NSF/CEE-33003

FINAL REPORT PEA3I-195891

CLADDING—-STRUCTURE INTERACTION
IN HIGHRISE BUILDINGS

By

B. J. Goodno
J. 1. Craig
M. Meyyappa
H. Palsson

Prepared for

NATIONAL SCIENCE FOUNDATION
CIVIL AND ENVIRONMENTAL ENGINEERING
EARTHQUAKE HAZARDS MITIGATION

Under
Grant CEE-7704269

January 1983

GEORGIA INSTITUTE OF TECHNOLOGY

A UNIT OF THE UNIVERSITY SYSTEM OF GEORGIA
SCHOOL OF CIVIL ENGINEERING AND

SCHOOL OF AEROSPACE ENGINEERING

ATLANTA, GEORGIA 30332

REPRODUCED BY

NATIONAL TECHNICAL
INFORMATION SERVICE

.S DEPARIMENT OF COMMERGE
SPRIRGFIELD, VA, 22161

INFORMATION RESOURCES
NATIONAL SCIENCE FOUNDATION






68-13

50272101
REPORT DOCUMENTATION |1. REPORT NO. 2, : 3. Recipient's Accession No.
PAGE NSF/CEE-83003 ?’33_3___1._9;583_1_
4. Title and Subtitle 5. Report Date |
Cladding Structure Interaction in Highrise Buldings, January 1983
1983 Final Report .
7. Author(s)

B. Performing Organization Rept. No.

B.J. Goodno, J.l. Craig, M. Meyyappa, H. Palsson
9. Performing Orginization Name -and Address

Georgia Institute of Technology

10. Project/Task/Work Unit No.

School of Civil Engineering and 11. Contract(C) or Grant(G) No.
School of Aerospace Engineering ©
Atlanta, GA 30332 © CEE7704269
12. Sponsoring Organization Name and Address 13. Type of Report & Period Covered
Directorate for Engineering (ENG) Final
National Science Foundation 1983
1800 G Street, N.W. 14, T

Washington, DC 20550

15. Supplementary Notes

Submitted by: Communications Program (OPRM)
National Science Foundation
Washington, DC 20550

-16. Abstract (Limit: 200 words)

" The potential Tlateral stiffness contribution of heavy-weight claddings on buildings

and the role of cladding in altering dynamic properties and linear seismic response

were investigated. The prototype structure studied was a 24-story steel frame office

building of core construction with a contoured precast panel facade. Results obtained

from a sheer stiffness model were compared to those obtained from three-dimensional

finite element models. Lateral stiffness was shown to be heavily dependent on details

of the panel-frame attachment. The addition of cladding models to conventional frame

models of highrise buildings was found to alter predicted overall structure frequencies

and linear seismic response,

17. Document Analysis a. Descriptors

Buildings Dynamic structural analysis
Mathematical models Cladding
Computers Stiffness

Earthquake resistant structures
b. identifiers/Open-Ended Terms

Highrise buildings B.J. Goodno, /PI

c. COSATI Field/Group

18. Availablliity Statement . 19. Security Class (This Report) 21. No. of Pages

NTIS 20. Security Class (This Page) 22. Price

(See ANSI-Z39.18) See Instructions en Reverse OPTIONAL FORM 272 (4=77)

{Formerly NTIS-35)
Department of Commerce






CLADDING-STRUCTURE INTERACTION IN HIGHRISE BUILDINGS

B.J. Goodno
J.I. Craig
M. Meyyappa
H. Palsson

FINAL REPORT

NSF Grant CEE-7704269

Prepared for the

National Science Foundation
Civil and Environmental Engineering
Earthquake Hazards Mitigation

GEORGIA INSTITUTE OF TECHNOLOGY
Schools of Civil and Aerospace Engineering

January 1983

Any opinions, findings, conclusions
or recommendations expressed in this
publication are those of the author(s)
and do not necessarily reflect the views
of the National Science Foundation.

—
——






ACKNOWLEDGEMENTS

The authors would like to acknowledge Dr. John B. Scalzi,
Program Manager, Earthquake Hazards Mitigation, NSF, for his
continued support and guidance provided throughout the courcse
of this research program.

Dr. Kenneth M. Will, Associate Preofegssor, School of Civil
Fngineering, Georgia Tech, is recognized for his contributions
to the analytical research effort, principally in the area of
finite element modeling of cladding panels and their connections.

The following students were supported to varying degrees on
the research project and made significant contributions leading
to its successful completion: H. Palsson, M., Meyyappa, X. Gram,
P. LeBoeuf, R. Roglin, §. Saurer, M. Ansley, D. Pless, J. Hop-
kins, and M. Keister.

Any opinions, findings, and conclusisons or recommendations
expressed in this report are those of the authors and do not
necessarily reflect the views of the National Science Foundation.

—
—
—~






TABLE OF CONTENTS

Sumnmary i
Preface
1.0 Introduction _ ' iii
2.0 Analytical Studies v
3.0 Experimental Studies vii
4.0 Conclusions %
References xv
Part T

Influence of Nonstructural Cladding on Dynamic Properties

1.0
2.0
3.0
4.0
5.0

6.0

1.0
2.0

3.0

and Performance of Highrise Buildings

Introduction 1
Description of Structure and Analytical Models 16
Linear Dynamic Response Studies 36
Nonlinear Dynamic Response Studies 147
Localized Panel Response Sfudies 317
Conclusions and Recommendations for Further 373
Study

References 379
Appendix A 384
Appendix B 404

Part II

Identification of Cladding-Structure Interaction in
Highrise Buildings Using Parameter Estimation Methods
Introduction 1

The Evaluation of Cladding Performance 9
During Construction

Forced Vibration Testing 98



Estimation of Stiffness
Summary and Conclusions
Appendix A

References

v/

134
180
184
188



SUMMARY

Heavyweight cladding systems on modern highrise buildings are
often regarded as nonstructural ornamentation by structural design-
ers. Reported failures, however, suggest that cladding components
are participating structural elements which can provide considerable
additional lateral stiffness to aid in resistance to wind and mod-
erate eathquake loadings. This research program has employed a
combination of analytical and field-experimental studies of a
medium highrise office building with precast concrete cladding to
investigate the potential role of the building facade.

Analytical models were used to study cladding's influence on
building frequencies and linear seismic response. Dynamic properties
of the structure model were altered by 15-30% for translational
modes and by up to 65% for torsional modes by the addition of clad-
ding. Hég@ver, finite element studies demonstrated that interstory
shear stiffness is heavily dependent on cladding connection details
and panel support conditiouns.

Experimental studies were carried out on two highrise buildings
to quantify these effects and confirm analytical models, The first
series of tests consisted of ambient vibration measurements on a
24 story steel framé structure throughout the course of construction
from bare to fully clad. From modal response results, it was ob-
served that cladding measurably stiffens the structure and raises

natural frequencies, most pronouncedly for higher modes. Full
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scale forced vibration tests were performed on a second completed
24 story building to determine twelve bending and torsion fre-
quencies and mode shapes. The tests were carried out using a
specially designed transient vibration generator, multichannel re-
sponse measurement and time series methods for modal analysis.
System identification methods were used to estimate stiffness par-
ameters associated with the core, exterior frame and cladding
stiffness. The results were generally within bounds established by
analytical models.

Studies of overall building response to earthquake ground
motion showed that structure response may be either increased or
decreased by including cladding effects depending on the frequencies
of the clad and unclad models and their relation to the frequency
content of the ground motion. A simple panel failure model was

N

proposed; and localized cladding failure was shown to result in a
<

substantial increase in building torsional response. Studies of

'nonstructural’ cladding and its interaction with the primary

structure are expected to lead to a better understanding of curtain

wall behavior and to improved procedures for its design.
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PREFACE

1.0 INTRODUCTION

Claddings on highrise buildings form a first line of defense
for the structure against environmental loadings such as wind or
earthquake. However, building designers usually treat the
curtain wall as nonstructural, and often leave the choice of
cladding and its connections to the architect and cladding manu-
facturer. Aesthetic considerations usually play a major role in
selection of a building's facade, but the potential structural
stiffening effect of heavy weight claddings (e.g., precast
concrete, brick, or granite) must be studied, as well, for
lateral motiouns.

A number of previous studies of nonstructural components
have suggested that cladding may be used as a participating
structural element for control of wind and earthquake motions in
modern highrise comnstruction, resulting in substantial econonmies.
However, the prevailing design philosophy at present in the
United States, as expressed in the design recommendations of the
Prestressed Concrete Institute, is to isolate precast panels from
interstory drift motions. Slots and oversize holes in clip angle
connections are suggested as ways to limit force transfer into
panels, but sliding connections may be rendered ineffective by
poor construction practice and lack of inspection, or connection

deterioration with time.



The principal. objective of the present study was to investi-
gate the possible role which heavy claddings might play in the
lateral response of a medium highrise building for moderate
earthquake ground motions. The investigation involved a balanced
combination of analytical and experimental studies of the effect
of a precast concrete cladding system on the behavior of a 24-story
steal frame office building. A number of different computer
models of the cladding (both linear and nonlinear) were formulated
and added to a three dimensional model of the building frame.

The overall structure model was used in dynamic response studies
of the building with and without cladding stiffening effects.

In the experimental studies, the dynamic properties of the case
study building were determined in a series of ambient and forced
vibration tests conducted at the site using a rectilinear forced
vibration generator built during the éourse of the research pro-
gram. At the gsame time, vibratiom testing was performed on a
second structure (steel frame, glass cladding) before, during and
after installation of cladding, to determine if addition of
c¢ladding resulted in a measurable increase in lateral stiffness.
System identification procedures were applied to obtain improved
estimates of model properties on the basis of measured dynamic
response data.

A brief overview of the analytical and experimental phases

of the overall research effort is provided below in Sections 2
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and 3, respectively. Then, in the full report which follows this
preface, the analytical modeling effort as well as results of
parameter studies obtained from a computer model of the structure-
clédding system is described in Part T. An in~depth description

of the experimental program is provided in Part II of this report.

2.0 ANALYTICAL STUDIES

The principal objective of the analytical studies was to
investigate the potential lateral stiffness contribution of heavy-
weight claddings on buildings and the role of cladding in altering
dynamic properties and linear seismic response. A 24-story steel
frame office building of core construction with a contoured pre-
cast panel facade was selected as the prototype structure for the
bulk of the analytical and experimental work. This structure and
the three-dimensional computer model of its mass and stiffness
propertieg‘are described in the references [1-6] and in Part I
of this report.

A variety of cladding models were developed to represent
the building's facade and to study linear and nonlinear response
of cladding up to failure for moderate eafthquake loadings.
Initially, an interstory shear stiffness model, in the form of a
tridiagonal stiffness matrix, was formulated for the cladding and
its properties adjusted to bring analytical predictions of struc-

ture frequencies into agreement with test results [10-13].



Results obtained from the shear stiffness model were compared to
three-dimensional finite element models [3] of both of the cladding
‘panels and connection angles to establish a range of values for
cladding lateral stiffness, Lateral stiffness was seen to be
heavily dependent upon details of the panel-frame attachment.
Later an incremental failure model [10] was formulated to study
possible degradation of cladding stiffness with interstory drift
level and the consequences of loss of cladding stiffness on over-
all torsional response of the building. Finally, a degrading
stiffness model [12] of the cladding was postulated, in the ab-
sence of supporting laboratory data, to study the nonlinear
response of panels and connections for actual earthquake ground
motion loadings. Results of studies employing these different
cladding models are contained in the references and in Part T

of this\feport.

In Chapter 5 of Part I, results of studies of localized re-
sponse of a typical portion of the facade are presented. Cladding
panels were assumed completely rigid, connections were treated as
linear or nonlinear spring elements, and supporting framing mem-
bers were taken to be linearly elastic, Parameter studies were
performed to investigate the influence of the use of oversize
bolt holes, slotted connections, and connection initial friction
on localized cladding response. Results include forces in con-
nections and shears and moments induced in framing members as

a result of specified interstory drift motions.
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In general, the addition of eladding models to conventional
frame models of highrise buildings was found to alter predicted
overall structure frequencies and linear seismic response,

substantially.

3.0 EXPERIMENTAL STUDIES

The experimental studies complement the analytical studies
and were carried out in parallel using facilities and resources
from the structures labs in the Schools of Civil and Aerospace
Engineering. The experimental research was designed with several
objectives in mind:

1. Acquire information from the full-scale buildings to
answer questions raised in the course of formulating
the various analytical models,

2. Determine the dynamic response characteristics of each
of the buildings, one in the as-built condition, and
the other during the course of construction as both mass
and stiffness were added to the structure,

3. Using the dynamic response information, determine the
most reasonable values of the various system parameters
needed in the analytical models.

The overall objective in this work was, of course, to develop a
quantitative measure of the influence of cladding stiffness, mass,
and connection details on the dynamic response of the total
building structure. These effects are complex at best and at the
outset of this work were not clearly understood., Consequently,

any attempts at laboratory simulation using either relatively

costly full-scale cladding assemblies or simplified scale models
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were ruled out. Rather, the approach was to develop a detailed
analytical model that incorporated cladding-structure interaction
mechanisms and use measured full-scale dynamic response informa-
tion to identify the key interaction parameters. The main thrust
of the experimental work was, then, to develop a measurement
methodology for use in full-scale structures that would allow
determination of the dynamic response and to apply it to two
representative structures. While the ultimate aim was to accu-
rately predict behavior under strong motion conditions, it was
only possible for obvious reasons to carry out the present tests
under low-level, essentially linear, nondestructive conditions.
At the outset, a survey was made of the various methods
used previously for carrying out full-scale vibration surveys of
tall buildings and other large and complex structures such as
aerospace vehicles [187]. Based on these results and the develop-
ing capabilities in the area of time series analysis, it was
decided to arrange the experimental program around a combination
of full-scale tests using both ambient excitation (wind, occupant
motion) and forced transient excitation. The use of transient
forcing coupled with digital time series measurement and analysis
techniques was felt to offer the most powerful and flexible ap-
proach to vibration measurement. The use of ambient excitation
was felt to be most suitable for the measurements in the building

under construction where access would be severely limited,
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security for on-site excitation and measurement eguipment would
be uncertain, and test logistics would be difficult.

Two key aspects of the experimental work were the develop-
ment of an efficient method for field measurement of the vibration
response [16,18] and the design and construction of a powerful
transient forced vibration excitor for use in these tests., A
novel rectilinear force generator capable of producing either
controlled periodic or transient horizontal forces of up to 5,000
pounds at frequencies up to about 20 Hz was designed and built
{8,181, A chirp type of excitation (rapidly swept sinusoidal
forecing) was generated in a desktop computer and used to drive
the excitor. Vibration response at different locations through-
out the structure was measured using low level accelerometers
and acquired and processed with analog‘tape recorders and multi-
channel\&igital time series analyzers. A two channel analyzer
was used ;n the field and a more powerful multichannel analyzer
was used for off-line analysis of recorded forcing and response
data. In the case of the ambient tests, only the measurement
portion of the equipment was used and tests were carried out
over pericds of up to twelve hours at a time (record length) in
order to acquire enough data for precise definition of the
structural response functions during subsequent analysis [9].

The final stage of the experimental program involved develop-

ment of several methods for estimating the various parameters in
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the analytical model by using the acquired dynamic response data
[15,18]. TFirst the modal parameters for the structure were de-
termined using established techniques for the forced vibration
tests and new techniques for the ambient tests. These results
were then used along with the a priori finite element model of
the building to estimate key cladding-structure interaction
stiffness parameters. In this approach, the stiffness matrix was
decomposed into components representing core, exterior framing,
and cladding stiffnesses multiplied by unknown correction param-
eters. These parameters were estimated from the measured re-
sponse data using (i) ordinary least squares, (ii) weighted least
squares, (iii) maximum likelihood, and (iv) Bayesian techniques.
Method (ii) was found to vield the most reasonable values for the
parameters (best consistency with other more detailed analytical
studies of the particular cladding and cladding connectien de-

tails for these buildings).

4.0 CONCLUSIONS

The analytical and experimental studies, described in Parts
I and II of this report, confirmed results presented in the liter-
ature which suggest that the exterior facade is a participating
structural element, in spite of design assumptions to the con-
trary. Computed bullding frequencies and dynamic responses were

found to be appreciably affected by cladding panel effects for
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the prototype structure, It was shown that translational fre-
quencies were increased by as much as 33% and torsional frequencies
by as much as 657 for the overall structure model, In addition,
results showed that 1t may not always be conservative to neglect
the additicnal stiffening contribution of heavyweight ecladding-
connection systems. Neglecting cladding effects may be un-
congervative because dynamic characteristicg of the overall
structure model can be altered to such a degree by the added
stiffness that the sensitivity of the overall structure to certain
earthquake loadings may be increased substantially. When results
for cases employing the nonlinear cladding models were compared

to results for the linear clad and unclad cases, the linear models
were generally found to bracket the nonlinear cases, However,
several instances of increased nonlinear response as compared to
linear response values were observed. For example, rotational
response was found to be amplified more than twenty-fold, for

the symmetric structure with initial partial cladding failure, in
studies employing the incremental failure model. Either poor
construction or prior motion of the building were taken as the
reasons for the initial failure. The increase in rotational
response was obtained even in the absence of enforced accidental
mass eccentricity in the model. These results demonstrated
clearly the potential effects of cladding on overall structure

response,

xi
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In addition to the overall structure response studies,
localized panel response studies were performed to examine panel
connection force levels and the influence of connection stiff-
nesses on cladding lateral stiffuness. Connection forces and
interstory shear stiffness values for the local cladding model
were found to be affected significantly by the presence of over-
sized bolt holes, slots in connection angles and initial friectiom
in cladding connection attachments. However, the load bearing
bottom connections were observed to exceed their ultimate vertical
shear capacity at relatively low interstory displacement levels
in all cases except when both top panel connections were slotted
horizontally.

In the experimental program, described in Part IT of this
report, two highrise buildings were studied in an effort to
Investigate the effects of the exterior cladding on the dynamic
behavior of the main structure. The role of cladding was studied
experimentally by conducting vibration tests and employing param-
eter estimation techniques to determine the dynamic properties
from test data. Pafameter estimation techniques were also
employed to evaluate certain parameters in the structural stiff-
ness matrix which included the effects of cladding as an added
interstory shear stiffness.

The first building was studied during its construction as

the cladding was installed in order to directly assess its
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effects on the dynamic response. Ambient tests were carried out
over a period of several months at different stages of construction,
starting after the erection of the steel frame and the commence-
ment of the installation of cladding and continuing at regular
intervals until the building was completely clad. It was found
that the frequencies (a) show an initial decreasing trend and,
except for the fundamental frequencies in braced frame bending
and torsion {(b) show a subsequent increasing trend through-

out the construction phase. A detailed evaluation of the test
data indicated that at least part of the increase in the fre-
quencies could be ascribed to the exterior curtain wall. It
should be noted that some of this increase could also be due to
other effects or elements such as the interior partitions which
were not explicitly considered in either the analytical or
experiméhtal studies of the structures.

The second building was employed to evaluate the cladding
performance from an analytical viewpoint, making use of dynamic
test results. TFull scale forced vibration tests were carried
out with the aid of an electrohydraulic shaker. Transfer
functions were computed and fitted to determine the modal param-
eter estimates for the building.

The forced vibration test results were used to modify an a
priori stiffness matrix model of the building so that the match

between the analytical and the experimental modal parameters was
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improved and also a measure of the cladding stiffness was obtained.
A weighted least squares method was employed to estimate the
stiffness parameters associated with the stiffness matrices for
the core, the exterior frame and the cladding in each of the

three directions, namely bending in the braced and rigid frame
directions and torsion. The parameters were also determined

using the ordinary least square, maximum likelihood and maximum
posterior density (Bayesian) estimation procedures and the re-
sults from the various methods were compared.

With only the frequencies taken into account in estimatiom,
all the methods yielded reasonable parameter values that were
close to unity. But when the mode shapes were alsoc included,
it was found that if the initial mode shapes were not sufficiently
close to the experimental values, large and.unacceptable changes
in the gérameters were necessary to significantly improve the

N
mode shapes predicted by the analytical model, The final
parameter values were chosen as those that gave an acceptable
match for the frequencies alone. The interstory shear stiffness
parameter utilized in constructing the cladding stiffness matrix
was found to be somewhat higher in torsion than in either of
the two bending directions. This could imply that, for the
highrise building considered, the stiffness effects of the

curtain wall are slightly more evident in torsion.
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SUMMARY

. Precast concrete panels provide an attractive facade and lend
an aesthetic appeal to a building, and are becoming increasingly popular
for steel frame bui}dings. Precast concrete panels have been found to
transfer forces back to the primary structure and to add lateral stiff-
ness until their capacity or that of their connections is exceeded. How-
ever, structural engineers generally regard the panels as nonstructural
and are currently interested only in their weight when designing the
-main structure. Results of recent research have shown that cladding-
structure interaction effects can change the dynamic properties of the
overall structural system significantly. As a result, the computed
dynamic response based on a model of the structural framing alone may
be quite d?fferent from that experienced by the actual structure, and
may not be canervative as originally assumed during design. In addition,
if partial cladding fajlure occurs, overall torsional response effects
may be considerably amplified.

As a case study, the influence of heavily-contoured precast concrete
panels on the Tateral and torsional stiffness of a 25-story, doubly-
symmetric, steel frame office building of core construction was investi-
gated. The effect of the cladding on the dynamic properties and the
Tinear seismic response of the structure was explored by varying the
panel stiffness. In these studies, the centers of mass and rigidity

were assumed to coincide and cladding stiffness was added to the bare
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frame model until analytical frequency values agreed with measured
frequencies from ambient-ievel field tests. Then, using the cladding
stiffness values for the symmetric model, an accidental eccentricity
between centers of mass and rigidity was imposed, as required by building
codes, and linear seismic response computed for the fully clad and unclad
structures. Torsional response effects were increased substantially.

In the absence of experimental data on cladding failure, several
simplified nonlinear models for precast cladding and its connections
were assumed. The influence of the different nonlinear curtain wall
models on averall structure response was determined for different ground
motion inputs. Results are presented in the form of tables containing
peak roof responses and peak interstory drift values. Selected plots
of displacement response time histories due to earthquake ground motion
are also presented.

Finally, a study of localized panel response was performed to
obfain information on connection forces and the effects of cladding
panels and connections on lateral force resistance of the overall
.system. Sources of nonlinearity in this model included oversized holes,
initial friction in connections and slotted connections. Parameter study
results demonstrated that connection forces and lateral stiffness were
highly dependent upon the above factors for the cladding models and

loadings considered in this study.
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1. INTRODUCTION

1.1 Statement of Probliem

Heavyweight curtain wall systems such as those of precast concrete,
brick and granite provide an attractive facade and lend an aesthetic
appeal to a bui]ding; They have long been used to clad modern highrise
buildings and as of late their popularity has been increasing [23].
Cladding is an expensive part of a building and has been estimated to
cost as much as 10-20% of the initial cost of a building [11]. Given
the initial expense, the popular heavyweight architectural enclosure
system is expected to be nearly maintenance free during the Tife span
of the building. Recent reports of facade failures [9, 11, 4571 indicate
otherwise. One vreport [11] blames the failures on a tack of proper
preventive maintenance, and another [45] attributes most curtain wall
failures to the inability of architects and engineers to recognize the
incompatibility between specifications for the structural system and
the exterior wall. It has been reported [45] that insurance claims for
facade failures have increased from 15% of all claims in 1960 to 33%
in 1980 against architects alone.

Current design practice usually follows the recommendations of
the Prestressed Concrete Institute [35]. According to PCI, c¢ladding
panels are to be designed and detailed to transfer external loads such
as wind loads, thermal loads and seismic loads to the supporting frame.

The panel connections are to be designed to resist the external loads



together with the gravity loads of the panels and the use of sliding

or flexible connections is recommended to remove any interaction with

the supporting frame in order to protect the expensive, brittle exterior
paneis. Compliance with the above recommendations is assumed to permit
interstory displacements and thermal movements to take place, within
1imits, without causing any damage to the panels. Based on the above
recommendations, structural engineers generally regard the panels as
nonstructural elements and are currently interested only 1in their weight
when designing the main structure.

In spite of the design assumption thét cladding panel interaction
with the supporting frame has been removed, panels have been found to
transfer forces back to the primary structure and to add lateral stiffness
until their capacity or that of their connections is exceeded. In many
instances, connections deteriorate with time and seize up so that the
intended i§o]at1ng role of the connection is defeated. In addition, con-
nections are. often installed improperly as in the case when slots are
used for alignment only. Once the panel is in place, cennection balts
are tack-welded to the connection angle. Finally, the design may not
be sound since panel interaction with the supporting frame may not be
removed when PCI recommended connection details are used. Several studies
{15, 25, 26, 41, 52, 53], both aha]ytica] and experimental, suggest that
in addition to transferring external loads back to the supporting frame,
the cladding panels add to the lateral stiffness of the primary structure
as well. Experimental studies [26] have shown that even lightweight
cladding can affect the dynamic properties of a structure. Cladding-

structure interaction effects in the case of heavyweight cladding can



then change the dynamic properties of the averall structural system
significantly. As a result, the computed dynamic response based on a
model of the structural framing alone may be quite different from that
experienced by the actual fully-clad stiructure, and may not be conserva-
tive as originally assumed during design. In addition, a partially clad
structure {either during construction or after partial cladding failure)
can cause rotational response to be greatly ameified due to the eccen-
tricity introduced by the absence of several panels.

The increasing costs of building construction and materials has
added to the interest in utilizing the lateral stiffness and epergy ab-
sorbing capacity available in the exterior heavyweight cladding. Light-
weight cladding has much different performance characteristics than heavy-
weight c1adding and has to be regarded as a system of passive elements
which do not contribute significantly to overall structure lateral stiff-
- ness. Several investigators [8, 13, 21, 25, 41, 53] claim that integrating
the cIaddiﬁg panels as participatfng structural elements would result
in better economy, and according to some, in better safety of the overall
structural system as well. The need for improved understanding of cladding
behavior is evident based on the reports of failures above. However,

a knowledge of actual force levels experienced by both panéls and their
connections is required before design modifications can be made.

1.2 Previous Studies

1.2.17 Introduction

The analysis and understanding of the behavior of clad structures
and cladding-structure interaction is a subject of considerable interest

in the literature. Although this interest is mainly analytical, several
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experimental studies have been performed. A number of studies of rele-

vance to the present investigation are discussed below.

