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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of sarthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
Initia v, the emphasis is on structures and lifelines of the types that would be found in zones of
moderate seismicity, such as the eastern and central United States.

NCEER’s research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

+ Existing and New Structures

+» Secondary and Protective Systems
= Lifeline Systems

+ Disaster Research and Planning

This technical report pertains to the second program area and, more specifically, to secondary
systems.

In earthquake engineering research, an area of increasing concem is the performance of secon-
dary systems which are anchored or attached to primary structural systems. Many secondary
systems perform vital functions whose failure during an earthquake could be just as catastrophic
as that of the primary structure itself. The research goals in this area are to:

1. Develop greater understanding of the dynamic behavior of secondary systems in a
seismic environment whie realistically accounting for inherent dynamic complexities
that exist in the underlying primary-secondary structural systems. These complexitics
include the problem of tuning, complex attachment configuration, nonproportional
damping, parametric uncertainties, large number of degrees of freedom and non-
linearities in the primary structure.

2. Develop practical criteria and procedures for the analysis and design of secondary
systems,

3. Investigate methods of mitigation of potential seismic damage to secondary systems
through optimization or protection. The most direct route is to consider enhancing
their performance through optimization in their dynamic characteristics, in their
placement within a primary structure or in innovative design of their supports. From
the point of view of protection, base isolation of the primary structure or the applica-
tion of other passive or active protection devices can also be fruitful.



Current research in secondary systems involves activities in all three of these areas. Their
interaction and interrelationships with other NCEER programs are illustrated in the accompany-
ing figure.
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Results of an experimenral investigation on the interaction between primary and secondary
structural systems are presented in this report. Results were obtnined for both tuned and
detuned situations and for a range of primary-secondary mass ratios. This will be foliowed by a
more comprehensive experimental program involving more realistic models.
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ABSTRACT

A series of experiments were conducted on an earthquake simulator,
whereby single degree-of-freedom pendulums (dampers) vrepresenting a
secondary system were attached to the floor of a scaled, three story frame
representing the primary structure. The dampers had mass ratios ranging
from one-tenth to one-hundredth with respect to the mass of the story they
were attached to. Both tuned and de-tuned cases were examined. Two types
of excitations were imparted from the earthquake simulator to the frame with
an attached damper, namely, white noise for identification purposes and the
E1 Centro 1940 accelerogram. The results of these tests are grouped into
transfer functions resulting from the white noise excitation and time
histories resulting from the EV Centro 1940 accelerogram. These results
are followed by interpretations using numerical <techniques developed
previously for this purpose. Good correlation between the experimental
evidence and the theoretical predictions is obtained, which points to that
fact that interaction between primary and secondary systems does occur and

can be detected.
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SECTION I

INTRODUCTION

Experimental evidence of primary-secondary system interaction in this
country seems to be scant. With the exception of a series of tests
conducted by Kelly (1982) in the context of base isolation of the primary
structure, little else is available. 1In particular, Kelly (1982) placed
three small vertical cantilevers of mass ratio with respect to the mass of
the supporting floor of 1 to 500 on the second and fifth floors of a one-
third scale, five story steel frame. The purpose of the experiment was to
test the ability of three base isolation systems to reduce the response of
the primary system. The cantilevers were too 1light to allow general
conclusions to be drawn. Instead, the behavior of secondary systems was
deduced from the behavior of the primary structure.

It seems likely that experimental investigations of primary-secondary
system interaction, especially in the context of base isolation, have been
done in Japan but this is research work done by private companies. As such,
it is difficult to trace it in the open literature. As an example, Suzuki
et al (1987) reported experimental work, actual observations and numerical
simulations for a large electrical transformer resting on a base isolation
system with sliding elements. The electrical transformer can be considered
to behave as a single degree-of-freedom (DOF) secondary system resting on
its base-isolated foundation. Soil-structure interaction effects become
important for this type of problenm.

In contrast to experimental work, there is a wealth of analytical-
aumerical work on secondary systems. This work ranges from older floor

response spectrum approaches used in design that do not account for primary-



secondary system interaction (Kapur and Shao 1973) to newer floor response
spectra that do take the interaction effect into account (Burdisso and Singh
1987).

