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ABSTRACT

The usefulness of gimple linear mathematical models for represent-
ing the behaviour of tall buildings during earthquake response is in-
vestigated for a variety of structures over a range of motions including
the onset of structural damage. The linear models which best reproduce
the measured response of the structures are determined from the recorded
earthquake motions. In order to improve upon unsatisfactory results ob-
tained by methods using transfer functions, a systematic frequency domain
identification technique is developed to determine the optimal models.
The periods, dampings and participation factors are estimated for the
structural modes which are dominant in the measured response.

The identification is performed by finding the wvalues of the modal
paraneters which produce a least-squares match over a specified frequen-
cy range between the unsmoothed, complex-valued, finite Fourier trans-
form of the acceleration response recorded in the structure and that
calculated for the model. It is possible to identify a single linear
model appropriate for the entire response, or to approximate the non-
linear behavior exhibited by some structures with a series of models
optimal for different segments of the response.

The investigation considered the earthquake records obtained in ten
structures ranging in height from seven to forty-two stories. Most of
the records were from the San Fernando earthquake. For two of these
structures, smaller-amplitude records from more distant earthquakes
were also analyzed. The maximum response amplitudes ranged from approx-—

imately 0.025 g to 0.40g.
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The very small amplitude responses were reproduced well by linear
models with fundamental periods similar to those measured in vibration
tests. Most of the San Fernando responses in which no structural
damage occurred (typically 0.2g-0.3g maximum accelerations) were also
matched closely by linear models. However, the effective fundamental
periods in these responses werecharacteristically 50 percent longer than
in vibration tests. The average first mode damping identified from
these records was about 5 percent of critical. Only those motions
which produced structural damage could not be represented satisfactorily
by time-invariant linear models. Segment-by-segment analysis of these
records revealed effective periods of two to three times the vibration
test values with fundamental mode dampings of 15 to 20 percent.

The systematic identification technique generally achieves better
matches of the recorded responses than those produced by models derived
by trial-and-error methods, and consequently more reliable estimates
of the modal parameters. The close reproductions of the measured mo-
tions confirm the accuracy of linear models with only a few modes for
representing the behaviour during earthquake response of tall buildings

in which no structural damage occurs.
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I. INTRODUCTION

1.1 THE NEED FOR STRUCTURAL IDENTIFICATION FROM EARTHQUAKE RECORDS

Strong motion earthquake records provide one of the few sources of
information on the response of large structures to potentially damaging
excitations. It has been observed from these records that the dynamic
properties of many structures are markedly different during response Fo
strong ground motlon than in small amplitude ambient and forced vibra-
tion tests. These differences are most evident as lengthened fundamen-
tal periods and higher dampings during earthquake response, and occur at
levels of response approaching and including incipient damage.

(Response of heavily damaged or collapsed structures has not yet been
recorded.) The properties at large amplitudes are more relevant, of
course, for earthquake resistant design, and since wvibration tests at
the amflitudes tyvpical of strong earthquakes are not feasible, it is
of considerable interest and importance te extract information about
structural behavior from strong motion data.

Two of the factors which must be known better for the improvement
of earthquake resistant design of structures are the nature of the earth-
quake ground motions which are likely to be encountered, and how a strue-
ture will respond to a given ground motion. Consequently, much effort
has been devoted in seismic regions around the world to recording earth-
quake ground motions and structural responses. Prior to 1971, this had
resulted in a limited number of strong ground motion records being ob-
tained, together with a very few structural respomnse records ([13]. [16]1).

The San Fernando earthquake of February 9, 1971 produced many more

ground acceleration records and, more importantly for the present



—2-
application, structural response records from approximately fifty
buildings designed according to modern building codes and practices.

This earthquake provided data that engineering researchers had long been
seeking -- actual measurements of earthquake responses which could be
compared with those calculated by subjecting structural models to the
measured ground excitation. The importance with which these records are
regarded is reflected in the dynamic analyses of many structures des—
cribed in the NOAA report on the San Fernando earthquake [19].

Although general agreement between analysis and observation was
obtained, these studies and others of the San Fernando data revealed
deficiencies in the methods of analysis used to extract information about
structural behavior from recorded earthquake responses. Many of the
early studies used trial-and-error modifications of the parameters of a
model synthesized from design data to improve the matches between the
calculated and measured response histories. Transfer function approaches
in the frequency doﬁain were also common.

With the increased data provided by the San Fernmando earthquake,
there was now an opportunity for the development of systematic struc-
tural identification techniques to obtain optimal estimates of the param-
eters of models according to well-defined criteria. These methods have
the capability of extracting much more information from the records than
the methods previously used in earthquake engiﬁeering.

The aim of structural identification from earthquake records, in
general terms, is to improve the understanding of the dynamic response of
structures to strong ground motions. Improving structural models in-

volves determining both the types of mechanisms which are important in
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the response, and the numerical values of the parameters of the selected
models. Better models and more accurate parameter determination are
required to allow advantageous use of sophisticated amalytical tools,
such as finite element methods and dynamic analysis techniques. These
tools have been used for calculating the response of structural models
to earthquakes, but their usefulness is limited by the reliability of

the structural models (as well as uncertainties in the input).

1.2 THE SYNTHESIZED MODEL AND TRANSFER FUNCTION APPROACHES

Two common methods of anélysis of recorded earthquake response data
- are the synthesized model approach with trial-and-error adjustment of
the parameters, and the transfer function approach in the frequency
domain. Often these methods are combined: the frequency domain data,
which accentuate the approximate modal frequencies, may be used to guide
the modifications in the parameters of the synthesized model; or an
initial model derived from either design data or vibrafion test data may
be used to interpret Fourier response spectra in terms of modal periods
and dampings.

Use of the synthesized model involves formulating a model from the
design data, calculating the response to the measured ground accelera-
tion, and making trial-and-error adjustments to the model parameters to
achieve a better match of the measured response. The prinecipal useful-
ness of the method is in determining how well the response of the initial
model matches the recorded response since this illustrates the accuracy

of the design procedure. The weakness of the method for
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structural identification lies in the trial-and-error parameter adjust-
ment: there is no quantitative criterion to define the goodneas—of-fit,
and there is no systematic way to compute the parameter adjustments re-—
quired to improve the fits. The complicated interactions of changes in
different parameters on the calculated response pose & difficult problem
to solve by trial-and-error methods, and usually the approach ceases
after two or three sets of parameter changes have been periformed, with
no guarantee of convergence to the optimal estimates. This failure to
achieve the best match of the data, according to some well-defined
criterion, may lead to incorrect conclusions about the ability of a
class of models to represent the behavior of the structure. Several
examples presented later in this thesis will illustrate that systematic
identification techniques typically achieve much closer approximations
to the observed behavior than trial-and-error methods using the same
tyvpe of model.

There are many difficulties involved in the synthesis of a dynamic
model. Most design énalyses are based on a linear, time-invariant,
planar model with a rigid base and classical normal modes. There are
several assumptioms involved in this formulation which are idealizations
of the real behavior. Within the framework of this class of model, the
usual first step in trial-and-error approaches is to calculate the mass,
damping and stiffness matrices and then modally decompose the resulting
equations of motion to calculate the earthquake response. In the param-
eter adjustment phase, it 1s usually the modal properties which are var-
ied rather than the matrix elements. The effect of adjustments to the

modal parameters on the calculated response is easier to visualize
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intuwitively than the effect of changing elements of the stiffness matrix.
In fact, accurate estimation of the matrix elements may not be possible
even by systematic identification techniques, let alome by intuitive
methods, because of the limited amount of data and the effect of noise.

The synthesis of the three matrices 1s not straightforward. Even
within the given assumptions, the model may vary from a simple lumped-
mass formulation, in which the mass and stiffness of all the building
components at each story level are lumped into a single mass and spring,
to a more complex finite-element formulation which attempts to represent
the major building components individually. In actual buildings, both
the stiffness and damping are amplitude dependent, and the engineer must
gselect the values appropriate for the range of expected amplitudes. The
difficulties inherent in this estimation are revealed by the discrepan-
cies in period between the design model and that seen in earthquake
response.

There is no commonly applied systematic method to synthesize the
damping matrix from the damping of the individual components, although
such approaches have been suggested (e.g., Raggett {22]). TIndeed, the
damping matrix itself is usually not calculated directly; rather,
assumed values of modal dampings are employed. Typical values range
from 2 to 10 percent of critical, depending on circumstances.

The second common method of analysis of earthquake response data,
the transfer function approach, is based on the simple relation that
exists for linear, time-invariant systems between the Fourier transform

of the input, Z{w), and the output, Y(w), in the frequency domain.
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These transforms are related through the complex-valued transifer

function, H{w):

Y(w) = B{w)Z(w)

This relationship assumes zero initial conditions for the input and
output and implies that full time histories are used in calculating Z(w)
and Y(w). In the analysis of earthquake data, where the input is usually
the recorded base acceleration and the output the measured acceleratiom
response at some position in the structure, both conditions are commonly
violated. While the structure is initially at rest, the first part of
the motion is often not recorded since a threshold level of motion is
required to trigger the instrument. In addition, truncated time histo-
ries are usually used in the calculation of the transforms, with the
small amplitude motions in the tails of the records being neglected.

In time-window analyses, obviously the full time histories are not used,
and non-zero conditions typically prevail at both the beginning and end
of all segments.

In applications in earthquake engineering, the system is often both
non-linear and time-variant. The ratio of the output transform to the
input transform then provides an average characterization of the non-
linear system over the duration of record used, and is interpreted as
the transfer function of the equivalent time-invariant linear system.
The more ambitious frequency domain studies attempt to trace the time
variation of the system properties by a moving window Fourier analysis,

considering the records segment by segment [31].
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In practice, Y(w) and Z(w) are calculated at discrete frequencies
from finite digitized records, using a fast Fourier transform (FFT) algo-
rithm. Typically, the initial and final portions of the time segments
are tapered to provide smooth window functions which convolve with the
transforms of the time histories to produce.the estimated transforms.
To produce smoother functions for examination, a weighted average of the
transforms over several neighboring frequency points is often calculated.
In most cases the estimated transfer function is also smoothed, accen-
tuating the major peaks in comparison to the minor ones, but reducing
the amplitude and increasing the band-width of all peaks. In addition,
it is common in earthquake engineering to concentrate attention on JH(M)L
disregarding the information contained in the phase spectrum.

Once the modulus of the transfer function, |H(w)f, has been deter~
mined, the parameters of the lower modes are estimated from the theoret-
ical form of |H(w)l. These estimates typically involve the use of only

. Points near the maxima of |H(m)| are used

a few of the values of |H(w)
to determine the modal frequencies, and the amplitude of the peaks and
the band-width at the half-power points are used to estimate the partic-
ipation factors and modal dampings.

Unfortunately, the calculated function |H(w)] is usually very jagged,
unlike its theoretical counterpart which is a smooth curve with well-
defined peaks at the lower modal frequencies. The jaggedness is caused
by the combined effects of time-variation and amplitude non-linearity of
the system, finite length and discrete sampling of the records, the
neglect of the effects of the initial conditions, and measurement noise

in the data. Because of the irregularity of [H(w)|, it is often
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difficult to identify more than the first one or two modal frequencies
with confidence. In addition, the half-power bandwidths are generally
poorly defined, making accurate estimates of damping and participation
factors difficult.

Two of the major disadvantages of the transfer functiom approach
are that it is basically a nonparametric method with a parametric model
imposed at the end of the calculation to interpret the results, and that
most of the data areignored in estimating the parameters because only a
few frequency points are used. Although the analyst may have a specific
form of model in mind, this is essentially a 'black box'" approach, in
that the form of the model is not used to constrain the estimates of the
transfer function. Regarding the second point, many ''parameters' are
estimated in the transfer function method, namely the values of the
transfer function at each frequency, but most of them are not used in
calculating the modal frequencies, dampings and participation factors.

Intuitively, one suspects that a more successful approach would
utilize more of the knowledge about the model from the outset of the
analysis, and would include more of the frequency points directly in the
estimation of the parameters by using some integrated measure-of-fit.

The limitations of the modified synthesized model and the transfer
function approaches for accurately estimating structural properties from
recorded earthquake data have recently led to the development of more
systematic structural identification techniques. In the main these
techniques have been adopted from other fields, but the nature of earth-

quake excitation and response poses some problems which require special

attention.
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The transient nature of the excitation is important in that it
eliminates many identification techniques which have been successful in
other applications but which require a gpecific form of input, for
example band-limited Gaussian noise or sinusoidal excitation. Character-
istically, earthquake excitation is nonstationary, with both the ampli-
tude (r.m.s. value) and spectral character changing in time; transient,
with a duration of typically forty seconds or less; and non-repeatable.
The short duration of a record may pose resolution problems for the esti-
mation of low matural frequencies. The nonstationarity and short dura-
tion of the records, together with non-linear and time-varying structural
behavior in strong shaking, make smoothing of parameter estimates by
averaging over several segments of a record difficult. The non-
repeatability of the excitation removes the possibility of smoothing of
estimates by ensemble averaging.

Generally the model being identified is a gross approximation to the
actual system, as for example an equivalent time-invariant model for an
obviously time-varying system. In structural identification, where the
overall behavior of a building is determined by the combination of many
components, the optimal model in a given class may give an imperfect re-
presentation of the structure to a greater extent than in other fields
concerned with smaller and simpler systems. The identification technique
must therefore be robust, in the sense that it should not only correctly
estimate the parameters of a model closely approximating the measured
behavior of the real system, but also produce the best fit in the pres-

ence of considerable model error or measurement noise.
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The following section reviews some of the identification techniques

which are useful in earthquake engineering.

1.3 STRUCTURAL IDENTIFICATION LITERATURE REVIEW

Systematic identificatlon techniques have been applied to civil
engineering structures only recently. Prior to the San Fernando earth-
quake of 1971, there was little incentive to develop sophisticated
methods for estimating structural parameters from earthquake response
records because of the scarcity of data available for analysis. In fact,
only one significant set of data existed in the United States, for the
Alexander Building in the 1957 San Francisco earthquake (Hudson [13]).
The many records created by the San Fernando earthquake, and the limita-
tions of trial-and-error and transfer function methods for satisfactorily
extracting information from the data, have led te much work in the étruc—
tural identification field in recent years. Concurrently with the inter-—
est in analyzing earthquake response records, the increasing use of
dyvnamic tésting of complicated structures, including nuclear power
plants, dams and tall buildings, has also led to the development of more
refined analytical techniques for the interpretation of test data. The
efforts in these closely allied fields have produced many papers on
structural identification in the last five years. Since this thesis is
primarily concerned with structural ldentification from earthquake
records using a frequency domain approach, the following literature
review concentrates on those methods which either are applicable to

earthquake respomnse data or employ a related method of analysis.
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There are several recent survey articles on structural identifica-
" tion including Collins, Young and Kieflimg (1972) [4]; Sage (1972) [23];
Schiff (1972) [24]; and Hart and Yao (1976) [12].

The three 1972 papers formed part of an ASME volume entitled
"System Identification of Vibrating Structures: Mathematical Models
from Test Data" [20]. This booklet signalled the beginning of widespread
interest in the application of system identification to civil engineering
structures. As suggested by the title, the primary emphasis is on the
analysis of test data, but there is some consideration of earthquake
response. The volume discusses many of the techniques developed in other
fields which have since been adapted to civil engineering applications.

Hart and Yao (1976) provide a very thorough survey discussing many
of the recent developments in the field and updating the earlier article
by Collins, Young and Kiefling. The paper was presented at an ASME/EMD
conference at UCLA. The conference proceedings [1] constiltute a large
and diverse collection of papers onm structural identification.

For the earthquake engineer, two of the more readable books on sys-
tem identification in general are those by Eykhoff (1974) [8] and Beck
and Arnold (1977) [3].

The trial-and-error synthesized model approach was used extensively
in the analysis of the response of many buildings shaken by the
San Fernando earthquake [19]. These papers contain much useful data
about the buildings analyzed and serve as a starting point for further
studies using more advanced identification techniques. For example,
many of these buildings are re-examined in this thesis {Chapters IV

and V).
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Another notable use of the synthesized model approach is that of
Wood in his analysis of the response of JPL Building 180 to the
San Fernando earthquake [33]. Starting with a modal model for each di-
rection derived from a simple lumped mass and stiffness model for each
floor, the modal periods and dampings were altered to improve the visual
match of the Fourier amplitude spectra of the recorded and model accel-
eration responses. This building exhibited substantial period length-
ening during the course of the response which complicated the identifi-
cation.

A moving window transfer function approach was used by Udwadia and
Trifunac [31] to study the time-variation of the effective modal
periods of Millikan Library and JPL Building 180 during their response
to the Borrego Mountain, Lytle Creek and San Fernando earthquakes.

Hart and Vasudevan [11] and Hart, DiJulio and Lew [L0] used transfer
functions to determine the periods and dampings for up to three modes in
each direction for about a dozen buildings from the San Fernando re-
sponse data.

The problems of using jagged Fourier spectra and the associated
transfer functions have led several researchers to estimate parameters
based on various integrated measures-of-fit of the frequency
domain data to overcome the variability of the individual frequency
ordinates. In analyzing ambient vibration test data, Vanmarcke [32]
selected the modal parameters to reproduce the first three moments of
the measured amplitude response spectrum over a narrow frequency band
around the resonant peak. Schiff, Feil and Bogdanoff [2Z5] chose the

modal parameters to minimize a measure of error in the unsmoothed
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spectral estimates. Tbafiez [14] applied a similar philosophy to forced
vibration test data. He selected the modal parameters to provide a
least-squares match of the complex-valued Fourier response spectrum over
a narrow frequency band around each resonance. For steady-state tests,
Ib&fiez used the frequency response expressions given by equivalent
linearization techniques to estimate the parameters of mildly nonlinear
systems as well.

Torkamani and Hart [27] developed a novel nen-parametric method to
estimate an impulse response function. Rather than selecting the
impulse response function to match the response data exactly, which
involves the solution of ill-conditioned equations, a specified discrep-
ancy was allowed between the model and measured response and a smeoothed
impulse response function was chosen to minimize a measure of jaggedness.
The identification technique was applied to a number of simulated prob-
lems, not always with entirely satisfactory results, and finally the
transverse response records from the roof of the Orion Avenue Holiday Inn

were analyzed segment-by-segment.

Udwadia and Marmarelis [28,17] utilized the Wiener technique of non-
parametric identification to study the ambient vibration and earthquake
response of Millikan Library. The first paper was concerned with linear
models, while the second paper considered the second order kernels and
determined the nonlinear contribution to the roof response during the
strong shaking of the San Fernando earthquake.

The time-varying and hysteretic nonlinear behavior of Millikan
Library during its respomse to the east-west component of the

San Fernando earthquake was also studied by Iemura and Jennings [15].
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They estimated the hysteresis loops for each cycle of response from the
data. TFrom their results, it appeared that the library exhibited dete-
riorating hysteretic behavior up to the time of maximum reéponse,'losing
not only some of its stiffness but also some energy dissipation capacity
during the large amplitude response in the early part of the earthquake.
Tt was also found that nonstationary linear or bilinear hysteretic
models with four changes of properties during the earthquake gave much
better fits of the measured response than stationary linear or bilinear
hysteretic models, indicating the importance of the stiffness degrada—
tion in determining the response.

Raggett [21] developed a systematic time-domain technique for
identifying the modal parameters of linear models by achieving least-
squares fits of the response histories. Raggett's approach was to
narrow band-pass filter the measured records around the initial estimate
of each modal frequency in turm and then perform a single-mode identi-
fication of each set of filtered data. Interaction between modes caused
some difficulties in that even at the modal frequencies the response is
not purely that of a single mode. Beck [2] used a similar method, but
rather than filtering the data he subtracted from the records the con-
tributions calculated from the model for all but the mode of interest,
identifying the parameters of each mode in turn and then iterating
through the modes. This approach was less affected by modal interfer-
ence, producing better results using Raggett's synthesized data, al-
though the identification of closely spaced modes was not attempted.

Both Raggett and Beck obtained excellent matches to recorded earthquake

data.
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Beck also investigated an optimal filter approach for identifying
linear modal models. This method produced good results in test problems
where the system could be :epresented exactly by a linear model, but was
unreliable in that the estimated parameter values did not always produce
the required minimum of the specified identification criterion in the
presence of substantial model error. This is a major drawback when
identifying linear models from earthquake data since the real system is
often non-linear and time—varying. The filter method was also numer-—
ically less efficient than the modal minimization method.

Besides the development and investigation of the two identification
methods, Beck performed an extensive analysis of the identifiability of
linear structural models from earthquake data. The uniqueness of damp-
ing and stiffness estimates derived from earthquake response measurements
was also stqdied by Udwadia, Sharma and Shah [26,29,30]. The results of
these studies are discussed in Chapter TI.

Several nonlinear models have been proposed for the identification
of simple frame systems from shaking table experiments. For a single
degree-of-freedom system, Distefano and Rath [6] considered a nonlinear
model with cubic stiffness and damping terms. They performéd a series
of numerical experiments with this model, adding noise to the calculated
response, and compared three common identification approaches: an equa-
tion error method, an imbedding filter technique, and a Gauss-Newton
quasilinear method.

The equation error method has the advantage that it is non-
iterative. However, it requires measurements of the response at every

degree-of-freedom, which generally makes it impractical for
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multi~degree—of-freedom models. Even for the single degree-of-freedom
system,it requires accurate records of the accelerationm, velocity and
displacement. When the displacement is derived from the double integra-
tion of a noisy acceleration record, the usual procedure in practice, the
"measurement error' corrupts the estimate more using this procedure than
with the other two approaches.

The filter and Gauss-Newton metheds both produce a least-squares
fit of some response quantity and hence are known as output error
methods. The filter method sequentially updates the parameter estimates
as more of the response record is utilized, while the Gauss—Newton method
utilizes all the data in each iteration. The Gauss-Newton method was
found superior to the filtering method in the accuracy with which the
parameters were estimated.

Distefano and Rath also considered a bilinear hysteretic model [7].
This study revealed a feature which is common in the identification of
nonlinear models with different branch curves. Unless the initial
estimates of the parameters are very accurate, the identification algo-
rithm may quickly become out-of-step with the system response in that it
may attempt ﬁo fit an elastic branch to a yielding portion of the re-
sponse and vice versa.

Distefano and Rath [6] and Distefano and Pena-Pardo [5] identified
the parameters of the top floor of a three-story steel frame
subjected to a shaking table test, using the second floor response as
the input. A cubic nonlinear model provided a much better fit to the

measured response than did a linear model.
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Matzen and McNiven [18] considered a Ramberg-Osgood hysteretic model
for a single story steel frame. They used a Gauss-Newton method to
obtain a combined least squares fit of the acceleration and displacement
response, The identification from the shaking table data was complica-
ted by time-varying behavior of the structure. In particular, the
hysteresls loop during the first cycle was different from the later
loops. The model reproduced the system response very closely except for
the virgin loading curve.

Most of the studies reported in the literature to date have concen-
trated on developing an identification technique, testing it with syn-
thesized data, and perhaps illustrating its application with earthquake
data from one or two buildings. There have been very few systematic
studies of the response of multi-degree-of-freedom systems. The follow-
ing work concentrates on the application of an identification method for
multi-degree-~of-freedom linear models to the actual earthquake records,

considering ten structures.

1.4 OUTILINE OF THIS WORK

In this thesis, a desire to overcome limitations of transfer func-
tion approaches has led to the development and application of a system-—
atic identification technique using the frequency domain data to obtain
informaticon about the.dynamic properties of buildings during earthquake
response.

