also wusing Egq. 3.40. The results were similar to those
obtained from Eq. 3.42 but the scatter was large. This scatter is
attributed to the erratic behavior of the FAS. 1In the following Egq. 3.40
will be used,

A few exceptions (5 tests) can be seen in Figure 5.4%9a, where the
measured appendage amplifications are underestimated even by the suggested
upper bound. An inspection of the three tuned cases shows that these
systems, which are tuned when the supporting structure responds
elastically, approach the boundary of detuning for large ductilities (and

large equivalent damping). Recalculation of these cases as detuned gave
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results that were in better agreement with the measurements (slightly
overestimated). The two ‘slightly detuned cases are elastic systems with a
large appendage mass and light damping, also cleose to the boundary of
detuning, Recalculation of these cases as detuned gave results that
overestimated the measurements by approximately 60 percent and 70 percent,

Figure 5.49b depicts the same results grouped according to the two
earthquakes used in these tests, It can be seen that although generally
the agreement is similar for both earthquakes, the calculations tend to
underestimate the measurements in the case of El Centro earthquake and to
overestimate the measurements in the case of Melendy earthquake. This
tendency is not a coincidence since the systems of the three cases, which
approach detuning at large ductilities when subjected to El Centro, were
also subjected to Melendy ground motion and reached the same levels of
ductility; however, the 7results were mnot underestimated by the
calculations. Actually these test results are located close to the curves
of the lower bound near the origin of Figure 5.49b.

Figure 5.49c presents the results according to the size of the mass.
Typically either a small mass (approx. 1 percent of floor weight) or a
large mass {approx., 10 percent of floor weight) is used in the comparison.
No specific relationship between amplification and mass size can be seen
in this figure.

Figure 5,50 depicts the results according to the level of inelastic
response of the supporting structure: elastic, inelastic with moderate
ductility of up te 2,0, and inelastic with large ductility of 2.0 or
larger. It seems that the scatter in the results of the elastic tests is

slightly larger. This is attributed to the erratic behavior of the
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response spectra at low damping. It can also be seen that several tests,
where large ductilities were reached, are located close or even below the
estimated lower bound (overestimated). Similarly to the case of the
detuned systems the reason for the differences between the measured and
calculated results should be located in the response spectra of the
(equivalent linear) supporting structure, which is limited to the
resistance of the structure. However, in the case of a tuned (or slightly
detuned) system the response spectrum of the combined system is wused
instead of the response spectra of the decoupled structure and appendage.
At this stage it should bhe reminded that when the tuned case was
interpreted as an absolute sum in Section 3.2.2 it was assumed that the
response spectra of the structure and the appendage were approximately the
same (Eq. 3.29). This is not the case when the response of the structure
is limited by its resistance. Therefore it will be assumed that in cases
of large ductilities the response spectrum of the combined system can be
approximated as the average of the resistance of the structure and the
response spectrum determined for the combined (equivalent linear) system.
This approximation can be Interpreted as an absolute sum with two
different response spectra. The results were corrected by using this
average response spectra in the calculations. This correction was applied
only to the cases where the ductility wés equal or larger than 2.0. The
results are replotted in Figure 5.51 and it can be seen that generally the
agreement with the calculated values is improved. However, some of the
measurments are underestimated by the correction,

It was noted earlier that the scatter in the results was

approximately the same in both elastic and inelastic cases. However, only
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a limited number of elastic tests were performed. Therefore, additional
"numerical tests" of elastic tuned and slightly detuned systems were
carried out. The systems were chosen so that their elastic stiffnesses
and damping ratios were equal to those of the elastic and equivalent
linear systems used in the experiments, and were subjected to the same
ground motions, The results are plotted in Figure 5.52 and it can be seen
that only a small improvement of the scatter is obtained.

It was observed earlier that the size of the appendage mass. did not
have a significant iInfluence on the agreement between the meaﬁured and
calculated appendage amplifications. To see the influence of the size of
the mass on the response, the values of the transfer function were
calculated for all the tests given in Figure 5.49a, using Eq. 3.61. These
values are shown in Figure 5.53 as a function of the frequency ratio.
Since some mass was added on the appendage to obtain tuning, the effective
mass, y+4{,t, of the small tuned appéndages varied between 1.0 percent and
2.5 percent of the floor mass. Therefore, the results for the small mass
are given in three groups according to the size of the mass. Some curves
from Figures 3.2 and 3.3 also are plotted in Figure 5.53. These cutves
are those for the detuned case (SRSS and ABSS) and those for the slightly
detuned case with mass ratios of 1.0 and 10.0 percent. Curves for the
slightly detuned case with mass ratios of 1.5, 2.0 and 2.5 percent were
added in Figure 5.533. It should be remembered that the curves of the
slightly detuned case are based on Eq. 3.37 and therefore represent the
upper bounds. Although some scatter can be seen, the agreement between
the measurements and the calculations is remarkable. Only a few

measurements lie above the relevant curves. These exceptions are the same
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cases treated earlier in relation with Figure 5.4%9a. 1t is interesting to
note that the detuned ABSS gives a good estimate of these cases., Also, it
is interesting to note that even in these cases the response does not
exceed the calculated response of the tuned case with the same appendage
effective mass. This is in agreement with considerations of energy
transfer between the structure and appendage (38).

Selected measured results are presented in Figure 5.54 through 5,69,
These experiments were chosen so that certain trends in the behavior of
the combined systems could be observed. Ground acceleration, structure
deformation and acceleration, as well as appendage acceleration are
plotted as a function of time. Also given In these figures are calculated
maximum appendage responses aﬁd the equation used to calculate them.

Results for structure S8 supporting appendage AT2 and subjected to
different levels of El-Centro are given in Figures 5.54 to 5.57. The beat
phenomenon is apparent in cases of low ductility. In these cases, Eq,
3.43 based on the maximum of the beat envelope gives a good estimate of
the maximum appendage response, which is located in the nearly free beats
after the first main ground shock (Figures 5.54 and 5.55). As the
ductility increases the beat is still apparent in the appendage response.
Eq. 3.43 underestimates the maximum response which occurs later during the
earthquake (Figure 5.56). However, the maximum response is less than the
upper bound calculated using Eq. 3.37 and also given in Figure 5.56. For
larger ductility this particular combined system becomes detuned and the
maximum appendage response is slightly underestimated even when Eq. 3.37
is used (Figure 5.57). This is one of the cases discussed earlier in

relation to Figure 5.49.
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Results for structure S8 supporting appendage AT3 and subjected to
different levels of Melendy are given in Figures 5.58 to 5.61. 1In cases
of‘low ductility Eq. 3.43 gives a good estimate of the maximum appendage
response (figures 5.58 and 5.59). As the ductility increases, Eq. 3.43
overestimates the maximum response (Figure 5.60)., However,the maximum
response is larger than the lower bound estimated from Eq. 3.51 and also
given in Figure 5.60. For larger ductility the maximum appendage response
is overestimated even when Eq. 3.51 is used (Figure 5.61). A slightly
better agreement is obtained when Egq. 3.43 is used with the yield
resistance of the structure.

Results for structure S4 supporting appendage AT6, subjected to El-
Centro and Melendy, are given in Figures 5.62 to 5.65. Only one case of
low ductility and one case of high ductility is shown for each earthquake.
In this combined system both structure and appendage have elastic damping
ratios that are higher than those of the systems discussed previously.
The general behavior and the predictions of the maximum appendage response
are similar to the systems with low elastic danping.

Results for structure S9 supporting appendage AT7 subjected to El
Centro and Melendy are given in Figures 5.66 to 5,69, Again only one case
of low ductility and one case of high ductility is shown for each
earthquake. 1In this combined system elastic damping ratios are low but
the appendage mass is large. Although the beat phenomenon can hardly be
seen even In the cases of low ductility, Eq. 3.43 still provides good
estimates of the appendage maximum response. Generally the trends are

similar to the cases described earlier.



101

It can be concluded that the response of a tuned or slightly detuned
appendage mounted on a SDOF structure that behaves inelastically can be
estimated from Eq. 3.43 by replacing the actual structure with an
equivalent linear system. An upper bound of the response can be estimated
from Eq. 3.37, The use of the average of the resistance of the structure
and the response spectrum of the (equivalent linear) combined system is
not recommended since it may lead to underestimates of the appendage

maximum response, particularly in cases of long earthquakes,

5.3 Appendages on Two-Story Structures

5.3.1 Free Vibrations

The natural frequencies and eigenvectors of the combined two-story
structures with appendages were calculated from the 3-DOF eigenvalue
problem and are given in Table 5.15a for structure ML and in Table 5.15b
for structure M2. These values will be called the "exact undamped"
frequencies and eigenvectors in the following, The natural frequencies of
the decoupled structures and appendages, and the approximate eigenvectors
calculated from Eqs. 3.3 and 3.14 are also given in Tables 5.15a and 5.15b
for comparison. These wvalues will be called the "approximate undamped”
frequencies and eigenvectors in the following. The agreement is good.

Typical measured free vibrations acceleration records of the combined
two-story structures with appendages mounted on either story, are given in
Figures 5.70 to 5.75. 1t 1is possible to perform a modal decomposition of
these accelerations by using Eq. 5.4 (but for three degrees of freedom)

and the approximate elgenvectors.
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The modal accelerations are plotted in Figures 5.76 to 5.81 for the
same systems given in Figures 5.70 to 5.75. It can be seen that
uncoupling of the two structural modes is very good. Some coupling
remains in the mode of the appendage. This is not surprising since the
frequency of the appendage is close (although not in the range of slight
detuning) to one frequency of the structure and damping Iis
nonproportional. It should be remembered that some coupling also was
observed in the free vibrations of the appendages on SOF structures.

The modal free vibrations of the combined systems can now be compared
with the free vibrations of the decoupled systems. For example, the modes
of the structure from Figures 5.76, 5,77 and 5.78 are compared with the
modes in Figure 5.6. Similarly, the modes of‘the structure from Figures
5.79, 5.80 and 5.81 are compared with the modes ‘in Figure 5.7. Also, the
appendage modes from Figures 5.76 and 5.79 are compared with Figure 5.8.
The agreement 1is good in the case of the modes of the structures.
Although coulping exists in the case of the modes of the appendage, the
general behavior of the frequency and even the damping is similar. There
is a good agreement with the assumption made in Section 3.2.1, that the
mode shape of the combined detuned system is composed of the unchanged
mode shape of either the decoupled structure or appendage and the deformed
shape of the other decoupled system. These observations were also
confirmed in Section 5.2.1.1, where the free vibrations of the combined
single-story structures with appendages were treated.

The method described in Section 5.1.2.1 was used to determine the
natural frequencies from the modal acceleration records, These wvalues

which will be called the "measured" natural frequencies in the following
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are also given in Tables 5.15a and 5.15b. There is a good agreement with
the exact and approximate undamped frequencies and it can be concluded
that the use of approximate natural £frequencies and eigenvectors is
justified in the case of detuned appendages on MDOF structures. The
approximate eigenvectors will be used to determine the modal responses of
the supporting structure from floor responses, when the combined systems

will be subjected to earthquakes.

5.3.2 Earthgquakes

The measured appendage amplification factors determined using Eq.
5.8, are plotted as a function of the maximum ground acceleration in
Figures 5.82 to 5.84. Results are given for structure Ml subjected to El
Centro in Figure 5.82, for structure M2 subjected to El Centro in Figure
5.83, and for structure Ml subjected to Melendy in Figure 5.84,

The combined systems with the two-story structures were designed to
be detuned in the elastic range. Therefore, Eq. 3.21 was used to
calculate the maximum response of the appendage. An upper bound was also
calculated using the ABSS rule instead of the SRSS rule. Modal
ductilities and equivalent 1linear modes were determined from story
ductilities and were used in the calculations. The calculated appendage
amplification factors also are given in Figures 5.82 to 5.84. It can be
seen that a good agreement is obtained between the calculated and the
measured amplifications in all the cases of supporting structure M1 and
the measured amplifications are always less than the calculated upper
bound. In the case of supporting structure M2, reasonable agreement is

obtained when appendage AS2 is mounted on either story. However, in the
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case of appendage AS3 on structure M2, Eq. 3.21 overestimates the measured
appendage response. The differences between the measured and calculated
responses are particularly large when appendage AS3 is mounted on the
first floor of structure M2, Actually, in this case most of the
calculated values lie outside the boundary of the relevant plot in Figure
5.83.

The natural frequency of appendage AS3 (5.89 Hz) is close to the
natural frequency of mode 2 (7.23 Hz) of the structure. As the inelastic
response of the structure increases, its natural frequencies decrease. 1In
the case where the appendage is mounted on the first floor, the system
approaches and then enters the range of slight detuning. In the case
where the appendage is mounted on the second floor, the appendage
approéches slight detuning for large ductility. The vresponse was
recalculated for these cases, assuming slight detuning of the appendage
with mode 2 of the structure and the results are also plotted in Figure
5.83. The SRSS rule was used to combine the amplification of the slightly
detuned mode (Eq. 3.43) with those of the detuned mode. The upper bound
was determined by calculating the upper bound of the slightly detuned case
(Eq. 3.37) and using the ABSS rule toc combine this result with the terms
of the detuned mode. It can be seen that the agreement is improved.

Selected measured results are presented in Figures 5.85 through 5.92.
These experiments were chosen so that certain trends in the behavior of
the appendages could be observed. Ground acceleration, accelerations of
the two floors, deformation of the ylelding story, as well as appendage

acceleration are plotted as a function of time. Also given in these
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figures are calculated maximum appendage responses and the equation used
to calculate themn.

Results for appendage AS3 mounted on the second floor of structure M1
and subjected to El Centro are given in Figure 5.85 and Figure 5.86 for
cases of low and high ductility, respectively. It can be seen that the
appendage responds in its own frequency as well as the frequencies of the
structure (mainly first mode). For such a behavior, the SRSS gives a good
estimate of the appendage maximum response for low as well as high
ductility. This behavior is representative for both appendages AS3 and
AS2 mounted on either story of structure MI1.

Results for appendage AS3 mounted on the second floor of structure M1
and subjected to Melendy are given in Figure 5.87 and Figure 5.88 for
cases of low and high ductility, respectively. It can be seen that the
appendage responds mainly in its own frequency with some contribution from
the frequencies of the structure. For such a behavior, the SRSS slightly
underestimates, while the ABSS slightly overestimates, the appendage
maxi;um response for low as well as high ductility. This behavior is
representative for both appendages AS3 and AS2 mounted on either story of
structure MI1.

Results for appendage AS2 mounted on the first floor of structure M2
and subjected to El Centro are given in Figure 5,89 and Figure 5.90 for
cases of low and high ductility, respectively. It can be seen that the
appendage responds essentially in its own frequency with a slowly changing
amplitude. For such a behavior, the ABSS gives a good estimate of the

appendage maximum response for low as well as high ductility.
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Results for appendage AS2 mounted on the second floor of structure M2
and subjected to El Centro, are similar to those of appendages AS2 and AS3
mounted on structure MI.

Results for appendage AS3 mounted on the first floor of structure M2
and subjected to El Centro are given in Figure 5,91 and Figure 5.92 for
cases of low and high ductility, respectively. This is the combined
system that is close to the boundary of slight detuning in the elastic
range (mode 2 of the structure). For larger ductility the system enters
the range of slight detuning. A beat that leads to the appendage maximum
response can be seen in Figure 5.92. Calculation of this system as
detuned delivered results that overestimated the measurements by 100
percent for low ductility and by up to 300 percent for high ductility.
Recalculation of the system as tuned, using Eq. 3.37 for the upper bound
and SRSS, leads to substantial improvement of the agrement with the
measurements (also see Figure 5.83). For low ductility Eq. 3.43 and SRSS
gives a slightly better agrement (Figures 5.92 and 5.83).

The two story structures represent MDOF supporting structures in
general. It is anticipated that the maximum response of a SDOF appendage
with a single support, and mounted in a MDOF structure that behaves
inelastically, can be estimated by replacing the actual structure with an
equivalent linear MDOF system. The properties of this linear system can
be estimated by wusing the concept of modal ductilities. The maximum
response can be estimated for a detuned appendage, as well as an appendage

that is tuned (or slightly detuned) to one mode of the structure.
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CHAPTER 6. DESIGN APPROACH FOR APPENDAGES ON INELASTIC STRUCTURES

6.1 General

In this chapter a design approach for appendages on elastic and
inelastic structures which is based on the results of this study is
suggested. This approach is wvalid for a SDOF appendage supported on a
SDOF structure or supported at one point in a MDOF structure. The
appendage can be detuned or tuned to one frequency of the supporting
structure. This approach can be easily expanded to a MDOF appendage with
one tuned frequency. Also, it is expected that the method could be used
in cases where more than one tuned frequency exists if these tuned

frequencies are not close to each other.

6.2 SDOF Supporting Structure

A, Equivalent Linear System

Given the force-deformation relation of the structure and the
design (or evaluated) ductility, determine the properties of the
equivalent linear system:

a) Determine the ellipse of viscous damping for harmonic ground
motion (eq. 3.76).

b) Rotate the ellipse to obtain the best fit with the actual
hysteresis loop. The rotated abcissa gives the equivalent
linear stiffness (and frequency) for harmonic ground motion.

¢) Determine the equivalent viscous damping from Eq. 3.81.

Note: In many cases the secant stiffness gives a good

approximation of the equivalent linear stiffness. In such
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cases, the equivalent viscous damping can be determined
from Eq. 3.82.

d) Determine the equivalent 1linear frequency and damping for
earthquakes from Eq. 3.86 and Eq. 3.85b, respectively. This
equivalent linear system replaces the actual structure in the
following.

B. Check for Tuning

a) Calculate the effective mass ratio from Eq. 3.45b.

b) Calculate the frequency ratio, w,/Q.

c) Check if the system is detuned or slightly detuned (or tuned)
using Eq. 3.66, and the results of (a) and (b).

C. Maximum Response of a Detuned Appendage

a) Use Eq. 3.24 to evaluate the maximum response of the appendage.
b) Use Eq. 3.24 but with ABSS instead of SRSS to obtain an estimate
of the upper bound of the maximum response of the appendage.

D. Maximum Response of a Tuned Appendage

Proportional Damping ({y = ¢)

a) Calculate the coefficient k from Eq. 3.41.

b) Calculate the maximum response of the appendage from Eq. 3.42.

¢) Use Eq. 3.37 to obtain an estimate of the upper bound of the
maximum response of the appen&age.

Nonproportional Damping ({, = ¢)

a) Calculate the effective mass ratio from Eq. 3.45a,

b) Calculate the average damping of the combined system.

c) Calculate the coefficient k& using Eq. 3.41 and (a) and (b).

d) Determine the denominator of Eq. 3.42 from Eq. 3.45b.



e)

£)

g)

109
Determine the acceleration response spectrum at the tuning
frequency and average damping.
Calculate the maximum response of the appendage from Eq. 3.42
and (c), (d), and (e).
Use Eq. 3.37 to obtain an estimate of the upper bound of the

maximum response of the appendage.