1.2.2 Analytical Studies

Several investigators examined the contribution of cladding to
structure lateral stiffness. Gram [17], continuing the work of Sherwood
[42], reported on studies of a 25-story steel frame structure which inc-
dentally 1is the prototype structure for the current study. The contribu-
tion of cladding ta structure lateral stiffness was determined by matchfng
ambient-level measured frequencies and computed frequencies. Based on
this approach, the cladding was found to contribute 30% or more to the
lateral stiffness of the primary structure. Oppenheim [29] and Dubas
[8] also considered cladding effects in their studies of tall structures.
Again, the overall stiffness was increased 30% or more with the addition
of cladding. Weidlinger [52] studied shear field panels which could
be used as wind bracing in highrise. buildings. The principal conclusion
was that panel capacity te resist wind shear was effectively diminished
if vertical (gravity) forces were transmitted to the panels. The use
of shear field panels was also concluded to be economical. Henry [18]
studied the behavior of cladding frame interaction for reinforced congcrete
structures. The study revealed that it may not be conservative to ignore
cladding effects during design and that design of connectors was critical.

Other researches have studied the effects of connections on cladding-
structure interaction. LeBoeuf [22] continued studies reported by Will
et al. [53] where finite elements were used to model a precast concrete
panel and its clip-angle connections (same prototype structures as in

present study). The effects of connection details on the interstory shear



stiffness of the curtain wall was analyzed. A wide range of stiffness
values (0-741 kips/inch (0-1.3 x 10° kN/m)) was obtained depending on
panel support conditions and connections details. Further studies in-
volving laboratory tests of an actual panel and connections were suggested
to determine the contribution of cladding to structure lateral stiffness.
Sack et al., [39] also investigated the interaction between structural
framing and precast concrete curtain walls. Panels were found to provide
additional lateral stiffness if connected by bar inserts, or bolted and/or
welded structural angles to the exterior frame. However, the stiffness
contribution was found to be negligible if the structural angles were
slotted or the connections were loaded into the post-yield range.
Gjelsvik [13] was also interested fn the interaction betweer frames and
precast panels. Elastic-plastic analysis was applied to determine collapse
loads and deformations., The panels were assumed to be rigid, weightless
and connected by four bolts to the beams of the frame with no panel-
to-panel contact. Two collapse mechanisms were considered: a weak bolt
design in which the mechanism was unaffected by the presence of the panels
and a strong bolt design in which the panels governed the collapse. A
'short bolt design (1ittle ductility required) was found to be most suitable
- to reduce horizontal deflections when the panels were used for wind bracing.
A number of investigators have discussed design and behavior of
nonstructural elements. Sharpe [41] discussed seismic design of non-
structural elements and stated that if damage was to be minimized then
building elements extending from floor to floor had to be designed to
accommodate interstory displacements. Sharpe reported that recorded

building response during the 1971 San Fernando, California earthquake
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showed evidence of cladding-structure interaction. The primary conclusions
were that nonstructural elements could be designed to resist structure
motions due to wind and moderate earthquakes with Tittle or no damage.
Special attention would have to be given to connections to prevent failures
and subsequent falling of panels to the ground. McCue et al. [25] dis-
cussed the behavior of nonstructural curtain walls during seismic action.
Recent earthquakes had demonstrated that precast cladding panels were
particularly dangerous. Panel-to-structure connections were considered
of critical importance in situaticons in which failure resulted in collapse
of panels intolthe street. The presence of cladding and finish systems
was expected to increase the structure stiffness resulting in a shift
of vibration frequencies. This shift could push the structure into a
more critical earthquake ground motion frequency range, which could result
in higher seismic response than if the stiffening effects had not been
accounted for in the analysis. Glogau [14] advocated damage control
in buildings through separation of nonstructural components such as exterior
precast panels. Separation was justified by the high degree of life
hazard expected in case of nonstructural damage and that nonstructural
damage had resulted in the failure of the primary system by inducing
accidental torsion. The principal conclusion was that by separating
nonstructural components from the main structure, an unfavorable change
in the intended performance of the overall structure could be prevented.

An opposing view was presented by Kulka et al. [21] which described
the design and construction of multistory buildingsusing precast elements.
Integration of exterior wall panels into the load resisting walls was

advocated to carry both vertical loads and horizontal loads such as those



due to earthquake and wind. One claim was that to disregard exterior
concrete wall panels as load-carrying elements, particularly for horizon-
tal loads, was an illusion in the case of steel buildings, and an impossi-
bility in the case of concrete buildings. While a designer might disre-
gard the stiff panels in his calculations, nature would not disregard
them in the event of an earthquake. The action of exterior panels should
be included from the beginning of design resulting in great benefit to

the overall structure behavior.

‘Several studies involving large panel structures have been reported.
Spencer [43] investigated the effect of nonstructural interfloor elements
on the nonlinear dynamic response of a 20-story prestressed concrete
frame structure. The force-deformation behavior of the interfloor elements
was idealized to have either yielding or essentially linear hysteretic
behavior. A Ramberg-Osgood function with an appropriate hysteresis
Taw was used to define the hysteresis loops on which the element loops
were based.'iThe first eight seconds of the N-S component of the 1940
ET Centro earthquake were used as excitation. The conclusions were that
the elements could be useful in reducing interstory drift and that non-
yielding elements with Tow energy dissipation tended to be more effective
than yielding elements which dissipated more enerqy. Powell and Schricker
[38] examined ductility demands on joints in large panel structures.

A large panel shear wall is not a monolithic structure but contains planes
of weakness at the joints at which both sliding and tilting could occur.
The joints were considered as structural "fuses," which 1imited the amount
of shear force and overturning moment that could be transferred between

panels, thereby limiting the stresses develgped in the panels. The primary
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conclusion of the study was that the design of joints which could accommo-
date sliding could dramatically reduce earthquake-induced stresses without
placing undue demands on ﬁhe deformability of the joints. In addition,

it is preferable to consider ductility demand in terms of actual defor-
mations rather than in terms of some less meaningful ratio for this type
of structures (and perhaps all structures). Becker et al. [4] reported
on research into the seismic behavior of a simple precast concrete wall
which in this case was a vertical stack of panels having only horizontal
connections. The model assumed that all nonlinear, inelastic behavior

was concentrated in the connection regions and that the precast panels
remained 1inearly-elastic. The nonlinear-inelastic seismic analysis

was capable of handling both rocking type motions throughout the height

of the structure and slippage due to shear in the plane of the connections.
The results showed seismic response to be governed mainly by a nonlinear-
elastic rocking phenomencn associated with a period elongation with

a consequent increase or decrease in the seismic response depending on

the nature of the ground motion. Shear slip occurred only when friction
coefficients were extremely low or when the normal forces across the
connections were low as in the case of low buildings or in the upper
floors of tall buildings. Mueller and Becker [28] explored the potential
of an aseismic design concept that used the vertical connections in large
panel precast concrete walls as primary energy dissipating elements.

It was considered easier to provide vertical connections with sufficient
ductility than more complex, gravity load bearing horizontal connections.
The relationship betwen the vertical connection characteristics and overall

response was investigated, and a rule of thumb for the optimum strength



of the primary energy dissipating elements established. The design con-
cept was thought to be viable provided that the vertical connections
exhibited full and stable hysteresis loops.

1.2.3 Experimental Studies

Fewer experimental studies on cladding have been reported in the
1iterature compared to the number of analytical studies discussed above.
Anicic et al. [3] performed experimental studies on two reinforced concrete
facade panels measuring 277 inches (704 cm) by 96.5 inches {245 cm) by
7.5 inches {19 cm) deep with two webs that were 4.7 inches (12 cm) thick
and 8.3 inches (21 cm) deep. One of the panels had a window opening
that measured 39.4 inches (100 c¢m) by 70.9 inches (180 ¢m). In the tests,
only cyclic loads perpendicuiar to the plane of the panels were applied.
The studies showed that the load-deformation relationship is linear 1in
the range of possible loads and that no difference in behavior was observed
between the panel with an opening and the one without one. The panels
were found to withstand much higher loads than computed and failed by
plastic buckling of the main web reinforcement. Uchida et al. [48]
perfarmed vibration tests on a two-story, two-bay steel frame with precast
concrete panels to obtain data on the effects of cladding on the dynamic
- properties of the structure. Both free vibration and forced vibration
tests were conducted on the clad frame and dynamic load tests during
dismantling of cladding. The studies showed that the presence of precast
cladding increased the stiffness and the damping of the test frame.
Meyyappa et al. [26] measured the ambient response of a 24-story steel
frame office building to determine the effects of lightweight cladding

on frequencies and damping of different modes. Response measurements
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were collected at different stages of construction and frequencies and
damping were found to change as additional cladding was placed on the
building. The frequencies of the second and third modes increased,
while the fundamental frequencies were not affected during construction.
It wés also found that QTadding had an increasing effect on damping values
in general, with the increase for torsional modes being more substantial.
Experimental studies of panel connections have also been under-
taken. Sack et al. [39] studied the stiffness characteristics of con-
nection devices and the capacity to withstand low-cycle fatigue tests.
Analytical studies of the same connections were also performed and dif-
ferences were within 30%. Yield tests on connection angles showed that
the stiffness was negligible in the post-yield range. The low-cycle
fatigue tests revealed that, for the angles tested, the original stiffness
was maintained after 2000 cycles and there were no signs of damage. Sack
et al. alsg‘conducted experimental studies on a one-story, one-bay frame
clad with two 6 feet (183 cm) by 12 feet (366 cm) flat precast concrete
panels. Each panel was connected to the steel frame with tﬁo rods at
the top and two clip angles at the bottom. Several earthquake floor
motion records were used to excite the test structure. Top connectors
(rods) were found to be highly stressed in horizontal bendﬁng during
earthquake loading and the rods were also highly susceptible to Jow-cycle
fatigue. Pall and Marsh [31] investigated the use of limited-s1ip,
friction-bolted joints in precast concrete large panel construction.
The proposed connection consisted of stee1 plates, with slotted holes,
connected by high strength steel bolts to steel inserts anchored in the

concrete panels. Both static and dynamic cyclic tests were conducted
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on the connection. When heavy duty brake 1ining pads were inserted be-
tween the sliding steel plates, the joint exhibited a constant, repeatable
s1ip load and simulated near“e1ésto-p1ast1c” behavior with negligible
degradation. Nonlinear time-history dynamic analysis was performed to
study the influence of connection behavior on seismic response. The
influence of horizontal Joints was neglected and the nonlinear behavior
of the wall Timited tothe proposed joint located in vertical joint lines
only. The Timited-slip, bolted connection was found to act as both a
safety valve and a structural damper and it was capable of improving
overall seismic response of large panel structures. Several cohnectors
used in Targe panel construction were alsc tested experimentally by Oshorn
et al. [30]. Both bolted and welded connections were tested and results
showed welded connections to be more suitable in seismic environments.

1.2.4 Additional Comments

Several papers [15, 16, 33, 34] have been generated during the
course of the work presented in this report. Several of these paper§
were presented at technical meetings to stimulate discussion on the research
findings as they became available. Results of both research and discussions
will be presented in following chapters.

Several of the above studies showed that cladding contributed
.0 the lateral stiffness of structures and hence affected dynamic properties
and response. Other studies demonstrated the influence of panel connections
and panel support conditions on the contribution of cladding to overall
structure lateral stiffness. Further analytical and experimental studies
were also indicated to improve understanding of the influence of nonstruc-

tural cladding on dynamic properties and performance of highrise buildings.
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1.3 Objectives and Cutline

1.3.1 OGCbjectives

Currently, designers assume cladding panels to be nonstructural.
However, the discussions above clearly demonstrated that interaction
exists between the panels and the supporting structure. This study in-
vestigated the influence of heavily-contoured precast concrete paneis
an the lateral and torsional stiffness of a 25-story, doubly-symmetric,
steel frame office building of core construction. In addition, localized
panel response studies were performed to obtain information about con-
nection force levels and interstory shear stiffness values.

A better knowledge of basic properties influencing panel-frame
behavior is needed for a more economical and safer design of modern struc-
tures employing heavyweight cltadding systems. The principal objectives
of the present study are:

T.\VTo develop three-dimensional analytical models for dynamic
analysis of.the prototype structure described in Chapter 2.

2. To calibrate the analytical models by adjusting the amount
of lateral stiffness provided by cladding until medel frequencies matched
ambient experimental values.

3. To perform linear dynamic response studies to Compare models
which assumed composite acticn of floor beams to noncomposite ones, and
to compare models which accounted for the contribution of lateral stiff-
ness by cladding tomodels that did not.

4. To perform nonlinear dynamic response studies to compare the
influence of different force-deformation relationships for cladding and
its connections on overall structure response; the core and the exterior

frame were assumed to remain linear.
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5. To perform Tinear and nonlinear static response studies on
a one-story, one-bay frame model with attached cladding panels to cbtain
force levels in connections and contribution of cladding to lateral stiff-
ness.

A description of how the above objectives were met is contained
in the following section.

1.3.2 Outline

Descriptive data for the prototype structure including joint co-
ordinates, member incidences, member sizes, support conditions and the
distributed mass of the structure were partially prepared by earlier
investigators [17, 42]. The current study was divided into six major
parts. The first part was concerned with the development of the analytical
models for the prototype structure described in Section 2.1. Two models
were developed. One assumed composite action of floor beams and the
other assumgd noncomposite action as discussed in Section Z.2.

In the second part of the study, the structure frequencies were
determined experimentally. The ambient response of the structure was
measured simultaneously at different locations and then analyzed to obtain
the lowest three frequencies in each of the three structure directions
(rigid frame direction, braced frame direction, and rotation). This
procedure is described in Section 2.3.

Calibration of the analytical models comprised the third part
of the study. Analytical and experimental freguencies were matched by
adjusting the amount of interstory shear stiffness contributed by the
exterior cladding. The interstory shear stiffness values obtained were
then compared to values obtained from finite element studies of panels

and connections for comparison. This work is presented in Section 2.4.
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The fourth part of the study was devoted to linear dynamic response
studies of the analytical models for base excitation input. Symmetric
structure response with and without cladding stiffening effects was com-
puted for several different earthquake ground motion loadings and results
presented in time-history plots and tables containing peak responses.

In addition, structure response with enforced mass eccentricity for the
composite case was computed for two different loadings as discussed in
Chapter 3.

In the fifth part of the study a number of nonlinear dynamic response
studies were performed. These studies involved the composite model only
and the nonlinearity was confined to the interstory shear stiffness con-
tribution of cladding. Several different force-deformation relationships
were employed to describe the behavior of cladding and its connections
in the absence of experimental data. Results were developed in the form
of peak interstory drifts, peak roof responses and time-history plots
as shown in Chapter 4.

Localized panel response studies were undertaken in the sixth
and final part of this investigation. A linear static analysis computer
program written by another investigator [37] was used to analyze a one-
story, one-bay plane frame with two cladding panels to obtain information
about connection force levels and the contribution of cladding panels
and connections to lateral force resistance., The computer program was
modified in this study to include nonlinear static analysis capabilities
in which the nonlinearity was limited to the cladding panel-to-frame
connections only. The nonlinearity was assumed to be caused by initial

friction in connections, as well as the effects of oversized holes and
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slotted connections. This analysis is described in Chapter 5.

Finally, all conclusions drawn from these studies and recommenda-
tions for further study are contained in Chapter 6. The need to comple-
ment analytical research with experimental testing is always present.
Design of cladding, in general, is compiicated by the fact that a wide
variety of different designs for panels and attachments exists. This
thesis presents a general analysis methodology Eather than a resolution
of questions pertaining to use of cladding as a participating structural
element. This study has focused attention on one structure only and
has only considered the influence of one type of panel and connection
scheme empioyed in the case study building; hence it may be premature
at this point to use the analytical procedures and results as the basis

of a recommended design approach.

With identification of and improved understanding cof key parameters

which influence performance of more common types of ¢ladding, more rational

engineering design procedures for cladding are expected to follow.



2. DESCRIPTION OF STRUCTURE AND ANALYTICAL MODELS

2.1 Prototype Structure

2.1.1 Physical Description

A 25-story office building completed in 1970 and shown in Fig. 2.1-]
was selected for the cladding-structure interaction studies. The office
tower is a steel frame structure supported by a pier foundation dritled
to bedrock. It is built around a steel core intended to provide all
of the lateral force resistance (Fig. 2.1-2). The core is made up of
braced framing in one direction and rigid framing in the other as shown
in Fig. 2.1-3. The core extends down to the lowest basement level even
though it is not shown on the figure. Typically, the columns in the
core are 14 inches (3.56 cm) deep with.fy ranging from 36 to 50 ksi
(248 to 345 MPa). Girders are 14 inches (35.6 cm) deep with fy = 36 ksi
(248 MPa) iﬁkthe braced direction of the core and range from 24 to 36
inches (61.0 to 91.4 cm) with fy = 36 ksi {248 MPa) in the core rigid
direction. The flooring is a concrete slab (fé = 5000 psi (34.5 MPa))
on 1ight gage metal decking supported by beams spanning from the core
to the exterior frame {Fig. 2.1-1). The majority of the floor beams
are 21 inches {53.3 cm) deep with fy = 50 ksi (345 MPa).

The building has a heavy precast concrete panel facade (Fig. 2.1-4)
supported by a lightweight exterior steel frame which in turn is supported

around the perimeter of the structure by a massive reinforced concrete,

rigid frame pedestal (Fig. 2.1-3). The exterior frame typically consists
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of 10 inch (25.4 cm) deep columns with fy = 36 ksi (248 MPa) above the
15th floor and 12 inch (30.5 cm) deep columns with fy = B0 ksi
(345 MPa) at the 15th floor and below. The girders of the exterior frame
are in general 18 inches (45.7 cm) deep below the 17th floor and 16 inches
(40.6 cm) deep at the 17th floor and above with fy = 36 ksi (248 MPa).
A11 four faces of the structure have 12 bays and two panels per bay.

The structure was designed for actual dead loads, live loads were

2 2 (1.2 /mly. The

50 1bs/foot” (2.4 kN/mZ) and partitions 25 1bs/foot
- Atlanta City Code was used for determination of wind loads and all cladding
was assumed to be nonstructural.

2.1.2 (ladding Panels and Connections

The cladding panels are highly contoured precast concrete with
1ight reinforcing steel and wire mesh imbedded to prevent cracking. The
majority of the panels are 12 feet (3.66 m) high, five feet {1.52 m)
wide and 18 inches {0.46 m) deep with a window cutout measuring 6
feet 8 inchg; x 2 feet 8 inches {2.03 m x 0.81 m) which covered about
30% of the projected panel face area. Each panel weighs about 3.7 kips
{16.6 kN) and the cladding alone contributes approximately 30% of the
téta] dead load on a typical floor [42].

Each panel is connected in four places to the exterior frame span-
drel beams (Fig. 2.1-5). A typical top connection consists of a 3/4 inch
{1.9 cm) adjustable loop insert bolted to a 4 inch x 4 inch x 3/8 inch
x 4 inch (10.2 cm x 10.2 c¢m x 1.0 cm x 10.2 cm) long clip angle which
in turn is welded to the frame spandrel beam (Fig. 2.1-6). The 1oop

insert has a safe working load of 3000 1bs (13.34 kN) [1]. Inspection

of accessible top clip angles on the mechanical floor and the parapet



Figure 2.1-1.

Photograph of Prototype Structure.
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revealed that all angles had 1.5 inch (3.8 cm) horizontally slotted bolt
holes. These slots are for easier installation and to permit movement
(thermal, drift) to take place without resulting in high force levels

in the panels and their connections. A typical bottom connection, which
is designed to support the weight of the panel, consists of a shelf angle
insert holted to a 5 inch x 3.5 inch x 3/8 inch x 6 inch {12.7 cm x

8.9 cmx 1.0 em x 15.2 cm) long clip angle. The clip angle is welded

to the frame spandrel beam as shown in Fig. 2.1-7. The insert is made

of ductile iron (ASTM A 536-67) with a wedge shaped track to allow for
vertical adjustment and prevent slippage. The safe working load of the
insert is 4000 ibs (17.79 kN) [1].

2.2 Analytical Models

2.2.1 Stiffness

A tier building model [50] was developed to represent the primary
core structure. A key assumption for use of this model was that floor
slabs were rigid in their own planes. An additional requirement was
that the floors had to be connected by a structural space frame arranged
in a rectangular pattern. Three degrees of freedom {two transiational
and one rotational) were retained at the center of the core of the doubly-
symmetric structure in developing a stiffness model for use in subsequent
dynamic response analysis.

The effects of eccentric connection of bracing members in the
braced frame direction and finite size of framing joints were included
in the model, which was developed using GTSTRUDL [10]. Although the
floor slab framing members were not designed for composite action, it

was assumed that composite action was likely to occur for low-level
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excitations (wind, small earthquakes) provided that the structure had

not experienced any large motions in its history. Both composite and
noncomposite member properties were computed for floor framing members
and the influence of each on structure frequencies and dynamic response
compared. Unit translational and rotational displacements were applied
at each floor level in turn and reactions obtained to construct a 63 x 63
stiffness matrix for the core.

The Tateral stiffnesses of the exterior frames which support the
clédding panels were developed independently then transformed to the
center of the core and added to the stiffness matrix for the primary
(core) structure. For translational degrees of freedom, this was accom-

plished with the following equation:

K

Ke + 2K

SF (2.2-1)

Pt 2K

Kot © Kep

where 5TOT was overall structure stiffness, KC core stiffness, EEF
exterior frame stiffness, and KCP cladding panel stiffness {see below
and Fig. 2.2-1). For rotational degrees of freedom, the equation used

was:

K = K. + 4D (K

Stor T ¢ Kep + K

Kep) 8D (2.2-2)

where D was half the side length of the square structure and & a unit
rotation (Fig. 2.2-1). The exterior frame stiffness model was reduced
to a single degree of freedom per floor by assuming that each floor acted

as a rigid body. This was accomplished by using a plane frame program
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written by Gram [17]. The program included frame elements which can
accommodate shear deformation and arbitrary elastic rotational stiff-
nesses at either end. Typical spandrel-column connectian stiffnesses
range from 2 x 10° to 1.5 x 10° kips-inch/radian (226 to 1.69 x 10

kNm/radian) [12]1. In this study, an intermediate rotational connection

4 kips-inch/radian (9.04 x 10t kMm/radian) was used

stiffness of & x 10
to model the stiffness of the exterior frame joints.

The lateral stiffness contribution of the row of cladding panels
and connection angles between story levels on each building face was

defined by an assumed shear stiffness constant Vi. Parameter Vi was

used to form a tridiagonal stiffness matrix

- -
W
AU S E PR
Rep = V5. : ' (2.2-3)
Vi VitV Vi
=Yoo
Va0 Vo1 F Vg
L. —

where i denoted the story number, starting at the top, representing the
lateral stjffness of each face of the structure. The tridiagonal stiff-
ness array was transformed to the center of the core and added to other
stiffness contribution according to Egqs. (2.2-1) and (2.2-2) (Fig. 2.2-1).
Parameter Vi was used to calibrate the overall computer model of both

the structure and cladding on the basis of ambient vibration data for
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the prototype structure. This was accompiished by adjusting the value
of Vi in steps until a match was obtained as discussed in Section 2.4.
2.2.2 Mass

| The mass matrix for the prototype structure was prepared by an
earlier investigator [42}. Each mass in the model was assumed to be
concentrated at floor level in the center of the core which implies the
assumption of symmetry. The mass of structural framing, curtain walls,
fioor slabs and building partitions was evaluated directly from the struc-
ture drawings and lumped in standard fashion. The actual live load dis-
tribution of the building was not determined and since using code values
would have cverestimated the 1ive Toads, an alternative approach was
chosen. The National Bureau of Standards conducted a study on the dis-
tribution of live loads in office buildings which showed the mean uniform
1ive load to be 10.63 Ibs/ft2 (509 N/mz) with a standard deviation of
4.8 1bs/ftgi(230 N/mz) [5]. Based on the above study a live load of
10.63 1bs/fte (509 H/m°) was used in addition to dead load mass computa-
tions for the prototype structure.

2.3 Measurement of Structure Frequencies

The structure frequencies were measured to determine the contribuy-
“tion of the cladding panels and their conﬁections to the erraTT lateral
stiffness of the structure. The stiffness properties of the core and
exterior framing can be determined rather accurately using analytical
modeling procedures while knowledge is lacking as to properly account
for the presence of the exterior wall panels in the overall system. The
contribution of cladding was determined by matching analytical and experi-
mental frequencies of the clad and unclad building models as detailed

in the next section.
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The'norma1 daily activities at the prototype structure precluded
having any permanent fixtures and necessitated transportation of the
measuring equipment tc the building every time a set of measurements
was taken. Several low level force-balance accelerometers (Kinemetrics
FBA-1) were used to measure the ambient response simultaneously at
different Tocations. The accelerometer signals were amplified, filtered
and then recorded on magnetic tape using an HP-3968 eicht channel tape
recorder (Fig. 2.3-1).

Three measurements were made, each lasting up to six hours. The
first two tests employed three accelerometers all located on the roof.
Given previous knowledge of structure frequencies, two were positioned
at opposite edges of the roof to determine rigid frame transiational
frequencies and torsional frequencies. Meanwhile, the third accelerometer
was located in the core of the structure to determine braced frame trans-
lational frequencies. The third measurement was directed only at trans-
lational frequencies. Five accelerometers were positioned on different
floors (2, 9, 17, 21, roof) in the core of the structure. During the
first half of the data acquisition, all the accelerometers were oriented
in the rigid frame direction while they were rotated to measure movements
in the braced frame direction during the second half of the measurement.
Data reduction was performed using an HP 5420A digital signal analyzer
(27]. Typically, the number of averages employed ranged between 800
and 1400 depending on the amount of data available. The first three
frequencies in each direction are shown in columns 3 to 5 in Table 2.3-1.
Later, in a related study [27], forced vibration tests were Derformed

using a rectilinear force generator on the same structure. Frequencies



Table 2.3-1. Experimental Frequencies for the Prototype Structure.

Vibration Freguencies, in Hertz

Ambient, 1979 Forced Vibration

Direction Mode 6/21 9/5 9/13 Test Results, 1981
(1) (2) (3) (4) (5) (6)
Braced frame 1 0.41 0.40 0.40 0.41
2 1.32  1.30 1.29 1.30
3 2.38 2.38 2.38 2.35
Rigid frame 1 0.32 0.30 0.30 0.32
2 0.98 0.95 0.93 0.96
3 1.69 1.65 1.66 1.66
Torsion 1 0.43 0.40 - 0.41
2 1,26 1.22 -— 1.23
3 : 2.16  2.12 -- 2.09
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Figure 2.3-1. Ambient Response Measurement Instrumentation.
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obtained were in good agreement with ambient Tevel results and are shown
in column 6 of Table 2.3-1.