Chapter two describes the technique for identifying the parameters
of thé lower modes of linear models of structures from their earthquake

acceleration records. Some results on identifiable parameters of linear
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models are used to justify the selection of the modal properties rather
than the elements of the damping and stiffness matrices as the appro-
priate parameters to estimate. The identification algorithm, a modified
Gauss-Newton iterative method to achieve a least squares match of the
acceleration response transform over a specified frequency band, is
described in detail. Information on the reliability of the parameter
estimates which becomes available during the identification is dis-

cussed. Some variations of the basic identification technique are pre-

sented., Tinally an application of the method to a test problem with
synthesized data is used to illustrate its accuracy and capabilities.
The main objective of this work is to apply the identification
technique to actual earthquake records to determine the achievable
accuracy of linear models and the effective values of their parameters
in reproducing the measured response of a variety of structures at
different strengths of excitation. To this end, the earthquake records
obtained from ten structures (Table 1.1) are analyzed in chapters three
to five. Both reinforced concrete and steel buildings are considered,
ranging in height from the seven story loliday Inn buildings to the
forty-two story Union Bank. Most of the records are from the San
Fernando earthquake, but three sets of records for smaller intensity
shaking in the Borrego Mountain and Lytle Creek earthquakes are also
considered. The maximum ground acceleratlon ranged from 0.007g in JPL
Building 180 during the Borrego Mountain earthquake to 0.25g in the
Orion Avenue Holidav Inn during the San Fernando earthquake. For most

of the buildings no structural damage occurred, but the fundamental
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periods were known to have lengthened considerably during the earth-
quake from their vibration test values, ‘The three buildings discussed
in chapter four, the two Holiday Inns and the Bank of California, were
the most heavily damaged of the instrumented buildings during the San
¥ernando earthquake; each building received minor structural damage.

The buildings studied and their levels of vibration are summarized
in Table 1.1. The response levels are categorized into four classes.
The results of the identification studies are summarized in Table 6.1.
The locations of the structures are shown in the map of Figure 1.1.

Chapter six presents the general conclusions of the study; spedfic
conclusions about the individual structures are included within the
relevant chapters. The ability of the linear mecdels to represent each
of the four classes of response is commented upon, along with the
typical extent of period lengthening and the values of effective damp-
ing. This concluding chapter also discusses the successes and some
shortcomings of the identification technique. Finally, some suggestions

for future research are presented.
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II. A FREQUENCY DOMAIN IDENTIFICATION TECHNIQUE FOR
LINEAR STRUCTURAL MODELS

2.1 LINEAR STRUCTURAL MODELS

A frequency domain technique for the identification of the modal
parameters of linear structural models from recorded earthquake re-
sponse is developed in this chapter.

Such models are certainly adequate for weaker, non-damaging excita-
tions, and for response to stronger shaking if the nonlinearities are
not too severe. For strong earthquake response, structures respond
nonlinearly to a significant degree, but the observed nonlinear and
time-varying behavior can be approximated by considering a series of
linear models appropriate for different segments of the response, there-
by tracing the changes in the effective linear parameters. This ap-
roach is similar to the equivalent linearization technigues employed in
some non-linear analyses (e.g. Iwan and Gates, [5]).

For the most part the models are also assumed planar, that is the
response in a given direction is caused only by the component of the
input in that direction. Occasionally the planar assumption is relaxed
to allow response in a given direction caused by both components of the
horizontal ground motion. This permits investigation of the possibility
of horizontal coupling.

The parameters estimated from the earthquake data are those of the
dominant modes of the response rather than the elements of the stiffness
and damping matrices. Considerations of identifiability, that is, the
ability to uniquely determine the parameters from the input and output

records, and accuracy of estimation show that the modal properties are
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the appropriate parameters to identify from response records at a
limited number of locations in the structure (Beck, [ 11]).

The didentification of the modal parameters is performed using fre-~
quency domain data, specifically the compiex~valued finite Fourier
transforms of the recorded ground acceleration and absolute acceleration
response of the structure. The transforms are calculated using a fast
Fourier transform algorithm.

Linear models are considered in this study primarily because of
their simplicity and because of their widespread use in response cal-
culations, particularly for design. Linear models also serve as a
natural starting point for ﬁonlinear studies. Tor example, the nonlinear
response of some structures at large amplitudes has been calculated
successfully using the concept of equivalent linearization, in which the

structure is modeled by a linear system with properties that vary with

amplitude or time.
In view of these facts, and the difficulty of the problem, it

appears justifiable to adopt an equivalent linear model for the inverse
problem of establishing the model from.the recorded input and response
data. In fact, the degree of success of matching the recorded response
using linear models will provide an evaluation of the usefulness of this
approach for earthquake response calculations. In addition, it is hoped
that a consideration of the variation of the effective linear parameters
in conjunction with the recorded nonlinear response will indicate which
nonlinear mechanisms are important. For example, a dependence of the
effective fundamental period mainly on the present amplitude of response

would indicate amplitude-dependent but non-degrading stiffness, while an
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increase of the period when the preceding maximum amplitude is exceeded
with little recovery for subsequent smaller amplitude oscillations would
suggest a degradation of stiffness dictated by the maximum amplitude of

response.

2.2 THE EQUATIONS OF MOTION FOR LINEAR MODELS

The equations of motion for linear, time-invariant, planar struc-
tures with classical normal modes will now be presented.

The equations of motion at each of Nf degrees of freedom relating
the displacement, X, velocities %2 and accelerationsgf relative to the

ground, to the ground acceleration Eg may be written:
1E(e) + [C15(e) + [Klx(e) = -[MIL E () (2-1)

The mass matrix [M] and the stiffness matrix [K] must be symmetric
and positive definite, while the damping matrix [C] is symmetric and
positive semi-definite. It is further assumed that the form of IC] is
such that classical oscillatory modes exist. All components of the
vector i‘are unity. Equation (2-1) is the matrix form of the equations
of motion for this system.

The equations of motion may be modally decomposed. Let the mode

shape vectors Er satisfy the eigenvalue equations
= 2 = _
[Klg. w ©[M]g o=l N (2-2)

Define the matrix of mode shape vectors, whose component Qpr is the

rth mode shape at position p:



el = o = Iln iﬁ"'fr"‘QNf] (2-3)

The mode shape vectors satisfy orthogonality conditions with re-

spect to the mass matrix [M]:

T ,
bpMlg, = 0 r#s (2-4)
# 0 r=3s
Also, the damping matrix satisfies
[Clg, = 2t » Mg 0=z <1 (2-5)

The relative displacement vector can be expressed as the sum of the

modal components
x(t) = [2)g(e) (2-6)

or N

Ng £
x (£) = rzl ¢pr€r(t) = rzl

(t) (2-7)

X
pPr

Substituting (2-6) into the equation of motion (2-1), multiplying

by [@]T, and dividing the rth mode equation by QE[M]QT produces

T

g, ML

E() + 2t w £ (6) +w?E (8) =-—p—— 2 (£) (2-8)

g 018,

Multiplying by @pr gives the equation for the rth mode displacement

at p:

X _(t) + 20w k(L) 2x_(t) ji[m'l‘"() (2-9)
pe t L w X t) + w4x t = - — z (t 2-9
pr rr pr r pr pr ii[M]¢ g

~r



-2G—

or
+ - = — - —
Xpr(t) arxpr(t) + brxpr(t) cprzg(t) (2-10)
where
T
8,141
a = 27 W . b = pZ c =  —— (2~11)
r rr r T pPY pr T[M]¢
~r

Equations (2-9) or (2-10) together with (2-7) are the modal form of
the equations of motion. The parameters are Er’ the fraction of criti-
cal viscous damping in mode r, the rth mode natural frequency (in
radians/sec) W and the effective rth mode participation factor at p,
Cpr’ or alternatively, a_, br and Cpr

It should be noted that the measured quantities are usually the
ground acceleration Eg(t) and the abéolute acceleration response
ﬁp(t) + Eg(t) at one or more positions in the structure. Relative
velocities and displacements, ip(t) and xp(t), can be derived from the
records by subtraction and integration. However, the integration proc-
ess generally produces long period errors, usually most obvious in the
displacement histories.

The modal equations can be transformed to the frequency domain by
taking Fourier transforms.

The finite Fourier transform FT(w) of f(t) over a record length T

is defined as

T .
Fo(w) = [ f()e ™ ac (2-12)
0
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Let A _(w) = the finite Fourier transform of the absolute

acceleration %p(t) + Eg(t)

ZT(w) = the finite Fourier transform of the ground

acceleration Eg(t)

X(r) = the finite Fourier transform of x__(t)
pT P
Vv T(Lu) = the finite Fourier transform of the relative velocity
P .
x {(t)
P
X T(m) -~ the finite Fourier transform of the relative displacement
P
x (t).
p

In practice, these trensforms will also be discrete, calculated by
the use of a fast Fourier transform (FFT) algorithm which produces the
complex—valued transforms at N equally spaced frequencies w from 2N

equally spaced samples of a record of length T where
o = nhw = 2B n=0,1,...,N1 (2-13)

The transforms of the meodal velocities and modal accelerations, for

the sampled frequencies, can be expressed in terms of X;;)(w) as:
B -iwt -1wT (r)
é Xpr(t)e dt = xpr(T)e - xpr(O) + lmxpT (w)
= 2 (D - x_(0) + iwx'D () (2-14)
pPY pr pT
T iwt (r)
.- - = - _ - . _ - 2
é x (e TTdr B (D) - & (0) + dulx (T) = x (0] = v, ()

(2.15)

Transforming the rth mode equation (2.10) produces, for the sampled

frequencies,



- T k(D - x (0] (2.16)

[a b+ du(b, - w? - a?)]
) (b, - m2)2 + wla_? B (D) = 7 (0]
r T

Combining the modal contributions gives the following expressions for the

transformed displacement, velocity and acceleration

N
yf —(br* wz) + 1mar
X A(w)y = - c Z_(w)
pT =1 (br _ m2) 2 + wZarZ pr T
?f (br - wz) - imar [ )
- x (T - % (Oﬂ 2-17)
b —wz)z +w2a2 pr pr

r=1 r

f arbr + iw(br - w2 - ar@
x  (T)- x (0)]
(br _ MZ) 2 + w2 a 2 [pr pr

"1
It
=



Nf mzar + iw br - wz)
_ v {(2-18)
Z (b - wz) 2 + mza 2 P
r=1 r T
Nf (b —cu%)b - iwab
y - 2 2 dpr
+
r=1 (b —wz) Ztuw 8y
r
r Nf wz(b - w2) - iwsar
T(w\‘ - 1 + X L 2 [ r Z ;w)
P r=1 (b_- w?)” + u?a 2 T

+ T - v (2-19)
- _ 2. 2
r=1 (br ™ ) + W ar

The parameters Vpr and dpr are the differences in the rth mode
velocities and displacements at position p between the beginning and the

end of the record segment of duration T.

<
I
»
'
H
p
}
b
—
=
o

pr pr (2-20)

.
]
b
—
=
~—
I
i
~
(=]
—

pr pr (2-21)
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When the parameters ar, b,c ,d and Vpr and the input Eg(t)

r pPr pr

from t=0 to t=T are known, the initial modal displacements and veloc-
ities, xpr(O) and ﬁpr(O), of the model can be simply calculated. TFirst
the forced respomnse with zero initial conditions is calculated by
solving equation (2.10). The forced displacements and velocities at
time T are subtracted from dpr and vpr to give the free vibration re-

sponse dpg*and Vpr*' The following analytical expressions (2-22)and

(2-23) for the free vibration response at time T to initial conditioms

at t = 0 can then be inverted to produce the initial modal displacements

and velocities x (0) and X {0).
pr pr

> y , ) 5
' a [x (0) + % x_(0)] . a
d * = -%a_Tix__(0) cos ho—a T+ ——BF r pr sin br— rT
pi T T [er y /ﬁ K3
T
B - ——
) T4 (2. 22y

Paa & (0) + bx (0)]

T
Vpr =e “r 4 - i
My - .2

br 4 (2.23)

The expression for the transform of the acceleration response,

%
|
Ny
&
H
Mo
e
=
~~
(]
o
(e}
Q
W
o
i
o
[\
3
1
Ml A
m
~
xS

=

(2-19), 1s the model equation for the identification technique de-
veloped in this work. The displacement and velocity transform ex-
pressions (2-17) and (2-18) could also be used, but these quantities
are poorer in high frequency contenf so may net yield information
about as many modes. As indicated during the development of these
equations, the matrix form (2-1) and the time domain modal equations
(2-7) and (2-10) are other possible starting points. The reasons for
the selection of the frequency domain modal equations in this wofk

will now be discussed.

sing/b -——T
T

;
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2.3 IDENTIFTABILITY OF LINEAR MODELS

Two important considerations in the selection of the form of the
model to be identified are whether the measured input and output records
of the system allow the parameters of the model to be determined
uniquely, and the effect of measurement noise and model error on the ac-
curacy of the estimates of the model parameters. Some aspects of these
questions can be answered prior to the identificationm, while quantities
calculated in the course of the identification provide information on
other aspects. Beck [1 ] has considered these problems in detail, and
his results are discussed below.

An obvious reason for considering the uniqueness of the parameter
estimates in earthquake engineering is that generally the response is
measured at only a very few locations in the structure. Usually, the
data available are the basement acceleration and the response accelera-
tion at the roof, and possibly another response record from a location
near mid-height of the structure. It is possible to imagine different
models which produce the same response to the excitation at the measure-
ment locations but different responses elsewhere in the structure. In
fact, for simple linear models such sets of companion models ﬁave been
reported as examples [1,6,7].

The question of the uniqueness of the parameter estimates which can
be determined from measurements of the excitation and response of the
system can be approached by consideration of the identifiability of the
model class. Identifiability, or strictly global identifiability, means

that knowledge of the noise-free input and output of a model at specified

locations allows the parameters to be determined uniquely. In practice,
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it is desired to determine the parameters of a model uniquely from
measurements of the input and output of a real system, in which the re-
cords are contaminated by noise. Noisy data éan corrupt the parameter
estimates even if the system can be represented exactly by the given
type of model. The identification is also complicated by model error,
in that the model within a specified class which best fits the data is
not a completely accurate representation of the structure. However,
identifiability of the model class from noise-free data is a necessary
condition for uniqueness of the model determined from noise-corrupted
records of a non-ideal system.

Tdentifiability is alsc a function of the response locatiomn, since
a given model may not be identifiable from a response record at omne
location, but may be identifiable from a set of response records at
several locations, or a single record from some other location.

There is a less stringent property called local identifiability in
which the input-output records specify a finite number of distinct pos-
sibilities for the model. This degree of identifiability may be suf-
ficient to determine uniquely the true model if prior information is
available to discriminate among the choices.

First Beck studied the general case where the only restrictions were
that the stiffness matrix [K] be symmetric and positive definite and the
damping matrix [C] be symmetric and positive semi-definite and be such
that classical oscillatory modes exist. It was assumed that the mass

matrix [M] was diagonal and known. The following properties were proved:
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1) A knowledge of s Cr and Er for all modes uniquely defines
[C] and [K], with [M] known, and vice versa.

2) 1If the base motion Eg(t) and the response at some position p
(gither the displacement xp(t), the velocity ip(t), or the
acceleration ip(t» are known then

(i) Cpr’ xpr(G) and kpr(O) are determined uniquely for
all modes
(1i) w, and ¢, are determined uniquely if the rth mode con-
tributes to the response at p, i.e., cpr # 0, or
xpr(O) # 0 or ipr(O) # 0.

The important part of this result, as far as the identifiability of
the stiffness and damping matrices from response records at a limited
number of locations is concerned, is that the only mode shape informa-—
tion directly estimable is the effective participation factors Cpr'
These can be found for all modes, but only at the locations where the
response is measured. It is knowledge of the full mode shape matrix
[#] for all modes at all positions that is required to define [K] and
[C] uniquely. This limited information leads to the results:

3) In general, all the elements of [K] and [C] can be determined

uniquely (i.e., [K] and [€] are globally identifiable) only
if the response is measured at all degrees of freedom.

4) Local identifiability of [K] and [C] requires measurement of

the response at half or more of the degrees of freedom.

Results (3) and (4) impose severe restrictions on the estimation of

the damping and stiffness matrices. Usually there are response records
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at no more than two locatiomns im the structure, allewing a locally iden-
tifiable model with a maximum of four degrees of freedom. This provides
unsatisfactory resolution of the stiffness and damping distributions for
most applications in éarthquake engineering. For example, it is usually
desired to have at least one degree-of-freedom per floor for a building,
except possibly for very tall structures where fewer degrees-of-freedom
may be acceptable.

Fortunately, the situation regarding the identifiability of the
stiffness and damping métrices improves somewhat when the class of
;models is restricted to linear chain systems, which greatly reduces the
number of independent matrix elements for the same number of degrees—of-
freedom. Chain models retain sufficient resclution to be of practical
use, and are commonly used where it is appropriate for each floor to be
represented as a lumped mass linked by horizontally-acting spring
elements to the masses above and below. Such models are not suitable
for very tall buildings for example, where column-shortening 'bending"
behavior rather than "shear" is significant.

Repeating an earlier result of Udwadia, Shah and Sharma [6 ,7 ],
Beck showed:

5) For a linear chain system, [K] and [C] are leocally identifiable
from a knowledge of the input ground motion and the response at
one location, and are gleobally identifiable if that location is
the first mass above the ground.

This result makes the outlook for the use of a matrix approach in

the identification appear more promising for a chain model than for a
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general linear model. However, there are still problems for practical
applications. The local identifiability result is not always useful as
there are Nf! possible models for an Nf degree—of-freedom system

(i.e., an N_. story structure for the usually desired spatial resolution)

f
whose response is measured at the roof.

Similarly the globally identifiable result for response records
from the first floor is not applicable for most presently available re-
cords —— these were not obtained at the first floor. Moreover, a first
floor location is not necessarily the best for future instrumentation
systems, since the effect of measurement noise on the accuracy of the
parameter estimates must be considered. The amplitude of the response
at the first floor is generally the smallest in the structure, making
its measurement the most sensitive to noise. Furthermore, Beck has
shown that the stiffnesses are determined from the ratio of the limits
of the Fourier transforms of the displacements on adjacent floors as the
frequency tends to infinity. This severely limits the applicability of
this approach since the high frequency response is small and hence is
sensitive to corruption by noise. The calculation of the ratio of the
high frequency components from different iocations is ill-conditioned,
as can be seen by examination of calculated transforms.

These considerations of identifiability and accuracy suggest that
the appropriate properties to estimate from seismic response data are
the modal parameters rather than the damping and stiffness matrices,
Theoretically, in the noise-free case the frequencies, dampings and

effective participation factors at the locations of the measured



~30-
responses can be estimated for all modes contributing fo the response,
In practice, the signal at high frequencies will be small and affected
by noise, and most of the response will be contributed by a few of the
lower modes, so only the parameters of the dominant modes of the re~
sponse can be estimated.

For the modal model, the time and frequency domain versions of the
equation of motion are equivalent, and either may be used for the iden-
tification process.  There appears to be no persuasivereason for pre-
ferring one approach to the other. One of the motivating factors in
this work was the desire to extract useful information from the fre-
quency domain data following some initial experience with the difficul-
ties of the transfer function approach. Consequently, in this thesis
a frequency domain identification technique is developed for linear

structural models.

2.4 THE ERROR CRITERION

The identification is performed by selecting the parameters to ob-
tain a least squares fit of the transform of the model response (equa-
tion 2-19) to the transform of the measured response acceleration over

a specified frequency band. That is, we seek to minimize

L
max

J = Y lAQbw) - APT(QAw)IZ (2-24)

=L
min

with respect to the parameters a_, br’lcpr’ dpr and vpr, (r=l,...,Nm),

of the Nm modes of the model. In equation (2.24)
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A = the discrete finite Fourier transform of the measured re-
sponse acceleration at position p in the structure calcula-
ted by a fast Fourier transform algorithm from 2N equally
spaced data points of a segment of record of duration T

ApT = the model response transform given by equation (2-19)
2m
A = ==
¢ T
0 <4, =<1 < N-1 , & an integer
min max

In the presentation of results later, a normalized error E will be
reported. E is defined as the mean square error divided by the mean
square response, taken over the same frequency band and for the same

segment of record.

max 5
RE' |A(20w) - APT(Q,I_\.UJ)I
E f=3 min (2-25)
max
Voo la(aw)|?
2min

From Parseval's theorem, the error criterion is identical to a time
domain least squares fit of the model response acceleration to the
measured acceleration if all the FFT frequency points are used in the
identification. If the frequency band is chosen te include all the sig-
nificant response, the estimated parameters are essentially equal to
those obtained from a fit in the time domain. A similar frequency
domain error criterion has been used by Ibafiez [ 3] in applications to

vibration test data.
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2.5 TBE IDENTIFICATION ALGORITHM

The least-squares minimization of J in equation (2-24) is performed
using an iterative Gauss-Newton type appreach to solve the nonlinear
algebraic equations which result from setting to zerc the partial deriv-
atives of J with respect to the parameters. The algorithm takes advan-
tage of the linearity of the equations with respect to the modal par-
ticipation factors and the modal displacement and velocity differences.
The technique ensures that the error is reduced at each iteration.

In the following the subscript p denoting the dependence on posi-
tion is dropped.

Denote the parameters occurring nonlinearly in the expression

for AT by
T
o’ = (al,...aN ’bl"“bN ) (2-26)
m pu
and the linearly occurring parameters by
BT = (¢, .y...C d ,...d. v ooV, ) (2-27)
~ 1? N 71 N1 N
m m m
The complete vector of parameters is denoted by
T T T
o= () (2-28)

Lo

For a local minimum of J with respect to the parameters of v:

3 _ _
3y " % (2-29)

and the second derivative matrix
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22y .
[S] = VvV (V.J) = [_-——] i=1,...5N ,j=1,...5N
roL aYi BYj hul m
(2-30)
must be positive definite (at the minimum of J)
The individual equations of (2-29) have the form
£
57 %?X BAT(EAw)
— = 0 = =2 R [A(LAW) - (LAL) IR
8y p=1 . | € T el 9y
min
aAT(RAw)
+ Im[A(Q.Aw) - AT(,QAw)]Im T 1=l,...5Nm
(2-31)
The sets of equations
2 oAl _

are nonlinear with respect to all the parameters in X However, the

equations

== = 9.’ s —_— = Q_, s _ = 9‘-’ ’ (2— 33)

are linear in the parameters ¢, §) and v, although nonlinear in gland h;
This suggests a two—part iterative algorithm to take advantage of
the linearity of equations (2-33) with respect to ¢, Q‘and v. First,
initial estimates are chosen for all parameters. Then the nonlinear
equations (2-32) are solved approximately by a modified Gauss—Newton
method to produce new values of E‘and h; The linear equations (2-33)
are then solved exactly for the C, QJand E’corresponding to the latest

values of i‘and b. The process is repeated until a selected convergence
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criterion is satisfied. The algorithm is now described in detail.

Define the partial Hessian matrix of J with respect to the param-

eters o as
o]

2max BAT(EAw) BAT(RAM)

e = 2 e (D) g (T
ij 1=1 a a0, e Ja,
. 1 N

min
(2-34)
38 (LAw) 9Ap (240)
Tl By o aaj LIzl 2 x N

The algorithm for stepping from iteration K tc iteration K + 1 is

as follows:

1) For the first iteration make initial estimates for all parameters;
for other iterations take the latest estimates.