E. Maximum Response of a Slightly Detuned Appendage

Proportional Damping

a)

b)

c)

Calculate the effective mass ratio by substitution of Eq. 3.34
into Eq. 3.56.

Calculate the effective tuning frequency as the average
frequency of the combined system.

Repeat steps (a), (b) and (c) for a tuned appendage using the
effective mass ratio and tuning frequency calculated in this

section.

Nonproportional Damping

a)

b)

c)

Calculate the effective mass ratio by substitution of Egs. 3.45a
and 3.54 into Eq. 3.56.

Calculate the effective tuning frequency as the average
frequency of the combined system.

Repeat steps (b) through (g) for a tuned appendage using the
effective mass ratio and tuning frequency calculated in this

section.
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6.3 MDOF Supporting Structure

A. Equivalent Linear System

a)

b)

c)

d)

e)

Evaluate member {(or story) ductilities using a conventional
procedure for monlinear analysis.

Estimate modal ductilities from member ductilities. Eq. 3,95
should be used for chain structures. In the case of more
complex structures, the matrix (Eq. 3.96) should be determined
case by case. In such cases Eq. 3.93 can be used as an
alternative.

Calculate the equivalent linear modal stiffnesses for harmonic
ground motion as the secant stiffness wusing the wmodal
ductilities.

Calculate the equivalent linear modal damping ratios for
harmonic ground motion using Eq. 3.82,

Determine the equivalent linear frequencies and damping ratios

for earthquake from Eq. 3,86 and Eq. 3.85b, respectively.

In the following each mode is treated as a SDOF equivalent linear

system which replaces the actual structure. The elastic mode shapes are

used in the calculations.

B. Check for Tuning

a)

b)

Calculate the effective mass ratio assuming that the modal mass
of the structure is concentrated at the point of the support of
the appendage (Eq. 3.71) and from Eq. 3.45b.

Repeat steps (a) and (b) from Section 6.2 - D - Proportional

Tuning, for each mode.
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C. Maximum Response of a Detuned Appendage

a)

b)

Use Eq. 3.21 to evaluate the maximum response of the appendage.
Use Eq. 3.21 but with ABSS. instead of SRSS to obtain an estimate

of the upper bound of the maximum response of the appendage.

D. Maximum Response of an Appendage with a Tuned or Slightly Detuned Mode

a)

b}

c)

d)

e)

The response of the detuned modes 1is obtained wusing the
procedure outlined in paragraph 3 of this section.

The response of the tuned mode is evaluated employing the
procedure outlined in paragraph 4 (or 5) of Section 6.2 and
using Eq. 3.72 instead of 3.43.

An upper bound of the maximum response of the tuned mode can be
obtained by setting the exponent in the numerator of Eq. 3.72
equal to 1.0 (analogy with Eq. 3.37).

The responses obtained in (a) and (b) (or (c)) should be
combined using the SRSS rule.

An upper bound of the total response can be estimated by using

ABSS instead of SRSS.
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CHAPTER 7. GONCLUSIONS

7.1 Summary and Conclusions

In this study a procedure is suggested for estimating the maximum
response of an appendage mounted on an inelastic structure using the
concepts of equivalent linear system and modal ductility. An extensive
experimental program was undertaken to evaluate the suggested procedure.

A simple Interpretation of an elastic detuned appendage is derived.
It is‘shown that the tuned appendage can be considered as a limiting case
of the detuned appendage and that the transition can be approximated using
the slightly detuned appendage.

In the case of a SDOF inelastic supporting structure, the actual
structure is replaced by an equivalent linear system. In the case of a
MDOF 1inelastic supporting structure, the concept of modal ductility is
used to obtain equivalent linear modes.

A series of experiments of SDOF appendages mounted on one- and two-
story structures was performed. The combined systems were subjected to
earthquake motions. A good agreement was obtained between the
measurements and the maximum appendages responses evaluated using the
suggested procedure. In fact, even certain trends of behavior, such as
tuning or detuning as a result of inelastic behavior, were apparent in
both the experimental and calculated results.

The main conclusion of this study is that the concepts of equivalent
linear system and modal ductility provide a good tool for estimating the
maximum response of an appendage mounted on an inelastic supporting

structure, The expected accuracy is about the same for elastic and
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inelastic supporting structures. It seems that inaccuracy resulting from
the approximations in the evaluation of the maximum responses of the
different tuned, detuned and particﬁlarly slightly detuned modes, as well
as that resulting from the rules for the summation of these responses is
larger than the inaccuracy introduced by using the equivalent linear

system and modal ductility.

7.2 Suggestions for Future Research

The concept of the equivalent linear system has been in use for a
long time, while the concept of modal ductility was introduced only
recently. A refinement of these procedures is recommended for the use in
the analysis of both inelastic primary structures and supported equipment.

The most crucial problems in evaluating the maximum response of an
appendage are:
to decide when to use upper {(or lower) bounds to estimate the response of
the tuned and slightly detuned modes; and to decide how to combine the
responses of different modes.

It is recommended that some work will be devoted to these subjects. A

random vibrations approach will probably be needed to do this.
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Table 3.1 Normalized Expressions for the Maximum
Response of a Tuned Appendage

Study Reference | Equation [ X,,./¥¢
Ruzicka 37
3.43 e ¥
Saclkman 38
1
Villaverde 53 3.46 -_—
2
1
Nakhata 29 3.48
[1+ 874
This Study SRR 3.37 1
iy
> T
Undamped || ------- 3.3 1+ |—=
ndampe 7
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Table 4.1 List of the Single-Story Structures

Structure|Floor weight* Design Natural frequency|Design Yield strength

(1b) (Hz) (1b)
s1 2640 3.16 183
52 264 .0 2.90 100
83 264.0 3.01 46
S4 264.0 5.75 195
§5 264.0 5.99 88
s7 267.5 7.22%% 390
S8 258.0 5.81** 208
89 270.0 5.68™* 207
sS4 264.0 5.75%%* 195

*  Floor weights include all fixtures and measurement devices.
®#% Tuning systems with all columns restrained.
*%% Tuning systems with hinged structure.

Taeble 4.2 List of the Two-Story Structures

Structure|Floor|Floor |Floor Weight* Floor Floor
Type Natural Frequency|Yield Strength

(1b) (Hz) (1b)

M1 1 S1 264.0 3.16 183

2 s1 253.0 3.23 183

M2 1 | se™* 264.0 7.27 372

2 52 253.0 2.96 100

* Floor weights include all fixtures and measurement devices,
*% Not used as a single-story structure.
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Table 4.3 List of the Appendages

Appendage Weight® Design Remarks
Natural Frequency
(1b) (Hz)
AS1 3.30 ‘ 1.5
AS2 3.30 3.0
AS3 3.30 6.0
AS4 3.30 9.0
ALY 26.09 1.5
ALla 26.46 1.5 ‘damper
ALlb 26.46 1.5 damper
AlLlec 26.46 1.5 damper
ALld 26.46 1.5 damper
ALZ 26,09 3.0
AL3 26.09 6.0
AL4 26.09 9.0
AT1 3.23 6**
AT2 3.73 6*>
AT3 4.49 6**
AT4 3.66 6x* damper
ATS 4.25 6**
AT6 4,23 6+ damper
AT7 26.09 6**

* Appendage weights include all fixtures and measurement devices,
** Tuning systems. ' ‘ ‘



Table 4.4 List of the Combined Systems Composed of Single-Story
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Structures and Appendages and the Earthquake Ground Motions

Used in the Tests

Appendage

Structure

851

52

s3

S4

85

87

S8

59

AS1
AS2
AS3

AS4

EMT

EM

ALl
Alla
ALlb
ALlc
ALld
AL2
AL3

Al4

AT1

AT?

AT3

AT4

ATS

AT6

AT7

EM

EM

EM

EM

EM

Remark: E = El Centro earthquake
M = Melendy earthquake

T = Taft earthquake
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Table 4.5 List of the Combined Systems Composed
of Two-Story Structures and Appendages
and the Earthquaske Ground Motions Used
in the Tests

Structure
M1 M2
Story Story
Appendage 1 2 1 2
AS2 EM EM E E
AS3 EM EM E E

Remark: E = El Centro earthquake
M = Melendy earthquake
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Table 5.1 Measured Natural Frequencies, Masses, Stiffnesses and
Equivalent Viscous Damping Ratios of the Single-Story

Structures
Structure Mass Natural Elastic Average|Viscous
Frequency|Stiffness|Viscous|Damping

Damping|for Large
Excitations

(1lb*sec? /in) (Hz) (lb/in) (%) (%)
s1 0.683 2.90 226,66 | 3.69 3.00
Sla 0.751 2.74 223.07 4,66 4.00
s2 0.683 2.59 181.08 4.72 4.00
s3 0.683 2.43 159,55 7.03 4.50
sS4 0.683 5.26 747 .58 6.85 6.00
S5 0.683 4.62 575.63 7.97 6.50
S6* 0.683 6.67 1200.60 2.95 2.50
s7%* 0.692 6.732 | 1238.76 | 0.20 0.20
S8** 0.668 5.479 791.40 | 0.33 0.33
sg** 0.699 5.345 788.12 | 0.49 0.49

* First story of structure M2
*% Tuning systems with all coelumns restrained
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Table 5.2 Comparison of Magnifications, Measured and Calculated Using
Average Viscous Damping. Elastic Single-Story Structure S1,
Natural Frequency 2.89 Hz, Damping 3%, Subjected to Harmonic

Excitation
Forcing |Calculated Average Number| Standard
Frequency|Magnification) Measured Magnifications of Deviations
Tests™
(Hz) Displacements|Accelerations Displ. |Accel.
10.0 0.093 0.123 0.109 1
7.0 0.208 0.211 0.204 1
5.0 0.504 0.563 0.543 1
4.0 1.091 1.139 1.118 3 0.054( 0.052
3.5 2.123 2.196 2.186; 1
2.0 1.915 1.930 1.946 6 0.024] 0.024
1.0 1.136 1.105 1.090 7 0.011] 0.056

* Tests perfomed at different levels of excitation at the same frequency
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Table 5.3 Comparison of Acceleration Amplifications Measured and
Calculated Using Average and Scaled Viscous Damping, Elastic
Single-Story Structures Subjected to Earthquake Excitation

Structure |Ground Maximum Measured Calculated Amplifications
and Motion {fAccelerations|Amplifi-
Natural cation [[Average Scaled
Frequency (in/sec?) Viscous Viscous
Damping Damping
(Hz) Ground| Floor (%) (%)
S1| 2.89! FL 11.42| 13.80] 1.21 3.69 1.86 || 24.27 1.08
2.89[CENTRO § 22.90| 36.57| 1.60 3.69 1.86 9.54 1.42
2.89 34,771 53.48] 1.54 3.69 1.86 6.71 1.58
2.89 46.17| 79.48| 1.72 3.69 1.86 4.71 1.75
2.89 58.13)108.74) 1.87 3.69 1.86 3.61 1.87
S2| 2.59 23.26) 42.82| 1.84 4.72 1.91 5.22 1.83
S3| 2.43 11.61| 14.92| 1.28 7.03 1.46 || 13.91 1.27
sS4l 5.26 46.27| 92.14] 1.99 6.85 1.74 4.49 1.86
S$5| 4.62 23.50| 39.26] 1.67 7.97 1.70 6.69 1.77
$2¢{ 2.59|MELENDY}| 50.79| 34.81| 0.71 4.72 0.72 5.18 0.69
S2] 2.59| TAFT || 10.94| 15.68] 1.43 4.72 1.93 || 10.56 1.51
2.59 21.66| 39,58 1.83 4.72 1.93 4.65 1.94
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Table 5.4 Comparison of Displacement Amplifications Measured and
Calculated Using Average and Scaled Viscous Damping, Elastic
Single-Story Structures Subjected to Earthquake Excitation

Structure|Ground Maximum Measured Calculated Amplifications
and Motion [[Displacements|Amplifi-
Natural cation [Average Scaled
Frequency (in) Viscous Viscous
Damping Damping
(Hz) Ground|Floor™ (%) (%)
S1} 2.89| EL 0.135] 0.029| 0.215 3.69 | 0.474 | 24.27 | 0.276
2.89|CENTRO || 0.272| 0.099( 0.364 3.69 | 0.474 9.54 | 0,357
2.89 0.413} 0,154 0.373 3.69 | 0.474 6.71 | 0.399
2.89 not available 3.69 | 0.474 4.71 | 0.446
2.89 0.691] 0.328| 0.475 3.69 | 0.474 3.61 | 0.476
§21 2.59 0.277] 0.172} 0.623 4,72 1 0.604 5.22 | 0.578
53] 2.43 0.138] 0.069| 0.500 7.03 | 0.522 |[ 13.91 | 0.442
S41 5.26 0.550| 0.084| 0.153 6.85 | 0.132 4,49 | 0,142
55| 4.62 0.279] 0.039] 0.142 7.97 | 0,169 6.69 | 0.177
S2| 2.59[MELENDY( 0.147| 0.120| 0.820 4.72 | 0.932 5.18 | 0.899
S2{ 2.59| TAFT || 0.150f 0.052| 0.346 4&.72 | 0.529 [} 10.56 | 0.415
2.59 0.298| 0.140| 0.470 4.72 | 0.529 4,65 1 0,531

* Displacements of the floor are relative (deformations)
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Table 5.5a Calculated Natural Frequencies, Mode Shapes, Modal Masses,
Modal Stiffnesses and Modal Viscous Damping Ratios of the
Two-Story Structures

Structurej Natural | Mode Shape Modal Modal Modal
and Mode |Frequency Mass Stiffness|Viscous Damping
Story Average Lower™
(Hz) 1 2 |(lb*sec?/in)| (lb/in) (%) (%)
M1 1 1.83 0.731| 1.175 1.2687 176.04 2.31 1.88
2 4.74 0.269|-0.175 0.0693 61.38 6.00 4.88
M2 1 2.44 0.167} 1.129 0.8536 201.04 3.96 3.35
2 7.23 0.833]-0.129 0.4844 9499.56 4.91 4.16

* Lower value of damping for large excitations.

Table 5.5b Comparison of Measured and Calculated Natural Frequencies and
‘Modal Damping Ratios of the Two-Story Structures

Structure Measured Calculated®
and Mede
Natural Modal Natural Modal
Frequency{Viscous Damping) Frequency Viscous Damping
Average Lower™™* Average Lower™*
(Hz) (%) (%) - (Hz) (%) (%)
M1 1 1.78 3.93 3.00 1.83 2.31 1.88
2 4,77 4.58 4.00 4.74 6.00 4.88
M2 1 2.45 3.19 1.50 2.44 3.96 (2.96)| 3.35 (2.50)
2 7.23 4.99 4.50 7.23 4.91 (3.66)] 4.16 (3.11)

* Damping values in parentheses are corrected (Eq. (e5.3)).
*% Lower value of damping for large excitations.
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Table 5.6 Comparison of Measured and Calculated Responses of the
Two-Story Structures Subjected to Earthquake Excitation

Structure| Ground |Mode|FrequencyDamping Ampiification
Motion
(Hz) (%) Measured Calculated
M1 El Centro| 1 1.78 3.0 2.46 2.40
2 4.77 4.0 1.78 1.69
M1 Melendy 1 1.78 3.0 0.21 0.22
2 4.77 4.0 2.74 2.87
M2 El Centroj 1 2.45 1.5 1.83 1.82
2 7.23 4.5 1.52 1.60
Remark: Results for El-Centro ground motion are averages of two tests

performed at different levels of excitation.

Maximum Standard Deviation 0.185.
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Table 5.7 Masses, Measured Natural Frequencies, Stiffnesses and
Damping Ratios of the Appendages

Appendage Mass Natural |Stiffness|Damping! Standard Deviations
Frequency Ratio
(lb¥*sec?/in)| (Hz) (1b/in) (%) |Frequency | Damping

AS1 0.00853 | 1.565 | 0.825 | 0.18

AS2 0.00853 3.268 3.597 0.25 0.037 0.10

AS3 0.00853 5.898 11.712 0.17 0.042 0.06

AS4 0.00853 8.879 26.545 0.40

ALl 0.06752 1.722 7.901 0.22

ALla 0.06848 1.732 8.107 1.57

ALlb 0.06848 1.765 8.424 4,44

Allc 0.06848 1.780 8.563 8.40

ALld 0.06848 1.823 8.989 12.54

AL2 0.06752 3.197 27.249 0,03

AL3 0.06752 5.877 92.078 0.14

ALL 0.06752 8§.286 |183.039 0.17

AT1 0.00835 6.699 14.788 0.11

AT2 0.00966 5.557 11.777 0.15

AT3 0.01163 5.119 12.036 0.14

AT4 0.00947 5.464 11.162 1.48

ATS 0.01100 5.270 12.066 0.12

AT6 0.01094 5.27% 12.040 1.94

AT7 0.06752 5.393 77.518 0.05
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Table 5.8a Comparison of Measured and Calculated Amplifications of the
Decoupled Appendages Subjected to Earthquakes

Appendage| Measured Calculated Range of Amplifications Caleculated
and Amplification|Amplification|Using Frequency and Damping Ranée
Ground Using Average|of Average * Standard Deviation
Motion Frequency
and Damping Minimum Maximum
AS2
EL CENTRO 4.734 4.223 3.516 (3.667){5.733 {5.080)
MELENDY 1.521 1.927 1.699 (1.731)[2.034 (2.006)
AS3
EL CENTRO 2.655 3.803 2.540 (2.548)(4.535 (4.055)
MELENDY 7.312 7.787 7.272 (7.403)|8.124 (7.976)

* Values in parentheses were calculated using average damping ratios

Table 5.8b Comparison of Amplifications Measured and Calculated Using
Corrected Natural Frequencies of the Decoupled Appendages
Subjected to Earthquakes
Appendage! Ground Measured Natural |Corrected ]| Calculated
Motion fAmplification|Frequency| Natural |[Amplification
Frequencyw
(Hz) (Hz)
AS2 EL CENTRO 4.734 3.268 3.25 4.46
MELENDY 1.521 3.268 3.22 1.77
AS3 EL CENTRO 2.655 5.898 5.78 2.6l
B MELENDY 7.312 5.898 5.91 7.71

* Measured near maximum response
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Table 5.9a Measured Magnification Factors, Ductilities and Dissipated
Energies. Inelastic Single-Story Structure S1, Elastic
Natural Frequency 2.89 Hz, Elastic Damping 3%, Subjected to
Harmonic Excitation
Forcing (Max. Displacements|Magnifi-|Deformation|Ductility Energy
Frequency cation Dissipated
Ground |Structure in One Cycle
(Hz) (in) (in) (in) (lb*in)| n*
2.0 0.938 2.166 2.31 1.57 1.64 456.99(3.42
1.097 2.265 2.06 1.92 1.95 725.15|3.44
2.5 0.156 0.685 4.39 0.53 1.03"%[  8.83(5.79
2.8 0.154 0.892 5.79 0.97 1.15 86.38)3.45
0.311 0.955 3.07 1.16 1.33 172.46(3.05
0.466 1,012 2.17 1.33 1.46 275.3313.17
0.624 1.053 1.69 1.50 -1.61 386.60]3.21
0.786 1.099 1.40 1.65 1.75 498.2613.29
0.938 1.433 1.53 1.77 1.92 625.21]3.49
3.0 0.157 0.733 4.67 0.86 1.11 49.27(3.22
4.0 0.472 0.447 0.95 0.88 1.11 61.49(3,81
0.630 0.577 0.92 1.07 1.24 136.87(3.31
* For elastoplastic systems 5 = 4.0.
** Very small value of ductility and dissipated energy (n > 4.0).
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Table 5.9b Measured Secant Stiffness, Calculated Equivalent Stiffness and
Damping Ratio, and Comparison of the Calculated and Measured
Magnifications, Inelastic Single-Story Structure S1, Elastic
Natural Frequency 2.89 Hz, Elastic Damping 3%, Subjected to
Harmonic Excitation

Forcing | Secant |Equivalent|Equivanent| Calculated Measured
Frequency|Stiffnes |[Linear Damping Magnification|Magnification
Stiffness |[Ratio
(Hz) (lb/in) (1b/in) (%)
2.0 132.78 139.18 24.15 2.26 2.31
113.54 118.64 27.59 2.12 2.07
2.5 222.55 223.60 2.60 4,06 4.39
2.8 195,46 198.50 7.08 6.22 5.78
172.22 177.97 10.06 3.49 3.07
155.32 161.99 13.39 2.39 2.17
140.67 146.02 15.65 1.81 1.69
127.04 132.33 17.47 1.46 1.40
118.67 127.77 19.26 1.35 1.53
3.0 202.76 205.34 4.75 4.69 4.67
4.0 198.13 212.19 4.15 0.96 0.95
165.60 189.37 6.64 0.78 0.92
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Table 5.10a Comparison of Measured and Calculated Story and Modal

Ductilities.