Also, both perturbation techniques based on the fact that the secondary
system is usually much lighter than the primary structure (Sackman and Kelly
1979, Der Kiureghian et al 1983) and eigensolution methodologies (Suarez and
Singh 1987) where the eigenproperties of the combined system are synthesized
from the eigenproperties of the separate primary and secondary systems have
been developed. Other approaches include simplified component mode
synthesis (Villaverde 1986), transfer functions (HoLung et al 1987), and
substructuring in conjunction with time integration (Singhal et al, 1988;
Manolis and Juhn 1988).

In what follows, the experiment invelving secondary systems in the form
ot pendulums placed in a fixed base, scaled rigid frame is described.
Results are obtained for two types of ground motions, a white noise
accelerogram and the 1940 El Centro accelerogram. The former results are
used in experimental identification of the primary-secondary system. Using
this information, the substructuring techniques in the time domain developed
by Manolis and Juhn (1988) are used to reproduce time histories for the 1940
E1 Centro accelerogram, which are subsequently compared with experimentally

obtained results.



SECTION 2

DESCRIPTION OF THE EXPERIMENT

2.1 The Primary Structure

A three story, one-quarter scale rigid steel frame was used to model
the primary structure. This frame was bolted to the top surface of the
shaking table that is part of the earthquake simulator facility of the
department of Civil Engineering of the State University of New York at
Buffalo (Hwang et al, 1987). A detailed drawing of this frame is shown in
Fig. 2-1. The frame has welded, moment resisting connections and behaves
much like a three DOF shear building when subjected to lateral 1loads.
Additional weights had to be added at each floor to satisfy dynamic
similitude requirements. Also, the frame is braced in the transverse
direction and is fixed at the base. This frame was previously used in a
series of experiments on active structural control (Chung et al, 1988).

Representative properties of this frame were experimentally identified
and are listed in Table 2-I. It should be noted that there is a slight
variation of the stiffness of the frame from one dynamic shaking episode to
another, which results in changes in the natural frequencies and damping
factors on the order of one percent. To compensate for this, experimental
identification using white noise as the ground motion is done prior to any
shaking episode to obtain the most current values of the natural frequencies

and damping factors of the frame.

2.2 The Secondary Systems
Dampers, which are vertical cantilivers fixed at the bottom with steel

plates attached to the top, were fabricated and represent single DOF
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TABLE 2-1

Primary Structure Properties

2 5.6 sym.
M (mass matrix in 1b=-s“/in.) 0 5.6
0 0 5.6
16,065 sym.
K (stiffness matrix in 1b/in.) -9,406 16,423
2,206 -9,152 7861
3,093 sym.
C (damping matrix in 1b-s /in.) -0.380 3.062
0.080 -0.438 2.913
2.25
w, (natural frequencies in Hz) 6.84
11.43
1.57
¢_ (modal damping factors as %) 0.61
n
3.45
0.115 0.314 0.252
¢ (modal matrix) 0.242 0.150 -0.302
0.326 -0.239 0.155
3.83
r (modal participation factors) 1.26
0.59
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Figure 2-2 Damper B and Base Attachment System: (a) Front View (b) Side View



secondary systems. A typical such damper is shown in  Fig. 2-2.
Actually, a series of dampers cen be generated by combining eight vertical
cantilevers and twelve steel plates. Three of these cantilevers and two of
the plates are pictured in Fig. 2-3, The properties of the four cases that
were considered here are listed in Table 2-II. The natural frequencies and
damping ratios of each damper were first determined using an impact hammer.
To insure that any minor changes in the damper stiffness are accounted for,
the same experimental identification process used for the frame prior to any
shaking episode yielded information on the damper that was also attached to

the frame.

2.3 The Coupled System

Four coupled systems resulted by fixing each of the dampers of Table 2-
II to the second floor of the frame. A typical configuration is shown in
Fig. 2-4. These four combinations produce two tuned cases of the damper
with the first mode of the frame and two detuned cases, namely, one where
the frequency of the damper is lower than that of the first frequency of the
frame =zad one wvhere it is higher. Also, two basic mass ratios are
reproduced: one where three dampers have a mass of around 107 of the mass
of floor of the frame to which they are attached, and one where one damper
has a mass ratio equal to 1XZ. Figures 2-4 through 2-6 pictures of the
combined system before it was tested. In particular, Figs. 2-4 and 2-5 are
a front view and a side view of the coupled system, respectively, while Fig.
2-6 i:: a close-up of the second story of the frame where the damper is
attached.