2) Solve

K
33 (")
[prO et = - —=— (2-35)

+
to obtain AaK 1. This is the Gauss-Newton formula for solving

J . . - .
ga = . It is based on a first order Taylor series expansion of

AT(QJ EF,.M) about EF in the expression for .J.

3) Perform a line search for the minimum of J in the direction of

+1 .
AaK l, i.e.,

fard

. + . e
find the s, and corresponding EE l, which minimizes J

A = QF + sha , : (2-36)
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by by

The line search is implemented by taking successive increments of

s (usually ), finding g§+l corresponding to s=s, and solving for
i

K+
the corresponding Es 1 from
: i

G
~g N

- K+l)
1

=0 (2-37)
°8

+ . .
Jsi is evaluated for (\a§+l, EZ 1) , and the process continued until
i .
JS increases from JS . At the beginning of the line search Jso,
i+l i

, , . . K
for sy = 0, is known from the previous iteration parameters (% , B

Lol

The line search terminates with three successive values such that

J < J and J < J for s, < s, <8,,,, so a minimum of J
S, S, s, s, i-1 i i+l
i i-1 i i+l

A parabolic

X . , F+1 ..
in the direction of Aa lies between Si— and si

1 +1°

fit in s is then made through the three points and s = 8 4n COTTE

sponding to the minimum of the parabola evaluated. The final values
+ + ' +

of (EF 1, E? l) are found and JK 1 calculated.

If J | is larger than Js the search is performed by halving

sl 0?

rather than incrementing s, finishing again with a parabolic fit
through three points.

Check the convergence criteria. If the fractional changes between
iteration K and K+l of all a.s br and c. are less than a preset
tolerance, convergence is assumed to have occurred and iteration
is stopped; otherwise the iterative process 1s repeated. There is

a limit set to the number of iterations performed.
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To utilize the identification algorithm the number of modes to be
included in the model and initial estimates of the parameters must be
chosen, and the time segment and frequency band for which the identifica-
tion is to be performed must be selected.

The usual approach is first to match the response data with a
single time-invariant model. The fast Fourier transform algorithm
imposes some restrictions in that the length of the time segment T which
can be used must be 2NAt, where N is a power of 2 and At is the sample
interval, whose standard value is 0.02 seconds. This produces typical
record lengths of 20.48 seconds (N = 512) or 40.96 seconds (N = 1024).
This restriction could be overcome, if necessary, by redefining the data
at other intervals.

When a time-invariant model provides a poor fit of the data, or
when the estimated parameter values are considerably different from
vibration test values, shorter time segments can be used to study the
time variation of the equivalent linear parameters. In this type of
study there is a basic conflict between the desire to use short time
segments to obtain estimates of the "instantaneous" effective values of
the parameters, and the need to have a segment long enough to. obtain
adequate frequency resolution and to reduce the efror in the estimates
introduced by measurement noise in the data. Experience has shown that
segment lengths of approximately four times the fundamental period
provide adequate resolution, although occasionally a duration as small

as two periods can provide a good match of the respomse.
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The number of modes required in the model to achieve a good match
of the response data is deterﬁined by starting with one or two modes,
and then performing successive identifications with another mode added
until the optimal measure-of-fit is virtually unchanged by the addition
of an extra mode. This approach allows the data to guide the number of
modes required to adequately reproduce the recorded response. Experi-
ence with test problems (section 2.8) and examinations of the results
obtained from real data suggest that the estimates of the parameters of
the highest mode in the model, particularly the damping, may be in error.
This happens because the bandwidth of the highest mode of the model re-
sponse can be broadened in an attempt to reproduce the high frequency
response contributed by the modes neglected in the model. For this
reason, it is sometimes best to include one more mode in the model than
is required to represent adequately the respomnse so that realistic
estimates can be achieved for the important modes in the response, while
the estimates for the highest mode, which can be highly affected by
noise, are ignored. However, this approach is not always possible
because the estimation of the parameters of the "extra' mode may cause
nonconvergence of the algorithm, particularly if the "error signal"
being matched is small.

The frequency band for the identification is generally chosen broad
enough to include all the significant response. However, a judicious
choice of the high frequency limit can greatly increase the computa-
tional efficiency by ignoring the unimportant small amplitude high fre-

quency data, For example, the measured earthquake response of buildings
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tvpically containsg little response beyond 10 or 15Hz, while the fast
Fourier transform produces data up to 25Hz (for At = 0.02 seconds).
The low frequency limit is chosen to avoid the long period errors that
often show up in displacement plots by excluding the lowest frequency
points from the analysis.

When a one or two mode model is being considered for a structure
obviously containing more responding modes, sometimes the frequency
band'is chosen so only the modal peaks under consideration are included
in the identificatieon. This is equivalent to band-pass filtering the
time histories, an approach which has been used to study the fundamentai
mode behavior in previoué studies (e.g., Temura and Jennings [ 4 ]).

The initial period estimates can be determined by an inspection of
the Fourier response spectrum and the transfer function, or from an
examination of the acceleration, velocity or displacement histories.

The participation factors may be estimated from measured mode shapes or
design models where these are available, or may be chosen, for framed
structures for example, as the values appropriate for a uniform shear
beam. The initial estimates of the dampings may be either derived from
the resonant amplifications, or given a "standard” value such as 5 per-
cent. The most critical initial parameter estimates are the periods,
particularly of the higher modes. The identification algorithm may
converge to the modal periods closest to the initial estimates, so it is
possible for some modes to be missed. This is chiefly a difficulty for
the higher modes of time-varying structures, where there may be multiple

peaks for each mode caused by the variation of the effective modal
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period. Moreover, it is often difficult to determine whether multiple

peaks in the vicinity of a modal f?equency are caused by closely spaced
translational modes, the time variation of a single mode, or perhaps by

a torsional response,

2.6 THE ROIE OF THE SECOND DERIVATIVE AND RELATED MATRICES:
SENSITIVITY ANALYSIS

The matrix formed by the second derivatives of J with respect to
the parametersxﬂand two closely related matrices play important roles in
the identification process.

The components of the second derivative matrix 5 are

&
B 427 max BAT(QAm) BAT(QAm)
S15 7 o, - 2k R\ Ty ) R\ TR,
i '] R=2min‘ i j
BAL (16w) 3AL(180)
* Im ] T 9

aZAT(zAm)>

- Re[A(iﬂw) - AT(RAw)] Re( 37 an

- Im[

A(RAw) - AL(880)] I 32AT(M‘”)
BYi Byj

i=1,...58 ,3=1,...5N_ (2-38)

The reduced second derivative matrix-gij is defined as
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. BA (lﬂm) BAT(R&w)

S., = 2 R R | —
1] Q= e Y.
=4 ]

BA (QAw) BAT(QAM)

+ I Im ——§§————
]

i=1,...5N_,j=1,...5N_ (2-39)

The partial Hessian matrix, PH, with respect to the non-linearly
occurring parameters g, which has the same form as §; has been defined
previously in equation (2-34).

The matrices S and S contain information on the relative accuracy
of the estimates of the various parameters and the identifiability of

the model. The matrix PH occurs directly in the identification algo-
BA

ayi

rithm. The first derivatives of the model response, , which occur

repeatedly in the definitions of these matrices, are also important in
the consideration of the identifiability of the model.

The roles of these matrices, the relationships between them, and
the origin of the Gauss-Newton formula (2-35) can be illustrated by

considering a second order Taylor series expansion of J(y) about some

parameter estimates Y.

T

33 () 823 (xp)

I = 3G e [t b sy - )

{xj— xp}
3y

+ ol - wl? (2-40)

Differentiating this expression with respect to y produces
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Iy TG | %I
——re——— + —_———

fy = yp} +0lly - wol? (2- 41)
3y 3, 22 L- X e = xoll

33 (y)

By setting 5 to zero, this expression gives a possible formula

for the change in the parameter estimates, Ax'= Y - X required to

achieve the minimum of J.

323 (yp) 33 (yp)
___.,,z'o Al =_-——ax . (2'"42)
oL

This expression is very similar to the partial Hessian formula
(2-35) utilized in the algorithm. The algorithm separates the calcula-
tion of the nonlinearly and linearly occurring parameters, g’and B to

reduce the number of calculations required at each iteratiomn. This

produces a modification of (2-42) to involve changes in the gJonly:

52J(y0) 3 (v0)
—_— Ay = - ———

In the'expreséion used in the algorithm, [aZJ/aaZ] is replaced by

[PH]. The reason for this replacement can be seen by considering the

change in J according to the second order expansion produced by the Ag

3J(xp)
of (2-43). Substituting for v
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While it may not be necessary to achieve a reduction in J at each
iteration to reach convergence eventually, such a condition at least
prevents divergence. An obvious condition for the reduction of J is for
the right-hand side of (2-44) to be negative. This will be guaranteed if

the matrix 323 (vp)

3a?

<
is positive definite. At the minimum.of J, this is a necessary condi-
tion, but for arbitrary values of the parameters, there is no guarantee
that the matrix is positive definite. This is the reason fer using the
partial Hessian matrix in the algorithm. This matrix is positive defi-
nite for all parameter values except for one special case where it is

positive semi-definite.

From the definition of PH:

- T
aA_{RAw) A (LAw)
st [PHIAe = 2| ) {aak b1 T Aa =0

(2-45)

The case where the partial Hessian matrix is singular is important
in that it corresponds to a non~identifiable model. The non-identifi-
ability is manifested during the identification process in that the ex-
pression (2-35), the Gauss-Newton formula for the change in the non-
linearly occurring parameters, cannot be inverted.

An identifiable model requires that the reduced second derivative

matrix with respect to all parameters, S, and not just PH, is
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non-singular. The correspondence between a singular'g and a non-
identifiable model is easily illustrated.

I1f S is singular, one of its columns, say column 1, must be a

linear combination of the others. This requires

S5xN

5A {RAw) 3A_(LAw) X m 5A (2Aw) 3A_(LAw)
T T T T
LR, 3y 3 = 1 Kj L Re 5y 3
) i L 3=1 ) 3 L
j#i

(2-46)
The constants Kj are independent of 2 (the frequency).

Equation (2-46) implies that the sensitivity coefficients are

linearly dependent:

BAT(R:’_\.w) aAT(Mw)
— = ] K, ——— for all & (2-47)
3Y. p ] oY,
i ] ]
j#i

It 1s a well known result that linearly dependent sensitivity co-
A
efficients,-?ﬁj, lead to a non-identifiable model by weighted least-

~

squares fitting (Beck and Armold, [ 2 ]) since there are insufficient
independent equations obtained by setting to zero the derivatives of

the measure-of-fit J with respect to the parameters.

In practice, the parameter estimates will be poor if the S matrix
is ill-conditioned. There are three ways of determining the possibility

of this occurrence without actually calculating the eigenvalues of S.
34
dy

~

The first is by plotting the sensitivity coefficients as a function
of frequency. If they are approximately linearly dependent over the

frequency range for which they are large, the S matrix will be almost
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singular. The other faster checks for a possible singularity of S are
to calculate the ratios ni of the diagonal terms to the largest diagonal

term Skk’ and the ratios pij of the off-diagonal to diagonal terms:

2 = S = . . = _

ni ii/Skk s Skk maximum diagonal term of S (2-48)
3 g5 % 2-4

Pij T i3 /[ ii jj] (2-49)

If some ny is zero or some pij is unity, S is singular. The case
where ng is zero means J is not dependent on the ith parameter, while
when pij is unity the ith and jth sensitivity coefficients are linearly
dependent, and there is coupling between the estimates of the parameters.

When the ratio of two of the eigenvalues of the S matrix is large,
there is a direction along which J is insensitive to changes in the
parameters. As a rough guide, this occurs when the eigenvalue ratio ex-
ceeds about twenty-five, corresponding approximately to an ny less than
0.2 (J insensitive to the corresponding parameter) or a pij greater than
0.8 (coupling between parameters).

The Gauss-Newton formula can be interpreted as the equation of
"sensitivity ellipses'", which are surfaces of constant J. When the
coupling between parameters is small, the sensitivity ellipses about the

can be approximated by

timal estimates
op t lopt

[
slis

Y g 2 =50
Jopt ¥ % g 531873 (2-50)

It is convenient to consider a normalized form of this equation
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J=J 1

opt = AYi
2 -51
T 20 Z(Yi Sii) Y. (2-31)
opt

Jopt opt i 1Opt

This equation can be used to determine relative error bounds on the
different parameters. If each parameter is varied individually, the

bound on the fractional variation in Y for a fractional variatiomn of r

in J is
opt

5 o+ or —OPL T (2-52)

In sensitivity analyses later, the normalized sensitivity matrix

Yio tho t &
--—---P—-——-—E——-Sij is determined along with the coupling coefficient pij'

Jopt
The fractional changes in the parameters for r = 0.1 are determined from
(2-52), which ignores the effect of coupling between the estimates but
is sufficiently accurate for pij less than 0.8.

The Taylor series expansion of J about the optimal estimates
indicates that the full second derivative matrix S rather than the
reduced matrix S should be used for sensitivity analysis. However, S
is easier to calculate, since it does not involve the second derivatives
of the model response with respect to the parameters. The two matrices
are sufficiently closely related, and indeed are identical at the
optimal estimates for the unlikely case of zero 6ptimal error, that it

is felt that the use of 5 should not change the conclusions about the

sensitivities which would be drawn from S. Checking for the singularity
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of S is all that is required to determine whether the parameters are

identifiable.

2.7 VARIATTIONS OF THE IDENTIFICATION METHOD

During the analysis of the earthquake response data, several varia-
tions of the standard identification method described above have at
times been found useful.

One modification was an extension of the model to allow response in
a given direction to be caused by both horizontal components of the
ground motion. This extension has been used to investigate the
possibility of horizontal coupling of the modes.

The model was generalized by allowing contributions to the forcing
function in the equation of motion (2-1) from both horizontal compﬁnents
of the ground motion. The response vector E'HOW'becomes a generalized
displacement vector, containing both horizontal components of the
translational response and possibly a rotational component about a
vertical axis for each response location, giving a total of Nf degrees of
freedom. MNumerical indices 1 and 2 and the letter i refer to the two
horizontal directions. The location is denoted by p and the mode by r
as beforef The vectors‘El_andfzz specify the contributiens frdm the two

horizontal ground components. Equation (2-1) is modified to:
MIX(e) + [CZ(0) + [Klx(e) = -DMI(TaZ1(e) + DpEa(t)  (2-53)

Following the modal decomposition as before:
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Py = Jele@ = ] 1 (e (2-54)

The equation of motion for Er(t) becomes:

¢$[M](T151 + Tyzp)
- ;’ (2-55a)
o g,

1

£.(8) tag (1) +bE (t)

= "-(Dtrlz]_ + OLI_ZZZ) (2-55b)

The equations for the two horizontal components of the modal dis-

placement are

(1)

(1) -
i (t) = _®pr

i(i)(t) + ari;i)(t) + brxp

P (Cl.rlzl + OLIZZZ) (2-56a)

.z =-c, Z -
C:Llpr 1 c12pr 2 (2-56b)
The transformation to the frequency domain follows through exactly
as before. The equations take the same form, with effective participa-
tion factors for both directions of the ground acceleration for each

mode at each position. There are only three independent participation

factors for the two directions of input and response, since

c
21pr  _ Sozpr

c - (2-57)
11pr 12pr

In practice, this comstraint wasn't applied. The four participa-

tion factors were considered independent, with two estimated from each



~57~
component of the response. The agreement of the two ratios of equation
(2-57) was used together with the independent estimates of the modal
dampings and frequencies from the two records as a check of the consis-
tency of the models derived from the two records.

Investigations of possible horizontal coupling with this extended
model were performed for dnly a few of the response records.

Several variations of the standard identification technique have
been used to overcome problems of interaction between the estimates of
the participation factors and dampings. This interaction occurred in
the analysis of the data from many of the buildings studied. The reason
for the interaction is that the dominant frequency components of the
response occur near the modal frequencies where the amplification of the
excitation depends on the ratio of the participation factor teo the
dampings. Consequently, the response is sensitive to this ratio, but
much less sensitive to the individual values of the two parameters.

This interaction is unfortunate, since the value of the damping is one
of the results of most interest.

The strategy used in attempts to overcome this problem when there
are response records'from only one location in a structure is to con-
strain the participation factors to values derived from other data, such
as vibration test measurements of the mode shapes or synthesized models.
The minimization of J is performed only with respect to the other modal
parameters, with the participation factors treated as known constants.
The rationale behind this approach is that vibration tests and mode

shape calculations from synthesized models have shown that the
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participation factors are much less sensitive than the periods to
changes in the stiffness distribution. This appreach, of course, pre-
vents the extraction of information about changes in the mode shapes
which may be useful in determining the location of any yielding or
softening behavior in the structure associated with the lengthening of
the modal periods.

Another approach can be used to circumvent the interaction problem
when response records are available from two locations in a structure.
The two records, generally from near midheight and at the roof, can be
used simultaneously to estimate the values of the parameters. The
reason for trying this approach is as follows. The coupling between
the estimates of the damping ¢ and participation factor c¢ means that
there is a line in the c—~r plane along which the measure-of-fit J varies
little. However, the direction of this line -is likely to be different
for the two records. Thus the identification of the two participation
factors and cne damping. for each mode simultaneously from the two
records may overcome the interaction effect and improve the estimates.

The identification criterion becomes:

max
Minimize ja(g;gagl,gz) = z g1]Aa; (R0w) - ATI(QAM:EzE%gl)lz-
2_’D"min :
+ g2]Ap(28w) - A (Rhwsa,b.g2) |7 (2-58)
2

The indices 1 and 2 denote the two response locations, and g; and

gy are welghting factors for the two records.
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The normalized error J, is defined as

~ Rmax
Jo = T, Y g A (RAw) |2 + gy A (RAw) %Y | (2-59)
L=g_
min '

When response records are available from two locations, this simul-
taneous identification approach has the advantage over the constrained
participation factor approach that the variation with time of both the
damping and participation factors can be traced.

2.8 AN APPLICATION QF THE IDENTIFICATION ALGORITHM WITH GENERATED
TEST DATA

The performance of the_standard identification method is now illus-
trated by reporting the results of identifications performed for a test
case with generated data. |

The parameters of a uﬁiform ten-story shear structure were esti-
mated from simulated data generated fqr its response to the first ten
seconds of the 1940 El_Centro nofth—éouth éoﬁponent, as shown schemat-
ically in Figure 2.1. _The modal propérties of the structure are 1isted.
in Table 2.1, together with the results of fits using models with four
and six modes.

A six mode match of the Fourier transform of the top mass acceler-
ation response was performed over the frequency band from 0.3 Hz to 13.6
Hz, covering the range of significant dynamic résponse. Initial wvalues
of the parameters fpr the analysis wefe estiﬁated from an examinétion of
the modulus of the calculated transfer function. Ehe initial estimates

of the natural periods were close to the true values, but some of the
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damping and participation factor estimates were taken 100 percent in
error. During the course of the identification, the normalized error
was reduced from 0.108 for the initial estimates to a final value of
0.008, an excellent match. Virtually no error was discernible in plots
of the acceleration time histories (Figure 2.2). The estimates of the
parameters for all but the sixth mode were very close to the true
values. One, two and four mode identifications were also performed.
The results of the four-mode match, with the initial estimates deliber-
ately chosen in error, are also listed in Table 2.1.

This example illustrated the dominance of the lower modes in the
earthquake response of this type of structure. A plot of the top mass
displacement of the optimal two mode model was practically indistinguish~
able from that of the ten mass system. The velocity is more sensitive
to higher modes than the displacement, but the optimal four mode model
gave an essentially perfect velocity match.

Attempts to perform identifications with more than six modes were
unsuccessful. Because of the limited frequency content of the input,
oniy six modal peaks were disaernible in the tramsfer function of the
simulated response (Figure 2.3a), and models with more than six modes
invariably led to unrealistic and nonconvergent estimates of the param-
eters of the higher modes.

The tests with simﬁlated data showed that for nearly ideal situa-
tions the identification élgorithm produced accurate estimates of the
parametérs and excellent fits in the time and frequency domains. The

remainder of this dissertation is concerned with the analysis of real

earthquake data.
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Figure 2.1 The uniform ten story shear structure used for testing
the identification technique with the E1 Centro 1940
north-south component.
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TABLE 2.1

PARAMETERS OF THE TEN STORY UNIFORM SHEAR STRUCTURE USED FOR A

SIMULATION TEST OF THE IDENTIFICATION TECHNIQUE

True Parameter Values

Period ¥requency . Effective Participation Factor

Mode (sec) (Hz) Damping 10th Story

1 1.0000 1.0000 0.05 1.2673

2 0.3358 2.9780 0.05 -0.4068

3 0.2045 4.8900 0.05 0.2259

4 0.1495 6.6890 0.05 -0.1429

5 0.11%99 8.3403 0.05 0.0934

6 0.1019 9.8135 0.05 -0.0601

7 0.0904 11.0619 0.05 0.0366

8 0.0829 12.0627 0.05 -0.0199

9 0.0782 12.7877 0.05 0.0087
10 0.0756 13.2275 0.05 -0.0021

Six Mode Match (Frequency band = 0.29 - 13.6 Hz)

Initial Estimates (from transfer functiom)

Final Estimates

Mode Period (sec) Damping P.F. Period Damping P.F.
1 1.00 0.06 1.25 1.0007 0.0501 1.2749
2 0.31 0.06 -0.45 0.3364 0.0565 -0.3865
3 0.20 0.07 0.35 0.2047 0.0521 0.2229
4 0.14 C.09 -0.25 0.14%86 0.0535 -0.1344
5 0.12 0.10 0.15 0.1201 0.0508 0.0860
6 0.10 0.07 -0.07 0.1026 0.0317 -0.0308
Normalized Error = (.108 Normalized Error 0.008
Four Mode Match (Frequency band = 0.29 - 6.74 Hz)
Initial Estimates Final Estimates
Period (sec) Damping P.F. Period Damping P.F
1.120 0.038 1.25 1.0007 0.0502 1.2759
0.373 0.038 -0.35 0.3364 0.0564 -0.3854
0.224 (.038 ¢.18 0.2048 0.0517 0.2218
0.160 0.038 =0.14 0.1507 0.03%4 -0.0959




—63-

*2TqeYSTN3UTISTIPUT AT[ENIITA 2IF S3AIND JYI *2INTONILS IIYS A10]IS-UD]

mioJIun a2yl Jo osuodsal UOTIBIS[IDDE Topow Spouw-xTs Tewrjdo pue painseaw ayl g°'7 2In8rg

(J3SOIHTL
0 ot '8 09 0°h 0°¢ 00
1 T T T I I H b |
Ny A e A NATEN
YYWV VoW WY VW
B 7]
| ASNOL4SIY T300W 300W 9 ~ - - i -
FSNBASEH OJUNSHIK ———
| | | | | I | | |

ASNBLS3H SN DHIN3D 713 3dnioNYLS YH3HS AHOLS N3IL WHOJINN

00" 0= ps"0- 00°1-
(S339)NBILEY3T333Y 3171058y

0S°0

o0t




~64—

“(9) yitm vostaedwoo

I0J WIOJSUBI] UOTIBIITD02® Isuodsal Ipow-xXTs Tewride ayz (P
‘wIoJsueI] UOTIRIITIODER wsuodssl oYyl (9) fWIOISUBRI] UOTILAI[2IVE
puncid payjoowmsun ay3 (q) {uoridDUNI IDISUBI] SYY (B) Jo SnInpow ayg

*2IN3onals IvaYs L1015 U3 wWIAOITUN BY] 103 sioTd upemop Lousnbaig ¢z 21081
{p) {9)
(ZKY XININO3MJ (ZH) AININDIMS

0°51 ozl o0°B 0’9 ot (1] 0'sl o el 0’6 09 e (1]
T T 1 T p=1 T T T T o

P o
L les | og
®5 NS
m m
= 4 > - 4 D
D n
Dﬂ Oﬂ
r T [ Tl
°g =3
c [
- = G - 4 ©
m m
o oo

L {22 | B
A i

1 I 1 ! 1 1 1 | 1 o 1 1 { i 1 L 1 1 1 =

(=] [=]

(=] [=1]

q) (o)
¢ZHY AININDIHA CZH)> AININD3WA
0'sl AR o's Q' O'E 0'0 0°s1 1hrat 0B - 09 e 1)

vy e T T T T Q T T T T T T T Q

(=] [=]

leg L ~
5 Mm
L i3 ¢ &
&
B m
=3 P
85 8g
m o
I 1 m o -
f=}
i leg | ==

2R 1

L L 1 1 _. 1 L i A J.il- 1 i 1 1 1 1 1 L I3 .m

8 ]

AININOCAWOD HLNOS-HLYON OHiN3ID

FHALONYLS HVIHS AY01S N3IL WHOLINN



-65-

REFERENCES

Beck, J.L., "Determining Models of Structures from Earthquake
Records," Earthquake Engineering Research Laboratory, EERL
78-01, California Institute of Technology, Pasadena, California,
June 1978.