Appendage, Subjected to El Centro Earthquake

Two Story Structure M1, With or Without

Maximum Measured Modal Ductilities Calculated Story
Ground Ductilities from Story Ductilities Ductilities
Accele- Calculated
ration from
Modal
() Ductilities
Eq. 3.93 [iEq. 3.94 ||Eq. 3.95 {| Ref. 25
Story Mode Mode Mode Mode Story
1 2 1 2 1 2 1 2 1 2 1 2
1y 0.122 {{1.73]1.00[{1.06(1.54{1.45[1,1341.73(1.73}11.36|2.10}f 1.61| 1.59
0.244 (12.91(1.00}(1.70(3.22)11.92}1.2112.91{2.91|(1.89|3,74( 2.73| 2.61
0.305 |[3.40]1.00}|2.25|3.75}{2.07]1.23(3.40[3.40[|2.13]4.38) 3.55| 3.29
0.434 [[2.84]1.00(1.50{2.91|{1.90{1.21(12.84(2.84|(1.75|3.30f 2.74] 2.13
0.495 l|4.2411.06]12.1314,94(12.34|1.32(3.94|2.88((2.32{4.79} 4.00( 3.23
2) 0.123 [|1.19(|1.00(1.00]1.09{|1.13}1.04(1.19{1.19}1.10(1.29|| 1.41} 1.54
0.247 §1.46{1.00{|1.00|1.57|{1.30(1.09(1.46|1.46(1.21)1.73} 1.54| 1.51
0.368 [|3.11}1.09({1.45(4.40)2.07({1.3212.8912.1501.97]4.02(| 2.47| 2.53
3) 0.246 |11.31]1.08|(1.00(1.77(11.24]|1.14(1.28|1.19(1.16§1.37| 1.54| 1.52
0.365 [|4.12]1.06(2.29(5.23(|12.33{1.33)(3.8112.72{12.4315.57|| 3.81| 3.60
0.434 (|5.12]1.,08(12.59|7.60)|2.56|1.37(|4.56]2.92]2.84|6.90y 4.51| 4.33
4) 0.122 {{1.,11(1.00(1.00|1.14}1.08{1.03]/1.12(1.11}|1.06|1.18}] 1.44] 1.56
0.238 ||1.62|1.00|1.00(1.931§1.391.11(|1.62]|1.62||1.30]1.95] 1.53] 1.58
0.362 |{4.11]1.00)12.31)5.02}{2.24|1.26}J4.11|4.11[|2.36{5.34) 3.99| 3.49
5) 0.121 ||1.17]1.00)1.00(1.3241.12(1.04(1.17|1.17)1.091.29} 1.47] 1.54
0.243 )11.48[1.0001.00(1.68)(1.31]1.10}i1.48]1.48)11.23]1.74) 1.54| 1.54
0.364 |13.53|1.00)12.16|4.56({2.1011.24(3.5313.5312.11[4.49) 3.71} 3.24
1) No Appendage
2) Appendage AS3 on floor 1
3) Appendage AS3 on floor 2
4) Appendage AS2 on floor 1
5) Appendage AS2 on floor 2
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Table 5.10b Comparison of Measured and Calculated Story and Modal
Ductilities. Two Story Structure M2, With or Without
Appendage, Subjected to El Centro Earthquake

Maximum Measured Modal Ductilities Calculated Story
Ground Ductilities from Story Ductilities Ductilities
Accele- Calculated
ration from
Modal
(8) Ductilities
Eq. 3.93 {|Eq. 3.94 ||[Eq. 3.95 | Ref. 25
Story Mode Mode Mode Mode Story
1 2 1 2 1 2 1 2 1 2 1 2
1) 0.361 }|1.00|1.69{|1.43|1.17}§1.51|1.07(/1.69]|1.69|1.50|1.48}| 1.40| 1.66
0.487 ||1.0012.71)|1.92]2.17)2.121(1.12{2,71|1.71(2.16]1.93) 2.49] 3.63
0.576 ||1,00(3.54||2.5612.28(|2.56]1.22|13.39(2.03))2.76(2.16) 2,32 3.21
2) 0.243 J]11.00}11.55)1.28]1.00}11.42(1.06}{1.55({1.55[1.38{1.42)) 1.30| 1.55
0.365 ))1.0012.12)11.59}1.32}1.79(1.10y2.12}2.12)1.7671.83) 1.65| 1.97
0.490 [[1.00(2.88]2.06|1.64(2.1911.12112,88{2.88(2.27(2.20] 1.99| 2.57
0.580 |11.01(5.87{{4.03]13.31113,.25(1.17(/5.81|4.62}j4.30|3.90) 3.80| 5.05
3) 0.243 ||l1.00({1.4611.19}1.05)|11.36{1.06((1.46|1.46(11.33|1.36| 1.26; 1.42
0.366 [|1.00]1.84(|1.41{1.02(|1.61|1.08}|1.84(1.84(|1.58|1.65[ 1.41| 1.68
0.489 [11.0012.9642.13|1.6202.23(1.12(2.96(2.9612.30|1.71f 2.01| 2.62
0.578 [[1.05]6.33)14.45(3.62([3.44(1.22|/5,99|3.01(4.73(2.01 4.04] 5.42
4) 0.243 ||1.00]1.20||1.03{1.00{|1.16]1.03(1.20{1.20{11.14]1.16] 1.15} 1.21
0.365 |1.00(2.0451.57(1.23}{1.74(1.09||2.04|2.04)|1.71|1.75| 1.58] 1.94
0.488 |(1.0012.78112.02|1.54)2.14|1.12)2.78|1.87(/2.21]|2.09) 1.86| 2.50
0.550 [[1.00|4.1302.96(2.05({2.71{1.14||4.13}4.13|[3.16(2.68f 2.42] 3.63
5) 0.243 J|1.00]1.61)11.33]|1.49)1.48[1.07)f1.6111.61))1.42|1,47)| 1.59| 1.63
0.366 ||1.00/1.86}j1.43(1.04[11.62|1.08[1.86(1.86J{1.59|1.63} 1.41| 1.73
0.489 [11.00]2.85(12.08|1.68}12.18{1.12}2.85(2.85(|1.9212.10}} 1.92| 2.55
0.580 |[|1.0814.29)3.0711.99(12.86]1.23114.06|2.19(|3.27(2.63) 2.36] 3.77
1) No Appendage
2) Appendage AS3 on floor 1
3) Appendage AS3 on floor 2
4) Appendage AS2 on floor 1
5) Appendage AS2 on floor 2
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Table 5 10¢c Comparison of Measured and Calculated Story and Modal
Two Story Structure M1, With or Without
Appendage, Subjected to Melendy Earthquake

Ductilities.

Maximum Measured Modal Ductilities Calculated Story
Ground Ductilities from Story Ductilities Ductilities
Accele- Calculated
ration from
Modal
(8) Ductilities
Eq. 3.93 ||Eq. 3.94 ||[Eq. 3.95 | Ref. 25
Story Mode Mode Mode Mode Story
1) 2 1| 2 v 2 2 2 1| 2 1 2
1 1.078 [J1.13(1.08)11.0011.86(1.12(1.09}1.12]1.10{{1.08|1.04}; 1.88} 1.14
1.634 {1.1911.39)1.00]|1.85(|1.24(1.33}|1.26]1.35{1.22|1.42{ 1.69| 1.33
2.191 ||1.40(1.40§1.00({2.18||1.40|1.40(1.40(1.40)12.33|1.25}| 1.68] 1.41
2.580 ([1.8011.38[1.36(2.53}|1.67|1.48{1.70{1.51||1.51|1.08}f 2.25]| 1.80
2) 1.087 [11.38}1.0641.0012.3141.28]1.13)f1.35|1.25)j1.18]1.22| 1.84| 1.23
2,207 [|L.69(1.48][1.44(2.49{11.63}1.53}|1.64|1.54({1.50|1.16f 2.35| 1.73
2.458 [|11.76{1.40}1.84]2.40{1.64(1.48|1.67{1.51||1.46(1.01f 3.14| 1.98
3) 1.070 (jL.17(1.04({1.00({2.13{1.14¢1.0741.16(1.12{{1.09{1.07({ 1.86] 1,20
2.158 [|1.53(1.33}j1.44{2.43[[1.47(1.37|/1.48{1.39([1.37(1.07| 2.36] 1.76
2.564 {12.16]1.37}1.8212.5911.87(1.52|11.98|1.62||1.67|1.34) 2.96| 2.03
4y 1.073 ||1.0911.09]11.00|1.92)11.09]1.09{1.09}1.09(1.07]1.0%) 1.93{ 1.21
1.609 §1.16]1.3401.00]2.3041.20{1.28{11.23/1.3041.19(1.34)] 1.75] 1.49
2.173 [[1.36|1.38(11.00(2.47{|1.37}1.38|/1L.3711.381.31{1.25}f 1.75| 1.58
2.559 [[1.9011.4001.58(2.51)11.74|1.51)|11.79{1.56|1.57|1.14| 2.53| 1.80
5y 1.077 {1.0411.001.0012.09)1.03}{1.0181.04/1.04§1.02|1.03)\ 1,93} 1.22
1.615 [[1.19)1.20)1.00/2.23))1.19[1.20}1.19|1.20J/1.16]1.13} 1.66] 1.47
2.174 [|1.4411.3441.32|2.53|1.45(1.38]|1.45({1.39||1.35]1.14y 2.25{ 1.64
1) No Appendage
2) Appendage AS3 on floor 1
3) Appendage AS3 on floor 2
4) Appendage ASZ on floor 1
5) Appendage AS2 on floor 2
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Table 5.11 Exact Undamped and Approximate Undamped Natural Frequencies
and Eigenvectors and Measured Natural Frequencies of the
Detuned Single-Story Structures with Appendage

System Exact Undamped Approximate Undamped Measured®
and Natural
Mode Frequency| Eigenvector |[|[Frequencyi Eigenvector [Frequency

(Hz) Floor |Appendage (Hz) Floor |Appendage (Hz)

51-As51f 1 1.56 [1.000; 196.184 1.56 |1.000] 194.838 1.56
2 2.91 {1.000 -0.408 2,90 |1.000 -0.411 2.89

S1-A83| 1 2.89 |1.000 1.312 2.90 |1.000 1.319 2.86
2 5.95 |1.000] -61.061 5.90 ]1.000| -60.769 5.80

51-a54¢ 1 2.88 1,000 1.117 2.90 [1.000 1.119 2.88
2 8.94 [1.000{ -71.681 8.88 1,000 -71.587 8.53

S1-AL3( 1 2.73 {1.000 1.276 2.90 [1.000 1.321 2.72
2 6.24 |1.000 -7.933 5.88 [1.000 -7.657 6.28

S1l-arm4] 1 2.75 |1.000 1.124 2.90 11.000 1.139 2.75
2 8§.73 [1.000 -9.041 8.29 }1.000 -8.880 8.64

S2-A82| 1 2.55 |1.000 2.558 2.59 |1.000 2.691 2.50
2 3.32 |1.000| -31.320 3.27 |1.000| -29.772 3.25

52-A83}1 1 2.57 |1.000 1.235 2.59 (1.000 1.239 2.60
2 5.94 |1.000f -64.857 5.90 11.000| -64.662 5.55

S2-a841 1 2.57 {1.000 1.092 2.59 1.000 1.093 2.56
2 8§.94 |1,000) -73.372 8.88 [1.000| -73.304 8.61

52-AL3] 1 2.45 |1.000 1.210 2.59 |[1.000 1.241 2.42
2 6.22 |1.000 -8.362 5.88 [1.000 -8.152 6.11

S2-AL4| 1 2.46 |1.000 1.097 2,59 11.000 1.108 2.42
2 8.72 {1.000 -9.226 8.29 [1.000 -9.129 8.72

S4-AS2| 1 3.26 |1.000] 129.338 3.27 |1.000| 127.762 3.12
2 5.29 ]1.000 -0.619 5.26 }1.000 -0.627 5.48

S4-a84] 1 5.22 }1.000 1.527 5.26 |1.000 1.542 5.17
2 8.96 [1.000| -52.466 8.88 |1.000| -51.956 8.58

* The undamped approximate eigenvectors were used
measured natural frequencies.

the exact eigenvectors are used.

Identical wvalues

to determine the
are obtained if
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Table 5.12 Exact Undamped and Tuned Damped Natural Frequencies and
Eigenvectors and Measured Natural Frequencies of the Tuned
Single-Story Structures with Appendage

System Exact Undamped Tuned Damped Measured®
and Natural
Mode Frequency| Eigenvector [Frequency| Eigenvector Frequency

(Hz) Floor |Appendage (Hz) 1Floor Appendage (Hz)
$7-AT1§ 1 6.36 |1.000 10.068 6.35 [1.000 9.593 6.45
2 7.09 |1.,000 -8,238 7.08 |1.000 -8.593 7.20
S8-AT2{ 1 5.19 |[1.000 7.868 5.18 [1.000 7.752 5.24
2 5.86 |[1.000 -8.782 5.85 |1.000 -8.752 5.94
S8-AT3| 1 4.93 |1.000 13.587 4,90 ]1.000 7.181 4.89
2 5.69 |1.000 -4.,224 5.70 |1.000 -6.181 5.68
S8-AT4| 1 5.16 |1.000 9,125 5.14 [1.000 §.837 5.19
2 5.81 |[1.000 -7.726 5.80 |1,000 -7.837 5.87
S9-AT7| 1 4,60 [1.000 3,652 4.53 [1.000 3.716 4.63
2 6.27 11.000 -2.834 6.20 11.000 -2.716 6.39
S4-ATS| 1 4.89 11.000 7.252 4.88 |1.000 8.253
2 5.57 [1.000 -8.561 5.56 |[1.000 -7.253
S4-AT6| 1 4.90 |1.000 7.174 4,87 11.000 7.785 4.92
2 5.57 |[1.000 -8.704 5.58 {1.000 -6.785 5,64

* The tuned damped eigenvectors were used to determine the measured
Almost identical values are obtained if the
exact eigenvectors are used,

natural frequencies.
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Table 5.13a Exact Undamped and Approximate Undamped Natural Frequencies
and Eigenvectors of the Slightly Detuned Single-Story
Structures with Appendage

System | Range |Mode Exact Undamped Approximate Undamped
and of
[ wo] Tuning Frequency| Eigenvector |[Frequency| Eigenvector
—_— Eq.
G 3.65 (Hz) |Floor|Appendage (Hz) Floor|Appendage
S1-AS2 1 2.83 11,000 3.989 2.90 }1.000 4.686
1.127 | 1.124 2 3.35 |1.000| -20.082 3.27 [1.000 -17.099
51-AL1 1 1.82 {1.000 15.423 1.89 [1.000 13.767
0.651 | 0.654 2 3.00 |(1.000 -0.656 2.90 [1.000 -0.735
51-AL2 1 2,56 |1.000 2.806 2.90 31.000 5.620
1.103 | 1.346 2 3.61 |[1.000 -3.606 3.20 [1.000 -1.800
§2-ALl 1 1.80 |1.0600 10.893 1.89 |1.000 8.964
0.728 | 0.654 2 2.72 |1.000 -0.929 2.59 |1.000 -1.129
S52-AL2 1 2.35 |1.000 2.176 2.59 |1.000 2.913
1.234 | 1.346 2 3.52 {1,000 -4.649 3.20 |1.000 -3.473
53-AL1 1 1.65 {1.000 11.924 1.72 [1.000 10.075
0.709 | 0.654 2 2.54 |1.000 -0.849 2.43 [1.000 -1.004
§3-Alla 1 1.66 |1.000 11.566 1.73 §1.000 9.703
0.712 | 0.647 2 2.58 |[1.000 -0.863 2.43 |1.000 -1.028
S3-Allc 1 1.69 (1.000 10.597 1.78 {1.000 8.655
0.732 | 0.636 2 2.56 |[1.000 -0.942 2.43 11.000 -1.153
83-ALld 1 1.73 |1.000 9.792 1.82 }1.000 7.773
0.750 | 0.625 2 2.57 {1,600 -1.019 2.43 |1.000 -1.284
S4-AS3 1 5.13 {1.000 4.129 5.26 [1.000 4.923
1.120 | 1.125 2 6.05 |1.000f -19.400 5.90 [1.000 -16.276
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Table 5.13b Approximate Undamped and Tuned Damped Natural Frequencies and
Eigenvectors and Measured Natural Frequencies of the Slightly
Detuned Single-Story Structures with Appendage