Each of the four coupled system combinations were subjected to two

types of ground motions delivered through the shaking table: a white noise

2-5



TABLE 2-11

Secondary System Properties

Damper BT BU C E

m (mass in 1b-s°/in.) 0.362 0.414 0.543 0.065
k (stiffness in 1b/in.) 89.4 72.1 721.8 3.68
¢ (damping in 1b-s/in.) 0.114 G.109 0.396 0.016
w [natural frequency in Hz) 2.5 2.1 5.8 1.2
¢ (damping ratio as %) 1.0 1.0 1.0 1.0
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ground acceleration shown in Fig. 2-7(a) and the El1 Centro 1940 N-§
accelerogram shown in Fig. 2-7(b). The two records are scaled to a maximum
peak acceleration of 0.05g and 0.076g, respectively, with g being the
acceleration of gravity, and have a 60s and a 30s duration, respectively.
The white noise signal is banded in the 0-15 Hz frequency range. Shaking

was uni-directional and along the front view, i.e., Fig. 2-4, of the frame.

2.4 Instrumentation and Data Collection

The coupled system was instrumented with Endevco type accelerometers
and Temposonic type displacement transducers. As shown in Fig. 2-8, five
accelerometers monitored the absolute accelerations of the base, first,
second and third storivs of the frame and of the damper. Also, five
displacement transducers monitored the relative displacements of the base,
first, second and third stories of the frame with respect to a stationary
point of reference as well as the relative displacements of the damper with
respect to the second floor of the frame,

The data generated during a shaking episode was stored in the same DEC
PDP 11-34 computer that is used to drive the shaking table, Signals from
the accelerograms and the displacement transducers were amplified and
conditioned before they were stored. Once the data was stered in the
computer, transfer functions and time histories of any combination of the
quantities that were monitored could be plotted at one's convenience.
During the experiment, transfer functions and/or time histories could be
viewed on the screen of a Scientific Atlanta fourier spectrum analyzer and

could be subsequently plotted.
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SECTION 3

EXPERIMENTAL RESULTS

3.1 Transfer Functions

The transfer functions are for the white noise base accelerogram and
serve as a means of system identification. The following plots are included
here for every coupled system case: acceleration of the damper to
acceleration of the second floor of the frame (A4-A2), acceleration of
damper to base acceleration (A4-AB), acceleration of the second floor of the
frame to base acceleration (A2-AB), and displacement of the damper to
acceleration of the second floor of the frame (D4-A2). In particular, Fig.
3-1 depicts the aforementioned plots for coupled system case | (frame with
damper BT), Fig. 3-2 is for coupled system case 2 (frame with damper BU),
Fig. 3-3 is for coupled system case 3 (frame with damper C) and Fig. 3-4 is

for coupled system case 4 (frame with damper E).

3.2 Time Histories

Time histories were generated for the El Centro 1940 N-S base
accelerogram. For every coupled system, the important plots are the
relative acceleration time history of the damper with respect to the base
(A4-B), the relative acceleration of the second floor of the frame with
respect to the base (A2-B), the relative displacement of the damper with
respect to the second floor of the frame (D4-2) and either the relative
displacement of the second floor of the frame with respect to the base (D2-
B) or the relative displacement of the damper with respect to the base (D4-
B). As in the case of the transfer functions, these plots are obtained by
processing the absolute accelerations and relative displacements measured by