2.4 Calibration of Analytical Models

Currently, knowledge is Tacking on how to estimate the contribution
of cladding panels and their connecticns to ovefa]l structure lateral stiff-
ness. The contribution of cladding was identified in this study by matching
ambient experimental frequencies and computed freguencies for the lowest
three modes for both translational and torsional modes. This was accom-

plished by adjusting the shear stiffness parameters, V., in the analytical

i
model discussed above in Section 2.2 in steps until computed and measured
frequencies were nearly equal for Tower modes. Cladding stiffness para-
meter Vi was assumed to be constant over the height of the structure.

The Ieast-squarés criterion with percent differences was used
in the process of correlating measured and computed freguencies. The
use of pereent differences was chosen as a lcgical Way of assigning a
higher level“of importance to matching lower frequency values. A value
of V = 625 kips/inch (1.1 x 105 kN/m) produced the best match of experi-
mental and analytical values for the composite floor slab model. The
best match for the noncomposite model was obtained with V = 800 kips/inch
(1.4 x 105 kN/m). The frequencies for the above analytical models are
summarized in Table 2.4-1 for both the clad and the unclad models.
These shear stiffness values were verified by a finite element study
of one cladding panel and its connection angles by earlier investigators
[53].

As the percent increase in frequency values in columns 5 and 8

of Table 2.4-1 demonstrates, the addition of cladding stiffness effects
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results in a substantial increase in Tower mode (especially torsional)
frequencies when compared to the frequency values for the unclad (V = 0)
structure. The jncrease in structure freguencies due to cladding effects
is higher for the noncomposite model than for the composite model. In-
creases are up to 25% in the braced direction, 52% in the rigid direction,
and 95% in torsion. Apparently, the dynamic properties of the model

are altered significantly by consideration of cladding lateral stiffness
effects for Tow level moticns. Recall that the mass of the cladding

was included in all frequency computations, but that, in the so-called
unclad state, the contributory effect of cladding to overall structure

lateral stiffness is neglected.



Table 2.4-1,

Analytical Frequencies.

Vibration Frequencies, in Hertz

Noncomposite Model

Composite Model

Direction Mode Without With Percent Without With c Percent
Cladding? C1addingb Increase Cladding Cladding Increase
(1) (2) (3) (4) (5) (6) (7} (8)
Braced frame 1 0.32 0.40 25 0.34 (.40 18
2 1.02 1.24 22 1.10 1.26 15
3 1.95 2.26 16 2.12 2.35 11
Rigid Frame ] 0.23 0.33 43 0.26 0.34 31
2 0.63 0.96 52 0.75 1.00 33
3 1.14 1.67 46 1.39 1.78 28
Torsion 1 0.23 0.42 83 0.26 0.41 58
2 0.63 1.23 95 0.71 1.17 65
3 1.14 2.08 87 1.28 2.00 56

aInterstory shear stiffness V = 0.

bInterstory shear stiffness V = 800 kips/inch (1.4 x 109 kN/m).

CInterstory shear stiffness V = 625 kips/inch {(

5

1.1 x 107 kN/m).

GE



3. LINEAR DYNAMIC RESPONSE STUDIES

3.1 Introduction

The increasing costs of building construction and materials has
added to the interest in utilizing the lateral stiffness and energy ab-
sorbing capacity available in the exterior cladding. However, an under-
standing of cladding behavior is Tacking. What is known is qualitative
in nature and not enough quantitative information is available, although
continuing studies are providing additional information. Increase in
height of structures and use of high strength‘materia1s has generated
more flexible structures which are more responsive to wind or moderate
earthquakes. Lateral deflections are often the gaverning factor during
design rather than vertical load resistance due to the added responsive-
ness of modern tall buildings.

Anal}tica? models describing the elastic and inertial properties
of the prototype structure in the form of condensed stiffness and mass
matrices for the selected degrees of freedom were developed abqve in
Chapter 2. These models were used in the dynamic response studies of
the prototype structure to evaluate the influence of cladding lateral
stiffness on overall structure response. Both the composite and non-
composite models were considered. In addition, the structure dynamic
response with enforced mass eccentricity was computed as reguired by
1982 UBC [49] for combined translational and torsional response studies.

Again, the influence of cladding was evaluated but in this case for

36
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the composite madel only to reduce the amount of computation and limit

the number of cases for consideration. Linear elastic, small displace-
ment response behavior was assumed throughout the studies in this chapter.
The internal damping present in the structure was represented by using

a simple modal formulation. In simple modal damping, a damping ratio

Y; is defined for each of i modes and the damping matrix defined as

2v1P

(3.1-1)

L _—

where P 15 the natural circular frequency for mode i, n is the number

of modes cons1dered, and XN is the modal matrix norma11zed with respect

to the mass matrix. A damping ratio of five percent was specified for

all modes in these studies. Later experimental measurements [27] conducted
- on the prototype structure revealed damping ratios in the range of two

to five percent for the first several modes for forced vibration excitation
of the prototype structure.

In this chapter, the computaticonal procedures used to determine
structure response to moderate earthquake ground motion are described
first. Then, structure displacement time-histories for the variety of
ground motion loadings are presented and structure response with and

without cladding stiffening effects compared. Finally, the structure
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dynamic response with enforced mass eccentricity was computed for both
the clad and unclad structure models.

3.2 Integration Method

The dynamic response of a structure may be obtained by a step-
by-step integration procedure. In this approach, the response is evaluated
for a series of short time increments, At, generally taken of equal length
for computational convenience. The condition of dynamic equilibrium is
established at the beginning and at the end of each interval, and the
motion of the system during the time increment is evaluated approximately
on the basis of an assumed linear distribution of displacement and velocity.
The evaluation ignores the Tack of equilibrium which may develop during
the interval unless equilibrium iterations are included. The complete
response is obtained by using the velocity and displacement computed
at the end of one interval as the initial conditions for the next interval;
the process may be continued step by step from the initiation of Toading
to any desired time. A FORTRAN computer program was written to do the
step-by-step computations in this study [32].

A number of numerical integration procedures are available for

the solution of the equations of motion.

=
o)

+
Hen)
1

+
)

D = A (3.2-1)

where M, C and $ are the mass, damping and stiffness matrices respectively

for the assembled structure. Vectors D, D, ﬁ and A represent displace-

ments, velocities, accelerations and actions at the degrees of freedom,

respectively.
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The direct linear extrapolation technique with the trapezoidal
rule was used to solve for total displacements of the structure at each
time stép. In this technique, uniform time steps are used and total
response evaluated at the end of each step. Velocities are approximated

at the end of the step from the trapezoidal rule as:

- _ - .. .. ﬁ

Dy = D4 + (5 + 8 =5 (3.2-2)
and displacements are assumed to be

D, =D, ,+ (D, , +0D.) 2 (3.2-3)

Zi Yi-l Si-1 7 Y T2 :

where subscripts indicate current response time point i and prier time

point i-1. Substituting Eq. (3.2-2) into Eg. (3.2-3) results in:

B - . . (At
Dy = Dyy + Byoq ot + {04y + Dy) g (3.2-4)

The linear damped equations of motion (see Eq. (3.2-1)) can be written

for the i-th time point as:

-4
e |
+
]
[] we Y
-+
wn

D. = A, (3.2-5)
Solving for ﬁi in Eq. (3.2-3) leads to

D, = (D - D ity 2

O = By i ) (3.2-6)
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and solving for 51 in Eq. (3.2-4) gives

. . 2
_ Qi_] At - D (At) ) 4

D. = (D, - D D,
i=1 4 (At

oy 2i-1

)2 (3.2-7)

Substituting Egs. {3.2-6) and 3.2-7) into Eg. (3.2-5) and collecting

terms results in

S Dy =4 (3.2-8)
where
S =S M—tnec ot (3.2-9)
(at)
and
A* = A, + M + D At + D (At)z) 4
e S R ~j=1 ~i-1 4 (At)2
(3.2-10)
Aty 2
FeDi 0 D) at
By letting
Q. ;= (D, . +D, , at + D LQEf)——“——— (3.2-11)
2i-1 7 YR4.1 T R4 %5-1 T 4 2 et
(at)
and
: Aty 2
Pia = B v g (3.2-12)
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Equation (3.2-10) can be written as

L= A RO N (3.2-13)
Equation (3.2-6) as
D, =D, 2 -p (3.2-14)
L B :
and Eq. (3.2-7) as
b, = D, 4 - 0 (3.2-15)
- S o(at)

The solution algorithm can be summarized as follows:
(a) Initialize 91 and @i which are the displacements Do’
and the velocities D_at i = 0. Compute D (D, at i = 0) from the

equation of motion where D0 and 60 are specified

D <A -CD -5SD (3.2-16)

¢

The Cholesky method is used to obtain the accelerations 50.

* *
{b) Compute S and decompose. § = U' U using the Cholesky method,
where U is an upper triangular matrix.

(c) Perform the following sequence of calculations for time step i

(= 1)

(1) Compute Ei-]
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(2) Compute Q. _,
*
(3) Compute 51
(4) Solve for op in two steps
. _
u' o, = A, (forward solution)
UD, = Df {backward solution)
(5) Compute D,
(6) Compute D
(7) Go to {1) and continue
Time step At must be selected by considering the characteristics
of the structure, in particular the natural periods of vibration. The
usual recommendation is to choose At less than or approximately equal
to t/10, where T is the period of the highest significant mode. In addi-
tion to the above, the nature of the forcing function must be considered;
a At which is less than or equal to the time interval at which the forcing
function has been interpolated should be chosen.

The load-time history matrix A for the degrees of freedom was

evaluated using linear interpolation of independent time functions
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Fx’ Fy and FZ to produce Qx’ Qy and QZ. Then matrix 5 at time

station i was formed as

li\.i = —]:4 B Qi (3.2-]7)
where R is a matrix of influence coefficients and
Qix
91 = ij - {3.2-18)
Q1'2

The entries in Qi were evaluated at the center of the time interval under
consideration (t1-1 + A% . They were evajuated at the center of the
interval to reduce interpolation error in the representation of the forcing
function [47]. Direct linear extrapolation was an unconditionally stable
integration Erocedure and was found to be reliable for obtaining response-
time history of the prototype structure. This procedure is restricted

to linear analysis only but can be modified to handle nonlinear cases

also as will be discussed in Chapter 4.

3.3 Symmetric Structure Response

The response of the structure models with cladding effects
Vv = 625 kips/inch (1.1 x 10° kN/m) for composite and V = 800 kips/inch

5 kN/m) for noncomposite énd without cladding effects {V = 0)

(1.4 x 10
was determined for several different earthquake ground motions. The
lToading cases used are summarized in Table 3.3-1. Five percent modal

damping was assumed and the equations of motion were integrated directly
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using the procedure described in Section 3.2. UDisplacement response
results are shown in Tables 3.3-2 and 3.3-3 for the cases considered.
Maximum displacement responses at the roof and the square-root-of-the-
sum-of-the-square (SRSS) of the maximum responses at the degrees of
freedom are listed for both the composite and the noncomposite models.

In the braced frame direction of the prototype structure, peak
and SRSS values were reduced when cladding was added for both models
in all cases except Cases 3, 5, and 4 + 3. However, in the rigid direction
the values were only reduced for Cases 2, 4 and 4 + 3. The drastic change
in dynamic characteristics of the prototype structure when the stiffening
effects of cladding and its connections were added, as discussed in
Section 2.4, was recognized as the reason for this response behavior.
The effects of the addition of'c1adding panel lateral stiffness on dynamic
response for loading Case 1 are displayed in Figs. 3.3-1 to 3.3-4. These
figures illustrate the change in structure frequencies with the shorter
distance between response peaks for the stiffer clad cases. When the
dynamic responses for the clad composite model (Figs. 3.3-1 and 3.3-2)
and the clad noncomposite model (Figs. 3.3-3 and 3.3-4) were compared,
good agreement was observed. It may not alwyas be conservative to neglect
cladding-structure interaction effects for buildings with heavyweight
cladding systems since the change in linear dynamic properties and response
of the structure is considerable as shown by response data presented
above.

3.4 Structure Response with Mass Eccentricity

3.4.1 Mass Eccentricity Model

In the actual model of the prototype structure, the centers of

mass and rigidity were almost coincident and very small torsional response



Table 3.3-1. Ground Motion Input Cases.

. Peak® R

Case Earthquake Date Component Duration Accel. Accel.
(1) (2) (3) (4) (5) (6) (7)
1 Western Washington 13 April, 1949 N86E 89,15 28 3.0
2 Kern County, CA 21 July, 1952 S69E 54.38 18 2.7
3 San Francisco, CA 22 March, 1957 S80E 39.86 10 1.0
4 San Francisco, CA 22 March, 1957 N10E 39.86 8 0.7
5 San Fernando, CA 9 February, 1971 NOOE 10.41 3 0.6

a
In seconds.

bIn percent g.

Sy



Table 3.3-2. Earthquake Response Summary for Composite Model.

Displacement Response (1nches)b

7

Braced Frame Direction

Rigid Frame Direction

V=0 vV = 625° V=0 V=255

Case® Peakd SRSS® Peak SRSS Peak SRSS - Peak SRSS
1 13.6 37.2 10.0 27.9 12.4 30.9 12.5 35.2

2 6.0 16.7 5.4 14.7 7.6 8.3 5.7 16.5

3 0.4 1.1 0.4 1.1 0.3 1.0 0.4 1.2

4 1.4 3.9 1.1 3.2 1.8 4.4 1.3 3.8

5 0.6 1.6 0.6 1.8 0.4 1.0 0.6 1.6
3+ 4f 1.4 4.0 1.1 3.4 0.3 4.0 0.4 3.4
4 + 39 0.4 4.5 0.5 4.0 1.8 4.5 1.3 4.0

d50e Table 3.3-1.

“Kips per inch (1 k/inch = 175 kN/m).

1 nch = 25.4 mm

dAt roof,

eSquar*e root of sum-of-squares of maximum response at degrees of freedom,

fLoading 3 in Rigid Direction and loading 4 in Braced Direction.

gLoading 4 in Rigid Direction and loading 3 in Braced Direction.

9%



Table 3.3-3. Earthquake Response Summary for Noncomposite Model.

Displacement Response (1nches)b

Braced Frame Directign Rigid Frame Direction
V=0 vV = 800° V=0 y = 800°
Case® Peakd SRssE Peak SRSS © Peak SRSS Peak SRSS
] 14.4 39.7 9.9 8.2 8.6 23.9 13.1 38.7
2 6.2 16.7 5.3 14.8 7.8 21.8 5.7 17.2
3 0.4 1.1 0.5 1.1 0.4 1.1 0.4 1.1
4 1.5 4.0 1.1 3.3 1.9 4.7 1.3 3.9
5 0.5 1.4 0.6 1.8 0.5 1.3 0.5 1.6
3+ 4f 1.5 4.7 1.1 3.5 0.4 4.2 0.4 3.5
4 + 39 0.4 4.8 0.5 4.1 1.9 4.8 1.3 4.1
45ee Table 3.3-1. b] inch = 25.4 mm
“Kips per inch (1 k/inch = 175 kN/m) dAt roof.

eSquare root of sum-of-squares of maximum response at degrees of freedom.
fLoading 3 in Rigid Direction and loading 4 in Braced Direction.

gLoading 4 in Rigid Direction and toading 3 in Braced Direction,

147
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resulted from applied ground motion input in either the rigid or braced
frame directions. However, a minimum 5% eccentricity beiween center
of mass and center of rigidity in each structure direction is required
by 1982 UBC [49] for combined translational and torsional response studies.
The equations of motion were written with respect to the center of rigidity
at each floor level in the model. The transformation of the mass matrix
from the center of mass, set at the required minimum eccentricity of
5% (Fig. 3.4-1}, to the center of rigidity was accomplished by following
procedures described by Weaver et al. [51] in developing the overall
tier building representation of the prototype structure.

The frequencies and mode shapes for the prototype structure were
computed. The first twelve modes with corresponding frequencies for
unclad eccentric model are shown in Fig. 3.4-2 and the first ten for the
clad model in Fig. 3.4-3. The reason for showing the first twelve and
ten mode shapes was to include at Teast the first three modes in each
direction (braced frame direciton, rigid frame direction and rotation).
Similarly, the %irst twelve and ten mode shapes with corresponding fre-
quencies for the unclad and clad symmetric models, respectively, are
shown in Figs. 3.4-4 and 3.4-5 for comparison. Inspection of the figures
- showed that the mode shapes differed significantly forthe symmetric and
eccentric models. Torsion was greatly amplified in the mode shapes
for the eccentric model as expected. Frequencies were also seen to change
moderately (extreme case 6%). Calculation of modal participation factors
[3] which are Tisted in Tables 3.4-1 and 3.4-2 confirmed the introduction
of additional torsion for eccentric models. A strong transiational-

torsional coupling was observed for the unclad eccentric model with rigid
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direction input and for the clad eccentric model with braced direction
input.
3.4.2 Loadinas
The response of the structure model was computed for two earth-

quake records listed in Table 3.4-3 and displayed in Figs. 3.4-6 and
3.4-7. The E1 Centro record was chosen because of its widespread use

in the literature, and the Parkfield record because of its simplicity,
representing the application of a single displacement pulse to the
structure. To save computer time in the time history response analysis,
it was of interest to detérmine if approximately the same response spectra
could be obtained for only the first 10 seconds of each of the two earth-
quake records as for the full durations of each of the records. Damping
was set at five percent of critical in these calculations. In the case
of the Parkfield record the first 10 seconds yielded a perfect match
for the frequency range ¢f interest as shown in Figs. 3.4-8 to 3.4-10
displaying the displacement, velocity and acceleration response spectra,
respectively. The E1 Centro record required more than the 10 seconds
used initially and 14 seconds were needed to obtain a match with the

full duration spectra in the frequency range of interest. The displace-
ment, velocity and acceleration response spectra for the E1 Centro record
are displayed in Figs. 3.4-11 to 3.4-13, respectively. A perfect match
was obtained in all cases for the range shown in the figures. lGiven
the above results, only the first 10 seconds of the Parkfield record
and the first 14 seconds of the El Centro record were used in the dynamic
response computations below resulting in substantial (74% and more) com-

putational savings.
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3.4.3 Response Studies

A1l dynamic response computations were performed using direct
integration of the equations of motion by linear extrapo]dtion and the
trapezoidal rule as described in Section 3.2. Only the composite model
was considered to reduce the number of cases to be included, and five
percent modal damping was assumed in these studies as discussed in
Section 3.1,

Symmetric Model. For reference purposes, the dynamic response

of the symmetric model, both with (V = 625 kips/inch (1.1 x 10° kN/m))

and without (V = 0) cladding effects, to the ground motion records in
Table 3.4-3 was computed prior to considering the enforced eccentricity
case as required by 1982 UBCL [49]. Peak roof displacement response values
for the symmetric case to the E1 Centro record are listed in Table 3.4-4
and roof translational and forsional responses are displayed in

Figs. 3.4-14 to 3.4-17. Translational response was increased by 34%

in the rigid direction (Fig. 3.4-14) and by 7% in the braced direction
(Fig. 3.4-16) at the roof when cladding stiffness effects were included.
The response in the direction of the ground motion input displayed mostly
first mode response but the presence of higher modes was observed in

the rigid response of the unclad model (Fig. 3.4-14). Torsional response
levels were relatively low, as will be shown below by interstory drift
values and showed considerable higher mode action (Figs. 3.4-15 and
3.4-17). Peak relative interstory drift values were computed for the
different faces of the structure and are listed in Table 3.4-5. In addition,
the peak interstory drift values of each story are plotted in Figs. 3.4-18

to 3.4-21. The peak interstory drift values for the different faces
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were the same for the clad and unclad models in the case of rigid frame
direction input. When the input was in the braced frame direction, the
drift values were lower for the clad model! but not by a significant amount.
It was observed that drift was low for faces which were not in the direc-
tion of input ground motion which was to be expected given the symmetrical
configuration of the structure. The figures of interstory drift for
input in rigid direction (Figs. 3.4-18 and 3.4-19) showed that while
maximum values for each face were not affected by consideration of cladding
effects, the peak values at each story were substantially increased for
all stories except the top two. When the input was in the braced direction,
the influence of cladding Tead to a reduction in peak values for about
the top third of the structure (Figs. 3.4-20 and 3.4-21). Finally, peak
face drift values for the clad model occurred at a lower story number
than for the unclad model.

When the Parkfield record was applied to the symmetric case, the
peak roof displacement values listed in Table 3.4-6 were cobtained. Roof
translational and torsional time-historeis are plotted in Figs. 3.4-22
to 3.4-25. The effect of including cladding stiffness was that transla-
tional response was reduced by 12% in the rigid direction (Fig. 3.4-22)
and 14% in the braced direction (Fig. 3.4-24) at the roof; The presence
of higher modes was observed in the torsional time-history responses
(Figs. 3.4-23 and 3.4-25) but was not seen to affect translational response
to a significant degree. Peak relative interstory drift values for the
four structure faces listed in Table 3.4-7 were lowered considerably
when cladding effects were added. Peak drift for rigid direction input

was reduced by 42% and for braced direction input by 12%. Drift for
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faces which were not in the direction of input motion was low as was
to be expected hased on the symmetry of the structure. Plots of peak
drift values at each story (Figs. 3.4-26 go 3.4-29) showed that cladding
effects reduced drift in the top third of the structure significantly
when input was in the rigid direction. While drift was also reduced
when input was in the braced direction, the level of reduction was lower
but spread over about the top two thirds of the structure. Again, the
clad medel had the peak drift values occur at Tower stories as compared
to the unclad model.

Comparison of response values for the E1 Centro and Parkfield
records showed that while cladding effects reduced response levels for
the Parkfield record, response levels were generally increased for the
E1 Centro record. However, overall response levels remained higher for
the Parkfield record than for the E1 Centro input. The changes in response
levels indicated that consideration of cladding stiffness in the overall
structure model, which resulted in a model with substantially different
dynamic properties, altered the sensitivity of the model to the earthquake
records. Inspection of the displacement response spectrum for the El
Centro record with fundamental periods in the different structure directions
shown for the clad and unclad models {Figs. 3.4-30 to 3.4-32) showed
response levels for the clad model to be considerably higher in the
rigid frame direction {43%) and in torsion (46%) than for the unclad
mode? while being only slightly higher in the braced frame direction
(6%). A similar inspection of the displacement response spectrum for
the Parkfield record (Figs. 3.4-33 to 3.4-35)showed the response level

for the clad model to be 2% higher in the rigid direction but Tower in
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both braced direction (5%) and torsion (3%) than for the unclad model.
The modal participation factors listed in Tables 3.4-1 and 3.4-2 were
found to be lower for the clad model as compared to the unclad model

in the direction of input motion (3-6% for the first mode and Tess than
or equal for higher modes). When these findings were combined, the con-
clusion was that E] Centro displacement response values were expected
to increase and Parkfield displacement response values to decrease with
the consideration of lateral stiffening effects of cladding. Finally,
relative interstory drift levels were observed to be rather high and

to indicate possible nonlinear response levels. However, the model was
assumed to govern for linear response levels only {see Section 3.1),

so actual response values may be different from those reported.

Eccentric Model. 1In addition to the studies reported above for

the symmetric model, the dynamic response was computed for the structure
with eccentric mass with V = 625 kips/inch (1.1 x 105 kN/m) and without
(V = 0) cladding stiffness effects. Peak displacement response values
at the roof for the El Centro record are listed in Table 3.4-8 and roof
translational and torsional time-histories are shown in Figs. 3.4-36

to 3.4-39. Inspection of these data revealed that peak roof response
values increased in all cases with the addition of cladding lateral
stiffening effects. For example, when thenEl Centro record was applied
in the rigid direction, rigid frame response increased by 27% (Fig. 3.4-36)
and rotational response by 41% (Fig. 3.4-37) at the roof. Braced frame
response was increased by 3% (Fig. 3.4-38) and rotational response by
39% (Fig. 3.4-39) at the roof when the input motion was in the braced

frame direction. The response of the structure was observed to be dominated
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by first mode action except for the unclad model as input was applied
in the rigid direction (Figs. 3.4-36 and 3.4-37). Peak interstory drift
values for each face, along with the story at which the drift occurred,
are listed in Table 3.4-9. In addition, the peak interstory drift values
for every story are displayed in Figs. 3.4-40 to 3.4-43 for the four
faces of the buiiding. While peak drift was only increased on Face 4
for the clad state as compared to the unclad state when ground motion
was appliied in rigid direction, it was only lowered on Face 3 as the
braced direction was the direction of input motion. Comparison of peak
story drift values when input was applied in the rigid direction revealed
that drift was lowered in the top portion of the structure on Faces 1
to 3 as cladding effects were considered while drift on Face 4 substan-
tially increased on all floors except the top cne. A similar comparison
of drift values with input in braced direction showed drift to be reduced
on Face 3 for all floors and by the largest amount at the top, while
drift was generally increased on the other three faces with the exception
of the top two to four floors. Peak drift values were observed to shift
downwards in the structure for the clad model when clad and unclad models
were compared.

Peak roof displacement values for the Parkfield record applied
to the eccentric case are tabulated in Table 3.4-10 and roof displacement
time-histories displayed in Figs. 3.4-44 to 3.4-47. Rigid frame response
was reduced 13% (Fig. 3.4-44) and rotational response by 35% (Fig. 3.4-45)
when cladding stiffness was accounted for and the Parkfield ground motion
applied in the rigid direction. When the ground motion was applied in

the braced direction, braced frame response was lowered 13% (Fig. 3.4-46)
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but torsicnal response was increased by 9% (Fig. 3.4-47). Some evidence
of higher mode action was observed with the rotational response due to
rigid direction input being the most obvious case. The peak interstory
drift values for the different faces listed in Table 3.4-11 were lower
for the clad model than the unciad model. The reduction was substantial
for input in the rigid frame direction (47% on Face 2 and 64% on Face 1).
Figures of peak drift values at different stories (Figs. 3.4-48 and
3.4-49) further demonstrate this reduction and display the change in
response character as peak values move from the top to about midheight
of the structure. The changes were less significant due to braced
direction input motion, but comparison of Figs. 3.4-50 and 3.4-51 again
showed the shift in peak values towards lower stories in the structure
when clad values were compared to unclad values.

When response values for the eccentric case were compared for
the two earthquake loadings, Parkfield response values were observed
to be higher than E1 Centro values. On the other hand, the contribution
of lateral stiffening effects of cladding caused E1 Centro values to
increase while Parkfield values were reduced. Displacement response
spectrum values for the E1 Centro ground motion showed the cltad model
to be more sensitive to the earthquake record than the un&lad mode]
(Figs. 3.4-52 to 3.4-54). Rigid direction values were increased 23%,
braced directionvalues 2% and torsion values 42%. Parkfield values,
however, were only increased in the rigid direction (1%) but reduced
in both braced direction (3%) and torsion (4%) as displayed in Figs.
3.4-55 to 3.4-57. MWhen modal participation factors for the eccentric
models were computed (see Tables 3.4-1 and 3.4-2), a strong translational-

torsional coupling was observed to exist for the unclad model for input



60

in the rigid direction, and for the clad model for input in the braced
direction. This coupling resulted in a complicated motion of the structure
and made all comparisons between clad and unclad models difficult. Again,
as for the symmetric case interstory drift levels were found to be

high and possibly into the noniinear range which would violate the initial
assumption of linearity of the model. Hence, actual response values

may be different from those reported here.