Approximate Undamped Tuned Damped Measured
System Natural
and Frequency
Mode Frequency| Eigenvector [Frequency| Eigenvector (Hz)

(Hz) Floor |Appendage (Hz) Floor |Appendage|| * wk

S1-a52 | 1 2.90 |1.000 4.686 2.84 |1.000 6.754 [j2.85[2.90
2 3,27 11.000( -17.099 3.33 |1.000 -5.754 ||3.36]3.44
S51-AL1 | 1 1.89 |1.000| 13.767 1.65 |j1.000 2.108 ||1.79(1.78
2 2.90 ]1.000| -0.753 3.14 |1.000 -1.108 ||2.89(2.94
S1-AL2 | 1 2.90 |1,000 5.620 2.55 [1.000 3.549 |2.65|2.66
2 3.20 (1.000f -1.800 3.55 1.000 -2.549 }13.70}3.71
S2-AL1 | 1 1.89 [1.000 8.964 1.69 |1.000 2.549 ([1.81(1.82
2 2.59 11.000 -1.129 2.79 |1.000 -1.549 ||2.73(2.76
52-a12 | 1 2.59 ]1.000 2.913 2.36 [1.000 3.224 [[2.36]2.39
2 3.20 J1.000) -3.473 3.43 11.000 -2.224 [i3.55(3.56
§3-A11 5 1 1.72 11.000|{ 10.075 1.54 {1.000 2.427 (1.65(1.63
2 2.43 |1.000| -1.004 2.62 [1.000 -1.427 [12.53]12.28
§3-Alla| 1 1.73 |1.000 9.703 1.54 }1.000 2.437 [[1.85]1.62
2 2.43 11,000 -1.028 2.62 |1.000 -1.437 (12.70|2.44
S53-AlLlc| 1 1.78 {1.000 8.655 1.59 |1.000 2.526 |[1.78(1.75
2 2.43 |1.000{ -1.153 2.63 11.000 -1.526 §2.60(2.32
$3-ALld] 1 1.82 ]1.000 7.773 1.64 |1.000 2.674 J11.8511.93
2 2.43 11.000 -1.284 2.62 }1.000 -1.674 )2.63[2.51
S4-AS3 | 1 5.26 (1.000 4,923 5.15 }1.000 6.900 ||5.26(5.29
2 5,90 11.000| -16.276 6.02 |1.000 -5.900 16.0116.03

* Determined using the approximate undamped eigenvectors
%% Determined using the tuned damped eigenvectors
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Table 5.14 Comparison of Amplifications Determined from Response Spectra
of the Equivalent Linear System, from Inelastic Modified
Response Spectra and from Measured Floor Response of the

Detuned Single-Story Structures with Appendage

Ground |Measured Response Spectra Measured
System | Motion |Ductility Amplifications Floor
Amplification
Equivalent|Inelastic
Linear |Modified
System
S1-AS1 |EL CENTRO{ 1.000 1.961 1.961 1.660
S1-AS3 |EL CENTRO| 1.000 1.961 1.961 1.873
1.202 1.890 1.655 1.774
1.260 1.878 1.591 1.767
1.441 1.724 1.430 1.650
1.664 1.552 1.285 1.456
S1-aS84 |EL CENTRO| 1.000 1.961 1.961 1.818
1.240 1.879 1.612 1.710
1.477 1.708 1.416 1.617
1.700 1.542 1.266 1.450
$1-aL3 |EL CENTRO| 1.000 1.961 1.961 1.955
1.262 1.878 1.589 1.887
1.722 1.507 1.254 1.456
2.083 1.345 1.102 1.318
S1-AL4 |EL CENTRO| 1.000 1.961 1.961 1.857
1.170 1.889 1.694 2.068
1.941 1.402 1.155 1.506
2.175 1.367 1.071 1.370
S2-A82 |EL CENTRO| 1.109 1.690 1.861 2.085
1.227 1.513 1.703 1.906
1.311 1.457 1.613 1.538
1.777 1.512 1.285 1.296
2.628 1.513 0.996 1.136
3.663 1.477 0.817 1.008
4.536 1.403 0.723 0.900
$2-AS2 TAFT 1.000 1.998 1.998 2.093
1.427 2.314 1.467 1.979
2.679 1.966 0.957 1.455
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Table 5.14 (continued)
Ground [Measured Response Spectra Measured
System | Motion |Ductility Amplifications Floor
Amplification
Equivalent|Inelastic
Linear {[Modified
System

52-A82 MELENDY 1.000 0.767 0.767 0.749
1.340 0.512 0.592 0.621

1.783 0.407 0.479 0.415

2.337 0.365 0.400 0.298

2.860 0.355 0.353 0.257

S2-AS3 |EL CENTRO| 1.000 2.054 2.054 1.991
1.855 1.511 1.248 1.238

3.036 1.508 0.912 0.998

3.677 1.494 0.815 0.878

$2-AS3 | MELENDY 1.000 0.767 0.767 0.753
1.470 0.468 0.551 0.571

1.782 0.407 0.479 0.401

2.685 0.357 0.367 0.245

S2-AS4 (EL CENTRO{ 1.000 2.054 2.054 1.914
2.638 1.509 0.993 1.343

3.607 1.494 0.824 1.011

4,324 1.415 0.743 0.896

S§2-AL3 [EL CENTRO| 1.073 1.784 1.919 1.962
: 1.409 1.463 1.523 1.735
1.888 1.511 1.233 1.292

2.507 1.512 1.025 1.028

3.687 1.481 0.587 0.977

S2-AL4 |EL CENTRO|[ 1.000 2,054 2.054 1.889
2.539 1.514 1.017 1.229

4.147 1.452 0.761 0.967

6.373 1.712 0.599 0.958

S4-AS2 (EL CENTRO| 1.000 1.781 1.781 1.931
1.474 1.512 1.276 1.789

1.846 1.468 1,086 1.720
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Ground |Measured Response Spectra Measured
System | Motion |Ductility Amplifications Floor
Amplification
Equivalent|Inelastic
Linear |Modified
System
S4-AS3 |EL CENTRO| 1.000 1.781 1.781 2.002
1.292 1.531 1.416 2.019
2.19% 1.434 0.968 1.435
S4-AS4 {EL CENTRO| 1.000 1.781 1,781 1.988
1.373 1.514 1.348 1.935
2.118 1.443 0.990 1.422
55-AS2 |EL CENTRO( 1.000 1.790 1.790 1.708
1.433 1.731 1.310 1.695
1.652 1.672 1.179 1.459
85-AS3 |EL CENTRO| 1.000 1.790 1.790 1.672
1.449 1.681 1.299 1.579
2.261 1.539 0.954 1.185
2.679 1.500 0.857 0.951
5.780 1.412 0.551 0.853
$5-AS4 |EL CENTRO| 1.000 1.790 1.790 1.655
1.301 1.745 1.414 1.711
2.108 1.547 0.998 1.266
2.564 1.507 0.881 0.983
4.114 1.447 0.666 0.850
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Table 5.15a Exact Undamped and Approximate Undamped Natural Frequencies
and Eigenvectors and Measured Natural Frequencies of the
Two-Story Structure M1 with Appendages AS2 and AS3

E&stem Exact Undamped Approximate Undamped
and
Mode Natural Eigenvector Natural Eigenvector
Frequency Frequency
Floor [Floor |Appen- Floor |[Floor |[Appen- .
(Hz) 1 2 dage (Hz) 1 2 dage
1 1.82 1.000| 1.601| 1.450 1.78 1.000( 1.606| 1.424
AS2 (2 3.26 0.003{-0.014( 1.000 3.27 0.0031-0.013} 1.000
on |3 4.76 1.000(-0.641]-0.895 4.77 1.000(-0.650|-0.885
Floor
1)1 1.80 {Measured™
2 **% |Natural
3 4.89 |Frequencies
1 1.81 0.621t 1.000| 1.445 1.78 0,623] 1.000| 1.424
AS2 |2 3.28 -0.014|-0.010| 1.000 3.27 -0.,013(-0,010| 1,000
on (3 4.75 -1,518( 1.,000[-0.903 4.77 -1,539f 1.000f-0.885
Floor
2 1 1.75 [Measured®
2 3.18 |Natural
3 4.77 |Frequencies
1 1.82 1.000} 1.602( 1.106 1.78 1.000] 1,606} 1.101
AS3 |2 4.68 1.000§-0.676] 2.704 4.77 1.000|-0.650 2.893
on |3 5.98 -0.028| 0.009| 1.000 5.90 -0.030] 0.010| 1.000
Floor
1 1 1.79 |Measured®
2 4.68 [Natural
3 5.96 Frequencies
1 1.82 0.621| 1.000| 1.105 1.78 0.623| 1.000( 1.101
AS3 12 4,71 -1.605] 1.000] 2.768 4.77 -1.539| 1.00G| 2.893
on |3 5,96 0.009|-0.020| 1.000 5.90 0.010(-0.021( 1.0090
Floor
2 |1 1.76 |Measured™
2 4.67 |Natural
3 5.91 |Frequencies

* The undamped approximate eigenvectors were used to determine the
Identical values are obtained if

measured natural frequencies.
the exact eigenvectors are used.
*% Not available as a result of a bad measurement of the appendage
acceleration.
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Table 5.15b Exact Undamped and Approximate Undamped Natural Frequencies
and Eigenvectors and Measured Natural Frequencies of the
Two-Story Structure M2 with Appendages AS2 and AS3

System Exact Undamped Approximate Undamped
and
Mode Natural Eigenvector Natural Eigenvector
Frequency Frequency
Floor |Flcor }Appen- Floor |Floor [Appen-
(Hz) 1 2 dage (Hz) 1 2 dage
1 2.44 1.000( 6.717| 2.263 2.44 1.000| 6.741| 2.265
AS2 |2 3.26 0.002]-0.005] 1.000 3.27 0.003]-0.0051 1.000
on |3 71.24 1.000}-0.1541-0.256 7.23 1.000]-0.155]-0.257
Floor
1 1 2.48 |Measured™
2 3,11 |Natural
3 7.44 |Frequencies
1 2.41 0.148( 1.000} 2.190 2.44 G.148( 1.000( 2.265
AS2 |2 3.31 -0.005|-0.028( 1.000 3.27 -0.005(-0.029; 1.000
on |3 7.23 -6.436| 1.000]|-0.257 7.23 -6.460| 1.000|-0.257
Floor
2 |1 2.44 |Measured®
2 3.23 |Natural
3 7.50 |Frequencies
1 2.44 1.000{ 6.728| 1.207 2.44 1.000( 6.741| 1.207
AS3 |2 5.83 0.022,-0,006( 1.000 5.90 0.0241-0.006| 1.000
on {3 7.31 1.000|-0.151]-1.860 7.23 1.000(-0.155]|-1.989
Floor
1 1 2.51 |Measured”
2 5.77 |Natural
3 7.77 |Frequencies
1 2.42 0.148f 1.000| 1.203 2.44 0.148| 1.000| 1.207
AS3 |2 5.94 |-0.006({-0.015{ 1.000 5.90 -0.006(-0.015( 1.000
on |3 7.23 -6.2721 1.000]-1.986 7.23 -6.460{ 1.000(-1.989
Floor
2 |1 2.52 |Measured®
2 5.78 |Natural
3 7.66 Frequencies

% The undamped approximate eigenvectors were used to determine the
Identical values are obtained if

measured natural frequencies,
the exact eigenvectors are used.




142

FIGURES



143

M,
K; Appendage Response
Cs x
M, .
X1
K, i .
C, lg
e M ] t C"u Yy .0“' .t"“" .s"“ o
U »
K X1
C, Response at the Support
t '\?-—“‘&o‘""‘o“‘&‘\“‘&i\v‘i‘p}‘:&:@w"&&&“‘T“:""&:‘\\“““J"«.“‘\.
Ug
Ground Motion
Figure 2.1 Decoupled Systems
My
K, Appendage Response
Cs i
M,
K
2 - m t
C, p
.. M,
Ug
K
G

Ground Motion

Figure 2.2 Combined System



144

~ 20
o |
= i
S5 !
o | Q. 332 — — — — —— Undamped
E : £q. 3.37 —— ===~~~ Uppar Bound
= | Q. 348 -------mmmm-mom Nakhata
<L
Ll | Eq. 343 ———————— Ruzlcka, Sackman
g } Eq. 350 — — — —  1/4 Beot Pariod
o | Eq. 346 ————m—————o Villgverde
=z
E 1.5 T Eq. 351 ————= Lower Bound (Moss Ratio = 0.10)
(a8 | Q. 351 ———=———— Lower Bound (Mass Ratio = 0.01)
<< 1
a |
Ll |
™~ |
= |
<€
= \
o |
=) \
\

1.0

0.5

0.0 f f f

0.0 15.0 30.0 45.0 60.0

Jv/2¢

Figure 3.1 Comparison of Calculated Normalized Amplifications of a Tuned
Appendage, X,,./¥y, as a Function of /y/2¢



145

» 40.0
o
=
(& @ Intersection Points Detuned (SRSS) m————rrermerreree
=
>
- Slightly Dstuned
% Mgas Ratio
Lo
A 0.001
Z 0005  ————— =
o 0010  =rmmmomocemeoeenos
30.0 T 0030 @ ——_— = =
0.050 e e e e
0070  —— e
000 e — — =
200 T
10.0
0.0 i —
0.50 0.75 1.00 1.25 1.50

FREQUENCY RATIO

Figure 3.2 Transfer Functions of a Detuned Appendage’ (SRSS) and a

Slightly Detuned Appendage as a Function of the Frequency
Ratio, w, /0



146

— 40.0
Q
5 Detuned (ABSS)
Z .
>
b Slightly Detunsd
5 Mass Ratic
[
92} 0.001
E 0006 @ —mmmmm -
P—:—- [171) [+ SRR
30.0 T 0030 — — — - -
0.050 —————
0.070 — e ———
0100 ——————
20.0
10.0
0.0 f t t

0.50 0.75 1.00 1.25 1.50
FREQUENCY RATIO
Figure 3.3 Transfer Functions of a Detuned Appendage (ABSS) and a

Slightly Detuned Appendage as a Function of the Frequency
Ratio, wy/0



147

1.4 T T
1 Intersection Points DETUNED o

+ No Intersection Paoints

1.2

1.0

-,
N -

FREQUENCY RATIO

0.8

Q. 368 —wm == Villaverde DETUNED
0,6 | 1 [
0.000 0.025 0.050 0.075 0.100
MASS RATIO

Figure 3.4  Frequency Ratio, w,/Q, at the Boundary Between Tuning and
Detuning as a Function of the Mass Ratio, v

2.0 T T LN

1.6 | ¥

—————— S o

08 -

ISR

0.4 | -
This Study
————— Villaverde
0.0 | L !
0.000 0.025 0.050 0.075 0.100

MASS RATIO

NORMALIZED TRANSFER FUNCTION

Figure 3.5 Transfer Function Values at the Boundary Between Tuning and
Detuning, Normalized to /vy as a Function of the Mass Ratio, 7



148

DEFORMATION

Definition of Ductility

........... ¥ RS
= =1
K /
] A\ A '

| |
N I3 N T
1 1 | ] ]
1 1 1 ! i
BN | L
| - 3 | o
| = I I 1 1
| «C 1 i 1 1
1 -] L ) !
g o g T 1 i
o / & « . S
S 2 : 3
g &
; ;
§ :

g
i :

JONVISISIY JONVLSISIY

Figure 3.6



149

Elfipse of Viscous lJarﬂplr\gl —————————— !
Lot
[&]
=z
=
wn
0
[

DEFORMATION

mmudaw; ---------- '
Ta]
(]
Z
7
4
o=

DEFORMATION

Figure 3.7 Typical Hysteresis Loop and the Ellipse of Equivalent Linear
Viscous Damping



150

3/4" Steel Plate

l
°
- Spring Steel

Reduced

Exchangeable Column——
(Length & Section)

® @
I ]
. O mE
Appendage
Fixture
- 27" .
Hinge 3/4" Base Plate
o /// °
Shake Table i

Figure 4.1 Typical Two-Story Structure with an Appendage Mounted on the
Second Story



151

Playback TAPE RECORDER
A
ANALYZER
ANALYZER - Display
During Testing
SIGNAL CONDITIONER
trimand
[ R O I B
| i
| |
( |
ACCELEROMETER | ! | AUTO COLLIMATOR
i I
( |
| |
| e 1
ACCELEROMETER } L] |
| L oo o o o o o e i s e e
1
|
P I |
o i

Figure 4.2 Schematic Layout of the Equipment Used for Data Acquirement



152

0.4 T T T
C)
Z oe| _
=
é )
E 0.0 {Iqll‘Jh ’II|I| | JIP;’ .“?1 ' l'!ll '.:‘ll!""?'“f‘ A ‘] I1‘i| ’ M ! A
3 il l
q g
8 -0z} .
= i
=
&
w _04 [ s 1
0.0 10.0 20.0 30.0 40.0
TIME (sec)
UNFILTERED
FILTERED @ ==========
100.0 N
\Eo
X%
p— N/ {s’ %o
o Q‘,@ z,
{ \/ QQ \
£ a0 /\ Ar G /\
o ‘<
E :> \._a/><><®\ /><><
[ &) . f o
LSOOI S S
= %N
B II Q'J
/ . o
2.0 /X /< ><>< /7% /\ /X /\ >v§<><
N
10
0.05 0.1 0.2 0.5 10 20 50 100 200 50.0

FREQUENCY (cps)

Figure 4.3 Ground Acceleration Records and Undamped Response Spectra of
the Unfiltered and Filtered El Centro Earthquake



153

Vas

MA”AMM\_MI\ Al&;.v.vnll\n;..a DA A AR B rm st

rWW"“MW”U‘” e

V

ot

vV

-

|

0.8
0.8

(3) NOILVMTTIIIV ANNOUD

-
<

1
L]
T

©Q
<
1

10.0

75

50

AN

0.0

TIME (sec)

UNFILTERED

FILTERED

3

N

UK

we

%,
%
/é"

2]

1
/

4

S
ZN\NA YA AN
wﬁa@g “5
QQvQ L N
,.mm oM N
N vaA N ﬂ/
| og N\
4 7
b AN

S

N SN he /]

Za\
e

N AT

S

™

50.0
20.0

i)
S
g

5.0

2.0

1.0

(eos/ur) A1ID07TACANASI

0.5

- a0

100 200 50.0

5.0

0.2 05 10

0.1

0.05

. FREQUENCY (cps)

Ground Acceleration Records and Undamped Response Spectra of

the Unfiltered and Filtered Melendy Earthquake

Figure 4.4



154

0.2 T { i
-
L]
~
g o1l -
>
5, Lop A Uy ey

0.0 Ot T ",”‘ ir. JEIE- |I“”| “ll_tihlill.,l‘.l_.m (Gl FLYLHLT ] 11”= SLMELARE L CALA A
SO 1 R LR L A
[&5] : i
-]
g -01 | | .
[~
[+~
4}