the instruments attached to the combined system. In particular, Figs. 3-5

3-1



through 3-8 depict the aforementioned plots for coupled cases 1-4,

respectively.
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SECTION 4

INTERPRETATION OF THE EXPERIMENTAL RESULTS

4.1 Substructuring Approach

The numerical methodology used to reproduce the time histories obtained
for the coupled system with the £1 Centro 1940 accelerogram of Fig. 2-7(b)
applied at its base is a substructuring approach employing a predictor-
corrector scheme especially designed to account for the interaction between
the primary structure and the secondary attachments. This numerical
methodology is described in detail in Manolis and Juhn (1988). One ot the
advantages of the methodology is that the dynamic properties of each ot the
constituents of the coupled system are requirea and not the dynamic
properties of the combined system, which are more difficult to determine.
The numerical methodology can work either at the physical cocrdinate level,
in which case the mass, stiffness and damping matrices of each subsystem are
required, or at the modal coordinate level, in which case the natural
frequencies, modal damping ratios and modal shapes of each subsystem are
required. There is an option for condensing the number of DOF of the
probiem by using Ritz vectors, but this is unneccesary in this case since
the primary system (frame) is described by 3 DOF, while the secondary system
(damper) is described by a single DOF.

At first, the results of the experimental identification process using
a white noise base acceleration that are plotted in Figs. 3-1 through 3-4
for coupled system cases 1-4, respectively, are used to determine the
natural frequencies, modal shapes and modal damping ratios ot the frame and

of the attached damper. This process is described in Section 4§4.2. Next,
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this information is wused in the substructuring approach (Manolis and Juhn
1988) whereby numerical integration is performed at the modal coordinate
tevel. Finally, the numerical results generated (Figs. 4-1 through 4-4) for
comparison with the experimentaily obtained time histories (Figs. 3-5

through 3-8) are shown in Section 4.3.

4.2 Experimental Identification
The equations of motion of a lumped parameter system such as the

primary structure under ground motions are of the form

(MI{x} + [CI{x} + [KI{x} = -[MI{1} ig (4.1)
where [M], [C], and [K] are the mass, damping and stiffness matrices, {x(t)}
are the relative displacements, {I} is the identity vector and ig(t) is the
ground acceleration. Furthermore, dots indicate time derivatives. By
introducing the transformation

{x} = [¢]{a) (4.2)
where [¢]1 1is the matrix of eigenvectors and {q(t)} are the generalized
coordinates, modal equations of the form

dj+2cjmj Qj+m§qj = - rjig (4.3)
are obtained, where j = 1,2,...,n, n being the order of (4.1). In the
above,mj is the jth natural frequency, Cj the corresponding modal damping
factor, and the modal participation factor rj is obtained from

{r} = (o131} / (Lo TIM (0] (4.4)

Transforming (4.3) in the frequency domain gives

2= . - 2= .
- + jw2l,w.q. + w.°q. = -T. 4.
w qj Tw chJqJ wJ QJ TJ xg(w) (4.5)

where the overbar denotes a Fourier transform, i = jCI and Xg(w) is the



Fourier transform of ig(t). Solving (4.5) for aj gives

- -r'
Q. (w) = d K (w) (4.6)

2_2,,; g
(UJJ w +21Cjij)

Reverting to physical coordinates gives

¢, . .

s . - _ , ki " j " _ r

X =, ¢,.Q, = - &, ~ X (w) =z, H
k AR S J(w§ -w‘+21cjij) g J K

509%g ()
(64.7)
for the kth dof. H;j(m) is the tranfer function for th relative
disp'acement with respect to the ground due to a ground acceleration input.
If the original equations of motion (4.1) are written for the absolute
displacements
uk(t) = xk(t) + xg(t) (4.8)
then following along the same lines it is possible to write

. 2
. LW .t .
FJZ(ZICJN.LN w, )
2.
L o—w + L.
(wJ w ZICJme)

. _ " | .
Uk(w) = Zj ij Xg(w) = LJ.H kj(u)xg(w)

(4.9)
where H:j(w) is the transfer function between absolute acceleration and

ground acceleration. When evaluated at a natural frequency w,, this

J
transfer function becomes
. J 1+4g.2
[Hestegl] = o™y~ (¢.10)

For the sdof secondary system, where (4.1) becomes a

scalarequation, we have that

W (w) = (wsz-wz + 2igew) ! (4.11)
and

W) = - (2 itgugw + ) H' (w) (4.12)
where we and cs are the natural frequency and damping ratioc of the
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secondary system. Furthermore,