Comparison of response data for the symmetric and eccentric cases
demonstrated that a dramatic increase in torsional response occurred .
with the introduction of eccentric mass as expected. The response data
for the eccentric case will serve as reference cases for studies in
Chapter 4 in which nonlinear force-deformation re]a%ionships for cladding
and its connections will be introduced and their influence on structure

response investigated.
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Table 3.4-1. Modal Participation Factors for Different Structure
Models with Input in Rigid Frame Direction
Modal Participation Factors
Clad Unclad Clad Unclad
Eccentric Eccentric Symmetric Symmetric
Mode Model Model Model Model
(1) (2) (3) (4) (5)
1 in Braced Direction 0.23(2)° .07(3) 0.02(2) 0.02(3)
2 in Braced Direction 0.03(6) 01(6) 4.10'3(6) 4.10-3(6)
3 in Braced Direction  0.05(10) 01(11)  9.1073(9)  2.1073011)
1 in Rigid Direction 1.24(1) 89(2) .38(1) 1.47(2)
2 in Rigid Direction 0.50(4) 52(5) 55(4) 0.66(5)
3 in Rigid Direction 28(7) 29(8) 32(7) 0.35(8)
1 in Torsion 0.15(3) .57(1) 0783 21074
2 in Torsion 0.06(5) 14(4) 10°%(5)  4.107%4)
3 in Torsion 0.05(8) 06(7) 077y 9.1077(7)

%nctual mode number shown in parentheses.
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Table 3.4-2. Modal Participation Factors for Different Structure

Models with Input in Braced Frame Direction.

Modal Participation Factors

Clad Unciad Clad Unclad
Eccentric  Eccentric  Symmetric  Symmetric
Mode Model Model Mode 1 Model

(1) (2) (3) (4) (5)

2 in

2 in
3 in

1 in
2 in
3 in

Braced Direction 0.83(2)*  1.36(3) 1.40(2) 1.44(3)
Braced Direction 0.42(6) 0.59(6) 0.56(6) 0.60(6) -
Braced Direction 0.31(10) 0.36(11) 0.36(9) 0.36(11)
Rigid Direction  0.12(1) 0.27(2) 0.02(1) 0.02(2)
Rigid Directian 0.04(4) 0.07(5) 410734y 5.1073(5)
Rigid Direction 0.03(7) 0.03(8) 9.1073(7)  1.107%(8)
Torsion 0.56(3) 0.15(1) 1.1073(3)  6.107°(1)
Torsion 0.13(5) 0.04(4) 2.107%(5)  4.107°(4)
Torsion 0.06(8)  0.01(7) 2.107%(8)  2.107%(7)

qpctual mode number shown in parentheses.



Table 3.4-3. Ground Motion Input Cases.

e beakb b
a eak RMS
Case Earthquake Date Component  Duration Accel.  Accet.

(1) (2) (3) (4) (5) {(6) (7)

1 Imperial Valley, CA May 18, 1940 SOOE 53.73 c 35 4.9
{E1 Centro) (14.0)

2 Parkfield, CA June 27, 1866 N65E %3.64 c 49 h.2
10.0)

aIn seconds.,
b
In percent g.

“Duration used in response calculations.

€9
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Table 3.4-4. Peak Roof Displacements, Symmetric Case, for the First
14 Seconds of the 1940 Imperial Valley Earthquake Recorded
at £1 Centro in the SOQE Direction.
Ground Peak Roof Displacement Response
Motion Rigid Braced
Input Direction Direction Rotation
Direction Case (inches) {inches) (radians)
(1) (2) (3) {4) (5)
Braced Clad 0.2 16.4 8.8 x 107°
Unclad 0.2 15.3 8.3 x 10-5
Rigid Clad 15.8 0.2 3.0 x 1078
Unclad 11.8 0.2 4.1 x 10-6
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Table 3.4-5. Peak Interstory Drift, Symmetric Case for the First
14 Seconds of the 1940 Imperial Valley Earthqauke
Recorded at E1 Centro in the SOCE Direction.
ﬁgg?gg Peak Relative Interstory Drift (inches)
Input a
Direction Case Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced Clad 1.1(18) 0.02(76) 1.1(16) 0.02(17)
Unel ad 1.2(20) 0.03(24)  1.2(20)  0.03(17)
Rigid Clad 0.01(11) 1.3(19) 0.01(11) 1.3(19)
Unclad 0.01(20) 1.3(24) 0.01(20) 1.3(24)

aStory at which peak drift occurred is shown in parentheses.
(See Fig. 3.4-1 for numbered faces.)
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Table 3.4-6. Peak Roof Displacements, Symmetric Case, for the
First 10 Seconds of the 1966 Parkfield Earthquake
Recorded in the N65E Direction.

Peak Roof Displacement Response

Ground
Motion Rigid Braced
Input Direction Direction Rotation
Direction Case (inches) {inches) {radians)
(1) (2) (3) (4) (5)
Braced Clad 0.3 20.7 1.3 x 1073
Unclad 0.4 24.1 1.8 x 10
Rigid Clad 20.3 0.3 3.5 x 107
Unclad 25.3 0.4 1.3 x 10
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Table 3.4-7. Peak Interstory Orift, Symmetric Case, for the First
10 Seconds of the 1966 Parkfield Earthquake Recorded
in the N65E Direction.

S;g?gﬁ Peak Relative Interstory Drift {inches)
Input a
Direction Case Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced Clad 1.4(8) 0.02(19) 1.4(8) 0.02(17)
Unclad 1.6(20) 0.05(24) 1.6{(11) 0.03(17)
Rigid Clad 0.02(11) 1.8(12) 0.02(11) 1.8(12)
Unclad 0.03(20} 3.1(22) 0.02(21) 3.1(22)

aStory at which peak drift occurred is shown in parentheses.
(See Fig. 3.4-1 for numbered faces).



Table 3.4-8.

Peak Roof Displacements, Eccentric Case, for the First
14 Seconds of the 1940 Imperial Valley Earthquake
Recorded at E1 Centro in the SOOE Direction.

68

Ground

Motion

Input
Direction

(1)

Peak Roof Displacement Response

Direction Direction

Rotation
(radians)

Braced

Rigid
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Table 3.4-9. Peak Interstory Drift, Eccentric Case, for the First
14 Seconds of the 1940 Imperial Valley Earthquake
Recorded at E1 Centro in the SCOE Direction.
ggg?gg Peak Relative Interstory Drift (inches)
Input a
Direction Case Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (s) (6)
Braced Clad 1.1{16) 0.5(5) 1.0(76) 0.4(4)
Unclad 1.0(21) 0.4(19) 1.3(18) 0.2(22)
Rigid Clad 0.3(4) 1.0(19) 0.3(11) 1.3(19)
Unclad 0.5(24) 1.3(24) 0.4(24) 1.2(24)

aStory at which peak drift occurred is shown in parentheses.
(See Fig. 3.4-1 for numbered faces.)
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Table 3.4-10. Peak Roof Displacements, Eccentric Case, for the
First 10 Seconds of the 1966 Parkfield Earthguake
Recorded in the N65E Direction.

Peak Roof Displacement Response

Ground
Motian Rigid Braced
Input Direction Direction Rotation
Direction Case (inches) {inches) (radians)
M (2) (3) (4) (5)
Braced Clad 3.1 20.7 1.2 x 1075
Unclad 2.8 23.9 1.1 x 10
Rigid Clad 21.9 2.3 7.8 x 1073
Unclad 25.2 1.6 1.2 x 10
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Table 3.4-11. Peak Interstory Drift, Eccentric Case, for the First
10 Seconds of the 1966 Parkfield Earthquake Recorded

in the N65E Direction.

ﬁgi?gg Peak Relative Interstory Orift {inches)
Input a
Direction Case Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced Clad 1.5(11) 0.7(7) 1.4(7) 0.4(4)
Unclad 1.6(18) 0.7(22) 1.6(20) 0.5(22)
Rigid Clad 0.4(16) 1.6(12) 0.4(4) 1.9(12)
Unclad 1.1(22) 3.0(22) 1.0(22) 3.1(24)

aStory at which peak drift occurred is shown in parentheses.
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Figure 3.4-5. The First Ten Mode Shapes with Corresponding Frequencies
for the Clad Symmetric Model.
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Figure 3.4-5. (continued)

91



FREQUENCY | V4
 RIGID ERACED ROTATION
TRANS. TRANS. .

k/ \\
/ N
( i \\
\ ;
-/
MODE SHAFPE NO. 6

FREQUENCY 1S 1204 H/
RIGID BRACED ROTATION
TRANS. TRANS. ¥ 35537

/ /

Figure 3.4-5. (continued)



93

MODE SHAPE NO. 7/
FREQUENCY IS 1.7/8 H.Z

RIGID BREACED ROTATI M
TRANS. TREAMS * TOTC0T
- |

C

\
)

MODE SHAPE NO. 8
FREQUENCY IS 1.999  HZ

RIGID BRACED ROTATION
TRANS. TRANS. * 4
N //

P (C

)

Figure 3.4-5. (continued)



94

MODE SHAFE NO. ¢
FREQUENCY 15 2.2435 .
RIGID BRACED ROTATION
TRANS. TRAMS « EOOFA

e A

e P
QL q

MODE SHAFE NO. 10
FREQUENCY IS 2.366 HZ

RIGID BRACED ROTATION
TRANS. TREANS. * 10000
T~

<> ]

Figure 3.4-5. (continued)



J

%36 15000

0.00

)

(INCHES/SE

-75.00

ACCELERATION

15C.00

1940 IMPERIAL VALLEY, CA. EARTHQUAKE
RECORDED AT EL CENTRO, CA.
SOOE COMPONENT

o
8

7.00 14.00 21.00 28.00 35.00 42.00 49.00 56.00
TIME (SECONDS)

Figure 3.4-6. The SOOE Component of the May 18, 1940, Imperial Valley, California Earthquake
Recorded at E1 Centro, California.

- G6



«10'
20.00

/5800

SEC
00

GRSHESY

~1

1966 PARKFIELD, CA. EARTHQUAKE
N6SE COMPONENT

ACCELERATION
~~20.00

6.00 12.00 18.00 24.00 30.00 36.00 42.00 48.00
TIME (SECONDS)

Figure 3.4-7. The N65E Component of the June 27, 1966, Parkfield, California Earthquake.

96



16.00

oo

L

(INCHE

8.00

!

L

DISPLACEMENT
4.00

.0C

1966 PARKFIELD, CA. EARTHQUAKE
NB5E COMPONENT

e

/

“0.00

T
0.60

Figure 3.4-8.

T ; I a T T 1
1.20 1.80 2.40 5.00 3.60 4.20 4.80

PERIOD (SECONDS)

Relative Displacement Response Spectrum for NG65E Component of June 27, 1966,
Parkfield, California Earthquake.

L6



: £0.00

{

30.00

15.00

!

VELOCITY (INCHES/SECONDO)
45.00

.00

1966 PARKFIELD, CA. FARTHQUAKE

N6SE COMPONENT

T i
“0.00 0.60

Figure 3.4-9.

I 1 1 T | i
1.20 1.80 2.40 35.00 3.60 4.20

PERIOD (SCCONDS)

Relative Velocity Response Spectrum for N65E Component of June 27, 1966,
Parkfield, California Earthquake.

4.80

86



G)

/
\

ACCELERATION

0.40

1966 PARKFIELD, CA. EARTHQUAKE

1.80

No6SE COMPONENT

0

§

1.2

0.80

"

\\\&w

0.00

I | D

] 1 T T | T
0.00 0.60 1.20 1.80 2.40 3.00 3.60 4.20 4.80
PERIOD (SCCONDS)

Figure 3.4-10. Absolute Acceleration Response Spectrum for N65E Component of June 27, 1966,
Parkfield, California Earthquake.

66



=5)

~

—

ENT

DISPLACEME

-

1940 IMPERIAL VALLEY, CA. EARTHQUAKE

10.80

8.10

(g!NCH

5.4

2.70

0.00

RECORDED AT EL CENTRO, CA.
| SOOE COMPONENT
0.00 0.60 120 180 2 40 3.00 360 420 4.80

PERIOD (SECONDS)

Figure 3.4-11. Relative Displacement Response Spectrum for SOOE Component of May 18, 1940,
Imperial Valley, California Earthquake Recorded at E1 Centro, California.

01031



1940 IMPERIAL VALLEY, CA. EARTHQUAKE
RECORDED AT EL CENTRO, CA.
SOOE COMPONENT

36.00

SECONDCP
27.00

HES
18.06

(INCH

L

8.00

LOCITY

VE
C
o

0.00

| I 1 1 | :
0.00 0.60 120 1.80 D 40 300 360 420 480

PERIOD (SECONDS)

Figure 3.4-12. Relative Velocity Response Spectrum for SOOE Component of May 18, 1940,
Imperial Valley, California Earthquake Recorded at E1 Centro, California.

101



ACCELERATION

1940 IMPERIAL VALLEY, CA. EARTHQUAKE

<G) C.69

S RECORDED AT EL CENTRO, CA.

< SOOE COMPONENT

(o]

o

N

oL

(@]

S
“0.00 0.60 120 1'80 2 40 300 360 4.20 4'80

PERIOD (SECONDS)

Figure 3.4-13. Absolute Acceleration Response Spectrum for SOOE Component of May 18, 1940,
Imperial Valley, California Earthquake Recorded at El1 Centro, California.

201



16.00

{

8.00

(INCHES)

WITHOUT CLADDING

0.00

L

DISPLACEMENT
~8.00

L.

—-16.00

o
o
&

——+—+— WITH CLADDING
N /Q%ii\ //#}\\\
\_
2.00 4.00 6.00 8.00 10.00 12.00 14.00

TIME (SECONDS)

Fiqure 3.4-14. Roof Translational Response in Rigid Direction, Symmetric Case, for
the First 14 Seconds of 1940 £]1 Centro Record Acting in Rigid Direction.

€01



i)

0.04

10 7%

0.02

|

WITHOUT CLADDING
——— WITH .CLADDING

0.00

(RADIANS)
~0.02

ROTATION

—-0.04

i

0.00

1 T | T I |
2.00 4.00 6.00 8.00 10.00 12.00 14.00

TIME (SECONDS)

Figure 3.4-15. Roof Rotational Response, Symmetric Case, for the First 14 Seconds of
1940 E1 Centro Recard Acting in Rigid Direction.

}01



16.00

S
2ho

INCHE
—8.00 0.00

DISPLACEMENT

—186.00

o
)
S

[

WITHOUT CLADDING
——— WITIH CLADDING

L

2100 400 6.00 8.00 10.00 1200 14.00
TIME (SECONDS)

Figure 3.4-16. Roof Translational Response in Braced Direction, Symmetric Case,
for the First 14 Seconds of 1940 E1 Centro Record Acting in
Braced Direction.

S01



1070

(RADIANS)
0.05

ROTATION

WITHOUT CLADDING
——— WITH CLADDING

NN A
A Wﬂh mavaLN

- T T T T ] T 1
0.00 2.00 4.00 6.00 - 8.00 10.00 12.00 14.00

TIME (SECONDS)

10

}

0.

I

!

0.00

-0.05

I

—0.10

Figure 3.4-17. Roof Rotational Response, Symmetric Case, for the First 14 Seconds
of 1940 E1 Centro Record Acting in Braced Direction.

901



107

> >
i xr
O ~_ O~
g 1= =
o8] )]
o o
@] T ] " ! '
C. : 0.7 1.4 0. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 1 FACE 2
S S
£ g
> >
na 0z
O ~ | EE M~
- %
o o
M T ] M T 1
0. 0.7 1.4 0. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 FACE 4

Figure 3.4-18. Peak Drift Values, Symmetric Case with Cladding,
for 1940 E1 Centro Record Acting in Rigid Direction.



S| 3|
> >
x o
= = o
W )
e- =5
= ] | M s 1
0. 0.7 1.4 0. G.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 1 FACE 2
e — L —
2 s
> >~
et ot
O o o
wn 8]
= °-
M T 1 M T )
C. 0.7 1.4 0. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 FACE 4

Figure 3.4-19. Peak Drift Values, Symmetric Case without Cladding,

for 1940 E1 Centro Record Acting in Rigid Diraction.

108



109

LOL— e
S g
>~ o
il 't
O~ O~
= e fm
wn W
o- o-
M — ] M T 1
Q. Q.7 1.4 0. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 1 FACE 2
9] g
x x
> =
o o
Or\_ OI\_
= - — -
3] )
SH o
M ] ] M T r
Q. 0.7 1.4 0. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 - FACE 4

Figure 3.4-20. Peak Drift Values, Symmetric Case with Cladding, for
1940 E1 Centro Record Acting in Braced Direction.



110

3 3
€ €
> b
o~ e
S o i =
8] 8
o =2
M T ] P T —
C. 0.7 1.4 0. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 1 FACE 2
& &S]
& &
> >
x At
O~ O~
— — = -
W )
= ==
M T | M T ]
0. 0.7 1.4 C. 0.7 1.4
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 FACE 4

Figure 3.4-21. Peak Drift Values, Symmetric Case without Cladding,
for 1940 E7 Centro Record Acting in Braced Direction.



| WITHOUT CLADDING
] ——— WITH CLADDING

IRAA

0.60 1{25 2{50 3'75 ESOO . e} . 1%LOO
TIME (SECONDS)

25.00

e

ES
1

INCH!
CgNC

Q.0

L

DISPLACEMENT
—-12.50

":25.00

Figure 3.4-22, Roof Translational Response in Rigid Direction, Symmetric Case, for the First
10 Seconds of 1966 Parkfield Record Acting in Rigid Direction.

1Tt



0.14

J

10 ¢
0.07

L

0.00

WITHOUT CLADDING
——— WITH CLADDING

(RADIANS)
-0.07

ROTATION

'70.14

1 1 T T o T T 1
1.25 2.50 3.75 5.00 6.25 7.50 B.75 10.00

TIME (SECONDS)

Figure 3.4-23. Roof Rotational Response, Symmetric Case, for the First 10 Seconds
of 1966 Parkfield Record Acting in Rigid Directian,

¢1l



WITHOUT CLADDING

g_ ——+— WITH CLADDING
T
@)
P
EEE§ —~
L]
= !
Lo
SL!
3§— \X/
o !
2! ,
I .
4 ,

0.00 1.25 250 375 5.00 625 - 750 875 10.00
TIME (SECONDS)

Figure 3.4-24. Roof Translational Response in Braced Direction, Symmetric Case, for
the First 10 Seconds of 1966 Parkfield Record Acting in Braced Direction.

g1l



0.18

J

107

0.08

!

WITHOUT CLADDING
— WITH CLADDING

-
-

0.00

(RADIANS)
~0.09

ROTATION

-C.18

0.00

I I I I S B
1.25 2.50 3.75 5.00 6.25 7.50

TIME (SECONDS)

o |

—
75 10.00

Figure 3.4-25. Roof Rotational Response, Symmetric Case, for the First 10 Seconds of
1966 Parkfield Record Acting in Braced Direction.

148!



& S
& &£
> >
e o
O~ C ~
= = = =]
P )
=R =
rf} ] r’l : !
15 3. ‘15 3.
DRH-‘T (INCHES) DRJFT (INCHES)
FACE 1 FACE 2
&S] &
& &
= >
e e
O ~_ O~
= — = —
I W
o o
v: — w) ]
1 Rs) 3. 1 3 3.
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 FACE 4

Figure 3.4-26.

Peak Drift Values, Symmetric Case with Cladding, for
1966 Parkfield Record Acting in Rigid Direction.

115



ROOF

STORY
7

0. 1.5
DRIFT (INCHES)
FACE 1

STORY
17 ROOF

10
!

1

3.

M
0

. 1.5
DRIFT (INCHES)
FACE 3

i

3.

STORY

STORY

116

&
&
-
M= T !
0. 1.5 3.
DRIFT (INCHES)
FACE 2
LCSH
g
~
=n
! T |
O. 1.5 3.
DRIFT (INCHES)
FACE 4

Figure 3.4-27. Peak Drift Values, Symmetric Case without Cladding, for
1966 Parkfield Record Acting in Rigid Direction.



117

s 5
g 2
D >
oz el
O~ O ~
= — = -
% )
= =
M T ] M I ]
0. 1.5 3. 0. 1.5 3.
DRIFT (H\JCHES) DRIFT (INCHES)
FACE 1 FACE 2
&7 ol
g g
> o>
S S
™ =
& %
24 =5
M T ] M T ]
0. 1.5 3. 0. 1.5 3.
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 FACE 4

Figure 3.4-28. Peak Drift Values, Symmetric Case with Cladding, for
1966 Parkfield Record Acting in Braced Direction.



118

ROOF
ROOF

STORY
17

STORY
17

0
8]

M

. 1’5 . o 15 3.
DRIFT (INCHES) DRIFT (INCHES)
FACE 1 FACE 2

&7 &7
& &
> >
[ o
Or\_ Of\_
— - = —
w W
O E_
M T 1 M =T —
Q. 1.5 3. Q. 1.5 3
DRIFT (INCHES) DRIFT (INCHES)
FACE 3 FACE 4

Figure 3.4-29. Peak Drift Values, Symmetric Case without Cladding, for
1966 Parkfield Record Acting in Braced Direction.



1940 IMPERIAL VALLEY, CA. FARTHQUAKE

@ RECORDED AT £l CENTRO, CA.
" SO0E COMPONENT,/~ ™/
ot
S
z I
i CLAD UNGLAD
W RIGID RIGID
Lil
Fo
i
"
%
M
O
©
OT L i ¥ ‘ 1 Ty ' R N
0.00 0.60 1.20 1.80 2.40 5.00 5.60 4.20 4.80

PERIOD (SECONDS)
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Figure 3.4-33. Relative Displacement Response Spectrum for N65E Component of the 1966
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the Clad and Unclad Symmetric Models.
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4. MNONLINEAR DYNAMIC RESPONSE STUDIES

4.1 Introduction

A number of recent studies [17, 22, 42, 53] of curtain wall behavior
have shown that heavyweight cladding systems might alter building fre-
quencies and dynamic response to a substantial degree depending upon
the panel configuraticn and attachment details. The potential influence
of the curtain wall was usually neglected by designers despite the fact
that the added Tateral stiffness of the cladding might result in increased
Tateral-torsional response for certain moderate ground motion inputs.
as discussed in Chapter 3. It appeared likely that strong ground motion
would result in partial cladding failure and/or cladding connecticn slip
once allowable interstory drift Timits, based on cladding and connection
properties, were exceeded. Nonlinear structural response, a general
reduction in building lateral stiffness, and increased torsional response
were expected to occur as a result of the cladding stiffness degradation.

In the absence of experiménta1 data for the cladding, four different
rnonlinear force-deformation relationships for the cladding and its connec-
tions were studied. Several different hysteresis models for reinforced
concrete have been used in the literature [40]. Their existence was
acknowledged but they were not expected to represent a good approximation
of cladding behavior. The various cladding models considered in this
chapter were added to the linear elastic model of the unclad building

structure and their influence on structure response investigated. Allowable
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drift values were varied based on code recommendations [49] and design
practice [198], since actual measured cladding properties were not available,
and structure dynamic response to the ground motion loadings Tisted in
Table 3.4-3 computed. Interstory drift was monitored on each face and

at each story level of the structure, and when allowable values were
exceeded structure stiffness was adjusted and response calculations con-
tinued. Results are presented below in the form of peak interstory drift
values for the different structure faces, peak roof displacement responses,
plots of peak interstory drift at each story level for the four faces,

and figures of roof displacement time-histories.

4.2 Incremental Failure Model

4.2.1 Description of Model

In the absence of experimental data describing the behavior of
a typical cladding panel, the simplified panel response model depicted
in Fig. 4.2-1 was developed for initial studies of the influence of cladding
failure on overall structure response. Loading and unloading and reversed
cycle curves were idealized to’be straight Tines with decreasing slope
(stiffness) for panels at story levels which exceeded code-specified
allowable drift levels, A. Initial stiffness was taken to be 625 kips/inch
(1.1 x 105 kN/m) based on parameter studies for the composite model dis-
cussed earlier. For drift values greater than & and up to 224, one half
of the cladding panels at that story level were assumed to fail resulting
in an effective shear stiffness from that point on over the entire O
to 24 range of V = 312.5 kips/inch (5.5 x 107 kN/m). When interstory
drift exceeded 2a, an additional one half of the remaining panels at

that story level were assumed to fail giving V = 156.25 kips/inch
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(2.7 x 10°

kN/m); and beyond 34, V was taken to be 0. Reverse cycle
deflections followed the curve of constant slope which described the
current state of the cladding Tateral stiffness.

The simple cladding model described above was assumed to be an
adequate initial assumption of gross failure states of cladding which
permitted the analyst to monitor the state of the cladding at each story
level on each face of the building.

Overall structure dynamic response was computed step by step using
the procedure discussed in Section 3.2 and the state of the cladding

determined on the basis of a check of story drift values on each face

at the end of each time step. When the state of the cladding changed,

relationship for the ciadding model, and the step-by-step analysis was

then continued. Five percent modal damping based on initial stiffness

was assumed throughout the time-history analysis as in Chapter 3 and

no adjustment was made in damping level as cladding failure progressed.

It was realized that this might not represent actual damping levels during
cladding failure but given the knowledge about damping cr the Tack thereof,
this was felt to serve as an adequate approximation.

4.2.2 Response Studies Using the Eccentric Mass Model

The minimum 5% eccentricity between center of mass and center
of rigidity in each structure direction was used, as required by UBC
and described above in Chapter 3, as the basis for combined translational
and torsional response studies using the incremental failure model for
ctadding. Given the lack of experimental data, allowable drift levels

were varied based on Code recommendations [49] and design practice [19],
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Figure 4.2-1.

Cladding Failure Model.
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and the influence of different cladding behavior on overall structure
response investigated., Four allowable interstory drift (a) conditions
were considered:

(1) » =0 (i.e., all cladding fails immediately resulting in
interstory shear stiffness V = 0).

(2} A = 0.0025 times an average story height of 12 feet
(i.e., & = 0.36 inches or 0.9 cm). This condition corresponds to current
design practice in the New York City area in which maximum allowable
drift is limited to 0.0025 times story height for highrise curtain wall
office buildings [19].