Beck, J.V. and K.J. Arnold, 'Parameter Estimation in Engineering
and Science', Wiley, New York 1977.

ibanez,.P., "Identification of Dymamic Structural Models from
Experimental Data', Report No. UCLA-ENG-7225, UCLA, Los Angeles,
California, 1972.

Iemura, H. and P.C. Jennings, ""Hysteretic Response of a Nine-
Story Reinforced Concrete Building," Int. Journal of Earthquake
Eng. and Struct. Dyn., 3, 183-201, 1974.

Iwan, W.D. and N.C. Gates, "Estimating Earthquake Response of
Simple Hysteretic Structures', J. Eng. Mech. Div., ASCE 105,
EM3, 391-405, June 1979.

Udwadia, F.E. and D.K. Sharma, '"Some Uniqueness Résults Related to
Building Structural Identification', SIAM J. Appl. Math., 34,
104~118.

Udwadia, F.E., D.K. Sharma and P.C. Shah, "Uniqueness of Damping
and Stiffness Distributions in the Identification of Soil and
Structural Systems', J. Appl. Mech., ASME 45, 1, 181-7, March 1978.



—HH-

III. TWO WELL-STUDIED BUILDINGS:
MILLIKAN LIBRARY AND JPL BUILDING 180

3.1 INTRODUCTION

As the first applications of the identification technique to real
earthquake data, two structures which have been studied many times
before, Millikan Library and JPL Building 180, are considered. Both
buildings have been subjected to many vibration tests, which have shown
changes in their dynamic properties, and there have been several analy-
tical studies of their earthquake response. There are small amplitude
records from the Lytle Creek and Borrego Mountain earthquakes as well as
the large amplitude responses from the San Fernando earthquake available
for identification. Thus it is possible to identify the dynamic charac-
teristics for different levels of earthquake response, and compare the
results with those of earlier studies and vibration tests. The San
Fernando responses furnish challenging examples for identification with
linear models because some of the data show indications of significant

nenlinear behavior.

3.2 MILLIKAN LIBRARY BUILDING

3.2.1 INTRODUCTION

The nine-story Robert A. Millikan Library building (Fig. 3.1)
stands on the campus of the California Institute of Technology in
Pasadena. The reinforced concrete structure reaches a height of 144
feet above ground level, and 158 feet above the basement level. The
horizontal dimensions are 75 feet in the east-west direction by 69 feet

in the north-south direction. Shear walls at the ends of the building
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provide the primary lateral resistance in the north-south direction,
while a central core wall contributes most of the east-west stiffness.
Vibration tests during construction showed that precast window-wall
panels which are bolted to the north and south walls add appreciably
to the stiffness, at least for low levels of vibration. Kuroiwa [10]
provides more detailed information about the building.

The results of vibration tests of the structutre are summarized in
Table 3.1. The dynamic properties measured after the San Fernando
earthquake of February 9, 1971 varied significantly from those found
prior to the earthquake. The most noticeable change was the lengthening
of the modal periods.

Farlier studies [5,7,9,13,14] have attributed some features of the
San Fernando response to nonlinear, time-varying behavior. It has been
suggested that this behavior is a consequence of a marked change of the
foundation compliance and a softening of the structure, with stiff but
brittle non-structural elements contributing much reduced lateral
resistance following the first large amplitude vibrations during the
earthquake.

The responses of the structure to the Lytle Creek and San Fernando
earthquakes were studied by moving-window Fourier analysis techniques by
Udwadia and Trifunac [141. They found a reduction in the apparent
natural frequeﬁcy in the east-west direction of 50 percent during the
San Fernando response. The natural frequency in ambient tests showed
a change of about a third of this amount, with a progressive partial
recovery of a few percent towards the pre-earthquake frequency in the

two yvears following the earthquake.
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TABLE 3.1

NATURAL PERIODS OF MILLIKAN LIBRARY FROM VIBRATION TESTS

Kuroiwa's Tests During Construction (Reference 10)

. ; . Typical R

Mode | Period (sec) Excitation y§i221er:izgzse Construction Phase
NSI 0.46 Man excited ~ 107 7g Before precast wall
EWl 0.71 " panel placed
NS1 0.491 Shaker operated at
T1 0.338 lowest force level After north facade
EWl 0.671 " placed

" EW2 0.155 " ~5 x 10~%g

NS1 |0.505-0.530 | Shaker at range of 5-20 x 1073

EWL | 0.662-0.682 force levels 3-17 x 1073 Both facades placed
NS1 0.52 Man excited Finishing work
EW1l 0.66 " ~ 1075 completed

Ambient and Man-Excited Tests
. After Feb. 1971

Mode March 1967 April 1968 July 1969 Farthquake May 1976
NSl 0.524 0.526 0.530 0.556 0.54

NS2 - 0.109 0.110 0.111 ’ -

EWl 0.67 0.69 .69 .80 0.79

EW2 0.164 0.1l64 0.170 0.190 0.190
T1 0.35 (.345 - 0.378 0.377
T2 - 0.104 - 0.104 0.107

Typical Acceleration Response Amplitude for Ambient Tests nrlO'Gg
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The nonlinear behavior of Millikan Library during its response to
the San Fernando earthquake has been demonstrated by Iemura and
Jennings [7]. In a study of the response of the fundamental east-west
mode, they found much better matches of the recorded response with time-
varying linear and bilinear hysteretic models than with time-invariant
models.

Udwadia and Marmarelis [13]found that the linmear and nonlinear
contributions to the San Fernando response were of comparable amplitude
during the strongest portion of the motion. They used the Wiener tech-
nique of nonparametric identification in their study.

Recently Jerath and Udwadia [9] identified a time-varying linear
model for the fundamental mode from the east—wegt component of the San
Fernando response. They allowed the stiffness and damping coefficients
to be polynomial functions of time and thus were able to trace the time
variation of the effective linear parameters. The frequency reduced by

35 percent from the initial value during the course of the motion.

3.2.2 IDENTIFICATION STUDIES

Strong-motion records were obtained in the basement and on the roof
from the Lytle Creek earthquake of September 12, 1970 and the San
Fernando earthquake of February 9, 1971. The magnitude 5.4 Lytle Creek
earthquake, centered 40 miles from Millikan Library, produced a maximum
ground acceleration of approximately 0.02g and a roof acceleration of
0.05g in the building, fairly low vibration levels for measured earth-
quake motion. The larger magnitude 6.4 San Fernando earthquake,

centered 19 miles from the library, produced a maximum ground
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acceleration of about 0.2g, and a roof response of 0.353g. The structure
was also shaken in the more distant magnitude 6.8 Borrego Mountain earth-
quake of April 8, 1968, but only the basement instrument triggered,
recording a maximum ground aéceleration of 0.01g. The level of excita-
tion in the Lytle Creek and San Fernando earthquakes differed by a factor
of ten, and the Lytle Creek response was another factor of three larger
than the greatest forced vibration response. The amplitudes during the

ambient tests were diminished by another factor of ten thousand.

LYTLE CREEK RESPONSE

One- and two-mode identifications have been performed for both
components of the Lytle Creek earthquake. The results of the identifi-
cations are presented in Table 3.2 and Figures 3.2 and 3.3.

The north-south identifications produced a fundamental period of
0.516 seconds, in the range of periods measured in the pre-earthquake
vibration tests, a first mode damping of three percent, and an effective
participation factor of 1.46 at the roof. The normalized measure-of-
fit was 0.133 for the one mode model and 0.103 for two modes, indicating
that the linear, time-invariant models produced a reasonable approxima-
tion to the measured response.

In the east-west case, the fundamental period was identified as
0.710 seconds, slightly longer than the ‘values obtained in vibration
tests after the completion of the structure, but the same as that found
by Kuroiwa before the pre-cast wall panels were placed, indicating that
perhaps the increased stiffness contributed by the wall panéls in the

vibration tests was not effective even at the amplitudes experienced in
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TABLE 3.2

PARAMETER ESTIMATES FOR MILLIKAN LIBRARY FROM LYTLE CREEK RESPONSE

Frequency Band of Identifications = 0.34 - 10.9 Hz

North-South

Initial Estimates

Final Estimates

Model Period Damping Participation | Period Damping Participation
{sec) Factor (sec) Factor
1 Mode 0.53 0.03 1.44 0.516 0.030 1.486
Normalized Error = 0.391 Normalized Error = 0.133
2 Modes| 0.53 0.03 1.44 0.516 0.029 1.459
0.11 0.03 -0.50 0.116 0.010 -0.212
Normalized Error = 0.392 Normalized Error = 0.103
East-West
Initial Estimates Final Estimates
odel [ TEEISH pamping TOTEicipation| Ferlst gy Feriicioerion
1 Mode | 0.67  0.03 1.44 0.710  0.023 1.345
" Normalized Error = (.899 Normalized Error = 0.334
2 Modes| 0.67 0.03 1.44 0.710 0.022 1.291
0.16 0.03 -0.50 0.175 0.036 ~0.458
Normalized Error = $.991 Normalized Error = 0.140
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MILLIKAN LIBRARY: LYTLE CREEK EARTHQUAKE RESPONSE
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Figure 3.2 The measured and optimal two mode acceleration response
of Millikan Library to the Lytle Creek earthquake.
(a) North-south response. (b) East-west response.
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MILLIKAN LIBRARY : LYTLE CREEK EARTHQUAKE RESPONSE
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Figure 3.3 The Fourier amplitude spectrum of the east-west
acceleration response of Millikan Library to the
Lytle Creek earthquake. (a) The measured spec-
trum. (b} The optimal two-mode model spectrum.
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this low level earthquake response. The second pericd was identified as
0.175 seconds, also slightly longer than recorded in the vibration tests.
The measure-of-fit for the two models was 0.33 and 0.14, showing that
the second mode made an important contribution to the fe5ponse. The
main sources of error were peaks at 1.9-2.0 Hz in the acceleratiom
response transform, which neither model reproduced well, aﬂd further
high frequency response beyond the second mode frequency (Fig. 3.3).
The 2.0 Hz response is at the fundamental north-south frequency, sug-
gesting an east-west component in the response of this mode. However,
the inclusion in the model of a mode at this frequency capable of
responding to input in both directions did not improve the fit, suggest-
ing that horizontal coupling was not the cause of the discrepancy.
Because the first torsional frequency is mnear 2.9 Hz, it is also unlikely
that torsion is responsible for this peak.

The identifications performed for the Lytle Creek records showed
that for this low level of earthquake excitation Millikan Library behaved
as it did in vibration tests. The identified periods were close to those
measured in tests, and the two-mode linear time-invariant models produced

a good approximation to the measured response (Fig. 3.2).

SAN FERNANDO RESPONSE

The San Fernando records represent the response to a much stroﬁger
earthquake excitation, with a maximum ground acceleration near 0.2g
and a roof acceleration peaking at 0.35g. The first 40.96 seconds of
the north-south and east—ﬁest records, which include all the significant

response, have been used as the data to identify the parameters of one-
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and two-mode models. The time variation of the equivalent linear
parameters was investigated by using segments of the data. Near the
beginning of the response where the variations were most pronounced,
intervals of 2.56 seconds were used, but more typically the segment
lengths were either 10.24 or 20.48 seconds. Some sensitivity analyses
were also performed to determine the relative accuracy of the estimates
of the various parameters and to investigate the degree of coupling
between different parameters.

The results of the north-south identifications are shown in Figure
3.4, in which the parameter values are plotted as a function of the mid-
interval time of the segment from which they were identified. The first
mode period lengthens from the vibration test value of 0.52 seconds at
the beginning of the record to 0.62 seconds during the strongest por-
tion of the response. Most of the period lengthening occurs during the
first five seconds of the response at the onset of the large amplitude
motion, with the period remaining fairly constant during the remainder
of the response. The first mode damping reaches a maximum bf just over
eight percent of critical during the largest amplitude motion, before
dropping to five percent for the second twenty seconds of the response.
The participation factor is reasonably constant, at approximately 1.5.
The second mode parameters vary rather erratically, and trends are not
apparent. |

A two-mode fit for the entire 40.96 second record produced the
parameter vaiues listed in Table 3.3. The error bounds indicate the
changes in the parameter estimates which would produce a ten percent

change in J, as calculated from the diagonal elements of the sensitivity
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matrix (eqﬁation 2.52). The measure-of-fit of 0.13 indicates that
despite the variation of the parameters in the early part of the record,
a linear time-invariant model provides a reasonably good approximation
to the actual system., The effective first mode period for the time-
invariant model is the maximum value of 0.62 seconds which occurred
during the largest amplitude portion of the motion. The equivalent:
damping of 0.064 is less than the value of §.082 effective during the
strongest motion, but still more than double the value of 0.030 exhibited
in the Lytle Creek response. The participation factor of 1.49 is close
to that from the Lytle Creek response. The gquality of the fit obtained
can be seen by comparing the measured acceleration and velocity histories
with thosecalculated for the time-invariant model (Fig. 3.5), and by
examining the acceleration transform match (Fig. 3.6). The displacement
records obtained from the double integration of the recorded accelera-
tions contained long period components even after the application of
the standard correction techniques [6,12]. These long peried components,
thought to be a spurious result of the measurement and processing tech-
niques, complicated comparison of the displacements.

The error bounds indicate that the periods are identified accurate-
ly, but the damping and participation factor estimates are poorer. The
first mode damping and participation factor vary by about 10 and 20 per-
cent respectively for a 10 percent change in the measure-of-fit J. The
bounds on the second mode damping and participation factor, coupled with
the nonlinear response of the structure, indicate that the estimates of
these parameters are unreliable. The interaction coefficients were

small except between a;, = 2rjw; and c¢;, and ap = 27wy and ¢y,
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TABLE 3.3

PARAMETER ESTIMATES FOR TIME-INVARIANT MODELS OF

MILLIKAN LIBRARY FROM THE SAN FERNANDO RESPONSE

North-South

Identification Frequency Band = 0.37 - 14.6 Hz

Mode Period (Sec) Damping Participation Factor
1 0.622 £ 0.008% 0.064 = 0.013 1.487 + 0.16
2 0.128 = 0.008 0.047 + 0.006 -0.447 + 0.30
Normalized Error E = 0.129
East-West
Tdentification Frequency Band = 0.37 - 7.3 Hz
Mode Period (Sec) Damping Participation Factor
1 0.975 £ 0.02 0.070 + 0.02 1.480 = 0,28
2 0.201L = 0.015 0.059 £ 0.08 -0.463 = 0.5

Normalized Error E = 0,271

%
Error bounds correspond to a 10 percent change in E.
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MILLIKAN LIBRARY NORTH — SOUTH RESPONSE

SAN FERNANDO EARTHQUAKE
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(b}

Comparison of the time histories of the measured and
optimal two-mode model responses of Millikan Library
to the San Fernando earthquake, north-south component.
(a) Acceleration history. (b) Velocity history.



81—

MILLIKAN LIBRARY NORTH—-SOUTH RESPONSE

SAN FERNANDO EARTHQUAKE
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(b)

The Fourier amplitude spectrum of the north-south
acceleration response of Millikan Library to the

San Fernandeo earthquake. (a) The measured spec-—

trum. (b) The optimal two-mode model spectrum.
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effectively the damping and participation factor for each mode, for
which the values were 0.54 and 0.57 respectively, indicating moderate
but not severe coupling.

Udwadia and Marmarelis [13] obtained normalized acceleration errors
of 0.39 and 0.32 for linear and nonlinear models respectively, compared
with 0.13 for the linear model in this study. The improved fit obtained
in the present study can be attributed to two features of the identifi-
cation technique which overcame limitations recognized by Udwadia and
Marmarelis in their non-parametric approach based on cross-correlation
analysis. Firstly, in their method the input was assﬁmed to be band-
limited Gaussian white noise, while the present method utilizes the
measured input. Secondly, limitations of computation time and storage
allowed only truncated versions of the kernel functions of the non-
parametric models to be estimated, and these estimates were subjecf to
statistical variances in the cross-correlation because of the shortness
of the available response record. The present technique is a parametric
identification, requiring the estimation of only a few parameters to
characterize the system. The improved fit obtained in thelpresent study
illustrates the advantages of using a parametric model and the measured
input in the identification.

In the east-west direction, time-invariant models for thé full for-
ty seconds provide much poorer fits of the measured response to the San
Fernando earthquake than for the north-south component (Figures 3.9 and
3.10). The mean square error is 0.27 times the mean square response for
two and three mode models compared to less than 0.13 for the north-south

component. The main cause of the poor fit appears to be a variation
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in time of the parameters, particularly the first mode period and
damping.

By using a series of short time segments near the beginning of the
record, it was possible to trace the lengthening of the east-west funda-
mental period from the pre-earthquake value of 0.69 seconds to the value
of 1.00 seconds effective during much of the response. As for the
north-south direction, most of the period lengthening occurs within the
first ten seconds of the response, as shown by the plot of first mode
period as a function of mid-interval time in Figure 3.7.

The first mode damping and participation factor also vary during
the response, at first increasing and then gradually decreasing. The
damping reaches a maximum of slightly over 8 percent during the largest
amplitude response, falling to 3% percent later in the motion.

However, less confidence is placed on the estimates of these param-
eters than upon the period. The estimation of the damping from short
segments of low amplitude motion at the beginning of the records is
believed to be ill-conditioned, while the measure-~of-fit is insensitive
to the participation factor during the essentially free vibration
response in the last twenty seconds. As an extreme example of this
insensitivity and the coupling between the identified values of the
participation factors and dampings, the identification of a two-mode
model from the last twenty seconds of the record produced participation
factors of 1.16 and -0.67 and dampings of 0.034 and 0.107. The iden-
tification was repeated with the participation factors comstrained to

the values of 1.48 and -0.46 obtained from the full record. The
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measure-of-fit of 0.037 was unchanged, as were the period estimates,
but the dampings changed to 0.040 and 0.075.

Some results of the sensitivity analysis are shown in Table 3.4.
The normalized sensitivity matrix for the identification performed over
the 40.96 second record length is listed, along with the corresponding
interaction coefficients. It can be seen that interaction is insignifi-
cant except between the damping and participation factor of the same
mode, with values of 0.68 and 0.75 for these interaction coefficients
for the first and second mode respectively. The interaction coefficients
for these two pairs of parameters are also listed for identifications
performed over these segments of the record. The values for the full
record are typical of those for the shorter segments, but the value of
0.82 for the segment from 20 to 40 seconds indicates that the coupling
is critical there. This was the segment already discussed in which
significantly different sets of participation factors and dampings pro-
duced the same measure—-of-fit.

In the analyses that produced Figure 3.7, it was found that the
normalized error was smaller for segments taken later in the record,
primarily because the parameters changed mainly in the first part of
the earthquake. Also, higher modes neglected in the model contributed
significantly to the early response, while the later response consisted
almost solely of vibrations of the fundamental mode.

The ability of the algorithm to identify the initial conditions as
well as the system parameters was illustrated by the excellent fits
obtained for segments in the later part of the response. For several

of these segments there was little earthquake excitation and the



-85~

response was mainly free vibrations of the fundamental mode. For
example, for the segment from 20 seconds to 30.24 seconds (Fig. 3.8), a
single-mode model produced an excellent measure-of-fit of 0.013, while
there was insufficient response of the second mode to allow its para-
meters to be identified.

The parameters identified for a time-invariant model for the full
40.96 seconds record reflected the properties relevant to the largest
amplitude response, while the large normalized error of 0.27 warned that
such a model provided a limited representation of the system. The first
mode period was identified as 0.975 seconds, close to the maximum value
of 1.00 seconds. The damping for the overall record was 0.070 critical,
closer to the maximum value of 0.081 than to the value of 0.035 identi-
fied from the smaller amplitude response of the second half of the
record. A comparison of the measured and model time_histories (Fig.
3.9) indicates that 0.070 critical damping is too high for the later
part of the record as the amplitude of the model response decayed faster
than the measured response beyond twenty seconds. The time variation of
the damping, which occurs over a large portion of the record, appears to
be more important than the 50 percent increase in the period, which
occurs rapidly in the first five to ten seconds of the response, in
causing the time-invariant model to be a poor representation of the
structure in the east-west direction, The overall participation factor
was 1.48, close to the value of 1.44 calculated from the mass distribu-
tion of the structure and Kuroiwa's measured mode shape.

The time-varying nature of the system for this record is in agree-

ment with the conclusions of Iemura and Jennings [7]. They found that
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TABLE 3.4%:

SENSITIVITY ANALYSES FOR THE SAN FERNANDO

-87-

FEAST-WEST RESPONSE OF MILLIKAN LIBRARY

(a) The Normalized Sensitivity Matrix'gij for the 0-40.96 second segment

Liw) Lowy wy? wp? C Cs
Tyw1 2.60 0.0000 -0.0021 0.0086 -2.60 -0.0049
Zowsp 0.099 -0.0015 0.0000 -0.014 ~0.099
wi? 131, -0.0065 1.1 0.0081
w52 -0.0038 | -0.14
1 5.5 0.099
Cy 0.17

— e
Interaction Coefficients [= —Sij/(sii Sjj)zjfor the 0-40.96 second segment

L1w] Lowp wy? wy? C Co
Liw] 1 0.0000 0.0001 -0.0020 0.68 0.0073
Lowy 1 0.0004 0.0000 0.019 0.75
wr 1 0.0002 0.040 ~0.0017
e 1 0.0006 0.12
Cy 1 -0.10
o 1

{c) Participation Factor/Damping Interactions for Various Time Segments

Segment Ci1=g1w1 Co-Zowp
=20 sec 0.69 0.76
10-30 0.60 0.60
20-40 0.82 0.63
0-40 0.68 0.75
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The Fourier amplitude spectrum of the east-west
acceleration response of Millikan Library to the
San Fernando earthquake. (a) The measured spec~
trum. (b) The optimal two-mode model spectrum.
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much better fits were obtained with two nonstationary models, one a
linear model and the other a bilinear hysteretic model, both with
properties that were changed at four times during the earthquake, than
with stationary linear and bilinear hysteretic models. TFor the segment
beyond 16 seconds, their linear, one-mode model had a period of 1.0
second, a damping of 0.045 critical and a participation factor of 1,40,
similar to the values of the first mode parameters identified in this
study (Fig. 3.7). Their maximum damping was 0.080, close to the maxi-
mum damping found in this study for the first mode.