[ (wg) | = t2ewd) (4.13)
and
W) | = Avec® /2 (4.14)
S S S
Examples

The primary structure (frame) properties can be determined by recourse to
Fig. 3-4, which plots transfer functions for damper E. Since damper E is
very light (mass ratio of 1/100) and detuned, the absolute acceleration of
the second floor to the base acceleration (A2-AB), Fig. 3-4(e), is the
transfer function Engj(w). The natural frequencies of the frame (in
hertz) are the ordinates of the three peaks in Fig. 3-4(e). Since the
natural frequencies are well spaced, the dimensionless magnitudes of the
three peaks form the second row of the modal matrix [¢]J. A positive angie
indicates that the corresponding modal shape component is positive and a
negative phase angle indicates a negative component. The modal matrix is
completed and the natural frequencies checked by considering transfer
functions ZjH?k(w) and Zngj(w), the absolute accelerations of the ftirst
and third floor to the base acceleration, respectively. These are plotted
in Figs. 3-4(d) and (f), respectively.

A diagonal mass matrix [M] for the frame can be determined by lumping the
known mass of the frame at the level of each of the three floors. The modal
shapes can then be normalized so that

[61"M1C0] = {1} (4.15)
and the modal participation factors {r} determined using (4.4). [lhe modal
damping ratios cj are determined from (4.10) using any of the rows of ([¢]
for ¢kj and the previously computed modal participation factors r.. The

J
transfer function H:j plot must, of course, carrespond to the row of modal
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shapes that was used. For instance, it Fig. 3-4(e) is used for the transfer

gj’ then the second row °2j of the modal matrix must also be used.

function H
The stiffness matrix [K] can be computed from the relation

Lol T[K1le] = [a], (4.16)
where [02] 1is a diagonal matrix containing the squares of the natural
frequencies. Equation (4.16) holds true only if the modal matrix is
normalized as shown in (4.15). Then, by inverting (4.16), the stiffness
matrix becomes

(K] = ([e1)) ™" [edle]™ = (MIL61CRIL01 M) (4.17)
in view of (4.15). Finally, the damping matrix [C] can be computed in the
same ways as [K] from the relation

[e17CCI0e] = [a], (2.18)
where [A] is a diagonal matrix containing ijcj terms. A}l these results
are collected in Table 2-1.

As far as the secondary system (damper) properties are concerned, it is
best to look at the absolute acceleration of the damper to the absolute
acceleration of the second floor (A4-A2) transfer function. In the case of
damper E for instance, Fig. 3-4(a) shows the damper behaving as an uncoupled
system so that the ordinate of the peak is the natural frequency W in
hertz. Since Fig. 3-4(a) is the absolute acceleration transfer function
Ha(w), (4.14) can be used to determine the. damping ratic Cg from the
dimensionless magnitude of the peak in that figure. The same information
can pe obtained by looking at the displacement of the damper to the absolute
acceleration of the second floor (D4-A2), Fig. 12(c). In this case, the
plot of Fig. 3-4(¢) is the tranfer function Hr(w) and (4.13) can be used to
determine Cs‘ 1t should be noted, however, that when Fig. 3-4(b) showing

the transfer function of the absolute acceleration of the damper to the base

4-9



acceleration is considered, then the presence of fuur peaks at frequencies
Wgs Ws Wy and wy reveals the interaction between the primary and secondary
systems.

In general, it is difficult to accurately evaluate the damping ratio Cs
because it is very low. It was found that an average value of Cs of 0.01
best reproduces the peaks in Figs. 3-4(a) through (c). It should be noted
that the subsequenct computations for the time histories are not that
sensitive to small variations in already low damping values. In the case of
used except that one has to be careful because the H?(w) and H'(w) transfer
functions show spurious smaller peaks. Also, transfer functions such as A4-
BA and A2-BA clearly demonstrate the interplay between the damper and the
first mode of the frame to which it is tuned.

Finally, the mass mg of a damper is easily measured so that the stiffness
of the damper is found from the definition of the natural frequency, i.e.,

k=w 2m . Also, the dampers damping coefficient ¢, = 2[ w_. All these
s s s s s s

results are collected is Table 2-1I.