(3) &4 = 0.005 times an average story height of 12 feet (i.e.,
& = 0.72 inches or 1.8 cm). Code recommendations specify that drift
of a story relative to its adjacent stories should not exceed 0.005 times
story height unless toleration of increased values is demonstrated.

(4) & = infinity (i.e., no cladding failure regardless of drift

5 wn/m).

Tevel, V = 625 kips/inch or 1.1 x 10
Conditions (1) and (4) represent the unclad and fully clad states,
respectively, for the eccentric structure model (see Section 3.4.3) and
may be considered as limiting cases for conditions (2) and {3). In
“conditions {2) and {3), the piecewise-linear cladding stiffness model
was employed to track the progressive failure of cladding panels on
different faces and at different story levels in the structure.
First, the structure response to the 1940 E1 Centro earthquake
record was computed. Only the first 14 seconds of the record were used

as discussed in Section 3.4.2. Peak roof displacement response values

are listed in Table 4.2-1 for the braced and rigid frame directions and
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translational and rotational displacement time~histories of roof

response are presented in Figs. 4.2-2 to 4.2-5. While peak response
values increased in the direction of applied ground motion with increasing
allowable drift (a) values (i.e., conditions (1) to (4) above), that

was not the case in three instances out of four for the other directions
(see Table 4.2-1). For example, for ground motion applied in the braced
direction, the rigid direction roof response for condition (2) was lower
than for any of the other three conditions while the rigid response for
condition (3) was the highest. Also, for braced direction input, roof
rotational reéponse for conditions (2) and (3) was higher than for both
condition (1) and (4) with condition (2) response being the larger of

the two. In addition, peak reiative interstory drift values for the
different structure faces were computed and are listed in Table 4.2-2

and plots of peak interstory drift for each story and each face are de-
picted in Figs. 4.2-6 to 4.2-9. Peak drift for conditions (2) and (3)
was observed to be bracketed by conditions (1) and (4) in all cases But
one. However, several instances of increased maximum drift for the fully
clad structure (condition (4)), compared to the unclad or partially-

clad structures were found in Table 4.2-2. When the drift plots in

Figs. 4.2-6 to 4.2-9 were compared to those for the clad and unclad cases
(Figs. 3.4-40 to 3.4-43) no drastic changes were noticed in the overall

character of drift behavior. Finally, the successive states of cladding

N

failure for different building faces are shown in Figs. 4.2-10 to 4.2-18.

When no cladding failure occurred (i.e., interstory drift never exceeded

allowable valuss) on a given face of the structure, no figure is presented
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for that face. For example, peak drift did not exceed the allowable
drift of 0.36 inches (0.9 cm) on Faces 1 and 3 when the E1 Centro
record was applied in the rigid direction as shown in Fig. 4.2-6.

It is of interest to note that no cladding failure took place
in the braced direction {Faces 1 and 3) when applied motion was in
the rigid direction, while failure was observed on Face 2 (rigid
direction) for braced direction input and allowable drift set at'
0.36 inches (0.9 c¢m). When modal participation factors for the clad
eccentric model (Tables 3.4-1 and 3.4-2) were inspected, a strong
torsional-translational coupling was observed for braced direction
input but not for rigid direction input. Inspection of the failure
plots revealed that in most instances, failure started in the mid-
third of the structure reducing the interstory shear stiffness to
312.5 kips/inch (5.5 x 104 kN/m} and progressed upwards and downwards
from there until most of the face had uniform cladding stiffness.
This process then was repeated for the next stiffness reduction and
even beyond when A was 0.36 inches (0.9 cm) but stopped for a = 0.72
inches (1.8 cm). Comparison of peak drift plots and progressive failure
plots showed that the final state of cladding could be obtained based on
peak interstory drift values as expected.

When the 1966 Parkfield ground motion record was used as loading,
onty the first 10 seconds were used in structural response calculations

as discussed in Section 3.4.2. Peak roof displacement response values
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are tabulated in Table 4.2-3 and rocf translational and torsional time-
histories contained in Figs. 4.2-19 to 4.2-22. Inspection of these data
showed that response values decreased in the direction of ground motion
input with increasing allowable drift, 4 (see conditions (1) to (4)).

On the other hand, for ground motion appliedin the rigid direction, braced
direction and rotational response was lower for both condition (2) and

(3) than for either the clad or unclad models. In a similar fashion,
rigid response and rotational response for condition (2) were lower than
for any of the other conditions, while response for condition (3) was
bracketed by the ¢lad and unclad cases when input was applied in the
braced frame direction. When peak interstory drift values were computed,
neak face values were listed in Table 4.2-4 and peak story values for

the different faces plotted in Figs. 4.2-23 to 4.2-26. The clad and
unclad drift values were seen to bracket the partially-clad cases
(conditions 2) and (3)) in all instances and drift values were reduced
with increasing allowable drift, a Comparison of drift plots for condi-
tions (2) and (3) with those for the clad and unclad models (Figs. 3.4-48
and 3.4-51) showed condition (2) resemble the unclad case (condition

(1}) while condition (3) followed the clad case (condition (4)) more
closely on Faces 2 and 4 with rigid direction input while other cases

did not display much change in drift behavior. Again, as for the El
Centro record, the progressive failure of cladding was plotted and is
depicted in Figs. 4.2-27 to 4.2-36 for the different cases with no figures
included for faces with no cladding failure. [t was observed that cladding

failure occurred only on faces which were in the direction of input motion,
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except when input was applied in the braced direction and allowable drift,
A, was set at 0.36 inches (0.9 c¢m). In this case, all four faces had
cladding failing and as discussed above, for the E1 Centro record the
strong torsional-translational coupling for braced direction input displayed
by modal participation factors was thought to be an explanation of this
response behavior. No overall pattern in failure sequence was observed
when all the failure plots were compared.

While results were presented for the ET Centro and Parkfield ground
motion records only, it was evident that it might be unconservative to
use the unclad model as the basis for design. The several instances
of increased response when the contribution of cladding stiffening effects
were included support this conclusion. As discussed above in Section 3.4,
the addition of cladding lateral stiffness effects can alter the dynamic
characteristics of the sftructure to such a degree that the clad rather
than the unclad system is more sensitive to the design ground motion,
at least during the early part of the ground motion. However, the above
results suggest that the effects'of partial cladding failure on structure
translational response can be bracketed by study of the clad and unclad
models, while torsional response may be more difficult to predict.

-4.2.3 Response Studies of Symmetric Mass Model with Partial Cladding
Failure

As a final case for the incremental failure model, partial cladding
failure was imposed upon the symmetric meodel containing no eccentricity
between centers of mass and rigidity. Prior motion of the structure
or poor construction practice in selected locations randomly distributed
throughout the structure face was assumed to be the reason for the initial

failure state. AlTowable drift, 4, was set at 0.36 inches {0.9 cm) in
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this part of the study and response compared to that of the clad and
unclad structure models. In other words, initial failure was only imposed
upon the case with A = 0.36 inches (0.9 cm). Peak roof displacements

and peak interstory drift values are tabulated in Table 4.2-5 to 4.2-8.
Translational and rotational roof response time-histories are displayed

in Figs. 4.2-37 to 4.2-44 and peak drift at a story is plotted for the
four building faces in Figs. 4.2-45 to 4.2-48. Finally, progressive
cladding failure is shown, for all faces experiencing failure, in Figs.
4.2-49 to 4.2-56.

When response values and plots were compared, rotational response
was seen to be substantially increased by partial cladding failure even
in the absence of imposed accidental eccentricity. Rotational response
was amplified more than twenty-fold over that for the symmetric model
for the E1 Centro record input in the rigid direction as shown in Table
4.2-5 and Fig. 4.2-38. However, translational displacement and drift
responses remained comparable to and, in‘most instances, were bracketed
by the clad and unclad symmetric model values.

A piecewise linear failure model was formulated for the cladding
in the absence of experimental data and the performance of the curtain
wall under combined bending and torsiona] motions of the prototype struc-
ture was explored. In general, peak translational response values for
the partially-clad models were found to be bracketed by the fully clad
and unclad cases for the earthquake loadings considered, while torsional

response was observed as being more unpredictable.
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Table 4.2-1. Peak Roof Displacements, Incremental Failure Case, for
the Eccentric Model for the First 14 Seconds of the
1940 Imperial Valley Earthquake Recorded at E1 Centro
in the SOOE Direction.

Peak Roof Displacement Response

Ground Allowable
Motion Drift, Rigid Braced
Input A& Direction Direction Rotation
Direction (inches) (inches) (inches) {radians)
(1) (2) (3) (4) (8)
Braced 0.0 1.7 14.8 5.6 x 107
0.36 1.6 15.1 9.4 x 1073
0.72 3.2 15.1 8.1 % 10_3
D 2.7 15.2 7.8 x 10
Rigid 0.0 1.8 1.0 3.7 x 1073
0.36 14.4 1.1 4.6 x 1073
0.72 14.9 1.9 6.0 x 1073
) 15.0 1.9 5.2 x 10

aUnc1ad case.

bC]ad case.
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Table 4.2-2. Peak Interstory Drift, Incremental Failure Case, for
* the Eccentric Model for the First 14 Seconds of the
1940 Imperial Valley Earthquake Recorded at E1 Centro
in the SO0E Direction.

Ground Allowable Peak Relative Interstory Drift (inches)
Motion Orift,
Input A 3
Direction {inches) Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced 0.0° 1.0(21) 0.4(19)  1.3(18)  0.2(22)
0.36 1.0(18) 0.5(18) 1.2(17) 0.4(11)
0.72 1.1(16) 0.5(11) 1.1(16)  0.3(4)
«© 1.1(16) 0.5(5) 1.0(16)  0.4(4)
Rigid 0.0 0.5(24) 1.3{24) 0.4(24) 1.2(24)
0.36 0.3(17) 1.0(22) 0.3{17) 1.4(18)
0.72 0.4(8) 1.0(19) 0.3(7) 1.3(19)
o 0.3(4) 1.0(19) 0.3(11) 1.3(19)

aStory at which peak drift occurred is shown in parentheses.
b
Unclad case.

‘CC1ad case.
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Table 4.2-3. Peak Roof Displacements, Incremental Failure Case, for
Eccentric Model for the First 10 Seconds of the 1965
Parkfield Earthquake Recorded in the NB65E Direction.

Peak Roof Displacement Response

Ground Allowable
Motion Drift, Rigid Braced
Input A Direction Direction Rotation
Direction {inches) {inches) (inches) {radians)
(1) (2) (3) (4) (5)
Braced 0.0 2.8 23.9 1.1 x 1075
0.36 2.2 22.6 9.5 x 10—2
0.72 2.9 21.4 1.2 X 10:2
By 3.1 20.7 1.2 x 10
Rigid 0.0 25.2 1.6 1.2 x 1073
0.36 24.3 1.0 7.0 x 1073
0.72 22.8 1.5 7.7 x 1073
@ 21.9 2.3 7.8 x 10

a
Unclad case.

bC]ad case.
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Table 4.2-4. Peak Interstory Drift, Incremental Failure Case for the
Eccentric Model, for the First 10 Seconds of the
1966 Parkfield Earthquake Recorded in the N65E

Direction.
Ground Allowable Peak Relative Interstory Drift (inches)
Motion Drift,
Input A a
Direction (inches) Face ] Face 2 Face 3 Face 4
{1 (2) (3) (4) (5) (6)
Braced 0.0b 1.6(18) 0.7(22) 1.6(20) 0.5(22)
0.36 1.6(11) 0.7(19) 1.5(11) 0.5(18)
0.72 1.6(11) 0.7(18) 1.4(9) 0.5(4)
" 1.5(11) 0.7(7) 1.4{7) 0.4(4)
Rigid 0.0 1.1(22) 3.0(22) 1.0{22) 3.7(24)
0.36 0.4(19) 2.5(24) 0.4(23) 3.1(28)
0.72 0.4(21) 1.9(22) 0.5(22) 2.6(22)
® 0.4{16) 1.6(12) 0.4(4) 1.6(12)

aStory at which peak drift occurred is shown in parentheses.
b
Unclad case.

cC]ad case.
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Table 4.2-5, Peak Roof Displacements, Incremental Failure Case for the
Symmetric Model, for the First 14 Seconds of the 1940
E1 Centro Record. :
Ground Allowable Peak Roof Displacement Response
Motion Drift, Rigid Braced
Input A Oirection Direction Rotation
Direction (inches) (inches) (inches) (radians)
(1) (2) (3) (4) (5)
Braced 0.0 0.2 15.3 8.3 x 1072
0.36 0.4 16.5 2.5 x 100;
D 0.2 16.4 8.8 x 10°
Rigid 0.0 11.8 0.2 4.1 x m'g
0.36 15.4 0.1 8.9 x 10'6
® 15.8 0.2 3.0 x 107

aUnc]ad case.

bCiad case,
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Table 4.2-6. Peak Roof Displacements, Incremental Failure Case for the
Symmetric Model, for the First 10 Seconds of the 1966
Parkfield Record.

Peak Roof Displacement Response

Ground Allowable
Motion Drift, Rigid Braced
Input A Direction Direction Rotation
Direction {inches) (inchas) (inches) (radians)
(1) (2) (3) (4) (5)
, a -4
Braced 0.0 0.4 24.1 1.8 x 10_4
0.36, 0.4 22.8 1.4 x 10_4
® 0.3 20.7 1.3 x 10
Rigid 0.0 25.3 0.4 1.3 x 1077
0.36 25.0 0.2 9.0 x 10_6
w 22.3 0.3 3.5 x 10

a
Unclad case.

bC]ad case.
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Table 4.2-7. Peak Interstory Drift, Incremental Failure Case for the
Symmetric Model, for the First 14 Seconds of the 7940
E1 Centro Record.

Ground Allowable Peak Relative Interstory Drift (inches)
Motion Orift,
Input A a
Direction (inches) Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)

Braced 0.0° 1.2(20) 0.03(24)  1.2(20)  0.03(17)
0.36C 1.2(18) 0.08(18) 1.2(16)  0.09(18)
o 1.1(16) 0.02(16) 1.1(16)  0.02(17)

Rigid 0.0 0.01(20) 3(24) 0.01(20) 1.3(24)
0.36 0.03(22) 1.4(22) 0.04(22) 1.4(24)

w 0.01(11) 1.3(19) 0.01(11) 1.3(19)

aStory at which peak drift occurred is shown in parentheses.

bUnc]ad case.

Cclad case.
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Table 4.2-8. Peak Interstory Drift, Incremental! Failure Case for the
Symmetric Model, for the First 10 Seconds of the 1966
Parkfield Record.
Ground Allowable Peak Relative Interstory Drift {inches)
Motion Drift,
Input A a
Direction (inches) Face 1 Face 2 Face 3 race 4
(1 (2) (3) (4) (5) (6)
Braced 0.0° 1.6(20) 0.05(24)  1.6(11)  0.03(17)
0.36 1.6(11) 0.06(24) 1.6(11) 0.06(24)
S 1.4(8) 0.02(19) 1.4(8) 0.02{17)
Rigid 0.0 0.03(20) 3.1(22) 0.02(21) 3.1(22)
0.36 0.04(6) 2.9(24) 0.03(6) 2.9(24)
@ 0.02(11) 1.8(12) 0.02(11) 1.8(12)

aStory at which peak drift occurred is shown in parentheses.

bUnclad case,

“tlad case.
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4.3 Slotted Connection Model

4.3.1 Description of Model

The incremental failure model was introduced in the preceding sec-
tion. In this section a different model which does not include any cladding
failure will be considered. The force-deformation model shown in Fig. 4.3-1
was derived by modifying the PCI recommended support conditions [35]
such that both top connections were free to slide horizontally and vertically
as shown in Fig., 4.3-2. The free sliding was accomplished by providing
slots in the corresponding connection directions and due to the presence
of the slots the model was Tabeled as the slotted connection model. The
support conditions depicted in Fig. 4.3-2 were felt to match PCI assumed
behavior more closely than the PCI recommended support conditions, since
force transfer into panels can be drastically reduced at Tow interstory
displacement levels {<a). When relative interstory drift was less than
the allowable drift, a, a small stiffness, arbitrarily set at one-tenth
of the full interstory shear stiffness (V = 625 kips/inch = 1.1 x 105 kN/m)
of an éntire row of panels at a story, or V = 62.5 kips/inch (1.1 x
104 kN/m), was provided. This small stiffness was assumed to result
from friction in the panel connections. The full interstory shear stiff-
“ness of V = 625 kips/inch (1.1 x 105 kN/m) was employed when the inter-
story drift exceeded a (see Fig. 4.3-1). No failure of panels or connec-
tions was assumed in this model and piecewise-linear elastic cladding
behavior was also assumed throughout.

The equations of motion were integrated step by step using the
integration procedure described in Section 3.2 and the force-deformation

relationship for the cladding was updated at each story and on each face
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of the prototype structure at the end of each time step on the basis
of story drift values on each face. Both the stiffress matrix, S, and

the load vector, 55 (see Section 3.2), were adjusted when aliowable drift,
A, was exceeded. While the nonlinearity of the model could have been
accounted for by adjusting only the Toad vector [7], the correction was
found to be constant for a given allowable drift vatue, a, provided that

the stiffness matrix was also changed as shown in Fig. 4.3-3. The inter-
story shear stiffness at story I and face J is 62.5 kips/inch (1.7 x

104 kN/m) befare 2 is exceeded but changes to 625 kips/inch (1.1 x 105 kN/m)
at that point. However, by changing the stiffness matrix, the force-
deformation relationship follows the Tine going through the origin with

a slopegf 625 kips/inch (1.1 x 105 kN/m) if no correction is applied

to the force. The correction in the force (CF) at story I and face J

is
CF(1,J) = a*(625 - 62.5) {4.3-1)

and the correction was the negative of the above when -A was exceeded

for response in the negative direction. The correction in the load vector
- (CA) was then computed making use of assumptions used to construct the
stiffness matrix in Section 2.2.1, and by summing forces and moments

based on Fig. 4.3-4 resulting in:

CA(1) = CF(1,2) + CF{1,4)

CA(2) = CF(1,1) + CF(1,3)

H

CA(3) = (~CF({1,1) - CF(1,2) + CF(1,3) + CF(1,4))*R
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For 1T > 2, where I is the floor number starting at the roof,

CA(31-2) = CF(I,2) + CF(I,4) - CF (I-1,2) - CF(1-1,4) (4.3-2a)

u

CA(3I-1) = CF(I,1) + CF(I,3) - CF(I-1,1) - CF(I-1,3) (4.3-2b)
CA(31) = (~CF(1,1) - CF(1,2) + CF(I1,3) + CF(I.4)

+ CF(I-1,1) + CF(I-1,2) - CF(I-1,3) (4.3-2¢)
CF(I-1,4))*R

1

where degrees of freedom 3I-2, 3I-1 and 3] were in rigid direction,

braced direction and rotation, respectively. This correction was added

to Eg. (3.2-10) and displacements solved for using Eq. (3.2-8). Response
studies employing the slotted connection medei and associated computational
procedures will be discussed in the following section.

4.3.2 Response Studies

The eccentric model, in which a 5% eccentricity between centers
of mass and rigidity was specified, was employed as the basis for combined
translational and torsional response studies using the slotted connection
model for cladding. Five allowable interstory drift (a) conditions were
studied:

(1) 4 =0 {i.e., allowable drift equal to zero to preserve the
fFully clad case, V = 625 kips/inch (1.1 x 10° kN/m))

(2) Ao = 0.00125 times an average story height of 12 feet (i.e.,

A =0.18 inches or 0.5 cm)
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Figure 4.3-1. Force Deformation Relationship for the S{otted
Connection Model {units are in kips and inches).
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Figure 4.3-2. Support Conditions for Slotted Connection Model.
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Figure 4.3-3. Correction Force far the Slotted Connection Model When
Interstory Drift Exceeds Allowable Drift, a.
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(3) o = 0.0025 times an average story height of 12 feet (i.e.,

A = 0.36 inches or 0.9 cm)

(4) o = 0.005 times an average story height of 12 feet (i.e.,
A = (0.72 inches or 1.8 cm}

(5) a == (i.e., cladding removed to produce the unclad case,
vV =0)

Conditions (1) and (5) above correspond to the clad and unclad
cases, respectively, for the eccentric structure model. The resulting
peak roof displacements are listed in Table 4.3-1 for E1 Centro ground
motion input in both the rigid and braced frame directions. Time-history
plots are displayed in Figs. 4.3-5 to 4.3-8. Inspection of these results
showed most peak response values for conditions (2) to (4) were bracketed
by the clad and unclad cases (conditions (1) and (5), respectively) but
several exceptions were found as for example rotational response for
conditions (2) and (3). Peak interstory drift values for each face are
tabulated in Table 4.3-2 and maximum story drift values are plotted in
Figs. 4.3-9 to 4.3-14 for the four building faces. Drift values were
generally bracketed by the clad and unclad cases with only one occurrence
of increased peak interstory drift observed. Comparison of the story
~drift plots revealed no major changes in response behavior as allowable
drift was varied (see Figs. 3.4-40 to 3.4-43 for cases with and without
cladding).

The structure response was also computed for the 1966 Parkfield
earthquake record. Peak roof displacement response values are listed
in Table 4.3-3 and roof translaticnal and torsional time-histories are

displayed in Figs. 4.3-15 to 4.3-18. MWhile peak response values in the
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direction of input motion were increasing with increasing allowable drift

(conditions (1) to (5)), the response in the other directions behaved
in that way in only onelinstance out of four. Only three instances of
increased response for conditions (2) to (4) as compared to conditions
(1) and (5) were observed, two in the rigid direction for braced direction
input and one in the braced direction when input was applied in the rigid
direction. Peak relative interstory drift values listed in Table 4.3-4
showed values for braced frame direction input to be similar, while
conditions {2) to (4) compared well with the clad case (condition (1})
but Qiffered from the unclad case when the rigid direction was the input
direﬁtion. This observation was supported by inspection of story peak
drift plots shown in Figs. 4.3-19 to 4.3-24 (see Figs. 3.4-48 to 3.4-51
for the clad and unclad cases). Note that current design practice does
not assume any contribution from cladding to lateral stiffness and conse-
quently corresponds to the unctad case.

When results for the siotted connection cladding model are compared
to results for the incremental failure model, the obvious differences
in the two models need to be kept in mind. While peak ropf response
in the direction of applied ground motion was always bracketed by the
“clad and unclad cases when the incremental failure model was employed,
the use of the slotted connection model resulted in peak roof response
values which were on two occasions cutside the interval formed by the
Tinear clad and unclad cases. Rotational response was in several instances,
as for the incremental failure model, higher than for either of the linear
cases with and without cladding.

In view of the above results, it was obvious that use of slots

for isolation of panels is only successful as long as slot lengths exceed
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Table 4.3-1. Peak Roof Displacements, Sliotted Connection Case for the
Fccentric Model, for the First 14 Seconds of the 1940
El Centro Record.

Peak Roof Displacement Response

Ground Allowable
Motion Drift, Rigid Braced
Input A Direction Direction Rotation
Direction (inches) {inches) (inches) (radians)
(1) (2) (3) (4) (5)
Braced 0.0° 2.7 15.2 7.8 x 1073
0.18 4.2 15.5 8.6 x 10_3
0.36 2.6 15.0 8.5 x 1073
0.72, 1.8 14.5 6.4 x 1073
= 1.7 14.8 5.6 x 10
Rigid 0.0 15.0 1.9 5.2 x 1073
0.18 14.4 2.4 5.9 x 1073
0.36 13.3 1.8 5.7 x 1073
0.72 12.2 1.1 4.3 x 10 3
e 11.8 1.0 3.7 x 107

1ad case (V = 625 kips/inch).

b

Unclad case (V = 0).

25.4 mm.

Note: one inch
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Table 4.3-2. Peak Interstory Drift, Slotted Connection Case for the
Eccentric Model, for the First 14 Seconds of the 1940
E1 Centro Record.

Ground Allowable Peak Relative Interstory Drift (inches)
Motion Drift,
Input A
Direction (inches) Face 12 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced 0.0° T.]E]G) 0.555) 1.0(16)  0.4(4)
0.18 0.9(16) 0.5(16} 1.3(16) 0.3(4)
0.36 0.9(20) 0.6(5) 1.3(19)  0.3(4)
0.72 1.0(21) 0.4(19) 1.2(20) 0.2(12)
oC 1.0(21) 0.4(19) 1.3(18) 0.2(22)
Rigid 0.0 0.3(4) 1.0(19) 0.3(11)  1.3(19)
0.18 0.4(21) 1.2(22) 0.3(4) 1.1(16)
0.36 0.5{(24) 1.0(23) 0.3(10) 1.0(18)
0.72 0.4{23) 1.0(18) 0.3(22) 1.0(24)
o 0.5(24) 1.3(24) 0.4(24) 1.2(24)

aStory at which peak drift occurred is shown in parentheses.
.bCTad case {V = 625 kips/inch).

“Unclad case (V = 0).

Note: 1 inch = 25.4 mm.
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Table 4.3-3. Peak Roof Displacements, Slotted Connection Case for the
Eccentric Model, for the First 10 Seconds of the 1966
Parkfield Record.

Peak Roof Displacement Response

Ground Allowable
Motion Drift, Rigid Braced

Input A Direction Directian Rotation
Direction {inches} (inches) (inches) {radians)

(1) (2) (3) (4) (5)
a -2
Braced 0.0 3.1 20.7 1.2 x 10_2
0.18 3.8 21.6 1.2 x 10_2
0.36 3.3 21.9 1.2 x 10_2
0.72, 2.4 22.7 1.1 x 10_2

- 2.8 23.9 1.1 x 10
Rigid 0.0 - 21.9 2.3 7.8 x 1073
0.18 22.2 2.4 8.4 x 10_3
0.36 22.5 2.2 8.6 x 1073
0.72 22.9 1.6 7.8 x 1073

% 25.2 1.6 1.2 x 10

%Clad case (V = 625 kips/inch).

bUnc'!ad case (V = 0).

Note: one inch = 25.4 mm,
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Table 4.3-4. Peak Interstory Drift, Slotted Connecticn Case for the
Eccentric Model, for the First 10 Seconds of the 1966
Parkfield Record.

Ground Allowable Peak Relative Interstory Drift {inches)
Motion Drift,
Input A 3
Direction (inches) Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced 0.0° 1.5(11) 0.7(7) 1.4(7) 0.4(4)
0.18 1.4(16) 0.7(16) 1.4(11) 0.5(4)
0. 36 1.5(16) 0.7(5) 1.4(11)  0.5(4)
0.72 1.5(16) 0.6(7) 1.5{11) 0.5(5)
ol 1.6(18) 0.7(22) 1.6(20) 0.5(22)
Rigid 0.0 0.4(16) 1.6(12) 0.4(4) 1.9(12)
0.18 0.5(4) 1.7(12) 0.4(11) 1.9(22)
0.36 0.5(4) 1.9(22) 0.4(4) 2.0(22)
Q.72 0.5(4) 2.1(22) 0.5{(20) 2.2(22)
@ 1.1(22) 3.0(22) 1.0(22) 3.1(24)

aStor_y at which peak drift occurred is shown in parentheses.
Delad case (V = 625 kips/inch).