-0.2 ' ’ '

0.4 10.0 20.6 30.0 40.0
TIME (sec)
UNFILTERED
FILTERED =~ ----------
100.0

50.0

20.0

o
<

PSEUDOVELOCITY (in/sec)

2.0

o
¢
Ne
¢
0
O

0

0.05 0.1 0.2 0.5 1. 2.0 5.0 100 200 50.0

FREQUENCY (cps)

Figure 4.5 Ground Acceleration Records and Undamped Response Spectra of
the Unfiltered and Filtered Taft Farthquake



155

Signal Conditioners and Digital Voltmeters

Force Displacement

LvDT

i L 3 = a i
. /

Threaded Rod

Load Cesll

| 1
R, T S g L e g L e L A P g I L
R & g G
T e e
S g VL g e e s Al g it
T o 3 o , Sl P R
AN e L e g R

Figure 4.6  Schematic Arrangement of a Static Test



156

1.00 ; T t

0.50 1 ]

DISPLACMENT (IN)
=
>

<
>
>
>

-0.50 E
-1.00 L . L
0.0 1.0 2.0 3.0 4.0
300,0 T T
Avergge Damplng 3.69% —————-———=—=-=~~—.
Damping for Lorge Rasponse 3.00%
~
o 1500 b
Ll
)
\
=
5 00
s
Led
—
&
-150.0 |
2 .
P
L
Wi
4
~300.0 el ‘ — '
0.0 1.0 2.0 3.0 4.0

TIME (SEC)

Figure 5.1 Measured Free Vibrations, Acceleration and Displacement, of
the Single-Story Structure SI1



157

0.20 T T T
0.10 | N
~
=
Y oo [M\'\ MWA&-M.VAMA
Q
3 \L/'/ \'\le
a
12
a
—0.10 .
_0.20 1 e L
0.00 0.25 0.50 0.75 1.00
100.0 £ T i
N Average Domping $.85% ———~=———=—==——~.
\""e. Damping for Larga Responas 6.00%
&y 500 | .
i
0
> TIrtreesan
= I e
N
5 00 = <
2
N Y e U A N APt
—
jrl
8 -500 | .
<
-100.0 iy : '
0.00 0.25 0.50 0.75 1.00
TIME (SEC)
Figure 5.2 Measured Free Vibrations, Acceleration and Displacement, of

the Single-Story Structure S4



158

.20

e
o
T

AAAAAAAARAD

DISPLACMENT (IN)
[}
Q

CYVIVTV YTV

-0.10
-0.20 L 1 —L.
0.00 0.80 1.00 1.50 2.00
200.0 T T
Damping 020X - ~--- -~ - - = — =
M ——— e e

— ity == --—— ——— ——
S 1000 b
& 1
)
~
=
g 00
=
L
-
&

-100.0 | b

-200.0 . L =

0.00 0.50 1.00 1.80 2.00
TIME (SEC)
Figure 5.3 Measured Free Vibrations, Acceleration and Displacement, of

the Single-Story Structure §7



159

200.0 . . .
100.0 | J
) J\ /N
X 0 A /\ AN /\V
: VARV
.
3
O ~100.0 | -
172]
.
=
-200.0 ' : .
ke 0.0 1.0 2.0 3.0 4.0
=
(@)
-
<L
o 200.0 . r T
[FE]
—
Ll
O 100.0 | -
(&)
<
-
o .0
()
)
L
~1000 F .
—200.0 L . :
0.0 1.0 2.0 3.0 4.0

TIME (SEC)

Figure 5.4  Measured Free Vibrations Acceleration of the Two-Story

Structure M1l



160

100.0 . , -
500 ¢+ b
(o]
x /\ 7\
S 00 <
S \/ \/
L
=
S \/\/
& -50.0 | \N i
(¥2]
~.
=
-100,0 ' ' *
v 0.0 0.5 1.0 1.5 2.0
z .
(@]
'—
<C
m 300.0 T LD 1
)
|
14
[ 8] 150.0 -
(]
) /\
: p \/ v )
L.
—-150.0 | u 1
~300.0 L ! ‘
0.0 0.5 1.0 1.5 2.0

TIME (SEC)

Figure 5.5 Measured Free Vibrations Acceleration of the Two-Story
Structure M2



500.0

161

250.0
[

0.0

T T
Average Damping 4.58% = = = — — — — =

Demping for Large Response 4.00%

MODE 2

1

-250.0

(IN/SEC2)

-500.0

0.0

100.0

1.0

2.0 3.0 4.0

80.0

ACCELERATIONS

I t
Avercge Domping 3.93% ~ - - - - - - —— -~ —m - :

Domping for Lorge Response 3.00% ---

0.0

MODE 1

-50.0

-100.0

2.0 3.0 4.0

TIME (SEC)

Figure 5.6  Free Vibrations Modal Acceleration of the Two-Story Structure

M1l



162

400.0 v T . r
A \\,\ Average Damping 4998 —— == - == ——
\\\\\ Damping for Large Response 4.00% -~-======m---oovon
2000
N
B 00
Q
=
otin)
o
o -200.0 |
2]
~.
=
o
—400.0
4 0.0 0.5 1.0 1.5 2.0
=z
o
l—-
<
o 50. =< T T T
W e Seen Average Damping 3.938 — -~ —-— -~~~
A | “w2strannn.... Damping for Large Ragponse 1.50% ==n==n---===n==nom
Ll -
o 250 |
(@]
<
A 00
o
=
-25.0 F
-50.0
0.0 0.5 1.0 1.5 2.0
TIME (SEC)

Figure 5.7

Free Vibrations Modal Acceleration of the Two-Story Structure
M2



6C0.0

(2]
o
o
(]

e
o

-300.0

ACCELERATION (IN/SEC2)

-600.0 L . :
0.0 0.5 1.0 1.5 2.0
TIME (SEC)
Figure 5.8 Measured Free Vibrations Acceleration of Appendage AS2
300.0 T T T
Damping 014% — — = = — = = — ——— — —

~
N 1500 F -
Ll
72
™~
=
& 00 P
<
[0
[
—
3]

-150.0
=

~300.0 : : '

0.0 0.5 1.0 1.5 20
TIME (SEC)
Figure 5.9 Measured Free Vibrations Acceleration of Appendage AL3

163

Ll ( ¥




150.0

75.0

-75.0

ACCELERATION (IN/SEC2)
(@]
o

-150,0

164

! . L

2.0 3.0 4.0

TIME (SEC)

Figure 5.10 Measured Free Vibrations Acceleration of Appendage AS1

6C0.0

&
Q
o
(=

-300.0

ACCELERATION (IN/SEC2)
o
o

—600.0

. o Damplng 2.00% — -—' ____________
i T
R n‘~w‘ - i
V VAV/\VI\\; v A A
ha
0.0 0.5 1.0 1.5 2.0
TIME (SEC)

Figure 5,11 Measured Free Vibrations Acceleration of Appendage AT6



RESISTANCE (LB)

RESISTANCE (LB)

165

300.0 f T
STATIC LOADING
150.0 + / i
0.0
-150.0 | 1/ i
-300.0 L L
-5.0 -2.5 0.0 2.5 5.0
DEFORMATION (IN)
Figure 5.12 Typical Measured Static Force-Displacement Relation of a
Single-Story Structure (Structure S1}
300.0 —T T
HARMONIC GROUND MCTION
forcing Frequency = 2 Hz
150.0 .
0.0
-150.0 | h
~300.0 ' :
-5.0 -2.5 0.0 2.5 5.0
DEFORMATION (IN)
Measured Response of a Single-Story Structure

Figure 5.13 Typical

(Structure S51) Subjected to Harmonic Ground Motion



166

LI i t 1
Structure S2
=
=]
g -
ir
- |
% ..
05 | - - -
0-0 L 1 L ] oL 1 L
1.0 2.0 3.0 4.0 5.0 6.0
25
20 | .
= "
5 = ed
= 1.5 | .
S G m——— Shibata
e
i 10 F - P e lwan
=
< +- — «= — =— Hadjion
0.5 | 4
Structure S1 with Large Mass Mounted Rigidly
0.0 [ 1 [l
25 T T Y T T
Structure S4 Structure S5
=z
o
'E -4
Q
L
J -
S
<C
05 I ] . .
0.0 ! 1 [ L L 1 1
1.00 1.25 1.50 1.75 2.00 1.0 2.0 3.0 4.0 5.0 6.0
DUCTILITY DUCTILITY

Figure 5.14a Comparison of Measured Amplifications with Amplifications
Calculated TUsing Different Equivalent Linear Systems.
Single-Story Structures Subjected to El Centro Earthquake



167

2-5 T T 1)
EL CENTRO

=
Q
g -y
e
-]
g A
=
< .

0S5 I .

O.o L L 1

2.5 T T T

MELENDY

20 -
% B—rererer—————— Mgasured
= 1.5 F -
5 Gemmem—m - Shibata
e
= - Ao Iwan
=
< 4= — — — — Hadjian
=
Q
'— -
a
Le
= K
S
< -

05 ¥ Tt~ % .

-~
0.0 1 1 -
1.00 3.00 5.00 7.00 8.00
CUCTILITY

Figure 5.14b Comparison of Measured Amplifications with Amplifications
Calculated Using Different Equivalent Linear Systems.
Single-Story Structure §2 Subjected to El Centro, Melendy and
Taft Earthquakes



2.5

AMPLIFICATION

05

0.0
25

2.0

1.5

1.0

AMPLIFICATION

0.5

0.0
25

AMPLIFICATION

0.0

168

St;'ucture 'Sl

Structure S1 with Lorge Mass Mounted Rigldly

1 1 L

Structure S4

[l - 1

.00 125 150 175  2.00
DUCTILITY

' Strucltu re S'.'Z

1.0

i L ] i
20 30 40 50 60

[ Magsitired

[ R Newmark and Hall

I Strueltu re SIS

1.0

2.0

3.0 4.0
DUCTILITY

5.0 6.0

Figure 5.15a Comparison of Measured Amplifications with Amplifications
Calculated Using Modified Response Spectra.
Structure 52 Subjected to El Centro Earthquake

Single-Story



169

2.5 T T T
EL CENTRO
=
Q
z -
o
[F9
=]
% -
<€
05 .
0.0 1 L L
2.5 T ¥ t
MELENDY
2.0 F '|
=
= 1.5
= 8 F 4
E:) B }{gasured
[re
E_J 1.0 E - G-rmm - Newmark and Hall
=
<
05 | i
0‘0 1 1 1
=
o
.— -
&
b
—l —
S
<L
05 } TT~e
0.0 1 g 1
1.00 3.00 5.00 7.00 9,00
DUCTILITY

Figure 5.15b Comparison of Measured Amplifications with Amplifications
Calculated Using Modified Response Spectra, Single-Story
Structure 82 Subjected to El1 Centro, Melendy and Taft
Earthquakes



170

300.0 . — .
~
i
L 1500 .
=
5
Z o ﬁﬂhﬁﬂhﬁnnnnnnﬁﬁnﬁ,
: i TR
o
3
<
o —150.0 F N
o
=
-300.0 . ' .
0.0 10.0 20.0 30.0 40.0
3,0 T T 1
Z st :
z 1
o
<
2 1
% 0.0 v L L 1
L
fan
&
e -5} :
w
-3.0 | 1 !
0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Figure 5.16a Typical Measured Response of the First Story of the Two-Story
Structure M1 Subjected to El Centro Earthquake



171

300.0 , — .
R)
L
Y 1500 | i
=
= LI A |
= (il
'_.
< 00 -ﬂ Ll
i i
—
Ll
3]
I
o ~150.0 .
o
3
(T
-300.0 | L L
0.0 10.0 20.0 30.0 40.0
1.0 T 1 1
E o5} :
=
Q
=
05: 0.0 k
2 /
L
(o]
z
-05 } .
o
_1-0 L L L
0.0 10.0 20.0 30.0 40.0

TIME (SEC)

Figure 5.16b Typical Measured Response of the Second Story of the Two-
Story Structure M1 Subjected to El1 Centro Earthguake



172

400.0 . — .
]
g 2000 | ' ‘ -
z
9 ) : b
% 0.0 i Ll fl'll".'l‘ "I:‘:"I“J‘ “5!14 }'flﬁl’[lfki ARTF,
g ‘ |
<
q -200.0 | _
g
-400.0 . . .
0.0 7.5 15.0 22.5 30.0
0.50 . — 1
:Z-: 0.25 : -
&
o%:: 0.00 %Ap Mun _%ﬂn‘“hnlnhﬂﬂﬂhﬂ MAMI” “A.'ﬂm
< W A LR
o
&
© -0.25 | -
n
-0.50 —_ . ,
0.0 7.5 15.0 22.5 30.0

TIME (SEC)

Figure 5.17a Typical Measured Response of the First Story of the Two-Story
Structure M2 Subjected to El Centro Earthquake



173

300.0 , r - .
R
1 n ‘ H
£ 1500 | J
=
=
o
= oo Ltlll M M M ﬂvﬂ AvMA
I T
3
<-1500 - ‘ L -
2’ .
e}
=

~300.0 : L '

0.0 7.5 15.0 22.5 30.0

3.0 — - —
g 15 F -
=z
o
=z
= L
2 il
Y]
o
&
S -5t -
S

_3‘0 1 1 ]

0.0 ' 7.5 15.0 22.5 30.0

TIME (SEC)

Figure 5.17b Typical Measured Response of the Second Story of the Two-
Story Structure M2 Subjected to El Centro Earthquake



174

600.0 T T T
o)
o
O
Ll
Y 3000 | 1
=
S .
=z :
Q HELRNT,
g 0.0 Hy J !“l];.”l‘ d ‘ AWA .A!i'i.“ "A i A'. 'A'l "A'h'..
ERRLAE N AR AN
— ' |
o : l
3 [
< i}
o —300.0 | J
Q
=
L

—60C.0 . 4 L
0.0 5.0 10.0 15.0 20.0

2.0 T T !
£ o |
pra
=
f—
z /
& 00
L
Lol
o
z

-10 F B
%

-2.0 ' ' '

¢.0 5.0 10.0 15.0 20.0
TIME (SEC)
Figure 5.18a Typical Measured Response of the First Story of the Two-Story

Structure M1 Subjected to Melendy Earthquake



175

400.0 T T T

X
S
e
o

-

M!‘\AMAMI\AAAI\I\I\AAV.VA_._A_
V”VVVVVVUVVVVVVVV

—200.0

FLOOR ACCELERATION (IN/SEC2)
o
o

—400.0

0.0 5.0 10.0 15.0 20.0

2.0 T T T

1.0 F

0.0

STORY DEFORMATION (IN)

“2.0 (] 1 I
0.0 5.0 10.0 15.0 20.0

TIME (SEC)

Figure 5.18b Typical Measured Response of the Second Story of the Two-
Story Structure M1 Subjected to Melendy Earthquake



176

300.0 T T
STORY 2

Measured Ductllity = 1.00

150.0 ' -

RESISTANCE (LB)
o
(@]

-150.0 .

-300.0 i
-3.0 -1.5 0.0 1.5 3.0

DEFORMATION (IN)

300.0 1 T

STORY 1
Measured Ductlity = 2.84

150.0

T

RESISTANCE (LB)
o
o

-150.0

3

-300.0 !
-3.0 -1.5 0.0 1.5 3.0

DEFORMATION {IN)

Figure 5.19 Typical Storys Hysteretic Behavior of the Two-Story Structure
Ml Subjected to El Centro Earthquake



177

400.C T T

STORY 2
Measured Ductllity = 3.54

200.0

RESISTANCE (LB)
o
(=]

~-2000 | -
—400.0 - L —!
-3.0 -1.5 0.0 1.5 3.0
DEFORMATION (IN)
400.0 T Y
STORY 1
Measured Ductility = 1.00
2000 | .

RESISTANCE (LB)
o
o

L)
1

~200.0

-400.0 A t
-3.0 -15 0.0 1.5 3.0

DEFORMATION (IN)

Figure 3.20 Typical Storys Hysteretic Behavior of the Two-Story Structure
M2 Subjected to El Centro Earthquake



300.0

150.0

RESISTANCE (LB)
Q
Q

-180.0

—-300.0

300.0

150.0

RESISTANCE (LB)
(o]
o

-150.0

-300.0

178

STORY 2

Moasured Ductility = 1,40

d

-1.0 0.0 1.0 2.0
DEFORMATION (IN)
STORY 1
Measured Ductility = 1.90
. .
~2.0 -1.0 0.0 1.0 2.0

Figure 5.21 Typical Storys Hysteretic Behavior of the Two-Story Structure

DEFORMATION (IN)

Ml Subjected to Melendy Earthquake



400.0

200.0

RESISTANCE (LB)
Q
(]

—200.0

—-400.0

400.0

200.0

RESISTANCE (LB)
(o]
(o]

-200.0

-400.0

-3.0

Figure 5.22 Typical Modal Hysteretic Behavior of the Two-Story Structure
Ml Subjected to El Centro Earthquake

179

MODE 2

Measured Ductility = 2.91

-1.5

0.0

DEFORMATION (IN)

1.5 3.0

MODE 1

Measured Ductllity = 1.50

T

0.0
DEFORMATION (IN)

1.5 3.0



180

300.0 T
MODE 2

Measured Ductility = 2.28

150.0

RESISTANCE (LB)
(=]
(=]

~150.0 L

=300.0 L
-3.0 -1.56 0.0 1.5 3.0

DEFORMATION (IN)

300.0 T T

MODE 1
Measured Ductility = 2.56

150.0

RESISTANCE (LB)
(=]
o

-150.0

3.0

DEFORMATION (IN)

Figure 5.23 Typical Modal Hysteretic Behavior of the Two-Story Structure
M2 Subjected to EL Centro Earthquake



400.0

200.0

a.C

RESISTANCE (LB)

-200.0

—-400.0

400.0

200.0

RESISTANCE (L8)
(=]
o

-200.0

—400.0
-3.0

Figure 5.24 Typical Modal Hysteretic Behavior of the Two-Story Structure

181

MODE 2
Moasured Ductility = 2.51
Kz
1 { 1
-1.5 0.0 1.5 3.0
DEFORMATION (IN)

MODE 1

Measured Ductility = 1.58

T

0.0
DEFORMATION (IN)

M1 Subjected to Melendy Earthquake

1.5 3.0



182

5.0

4.0 |

30 F

20

MODAL DUCTILITY

No Apbendqgé

1.0

.0

5.0

40 |

3.0 |

20 |

MODAL DUCTILITY

Appendage AS3
on Floor 1

1.0

0.0

5.0

4.0

3.0 F

20 |

MODAL DUCTILITY

Appenaoge ASI2
on Floor 1

1.0

0.0

0.00

0 0125 0.250

0.375

0.500

Bt easured

oo Eq. 3.93
Grm—m————— Eq. 3.94
4 =— — — == Eq. 395

Appenéioge AS3
on Floor 2

Appenaoge ASIZ
on Floor 2

0.000 0.125  0.250

MAXIMUM GROUND ACCELERATION (g)

0.375

0.500

Figure 5.25a Comparison of Measured and Calculated Modal Ductility of Mode

1 of the Structure M1 subjected to El Centro Earthquake



10.0

8.0

6.0

40

MODAL DUCTILITY

2.0

0.0

10.0

8.0

6.0

4.0

MODAL DUCTILITY

2.0

0.0

10.0

8.0

8.0

4.0

MODAL DUCTILITY

2.0

0.0

0.000

183

No Aplpendogé

Appendage AS3
on Floor 1

Appenzﬂcge AS]2
on Floor 1

-

0.125  0.250

0.375

0.500

O — Eq. 3.93
Bmemmm - Eq. 3.94
4= — — — — Eq 385

Appenaoge ASlS
on Floor 2

Appencljoge A§2
onh Floor 2

-

£.000 0.125 0.250

MAXIMUM GROUND ACCELERATION (g)

0.375

0.500

Figure 5.25b Comparison of Measured and Calculated Modal Dﬁctility of Mode

2 of the Structure Ml subjected to El Centro Earthquake



184

7.5 T T
No Appendage B————————— Maasured
6.0 F ‘ . N Eq. 393

45 | .
4 - — — — Eq 385

3.0 f

MODAL DUCTILITY

1.5

0.0 ! 1 [l

7.5 T T

Appendage AS3 Appendage AS3
on Floor 1 on Floor 2

6.0 |
45

3.0 F

MODAL DUCTILITY

1.5 b

0'0 1 i 1 i l 1

7.5 T T T T
Appendage AS2 Appendage AS2
. on Floor 1 on Floor 2

0 F - - -

45 | . - .