The results are also in basic agreement with those of Udwadia and
Marmarelis who concluded that nonlinear effects made a substantial
contribution to the response in the east-west direction., For a linear
model they interpreted the first mode period as (.98 seconds and the
damping as 0.055 critical, but obtained a poor measure-of-fit of 0,31,
similar to the value of (.27 obtained for the single mode time-invariant
model in this study. A nonlinear model produced an improved measure-—
of-fit of 0.19. They found that the nonlinear contribution to the
response became negligible beyond about 12 seconds, in agreement with
the excellent linear fits obtained in this study for segments bevond

12.5 seconds.

3.2.3 SUMMARY

In summary, application of the identification method to the,
regponse of Millikan Library during the two eérthquakes gave the
following results.

For the low-level vibrations of the Lytle Creek earthquake, the

response of the structure was found to be similar to that in vibration
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tests, with fundamental periods of 0.52 seconds and 0.71 seconds in the
north-south and east-west directions, respectively. The damping was
between two and three percent of critical. The measured response was
closely reproduced by two-mode models.

For the strong shaking of the San Fernando earthquake, the param-
eters took values significantly different from those found in vibration
tests and in the Lytle Creek response. For the stronger excitation the
structure exhibited softening behavior and a greater rate of energy
dissipation. The structure was modeled well by a linear two-mode system
with constant parameters for the north-south motion. However, the fun-
damental north-south period had lengthened from 0.52 seconds to 0.62
seconds, and the energy dissipation had increased to 6% percent of criti-
cal viscous damping. The structure responded nonlinearly in the east-
west direction, with the parameters of the equivalent linear model vary-
ing during the response. The east-west fundamental period increased by
fifty percent to 1.00 second during the first ten seconds of the
response, with the structure responding at this period during the
remainder of the strong motion. The first mode viscous damping grew
to 8 percent critical during the highest amplitude response ten
seconds from the start of the record, and then gradually decreased to
3% percent for the last fifteen seconds of response.

Sensitivity analyses indicate that the modal periods can be esti-
mated very accurately. Unfortunately, the estimates of the dampings and
participation factors aré less reliable. There is alsc a problem of
coupling between the estimates of the damping and participation factor

of the same mode, which suggests that it may be necessary to constrain
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one of these parameters to a chosen value and to identify only the other
parameters from the least squares match of the response.

A single time-invariant linear model for the entire forty second
length of the San  Fernando east-west record produced poor matches of
the detailed time histories of the measured response. However, a series
of linear models produced good matches for ten-second segments of the
response. Moreover, these time-segment analyses showed that the param-
eter values estimated from the overall response were similar to those
identified from the strongest part of the motion. This result is con-
sistent with the observation that the overall model matched the ampli-
tudes of the strongest motion well, but was poorer for the smaller
amplitude response later in the motion for which the damping was too
high (Fig. 3.9).

The information from the identification studles can be interpreted
to assess the usefulness of linear time~invariant models for design
calculations for structures undergoing levels of response comparable
to that recorded in the east-west direction in Millikan Library during
the San Fernando earthquake. At this level of response, structures
exhibit nonlinear time-varying behavior but suffer no structural
damage. The identification studies have shown that for this type of
response a linear model is valid for calculating the maximum accelera-
tion, velocity and displacement fesponses, provided that the correct
values of the periods and dampings are used, allowing the common
response spectrum techniques t§ be used. Of course, choosing the
correct parameter values is a difficult task, and ome of the aims of

structural identification is to provide information to aid in the
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parameter selection. Unfortunately, the model used for calculating the
maximum response will be appropriate only for the strongest part of the
motion. Accordingly, it may provide misleading information about proper-
ties dependent on the detailed response history, for example the number

of cycles above a certain amplitude level.

3.3 JPL BUILDING 180

3.3.1 INTRODUCTION

Building 180, the administration building at the Jet Propulsion
Laboratory in Pasadena (Fig. 3.11), ranks with Millikan library as one
of the structures with the most extensively studied dynamic properties.
Vibration tests have been performed on the building since the construc-
tion phase, beginning with Nielsen [11], and have revealed considerable
variations in the dynamic properties as a result of earthquake shaking
and structural alterations. The responses to three earthquakes have
been recorded in the building, including strong shaking from the San
 Fernando earthquake which was centered fifteen miles to the northwest
of JPL. The earthquake response has been analyzed previously by
Brandow and Johmston [2 ], Wood [15, 16], Udwadia and Trifunaé [14], and
Beck [1]. The availability of much vibration test data, the opportunity
to perform identifications for the different response levels of the
three earthquakes, and the chance to compare the results with those of
the earlier analyses make the study of this structure attractive.

The héight of the nine-story building designed in 1961 is 146 feet
from the foundation to the roof, and the horizontai dimensions are 40
feet by 220 feet. The lateral loads in the transverse north-south

direction are resisted by welded steel spandrel trusses, rather than
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the I-beams more typical of Southern California, and by steei columns
partially encased in concrete. The longitudinal loads are carried by
a frame consisting of steel girders and columns (Fig. 3.11). Glass
curtain walls form the long north and south faces of the building,
while precast concrete panels supported by'the steel frame make up the
east and west end walls. The foundation system consists of contlnuous
strip footings running longitudinally. More detailed descriptions of
the building and site conditioms are contained in the design report by
Brandow and Johnston [ 2], and in the studies by Nielsen [11] and

Wood [15,16]. A summary of building properties and a presentation of
the data from the San Fernando earthquake can be found in a report by
Foutch, Housner and Jennings [4 ].

The vibration test data of Table 3.5 reveal several interesting
features. The most obvious is the change of the periods between the
different tests. The variations during the construction phase were to
be expected as the mass and effective stiffness changed with the addi-
tion of components. The dominant periods shown during the San Fernando
earthquake were considerably longer than those measured in the vibratilion
tests. The ambient tests conducted soon after the earthquake (July 1971)
showed a lengthening of the periods compared to the pre-earthquake
tests, but not as dramatically as occurred in the earthquake response
itself. Foutch and Housner [ 3 ] suggested that the changes were the
result of "a combination of concrete crushing combined With. non-

structural damage." Later tests in July 1975 and June 1976 showed some

recovery of stiffness, at least partially due to strengthening work



—97-
performed after the earthquake. There was no significant change in the
periods between 1975 and 1976.

Another point to note in the vibration test data is the closeness
'éf the torsional mode periods to the translational periods, particularly
in the east-west direction. This raises the possibility that although
the building is nominally symmetric, some small eccentricity may cause
significant horizontal coupling between the torsional and translational
modes. Wood was unable to identify torsional response from the earth-
quake records, a difficult task with response records from only one
location. However, as discussed later, there is a double peak, which
suggests the possibility of torsional response, near the second mode
frequency in the east-west Fourier spectrum for the San Fernando earth-
quake.

The previous analyses of the earthquake behavior of the building
illustrated three different approaches to the problem. The methods
used by Brandow and Johnston [2 I'and Wood [15,16] involwved trial-and-

- error modification of simple models of the structure synthesized from
the désign data. The properties of these models are summarized in -
Table 3.6.

Trifunac and Udwadia [14 ], who considered the responses to all three
earthquakes, Borrego Mountain (April 8, 1968), Lytle Creek (September
12, 1970) and San Fernando (February 9, 1971), used a moving-window
Fogrier énalysis approach. Beck [1] performed a parametric time-
domain identification using the east-west component of the San Ferﬁando

response,
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The present method 1s also a parametric idemtification using the
same type of linear modal model as Beck, but utilizes the data in the
frequency domain. The model parameters to be identified are the same
as those in Wood's study, except Wood constrained the participation
factors to the values calculated from his synthetic model, The approach
also has parallels to Wood's analysis in the sense that the response
acceleration transform is the quantity matched, although Wood considered
only the amplitude spectrum rather than the full complex-valued trans-
form.

A point to note about the synthesized models of Table 3,6 is the
relative insensitivity of the participation factors of the lower modes
to the different stiffness distributions which produce substantially
different modal periods. It is this insensitivity which suggests con-
straining the participation factors to predetermined values. As noted

earlier, if wvalid this approach allows tracing of the variation in

damping.

3.3.2 FOURIER SPECTRA ANALYSES

The Fourier spectra of the ground accelerations of the three earth-
quakes recorded in the structure are markedly different in frequency
content and amplitude. The spectra of the magnitude 6.4 Borrego
Mountain earthquake are dominated by low frequency content, peaking
around 1.0 to 1.5 Hz with amplitudes near 10 cm/sec in both directions,
with little content beyond 6 Hz. It seems that most of the ground
motion at the JPL site from this earthquake was caused by long period

surface waves. The magnitude 5.4 Lytle Creek earthquake of September 12,
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1970 produced much broader spectra, peaking at around 10 cm/sec again
for both horizontal components, but near a frequency of 2 Hz, with sig-
nificant frequency content to at least 15 Hz. The magnitude 6.4 San
Fernando earthquake produced much stronger ground shaking. Like the
Lytle Creek earthquake, it was a broad band excitation, The peak of
the S82E component occurred at about 3 Hz with an amplitude of approxi-
mately 130 cm/sec, while the SO8W component contained peaks of about
65 cm/sec between 3 and 5 Hz. The largest amplitude components were at
frequencies up to 7 Hz, but there was some motion up to at least 20 Hz.
The different frequency content of the various ground acceleration
records was reflected in the response records. The Borrego Mountain
responses in both directions were almost purely in the fundamental mode
with only slight second and third mode response, with no higher mode
responses discernible in the Fourier spectra plots (Fig. 3.12a). The
Lytle Creek response (Fig. 3.13a) showed large peaks at the first three
modal frequencies, with significant higher mode response in thé SO8W
component. The Borrego Mountain excitation caused much higher first
mode response than the Lytle Creek excitation in both directioms, but
Lytle Creek caused larger amplitude response in the second and third
modes. The San Fernando S82E response spectrum (Fig. 3.14a) showed
three modes contributing strongly, although at frequencies lengthened
from the values seen in vibration tests and in the other earthquakes,
There was virtually no response beyond 5 Hz for this component of the
San Fernando earthquake. The S08W response reflected in the broader

band excitation in this direction, with significant response up to 9 Hz.
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The Fourier amplitudes at the modal peaks of the acceleration response
spectra for the three earthquakes are summarized in Table 3.7, along
with the maximum accelerations and relative velocity responses.

The Fourier amplitude spectra and transfer functions of the building
are useful for providing initial estimates of the parameter values.
However, the erratic mature of the transfer functions, illustrated by
Figure 3.15, makes estimation of the modal properties from the dominant
peaks difficult, and indeed was one of the reasons for the development

of more systematic identification techniques.

3.3.3 BORREGO MOUNTAIN AND LYTLE CREEK IDENTIFICATION STUDIES

The parameters identified from the Borrego Mountain and Lytle Creek
responses are listed in Table 3.8. The identified periocds agree reason-
ably well with the peaks of the Fourier amplitude spectra and transfer
functions, but the resonant peaks of the models generally underestimate
the measured peaks. This is possibly due to a slight overestimation of
the damping which broadens the peaks, to compensate for the broadening
caused by the slight period lengthening over the course of the response.
The matches of the Borrego Mountain responses are excellent for both
directions, as reflected by the normalized errors of 0,050 and 0.051,
The Lytle Creek fits are poorer, mainly due to the presence of more
modes in the response than are accounted for in the models. In this
respect, the response of JPL Building 180 to the Lytle Creek earthquake
was more complicated than the response of Millikan Library for which,

with its wide separation of modal periods, fewer modes were excited.
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The modal periods in even these low amplitude earthquake responses
are from ten to thirty percent longer than those measured in man-excited
tests on the completion of the structure. The fundamental mode dampings
are higher by factors of four to eight than in Nielsen's forced vibration
tests, in which the damping was 0.6 percent in both directions.

There is no simple explanation for the variations in damping
between the different components. It would be expected that the
stronger excitation in a given direction would cause the larger
response, which in turn would produce the greater period lengthening
and be associated with the larger damping. However, because of the
different frequency content of the Borrego Mountain and Lytle Creek
earthquakes, it is difficult to rank one as stronger than the other at
the JPL site. The Borrego Moqntain components are considerably stronger
than the Lytle Creek components in terms of properties based on low
frequency content, such as the first mode spectral amplitude and the
maximum relative velocity response, while the Lytle Creek components
are stronger at high frequencies, reflected in the maximum ground
accelerations and the higher mode spectral amplitudes (Table 3.7).

In terms of maximum acceleration responses, the Borrego Mountain is
stronger in the S82E direction, while the order is reversed for the
other direction. A consideration of the damping values in conjunction
with the amount of period lengthening from the vibration tests confuses
the picture even more. The Borrego Mountain responses are associated
with longer modal periods in each case but, contrary to expectation,
lower values of damping. In conclusion, it would appear that damping

values cannot be correlated directly with the amount of period
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lengthening. It would appear that for earthquakes of this strength, no
single damping value can be specified as appropriate. The average value
for the first modes is 3% percent, but the amount of scatter suggests
that design calculations should be performed for values of 3 and 5 per-
cent damping for the fundamental modes to provide approximate bounds on
the response. A value of 5 percent appears sufficiently accurate for
the higher modes.

The periods identified from the Borrego Mountain responses in par-
ticular are very close to those of Wood's full composite model (Table
3.6a). Wood considered this model appropriate when the concrete encas-
ing the steel columns remained uncracked, as occurred in these two
earthquakes. For larger amplitude responses in which the concrete would
crack, Wood suggested the partial composite model which was based on
the assumption that the concrete in the flexural tension zones of the
columns provided no flexural stiffness.

The quality of the matching of the measured and model responses for
these two earthquakes can be seen in Figures 3.12 and 3.13. These
figures show the acceleration transform and time history matches with
the two-mode models of Table 3.8 for the S$82E components of the Borrego
Mountain and Lytle Creek earthquakes.

In summary, linear models provide good matches of the recorded
responses for these two earthquakes since for the relatively small
shaking, compared to the San Fernando response for example, the param-
eters vafy only slightly over the record, apart from an initial rapid
lengthening of the periods from the vibration test values. For design

purposes, the periods and participation factors of Wood's full composite
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models appear satisfactory for low levels of earthquake excitation of
this type. The choice of the dampings is not clear-cut, particularly
for the fundamental modes. Values of 3 and 5 percent for the fundamen-
tal mode, with 5 percent for the higher modes, should provide approxi-

mate bounds on the response.

3.3.4 TIDENTIFICATIONS FROM THE SAN FERNANDO DATA

The San Fernando data were different in that significant variations
with time of the effective linear parameters could be traced over the
course of the response. Most of the variation occurred in the first ten
seconds of the response, up to the time of the largest motion. There-
after the periods remained fairly constant, although the damping reduced
as the amplitude of the motion decreased. Figures 3.16 and 3.17 show
the effective linear parameters for the two horizontal components as
functions of the mid-interval time of the segment of respomse from

‘which they were identified.

S82E RESPONSE

The parameter values identified for a time-invariant three-mode
model of the San Fernando east-west (S82E) response are listed in Table
3.9%9a, along with the variations Which would cause a ten percent change
in the measure-of-fit. The first and second mode periods of 1.26 £ 0.01
seconds and 0.38 *+ 0.01 seconds were lengthened by 38 and 31 percent
over the pre-earthquake vibration test values of 0.91 and 0.29 seconds.
They were also considerably lomger than the values of 1.09 seconds and
0.36 seconds effective during the response to the Borrego Mountain

earthquake. The first two modal dampings were 3,8 and 5.3 percent of
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eritical. The first mode value, somewhat surprisingly, was less than
the Lytle Creek damping of 4.7 percent of critical. It was thought that
the damping in the considerably higher amplitude response of the San
Fernando earthquake would be greater than for the Lytle Creek response,
The San Fernando value was in agreement with Wood's value of 4 percent
for this component. Performing the identifications for both the Lytle
Creek and San Fernando records over narrower frequency bands so as to
include only the first and second mode response peaks produced no sig-
nificant changes in the first mode dampings.

The sensitivity analyses indicated that the relative accuracy of
the corresponding parameters estimated from the San Fernando data was
better for JPL Building 180 than for Millikan Library. Again the period
estimates were the most accurate, followed by the participation facters
and dampings. The estimates of the first mode parameters were more
accurate than those of the higher modes. There was alsco significant
coupling between the estimates of the damping and participation factors,
with interaction coefficients of 0.6 and 0.7 for the first two modes.
Somewhat surprising was the extent of interaction between the estimate
of the modal frequencies and participation factors, particularly for
aome of the shorter segments. Unlike the interaction of the damping
and participation factor, there is no simple physical explanation for
this behavior. For example, for an identification performed for the
15-25 second interval, the interaction coefficients between these
parameters were (.71 and 0.52 for the first two modes, greater than the
values of 0.66 and 0.45 for the interactions between the estimates of

the dampings and participation factors. Such high values for the
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interaction coefficients indicate computational difficulties involved in
extracting accurate estimates of thé parameters from the data.

The time history matches achieved by the three-mode model identi-
fied from the acceleration transform of the full record are shown in
Figures 3.18 to 3.21. These figures also show the matches given by
Wood's six-mode model, which was obtained by trial-and-error adjustment
of the parameter values.

An obvious feature of these figures is the poor match of the mea-
sured response achieved over the first two seconds by the systematic
ijdentification technique caused by spurious estimates of the initial
velocities and displacements. The identified initial conditions give
the best overall match in terms of minimizing the measure-of-fit. How-
ever, the estimated values are governed by the strongest portion of the
response rather than by the small amplitude vibrations at the beginning
of the motion. This is confirmed by Figure 3.22, which shows the re-
sponse matches achieved by an identification in which the initial ve-
locities and displacements are constrained to zero, resulting in slight
changes in the optimal parameter values. The initial portion of the
motion is reproduced well, but the strongest motion is reproduced more
poorly than by the unconstrained identification. The same problem was
encountered by Beck in a time-domain identification.

Wood's modél is considered to be one of the best examples of the
trial-and-error approach to the identification of building parameters.
His model, which assumed zero initial conditions, matched the amplitude
of each of the peaks very well. The main source of error in his match

was an offset between the measured and model response caused by a slight
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Figure 3.18 JPL Building 180, San Fernando S82E component.

Comparison of the measured and model acceleration
responses. (a) The optimal three-mode model.
{(b) Woed's six-mode model.
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error in the estimation of the fundamental period. The correct phasing
of the responses achieved by the systematic identification technique en-
hances its margin of superiority when the measured and model responses
are superimposed. For practical design purposes the two models are
equally good.

The time variation of the effective linear parameters (Fig. 3.16)
showed similar behavior to Millikan Library. The fundamental period
lengthened from 1.0l seconds, very close to the vibration test values,
to a maximum of 1.28 seconds during the largest amplitude response
before falling slightly to 1.21 seconds over the last ten seconds of
the analyzed record. The identified dampings peaked at 15 and 12
percent for the first two modes about 3% seconds from the start of the
record, before falling to values of 3.5 to 5.0 percent for the first

mode and 4.0 to 6.0 percent for the second mode over the last twenty

seconds of the record. There'appears to be considerable interaction,
however, between the estimates of the dampings and participation factors,
suggested by the participation factor estimates achieving maximum values
at the same time as the dampings. When the first mode participation
factor is constrained for all segments to the value of 1.44 identified
from the full record, the maximum first mode damping is reduced to 9.7
percent.

One of the features of the Fourier spectrum of the east-west
response acceleration is a double peak around the second mode frequency
(Fig. 3.l4a). The three-mode model identified from the full record
produced a second mode period corresponding to the lower amplitude 2,55

Hz (0.39 seconds) peak, despite an initial estimate corresponding to the
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lower frequency 2.22 Hz (0.45 seconds) peak, which was chosen as the
resonant frequency by Wood. Beck's time-domain identification technique
produced the same result with Wood's value as the initial estimate.

As observed by Beck, it appears that the double peak is caused by
the variation of the second mode period with time. For a series of five
second segments of the response, the identified period starts at 0.34
seconds, varies from 0.37 to 0.38 seconds for intervals starting
between one and four seconds from the beginning of the record, and
jumps to between 0.42 and 0.43 seconds for segments starting between
six and eight seconds. It remains at this value over the ten to twenty
second interval, before reverting to between 0.37 and 0.38 seconds
over the last twenty seconds.

The possibility of horizontal coupling was also considered because

of the closeness of the two translational and the torsional second mode

periods in the vibration tests. However, the inclusion of two modes,
one with a period initially estimated as 0.42 seconds and the other as
0.38 seconds, capable of responding to input from beoth directions pro-
duced final estimates of 0.38 seconds for the periods of both modes,
and small participation factors for the north-south component of the
input. Similarly, a single second mode capable of responding to both
inputs produced a period of 0.38 seconds and a small participation fac-
tor for the orthogonal ground component.

The parameter estimates for the third mgde are strange. They are
mathematically correct, in that they help minimize J, but appear to have

no physical meaning. Beck obtained similar results for the same model
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using the minimization of the time-domain analog of J as the identifica~-
tion criterion. The identified period of 0.30 seconds lies in a trough
of the Fourier amplitude spectrum of the response, and does not corres-
pond to a significant peak of the transfer function. The closest peak
of the response spectrum is at 3.9 Hz, corresponding to the initial
period estimate of 0.26 seconds. The participation factor also has the
opposite sign to that expected. It takes a value of -0.41, compared to
+0.25 for both a uniform shear beam and Wood's model, The damping is
also considerably larger than for the lower medes.

Beck performed time domain matches of the acceleration, velocity
and displacement responses for the first twenty seconds of the motion.
An unexpected result was that the damping factors and participation
factors determined from matching the different response quantities were
not in good agreement. This was thought to be caused by the nonlinear

and time-varying character of the structure. The parameter estimates

from the aeceleration histories were similar to those from the accelera-
tion transforms. As noted, Beck encountered the problems with the

double second mode peaks, and his analysis also produced the unexpected

values of the third mode parameters.

SO8W RESPONSE

A time-invariant three-mode model for the north-south (S08W) com-
ponent of the San Fernando response produced a poorer measure-of-fit and
larger error bounds on the estimates than for the east-west model {Table
3.9). This is caused partly by the relatively greater contribution of

the higher modes to the response than for the east-west direction, but
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it is also an indication of a greater amount of nonlinearity in the
response.

The first mode period lengthened by over sixty percent from the
pre—earthquake vibration test values, from 0.88 seconds to 1,42 seconds
(Fig. 3.17). The second mode period also showed a large increase, from
0.29 to 0.40 seconds. The nonlinearity was also reflected in the
damping. The value of (.064 critical damping identified for the funda-
mental mode was about twice the value effective In this direction during
the Borrego Mountain and Lytle Creek responses, and considerably greater
as well than the 0.038 damping in the other direction for the San
Fermando respomse, Unlike the east-west response where the identified
first mode damping was similar to Wood's value, it was double his value
for the north-south response, The second mode damping value of 0.19
was extremely high, but was associated with a participation factor about
double that expected, suggesting yet again interaction of the estimates.