Cunclad case (Vv = 0),

Note: 1 inch = 25.4 mm.
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interstory drift levels. The slots would have had to be considerably
Tonger than those used in the prototype structure to isolate the cladding
elements when the two earthquake loadings considered in this study were
applied.

4.4 Degrading Hysteresis Model

4.4.1 Description of Model

Two different force-deformation relationships for cladding were
introduced in the two preceding sections. Neither included any hysteretic
behavior in the case of cyclic loading. In the absence of experimental
dataidescribing the cyclic hysteretic behavior of a typical cladding
panel, the simple hysteresis model shown in Fig. 4.4-1 was developed.

The model combines both elasto-plastic and shear-slip behavior. This
model approximates load-deflection behavior of frames with infilled panels
as determined by laboratory studies of other investigators [20]. While
cladding response to interstory motions may differ somewhat from the
behavior of frames with infilled panels, the simple hysteresis model

was considered to be a reasonable initial assumption for cladding cyclic
behavior in the absence of definitive laboratory test data. It was recog-
nized that neither partial cladding failure nor the presence of slotted
‘connections could be accounted for using this model. Load-degradation

at large displacements was not included in this model in order to maintain
its simplicity.

The following rules were used to define the hysteresis model in

| the present study:
| (1) Loading and unloading occurs along Tine 0-1 (see Fig. 4.4-1)

prior to exceeding the allowable drift A. Here A was taken to be 0.005
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times the story height (0.72 inches = 1.83 cm for the prototype structure)

as specified by 1982 UBC [49]. The slope of 1ine 0-1 was taken to be
625 kips/inch (1.1 x 105 kN/m) on the basis of the parameter study results
noted eariier in Section 2.4.

(2) Maximum forces and yielding forces are the same in both tension
and compression and cccur afong lines such as 1-2 and 11-12 in Fig. 4.4-1.

(3) For interstory displacements exceeding yield levels and followed
by unioading, the unloading line is taken to be parallel to the Toading
Tine (see lines 2-3 and 12-13 in Fig. 4.4-1, for example).

{4) After yielding has first taken place in both tension and com-
pression, the reversal loading has a maximum force of 10% of the y{eld
force (this value was assumed for the present study) and the corresponding
slope is zero (see lines 5-6 and 9-10 in Fig. 4.4-1). Lines 5-6 and
9-10 are referred to as slip lines. This behavior accounts for the assumed
shear-stip response in the model and for deterioration of both maximum
load at a given displacement level and energy dissipation capacity with
successive cycles.

(5) When the reversal Toading intersects the last unloading Tine
in a quadrant {e.q., point 6), the slope of the loading line (e.g.,
line 6-7) again becomes parallel to the initial elastic loading Tine
(Tine 0-1).

(6) Unloading from a slip Tine (see rule 4 above} follows a line
parallel to the initial elastic loading 1ine as illustrated by 1ine 14-15
in Fig. 4.4-1.

The integration procedure for the overall structural system with

the above cladding model included is described in the following section.
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4.4.2 Integration Method

Several numerical integration procedures are available to solve

the equations of motion

[
[lws]
4+
L)
W
+
)
[lew]
)
=

(4.4-1)

The direct Tinear extrapolation technique with the trapezoidal rule
(discussed in Section 3.2) was chosen for the prasent study since the
algorithm was available from the above studies. Howevér, due to the
assumed nonlinearity depicted in Fig. 4.4-1, several modifications in
the computational procedures were needed. The choice was made to handle
all the nonlinearity by adjusting the Toad vector rather than by adjusting
the stiffness matrix, as discussed by Desai [7], when the system properties
changed. Consequently, the stiffness matrix had only to be decomposed
once at the start of the procedure.
The computational algorithm used here may be summarized as follows:
1. Use the trapezoidal rule and condense the equation of motion

to
S D, = A, (4.4-2)

where i indicates the time step under consideration, §* is defined by
Eq. (3.2-9) and A, by £q. (3.2-10).

2. Solve for displacements D, using the Cholesky method and compute
velocities @i and accelerations @i (see Egs. (3.2-14) and (3.2-15)).

3; Set J =0 (J is the number of iterations within a time step)

and continue.
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4., Start the jth iteration: J becomes Jj + T.

5. Compute the vector of residual (or unbalanced) loads [2] as

] _ IRV BPA B B B
1 M (4.4-3)
where the vector of internal loads is
B BRI, % B, By i
Ei - §ugj + 51 (4.4-4)

and where §u is the stiffness matrix for the unclad structure. The vector

8371 is obtained in the following way:
a) Interstory displacements AQg'T are computed at each story and

each face as:

AD(I,1) = D(3I-1) = D(31 + 2) - R(D(31) - D(3I + 3))
8D(1,2) = D(31-2) - D(31 + 1) = R(D(3I) - D(3I + 3))
8D(1,3) = D(31-1) - D(31 + 2) + R(D(3I) - D(3I + 3)) (4.4-5)
AD(1,4) = D(31-2) - D(3I + 1) + R(D(31) - D(3I + 3))

where I indicates the floor number starting at the roof and the second
subscript for 4D is the face number (see Fig. 4.4-2). When the interstory
displacements are computed for the lowest floor level, the substracting

terms become zero or
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AD(21,1) = D(62) - R(D(63))
AD(21,2) = D(61) - R(D(63))
(4.4-6)
aD(21,3) = D(62) + R(D(63))
AD(21,4) = D(61) + R(D(63))

b) Current internal forces CIF?‘T in cladding are determined based
on the interstory displacements, the force-deformation relationship
(hysteresis loop in Fig. 4.4-1) and prior displacement history. For
example;:

(1) If interstory drift has never exceeded the allowable drift a

{1ine 0-1 in Fig. 4.4-1), then
CIF(I,J) = €25 * aD(I,J) (4.4-7)

(2) If interstory drift exceeds & for the first time (line 1-2

in Fig. 4.4-1), then
CIF(I,J) = 625 * 0.72 = 450 kips (4.4-8)

{3) If interstory drift has exceeded A and unloading is taking

place (line 2-3 in Fig. 4.4-1), then
CIF(1,J) = 450 - 625 (aD2 - aD) (4.4-9)

where aD2 is the drift at point 2 in Fig. 4.4-1. 1If CIF(1,Jd) is less
than -450 kips, then
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CIF(1,4) = -450 kips {4.4-10)
which corresponds to line 3-4 in Fig. 4.4-7.
(4) If loading starts to take place in the positive direction
(Tine 4-5), then

CIF(1,d) = -450 + 625 * (AD - AD4) (4.4-11)

where 404 is the drift at point 4 in Fig. 4.4-1. In case CIF(I,J)

exceeds 45 kips, then
CIF(I,J) = 45 kips (¢.4-12)
which follows 1ine 5-6.
(5) When further loading takes place and the drift exceeds 4D6
(1ine 6-7), the drift at point 6 which is computed based on aD2, the
internal force is computed as
CIF(I,J) = 45 + 625 * (4D - ADG) (4.4-13)
and if CIF(I,J) becomes greater than 450 kips, then

CIF(I,J) = 450 kips (4.4-14)

which corresponds to line 7-8.
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(6) If unloading had started to take place before the drift equaled
AD6, then Tines 13-14 and 14-15 describe the situation and the internal

force is
CIF(I,J) =45 - 625 * (aD14 - aD) (4.4-15)

where 2D14 is the drift at point 14. However, if CIF(I,J) is less than

-45 kips, then
CIF(I,J) = -45 kips {4.4-16)

¢) The vector of internal loads due to cladding and its connections

@g-] is computed as (see Fig. 4.4-2)

8(1) = CIF{1,2) + CIF(1,4)

B(2) = CIF(1,1) + CIF(1,3)

B(3) = (-CIF(1,1) - CIF(1,2) + CIF(1,3) + CIF(1,4)} * R

For I > 2 (I is floor number starting at the roof) (4.4-17)
B(3!-2) = CIF(1,2) + CIF(I,4) - CIF(I-1,2) - CIF(I-1,4)

B(31-1) = CIF(I,1) + CIF(I,3) - CIF(I-1,1) - CIF(I-1,3)

B(3I) = (-CIF(I,1) - CIF(1,2) + CIF(IL,3) + CIF(I,4)
+ CIF(I-1,1) + CIF(I-1,2) - CIF(I-1,3) - CIF(I-1,4)) * R

6. Check iteration convergence: If RMS (gg) < tolerance, (set
at 1.0 in this study), go to the next time step (step 1). Otherwise,
if § is less than the maximum number of iterations (set at 15 in the

present study and never exceeded), go to step 7.
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7. Compute the new load vector.

- Q:j'] + Ul (4.4-18)

8. Solve for Qg and compute @g and @g in the same manner as in
step 2.

9. Go to step 4 and continue.

The above algarithm was found to be stable for the cases considered
and convergence was reached in five steps or less for the tolerance speci-
fied: This could be due to the relatively mild nonlinearity of the problem.

A 1isting of the computer program written for the response studies
in this section is contained in Appendix A.

The following section presents the results of response studies
using the above computational procedure for the degrading hysteresis

model.

4.4.3 Response Studies

In the present study, response computations were performed only
for the eccentric mass model as defined in Section 3.4. Simple modal
damping was set at five pércent of critical and the damping matrix was
not adjusted as cladding stiffness changed. Only one allowable drift
value, A, chosen as 0.005 times an average story height of 12 feet
(i.e., A = 0.72 inches or 1.8 cm) was considered. Linear clad and unclad
case responses for the eccentric model of Section 3.4 are repeated here
in tables and time-history plots for comparison.

First, the dynamic response to the E] Centro earthgauke record

was considered. Peak roof displacements are tabulated in Table 4.4-1
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and translational and torsional time-history plots are presented in
Figs. 4.4-3 to 4.4-6. These results showed that peak response in the
direction of input ground motion was in between the corresponding values
for the clad and unclad cases. Rigid direction response for braced direc-
tion fnput and rotational response for rigid direction input were both
greater than corresponding values for the clad and unclad cases. However,
braced direction response for rigid direction input and rotational response
for braced direction input were in between clad and unclad model responses.
In spite of the differences observed in peak response values, inspection
of the time-history plots showed that the hysteretic case response followed
the clad case closely. When peak relative interstory drift values for
the different faces were computed (see Table 4.4-2)}, the hysteretic values
were bracketed by the linear clad and unclad responses in all cases except
on face 4 for rigid direction input. The peak story drift values are
plotted in Figs. 4.4-7 and 4.4-8. When these figures are compared to
Figs. 3.4-40 to 3.4-43, showing peak story drift values for the clad and
unclad cases, a good agreement was observed between the hysteretic mode?
and the Tinear clad model.

When response to the Parkfield record was computed, peak roof
displacement response values were as listed in Table 4.4-3 and translatignal
and torsional roof time-histories are displayed in Figs. 4.4-9 to 4.4-12.
Hysteretic peak response values in the direction of applied motion were
observed to be bracketed by the linear cases with and without cladding
while they were found to be lower in directions other than the input
direction. Peak interstory drift values for the different building faces
are tabulated in Table 4.4-4 and peak story drift values are plotted

in Figs. 4.4-13 and 4.4-14. Comparison of peak face drift values revealed
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that hysteretic values were in between values for the linear clad and
unclad cases in all instances but two and those two were not in the direction
of applied ground motion. When hysteretic story drift values were compared
to linear story drift values (Figs. 3.4-48 to 3.4-51), hysteretic case
values were observed to follow linear clad case values closely.

The above response studies showed the hysteretic response hehavior
te be similar to the linear clad case for the allowable drift, 4, and
earthquake loadings chosen. The present model would become rather impracti-
cal with the use of a small & value since smaller timesteps would have
to be employed due to the presence of the slip lines in the mode] (see
Fig. 4.4-1 and Section 4.4.1). Further studies involving this hysteretic
model and small A values were not performed based on the above comments.
However, in the event that future experimental studies show this model
to be a good representation of cladding behavior, a modification of the
model such as moving the shear slip lines to a force Tevel of zero would
improve its practicality for computation. This modification results
in fewer rules for the hysteresis model (see Section 4.4.1 for the current
medel) and also does not require the use of as small a time step since
two relatively close shear slip 1ines are replaced by one.

4.5 Brake Pad Model

4.5.17 Description of Model

A c¢ladding connection possessing elasto-plastic behavior and stable
hysteretic response over several cycles would be beneficial to a structure
during a strong motion earthquake because of its inherent energy dissipa-
tion capacity. The connection would be even more valuable if relatively

large interstory displacements could be accommodated without any permanent
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Table 4.4-1. Peak Roof Displacements, Degrading Hysteresis Case for
the Eccentric Model, for the 1940 E1 Centro Record.

Peak Roof Displacement Response

Ground
Motion Rigid Braced
Input Direction Direction Rotation
Direction Case (inches) (inches) (radians)
(1 (2) (3) (4) (5)
Braced Clad 2.7 15.2 7.8 x 1073
‘ Unclad 1.7 14.8 5.6 x 10_3
Hysteretic 2.9 14.9 7.5 x 107
Rigid Clad 15.0 1.9 5.2 x 1073
Unclad 11.8 1.0 3.7 x 10 5
Hysteretic 14.1 1.9 5.7 x 10

Note: 1 inch = 25.4 mm.
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Table 4.4-2. Peak Interstory Drift, Degrading Hysteresis Case for the
Eccentric Model, for the 1940 E1 Centro Record.
Ground
Motion Peak Relative Interstory Drift (inches)
Input a
Direction Case Face 1 Face 2 Face 3 Face 4
(1) (2)
Braced Clad 1.1(16) 0.5(5) 1.0(16) 0.4(4)
: Unclad 1.0(21) 0.4(19) 1.3(18) 0.2(22)
Hysteretic 1.1{16) 0.5(4) 1.1(16)  0.4(4)
Rigid Clad 0.3(4) 1.0(19) 0.3(11) 1.3(19)
Unclad 0.5(24) 1.3(24) 0.4(24) 1.2(24)
Hysteretic 0.4(21) 1.0(19) 0.3(22) 1.4(19)

aStory at which peak drift occurred

Note:

1 inch = 25.4 mm.

is shown in parentheses.
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Table 4.4-3. Peak Roof Displacements, Degrading Hysteresis Case for
the Eccentric Model, for the 1966 Parkfield Record.

Peak Rgof Response

Ground
Motion Rigid Braced
Input Direction Direction Rotation
Direction Case (inches) (inches) (radians)
(1) (2) (3) (4) (5)
Braced Clad 3.1 20.7 1.2 x TO'S
Unclad 2.8 23.9 1.1 x 10:3
Hysteretic 2.2 21.1 8.0 x 10
Rigid Clad 21.9 2.3 7.8 x 107
Unclad 25.2 1.6 1.2 X ]Oq3
Hysteretic 22.7 1.4 6.5 x 10

Note:

1 inch = 25.4 mm.
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Table 4.4-4. Peak Interstory Drift, Degrading Hystéresis Case for
the Eccentric Model, for the 1966 Parkfield Record.
Ground
Motion Peak Relative Interstory Drift (inches)
Input a
Direction Case Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced Clad 1.5(11) 0.7(7) 1.4(7) 0.4(4)
Unclad 1.6(18) 0.7{(22) 1.6(20) 0.5(22)
Hysteretic 1.6(11) 0.5(16) 1.4(8) 0.4(5)
Rigid Clad 0.4(16) 1.6(12) 0.4(4) 1.9(12)
Unclad 1.1(22) 3.0(22) 1.0(22) 3.1(24)
Hysteretic 0.4(19) 1.8(12) .3(20) 2.1(22)

aStory at which peak drift occurred is shown in parentheses.

Note:

1 inch = 25.4 mm.
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damage and with adequate safety against failure of the cladding. Most
cladding connections used at present do not intentionally make use of
any enerqy dissipation possibilities.

The connection shown in Fig. 4.5-1 was developed based on a connec-
tion proposed for use in precast concrete Targe panel construction [31].
This connection is intended for use af the top of the panel on cne side
only with the other top connection being an oversized hole similar to
that recommended by PCI [35]. The proposed connection will allow vertical
s1ip to take pltace in the panel insert without any resistance. Horizontal
motion on the other hand is governed by a force displacement relationship
which is jdealized to be elasto-plastic as shown in Fig. 4.5-2. The
slope of the Toading and unloading Tines in this idealized loop was taken
to be 625 kips/inch (1.7 x 105 kN/m) based on the parameter studies in
Section 2.4. The allowable drift value, A, which in this model is the
drift at which slip starts, was varied in steps as discussed in the following
section. The slot width of the clip angles in Fig. 4.5-1 were assumed
to be large enough so that bolts would not come into bearing horizontally.
However, if horizontal bearing were to be accounted for in the model,
the hysteresis loop would havé to be modified to look similar to the
previocus hysteresis model depicted in Fig. 4.4-1. The hysteretic behavior
is achieved by inserting heavy duty brake lining pads between sliding
steel plates. Experimental studies have shown that stable hysteresis
is obtained with this plate-pad arrangement. It should be noted that
the Toading and unioading sections of the measured hysteresis loop are
vertical [31].

It was recognized that the use of the proposed connection could

have several disadvantages and problems in actual practice, such as:
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{a) Possible high initial expense.
(b) Need for careful cantral and inspection during installation
to insure proper tightening of bolts. (Otherwise, friction
forces would vary leading to unreliable performance of
connections.)
(c) Potential deterioration with time and need for maintenance.
{d) Cost of replacement.
{e} More complicated design.
In the analytical studies of the performance of cladding with
brake pad cannections, the equations of moticn were integrated using
the procedure described above in Section 4.4.2 to handle the nonlinearity
introduced by the hysteretic behavicr. Determination of current internal
forces in step 5.0 (see Section 4.4.2) became more simplified than for
the degrading hysteresis model, but otherwise the procedure remained
unchanged. Five percent simple modal damping based on the linear clad
case was used in all response calculations in the absence of information
about proper damping levels. |
The following section contains resuits of structure dynamic response
studies employing the idealized hysteresis Joop for cladding shown in
Fig., 4.5-2 and using the 1940 £1 Centro record and the 1966’Parkfie1d
record as ground motion loadings.

4.5.2 Response Studies

The eccentric mass model defined in Section 3.4.1 was used in
the response studies employing the brake pad model. Five different allowable

interstory drift conditions {a} were considered as follows:
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(1) A =0 (i.e., cladding compietely ineffective for the unclad

(2) A = 0.00125 times an average story heéight of 12 feet (i.e.,
s = 0.18 inches or 0.5 cm).

(3) a = 0.0025 times an average story height of 12 feet (i.e.,
A = 0.36 inches or 0.9 cm).

(4) a = 0.005 times an average story height of 12 feet ({i.e.,
& = 0.72 inches or 1.8 cm).

(5) a = infinity (i.e., the linear clad case, V = 625 kips/inch
or 1.1 x 10° kN/m).

Conditions {1) and (5) correspond to the unclad and clad linear
eccentric cases, respectively.

Peak roof displacement response values for the E1 Centro record
are listed in Table 4.5-1 and roof translational and torsional time-
histories are displayed in Figs. 4.5-3 to 4.5-6. Comparison of the
different allowable drift cases showed that condition (2) with A set
0.18 inches (0.5 cm) was most effective in reducing peak response when
compared to the Tinear cases in conditions (1) and (5). Braced direction
response for input in the braced direction was lowered 24% by condition
(2) over either linear case and rigid response for rigid direction input
was reduced 11%. Response in directions other than the input directions
was also observed to decrease such as rotational response by up to 24%.

Peak relative interstory drift values at the building faces for
the E1 Centro record are tabulated in Table 4.5-2 and peak story drift
values are presented in Figs. 4.5-7 to 4.5-12. Condition (2) was again

more effective than conditions (3) and (4) in Towering response as compared
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to conditions (1) and {5). Peak drift on faces in direction of applied
motion was reduced up to 20% for braced direction input (face 1) and
up to 30% for rigid direction input (face 2). Comparison of the story
drift plots showed that not only peak face drift was reduced but overall
building drift (see Figs. 3.4-40 to 3.4-43 for drift plots for conditions
(1) and (5)).

Peak roof response values due to the Parkfield earthquake are
tabulated in Table 4.5-3 and roof response time-histories are depicted
in Fig. 4.5-13 to 4.5-16. Inspection of these data showed that pezk
root response in the dijrection of applied ground motioﬁ decreased with
increasing allowable drift, A. However, in directions other than the
input direction, condition (2) was found to yield the lowest response
values. For example, rotational response for condition (2) was reduced
45% when compared to the linear cases of conditions (1) and (5). While
peak values in the direction of applied motion are not effectively reduced
by the introduction of the brake pad model, the time-history plots revealed
that displacement response was generally lowered by its introduction.
When peak interstory drift values at the four structure faces listed
in Table 4.5-4 and peak story drift values plotted in Figs. 4.5-17 to
4.5-22 were compared, a similar pattern as for the peak roof response
values was observed. Peak drift on faces parallel to the input direction
was bracketed by the Tinear clad and unclad cases {conditions (1) and
(5)), but several instances of reduced peak drift were seen on faces
orthogonal to the input direction.

The above studies showed the effects of employing the brake pad

model on structure response. The additional contribution to damping
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from hysteretic behavior of the brake pad cladding connection, expressed

in percent of critical [44], was plotted versus interstory drift in

Fig. 4.5-23. Hysteretic damping was assumed and the assumption was made
that drift was of equal magnitude in both positive and negative directions
when enerqgy dissipation duringeach full cycle was determined. The following
equation was used in the computation of the dimensionless equivalent

viscous damping ratio [44]

Y. = Ay (4.5-1)

eq 5 kx2

where all is the energy dissipated per cycle, K is the slope of the
force-deflecticon curve and X the interstory drift (Fig. 4.5-23 shows qu
as a function of X). Additional damping levels for cladding of 5-15% of
critical depending on the amount of interstory drift were observed in
Fig. 4.5-23. In addition, the presence of additional damping at lower
interstory drift Tevels for condition (2) {A = 0.18 inches or 0.5 cm)
was observed as a possible explanation for its effectiveness in reducing
overall response as reported above.

The question whether the potentiaT advantages of the brake pad
connection outweigh its disadvantages was not fully answered in this
study. Relative costs, complications in design and construction, other
loadings, and effects of slot lTength need to be addressed before conclu-
sions can be reached.

When response values for the brake pad model were compared to
response values for the three other cladding models presented in Sections
4.2, 4.3, and 4.4 above, it was evident that no other model was as effective

as the brake pad model in reducing overall structure response for the
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Table 4.5-1. Peak Roof Response, Brake Pad Case far the Eccentric
Model, for the 1940 E1 Centro Record.

Ground Allowable Peak Roof Displacement Response
Motion Drift, Rigid Braced
Input A Direction Direction Rotation
Direction {inches) (inches) (inches) (radians)
(1) (2) (3) (4) (5)
Braced 0.02 1.7 14.8 5.6 x 1073
0.18 1.3 1.3 4.3 x 1073
0.36 1.6 12.3 4.6 x 1073
0.72, 2.4 14.9 7.4 x 1073
@ 2.7 15.2 7.8 x 10
Rigid 0.0 11.8 1.0 3.7 x 1073
0.18 10.5 0.7 2.8 x 1073
0.36 1.3 1.2 4.1 x 103
0.72 14.1 1.8 5.1 x 1073
® 15.0 1.9 5.2 x 10

3C1ad case (V = 625 kips/inch).

b 9).

Unclad case (V

25.4 mm.

1]

Note: one inch
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Table 4.5~2. Peak Interstory Drift, Brake Pad Case for the Eccentric
Model, for the 1940 E1 Centro Record.
Ground Allowable - Peak Relative Interstory Drift {inches)
Motion Drift,
Input A
Direction (inches) Face 12 Face 2 Face 3 Face 4
m (2) (3) (4) (5) (6)
Braced 0.0P 1.0(21)  0.4(19) 1.3018)  0.2(22)
0.18 0.8(16) 0.3(20) 0.9(15) 0.2(20)
0.36 0.9(16) 0.4(20) 1.0{16} 0.2(4)
0.72 1.1(76) 0.5(5) 1.1(16) 0.3(4)
T 1.1(16) 0.5(5) 1.0(18) 0.4(4)
Rigid 0.0 0.5(24) 1.3(24) 0.4(24) 1.2(24)
0.18 0.3(28) 0.7(19) 0.2{(24) 1.0(24)
.36 0.3(24) 0.8{(19) 0.2(24) 1.1(22)
0.72 0.4(22) 1.0(19)} 0.3(22) 1.4(19)
P 0.3(4) 1.0(19) 0.3{11) 1.3(19)

aStory at which peak drift occurred is shown in parentheses.

Pe1ad case (V = 625 kips/inch).

“Unclad case (V = 0).

Note:

1 inch = 25.4 mm.
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Table 4.5-3. Peak Roof Response, Brake Pad Case for the Eccentric
Model, for the 1966 Parkfield Record.

Ground Allowable Peak Roof Displacement Response
Motion Drift, Rigid Braced
Input A Direction Direction Rotation
Direction {inches) (inches) (inches) (radians)
(1) (2) (3) (4) (5)
a -2
Braced 0.0 2.8 23.9 1.1 x 10_3
0.18 1.0 22.4 6.1 x 10_3
0.36 1.6 21.7 6.5 x 1073
0.72b 2.2 21.1 8.2 x 10_2
- 3.1 20.7 1.2 x 10
Rigid 0.0 25.2 1.6 1.2 x mjg
0.18 23.7 0.8 4.6 x 10_3
0.36 23.0 1.1 5.5 x 10_3
0.72 22.7 1.7 6.4 x 1073
. 21.9 2.3 7.8 x 10

8Clad case (V = 625 kips/inch).

Binclad case (v =0).