30 F

MODAL DUCTILITY

1.5

0.0 ] L [l 1 1 L
0.00 0.15 0.30 0.45 .60 0.00 0.15 0.30 0.45 0.60

MAXIMUM GROUND ACCELERATION (g)

Figure 5.26a Comparison of Measured and Calculated Modal Ductility of Mode
1 of the Structure M2 subjected to El Centro Earthquake



185

3.0

No Appendage

3.0 F -
- — — — — Eq 395

MODAL DUCTILITY

1.0

5.0

Appen]doge AS3 < Appen;ﬂoge A§3
on Floor 1 on Floor 2

40 |
30 F

20 ¢

MODAL DUCTILITY

1.0

c.0 4 4 1 4 L L

5.0

A en;ia e A§2 Appen&cge ASI2
oﬁpFloorg1 on Floor 2

40

30

20

MODAL DUCTILITY

000 015 030 045  0.60 000 015 030 045 060
MAXIMUM GROUND ACCELERATION (g)

Figure 5.26b Comparison of Measured and Calculated Medal Ductility of Mode
2 of the Structure M2 subjected to El Centro Earthquake



186

20 T ¥ '
No Appendage . a Measured
16 S Bocrmmmrmcasmmanne. Eq. 393
= o
— ¥ G- Eq. 3.94
B 1.2 } ,.p"a” .
oo ) P = — — — — EQ. 3.95
D —E
Z 08} -
a
@]
=
0.4 | .
o.o 1 L 1
2.0 T T T T T T
Appendage AS3 Appendage AS3
on Floor 1 on Floor 2
1.6 | . - .
=
=
5 1.2 | 7 - T
pu
)
Iz o038} . - -
fon]
o
=
04 . - N
0.0 1 i [} L 1 Ll
2.0 T U T T g T
Appendage AS2 Appendage AS2
on Floor 1 ,ﬁ : on Floor 2
16 [ FB O - .
= /4 ¥
= ,.,:;’1’ ////
512 F =¥ . - M 1
> & e,f”
D 8—=a £
-
0.8 [ . - .
S
o
=
0.4 | - - .
0‘0 i 1 H 1 1 L
0.0C 0.75 1.50 2.25 3.00 0.00 0.75 1.50 2.25 3.00

MAXIMUM GROUND ACCELERATION (g)

Figure 5.27a Comparison of Measured and Calculated Modal Ductility of Mode
1 of the Structure Ml subjected to Melendy Earthquake



187

3.0 r T r
No Appendage @ .
24 r - L Eq. 3.93
e
= G--m—————- Eq. 3.94
= L 4
S 18 - — — — — Eq 385
o ~P
. /.-"-*‘:‘I
12 F 4
5 ¥ >+
(@)
=
0.6 | J
0'0 1 L 1
300 1] F 1 3 ] ]
Appendage AS3 Appendage AS3
on Floor 1 on Floor 2
2.4 | —e . 1
E
= .
= 1.8 } - - -
O ]
8 ,_qﬂp"e /_fg
- ﬂtﬂ' /.l-
=z 1.2 b ?::' L - N N _am i
S ) N, g —
S :
=
0.6 F . s -
o.o L - L [\ i i
3.0 T T T T T T
Appendage AS2 Appendage AS2
on Floor 1 on Floor 2
2.4 } . - ‘ / .
=
=
5 18 F - - .
2 %
2 ol =t -
<Dr_ 1.2 .,.-" ~ ] N Vg_& —_— |
o
=
0.8 | . - .
0'0 1 L 1 1 i 1
0.00 0.7% 1.50 2.25 3.00 0.00 0.75 1.50 2.25 3.00

MAXIMUM GROUND ACCELERATION (g)

Figure 5.27b Comparison of Measured and Calculated Modal Ductility of Mode
2 of the Structure Ml subjected to Melendy Earthquake



188

300.0 T ¥ !

150.0

-
>
B
=
>
>

~
QO -150.0 } J
N
~
=
-300.0 L ! s
i 0.0 0.25 0.50 0.75 1.00
=
o
._..
<C
o 100.0 . . .
L
-
[EW]
o 50.0 | -
(]
<
o
= AR
[&] 0.0 pww TS
= \/
&
& \/
-50.0 } -
-100.0 ' ! I
0.0 0.25 0.50 0.75 1.00

TIME (SEC)

Figure 5.28 Typical Measured Free Vibrations Accelerations of a Combined
Detuned System (Single-Story Structure S4 and Small Appendage
AS4)



189

400.0 T T T

200.0 4

—
~
>
—

0.0

APPENDAGE

-200.0

<]
|
=
<>
<]
<]

(IN/SEC2)

~400.0 . ' '
0.0 0.50 1.00 1.50 2.00

200.0 T T 1

100.0

ACCELERATIONS

A

[\
VARV,

-200.0 L L .
0.0 0.50 1.00 1.50 2.00

0.0

STRUCTURE

-100.0

TIME (SEC)

Figure 5.29 Typical Measured Free Vibrations Accelerations of a Combined
Detuned System {Single-Story Structure S1 and Large Appendage
AL3)



(IN/SEC2)

ACCELERATIONS

190

400.0 T T T

T AR A

o~
i
(4] A
Q
) \/
-200.0 | \/ v -
_400.0 i 1 1
0.0 0.25 0.50 0.75 1.00
100.0 r . T
50.0 k ' i
| W 00 /\ /\ —
o \_/ -
E *
-50.0 F .
-100.0 L L .
0.0 0.25 0.50 0.75 1.00

TIME (SEC)

Figure 5.30 Typical Free Vibrations Modal Accelerations of a Combined
Detuned System (Single-Story Structure S4 and Small Appendage
AS4)



191

1000.0 r s 1
500.0 |
(9]
W 00
o
=
~~
3
O -500.0 | -
2]
2 VU
Z
S
—1000.0 L L L
o 0.0 0.50 1.00 1.50 2.00
=
o
}-—
e d
» 200.0 . . T
L
1
L
] 100.0 | g
(]
) /\
W 00
o
2 v \/
-100.0 s
-200.0 4 4 1
0.0 0.50 1.00 1.50 2.00

TIME (SEC)

Figure 5.31 Typical Free Vibrations Modal Accelerations of a Combined
Detuned System (Single-Story Structure S1 and Large Appendage
AL3)



ACCELERATIONS

192

1200.0 T

- e o

T T I

600.0 ”

APPENDAGE
[
o
3
<>
M—
>

(IN/SEC2)

-600.0 | u d U u U u d
———————————— Calculated Baot Pericd 2.89 sec
-1200.0 1 L .
0.0 1.0 2.0 3.0 4.0
200.0 - ™ ~T
100.0 } n p n N -

STRUCTURE

Anll
"\ V\/\] VVV

~100.0

T
-
-
[ i
[ ~cenmeniin
[

~200.0 L . .
0.0 1.0 20 - 3.0 4.0

TIME (SEC)

Figure 5.32 Typical Measured Free Vibrations Accelerations of a Combined
Tuned System with Low Damping (Single-Story Structure S8 and
Small Appendage AT2)



(IN/SEC2)

ACCELERATIONS

193

500.0

250.0

e e -

APPENDAGE
i
j
-
B
-

-2500 | M U u U U .
________ u “mmmmmTETT Colculated Beat Period 1.20 sec
-500.0 . L .
0.0 1.0 2.0 3.0 4,0
200.0 T T T
1000 | ﬁ n :
Lot
o
= [\ / AU AN
Q 0.0
>
: V VIV VYV
’_
{7
-100.0 } U .
-200.0 L —t .
0.0 1.0 2.0 3.0 4.0
TIME (SEC)
Figure 5.33 Typical Measured Free Vibrations Accelerations of a Combined

Tuned System with Low Damping (Single-Story Structure S9 and
Large Appendage AT7)



(IN/SEC2)

ACCELERATIONS

194

1000.0 ~oT T
= s-‘ﬂ Calculated Beat Domping 1513% « = = — — ~ ~
5000 | ” T‘ﬂ“ ______ ]
<<
S o0 .\ /\ /\ A\
& \j \/
: IR
<
-500.0 | U u u _u__ » .
.~ ,u‘ - u‘ Calculated Beat Period 3.04 sec
-1000.0 e 4 L
0.0 1.0 2.0 3.0 4.0
200.0 T T T
100.0 | q .
)
5 oo /\ N /\ AN /\ /\ A
z V VY VYV
7
-100.0 | 1
-200.0 . i .
0.0 1.0 2.0 3.0 4.0

TIME (SEC)

Figure 5.34 Typical Measured Free Vibrations Accelerations of a Combined
Tuned System with High Appendage Damping (Single-Story
Structure $8 and Small Appendage AT4)



195

2000.0 T <

———
F4
/
I
/

1
7

1000.0 -~ =

APPENDAGE
o
o
-
[~
——
: ,l
B
—
!
—
{
[]
i
i
>

~ . f’
S -10000 t+ U U " .
v -
~ .
: [ 1
h .7 Calculated Beat Period 2,74 ssc
—2000.0 . = L =
s 0.0 1.0 2.0 3.0 4.0
=
o
o
<
x 300.0 Y T T
w
- |
w
(& 150.0 1
[$)
<
s i
E 0.0 ﬂ A AN NA A O
o V v v VV VVV VvV VvV
[nad
[ .
w
-150.0 | N U u i
=300.0 . . —L
0.0 1.0 2.0 3.0 4.0

TIME (SEC)

Figure 5.35 Typical Measured Free Vibrations Accelerations of a Combined
Tuned System with High Appendage and Structure Damping
(Single-Story Structure S4 and Small Appendage AT6)



(IN/SEC2)

ACCELERATIONS

196

Ray [T
= |V

“MUW““LHUH“”W
LAl A R
ot LR b

Figure 5.36 Typical Free Vibrations Modal Accelerations of a Combined
Tuned System with Low Damping (Single-Story Structure S8 and
Small Appendage AT2)



197

S E— , ,
- IR

AN U

: MMUUU“MI |

"\/ | V/\ U/\V/\ /\V
—s00 + UH”MH“N UU U i

TIME (SEC)

Figure 5.37 Typical Free Vibrations Modal Accelerations of a Combined
Tuned System with Low Damping (Single-Story Structure S$9 and
Large Appendage AT7)



202

300.0 T T T
150.0 ¢
I
o~ 4
a 00
Q
=
~~
&
b -150.0 -
wy
~
=
N
—300.0 i L L
«» 0.0 0.5 1.0 1.5 2.0
=z
© Exact Undamped Eigenvectors
™ T e e s = Tuned Damped Eigenvectors
- memsmssesomsecoesan Approximate Undamped Eigenvectors
<
o 200.0 T ' T
[EN}
et "‘
b 1 ‘\
o 1000 [\ 4 “ B
(&) §
\
< ]
v' \
\
B 00
o
=
|
-100.0 ‘ 1 -
Wi 1
\"',
v/
-200.0 L 1 L
0.0 0.5 1.0 1.5 2.0
TIME {(SEC)
Figure 5.42 Typical Free Vibrations Modal Accelerations of a Combined

Slightly Detuned System (Single-Story Structure S$1 with Small
Appendage AS2)



203

200.0 T T T
100.0
(]
A 00
o
=
~
< -100.0 |
w
~.
=
S’
-200.0 . L 1
0 0.0 0.5 1.0 1.5 2.0
=
o Exact Undamped Eigenvectors
— s e e e Tuned Damped Eigenvectors
— st Approximate Undamped Eigenvectors
<
o 200.0 . : .
L
-4
Lt
& 1000 F .
o JA
<C
a oo \ 2
S R
-1000 '*
-200.0 L . L
0.0 05 1.0 1.5 2.0
TIME (SEC)

Figure 5.43 Typical Free Vibrations Modal Accelerations of a Combined
Slightly Detuned System (Single-Story Structure Sl with Large
Appendage AL2)



204

5.0 1 1 L| i 1 ) L]
Appendage AS3 Appendage AL3
| 1 .
=z
e
'..._ - -
S
=
ot
@ . i
b
<
1.0 | . - -
0‘0 L 1 1 1 [l | ]
5.0 T T T T L T T
Appendage AS4 Appendage AL4
40 . 5 -{
z
2 30 '
= 0 F . - .
<C
R B St
a} = e~
0. 20 F ‘-b&"&?nb“ "I -1
<§( -
1.0 b . - -
0'0 .l 1 L L 1 | 1.
1.00 125 150 175 2.00 10 1.3 1.6 19 22 25
DUCTILITY DUCTILITY

e M e UrEd

4= — — — — BSS
P mmmmmmmmen e SRSS
Feommmmm = Estimated Lower Bound

Figure 5,44 Comparison of Measured and Calculated Amplifications of the
Detuned Appendages on Structure S1 Subjected to El Centro
Earthquake



5.0

205

AMPLIFICATION

1.0 |

0.0

Appendage AS3

15.0

120

AMPLIFICATION

0.0

5.0

40 F

3.0

2.0

AMPLIFICATION

1.0

0.0

1,00

Figure 5.45 Comparison of Measured and Calculated Amplifications of the
Detuned Appendages on Structure 52 Subjected to El Centro
Earthquake

2.00

3.00
pucCTiLITY

4.00

5.00

Ap‘pend::lge AS4

1.0 2.0 3¢ 40 580 60 70

e Meqsured

= — — — — B
pommmmmmmmm e SRSS
Gmmmmmm——- Estimoted Lower Bound

5% Estimated Lower Bound
Using Yield Resistance

Aplpend;:lge ATL4

1.0 20 30 40 50 60 7.0
DUCTILITY




206

12.5 T

lAppe;tdageIASQ

10.0 .
—+
—t

—
pre i F'Q

o -
W “

~
3}

AMPLIFICATION
v
(e}

O‘o L 1 1 i

30.0 T

24.0 1

r

N \ () Measured

18'0 '\\\‘ &, 7

A =~ = — — — — ABSS
\

12.0

AMPLIFICATION
/

G- ————— Estimated Lower Sound

6.0 | .

0'0 1 1 1 L

5.0

4.0

3.0

20

AMPLIFICATION

1.0 “1

0.0 1 L L] L
1.00 130 1.60 190 220 2.30

pUCTILITY
Figure 5.46 Comparison of Measured and Calculated Amplifications of the

Detuned Appendages on Structure S4 Subjected to E1 Centro
Earthquake.



207

15-0 1 i L] 1 1 \ 1
Appendage AS2 Appendage AS3
.+
12.0 . . .
z \
Q \
- - -
Tz 9.0 AN
Q AN
b Tt — — _
= 60} . e bl
= R
< SN g e T -
------ ©
30 : - :
00 L ] H 1 L [l .
.00 125 150 175 200

—————— Measured

z

+— - — — = ABSS E-Q— -1
<t

Pommmmmm oo SRSS o
s

G-—--~-—=- Estimated Lower Bound a .
=
<

—_— Estimoted Lower Bound
Using Yield Resistance

0‘0 ! 1 ] L
1.0 2.0 3.0 4.0 5.0 6.0

DUCTILITY

Figure 5.47 Comparison of Measured and Calculated Amplifications of the
Detuned Appendages on Structure S5 Subjected to El Centro
Earthquake



208

5.0 T T T T
Appendage AS2
z
=
]._ -
S
L.
ol |
= i
=
<C
MELENDY
0.0 L L . 1 L
5.0 T T ' r
Appendage AS3
40 | .
z . —
}_ -
S = — — — — ABSS
T
3 poommmmmcmmnnnenne SRSS
. 4
% [c R Estimated Lower Bound
MELENDY
O.o L L L L
15.0 T —T T T
N Appendage AS2
\
120 N -
*’ S~
Z . S
S —=
= 8.0 N - &
Q AT o S,
e S T —
T 60 F ST .
30 .
TAFT
00 1 1 ] ]

7100 140 1.80 220 280 3.00
DUCTILITY
Figure 5.48 Comparison of Measured and Calculated Amplifications of the

Detuned Appendages on Structure S2 Subjected to Melendy and
Taft Earthquakes



NORMALIZED APPENDAGE AMPLIFICATION

209

2.0
Q. 337 ~~w - —— Upper Bound
Eq. 3.43 Ruzicke, Sackman
£q. 3.51 ——wee—— Lower Sound (Mass Ratio = 0.10)
£q. 351 ————————— Lower Bound {Mass Ratic = 0.01)
& Tuned
+ Slightly Detunsd
a
+
1.5 -+
a8
a
10 P mm o m oo -
0.5
0.0 t i ]
0.0 15.0 30.0 45.0 60.0

Figure 5.4%9a Comparison of Measured and Calculated Appendage Normalized
Single-Story Tuned and

Jv/2¢

Amplifications, X,,./¥p, for the

Slightly Detuned Systems



210

% 2.0 . 337 - ——- = ~—— Upper Bound
E £q. 343 —————— = Ruzlcka, Sockman
] Eq. 3.51 == Lower Bound (Moss Rolioc = 0.10)
L-j Eq. 3.51 ————=— Lawer Bound (Mass Ratio = 0.01)
o, 8 E Centro
=
<C + Melendy
(T
(@)
<C a
[ a
5 15 +
n. a
(a1
<C
[
[N
™~
-
<C
=
o
(@
= -]
10 oo e -
0.5
0.0 ; f ;
0.0 15.0 30.0 45.0 60.0
Jrr2s

Figure 5.49b Comparison of Measured and Calculated Appendage Normalized
Amplifications, Xp../¥Xp, of the Single-Story Tuned and
Slightly Detuned Systems for Two Earthquakes



211

% 2.0 Eq. 337 - ~—————— Upper Bound
E Eq. 3.43 Ruzicka, Sackmon
O Eq. 351 ————— {ower Bound {Mass Ratio = 0,10}
E Eg. 3.51 ~———— {ower Bound (Moss Rotlo = €.01)
% B3 Large Appendage Mass
< @ Small Appendoge Mass
Lt
O
< o
0 a
& 15 +
[al o
i
<C
]
Lal
™~
—
<L
=
(et
O
=
I e ettt
—e
0.5
0.0 i ] :
0.0 15.0 30.0 45.0 60.0

728

Figure 5.49c Comparison of Measured and Calculated Appendage Normalized

Amplifications, }Emax/iis-, of the Single-Story Tuned
Slightly Detuned Systems for Large and Small Appendage Mass

and



- 2.0

&)

=

S

L

=

[l

=

<C

Lt

&)

=T

[am)

& 15

(A

(ol

<

)

[V}

N

|

T,

=

(0edf

O

=
1.0
0.5
0.0

212

Eq. 337 - ~-~—-——-—— Upper Bound

Eq. 3.43 Ruzieka, Seckmaon

Eq. 3.51 ~————  Lower Bound {Mass Ratio = 0.10)

Eq. 3.51 ———-————— Lewer Bound (Mass Ratio = 0.01}
B Flostic
+ Inelostic
» Inelastic {Ductility > 2.0}

a

i
0.0 15.0 30.0 450  Jy/2¢ 60.0

Figure 5.50 Comparison of Measured and Calculated Appendage Normalized

Amplifications, X,,,/X¢, of the Single-Story Tuned and
Slightly Detuned Systems for Elastic and Inelastic Behavior
of the Supporting Structure



—~ 20

o

pra

&)

.