4.3 Numerical Simulations

Figures 4-1 through 4-4 plot the following time histories for coupled
system cases 1-4, respectively: (a) relative acceleration of the damper with
respect to the base (A4-B); (b) relative acceleration of the second floor of
the frame with respect to the base (A2-B); (c) relative displacement of the
damper with respect to the second floor of the frame, (D4-2) and (d)
relative displacement of the second floor of the frame with respect to the
base (D2-B) or relative displacement of the damper with respect to the base

(D4-B). As mentioned previously, a time stepping technique with
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substructuring capability was used (Manolis and Juhn 1988). The time step
At was around 0.01s, which is about 10% of the first natural frequency of
the combined system. Comparing these results with the experimentally
obtained ones plotted in Figs. 3-5 through 3-8 for coupled system cases 1-4,
respectively, the following conclusions can be drawn:

(1) In general, the numerical simulations reproduce the experimental
results with a very good degree of accuracy. Note that the polarity of the
accelerograms was reversed, which results in an inversion of the plots in
Figs. 3-5 through 3-8. t should be kept in mind that only 4 DOF were used
to represent the coupled system.

(2) The greatest difficulty in the experimental identification process is
evaluation of damping.

(3) It is difficult to achieve exact tuning between primary and secondary
systems in the experiment, in view of the slight variation of the individual
system properties from one shaking episode to the uther.

(4) Cases 1 and 2 (dampers BT and BU, respectively were nearly tuned, while
cases 3 and 4 (dampers C and E, resepectively) were detuned. Due to the
very low mass ratio of damper E in case 4, the primary structure does not
feel the presence of the secondary system. Full fledged interaction is
manifested in cases 1 and 2. Finally, despite the fact damper C 1is tuned,
case 3 demonstrates the effect of a non-negligible secondary system on the
primary structure.

(5) In general, the numerically simulated primary system (frame) response
was very close to the experimentally obtained results. As far as the
secondary system (damper) response is concerned, the acceleration is
generally underestimated and the displacement is generally overestimated by

the numerical simulations by a few percent.



(6) As far as the frame is concerned, the dampers act as energy absorption
mechanisms that are more effective the finer the tuning of the damper is.
Viewed from the damper point of view, detuning is an effective way of
reducing the response of the damper.

(7) Table 4-] contrasts the maximum values obtained for the combined system
between the response of the second floor with respect to the ground and the
response of the damper with respect to the ground. This is done for both

tuned (cases 1,2) and detuned (cases 3,4) situations.



TABLE 4-1

Maximum Response of Combined System

CASES 1, 2 3 4

Relative acceleration of second floor
wrt the base (in g) 0.14 0.25 0.25

Relative displacement of second
floor wrt the base (in inches) 0.25 0.50 0.42

Relative acceleration of damper
wrt the base (in g) 1.0 0.3 0.2

Relative displacement of damper
wrt the base (in inches) 2.0 0.6 0.8
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SECTION 5

CONCLUSIONS

This report presented the results of a series of experiments
investigating primary-secondary system interaction. A three-story, one-
quarter scaled frame was used to model the primary structure and a
cantilevered damper was used to represent the secondary system. The
experiments were conducted on an earthquake simulator and two horizontal
ground motions were considered: white noise and the E1 Centrol 1940, N-S
accelerogram.

Experimental res.1ts were collected for both tuned and detuned situations
and for a range of mass ratios of the primary to the secondary system. It
was shown that it is possible to accurately reproduce the experimentally
obtained time histories using numerical integration techniques within the
concept of substructuring. To this purpose, properties of the primary and
the secondary systems must be separately identified using experimentally
obtained data. Despite some difficulties associated with system
identification, the accuracy jevel obtained from the numerical simulations
is very satisfactory.

In order to fully investigate primary-secondary system interaction, a new
series of experiments is planned involving more realistic models. In
particular, a scaled six-story frame that is very flexible compared to the
model used herein will be used. More than one multi-DOF dampers will be
attached tc various locations of the frame. Also, the frame strong axis
will be at an angle with respect to the direction of ground motion, which

will have both horizontal and vertical components.
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