Note: one inch 25.4 mm.
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Table 4.5-4. Peak Interstory Drift, Brake Pad Case for the Eccentric
Model, for the 1966 Parkfield Record.
Ground Allowable Peak Relative Interstory Drift {inches)
Motion Drift,
Input A
Direction (inches) Face 1° Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)
Braced 0.0° 1.6(18) 0.7(22) 1.6(20)  0.5(22)
0.18 1.5(11) 0.4{19) 1.40011) 0.3(5)
0.36 1.5(11) 0.5(19) 1.4(11)  0.3(4)
0.72 1.6(11) 0.5{18} 1.4(8) 0.3(12)
ot 1.5(11) 0.7(7) 1.4(7) 0.4(4)
Rigid 0.0 1.1(22) 3.0{22) 1.0(22) 3.1(24)
0.18 0.4(24) 2.1(22) 0.4(24) 2.6(22)
0.36 0.3(24) 1.9(22) 0.3(24) 2.4(22)
0.72 0.4(19) 1.8(12) 0.3(12) 2.1(22)
® 0.4(16) 1.6(12) 0.4{4) 1.9(712)

aStory at which peak drift occurred is shown in parentheses.

b

“Unclad case (V = 0).

Note:

1 inch = 25.4 mm.

Clad case (V = 625 kips/inch).
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loadings considered in this study. This showed that energy dissipation
in cladding connections can be used to an advantage in controlling
respénse levels in modern tall buildings. However, further studies con-
cerned with the feasibility of installing and maintaining the connections
need to be performed before final comparisons can be made with other
models. Other considerations, such as the influence c¢f the connectians
on cladding failure, should be addressed in subsequent work.

4.6 Summary

In the four preceding sections, the influence of four different
nonlinear force-deformation relationships for cladding on overall structure
response were investigated and results compared to the linear cases of
the clad and unclad structures. The principal results of these studies
may be summarized as follows:

7. Incremental Failure Model. Peak roof response values for

the Parkfield record decreased in the direction of applied ground motion
in going from the unclad to the fully clad model. However, the reverse
was true when the E1 Centro record was applied (see discussion on earth-
quake response spectra and altered dynamic properties of clad versus
unclad structures in Section 3.4). Several instancés of increased maximum
drift were also found for the fully clad structure when compared to the
partially-clad {i.e., cladding-failing) and the unclad structures. In
addition, when partial cladding failure was imposed on the symmetric
model as an initial state and response computed allowing the cladding

to fail based on the incremental failure model, the rotational response
was found to be greatly amplified over the clad and the unclad rotational

responses.
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2. Slotted Connection Model. Several occurrences of moderately

increased peak roof displacement response were observed, but almost no
instances of increased peak drift, when the slotted connection cases
were compared to the linear cases (clad and unclad) for the loadings
considered. Inspection of time-history plots revealed that changes

in response were gradual with increasing allowable drift.

3. Degrading Hysteresis Model. Hysteretic response was observed

to follow the response of the linear clad case closely for the allowable
drift Tevels chosen. Smalier aliowable drift values would not be practi-
cal since computation time steps would have to be reduced to handle the
narrowing of the distance between the slip lines.

4, Brake Pad Model. The brake pad model was found to be effective

in reducing overall structure response although peak roof displacement
response values for the Parkfield record remained higher than for the
Tinear clad case. However, the several drawbacks mentioned above in
Section 4.5 may outweigh the potential benefits of the use of the proposed
connection.

Considering current design and construction practice, it may be
observed that use of the slotted connection model in conjunction with
the linear clad and unclad models may be the most appropriate models
to use at this time in cladding response studies to determine overall
structure response for moderate earthquake loadings. Experimental measure-
ments of cladding properties are, of course, needed to verify assumed
behavioral models used above. Inspection of earthquake response spectra
can be helpful in determining possible problems which may arise in earth-

quake response predictions for buildings when cladding stiffness is neglected.
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If the response variation between the frequency values on the response
spectrum for the clad and unclad states is relatively flat, as for the
Parkfield record (see Section 3.4), cladding may not significantly alter
response level predictions made on the basis of the bare frame (i.e.,
unclad) structure. However, when the spectral response is irregular,
response differences between clad and unclad models may be more difficult
to nredict.

The principal results for the different cladding models have
been summarized above. The assumptions made will also be summarized:

1. Mass. The mass of the cladding was included in all response
computations, bhut no stiffness contribution was included in the case
labeled as the unclad case. In addition, the eccentric mass model assumed
that the center of mass was positioned in the same Tocation on every
floor. Torsional response could conceivable be ampiified by varying
the eccentric location of mass from floor to flocr.

2. Damping. Simple modal damping set at five percent of critical
was specified throughout these studies. It should be kept in mind that
the amount of damping present in the model can affect displacement levels
substantially. Furthermore, additional damping is introduced in the
overall structure model by the nonlinear models for cladding which possess
hysteretic behavior. This addition is also dependent on the prior displace-
ment history of the structure.

3. Stiffness. In the response studies in this chapter, composite
action of floor beams was considered in order to be more conservative
in the estimation of cladding lateral stiffness. However, the response

levels obtained clearly indicate that a noncomposite model would be more
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appropriate. Additionally, the high response levels suggest that geometric
effects might be important.

4. Loadings. Only the first 10 and 14 seconds of the 1966 Parkfield
and 1840 E1 Centro records, respectively, were used on the basis of
the response spectra presented in Section 3.4. However, the changes
in overall structure stiffness with time based on the force-displacement
relationship for cladding specified could require computing the response
spectra from some point after the start of the record rather than from
the beginning.

These studies reportfed above have been concerned only with displace-
ment response levels and no investigation of forces generated in cladding
and its connections as a result of interstory drift has been performed.

The following chapter will be devoted to several case studies to determine
connection force levels and the influence of cladding support conditions

on the contribution of cladding to interstory shear stiffness.



5. LOCALIZED PANEL RESPONSE STUDIES

5.1 Introduction

A variety of cladding models were developed and described in
Chapter 4 1o represeﬂt the potential stiffness contribution of the precast
¢ladding system and its influence on the dynamic response of the overall
orototype structure. However, in this chapter a rigid panel model was
employed to obtain information about the Tocalized response of a typical
bay of curtain wall for interstory drift motions. The objective of these
studies was to determine the influence of panel support conditions on
comection force levels and on the contribution of cladding to structure
Tateral stiffness in an actual curtain wall system subjected to lateral
motions.

A Tinear static analysis was employed as described in Section 5.2
to study the influence of connection stiffnesses on connection force
levels and interstory stiffness. Then the concepts of oversized holes,
slots, and initial friction in connections were introduced in Section 5.3.
Only static linear and nonlinear analyses were considered in these stﬁdies;
dynamic analyses are recommended in the future as a logical extension
of these studies.

5.2 Linear Static Analysis

5.2.1 Rigid Panel Model

Localized cladding response was investigated using the plane frame

analytical model in Fig. 5.2-1 and making use of a computer program

317
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written by another investigator [37]. The analytical model consists
of steel framing and two heavyweight cladding panels connected to the
spandrels with clip angle connections; this panel support arrangement
is similar to that actually used in the prototype structure. Framing
members were idealized as one-dimensional finite elements. Clip angles
were represented by Tinear elastic spring elements with stiffnesses Kx’
Ky and KZ (in these studies KZ was set at zero since connection rotational
stiffrness is mostly Tikely quite Tow), and the panels were assumed to
be flat and perfectly rigid. A1l panel-to-panel contact was neglected.
In addition, spandrel members with semi-rigid connections were included
by means of elastic connection stiffnesses (K ) at their ends. An inter-
mediate rotational stiffness value of KZ = 8x 104 kips-inch/raaian

3 kNm/radian) for AISC Type 2 connections was assumed for the

(9 x 10
present study [37]. Columns were specified to be W10 x 49 and spandrel
members W18 x 35 steel shapes (A36 steel) to represent a typical exterior
bay in the prototype structure. The investigation in this section (5.2)
was limited to linear elastic, small displacement response studies involving
heavyweight cladding only.

When the rigid panel model is compared to the c]adding models
employed in Chapter 4, the important differences in the models need to
be kept in mind. While the present model is a one-story, one-bay model
of cladding paneis and exterior frame, the models of Chapter 4 approximated
the force-deformation relationship of a row of cladding panels and their
connections on one story and one side of the structure without including
the effects of the exterior frame as part of the cladding. Rather, the

exterior frame stiffness was handled as a separate contribution to overall

structure stiffness. Because the rigid panel model included discrete
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320
elements representing connections, panels and frame members, it was felt
to be better suited for localized response studies.

Connection force levels resulting from applied interstory displace-
ments as well as the increase in panel-frame system stiffness due to
cladding were the results of principal interest in these investigations.
Spandrel shears, column and spandrel moments, and system displacements
were also studied and results for these quantities are reported below.

5.2.2 Uniform Spring Stiffness Case

The actual magn%tudes of horizontal and vertical stiffnesses of
the clip angle cennections employed to attach the cladding panels to
the exterjor framing were not known. Analytical and experimental studies
of similar connections show a wide range of stiffness values for the
connecticns. Several variables affect the stiffness. For example, tight-
ness of connection bolts, weld lengths connecting clip angles to spandrels,
and interaction of spandrel flanges with the clip angles are all contri-
buting factors. An additional unknown was the suppbort condition state
of the clip angies. Based on this Tack of knowledge, the initial assumption
was made that each of the four connection springs for both panels had
equal, or uniform, stiffness in both the horizontal and vertical directions.
This case is, therefore, referred to as the uniform stiffness case.

The Tateral stiffness of the panel-frame system, defined as V,
was computed by imposing lateral displacements at joints 7 and 12 in
Fig. 5.2-2 and determining the required reaction forces at these joints.
The interstory shear stiffness of the unclad frame (V = 11.53 kips/inch
or 2.0 x 103 kN/m), determined in a separate analysis, was deducted from

that of the clad frame to obtain the interstory shear stiffness contri-

bution of cladding panels and connections only. The connection spring
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stiffnesses were adjusted in steps and cladding lateral stiffness compared
to the value of 625 kips/inch (1.7 x 105 kN/m) obtained for a row of
panels on one faée only in the parameter studies in Section 2.4. A row

of panels on one face corresponds to 12 bays of cladding resulting in

a cladding lateral stiffness value of 52.08 kips/inch (9121kN/m} per

bay. A best match was obtained when connection stiffnesses were set

at K, = Ky = 360 kips/inch (6.3 x 104 kN/m) which yielded V = 63.69 - 11.53
= 52.16 kips/inch (9134 kN/m). Note that stiffness increments of

10 kips/inch {1751 kN/m) were used for KX and Ky in the analysis. The
uniform stiffness case properties and model dimensions are summarized

in Fig. 5.2-2. Two more cases will be considered in the following section
for later comparison with the uniform stiffness case.

5.2.3 Variable Spring Stiffness Cases

In the uniform spring stiffness case described in Section 5.2.2,
all four connection springs were assumed to be equally stiff in in both
the horizontal and vertical directions. In this section, two other cases
with variable connection spring stiffnesses will be studied for comparison.
Factors such as variable size of top and bottom connections and varying
support conditions justify the consideration of additional cases.

The first case; labeled as the weaker top connectioﬁ case, assumed
that the two top connections of each panel were only two-twirds as stiff
as the bottom connections in both the horizontal and vertical directions.
This factor of two-thirds was arbitrarily chosen to reflect the fact
that in many curtain wall systems, including that of the prototype struc-
ture, the top connections are smaller in size and hence presumably more
flexible than the bottom connections. When the weaker top connection

case was calibrated to match the value of 625 kips/inch {1.7 x 105 kN/m},
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as for the uniform spring stiffness case, the following results were
obtained. The required stiffness for the top connections was computed
to be KX = K =300 kips/inch {5.3 x 104 kN/m) and consequently, the

b
bottom connections had a resulting stiffness of KX = Ky = 450 kips/inch

4 kN/m) .

(7.9 x 10
The second case considered in this section approximated the support

condition system recommended by PCI [35]. PCI recommends that the statically

determinate support configuration shown in Fig. 5.2-3 be used for connec-

tions of non-load bearing, exterior cladding panels. The connections

that were assumed free to sTide as shown in Fig. 5.2-3 were actually

given very low stiffness values in the analysis to simulate the ideal

case. Even though the PCI support conditions were assumed to lead to

X’ Ky)

of 930 kips/inch (1.6 x 105 kN/m) for all connection directions not free

a nonstructural cladding system, connection stiffness values (K

to slide in Fig. 5.2-3 resulted in the familiar interstory shear stiff-

ness value V of 625 kips/inch (1.1 x 10° kN/m). When a stiffness value

(Kqe K,) O 360 kips/inch (6.3 x 10% kii/m) was assigned to nonsliding
connections directions in the PCI case (Fig. 5.2.3), the resulting inter-
story shear stiffness V was still as large as 248 kips/inch (4.3 x 104 kN/m)
as compared to 625 kips/inch (1.1 x 10° kN/m) for the uniform stiffness
case. Apparently, the lateral stiffness contribution of cladding is

not totally negated by the support system of Fig. 5.2-3.

The following section contains a response comparison of the different

panel-frame systems when subjected to imposed interstory displacements.
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5.2.4 Response Studies

The different rigid panel models developed in the last two sections
{i.e., the uniform stiffness case, the weaker top connection case and
the PCI support condition case) will be employed in the response studies
below to compare the effects of varying connection stiffnesses and panel
sugport conditions on cladding system force levels. An interstory dis-
ptacement of 0.72 inches (1.8 c¢m) was applied to the models by trans-
Tating the two top supports of the panel-frame system (Jjoints 7 and 12
in Fig. 5.2-2). This loading corresponds to the maximum allowable inter-
story drift of 0.005 times story height specified by the 1982 Uniform
Building Code [49]. When this imposed drift was compared to response
values obtained in the dynamic response studies of the overall prototype
Structure in Section 3.4, it was found that this amounted to 55% of the
peak drift due to the 1940 E1 Centro record applied in either structure
direction with or without cladding. Iﬁ addition, 0.72 inches (1.8 cm)
corresponded to 38% of the peak drift when the 1966 Parkfield earthquake
was input in the rigid direction with cladding and 48% when applied in
the braced direction with cladding. These response values and percentages
are for the structure model with mass eccentricity. -
Connection forces were computed as the product of connection spring
stiffnesses (Kx’ Ky) and associated nodal displacements in the model
of Fig. 5.2-1. When system forces for the weaker top connection case
were compared to the forces for the uniform spring stiffness case (see
Table 5.2-1), changes in force levels were rather moderate. However,
comparison of the PCI support condition case (V = 625 kips/inch =

1.1 % 105 kN/m) with the uniform spring stiffness case revealed increases
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of 51% in maximum spandrel shear and 104% in maximum spandrel moment.
In addition, the maximum horizontal force in the bottom connection was
increased by 96%, maximum vertical force in the bottom connection by
157%, and maximum horizontal force in the top connection by 95% while
maximum vertical force in the top connection dropped to almost zero {i.e.,
corresponding to a s1iding connection). These inc¢reases in force levels
can be explained by the much higher connection stiffnesses {930 kips/inch,
1.6 x 105 kN/m) present in the PCI support condition case. Finally, a
PCT support condition case with connection stiffnesses of 360 kips/inch
{6.3 x 104 kN/m) in the non-sliding directions resulting in an interstory
shear stiffness of V = 248 kips/inch (4.3 x 104 kN/m) was considered.
Note that the other three cases in Table 5.2-1 all have V = 625 kips/inch
(1.1 x 105 kN/m). When this more flexible PCI case was compared to the
uniform spring stiffness case, most values were comparable or slightly
Tower except in the case where sliding was permitted.

Computed moments and shears in the frame members were found to
be well within their capacities, computed on the basis of AISC-specified
allowable stresses, for the loading considered. Connection force levels,
on the other hand, were observed in all instances to either approach
or considerably exceed the ultimate capacity of 5 to 15 kips (22.2 to
66.7 kN} typical of cladding panel connections [1]. For exampie, the
maximum vertical force in bottom connections for the uniform spring stiff-
ness case is 29.44 kips (131 kN).

The presence of oversized holes, slots and initial friction in
connections could affect force Jevels in connections considerably. However,

this nonlinearity could not be handled by the present model. On that basis,
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deflections 1in
spandrels

Table 5.2-1. Rigid Panel Model Response tc Interstory Drift of
0.72 inches {1.8 cm) for Different Panel Support
Conditions.
Uniform Weaker PCI Support
Spring Top Condition Cases
Case Stiffness Connection

Case Case V = 625 V = 248
Interstory shear stiffness 63.69 63.41 63.66 32.19
including frame
Maximum horizaontal force 9.499 9.485 18.641 7.376
in bottom connection
Maximum vertical force in 29.44¢ 36.676 75.596 29.886
bottom connection
Maximum horizontal force 3.539 g.454 18.641 7.376
in top connection
Maximum vertical force 37.032 30.953 0.107 0.107
in top connection
Maximum shear in 28.45] 24 .612 42.985 20.012
spandrels
Maximum moment in 316.52 349.30 646.65 306.75
spandrels
Maximum moment in 305.61 306.81 313.42 306.75
columns '
Maximum vertical 0.0038 0.0041 0.0058 0.0039

Note: Units kips and inches

1 kip = 4.4482 kN

1 inch = 2,54 cm
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the linear static rigid panel model was modified to include piecewise-
Jinear behavior of the connection springs as discussed in the following
section.

5.3 NonTinear Static Analysis

5.3.17 Introduction

The influence of oversized holes, slots and initial friction in
cladding panel connections on connection force levels and cladding lateral
stiffness was expected to be of importance in understanding panel-frame
interaction. Based on the results of linear dynamic response studies
performed by another investigator [37], the decision was made to conduct
only static analyses in this investigation.

In order to study the influence of oversized holes, slots and
initial friction, a piecewise-linear force-displacement relationship
for the panel connection springs proved to be a convenient way to represent
changes in connection stiffness as slots closed or friction was overcome.
The piecewise-linear assumption required modification of the rigid panel
model described in Section 5.2.1. However, only the force-displacement
relationships for the panel connection springs were changed, while the
remainder of the model remained thé same. The panel-frame model was
loaded by applying specified horizontal translational displacements at
the two top supports (joints 7 and 12) shown in Fig. 5.2-2.

An incremental or stepwise procedure [7] was chosen for the solution
process since information such as panel connection forces were sought
at intermediate loading levels. The stepwise solution procedure approxi-
mates the nonlinearity as a series of linear problems. The nonlinear

equilibrium equation for the model can be written as
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(R

Q = Q (5.3'1)

where the nonlinearity is due to the stiffness matrix S and where D

and Q are vectors of displacements and Toads, respectively. The equations
employed in the incremental solution procedure of Eq. 5.3-1 can be written
by defining the initial state of the model in terms of initial loads

and displacements, Q and D . Normally, the 1nitié] loads and displace-
ments are all zero since the model is assumed to be undeformed initially.
If the total load § is divided into M increments, then the total Toad

can be written as

m
Q =0, + 2 0 (5.3-2)
Jj=1

where AQj refers %o the load applied in load increment j (the present
analysis has all incremental loads equal). After the application of

the i-th increment, the effective load at that point is given by

Q; = 0y + 2 40 (5.3-3)

where, after M increments, i = M and QM = Q.
The increments of displacements AQi adre computed by using a con-
stant value of stiffness 5, 4, which is evaluated at the end of the pre-

vious increment, using the equation
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i My =y (5.3-4)
for i=1,2,3, ..., M The model displacements after the i-th step
can then be written as

;
D = Dy * 2o 4D (5.3-5)
i=1

The incremental solution approach outlined above was incorporated
into the linear static computer program used for studies reported in
Section 5.2 above and trial runs were made to establish acceptable load
increment levels. Iterative procedures were not used within each step.

A listing of the computer program is contained in Appendix B.

The influence of oversized holes, slots and initial friction on
panel connection forces and lateral stiffness is described in the
following sections. Three different panel support conditions are employed
in the parameter studies. First, a uniform spring stiffness case is
considered in Section. 5.3.2. Then, a case representing thé PCI recommended
support conditicns is studied in Section 5.3.3. Finally, a modification
of the PCI case, such that both top connections are slotted in the horizon-
tal direction, labeled as the slotted connection»case is considered in
Section 5.3.4.

5.3.2 Uniform Spring Stiffness Case

The effects of oversized holes and initial friction in connections
on interstory shear stiffness and connection forces for the uniform spring

stiffness case discussed in Section 5.2 are reported below. In this
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study, all holes were assumed to be oversized except for the vertically
aligned holes at the bottom Toad bearing connections to exclude panel
rocking from the analysis.

First, the presence of oversized holes on the panel-frame model
response was examined. The distance from the side of a centered bolt
to the edge of an oversized hole was defined as the gap. A1l top connec-
tions were assigned é gap in both the vertical and horizontal directions
resulting in the presence of two small slots perpendicular to each other.
This was assumed to be an adequate representation of an oversized hole
in the model. On the other hand, a gap was only assigned to the horizon-
tq] directions of the hottom connections to indicate the presence of
a small horizontal slot at these locations. Four different gap sizes
representing a typical range were considered:

1) No gap {linear case of frame with panels as in Section 5.2.2)

2) Gap of 0.03125 inches (0.08 cm)

3) Gap of 0.0625 inches (0.16 cm)

4) Gap of 0.125 1nchés (0.32 cm)
Normally, a hole is specified to be 0.0625 inches (0.16 ¢m) larger in
diameter than the bolt diameter being used [35] resulting in a gap of
0.03125 inches (0.08 cm). However, gaps are present in both the clip
angle and the panel insert thereby doubling the effective gap to 0.0625
inches {0.16 cm). The other cases (2, 4) were included to bracket the
standard case, with case (2) being more conservative and case (4)
representing the use of a larger than standard hole.

Figure 5.3-1 shows the interstory shear stiffness V for the frame-

panel model as a function of interstory drift for the different gap sizes.
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The interstory shear stiffness for one bay of the unclad frame model

is shown for reference. Inspection of Fig. 5.3-1 showed that the initial
interstory shear stiffness for the cases with gaps (i.e., cases 2, 3,

and 4 above) was higher than for the unclad frame (13.4 kips/inch

(2.3 x 10° kN/m) versus 11.53 kips/inch (2.0 x 10° kN/m})). This difference
can be explained by the stiffening effects of the cladding panels on

the bottom spandrel of the frame. When the drift-interstory shear stiff-
ness relationship for the gap size of 0.0625 inches (0.16 cm) was
followed in Fig. 5.3-1, the stiffness increased to 32.8 kips/inch

(6.7 x 10° kN/m) at an interstory drift of 0.16 inches (0.41 cm) since
all horizontal gaps were closed. Interstory stiffness later increased

to 63.7 kips/inch (1.1 x 104 kN/m) at 0.56 inches (1.42 cm) when the
vertical gaps of the top connections were also closed. When the limit

of linear behavior for the frame was computed, values of 4.6 inches

(11.7 cm) and 4.7 inches (11.9 cm) were obtained for the Tinear clad

and unclad models, respectively.

Figures 5.3-2 to 5.3-5 show maximum connection forces versus drift
in both horizontal and vertical directions for top and bdﬁtom connections.
When the lines for the case with gap size of 0.0625 inches (0.16 cm) ~
were followed in Figs. 5.3-2 and 5.3-3, two changes in slope were observed
for maximum horizontal forces. The first slope change occurs at the
point at which horizontal gaps were closed (point A) and the second slope
change occurs at the point at which vertical gaps were also closed (point
B). However, only one change in slope was observed for the maximum verti-
cal forces (Figs. 5.3-4 and 5.3-5). In top connections this slope change

occurred as vertical gaps closed. On the other hand, in bottom connections
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the change in slope occurred at the point at which horizontal gaps
closed.

Table 5.3-1 1ists connection forces and framing member moments
and shears for the different gap size cases when the specified inter-
sfory static displacement was set at 0.72 inches (1.8 cm). This displace-
ment 1evé1 corresponded to the maximum interstory drift allowed by UBC
[49]. According to the PCI design handbock on precast and prestressed
concrete [36], the ultimate vertical shear capacity of the bottom connec-
tions for the prototype structure was about 6.15 kips {(27.4 kN). The
capacity of the top connections, however, was approximately 4.1 kips

(18.2 kN). PCI [36] uses the relation

f b
v, = (60)° (5.3-1)

4ev
where ¢ is a capacity reduction factor taken as 0.90, t is the thickness
of the angle, fy the yield strength of the steel, b the length of angle
and e, the distance from surface of the panel to the point of support
of the angle. When these ultimate values were compared to computed values
in Table 5.3-1, vertical connection forces were found to be excessive
in all cases except in top connections with a gap size of 0.125 inches
(0.32 cm). Although values remained excessive in most cases, comparison
of maximum connection forces showed a reduction with increasing gap size.
When maximum moments in framing members were compared in Table 5.3-1,
only a slight reduction was observed with increasing gap size, but the
maximum spandrel shear was reduced considerably. The maximum spandrel

shear occurred at the elastic framing connections for gap sizes
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of 0.0625 inches (0.16 cm) and 0.125 inches (0.32 cm), while maximum
shear was at the panel connection points in the middle of the top span-
drel for the cases with no gap and a gap of 0.03125 inches (0.08 cm).

Initial friction in connections coupled with oversized holes or
slotted connections could change connection forces and distribution of
forces in connections significantly. In an experimental study involving
both static and cyclic tests of bolted connections for panelized con-
struction {30], the observation was made that the bolted connections
were very stiff initially up to an applied load of 2 to 3 kips (8.9
to 13.3 kN}. Bath corner and in-line connectjons were considered.
The study concluded that the 2 to 3 kips (8.9 to 13.3 kN} was the force
needed to overcome the fricfion in the connection caused by preloading
(pretensioning) of the bolts, After this initial friction was ovarcome,
the connection was observed to slip a distance equal to the tolerance
gap of the oversized hole followed by an increase in stiffness as defor-
mation of the connection elements began. This initial high stiffness
was observed only at the start of the test (cyclic tests were included
in the study) and was not reached again during the test once the con-
nection had slipped. Therefore, fn the present study, it was assumed
that the initial stiffness at the initiation of loading was equal to
the stiffness of the connection after s1ipping when the bolt was bearing
against the side of the hole.

Three different levels of initial friction were considered:

1) No initial friction which corresponded to the case with a
gap size of 0.125 inches (0.32 cm) considered at the beginning of this

section {Section 5.3-2)
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2) Initial friction force of 2 kips {8.9 kN)

3) Initial friction force of 3 kips (13.3 kN)

A1l the cases had an oversized hole with a gap size of 0.125 inches
(0.32 cm). The friction force levels chosen were based on values from
the study of panelized construction [30] referenced above. While it

is not clear whether or not this data also pertains to precast cladding
nanels and connections, the assumption was made that the data could

be used in the present study; however, the validity of these friction
vatues needs to be verified in future experimental investigations.