—t

[a iR

=

<

Lok

(@

<L

(e}

& 1.5

o

0.

<C

[

(]

N

|

<C

=

o

O

=
1.0
0.5
0.0

213

L

Upper Bound

Ruzicka, Sackman

tower Bound {Mass Ratio = 0.10}

Lower Bound {Mass Ratio = 0.01}

Elostic
inelostic

Inelastic (Ductility > 2.0)

{

;

0.0

T

15.0

14

30.0

T

45.0

/2

60.0

Figure 5.51 Comparison of Measured and Calculated Appendage Normalized

Amplifications, X,,/X;, of the Single-Story Tuned and
Slightly Detuned Structure After Correction for the Yield
Resistance of the Structure



NORMALIZED APPENDAGE AMPLIFICATION

214

2.0 .
2.185
1.5 T
+
a
1.0
0.5
/
/ / Eq. 337 - —---———~—~ Upper Bound
{ Eq. 3.43 ~--—————— Ruzicks, Sackmon
// Eq. 3.31 —————— lawer Bound {Moss Ratic = 0.10)
/ Eq. 3.51 —————~ Lawer Bound {Mass Ratic = 0.01)
/ 8 Tuned
+ Slightly Detuned
0.0 l f
0.0 15.0 30.0 450  fy/2¢  60.0
Figure 5.52 Comparison of Appendage Normalized Amplifications, imax/ifi

of the Single-Story Tuned and Slightly Detuned Systems
bDetermined Numerically for the Equivalent Linear Systems and
Calculated (Egs. 3.37, 3.43 and 3.51)



215

g
o

Detuned ﬁsgg ——

Magas Rotio

[]
i
i
1
1
Slightly Detuned :
[}
!
0.010 i
i

0015  =resmccmccsasecamnn

0025 ——————-
8.0 T 0100 ———e——
i

TRANSFER FUNCTION

]
1
0020 ——=m————e—- h
]
i

MEASURED
Moss Ratio
0.010 - 0.015 o

0.015 - 0.020 ]
0.020 - 0.025 a
0.100 a

8.0 A

3.0 A

0.0 : : .
0.50 0.75 1.00 1.25 1.50
FREQUENCY RATIO

Figure 5.53 Comparison of Measured and Calculated Appendage Transfer
Function of the 8Single-Story Tuned and Slightly Detuned

Systems



STRUCTURE APPENDAGE
ACCELERATION ACCELERATION
(9} (9)

STRUCTURE
DEFORMATION
(IN)

GROUND
ACCELERATION
(@

8.0

-8.0
1.4

0.7

0.0

-14
0.8

0.4

-0.8
0.6

0.3

0.0

216

| T ¥
Ductifity = 1.00

1 1 1
0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Figure 5,54 Measured Response of a Single-Story Tuned System. Structure

S8 and Appendage AT2 Subjected to El Centro Earthquake.
Ductility = 1.00



217

8.0 T T T

APPENDAGE
ACCELERATION
(a)

-8.0 ' ' ‘
1.4 L) 1 )
0.7 F _
X
E é — :H! kgt i ’
§ é 8 0.0 I vi i : i e | g
58
< 077 .
_1'4 ] 1 1
0.8 T T T
Ductliity = 1.10
0.4 .
w3
= k. oLy .
O=Z 0.0 2 PR BT e G T L L
SES Ll - "
55
e -0.4 -
-0.8 L . 4
0.6 T I 1
=z
o
= §’~
s
S &
<

0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Figure 5.55 Measured Response of a Single-Story Tuned System. Structure
S8 and Appendage AT2 Subjected to El Centro Earthquake.
Ductility = 1.10



218

APPENDAGE
ACCELERATION
(a)

1.4 T T 4
- 0.7 .
(=]
i
Eg—'\ 14 Hil! S
%53 OO | ‘;I““‘i Y o T
[A Ve !
%8
< =07 f 1
-1.4 ' ' :
0-8 T T I
Ductility = 1.43
04 | :
g3 .
E E “— M 1 i . 11 [ H HLUL B j Hik RHOL it L 1 ! ! AL ity
(o] = Z 0.0 ”'[ ‘:|“' it o] ikt “511.-‘ H N Vot pp s w xnlyv“,, yi
SES e i T .
= o ,
o
= ~-0.4 | .
""0-8 1 | L
0.6 Y T T

GROUND
ACCELERATION
(@)

0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Figure 5.56 Measured Response of a Single-Story Tuned System. Structure
S8 and Appendage AT2 Subjected to El Centro Earthquake.
Ductility = 1.43



& Lo
o (=]

APPENDAGE
ACCELERATION
(9)

(=]

Q

-8.0
1.4

STRUCTURE
ACCELERATION
(9

-1.4

0.8

L‘J g 0-4
® =

E<o

Sg& 00
x o
=5

e -0.4

-0.8

0.6

> 0.3
o2
e [

€5 oo
&5
(&3

< -0.3

-0.6

219

Detuned — Eq. 3.24

£q. 3.37

L [l 1
Ductility = 2.55

ll AL i g X
FIA 'P " |‘l " o 1 1 Iy

i 1. i

L 1 ]

0.0 100 20.0 30.0 40.0
TIME (SEC)
Figure 5.57 Measured Response of a Single-Story Tuned System. Structure

S8 and Appendage AT2 Subjected to El Centro Earthquake.

Ductility = 2.55



220

8.0 T T T
= o = B33 T
82 nﬂ q. 3.
£S5 . o AR A AAAR Ao a8 A At A
o L A ALAMARA LAA L AL
%:2 S T .
-8.0 . ! '
1.2 T T T
&S 0.6 | -
=
B85 00 | ,\M!\AAMMI\ AR TVIVERPERTATSPPRSTERSON
SAnIC . Ao
L
< -0.6 -
-1.2 ' L L
1.0 T T T
Ductility = 1.08
&5 05 | | .
%g’i 0.0 o alas v AAAAAAAAANRD I\AAAA[\I\ AAAAPAAAAAPAAAAAAAA]
a%c_‘; : VVV VVVVVVVVVVVVVWV VvV VUV
"7)8 -0.5 | -‘
_1.0 ! 1 1
1.2 1 T 1
= 0.8 - J
1=
g%@ 0.0 sttty
9o
2 s} :
-1.2 ' ' L
0.0 2.5 5.0 7.5 10.0
TIME (SEC)
Figure 5.58 Measured Response of a Single-Story Tuned System. Structure

S8 and Appendage AT3 Subjected to Melendy Earthquake.
Ductility = 1.08



8.0
wE 4.0
S
E%é,\
Zuw o 00
&5
2 0
-8.0
1.2
wB 0.6
[
=3
Sy 00
£ &
Q
< -0.6
-1.2
1.0
0.5
wd
B %a 0.0
s } ~
o
%3
-0.5
-1.0
1.2
= 0.6
=
5
= ~~
8
< -0.5
-1.2

221

o AVM\VAMMA ll MM\RMM AMARA . 2 AR TPwTTYY
VVWVUWWVW Wil UWV V AR T AT

AM 000ttt
WWVwawwvwWVWWWVWVWWWVWWWWVWV

] { 1
T Y —
Ductility = 1.33
n Aaaan N
T VUV" VVVVVVVVVVVVUVVVVWVWV“"’"VVV""""VVV‘”’W"
L] ] 1
1 3 t
. N
] L )
0.0 25 5.0 7.5 10.0
TIME (SEC)

Figure 5.59 Measured Response of a Single-Story Tuned System. Structure

S8 and Appendage AT3 Subjected te Melendy Earthquake.
Ductility = 1.33



222

o e e £q. 3.43
- 4.0 frmeemmmrrereme e e Eq. 351 ]
S5 ool WAAAJM“MRMMMMMMM!\M\AAM Apu AR & A AR
[ [ -t
2 S L U 5 S OO 7]
~8.0 - - - s ey
1.2 T t T
= 0.6 | 4
1 W \ﬂ/\Mf\l\nnnﬂM\AMAM\I\MMI\!\AM m
R I
2 s} -
-1.2 L . L
1.0 T T T
Ductility = 1.83
- 05 | -
g%g 0.0 Aoy UnvnvVAVAUVVVVVVVVVVVV\IVVVVVVVVVVVVVVVVVVVVVvvvvv
”8 st .
-1.0 ‘ ‘ '
1.2 Y T T
z 0.6 1
é § T 00 ""“““thﬂwﬂﬁqfvﬂuﬁ"v VPO VU U
g -06 | ]
—d1.20.0 215 5i0 7?5 10.0

TIME {SEC)

Figure 5.60 Measured Response of a Single-Story Tuned System. Structure
S8 and Appendage AT3 Subjected to Melendy Earthquake,
Ductility = 1.83



8.0
WE 4.0
2= _
gy 00
gb‘
2 40
-8.0
1.2
wd
&=
= P
gug 00
1w
53
< -0.6
-1.2
1.0
=
]
=R
QFZ 00
= Ov
£
25 -05 F
-1.0
1.2

0.0

GROUND
ACCELERATION
(0)

~-1.2

Figure 5.61 Measured Response of a Single-Story Tuned System. Structure

0.6

05

g8

r VWVAAVAAMMMUAAMI\VAMI\MMMMMMMth\nv.,vﬂhf\/\i\v,\vn—
v VUVVLUVV v VVUVUUUUU UVUVVVVUUVUV ANLAARY

Anmnnﬂhn“ MM“M.M\A | “Mﬂﬂ!\nnﬂ(\Ml\ﬂn;\nnn{\nn/\nwmf:
V VVvaUU VUVVVUVVVUUUUUVVV”VUVVVVV VY !

Ao A(\ I

(AWM MM

Ductility = 2.76

T

v

0.0

25

5.0
TIME (SEC)

7.5 10.0

58 and Appendage AT3 Subjected to Melendy Earthquake,

Ductility = 2.76



STRUGTURE APPENDAGE
ACCELERATION ACCELERATION

STRUCTURE
DEFORMATION

GROUND
ACCELERATION

Figure 5.62 Measured Response of a

(9)

o
o

(9

(IN)

(@)

o
o

o
o

-86.0
1.0

0.5

0.0

-0.5

-1.0
0.6

0.3

0.0

-0.8

0.6

0.3

0.0

-0.6

224

' V )
____________________________________________ Eq. 343
L L 1
- 4
—%WM‘#
[l L 1
' 1 MR
Ductility = 1.00
- .
—W;:.‘v“v- T ey N
_— ] 1
' ) 1
1 [l [l
0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Single-Story Tuned System. Structure

S84 and Appendage AT6 Subjected to El Centro Earthquake.

Ductility = 1.00



225

o
o

o
o

APPENDAGE
ACCELERATION
(9)

o
(&)

STRUCTURE
ACCELERATION
(a)

0'6 T 1 1
Ductility = 2.30
03 .
y & |
Sk l Mk ’
52’2\ 0.0 aly b I ‘JI £ et (AN { 1 FIULETTIV R Vel PN I .‘11'::.‘.;. fk Aot
D%O . f'l: ' ' WOREVIIERE (i T HY K T P IY Y i [“” W] Vv
ZQ | ‘ Ak !
Z & -0.3 | -
—Q.6 L L L
0.8 T T 1

GROUND
ACCELERATION
(g)

0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Figure 5.63 Measured Response of a Single-Story Tuned System. Structure
S4 and Appendage AT6 Subjected to El Centro Earthquake.
Ductility = 2.30



226

8.0 T T T
B 40 } -
-~ S it T T i Eq. 343
S &~ - AT\MAM-
gu=2 00 AT AAR
R — A —
< a0} .
~8.0 ' ' '
1-4 T T L
= 0.7 | -
w o
=
B N1
5 o2 0.0 UATAAAAAN
ES
2 o7} .
~1.4 [ { |
1.8 T T T
Ductility = 1.20
0.8 | E
g
=P
o % =z 0.0 AV{\'A_AAAA
2o
=
&y Lt
e -0.8 | .
~1.8 . ' '
1.8 T T T
- O.g [~ "
C)Q
= g’\ A
8 H 3 0.0 MY v'“‘vnv"v'v 4 v =
@ o
°3g
& -09 k ]
-1.8 L . L
0.0 2.5 5.0 7.5 10.0

Figure 5.64

TIME (SEC)

Measured Response of a Single-Story Tuned System. Structure
5S4 and Appendage AT6 Subjected to Melendy Earthquake.
Ductility = 1.20



STRUCTURE APPENDAGE
ACCELERATION ACCELERATION

STRUCTURE
DEFORMATION

GROUND
ACCELERATION

(9)

(9)

(IN)

()

80 r

227

=T e T 35T (G 345 gwes 6.1%g)
- - - == Eq. 3.43 with Yield Resistance
40 t .
0.0 *“AVAVAVA"AVAVA Avﬂ p A A r AVAVA " h A F {\ “ \ A ﬂuﬂvnvﬂvﬂ \PVAV/\VAVA\,AVAVAVA
-40 | U u }UU d U M Nbu W 1
=80 e e i e e T LR e S CEEE
1.4 T T T
0.7 F J
0.0 . Aﬂn f \ [\M \n!\ AM{\ /\nAMA I\VLWMMI\AVAWAAUAVA Ao Pompn ]
VUW UVU V VUUVVWUVVV WUVV VARV
-0.7 } J 1
-1.4 L L :
e !\ - | Ductility l- 368
1 (\/\AI\P\’\/\/\/\/\AI\I‘«\IV\/‘/\/VV\/\/VNW
0.0 p—Ar AV“VV""V v
-08 -
-1.6 L : .
1.8 T T T
09 | .
0.0 VA‘,.A/\AA MAA“M.\AM/\ An Y. V.UV P < o
E A VU ﬂvr WVWW NV VTV
-09 | ]
—1.80.0 215 SiO 7j5 10.0
TIME (SEC)
Figure 5.65 Measured Response lof a Single-Story Tuned System. Structure
S4 and Appendage AT6 Subjected to Melendy Earthquake.