An inspection of the acceleration time history (Fig. 3.23a) reveals
much high frequency content, which is not apparent, however, in the
velocity response (Fig. 3.23b). The combination of the significant high
frequency response and the time-variation of the parameters caused
identification difficulties, but the velocity plot shows that the lower

frequency content of the response was well-matched.

3.3.5 SUMMARY
The earthquake response of JPL Building 180 was more complicated
than that of Millikan Library. This was caused partly by the closer

spacing of the modal frequencies which resulted in more modes contri-
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buting strongly to the response than in Millikan Library.

Different effective parameter values were found in the three earth-
quakes. Even for the low amplitude Borrego Mountain and Lytle Creek
responses, the effective periods were different from the vibration test
valﬁes. They were very close, however, to those calculated from a
synthesized model assuming no cracking of the concrete enclosing the
steel columms.

For the San Fernando response, the fundamental periods in the two
directions lengthened by about forty and sixty percent compared to the
vibration test values. The second mode periods were lengthened by more
than thirty percent. The effective periods were similar to those cal-
culated from a design model which assumed cracking of the concrete in
the columns. The response matches obtained in the systematic identifi-
cation technique were considerably better than those achieved by a
trial-and-error modification of the modal periods and damping of the
synthesized model because of a better matching of the phase of the
measured response. The effective dampings for the overall response
were 4 and 6% percent for the fundamental modes in the longitudinal
and transverse directions, with values of about 10 percent during the
maximum response,

The variation of the parameters with time was similar to that of
Millikan Library. Analysis of short response segments at the beginning
of the record showed that initially the effective periods equalled the
vibration test values, but increased rapidly until the time of maximum
response, and then stayed almost constant,

Several difficulties were encountered in the identification of the
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models appropriate for the San Fernando responses. Investigations of
several possibilities led to the conclusion that the most probable cause
of a double peak in the response spectrum around the second mode fre-
quency for the S582E component was time variation of the modal period,
and not torsional response of the structure. The estimates of all the
third mode parameters agreed with the values obtained from Beck's time
domain analysis, but are thought to be physically unreasonable because
of the effects of noise and model error. There was interaction between
the estimates of the dampings and participation factors, and also, rather
unexpectedly, between the estimates of the periods and participation
factors. The identification of the parameters appropriate for the S08W
response was complicated by the strong contribution of several modes,
each with time-varying properties., The acceleration match for this
response component was peorer than for the other records, but the
estimates of the parameters of the lower modes were sufficiently
accurate to produce a good match of the measured velocity for which the

high frequency content was unimportant,



10.

~130-

REFERENCES

Beck, J.L., "Determining Models of Structures from Earthquake
Records", Earthquake Engineering Research Laboratory Report
EERL 78-01, California Institute of Technology, Pasadena,
Califormnia, 1971,

Brandow and Johnston Associates, 'Design Analysis of the Jet
Propulsion Laboratory, Building 180", prepared for the Jet
Propulsion Laboratory, California Institute of Techmnology,
Pasadena, California, 1971.

Foutch, D.A. and G.W. Housner, "Observed Changes in the Natural
Periods of Vibration of a Nine Story Steel Frame Building", Proc.
6th World Conf. Earthquake Eng., III, 2698-2704, New Delhi, India,
January 1977. .

Foutch, D.A., G.W. Housner and P.C. Jennings, "Dynamic Responses of
Six Multlstory Buildings during the San Fernando Earthquake'',
Farthquake Engineering Research Laboratory Report EERL 75-02,
California Institute of Technology, Pasadena, California, October
1975.

Foutch, D.A. and P.C. Jennings, "A Study of the Apparent Change in
the Foundation Response of a Nine-Story Reinforced Concrete Build-
ing ",Bulletin Seism. Soc. Am., 68, 1, 219-29, February 1978.

Hanks, T.C., "Current Assessment of Long-Period Errors', in 'Strong
Motion Earthquake Accelerograms. Digitized and Plotted Data.
Volume 1I, Part G', EERL 73-52, California Institute of Technology,
Pasadena, California, November 1973.

Temura, H. and P.C. Jennings, "Hysteretic Response of a Nine-Story
Reinforced Concrete Building", International Journmal Earthquake
Eng., and Structural Dynamics, 3, 183-201, 1974.

Jennings, P.C. and J.H. Kuroiwa, "Vibration and Soil Structure
Interaction Test of a Nine-Story Reinforced Comcrete Building",
Bulletin Seism. Soc. Am., 58, 3, 891-916, June 1978.

Jerath, N.E. and F.E. Udwadia, "Time Variations of Structural Pro-
perties during Strong Ground Shaking", submitted for publication
in International Journal of Earthquake Eng. and Structural
Dynamics.

Kuroiwa, J.H., "Vibration Test of a Multistory Building", Earth-
quake Engineering Research Laboratory, California Institute of
Technology, Pasadena, 1967.



11.

iz,

13.

14,

15.

16.

-131-

Nielsen, W.N., "Dynamic Response of Multistory Buildings", Earth-
quake Research Laboratory, California Institute of Technology,
Pasadena, Califormia, June 1964.

Trifunac, M.D., F.E. Udwadia and A.G. Brady, "Analysis of Errors in
Digitized Strong-Motion Accelerograms’', Bulletin Seism. Soc. Am. ,
63, 157-87, 1973.

Udwadia, F.E. and P.Z. Marmarelis, "The Identification of Building

Structural Systems. I. The Linear Case. 1I. The Nonlinear Case',
Bulletin Seism. Soc. Am., 66, 1, 121-71, February 1976.

Udwadia, F.E. and M.D. Trifunac, "Time and Amplitude Dependent
Response of Structures’, International Journal of Earthquake Eng.
and Structural Dynamics, 2, 359-78, 1974,

Wood, J.H., "Analysis of the Earthquake Response of a Nine-Story
Steel Frame Building during the San Fernando Earthquake', Earth-
quake Eng. Research Laboratory, Report EERL 72-04, California
Institute of Technology, Pasadena, California 1971.

Wood, J.H., "Earthquake Response of a Steel Frame Building',
International Journal of Earthquake Eng. and Structural Dynamics,
4, 4, 349-77, 1976.



-132-

V. DAMAGED STRUCTURES: THE HOLIDAY TNNS AND
BANK OF CALIFORNIA BUILDING

This chapter is concerned with the three most heavily damaged of
the instrumented buildings during the San Fernando earthquake. The two
Holiday Inmns, leocated at 8244 Orion Avenue and 1640 South Marengo Street,
eight and twenty-one mlles, respectively, south of the center of energy
release of the San Fernando earthquake at Pacoima Dam (Fig. 1.1), are
virtually identical structures which were subjected to different intensi
ties of ground shaking and suffered different amounts of damage [2,3,5].
The Bank of California building at 15250 Ventura Boulevard, fourteen
miles from Pacoima Dam (Fig. 1.1), also suffered considerable damage,
with about a guarter of the cost of repalrs spent on structural
members [1,5].

The damage in these structures was associated with more nonlinear
behavior in their responses than for any of the other buildings studied.
These nonlinearities, including period lengthenings of over 100 percent,
provided a severe test for the identification of equivalent linear
models. It was difficult to reproduce some portioms of the response

even with the optimal models identified from segment-by-segment

analysis.

4.1 THE HOLIDAY INNS

4.1.1 INTRODUCTION

The Holiday Inn buildings are 65 feet high, seven story, reinforced
concrete frame structures measuring 61 feet by 150 feet in plan. The

two buildings were designed and constructed by the same architects and
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engineers in 1965-6. Detailed descriptions and synthesized models of
the structures are given by Blume and Associates [2,3]. The following
summary is based on these reports.

The Orion Avenue building was situated less than half as far as the
Marengo Street structure from the center of energy release of the San
Fernando earthquake and thus received generally stronger shaking,
although the Marengo Street building experienced a larger peak accelera-
tion response at the roof in the transverse direction than the Orion
Avenue building. Although the maximum ground acceleration in the longi-
tudinal direction at the two sites was about the same, the Fourier
spectra showed that the Orion Avenue excitation was in fact considerably
stronger ét most frequencies. The maximum ground and respomnse accelera-
tions for the two buildings in both directioms are listed in Table 4.1.
The accelerograms are shown in reference [5] and in the Caltech Data
Reports [4].

The natural periods of the buildings determined in ambient vibration
tests are given in Table 4.2, Prior to the earthquake, the periods of
the two buildings, about 0.5 seconds in both directions, were very
similar, as would be expected for virtually identical structures. Fur-
ther tests soon after the earthquake revealed that the small amplitude
periods had lengthened considerably, by about forty percent for the
Orion Avenue building and twenty-five percent for the Marengo Street
building. The effective periods of the Orion Avenue structure during
its response to an aftershock seven weeks after the main shock were over

twice the initial ambient vibration test values. After repairs to the
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MAXIMUM ACCELERATIONS FOR THE HOLIDAY INN BUILDINGS

r‘ Component

8244 Orion Avenue

1640 South Marengo Street

Transverse NS 5520
lst Floor 250 cm/sec? 130 cm/sec?®
4th Floor 195 cm/sec? 240 cm/sec?
8th Floox 375 cm/sec? 412 cm/sec?
Longitudinal EW N38W
lst Floor 132 cm/sec” 118 cm/sec”
4th Floor 232 cm/sec? 187 cm/sec”
8th Floor 314 cm/sec® 230 em/sec®

TABLE 4.2: VIBRATION TEST PERIODS FOR THE HOLIDAY INN BU};DiNGS

8244 Qrion Avenue 1640 5. Marengo Street
Transverse | Longitudinal || Transverse | Longitudinal
(NS) (EW) (S52W) (N38W)
Pre-Earthquake 0.48 sec 0.52 sec 0.49 sec 0.53 sec
Post-Earthquake
(Feb-Mar 1971) 0.68 sec 0.72 sec 0.63 sec 0.64 sec
Aftershock
March 31, 1971 1.1 sec 1.2 sec - -
After Repairs
May, 1971 0.58 sec 0.64 sec -
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structure, the fundamental translational periods in ambient vibrations
were midway between the pre- and post-earthquake test values.

The periods effective during the earthquake response, as indicated
by the Fourier response spectra, were about three times the ambient
periods for the Orion Avenue building and over twice the vibration test
values for the Marengo Street structure. Such large period lengthenings
reflect significantly nonlinear response. The reports by Blume and
Agsociates indicated that the approximate ductility factors; given by
the ratio of the maximum relative displacement of the roof to its rela-
tive displacement at the nominal elastic limit, were eight and four for
the Oriop and Marengo structures, respectively.

The repair costs for the Orion Avenue and Marengo Street buildings
were $145,000 and $95,000 respectively, about eleven and seven percent
of the §riginal construction costs. These costs corresponded to $2.30
and $1.50 per square foot of floor space. Almost all the expense was
for nonstructural repairs, with damage to structural elements amounting
to only about $2000 for each structure. The type of damage in the two
buildings was similar, but more severe for the Orion Avenue structure.

The structural repair at Orion Avenue involved epoxy repair of
spalled concrete at a second floor beam-column joint. At Marengo
Street, structural repair was required at a stair landing between the
first and second floors. Typical nonstructural damage, which occurred
in almost every room in both buildings, required replacement or repair
of wall partitions, bathroom tiles and plumbing fixtures.

Acceleration records were obtained for both structures during the

San Fernando earthquake at the first floor, fourth floor and roof levels.



-136-
Frequency domain identifications over a series of time segments have

been performed for all records.

4,1.2 ORION AVENUE

NORTH-SOUTH (TRANSVERSE) COMPONENTS

Plots of the parameter values estimated from different segments of
the Orion Avenue north-south roof records show a great increase in the
fundamental period during the course of the response and high damping,
particularly during the strongest motion (Fig. 4.1). The period in the
transverse north-south direction increased from the vibration test
value of 0.48 seconds to a maximum identified value of 1.61 seconds,
with an effective value of 1.43 seconds for the full 40.96 seconds of
analyzed record. The effective overall first mode damping was identi-
fied as about seventeen percent. The estimate of this value is domi~
nated by the portion of maximum response, and may also be inflated by
the broadening of the modal bandwidth caused by the changes in period.
Later in the response, the damping fell to half the overall value. The
roof participation factor was ldentified as 1.15, considerably different
from the value of 1.31 for the synthesized model. Such a difference
raises the possibility of a significant change in the mode shape, with
relatively greater modal displacements in the lower floors compared to
the design model. The value identified for the fourth floor participa-
tion factor is consistent with such a change in the mode shape, giving
a fourth floor modal displacement of 0.75 of the roof modal displace-

ment compared to 0.54 for the synthesized model. This type of behavior
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could be produced by more severe stiffness degfadation near the base
than in the higher floors.

The markedly monlinear behavior associated with the structural and
nonstructural damage to the building was revealed during the identifi-
cation in the extreme lengthening of the fundamental period, the high
damping and the changed participation factors. The strongly nonlinear
behavior made some segments of the response of the structure difficult
to approximate with linear models, as reflected in the large normalized
errors of around 0.5 for short segments early in the response and for
time-invariant models for the entire response. Later in the record,
when the parameter values became nearly constant, the matches were much
better, with errors of 0.1 or less.

The availability of response records from the fourth floor as well
as the roof allowed the reliability of the parameter estimates to be
assessed by comparing the values derived from the two sets of data. For
the north-south component, the fundamental period estimated from the
forty second segment of the fourth floor response was 1.34 seconds,
compared with 1.43 seconds from the roof record. The discrepancy in
the period estimates for this structure seem likely to be a consequence
of the nonlinear behavior of the building. For the second twenty
seconds of the record for which the identified models provide a much
better match of the response, the estimates were much more consistent,
1.59 seconds from the fourth floor and 1.61 seconds from the roof
record.

The damping estimates were also inconsistent, 27 percent of crit-

ical from the fourth floor and 16% percent from the roof for the full
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record, and 12% percent versus 8% percent for the 20-40 second segment.
It was found that the damping estimates from the midheight and roof
records became more consistent if they were scaled by the ratio of the
synthesized model participation factor to the identified participation
factor, a procedure suggested by the known tendency of these parameters
to couple in the identification process. The damping estimates adjusted
in this manner were 22 and 19% percent from the full forty second records
for the fourth floor and roof respectively, and 10% versus 9% percent
for the second half of the records. Similar results were obtained by
setting the participation factors equal to the values of the synthesized
model and performing the identifications only with respect to the other
parameters. These constrained identifications produced a damping of 22
percent from the full fourth floor record, while changing the normalized
error only slightly from 0.374 to 0.391, and a damping of 20 percent
from the full roof record while altering the measure-of-fit from 0.411
to 0.416.

In an attempt to overcome the coupling of the damping and partici-
pation factor estimates, the parameters were estimated simultaneously
from equal weightings of the two records (midheight and roof). This
approach has been discussed in section 2.7.

The participation factors estimated in the simultaneous identifica-
tions from the two records were closer to the values for the synthesized
model than were those from the individual identifications. For example,
the forty second segments gave fourth floor and roof participation
factors of 0.73 and 1.23, closer to the synthesized values of 0.70 and

1.31 than were the values of 0.86 and 1.14 for the separate
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Figure 4.1 Time variation of the parameters of linear models of
the Orion Avenue Holiday Inn identified from the
north-south (transverse) roof response.
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identifications. The first mode dampings estimated from the two seg-
ments were 19 and 9 percent, close to the "adjusted values" obtained
previously. The estimates of the parameters obtained by the various
strategies are summarized in Table 4.3,

The simultaneous identificatlon from records at two locations has
the inherent advantage over two separate Identifications that the con-
straint of the records being from the same structure is automatically
included. This property should help reduce the coupling between the
estimates of the dampings and participation factors. The amount of
coupling is determined by the normalized partial Hessian matrix and the
interaction coefficients. Table 4.4 lists these matrices for the two
segments of record. The simultaneous identification reduced the size
of the interactions, most notably by a factor of about two between the
fourth floor participation factor and the damping parameter, a; = 2{iwq,
of the first mode. Thus, as expected, the simultaneous identification
succeeded in reducing the interaction effect and produced more reliable
estimates of the parameters than those from the individual identifica-

tions.

BEAST-WEST (LONGITUDINAL) COMPONENTS

The behavior of the Orion Avenue structure in the longitudinal
east-west direction was similar to that in the north-south direction
(Fig. 4.2). Again a large period increase was traced, from the vibra-
tion test value of 0.52 seconds to the maximum identified value of 1.35
seconds. The average effective damping was identified from the roof

record as 18 percent. However, the values estimated from shorter
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segments of the response were more typically near 10 percent. As in the
other direction, the dampings found from the entire record may have
been overestimated to broaden the resonant peaks of the time-invariant
model to match the broad peaks of the measured response caused in this
case by the variation of the periods of the actual system.

Unlike the north-south component, the identified value of the first
mode participation factor at the roof showed an increase from the design
model value, from 1.28 to 1.37. This increase may have partially com-
pensated for the effects of an overestimation of the damping. Conse~
quently, it seems that the estimated participation factors may not have
much meaning when there are substantial nonlinearities present in the
response as for this building.

In the east-west direction, the period estimates from the fourth
floor and roof records were in better agreement than for the north-
south direction. TFor example, the identified fundamental periods from
the full records were 1.18 seconds and 1.21 seconds from the fourth
floor and roof records respectively.

The dampings were again incomsistent, however, with estimates of 13
and 18 percent for the overall value. The participation factor esti-
mates of 0.43 and 1.37 differed considerably from the synthesized model
values of 0.75 and 1.28. Scaling the damping estimates by the ratios
of the synthesized to the identified participation factors produced
values of 22 and 17 percent, while performing identifications with the
participation factors constrained to the values for the synthesized

model produced dampiﬁgs of 24 and 17 percent. Thus, unlike for the
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ORION AVENUE HOLIDAY INN
EAST - WEST (LONGITUDINAL) RESPONSE
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Figure 4.2 Time variatiom of the parameters of linear models
of the Orion Avenue Holiday Inn identified from
the east-west (longitudinal) roof response.
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TABLE 4.5: ESTIMATES OF THE PARAMETERS FROM THE ORION AVENUE E-W RECORDS

(a) 0 - 40.96 Seconds Record

Parameter ——7
Estimation Method
T; (sec) Tt Ci 4th C1 Roof

Unconstrained identification

4th floor 1.18 0.128 0.43 -

Roof 1.21 0.17% - 1.37
Scaled dampings

4th floor 1.18 0.224 0.75

Roof 1.21 0.167 - 1.28
Constrained identification

4th floor 1.14 0.244 0.750 -

Roof 1.21 0.167 - 1.28
Simultaneous identification 1.20 0.173 0.47 1.36

(b) 20 - 40.48 Seconds Record
Parameter
Estimation Method
T1 (sec) 71 C1 4th €; Roof

Unconstrained identification

4th floor 1.28 0.117 0.81 -

Roof 1.33 0.104 - 1.43
Scaled dampings

4th floor 1.28 0.108 0.75 -

Roof 1.33 0.093 - 1.28
Simultaneous identification 1.32 0.107 0.79 1.43
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north-south direction, using the participation factors of the synthe-
sized model did not resolve the inconsistencies in the estimates of the
damping.

This result was not very promising for the use of the simultaneous
identification technique. The simultaneous identifications produced
period and damping estimates close to those from the roof records, and
participation factors little changed from the estimates from the indi-
vidual records. The fourth floor value changed only from 0.43 to 0.47,
still considerably smaller than the synthesized model value of 0.75.
The participation factors identified for this direction were not neces-
sarily indicative of the mode shape, but rather were the result of the
considerable nonlinearities in the response.

The damping estimates from the two records were much more consis-
tent over the last twenty seconds of the response, and the fourth floor
participation factor much more closely approximated the synthesized
model value. The simultaneous identification from the two records
altered the estimates only slightly.

The estimates of the parameters obtained by the various methods

for the two segments of the east-west records are summarized in Table

4.5,

4.1.3 MARENGO STREET

The variations with time of the fundamental periods for the less
severely damaged Marengo Street building are not so obvious as for the
Orion Avenue structure (Figs. 4.3 and 4.4). This is largely because

attempted identifications with five second time windows at the beginning



~148-

of the record were unsuccessful, thus preventing a tracing of the period
variation in the initial portion of the response. Nevertheless, the
increase in period from the vibration test values was considerable, from
0.53 seconds to 1.07 seconds in the longitudinal N38W directiom, and
from 0.49 seconds to 1.17 seconds in the transverse S52ZW component.

The fundamental mode damping in the N38W direction as determined
for the entire record was around 18 percent, 17.7 percent from the roof
record and 18.4 percent from the fourth floor. This agreement between
the two records was much better than for the Orion Avenue identifica-
tions, and was typical of the agreement achieved for the different time
segments. For the second half of the record, the identified damping
fell to about 8% percent., The first mode participation factors for
the full record were 0.91 and 1.55 for the midheight and roof records
compared to 0.75 and 1.28 for the design models. It was also interesting
that the measures-of-fit for the two records were virtually identical
for the same time segments, for example 0.440 and 0.436 for the full
record and 0.054 and 0.053 for the 20 to 40 second segment. With the
close agreement between the parameter estimates from the response
records at the two locations, the simultaneous identifications using
both records produced parameter values similar to those from the indi-
vidual records. The results are listed in Table 4.6.

The damping and participation factor estimates found for the trans-
verse 8$52W direction (Table 4.7) behaved unrealistically. The agree-
ments between the estimates from the fourth floor and roof records for
the same segments were good, but some of the values seemed highly

improbable. For example, both full records gave five percent for the
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MARENGO STREET HOLIDAY INN
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Figure 4.3 Time variation of the parameters of linear models
of the Marengo Street Holiday Tnn identified from
the 852W (transverse) roof response,
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MARENGO STREET HOLIDAY INN
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Figure 4.4 Time variation of the parameters of linear models
of the Marengo Street Holiday Inn identified from
N38W (longitudinal) roof response.
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TABLE 4.6: ESTIMATES OF THE PARAMETERS FROM THE MARENGO STREET

N38W RECORDS
Parameter
Record
T; {sec) Ta C; 4th C1 Roof
0 - 40.96 Seconds
4th Fleoor 1.08 0.184 0.91 -
Roof 1.06 0.177 - 1.55
4th Floor and Roof 1.06 0.178 0.90 1.56
0 - 20.48 Seconds
4th Floor 1.09 0.199 0.93 -
Roof 1.07 0.189 - 1.57
4th Floor and Roof 1.07 0.190 0.91 1.58
20 - 40.48 Seconds
4th Floor 1.05 0.085 0.85 -
Roof 1.05 0.087 - 1.37
4th Floor and Roof 1.05 0.086 0.86 1.36
0 - 10.24 Seconds
4th Floor 0.96 0.156 0.81. -
Roof 0.94 0.148 - 1.40
4th Floor and Roof 0.94 0.148 0.80 1.40
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TABLE 4.7: ESTIMATES OF THE PARAMETERS FROM THE MARENGO STREET

§52W RECORDS

Parameter
Record
T: (sec) T1 C1 4th C: Reof
0 ~ 40.96 Seconds
4th Floor .17 0.051 0.53 -
Roof A7 0.049 - 0.89
4th Floor and Roof 17 0.050 0.53 0.89
0 = 20.48 Seconds
4th Floor .16 0.045 0.50 -
Roof .17 0.045 - 0.85
4th Floor and Roof 17 0.045 0.50 0.84
20 - 40.48 Seconds
4th Floor .20 0.100 0.86 -
Roof .17 0.087 - 1.36
4th Floor and Roof .18 G.090 0.83 1.37
0 - 10.24 Seconds
4th Floor .08 0.204 1.14 -
Roof .12 0.188 - 1.81

4th Floor and Roof
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overall damping, but this estimate was associated with a roof partici-
pation factor of 0.89 and a fourth floor value of 0.50, compared with
the design model values of 1.31 and 0.70. A roof participation factor
of less than one is not possible for a fundamental mode shape in which
the modal displacement increages monotonically with height. The wvalue
of five percent damping appears low considering the extent of damage

and the values found for the other components in these two buildings.
The problem appeared to stem from attempting to match highly nonlinear
response using linear models. The estimates from the second half of the

record seemed reasomable.