Ductility =~ 3.68



228

3.0 T T T
L(Slé 15 F . -]
——————————————————— R VR Y
25 i y
=z o 0.0 ! s
R iy
R L
2 5t -
=3.0 4 . L
1.0 T T T
m% 0.5 B s
€=
E é’S: 0.0
:év :
58
< =05 | —
_1'0 1 1 1
0.6 T T ¥
Ductility = 1.00
wZ 03 F -
EE
D<’_\
CZE 0.0 farbiiipimrmsessmmt AR A ittt
D%v
&
e -0.3 -
-0.6 - L . L
0.6 T Y T
= 0.3 F B
-
%&’a 0.0 ___W“ih PPPTIRTEreY N A Wiyl
oi_.:iv . b bl g LLLMAMMEL B ¥ ¥
& o
°8
< -03 | -]
-0.8 1 —L 4
0.0 10.0 20.0 30.0 40.0

TIME (SEC)

Figure 5.66 Measured Response of a Single-Story Tuned System. Structure
59 and Appendage AT7 Subjected to EL Centro Earthquake,
Ductility = 1.00



229

3.0 T T T
—————————————————————————————————————————— £q. 3.43
"y g 1.5 -
&f =
% ég 00 (K}
il R
ca " i
== s} | -
__3'0 ________ o 7[ 4444444444444 r 4444444 o _l ____________
1.0 T T T
wE 05 F .
o H
;z:-}g’-‘ (l.l"‘ .i..lw'gi:v"i‘ ‘I;v LIRS o Bl
gy 00 i Y e e
=83} ‘
0 O
<< -0.5 } N
_1‘0 1 L I
0.6 T T T

Ductility = 2.16

0.3 |
=z
% g l A BLi | XA I LT .‘E‘H Tl .uil MM s ! 5\[ | f ‘
G ol :.;li‘il‘] | VRALSRANR B R " i‘l'{h.:»‘l‘fil'.‘ :ud:nﬂnm:lal; |ilbl|l“il§ili“ul? R L L m e b
8 ¥ é 0.0 | e o i !I !\
e -03 i i
-0.6 i | !
0-6 T 1 T
= 0.3 | .
o
2 & A
§ S S 00 4-.",;
V
< -0.3 | R
-0.8 | 1 L
0.0 10.0 20.0 30.0 40.0
TIME (SEC)

Figure 5.67 Measured Response of a Sinple-Story Tuned System. Structure
89 and Appendage AT7 Subjected to El1 Centro Earthquake.
Ductility = 2,16



230

8.0 T T T
=z 25 | R
§g ___________________________________________ Eq. 3.43
251; 0.0 Anﬁ fAndan AAAAAAAAAAAAAAAAAAAAAAAA AAA
o I LR RAL AR AAAPARAARAAPARAAR AR AARAA
22 = 1t
< -25 | .
_5‘0 L 1 1
1.0 T 4 !
= 0.5 ¥ N
4
B2 oo A -.A-/\ ﬂ Aadhafa /\I\AM\A(\V!\;\A ,\m\v A AN A
égv VVUU VVVVVV yVoyvyyvyvy AAAAAA A
® 3
X 05} -
-1.0 H ] 4
1.0 T T T
Ductitity = 1.21
&25 C3 7
ggg 0.0 s ANAANANAANANNAANAAAAAAAANANANANNANAAANANALY
SKE=E o vvuvvvvvuvvv v g hd i
E2
w&
-0.5 1
-1.0 . L L
1.2 T T 1
= 06 | J
o2
=z
283 oo NIV
3!
Q
< 06 | .
~1.2 . : .
0.0 2.5 5.0 7.5 10.0
TIME (SEC)
Figure 5.68 Measured Response of a Single-Story Tuned System. Structure

S9 and Ap
Ductility =

pendage AT7 Subjected to
1.21

Melendy Earthquake,



5.0 T T Tes 65537 ]
Bl Ry TITITITTITITmeeemkemememmm e SR ke bq. J.51 (EqQ. J.43 gives 6,
Eq. 3.43 with Yield Resistance

%%3 :: - ‘ﬁV f\,nnhl\v/\vf\l\nﬂﬁ nunvhvnvmvhnnnvl\vn A Vﬂn Ag, Avﬁvn Aw "AUAVA"AVA A V V
e A _
%%3 ::: - A!\.AM.AA{H h/\p MM[‘)“HM.AAAI\MMMAVMA"AMAAM M\mhh
WWUM R LA A
2L MA,\A/\/\/\MMW\/\/VWMMWW
5 AT

. i | ‘

= 08 r -

%%3 00 [Hfotthern VAU ﬁﬂvnvﬂvﬂuﬁﬁvava SV PR PUSVIr S —_—

*1'20.0 2?5 5?0 7i5 10.0

TIME (SEC)

Figure 5.69 Measured Response of a Single-Story Tuned System. Structure
S9 and Appendage AT7 Subjected to Melendy Earthquake.
Ductility = 3.18



400.0

232

200.0

-200.0

-400.0

>
—
—
>
—
—
—
—

200.0

(IN/SEC2)

1000 |

SECOND STORY

|
-
o)
o
o

1

-200.0

V4

200.0

ACCELERATIONS

100.0

FIRST STORY

-100.0 |

O'OJJ\/\f\/\ IS o e

1 1 |

-200.0
0.00

Figure 5.70

0.75 1.50 2.25 3.00
TIME  (sec)

Typical Measured Free Vibrations Accelerations of the
Combined Two-Story Structure Ml and Appendage AS2 Mounted on
the Second Story



(IN/SEC2)

ACCELERATIONS

100.0

233

SECOND STORY
o
o

-50.0

-100.0

MA A A
/S

400.0

2000

0.0

APPENDAGE

-200.0 |

—-400.0

100.0

50.0

0.0

FIRST STORY

~50.0

-100.0
0.00

0.75 1.50 2.25 3.00
TIME (sec)
Figure 5.71 Typical Measured Free Vibrations Accelerations of the

Combined Two-Story Structure M1 and Appendage AS3 Mounted on
the First Story



(IN/SEC2)

ACCELERATIONS

234

300.0

150.0

APPENDAGE
o
[}

—-150.0

-300.0

200.0

100.0 F

SECOND STORY
o
o

-100.0 | -
~200.0 : . L
200.0 ; T —
1000 F J\ .
: A
g 0.0 /\ A\J /‘p\ /\\f’”"“"‘\w
a
g \/ N\
-100.0 |} -
-200.0 ! — .
0.00 0.75 1.50 2.25 3.00
TIME (sec)

Figure 5.72 Typical Measured Free Vibrations Accelerations of the

Combined Two-Story Structure M1 and Appendage AS3 Mounted on
the Second Story



300.0

235

150.0

Q.0

APPENDAGE

-150.0 |

-300.0
100.0

(IN/SEC2)

50.0 F

0.0

SECOND STORY

=50.0 |-

-100.0
300.0

ACCELERATICNS

150.0 |

0.0

FIRST STORY

I
—
o
o
(@]

T

— || =
- 2
) <
<

(

|

|

-300.0
0.00

Figure 5.73

0.75 1.50 2.25 3.00
TIME  (sec)

Typical Measured Free Vibrations Accelerations of the
Combined Two-Story Structure M2 and Appendage AS2 Mounted on
the Secend Story



(IN/SEC2)

ACCELERATIONS

236

100.0

50.0 F

0.0

SECOND STORY

-50.0 |

(ARG

—-100.0

700.0

3500 |

/N

0.0

APPENDAGE

|
[
o
o
o
1

-700.0

300.0

1500 |

FIRST STORY
o
(o]

-150.0

-300.0
0.00

Figure 5,74

0.75 1.50 2.25 3.00
TIME (sec)
Typical Measured Free Vibrations Accelerations of the

Combined Two-Story Structure M2 and Appendage AS3 Mounted on
the First Story



300.0

237

Ll

150.0

i

APPENDAGE,

AR

o

2

(o]
T

\/V\/vw\/vv\/\/vvv

=300.0
100.0

(IN/SEC2)

AN NN

SECOND STORY

-50.0

-100.0
300.0

ACCELERATIONS

180.0 |

0.0

FIRST STORY

|
tn
o
(]

T

-300.0
0.co

Figure 5.75

0.75 1.50 2.25 3.00
TIME (sec)

Typical Measured Free Vibrations Accelerations of the
Combined Two-Story Structure M2 and Appendage AS3 Mounted on
the Second Story



(IN/SEC2)

ACCELERATIONS

400.0

2000 |

JA /\[\/\/\/\/\;—\AAAAAA

"y
[3%]
8 Q.0
=

—400.0
300.0

150.0

0.0

MCDE 2

-150.0

-300.0
100.0

50.0

0.0

MODE 1

- 50.0

-100.0

0.00

238

UAASASNARASS

T

A A LA A

TN

' L T

VATAAES

1 1 [

0.75 1.50 2.25 3.c0
TIME (sec)

Figure 5.76 Typical Free Vibrations Modal Accelerations of the Combined

Two-Story Structure Ml and Appendage AS2 Mounted on the
Second Story



239

600.0

300.0 |

MODE 3
o
o

-300.0 |

-600.0

300.0

(IN/SEC2)

150.0 |

C.0

MCOE 2

-150.0 |

—-300.0

50.0

ACCELERATIONS

25.0 -

Q.0

MODE 1

-25.0
I

—-50.0

0.00

Figure 5.77

0.75 1.50 2.25 3.00
TIME  (sec)

Typical Free Vibrations Modal Accelerations of the Combined
Two-Story Structure Ml and Appendage AS3 Mounted on the First
Story



240

BO0.0 T v ¥

7l ML
V

MOCE 3

VY

—-400.0 |
~
[&] —-800.0 . ' 4
Lad
Q 400.0 T ) r
Z .
g
200.0 | _
5
~N
o g 0.0 /\ /\ /\ TANEAY
B R T AT ATAVAVAT A A e
- X
<L
o
L -200.0 .
o
[F]
(] —-400.0 d L 4
O 100.0 T T T
<C

d
a ~
g \/ \/ \/
-50.0 | E
-100.0 ' : :
0.00 0.75 1,580 2.25 3.00
TIME (sec)

Figure 5.78 Typical Free Vibrations Modal Accelerations of the Combined
Two-Story Structure M1 and Appendage AS3 Mounted on the
Second Story



400.0

200.0

0.0

MODE 3

-200.0

—400.0
100.0

(IN/SEC2)

50.0

0.0

MODE 2

- 50.0

-100.0
50.0

ACCELERATIONS

25.0

0.0

MODE 1

-25.0

-50.0

0.00

241

B
——
>

D

p

D

P
I
—
B
B
I
I

0.75 1.50 2.25 3.00
TIME  (sec)

Figure 5.79 Typical Free Vibrations Modal Accelerations of the Combined

Two-Story Structure M2 and Appendage AS2 Mounted on the
Second Story



(IN/SEC2)

ACCELERATIONS

MODE 2

242

300.0

150.0

0.c

MODE 3

-300.0

300.0

150.0

0‘0 W

-300.0

50.0

MODE 1

-25.0 |

25.0 | /\ /\ 7
0.0 \[/X M\ e i, o,

L ] L

~-50.0
0.00

0.75 1.50 2.25 3.00
TIME  (sec)

Figure 5.80 Typical Free Vibrations Modal Accelerations of the Combined

Two-Story Structure M2 and Appendage AS3 Mounted on the First
Story



243

300.0 ' . :

150.0

MODE 3

0.0 VVVV“ NN -

-150.0 } i
~
o -300.0 L L 1
Q 300.0 r ' T r
=
~—
150.0 i
73]
5 J
o ~
— g 0.0 |
— =
e
o
w1500 | i
wd
('l ]
O -300.0 { L ]
& 50.0 . ' .
<

250 F

' VA
-250 e

-50.0 L 1 1
0.00 0.75 1.50 2.25 3.00

TIME (sec)

MCDE 1

Figure 5.8l Typical Free Vibrations Modal Accelerations of the Combined
Two-8tory Structure M2 and Appendage AS3 Mounted on the
Second Story



244

10.0 T T T . T T T
Appendage AS3 on Floor 1 Appendage AS3 on Floor 2
80 = - . .
=z X
O -
; 6'0 I~ N\ = [~
S +~
L = ~4
= ~ o
% 4‘0 I~ D\ \..]. -1 B by
= W
=
''''' »
20 F . s 9
0'0 1 1 L ] 1 L
B WMegsured
4= e e e — ABSS
Bemm oo SRSS
10.0 T 1 1
Appendage AS2 on Floor 1
8.0 - - .
5
% 6.0 - 1 u -1
IS
&
T ]
T 40} . 5
<
20 F . R J
00 [ 1 L 1 | 1
0.00 0.25 0.50 0.00 0.25 0.50

MAXIMUM GROUND ACCELERATION (g)

Figure 5.82 Comparison of Measured and Calculated Appendage
Amplifications. Appendages on Two-Story Structure M1
Subjected to El Centro Earthquake



245

15.0 T

,-'“l Appendage AS3 Appendage AS3 on Floor 2
on Floor 1
-I
120 - - 4
5
E 9.0 R
©
L
T
= 6.0 | -
<
3.0 | . .
0.0 1 1 1 ! ! )
Nmmm - Eq, 3.37 and ABSS B Mewsured
TUNED
- ——— Eq. 3.37 and SRSS = — — — — ABSS
DETUNED
G——————————— Eq. 343 and SRSS e SRSS
15.0 T Y T
Appendage AS2 on Floor 1
120 b -
&
= 9.0 | X =
o
L
o
= 60 - -
< o~ it
Pl
ansprumnses +---F
pomomm== Aan
30 F e - 4
00 L 1 1 [ A |
0.00 0.30 0.60 0.00 0.30 0.60

MAXIMUM GROUND ACCELERATION (g)

Figure 5.83 Comparison of Measured and Calculated Appendage
Amplifications. Appendages on Two-Story Structure M2
Subjected to El Centro Earthquake



246

6.0 T

AN Appendage AS3 Appendage AS3 on Floor 2
~ on floor 1
= - . -
<
|-—.
<L
2 - .
)
o
=
< 4 -
10 | 1 .
0.0 Lom i R | | L [l
B~ Magsured
4= — == = = ABSS
L SRSS
6'0 L T T 4 { ki
Appendage AS2 on Floor 1 Appendage AS2 on Floor 2
50 . - .
= 40 ¢+ l - = -1
2
3
@ 3.0 F - - .
s
a
b
< 20} - - .
1.0 | - - :
0'0 ;- L 1 1 1 L
0.00 1.50 3.00 0.00 1.50 3.00

MAXIMUM GROUND ACCELERATION (g)

Figure 5.84 Comparison of Measured and Calculated Appendage
Amplifications. Appendages on Two-Story Structure M1
Subjected to Melendy Earthquake



1.0

APPENDAGE
ACCELERATION
(9)

-1.0
1.0
88 o5
di§,ﬁ
o83 00
% o
Q
e § -0.5
-1.0
1.0
3 0.5
o3
=3 00
ba
LS -0.5
-1.0
6.0
g § 3.0
B3Z o0
g2
X =30
-8.0
0.6
= 0.3
oK
o8: 5 = 00
°g
2 -0.3
-0.6

247

40.0

L T |
1 1 L
T ) 13
- -1
AMAAAAA A, N A A oA
'vvvvvvv" han aasl Ty v habih i 4
1 1 L
—T" T T
Aheponh o, e ek
N evvevy v v
1 L] [}
LN i 1
Ductifity = 1.00
1 1 i
1 1 I
SV Y*IO NPV S—
L L !
0.0 10.0 20.0 30.0
TIME (SEC)

Figure 5.85 Measured Response

Centro Earthquake.

of a Combined System.
Mounted on the Second Floor of Structure M1l Subjected to El
First Story Ductility = 1.00

Appendage AS3



APPENDAGE
ACCELERATION

FIRST FLOOR SECOND FLOOR
ACCELERATION

ACCELERATION

FIRST STORY
DEFORMATION

Figure 5.86 Measured Response of a Combined System.

GROUND
ACCELERATION

(q)

(a)

(@

(IN)

(g)

248

' (SRSS gives 1.079)

Ductility = 8.68

40.0

20.0
TIME (SEC)

Appendage AS3
Mounted on the Second Floor of Structure M1 Subjected to EL
Centro Earthquake. First Floor Ductility = 8.68



249

4.0 T Y T
=z
WS 20 F s
g g — Sgnloiygieboolsbalobullpbuislaiyfule l;\l;\'_"_'“_'k""r' '_"_"_':_"'_""."_"'_"_"_"_"_"_':_"_'.__'T_'?."_"_"_ éBES_ ~ = = SRSS
Sue 00 oo e A AR AP AR A AR ettt s ensarm oo aaecaas
= T et
28 a0} ]
_4.0 1l | 1
1u4‘ Ll 1 1
o
S8 0.7 -
T g _
o lﬁ 3 0.0 a e o -
=gl
S8
% b -0.7 T 1
-1.4 1 L :
1.4 T T T
x5 0.7 .
=¥
t 5 @ 0.0 VAVAVA v
) td
£
EQ -07 F -
~1.4 L . L
2'0 T 1] )
- Ductility = 1,00
g S 15 1
=
=
s § Z 00 At
e
£8 15t 1
_2‘0 1 [l L
3.0 T T T
8 15 F i
Q=
=
é 53 0.0 A
S8
2 -15} .
__.3 O i 1 i
0.0 25 5.0 7.5
TIME (SEC)

Figure 5.87

Measured Response of a Combined System.
Mounted on the Second Floor of Structure Ml Subjected to
First Floor Ductility = 1.00

Melendy Earthquake.

10.0

Appendage AS3



250

%%’a 20 oA nfhl\ﬂf\nnnl\mhnnnnnnmnn/mn f\nn/\l\nﬂl\f\hl\nnf\m\!\vh
| V VUU U AR R
%?, z: _ N /\AMA[\MA/\AA/\A A AN\ Am AV/;
R LA NS A es
IR T P
ol VVV VVWV"VV vty

N /\/\/\M,\,\m AASAI AR,

(9

GROUND
ACCELERATION

0.0 25 5.0 7.5
TIME (SEC)

Figure 5.88 Measured Response of a Combined System.

10.0

Appendage AS3

Mounted on the Second Floor of Structure M1l Subjected to
Melendy Earthquake. First Floor Ductility = 2.16



251

1.0 . : :

R

SECOND FLOOR
ACCELERATION
(9)

-1.0 L | \
4.0 T r .
Ductility = 1.00
£z 20 | oy .
6%
£~
az £ 0.0 ARPFAr-Avy o
=z E<
(=]
S5
t - - -
9o 2.0
-4.0 ' . -
4.0 T T y

APPENDAGE
ACCELERATION
(9)

-4.0 ' L —
1.0 T i !

0.0 oot S

FIRST FLOOR
ACCELERATION
{a)

-1.0 ' ! —

0.6 T T Y

03 | .

GROUND
ACCELERATION
(9)

o
o

=03 .
-0.6 L 1 L
0.0 10.0 20.0 30.0 40.0
TIME (SEC)
Figure 5.89 Measured Response of a Combined System. Appendage AS2

Mounted on the First Floor of Structure M2 Subjected to El
Centro Earthquake. Second Floor Ductility = 1.00



252

A\ LH;.AL“
]' I {

Ilul lli“ A LA l A AR A S papir L A ras
LR fmv' ML Aamat

1 1 1]

1.0
o
Z =
gg 9
T 0
oue .0
Z o
80
%2 -05
-1.0
4.0
20

0.0

SECCND STORY
DEFORMATION
(iN)

-4.0

(N
' v
-2.0 B .

i 1 1]

Ductility = 5.52

4.0

0.0

APPENDAGE
ACCELERATION
(9)

20 F°

ABSS _l

( i I‘HM 1

FIRST FLOOR
ACCELERATION
(@)

GROUND
ACCELERATION
(9)

0.0

Figure 5.90

40.0

20.0
TIME (SEC)

Measured Response of a Combined System. Appendage AS2
Mounted on the First Floor of Structure M2 Subjected to El
Centro Earthquake. Second Floor Ductility = 5.52



253

1.0 T ] 3
o
S8 05 .
T3 -
Zo
6
2 -05 | =
_1.0 L 1 1.
5.0 T T T
% g 25 | Ductility = 1.00 ]
e
n ’427: —
= VAR A
% % =3 0.0
8 &
Ha -25 F -
-5.0 1 L 1
8.0 T T T
wd 40 | .
o= TURED
g — [~ o - sm-—--———————-----=----7-----=- SRS __ Eq 343 and SRSS
T B B e e
o S
g -4.0 F -
-8.0 1 [ i
1.0 T T T
x5 05 | -
o2
Ss .
LSe 00 -0% e Apafpriieretity o e rivinby:
o
& & -
w2 -05
-1.0 L . L
0.6 Y T T
Z 03 F -
o
%g"\ RS PO VR B Y P e TPTEN
053 0.0 -W-‘ Lasn “r-‘v-yLv-V W ey Wi for'eeiipr
e o
S o
< =03 | X
—0.6 1 [ 1
0.0 10.0 20.0 30.0 40.0
TIME (SEC)
Figure 5.91 Measured Response of a Combined System. Appendage AS3

Mounted on the First Floor of Structure M2 Subjected to El

Centro Earthquake.

Second Floor Ductility = 1.00
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