4.2 THE BANK OF CALTFORNIA, 15250 VENTURA BOULEVARD

The Bank of California building at 15250 Ventura Boulevard, a
twelve-story reinforced concrete moment-resisting frame structure
eituated fourteen miles from Pacoima Dam (Fig. 1.1), ranked with the
two Holiday Inns as the most extensively damaged of the structures from
which response records were obtained during the San Fernando earthquake.
Repair of the structural damage, which comsisted of cracking and
spalling of comncrete from columns, spandrel beams, girder stubs and a
parapet wall at the first story, required $12,000 of the total repair
costs of $44,000. The original construction cost of the building was
$4 million. The building, which was completed in 1970, was designed in
accordance with the 1968 Los Angeles City Building Code. A detailed
description of the structure has been given by Blume and Associates [1].
The accelerogram data are available in the Caltech reports [4]. A brief
description of the building and its response is also given by Foutch

et #l. [5].
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Reference [1] also presents an analysis of the earthquake response
of the structure based on modificatioms to synthesized linear models.

No model was found which could closely approximate the entire response
in either direction. The linear dynamic analyses indicated that the
yield levels were exceeded within the first five seconds of the response
The response was marked by substantial changes in the stiffmness and by
high damping.

The earthquake response wés also studied by Hart et al. [6,7] by
Fourier analysis techniques. Hart gave values for the effective periods
and dampings of the first three translational modes in both directions,
as well as the ambient fundamental periods measured after the earth-
quake {(Table 4.8).

The appreciable lengthening in the fundamental ﬁeriods are apparent
from Table 4.8. The modal properties of the building as determined in
previous studies are listed together with the values identified from
various segments of the response by the present frequency doméin method.

Digitized records were available for approximately forty seconds of
the earthquake motion recorded at the roof, seventh and ground floors.
Extensive time window analyses of the roof record have been performed
for the longitudinal N11E direction; with less detailed studies of the
$79W response and of the seventh floor records.

The identification was complicated in the early part of the
response by the significant contribution of several modes to the motien,
and by rapid changes in the values of the parameters of the effective
linear models. After about fifteen seconds, the response was predomi-

nantly in the fundamental mode, and the parameter values changed slowly.
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The normalized errors in early segments for three and four mode models
exceeded 0.3, indicating poor matches of the recorded response, but
dropped to 0.06 for a three mode model for the last twenty seconds of
the record.

The response of this building was charactérized by great period
lengthening. The periods identified during the earthquake for the
longitudinal N11E direction ranged from 1.47 seconds for the 0-10
second segment to 2.37 seconds over the final twenty seconds. No
vibration test values were available from before the earthquake. How-
ever, the initial synthesized models produced periods of 0.85 to 0.93
seconds, depending on which elements were assumed to resist the lateral
forces. This range seemed a reasonable indication of the initial period
as estimated from an extrapolation of the plot of the fundamental perioed
as function of mid-interval time (Fig. 4.5) back to the beginning of the
record. Thus the fundamental period may well have lengthemed by a fac-
tor of 2.5 during the earthquake, indicative of the nonlinear behavior
associated with the damage to the building. The fundamental period
measured in ambient tests after the earthquake was 1.62 seconds, showing
that the large amplitude response had permanently softened the structure.

The value identified for the second mode period remained fairly
constant during the response at about 0.5 seconds. Attempted identifi-
cations with five second segments at the beginning of the response were
unsuccessful, preventing the tracing of any initial rapid lengthening
of the second mode period from the expected initial value near the 0.30
seconds calculated for the synthesized model. Late in the response

there were indications that the period had lengthened to the range of
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0.65 to 0.85 seconds, but at this stage the second mode made only a
minor contribution to the response rendering estimates of its parameters
unreliable.

The first mode damping for most of the response was identified as
approximately 15 percent of critical. The second mode damping was typi-
cally about half the first mede wvalue.

The magnitudes of the effective participation factors for the roof
for the first and second modes gemerally exceeded the values of 1,27
and -0.45 calculated from the synthesized model, typically taking values
around 1.6 and -0.6. The increased first mode participation factor for
the roof suggested that the higher floors made a relatively greater con-
tribution to the mode shape than in the synthesized model. However, the
participation factors identified from the last twenty seconds of the
records gave a seventh floor fundamental mode displacement of 0.66 of
the value at the roof, compared with 0.56 in the synthesized model.

The contradictory information about the shape of the fundamental
mode given by the increased roof participation factor and the relatively
greater modal displacement at the seventh floor, compared with the
synthesized model, may be symptomatic of the difficulty of fitting the
response of this structure with linear models, as illustrated by the
large normalized errors. In common with identifications performed for
other structures, the reliability of the estimates of the participation
factors also suffer from interaction with the estimates of the damping,
and from less sensitivity of the measure-of-fit J to these parameters

than to the modal frequencies,
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Comparisons of the time histories of the measured and model
reéponses are shown in Figure 4.6 for two of the identified segments.
The velocity rather than acceleration histories are shown, which masks
the poor fit of the higher frequency components caused by neglecting
the higher modes, particularly for the segment at the beginning of the
record. Despite the marked nonlinear behavior of this structure, as
evidenced by the widely different wvalues of the parameters in the two
segments, the matches of the velocity time histories obtained from the
identifications are remarkably good, illustrating the power of the sys-
tematic identification technique in this regard. There is an obvious
discrepancy between the measured and model time histories between 29
and 35 seconds, which also occurred in the seventh-floor records.
Attempts to study this segment of the record with shorter time windows
were unsuccessful.

There were more problems in obtaining realistic estimates of the
parameters from the N79W records tﬁan from the N11E records. As for
the N11E component, the nonlinear behavior was evident from a large
increase in the fundamental period. The ambient period measured after
the earthquake was 2.0 seconds, while the initial synthesized model
produced a value of 1.6 seconds. The identified values varied from
1.88 seconds for the first twenty second window to 3.05 seconds over
the last twenty seconds (Fig. 4.7a). The estimates of the participa-
tion factors were excessively small, less than unity for the roof for
most segments (Fig. 4.7c). The maximum damping identified f?om a
segment of the roof record was 10 percent over the last twenty seconds

of the record, but the value for the 5 to 25 second segment became 14k
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Figure 4.5 Time variation of the parameters of linear models
of the Bank of California building identified from
segments of the longitudinal N11lE roof response.
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Figure 4.6 Velocity matches achieved by the optimal two-mode models for
two segments of the Bank of California N11E roof response.
Note the considerably different effective parameter values.

(a) 0-10 seconds. Normalized acceleration error E = 0.41.

Tl = 1.47 seconds Cl = (0.080 ClRoof = 1,52
T2 = (.47 seconds ;2 = 0.049 CZRoof = 0.49
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Flgure 4.7 Time variation of the parameters of linear models
of the Bank of California building identified from
segments of the transverse N79W response,
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percent when "corrected" by the ratio of the participation factor of the
synthesized model to the identified model. The normalized errors for
most segments were between 0.2 and 0.4, signifying problems of matching

the recorded response with linear models.

4.3 SUMMARY

These examples represent the extreme limits of the applicability of
the equivalent linear model concept for the estimation of structural
parameters from recorded earthquake response data. The structures
suffered considerable neonstructural damage, together with the onset of
structural damage. Significant nonlinear behavior was asssociated with
these damaging levels of respomnse.

The buildings responded at amplitudes considerably beyond their
elastic limits. The nonlinear behavior was evident in the identified
lengthenings of the fundamental periods. The effective fundamental
periods of the two Holiday Inns during the San Fernando earthquake
response were épproximately three times the initial elastic period for
the Orion Avenue structure and twice the small-amplitude period for the
Marengo Street building, corresponding to approximate overall ductility
factors of eight and four. The fundamental period of the Bank of
California in the longitudinal N1lE direction may have lengthened to as
much as 2.5 times its small-amplitude value.

It may be expected that such nonlinear behavior would be poorly
represented by linear models, and indeed the matches of the recorded
and model responses for these buildings were poorer than for the other

structures studied when single time-invariant models were used for the
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entire response. Nevertheless, the systematic identificationm technique
produced surprisingly good fits for response segments in the second half
of the records, and some important information about the structures.
Considering the quality of the response matches achieved with linear
models, their main usefulness was in tracing the variation of the effec-
tive linear parameters rather than finding values appropriate for the
overall response.

The nonlinear behavior was reflected by inconsistent estimates of
some parameters from records at the midheight and roof levels. Some
estimates were also unrealistic, as, for example, values of the effec-
tive first mode participation factor turning out less than unity. In
common with structures whose response can be reproduced very well by
linear models, the identifications were also plagued by interaction
between the estimates of the dampings and participation factors. The
problems were most serious for the transverse (852W) records from the
Marengo Street Holiday Inn and for the transverse (N79W) response of
the Bank of California.

Despite the difficulties in performing the identifications,
interesting information was ébtained for the dampings in these rein-
forced concrete frame structures responding at amplitudes at the onset
of significant structural damage. The effective first mode dampings
reached peak values in the range of fifteen to twenty percent, typically
dropping to half these values in the later stages of the responses. In
interpreting these values, it should be recalled that they are associated
with the lengthened values of the periods, and not with the initial

periods as is the case in many uses of equivalent damping.
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V. BUILDINGS WITH NO STRUCTURAL DAMAGE

This chapter describes the identification analyses performed for
several structures whose responses were typical of those obtained in
many buildings during the San Fernando earthquake. These structures
responded at moderate amplitudes not sufficient to cause structural
damage, yet large enough to cause minor nonstructural damage and to
cause significant changes in the dynamic properties from those measured
in ambient vibration tests. Such records are particularly appropriate
for analysis by systematic identification techniques utilizing linear
models since the response is not dominated by nonlinear behavior, yet
the effective values of the parameters are sufficiently changed from
the very low amplitude values to make their determination for the ampli-
tudes of earthquake response important. The earthquake records are the

only source of this information.

5.1 UNION BANK BUILDING, 445 SOUTH FIGUEROA STREET

The Union Bank building, its behavior in ambient vibration tests,
and its response to the San Fernando earthquake have been discussed by
A. C. Martin and Associates [9], Trifunac [12,14], Foutch et al. [4],
and Beck [1]. The accelerogram and response spectra data are available
in the Caltech reports [3]. The following summary has been derived
mainly from the detailed description by the designers in reference [9].

The 42 story steel frame structure (Fig. 5.1) designed in 1964 was
one of the first high-rise buildings in downtown Los Angeles, The
design static loads were approximately double those required by the

Los Angeles City Building Code, while the interstory displacement
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limitations were half those allowed by the code. The design was
evaluated by dynamic analysis of the building's response to the El
Centro 1940 north-south component and other accelerograms.

The building, situated approximately 21 miles from the center of
the San Fernando earthquake (Fig. 1.1), experienced peak ground accele-
rations of 0.15g and 0.12g in the two horizontal components. The strong-
motion accelerometer on the roof malfunctioned, but the midheight instru-
ment on the 19th floor recorded a maximum response of 0.20g. Only minor
nonstructural damage, such as plaster cracking, occurred.

The modal properties of the Union Bank building as determined from
various studies are listed in Table 5.1.

As shown in the table, the natural periods changed between ambient
vibration tests performed before and after the earthquake. The mode
shapes plotted by Trifunac [14] also showed changes following the earth-
quake.

The parameters of rigid- and flexible-joint design models [9] are
given in Table 5.1. The designers felt that the flexible—~joint models,
which were used to calculate the El Centro responses, would be the more
appropriate for large-amplitude earthquake response. However, in the
post-earthquake analysis the rigid-joint models gave better agreement
with the periods observed in the San Fernmando response. The value of
five percent damping assumed initially for all modes was changed to four
percent for the transverse N52W direction to achieve an improved match
of the earthquake response.

Beck [1] used a time domain method to identify linear models from

portions of the longitudinal $38W response. The model for the entire
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segment of the response he considered, from 3 to 30 seconds, is com-
pared to the model identified by the frequency domain method for the
mosp closely corresponding segment, from 7.5 to 28 seconds. The models
for both directions identified from the whole 41 seconds of the analyzed
records are also listed.

The models identified from the 19th floor (midheight) response pro-
duced estimates of the parameters of four modes. For the transverse N52W
direction, this provided information about the first six modes, as the
19th floor was near nodes of the third and fifth modes which therefore
produced no identifiable response at the measurement location.

The overall effective fundamental periods of 4.63 seconds and 4.71
seconds identified from the earthquake response records in the longitu-
dinal 838W and transverse N532W directions showed incréases of 50 and 33
percent respectively over the periods of 3.11 seconds and 3.53 seconds
measured in the pre-earthquake ambient tests. The post-earthquake
ambient tests showed increases of about half these amounts,

The bulk of the chahges in the fundamental periods apparently
occurred rapidly at the beginning of the fesponse. A steady increase
from 4.48 seconds to 4.79 seconds was traced in the 538W direction using
a series of twenty second segments of the records (Fig. 5.3a). However,
this change of seven percent was only a small fraction of the total
increase from the vibration test period, aﬁd it seems likely that the
initial period was considerably shorter than the effective value.iden—
tified from the first twenty seconds of record. Unfortunately, the long
fundamental period of this tall building prevented the use of shorter

time segments to identify the "instantaneous' effective parameter values,
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as the discretization of the fast Fourier transforms became too coarse

to obtain accurate estimates from the low frequency data around the first
mode response peak. . The time domain technique used by Beck performed
successfully with ten second intervals, but he considered only the por-
tion of the response from 5 to 30 seconds, so did not find parameter
values effective for the first ten seconds of the response. His values
were in agreement with those found by the frequency domain method, with
estimates of the fundamental period ranging from 4.42 seconds over the
ten second interval from 5 to 15 seconds, to 4.75 seconds for the inter-
val from 20 to 30 seconds.

The identification studies for the two directions showed that the
effective démpings for the first two modes were in the range from 4 to
7 percent, in agreement with the assumed value of 5 percent used in the
dynamic analyses during the design. By contrast, the values measured in
ambient tests were from 1.5 to 1.7 percent. The values found for the
third mode damping given in Table 5.1 are questionable because of the
low level of response in this mode at the 19th floor.

The first-mode damping alse varied during the response, but not as
systematically as the period (Fig. 5.3b). The identified values in the
§38W direction for twenty second segments started at 2.3 percent of
eritical for the first segment, reached a maximum of 4.4 percent in the
middle of the record, and dropped to 3,9 percent at the end. Comparisons
of the measured displacement response and thosé calculated for identi-
fied models (Fig: 5.2c) indicated that the dampings were overestimated
in that the amplitude.of the calculated responses reduced faster than

the measured respomses. It seemed that the overestimation of the
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damping resulted from the variation of the effective fundamental period
of the gystem. As noted in other examples, an increased damping was the
only mechanism available to broaden the frequency domain modal peaks of
a time-invariant model to match the broadened handwidth caused by the
period variation of the structure. This speculation was supported by
the value of 4.9 percent damping identified from the full record, larger
than the vélue estimated for any of the shorter segments.

The identified models listed in Table 5.1 provided reasonable esti-
mates of the participation factors of the first two modes in both direc-
tions, as well as indicating the node of the third mode in the N52W
direction by the omission of this mode from the model. However, the .
variation of the participation factors with time as shown in Figure 5.3c
was erratic. Part of the variation may be due to the insensitivity of
the measure-of-fit to these parameters, and hence their poor estimation,
in the later stages of the response which were dominated by the free
vibration decay of the motion induced by the earlier excitation.

In both directions, the identified models gave very good matches of
the measured velocity and displacement responses (Figs. 5.2b and ¢, 5.5c
and d). The main discrepancies arose from lengthening of the periods
during the response and a slight overestimation of the dampings. The
acceleration fits were poorer because of the presence of high frequency
components in the early part of the response which were not reproduced
in the response calculated for any of the models,

There was excellent agreement hetween the values of the parameters
identified for the four-mode model in the S38W direction frem the 7.5 to

28 second segment and those estimated by Beck (Table 5.la). One
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difference was in the third mode period, 1.08 seconds compared with 0.95
seconds for Beck. However, the 19th floor is near a node of this mode
and its contribution to the response is small, and consequently the
estimates of the third-mode parameters are less reliable than for the
two lower modes.

Neither the rigid-joint nor flexible-joint design models agreed
well with the identified models in both directions. Despite the syn-
thesis of the flexible-joint models to calculate earthquake responses,
the rigid-joint models gave better agreement with the measufed responses
in the San Fernando earthquake. In the transverse N52W direction, the
rigid-joint model possessed modal properties remarkably close to those
identified from the earthquake response. The periods agreed closely up
to the sixth mode, apart from the absence from the identified model of
the third and fifth modes which contributed little to the midheight
response. The fundamental periods were identical, and the largest dig-
crepancy in the periods was less than seven percent for the second mode.
The adjusted value of four percent damping for all modes im the design
model was also in excellent agreement with the values of 4.1 and 4.2
percent identified for the first two modes. However, this type of
agreement between the synthesized and identified models was not obtained
in the other direction. As a result of a poor estimation of the effec-
tive fundamental period by the design model, the response of the design
model (Fig. 5.4a) became out of phase with the measured response to a

much greater extent than the response of the identified model (Fig. 5.2).
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Figure 5.2
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5.2 KB VALLEY CENTER, 15910 VENTURA BOULEVARD

The KB Valley Center, described by Gates in the NOAA report [6¢], is
a sixteen-story, steel-frame office tower constructed in 1970. The
structure was designed in 1969 in compliance with the Los Angeles City
Building Code, which for this building was virtually identical to the
1970 U.B.C. provisions. The building was situated fourteen miles from
the center of the San Fernando earthquake (Fig. 1.1). The amplitudes
of excitation and response were similar in the two horizontal components,
with the stronger S81E component, in the longitudinal direction, having
a ground acceleration of 0.15g and a responmse at the roof of 0.23g.

Only minor monstructural damage occurred. The repairs to partitions,
mechanical equipment mounts, and seismic joints separating the tower
from an adjacent four-story parking building cost approximately 53000,
compared to construction costs of $4,000,000.

Periods measured in pre-earthquake ambient tests have been reported
by Hart et al. [7,8], and post—earthquake periods by Mulhern and
Maley [10]. Hart also estimated the effective periods and dampings
from the earthquake response by Fourler analysis techniques.

Cates described trial-and-error modifications of the synthesized
design models for the two directions to obtain improved matches of the
measured earthquake response. The response calculations with the
linear models showed that the displacements in the transverse S09W
direction exceeded the design levels by 70 percent, while the longi-
tudinal S81E displacements exceeded the design values by 120 percent.

On the basis of the linear calculatioms, 30 peréent of the members

yielded in the transverse response, and 80 percent in the longitudinal
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direction. The ratios of the calculated stresses to the yield stresses
indicated that insufficient yielding occurred to develop plastic hinges
in the columns, a conclusion supported by an inspection of the struc~
ture after the earthquake,

Both components of the roof and 9th floor records have been analy-
zed by the frequency domain identification technique. The modal pro-
perties estimated from the earthquake response are listed in Table 5.2,
along with the values determined from the earlier studies.

The study of this building allowed a comparison of the results of
the systematic identifications with those of a trial-and-error param-
eter adjustment technique. The matches of the recorded accelerations
achieved by the two methods are shown in Figures 5.6 and 5.7. Although
both metheds give practically acceptable results for most purposes,
the systematic identification gave the better fit.

The parameter estimates from the systematic technique appeared
more realistic. In particular, the parameters of the fundamental mode
in the transverse direction were estimated poorly by the trial-and-
error method. The fundamental period was adjusted from 3.43 seconds
to 2.96 seconds. The effective period from the average of the roof and
9th floor records was listed as 3.20 seconds in the NOAA report. The
values identified by the frequency domain method were 3.30 and 3.27
seconds from the two records. Hart's analysis produced a value of 3.34
seconds. Gates found a value of 20 percent for the damping of the fun-
damental mode, which he recognized as excessively high for this type of
structure at this level of response. The high damping estimate was

probably caused by difficulties in matching the response using the
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Figure 5.6. KB Valley Center, S09W acceleration responses.
(a) Adjusted synthesized sixteen-mode model [6] roof
response. (b) Optimal four-mode model roof response.
(¢) Adjusted synthesized sixteen-mode model 9th floor
response. (d) Optimal two-mode model 9th floor

response.
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Figure 5.7 KB Valley Center, S81E acceleration responses., (a) Adjusted

synthesized sixteen-mode model [6] roof response. (b) Opti-
mal three-mode model roof response. (¢} Adjusted synthesized
sixteen~mode model Yth floor response. {d) Optimal two-mode
9th floor response.
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incorrect period. The systematic identifications produced values of 8.6
and 8.8 percent damping from the two records, more in the range of
expected values.

The identified fundamental periods increased by 50 and 60 percent
over the pre-earthquake ambient vibration test values in the transverse
and longitudinal directions, respectively. The corresponding increases
found in the post—earthquake ambient tests were only 9 and 17 percent.
The magnitude of the period lengthening during the earthquake was similar
_to that predicted by the original design models, which overestimated the
periods in the two directioms by only about 5 and 10 percent.

The need for systematic parameter identification from the earthquake
records was well illustrated by the damping values of the various models.
During the design, damping of 2 percent for all modes was assumed for
calculating earthquake response. This value was shown to be overly
conservative by the identified values of 8 to 9 percent for the first two
transverse modes and approximately 6% percent for the longitudinal modes.
On the other hand, a trial-and-error parameter adjustment technique had
difficulties in correctly estimating the parameters of the fundamental

transverse mode, leading to an excessively high damping value of 20 per-

cent.

5.3 KAJIMA INTERNATIONAL BUILDING, 250 EAST FIRST STREET

The Kajima International Building, described previously by Muto [11],
Gates [3] and Foutch et al. [4], is a fifteen-story moment-resisting
steel tower structure reaching a height of 202 feet, and with horizontal

dimensions of 66 feet by 96 feet. The building, constructed in 1967,
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was designed under the provisions of the Los Angeles City Building Code.
The maximum horizontal ground acceleration at the site, 21 miles south
of Pacoima Dam (Fig. 1.1), was 0.l4g with a maximum structural response
of 0.21g. There was mo structural damage, and only slight nomstructural
damage consisting of plaster cracking. There was some evidence of
impacting with the adjacent parking building.

The response acceleration histories show blips which increase the
acceleration at each peak in the later part of the motion. Such blips
could be caused byrthe building encountering increased resistance to the
motion at the maximum displacement, as would occur either from impacting
with an adjoining building or from the exterior spandrels coming into
action and increasing the stiffness at the limits of the motion.

Frequency domain identifications have been performed using both
horizontal components of the acceleration records obtained from the
basement, the 8th floor and the roof. The results are listed in Table
5.3, along with the results of previous analyses of the structure.

The fundamental periods showed the usual increase between pre- and
post-earthquake ambient vibration test, with even longer effective values
during the earthquake respomse. The longitudinal (N36E) fundamental
period more than doubled, from 1.32 seconds in the pre-earthquake test
to an average value of 2.84 seconds during the earthquake, while the
increase in the transverse period was less dfastic, approximately 50
percent from 1.88 seconds to 2.77 seconds. Despite these great
increases the effective periods were still considerably shorter than
the values of 3.31 seconds and 3.19 seconds calculated during the

design for the bare structural frame. The NOAA report [5] stated that
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Figure 5.8 Kajima building velocity responses. N36E component:
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large precast concrete spandrels provided significant nonstructural
stiffness during small-amplitude vibrations; this may have accounted
for much of the period shift..

The dampings associated with the period lengthenings were approxi-
mately 4 and 8 percent for the first two longitudinal modes and 3% and
5% percent for the transverse modes. The first iongitudinal mode
damping .dropped from 5.7 percent over the first twenty seconds of the
motion to 3.0 percent for the segment from 20 to 40 seconds. For
comparison, the values selected for the adjusted synthesized models
were 5 percent and 2 percent for all modes in the longitudinal and
transverse directions, respectively.

Despite the period changes from the ambient tests, the linear
models reproduced the response of this structure well. The estimates
of the parameters from the response records at the midheight and roof
locations were consistent. The normalized errors for the roof records
for the full forty seconds were (.17 and 0,10 for the longitudinal and
transverse directions. The larger error in the longitudinal direction
was caused by the greater period change in this component. Over the
last twenty second segment the error dropped to 0.04, The quality of
the matches of the response is shown by the velocity comparisons in

Figure 5.8.

5.4 SHERATON-UNIVERSAL HOTEL, 3838 LANKFRSHIM BOULEVARD

The twenty-story, reinforced concrete, ductile moment-resisting
frame structure of the Sheraton-Universal Hotel [2] was completed in

1968. The seismic design provisions were essentially those of the 1970



~188~
Uniform Building Code. The structure was situated fifteen miles south
of the center of the San Fernando earthquake and experienced a peak
ground acceleration of 0.18g, with a peak response of 0.20g. Only
slight damage was suffered, with repair costs amounting to only $2100
for the $7.5 million structure. Analysis with linear structural models
indicated that yield stresses were not reached [2].

The results of pre~ and post-earthquake ambient tests [10], the
parameter values calculated from the design models [2], the values
estimated from the Fourier spectra [7] and the estimates obtained from
the frequency domain identification studies are given in Table 5.4.

The periods listed for the design model were those calculated before
the earthquake, but the ten percent damping was the rounded value
chosen to best match the earthquake response.

The effective fundamental periods during the earthquake response
were identified as 60 and 80 percent longer than the pre-earthquake
test periods in the transverse north-south and longitudinal east-west
directions, respectively. The fundamental periods of the design models
were 12 percent longer than the effective period in the north-south
direction and 7 percent shorter in the east-west direction. The
periods identified from the first twenty seconds of the response were
practically identical to those from the full forty second record length.

The 10 percent damping selected to provide a good correlation of
the response of the design models with the measured response was higher
than the values identified from the respomse. In the transverse direc-—
tion the overall effective values were 7.3 and 8.3 percent for the

first two modes. The effective first mode damping was estimated as
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6.2 percent in the east-west direction, but this was associated with a
participation factor of 1.16 compared to 1.30 for the design model.
Scaling by the ratio of the participation factors produced a damping
value of 6.8 percent.

In common with the other structures studied in this chapter, the
linear models provided good matches of the measured responses. The

normalized errors were 0.14 for both directions.

5.5 1900 AVENUE OF THE STARGS

The building at 1900 Avenue of the Stars [13] is a steel moment-
resisting frame structure rising twenty-seven stories above ground
(Fig. 5.9). The 371 feet high tower has horizontal dimensions of 208
feet by 108 feet. The building, located twenty miles from Pacoima,
experienced ground accelerations of 0.08g and a roof response of 0.l4g
during the San Fernando earthquake.

Table 5.5 contains the periods measured in vibration tests, esti-
mated from the Fourier spectra of the earthquake, and identified by
the frequency domain method. The periods effective during the earth-
quake response were 30 percent longer than those measured in the pre-
earthquake tests. This lengthening was less than for mest of the other
structures studied, in line with the smaller excitation and response.
The dampings were about 5 percent in the N44E directien, and 2.2 and
5.5 percent for the first two S546E modes.

The identifications were performed over a narrow frequency band
of 0.07 to 0.90 Hz, including only the first two modes. The frequency

domain fits over these intervals were very good, preducing
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Figure 5.9 The 1900 Avenue of the Stars building.
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measures—of-fit of 0.047 and 0.044 for the N44E and S46E directions,
respectively. There was obvious higher frequency content in the
acceleration transforms which was also evident in the matches of the
acceleration time histories. This high frequency content was unim-—
portant in the veloéity and displacement responses. The time histories
in the N44E direction, in particular, were very well matched, with the
displacement fit virtually perfect (Fig. 5.10). The excellent match of
the roof displacement for this high-rise structure by a two—mode model
illustrates yet again the extreme dominance of the low modes ip the

earthquake response of this type of structure.

5.6 SUMMARY

Tn this chapter the responses of several high-rise buildings to
the San Fernando earthquake have been considered. These records were
typical of many obtained during the earthquake, and were of moderate
émplitude motions suitable for analysis with linear models.

The buildings ranged in height from the l6-story KB Valley Center
to the 42-story Union Bank building. All but the reinforced concrete
Sheraton-Universal Hotel were steel-framed structures. The ground
accelerations experienced were typically about 0.15g, with responses
generally between 0.20 and 0.25g. None of the buildings suffered
structural damage, although all exhibited modal perieds and dampings
significantly greater than in vibration tests.

Thé systematic identification technique provided reliable esti-
mates of the parameters of several modes of the structures, not just

the fundamental. For most of the buildings, the parameters of the
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three lowest modes were estimated. The parameters of four modes were
estimated from both components of the midheight response of the Union
Bank building. TFor the transverse direction, this provided information
about the first, second, fourth and sixth modes. Nodes at the fhird
and fifth mo@es near the measurement location were indicated by their
absence from the identified model.

The identification studies confirmed that the type of moderate
response recorded in these structures could be reproduced well by
linear models with only a few modes, apart from high-frequency content
in some of the acceleration records, and obviously spurious long-period
content in some of the displacement histories calculated from the
measured accelerations. The optimal models identified for these struc-
tures from the acceleration transforms provided good matches of the
detailed velocity and displacement histories, not just matches of the
largest amplitude portion of the response as obtained for some records
studied in previous chapters. For the 27-story building at 1900 Avenue
Avenue of the Stars, in which the excitation ef 0.08g and the response
of 0.14g were about half those of the other buildings, the velocity
and displacement matches obtained with a two-mode model were virtually
perfect for the N44E component.

For these buildings, the models synthesized during design predicted
the periods effective during the earthquake response reasonably well,
generally within ten percent. The periods derived from the design
models were certainly much closer to the periods identified from the
response than were those measured in ambient tests before the earth-

quake. The earthquake periods ranged from a third longer to over
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double the pre-earthquake ambient periods, while the worst estimate
provided by the design models was 15 percent too long.

Several of the buildings considered in this chapter were studied
by Hart [7,8] using Fourler spectra and transfer function analyses. It
was expected that the fundamental periods estimated by these techniques
would be in near-perfect agreement with those from the least-squares
frequency domain match. Somewhat surprisingly, Hart's values for the
fundamental periods in the transverse direction for the Sheraton-
Universal Hotel and in the longitudinal direction for the KB Valley
Center were both about seven percent longer than those identified in
this study. The more common problems in Hart's type of analysis are
estimating the dampings and selecting the peaks corresponding to the
higher mode periods from several candidates. The uncertainty in the
higher mode periods was illustrated by the difference of typically 15
to 20 percent between the values estimated by Hart and by the present
systematic frequency-domain identification technique. Most of the
damping estimates obtained by Hart varied considerably from those
obtained here, even for the fundamental modes.

The values of the first mode damping identified from the earth-
quake response of these structures ranged from 2.2 percent in the S546E
direction for the 1900 Avenue of the Stars building, which experienced
excitation and response amplitudes about half those of the other
structures, to 8.8 percent in the transverse direction for the KB
Valley Center. The Union Bank and Kajima Buildings exhibited dampings
around 4 to 5 percent, and the reinforced concrete Sheraton-Universal

Hotel had values of 6 and 7% percent in the two directions. This
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range of wvalues 1s believed to be representative of that expected in
tall framed structures during response to strong, but not structurally

damaging, earthquake excitation.
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VI: CONCLUSIONS

A systematic technique has been developed in this thesis for iden-—
tifying the parameters of linear models of structures from their record-
ed earthquake excitation and response. The main objective of the work
has been to determine the values of the modal parameters of linear mathe-
matical models of structures which best reproduce the responses record-
ed in a variety of buildings during different levels of earthquake
motion.

The identifications have been performed by analysis in the frequen-
cy domain because of a desire to improve unsatisfactory results obtained
by methods using transfer functions. The natural approach in the fre-
quency domain is to estimate the modal parameters of the structural
model. This proves convenient because earlier work by Beck [1] has
shown that the parameters of linear models of structures which can be
estimated uniquely and accurately from the earthguake base motion and
response are indeed the parameters of the dominant modes in the re-
sponse, rather than the elementsof the damping and stiffness matrices.

The identification technique produces the values of the modal
parameters which achieve a least squares match over a specified frequen-
cy band between the unsmoothed, complex-valued, finite Fourier trans-
form of the acceleration response recorded in the structure and that
calculated for the model. The identification can be performed using
either the full lengths of the earthquake records or portions of the
records. Using segments of the records permits tracing the variation of

the effective linear parameters during the response.
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There are several important features of the method used in the
identification. The first is that the effect of the initial and final
conditions of the segment of record used for the identification are con-
sidered, leading to the inclusion of the differences between the initial
and final modal velocities and displacements as parameters of the model
to be estimated from the records, along with the natural periods, damp-
ings and effective participation factors. The inclusion of these para-
meters is particularly important for segment-by-segment analysis. Often
the response in later pérts of the record is mainly decay in free vib-
ration of the motion caused by earlier excitation, so the initial con-
ditions must be determined to obtain accurate estimates of the other
parameters.

Many of the previously used techniques for identifying structural
parameters use only the measured response of the structure and ignore
the excitation. The present method uses the recorded base motion as
the excitation for the model. This makes the technique more efficient
and produces more accurate estimates of the parameters and matches of the
response than methods which use the response records alone, along with
assumed characteristics of the excitation. These methods generally re-
quire longer segments of the records to perform.the identification and
often require assumptions about the nature of the motion which are er-
roneous for earthquake excitation and résponse. Again, this feature is
important for segment-by-segment analysis, as the use of shorter seg-
ments allows more nearly "instantaneous" values of the parameters to be
estimated.

Finally, it is noted that the method uses the entire Fourier
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transform, both amplitude and phase, rather than just the modulus. In
addition, smoothing of the tramsforms is not required and would, in
fact, reduce the accuracy of the identified parameters. Smoothing re-
duces the amplitudes and increases the bandwidths at the modal frequen-
cles, leading to overestimations of the damping values.

Many of the identifications given in previous chapters have includ-
ed sensitivity analyses which provide information on the relative
accuracy of the estimates of the different parameters. TFor the levels
of damping exhibited in the earthquake response of structures, the
measure-of-fit is much more sensitive to the periods than the dampings
and participation factors. This means that the periods are the easiest
parameters to identify, as a rule. Generally, the accuracy of all the
estimates decreases for higher modes, but this depends partly on the
degree of excitation of the modes and the nearness of the recording
station to a node. The parameters of a strongly excited higher maode may
be estimated more accurately than those of a less responsive lower mode,
Similarly, it helps to have records from stations near maxima of mode
shapes, as proximity to a node of a mode diminishes the contribution of
that mode to the total response at the station.

One unfortunate feature which is revealed by both the estimated
parameter values and the sensitivity analyses is that the estimates of
the dampings and participation facters are often coupled. Their ratio,
which determines the modal amplifications, is estimated much more re-
liably than the values of the individual parameters. This coupling,
which appears to be an inherent feature of earthquake response, is dis-

appointing, as the values of the dampings for different levels of
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response are perhaps the results of the identifications which are most
required. Consequently, several strategies have been applied to over-
come the interactions between these estimates.

When response records are available from only one location in a
structure, the participation factors can be constrained to their ini-
tial estimates and the identification performed with respect to the
other parameters. Depending on the amount of information available
about the structure, the estimates of the participation factors can be
derived from synthesized design models, calculated from mode shapes
measured in vibration tests, or assumed on the basis of a uniform shear
beam or some other simple model. The justification for this strategy
is that the participation factors appear much less sensitive to changes
in the structure than the periods and dampings. In particular, if the
period changes are caused by proportional stiffness changés over the
structure, the participation factors remain unaltered. The loss of in-
formation about the participation factors inherent in the constrained
identification approach is thought to be of little practical signifi-
cance. The records for which the participation factors may be expected
to change most are those with the greatest changes in the other struc-
tural properties as indicated by the amount of period shift. These re-
cords generally produce unrealistic values of the participation factors
in unconstrained identifications because of problems of matching seg-
ments of the nonlinear response with time-invariant, linear models.
Consequently, it is felt justifiable to sacrifice unrealistic informa-
tion about the participation factors to attempt to achieve better es-

timates of the effective dampings. The damping values found from the
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constrained identifications are generally in égreement with those ob-
tained simply by scaling damping estimates from unconstrained identifi-
cations by the ratio of the initial to the identified values of the
participation factors.

When response records are available from two locations in the
structure, a simultaneous identification may be performed. The physical
constraint that the records come from the same structure implies that
only one damping value per mode can be estimated from the two records.
Sensitivity analyses show that the coupling is generally much reduced by
this approach. Consequently, more reliable estimates of the dampings
and participation factors result. This approach appeared very promising,
but it was used mainly for the records in which nonlinear behaviour was
most pronounced, so it was not always successful because linear medels
were incapable of providing accurate matches of the responses. It
appears, as expected, to be the appropriate method to use for moderate
amplitudes of response which can be reproduced well by linear models.

In fulfilling the aim of investigating the response records from a
variety of structures over a range of excitation levels, ten structures
have been considered in this study (Tables 1.1 and 6.1). Most of the
records are from the San Fernando earthquake. TFor two of the structures,
Millikan Library and JPL Building 180, response records from more distant
earthquakes with maximum ground accelerations about a tenth of those re-
corded at the same sites during the San Fernando earthquake have also
been analyzed. Another comparison of the effects of different
excitations on the structural response was provided by the two Holiday

Inn buildings which are virtually identical structures. The buildings
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ranged in height from the.séven—story Holiday Inn to the forty-two story
Union Bank. Maximum ground accelerations ranged from 0.007g in JPL
Building 180 during the Borrego Mountain earthquake fo 0.25g in the Oriomn
Avenue Holiday Inn during the San Fernando earthquake, with associated
responses from 0.023g to approximately 0.4g.

In Table 6.1, the level of the responses has been indicated by the
maximum ground and response accelerations and the ratio of the effective
fundamental period during the earthquake to that in pre-earthquake
ambient tests. For all but the lowest amplitude earthquake responses,
the effective periods were considerably longer than the vibration test
values. The post-earthquake ambient periods are also listed, to indi-
cate that they reflect only a portion of the change that occurred in
the earthquake. The first mode dampings identified from the earthquake
records are given, together with the few values available fromvibration
tests. The vibration test dampings are in many cases only a small
fraction of the damping effective in the earthquake response. At the
very low vibration levels of ambient tests, the structural characteris-
tics seemed to be influenced markedly by components which have little
effect at the amplitudes of earthquake response. Accordingly, the per-
iod and damping values determined from anmbient tests are not easily ex-
trapolated to the much larger amplitudes of strong earthquake response.

In the final column of Table 6.1, the responses are classified in-
to four categories, according to the nature of the effective linear
models obtained in the identification studies. The types of response
of each of these classes is summarized below.

Class A response was of small amplitude, with ground accelerations
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less than 0.03g and responses below 0.06g. The effective fundamental
periods were close to those determined in vibration tests. Only the
Borrego Mountain and Lytle Creek responses fell into this category.
The response was reproduced very well by linear models for this level
of vibration. Fundamental mode dampings were less than 5 percent of
critical, generally around 3 percent.

Class B response was of moderate amplitude, typical of that of
many of the instrumented buildings which suffered no structural damage
during the San Fernando earthquake. Maximum ground accelerations were
typically 0.15g, with responses around 0.20g. Linear models reproduced
the response very well, but the effective periods of earthquake response
were significantly different from those measured in vibration tests,
typically 50 percent longer. The identified values of the first mede
dampings varied from 2.2 percent to 8.6 percent, with an average value
of 5 percent. The changes from the parameter values effective during
the vibration tests to those exhibited during the earthquake response
occurred rapidly, often in too short a time to allow the variation to
be traced by segment-by-segment analysis. The optimal models identi-
fied for these structures provided good matches of the details of the
velocity and displacement histories, not just matches of the largest
amplitude portion of the response as obtained for the stronger motion
of the class C records. The responses considered in chapter V fell
inte class B.

Class C responses were those in which the variation of the effec~
tive linear parameters as a function of time could be traced. Typically

the periods lengthened from the vibration test values at the beginning
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of the motion to the longest values effective at the time of maximum
response, and then remained fairly constant. The dampings were high~
est during rhe maximum response, and then became smaller later in the
motion. The parameter values identified from the whole response
records generally reflected the values effective during the largest
amplitudes of response. Presumably, this is a consequence of the quad-
ratic measure of difference which emphasizes the largest amplitudes.
Consequently, the overall model response histories matched the strong-
est portions of the measured motions reasonably well, but, because of
the over—estimation of the damping for the later parts of the records,
the responses of the models decayed faster than the measured responses.
The typical maximum ground accelerations for these records were 0.20g,
with responses of 0.30g. The amount of period increase was similar to
the class B responses, while the average first mode damping was near 6
percent. The responses during the San Fernando earthquake of JPL
Building 180 and Millikan Library were in category C.

The final category, class D, includes those structures which
suffered minor structural damage. This type of response was the limit
of applicability of linear models. A single linear model was.unable to
reproduce the entire response history for this type of structural be-
havior, although segment—by—ségment analysis produced some good matches
and allowed the changes in the parameters to be traced approximately.
The markedly nonlinear behavior led to difficulties in estimating the
dampings and participation factors at this level of response. For the
structures studied which fell into this class, the effective overall

fundamental periods ranged from double to triple the test periocds. The
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maximum dampings were typically in the 15 to 20 percent range. The
two Holiday Inns and the Bank of California comprised this class.

The identification studies have shown that linear models with the
appropriate parameters can reproduce the detailed histories in tvpe
A and B responses, and the highest amplitude portion of the motion in
type C responses. Only the type D moticns, in which structural
damage had occurred, could not be represented satisfactorily by time-
invariant linear models.

Although this summary has concentrated on the fundamental mode
periods and dampings for the different categories, it must be empha-
sized that the properties of several modes can be estimated by the
systematic identification technique. It is an important result of
the identification studies that only a few modes were required to re-
produce the measured responses. The only contribution of modes higher
than about the sixth in any of these responses was high frequency con-
tent in some of the acceleration records, which was not apparent in the
smoother velocity and displacement responses. For mest of the records,
the responses were reproduced very well by models containing only two
or three modes. It is this need to consider only a very few modes
which makes the modal approach attractive for analyses used in design.

One of the aims of the identification studies was to compare the
optimal linear models with the synthesized models used either during
the design of the structures or in post -earthquake analyses. It was
also interesting to compare the results of the systematic identifica-
tions with those from transfer function approaches.

The models identified by systematic identification techniques
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produced matches of the detailed respomnse histories markedly superier
to those obtained by most synthesized design models and génerally con-
siderably better even than those given by models adjusted by trial-and-
error. Methods using trial-and-error adjustment of parameters often
match response amplitudes reasonably well and are therefore useful for
many purposes. However, the calculated responses have difficulty stay-
ing in phase with the measured motioms. The importance of the im-
proved matched obtained by systematic techniques are that they confirm
the validity of linear models in cases where the matches achieved by
other methods show enough discrepancies to raise the possibility that
nonlinear mechanisms may be required to represent accurately the struc-
tural behavior.

The better matches achieved by the systematic methods are general-
ly associated with greater and more reliable information about the
structure. For example, the present study resolved a problem with a
questionably high damping value of 20 percent obtained for the funda-
mental transverse mode of KB Valley Center in a.trial~and—error para-
meter adjustment analysis [2]. The systematic technique showed that
the period had also been estimated poorly in the earlier study. When
the correct period was used, the estimated damping fell to 8% percent.

For design purposes, the synthesized models provided periods
sufficiently close to the values identified from the records, generally
within ten percent, that the maximum response quantities calculated
from reasonably smooth design spectra would be essentially the same.
There are problems, however, in selecting the dampings. The identifi-

cation studies showed that the approximate range of damping values for
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the non-damaging response of tall steel-framed tower structures is four
to eight percent, with an average near five percent for the undamaged
structures considered in this study. Values as low as two percent
appear appropriate only for very low amplitude responses such as those
recorded in the Lytlé Creek and Borrego Mountain earthquakes. This
result 1s only for one type of building at one level of response and
more studies are required to derive a correlation of the expected damp-
ing to the properties of the ground excitation and the structural pro-
perties of the building,

There are several interesting and important areas for the further
development and application of techniques for structural identification
from earthquake records. There are several possibilities for study with
linear models, besides the straightforward application of the present
techniques to more records to obtain further informatiom about dampings
and periods.

Since the beginning of the present study, the Santa Barbara earth-
quake of August 13, 1978 [5,6] and the very recent Coyote Lake earth-
quake of August 6, 1979 [4] have provided records from several locations
in the same structure. These records offer the opportunity to obtain
more detailed mode shape determinations than are possible from the pre-
viously available records, and also to compare the response for differ-
ent locations on the same floor.

There are alsc records available from dams and bridges which may
require extension of the models to allow multiple inputs. These records
may also be fruitful for examination by non-planar models.

For the Ferndale earthquake of June 7, 1975, there are records
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available at the Humboldt Bay Power Plant from the buried base of the
caisson structure, in the caisson on the surface, and at a 'free-field"
surface site [8]. These records are worthy of analysis to investigate
soil-layer amplification {or attenuation) effects and soil-structure
interaction.

The field of structural identification with nonlinear models re-
guires much more research. The Orion Avenue Holiday Inn and the Bank
of California records that have been considered in this study require
analysis using nonlinear models. At present, the functional form of the
equations of motion which may be appropriate are unknown, but it seems

that both hysteretic and degrading stiffness effects must be included
for realistic results. Some research to determine the appropriate mod-
els for the nonlinear behavior of structures has hbeen done at Berkeley
in the jdentification of models for simple structural frames subiected
to eartbquake—iike excitations on a shaking table [3,7]. The experience
from the shaking table studies should prove valuable when actual earth-
quake records become available for substantially inelastic motions,

approaching structural failure.
In summary, systematic identification studies have shown that the

behavior of structures during earthquake response can be represented

very well by linear models for amplitudes up to the onset of structural

damage. The use of systematic techniques allows optimal models to be

identified which generally reproduce the response much better than

models derived by trial-and error methods. The close duplications of

the measured responses allows more model parameters to be found and

gives more confidence in the accuracy of the estimates of the parameters

of the dominant modes.
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