In Fig. 5.3-6 the interstory shear stiffness per bay including
the frame is shown as a function of relative interstory drift for the
different initial friction Tevels. Also shown for reference purposes
are the interstory shear stiffness values for the ¢lad (no gaps) and
unclad frame models. Inspection of Fig. 5.3-6 showed that the initial
interstory shear stiffness for both cases with initial friction was
63.7 kips/inch (1.7 x 104 kN/m). If, for example, the model behavior
for the case with initial friction of 3 kips {13.3 kN) was followed,
then the stiffness was first seen to dﬁop to 32.8 kips/inch (5.7 x
103 kN/m) as friction was overcome in the vertical direction of the
top connections at a drift of 0.08 inches (0.20 cm or 0.06% of the
story height, point A). Later, the interstory shear stiffness dropped
to 13.4 kips/inch (2.3 x 103 kN/m) when friction was overcome in the
horizontal directions of both top and bottom connections at an inter-
story displacement of 0.52 inches (1.32 cm or 0.36% of the story height,
point B). The stiffness remained at 13.4 kips/inch (2.3 x 103 kN/m)

until gaps closed in the horizontal directions at a drift of 0.78 inches
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(1.98 cm or 0.54% of the story height, point C) and then increased

to 32.8 kips/inch (5.7 x 103

kN/m) beyond that point. Finally, the
stiffness went up to 63.7 kips/inch (1.1 x 104 kN/m) when vertical

gaps of top connections closed at an interstory dispiacement of 1.16
inches (2.95 cm or 0.81% of the story height, point D). The behavior
of the case with an initial friction of 2 kips (8.9 kN) followed the
same pattern but, due to the difference in 1n1tia?_fr1ction values,
changes in interstory shear stiffness occurred at lower drift levels.
When the cases with initial friction were compared to the reference
case having no initial friction, initial stiffness Teveis were observed
to be much higher for the cases with initial friction. The reference
case had an initial interstory shear stiffness of 13.4 kips/inch

(2.3 x 10° kN/m) which increased to 32.8 kips/inch (5.7 x 10° kN/m)
as gaps closed in the horizontal direction at 0.30 inches (0.76 cm

or 0.21% of the story height). The interstory shear stiffness again
increased at 1.70 inches (2.79 cm or 0.76% of the story height) to

63.7 kips/inch  {1.1 x 104 kN/m) as vertical gaps closed. The increased
initial stiffness levels for the cases with initial friction resulted
in higher connection forces at low drift levels as will be shown in

the force-drift plots presented below.

Figures 5.3-7 to 5.3-10 contain maximum horizontal and vertical
connection force components as function of interstory drift for both
top and bottom connections. Again the influence of initial friction
is evident in these plots and, as expected, force levels for the cases
with initial friction were much higher at low drift values than for

the case with no initial friction.
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The points of slope change in the force-drift plots (Figs. 5.3-7
to 5.3-10) corresponded to the points of change in stiffness levels
in Fig. 5.3-6 which were at 0.08 inches, 0.52 inches, 0.78 inches and
1.16 inches (0.20 cm, 1.32 cm, 1.98 cm and 2.95 cm) for the case with
an initial friction of 3 kips (13.3 kN). Once friction was overcome
and all gaps were closed at a drift of 1.16 inches (2.95 cm), force
levels equalled thosé of the case without initial friction, since at
that stage all models were alike.

5.3.3 PCI Support Condition Case

The case considered in this section approximated the PCI [35]
recommended support conditions shown in Fig. 5.2-3. The figure shows
that both top connections are free to slide vertically, while only
the top right connection and the bottom right connection are free to
s1ide horizontally. Horizental sliding was accomplished by the use
of a clip angle with a slotted bolt hole. The size of horizontal slots
was taken to be 1.5 inches (3.8 ¢m) in these studies based on an inspec-
tion of several ftop connections that were visible in the prototype
structure. In addition, the assumption was made that the initial location
of the three-quarter inch (1.9 cm) bo]f was in the center of the slot
resulting in an open horizontal slot dimension of 0.375 inches (0.95 cm)
on each side of the bolt.

Vertical siiding, on the other hand, was due to the use of slotted
panel inserts as recommended by PCI [35]. Based on information for
a typical top connection insert device [1], the open slot dimension
above and below the bolt was taken as 0.825 inches (2.10 cm) when the

bolt was placed in the center of the slot. Very low stiffness values
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deflections in
spandrels

Table 5.3-1. Rigid Panel Model Response to Static Interstory Drift

of 0.72 inches (1.8 cm), for the Uniform Spring Stiffness

Case with Varying Gap.
Response/Case No Gap Gap = Gap = Gap =

0.03125 in. ©0.0625 in. 0.125% in.

Interstory shear 63.7 63.7 63.7 32.8
stiffness including
frame
Maximum horizontal 9.499 7.078 4.670 2.629
force in bottom
connection
Maximum vertical 29.440 27.330 25.200 20.144
force in bottom
connection
Maximum horizontal 9.538 7.108 4.689 2.640
force in top
connection
Maximum vertical 37.032 23.259 9.500 0.072
force in top
connection
Maximum shear in 28.45] 19.724 17.723 15.117
spandrels
Maximum moment in 316.52 304.32 304.02 302.70
spandrels
Maximum moment in 305.61 304.82 304.02 302.70 -
columns
Maximum vertical 0.0038 0.0037 0.0037 0.0035

Note: Units kips and inches; 1 kip =
1 inch = 2.54 cm.

4.4482 kN and
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were assigned to the interval in which free sliding was assumed in
the model to simulate the sliding behavior.

The investigation in this section examined the influence of
oversized holes and initial friction in connections on interstory shear
stiffness and connection forces for the PCI panel support case. The
horizontal direction of the top Teft connection was not free to siide
according to PCI recommendations and hence was not slotted. In this
study, a comparison was made between the PCI case and a case which
assumed the horizontal dimension of the top left vertically slotted
hole to be Targer than the diameter of the bolt or in other words,
the hole was oversized in the horizontal direction. Recall that in
Section 5.3.72 a gap was defined as the distance from the side of a
centered bolt to the edge of the hole. Two gap sizes for the top left
connection were considered:

1) No gap or the actual PCI case

2) Gap of 0.125 inches (0.32 cm)

In addition to studying the influence of placing a vertical
slot, with oversized hole for horizontal movement, in the top left
connection, the influence of initial friction in connections (i.e.,
in both PCI recommended slots and the oversized hole) was also considered.
Two levels of inftial friction were studied:

1) No initial friction in connections.(i.e., actual PCI if no
gap exists)

2) Initial friction of 3 kips (13.3 kN) based on the panelized
construction connection study [307 discussed in Section 5.3.2

First, the above cases were compared by using connection spfing

stiffnesses of 930 kips/inch (1.6 x 10° kN/m) obtained for the PCI
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case supported directions in the linear studies in Section 5.2.3. Recall
that connection spring stiffnesses of 930 kips/inch (1.6 x 105 kN/m)

were required to produce an overall interstory shear stiffness of

625 kips/inch (é.] X 105 kN/m) for a row of all panels on one face

of the building. The introduction of initial friction in connections
increased the interstory shear stiffness at Jow drift levels before
friction was overcome since higher stiffness was now present in con-
nection directions which previously were free to slide in the linear

case. However, in order to reduce the increase in interstory shear
stiffness due to initial friction, the stiffness in directions of initial
friction was set at 360 kips/inch (6.3 x 104 kN/m) as in the uniform
spring stiffness case considered in Section 5.3.2 rather than 930 kips/inch
(1.6 x 105 kN/m) as for the PCI case supported directions.

Figure 5.3-11 shows the influence of the oversized hole and
initial friction on interstory shear stiffness. The line labeled as
“"frame and panels” corresponds to the case with no gap and no initial
friction and hence is the actual PCI case. Inspection of the plots
of Fig. 5.3-11 showed that the case with a gap but no initial friction
began with an interstory shear stiffness of 15.3 kips/inch (2.7 x
103 kN/m). This value is higher than the stiffness of the unclad frame
(i.e., V = 11.53 kips/inch, 2.0 x 103 kN/m) due to the stiffening effects
of the panel on the bottom spandrel in the plane-frame model. The
stiffness for the "gap, no friction" case increased to 63.7 kips/inches

(1.1 x 10*

kN/m) when the horizontal gap of the top left connection
closed at a drift of 0.18 inches (0.46 cm, point A). When the cases

with initial friction were considered, it was observed that both cases
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had a stiffness in excess of 90 kips/inch (1.6 x 104 kN/m) initially.

The stiffness for the "gap, friction" case decreased to 63.7 kips/inch
(1.7 x 104 kN/m) as the. friction was overcome in the vertical direction
of top connections at 0.08 inches (0.20 cm, point B). The "“gap, friction™

3 kN/m)

case stiffness was then reduced further to 15.3 kips/inch (2.7 x 10
at the point at which friction was overcome in the horizontal direction
of both top connections at 0.22 inches {0.5%6 cm). The interstory shear
stiffness for the "gap, friction" case increased to slightly over

4 kN/m)} at 0.36 inches {0.91 cm, point D)

63.7 kips/inch {1.1 x 10
as the gap of the horizontally oversized vertical slot in

the upper left connection closed, but the stiffness decreased
slightly to 63.7 kips/inch (1.1 x 104 kN/m) as friction was overcome
in the horizontal direction of all top connections. When friction
was overcome in the vertical direction of the top connection for the
"no gap, friction" case, the stiffness decreased to £4.5 Kips/inch

4 4 nym)

(1.1 x 107 kN/m) and then later to 63.7 kips/inch (1.1 x 10
as friction was overcome in the horizontal directions of the slotted
connections., The 1imit of Tinear behavior for the frame in the case
without a gap and without initial friction was found to be a lateral
drift response of 2.3 inches (5.8 cm).

Figures 5.3-12 to 5.3-15 depict maximum connection forces as
d function of relative interstory drift for both vertical and horizontatl
directions of top and bottom connections. Slope changes occurred at |
points where initial friction in connections was overcome and the gap

in the top left connection closed. Inspection of vertical force levels

in the bottom Toad bearing connections showed that at relatively Tow
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interstory drift values the PCI determined ultimate shear capacity
[36] of 6.15 kips (27.4 kN) discussed in Section 5.3.2 was exceeded.

The above study in this section used connection stiffness values
which resulted in a variable peak interstory shear stiffness. The
connection stiffnesses were adjusted in the following study such that
the maximum interstory shear stiffness remained fixed. This was
accomplished by using a connection stiffness of 360 kips/inch (6.3 x
104 kN/m) in the cases with initial friction, while the cases with
no initial friction remained unchanged with connection stiffnesses
of 930 kips/inch (1.6 x 105 kN/m) and were repeated for comparison.
Again, the influence of the top left vertical slot being oversized
in the horizontal direction (gap size of 0.125 inches, 0.32 cm) and
initial friciton in connections (3 kips or 13.3 kN for both PCI
recommended slots and the oversized slot)} was studied.

Figure 5.3-16 shows the interstory shear stiffness versus relative
interstory drift for the cases with and without initial friction, and
with or without a gap. The initial stiffness for the "no gap, friction"
case was 63.7 kips/inch (1.1 x 10% kN/m) but decreased to 32.8 kips/inch
(5.7 x 103 kN/m) as friction was overcome in the vertical direction
of top connections at a drift of 0.08 inches (0.20 cm, point A). This
stiffness was reduced to 32.2 kips/inch (5.6 x 103 kN/m) when horizontal
friction was overcome in horizontally slotted connections which occurred
at an interstory displacement of 0.52 inches (1.32 cm, point B). When
the case labeled as "gap, friction" was considered, it coincided with
the "no gap, friction" case initially, but at a drift of 0.52 inches
(0.20 c¢m, point C), the interstory shear stiffness of the frame-panel

model was reduced to 14.9 kips/inch (2.6 x 103 kN/m). Once the gap
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closed at 0.66 inches (1.68 cm, point D}, the stiffness increased to
32.2 kips/inch (5.6 x 103 kN/m) and remained at that level for all
remaining drift values considered.

| Figures 5.3-17 to 5.3-20 display connection forces versus drift
for both top and bottom connections. The reduction in connection forces
was evident for the cases with initial friction, except in the vertical
direction of top connections. This reduction in force levels can be
explained by the lower connection stiffnesses used for cases with initial
friction. The lower stiffnesses were specified to keep maximum inter-
story shear stiffnesses at 63.7 kips/inch (1.1 x 104 kips/inch). The
lower forces were more appealing when ultimate vertical shear capacities
for the connections were considered. In spite of the lower values,
the critical Toad bearing bottom connections were observed to exceed
their PCI determined ultimate capacities [36] diSCUSSéd in Section 5.3.2
at relatively Tow drift levels.

Finally, it was noted that none of the slots recommended by

PCI [35] were observed to close at the interstory displacement levels
considered in this section. The fact that the slots remained open
suggested that an alternate panel support scheme such as péoviding
a horizontal slot in the top left connection would be beneficial in
reducing excessive connection forces. This alternate scheme labeled
as the slotted connection case will be considered in the following

saction.
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Holes with Stiffness Varied so that Maximum Interstory Shear Stiffness
Remained Fixed.
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DRIFT (INCHES)

Maximum Horizontal Force in Top Connections Versus Interstory Drift for the

PCI Support Condition Case, Considering Initial Friction in Connections and
Oversize Holes with Stiffness Varied so that Maximum Interstory Shear Stiffness
Remained Fixed.
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PCI Support Condition Case, Considering Initial Friction in Connections and
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Maximum Vertical Force in a Bottom Connection Versus Interstory Drift for the
PCI Support Condition Case, Considering Initial Friction in Connections and
Oversize Holes with Stiffness Varied so that Maximum Interstory Shear Stiffness
Remained Fixed.
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5.3.4 Slotted Connection Case

The slotted connection case is a modification of the PCI
recommended support conditions such that both top connections are free
to slide both horizontally and vertically as described by Fig. 4.3.2
presented earlier. The slotted ccnnection panel support system was
considered because it was felt to be a more effective way to keep con-
nection forces at moderate levels. Three levels of initial friction
were considered when the effects of initial connection friction on
both interstory shear stiffness and forces in connections were studied:

1) No initial friction in connections

2) Initial friction of 0.5 kips (2.2 kN)

3) Initial friction of 1.0 kip (4.4 kN)

The friction values above are lower than the values used in the previous
two sections which were based on the panelized construction connection
study [30]. However, preliminary parameter studies showed that these
Tower values permitted higher drift levels before ultimate shear cépaci-
ties in connections were exceeded. Slot lengths were taken to be 0.375
inches {(0.95 cm) for horizontal slots and 0.825 inches (2.10 cm) for
vertical slots as used for the PCI support condition case and discussed
above in Section 5.3.3. A1l connection spring stiffness values were

set at 360 kips/inch (6.3 x 10% ki/m).

The results of these parameter studies are shown in Figs. 5.3-21
to 5.3-25. Inspection of Fig. 5.3-21 revealed that consideration of
initial friction resulted in an interstory shear stiffness of 63.7
kips/inch (1.1 x 104 kN/m} initially, but that value decreased to
32.8 kips/inch (5.7 x 10° kf/m) at a drift level of 0.04 inches (0.10 cm,
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point A) when initial friction in the vertical direction of top connec-
tions was overcome. The interstory shear stiffness of the frame-panel
model was again reduced at interstory drifts of 0.12 inches {(0.30 c¢m,
point B) and 0.2 inches (0.51 cm, point C) to 14.9 kips/inch (2.6 x

103 kN/m) for the cases with an initial friction of 0.5 kips (2.2 kN)
and 1 kip (4.4 kN), respectively, as friction was overcome in the hori-
zontal directions of the slotted connections. The interstory shear
stiffness was increased to 32.5 kips/inch (5.7 x 104 kN/m) when the
horizontal slots of top connections closed at 0.56 inches (f.42 cm,
point D) for the case with 0.5 kips {2.2 kN) friction and at 0.64 inches
(1.63 cm, point E) for the case with 1 kip (4.4 kN) friction. Finally,
the case with no initial friction had an initial stiffness of 14.9
kips/inch (2.6 x 103 kN/m) which increased to 32.5 kips/inch (5.7 x

103 kN/m) as horizonta1 slots of top connections closed at 0.48 inches
(1.22 cm, point F).

Comparison of Figs. 5.3-22 to 5.3-25 with corresponding figures
in Section 5.3.3 for the PCI case (see Figs. 5.3-17 to 5.3-20) showed
that all connection forces were effectively reduced at a given interstory
drift due to the presence of the Hﬁrizontal slot provided in the top
left connection in the present panel support system. However, when
the vertical force in a bottom connection was compared with the PCI
determined ultimate vertical shear capacity (see Section 5.3.2) of
that critical load bearing connection, it was evident that the case

of 1 kip (4.4 kN) initial friction limited the amount of drift possible

to 0.14 inches {0.36 cm) for the prototype structure.
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The results of the above studies showed that the siotted connec-
tion model, and not the PCI recommended support conditiens, was.best
suited for use when connection forces were to be kept at low levels
for static interstory drift motions. Additionally, it was observed
that the case with an initial friction of 0.5 kips (2.2 kN) performed
better than the case of 1.0 kip (4.4 kN}, since an interstory drift
of 0.46 inches {1.17 cm) could be accommodated as compared to 0.14
inches {0.36 cm). Subsequently, it was concluded that low initial
friction levels were desirable for the frame-panel system being considered.
5.4 Summary

Both linear and nonltinear static response studies were performed
using a one-story, one-bay frame-rigid panel model for precast cladding
subjected to static interstory displacement. Small displacement, Tinear
elastic behavior wés assumed except for the frame-panel connections
which were assumed to have a piecewise-linear sti%fness behavior. No
contact between individual cladding panels was considered. The studies
were performed to determine the effects of panel support conditions
on the contribution of cladding to overall structure lateral stiffness
and on connection force levels in a frame-panel system subjected to
interstory displacements. The presence of oversized holes, slots and
initial friction in connections was observed to impact both connection
forces and interstory shear stiffness values substantially. In all
cases, force levels exceeding the ultimate vertical shear capacity
of the critical Toad bearing, bottom panel connections were attained

at relatively low drift levels, except for the slotted connection case
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discussed in Section 5.3.4. Finaliy, the PCI recommended support
~conditions did not protect the panels from forces resulting from inter-
story drift motions as intended. The slotted connection case was more

effective in Timiting force levels than the PCI support case.



6. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

6.1 Conclusions

This research effort focused on an investigation of the inter-
action between exterior precast concrete cladding and the primary struc-
ture of a typical medium highrise office building selected for in-depth
study. The building chosen was a 25-story steel frame structure of
core construction. A tier building model was employed to represent
the primary core structure. The lateral stiffnesses of the exterior
frames were developed separately and transformed to the center of
rigidity of the floor at each Tevel. Linear behavior of the core and
exterior frames was assumed throughout the studies and both composite
and noncomposite behavior of floor beams was considered. The unknown
lateral stiffness contribution of cladding was defined by an assumed
shear stiffness constant representing the interstory shear stiffness
of a row of panels between story levels on each structure face. The
assumed interstory shear conétant was used to form a tridiagonal matrix
representing cladding stiffness and thé tridiagonal stiffness matrix
was then transformed to the common reference point on each floor of
the model. The potential stiffness contribution from other nonstructural
elements such-as interior partitions was nof considered in the current
study. The mass matrix was formed by Tumping tributary mass at the
center of mass of each floor. Structure frequencies were measured

experimentally, using both ambient and forced vibration testing, and

373
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compared to computed frequencies. The assumed interstory shear stiffness
for cladding was adjusted in steps until a match in measured and computed

5 n/m)

frequencies was obtained. Values of 625 kips/inch (1.1 x 10
and 800 kips/inch (1.4 x 104 kN/m) produced the best match for the
composite model and the noncomposite model, respectively.

Oynamic response studies of the overall structure model were
performed using a variety of different cladding models both linear
and nonlinear. An enforced minimum mass eccentricity of 5% was specified
in both structure directions as required for combined torsional and
translational response studies and the resulting nondiagonal mass matrix
was employed in the dynamic response studies.

The studies confirmed reports in the Titerature which suggest
that the exterior facade is a participating structural element, in
spite of design assumptions to the contrary. Building frequencies
and dynamic responses predicted were found to be appreciably affected
by cladding panel effects for the prototype structure. It was shown
that transiational frequencies were increased by as much as 33% and
torsional frequencies by as much as 65% for the composite model. In
addition, results showed that it may not always be conservative to neglect -
the additional stiffening contribution of heavyweight cladding-connection
systems. Neglecting cladding effects may be unconservative because
dynamic characteristics of the overall structure model can be altered
to such a degree by the added stiffness that the sensitivity of the
overall structure to certain earthquake loadings may be increased sub-
stantially. When results for cases employing the nonlinear cladding

models were compared to results for the linear clad and unclad cases,
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the linear models were generally found to bracket the nonlinear cases.
However, several instances of increased nonlinear response as compared
to linear response values were observed. For example, rotational response
was found to be amplified more than twenty-fold, for the symmetric
structure with initial partial cladding failure, in studies employing
the incremental failure model. Either poor construction or prior motion
of the building were taken as the reasons for the initial failure.

The increase in rotational response was obtained even in the absence

of enforced accidental mass eccentricity in the model. These results
demonstrated clearly the potential effects of cladding on overall
structure response.

In addition to the overall structure response studies, localized
panel response studies were performed to examine panel connection force
Tevels and the influence of connection stiffnesses on cladding lateral
stiffness. A one-story, one-bay plane frame model with two attached
cladding panels was subjected to static interstory displacements. The
panels were'assumed‘to be rigid and connections were represented by
Tinear or piecewise-linear spring elements. Small displacement, Tinear-
elastic behavior was assumed except for the cladding panel-to-frame
spring connection elements. No panel-to-panel contact was considered
in these studies.

Connection forces and interstory shear stiffness values for
the Tlocal cladding model were found to be affected significantly by the
presence ofoversized bolt holes, slots in connection angles and initial
friction in cladding connection attachments. However, the load bearing

bottom connections were observed to exceed their ultimate vertical
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shear capacity at relatively low interstory displacement Tevels in

all cases except when both top panel connections were slotted horizon-
tally. PCI recommended procedures for attaching precase concrete cladding
panels to exterior building frame members for the purpose of isolating

the brittle panels from potentially damaging interstory drift motions

were found te be less than fully effective in accompiishing this objective.

6.2 Recommendations for Further Study

The results presented in Chapters 2 to 4 demonstrate the potentiai
influence of cladding stiffness on structure dynamic properties and
response to moderate earthguake ground motion. Due to increasing con-
struction costs and the widespread use of heavyweight precast concrete
facades for modernbuildings, the potential stiffness contribution from
the curtain wall needs further study. .The influence of other nonstruc-
tural elements, such as interior partitions whiéh were not considered
in the present study, also needs to be investigated. In particular,
laboratory tests should be performed to define the actual cyclic behavior
of a full-scale cladding panel with a variety of connection details
representative of those used in modern practice. The force-deformation
relationships presented in Chapter 4 were felt to represent reasonable
first anproximations to the possible behavior of selected heavyweight
cladding systems. However, measured test data together with updated
and improved analytical models for the cladding need to be developed
for follow-on studies. A desirable goal of such follow-on studies
would be the exploration of the potential of cladding as a lateral
stiffening element which could also provide an added source of damping

in modern buyilding construction.
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The present studies considered only two earthquake loadings.
Subsequent investigations should apply other earthquake records possessing
a variety of different durations and spectral characteristics to study
their effects on overall structure response. The difference in structure
response characteristics for the two Joadings considered in this study
demonstrates the importance of considering other earthquake loadings
in follow-on investigations.

Damping was specified to be 5% simple modal damping in the current
studies. When the nonlinear cladding models were considered, the damping
matrix was computed based on the stiffness of the linear clad case and
was not updated as cladding stiffness levels changed during structure
response. Future studies which investigate proper damping Tevels for
cladding and its connections at different response levels are needed.
Damping levels obtained from full-scale laboratory experiments of actual
cladding elements would provide valuable data for use in subsequent
response studies. It should be noted that a comparison of overall structure
response levels for the undamped and 5% damped cases revealed that damping
levels may have more effect than cladding effects on overall structural
response; this comparison of the relative importance of damping and
cladding stiffness must be substantiated by further 1nvest%gation.

The current investigation was only concerned with displacement
response in the dynamic response studies of the overall structure. Further
studies should be conducted to investigate the effects of added cladding
stiffness which could result in-significant force level changes in primary

structural framing members.
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The rigid panel model employed in the localized panel response
studies in Chapter 5 showed the importance of panel support conditions
and panel connection stiffnesses on member and connection forces and
response. Laboratory studies are needed to determine actual panel con-
nection properties including possible ductile characteristics and/or
ways of enhancing ductile behavior of cladding. The validity of the
rigid panel assumption should alsoc be studied in these experiments.
Future studies should consider panel-to-panel contact in the model and
also expand the one-story-, one-bay frame to include the possible inter-
action effects of adjacent bays and stories. Nonlinear dynamic analyses
of the rigid panel model may also provide useful additional information.

Ultimately, investigations of cladding performance are expected
to lead to increased knowledge of panel and connection forces for various
levels of interstory motion and the potential lateral stiffening contri-
bution of cladding. On thfs basis, improvements in design of cladding
for wind and earthquake loadings will result, leading to greater safety

and economy in modern building construction.
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APPENDIX A

In the interest of computational and storage efficiency,

a special purpose computer program was written for computation

of dynamic response for each of the different cladding models
rather than assembling one large program capable of handling all
of the different cases. Table A~1 lists the names of the various
cladding models used in the overall structure model together with
the names of the computer programs employed to compute structure
dynamic response for each case. Program "DLETR" is listed in
reference [32]. Only program "HDLETR" is provided in this ap-
pendix due teo space limitations. Program HDLETR is listed because
it was felt to be representative of the other programs and of the

level of programming effort involved.

(Pages 386 to 403, inclusive, consist of the listing of program

HDLETR and are not reproduced in this report.)

384



385

Table A-1. <Cladding Models Employed and Corresponding Computer Programs
Used for Computation of Dynamic Response.

Cladding Model Computer Program
Linear Model DLETR
Incremental Failure Model IDLETR
Stotted Connection Model SDLETR
Degrading Hysteresis Model HDLETR

Brake Pad Model BDLETR




APPENDIX B

The computer program '""SACLAD" listed in reference [37] was
modified in this study te accommodate pilecewise-linear behavior
of panel-to-frame connections. This modified computer program

called "NACLAD" is listed below.

(Pages 405 to 426, inclusive, consist of the listing of program

SACLAD and are not reproduced in this report.)
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SUMMARY

The influence of cladding con the dynamic response of two high-
rise buildings is investigared by studying its effect on the modal
parameters. Ambient fests conducted in cne of the buildings at
different stages of construction during imstallation of cladding are
described. The estimation of modal parameters from output data is
carried out by curve fitting the ana;ytical form of magnitude of the
frequency response function to the measured response Fourier amplitude
spectra, using the least squares criterion. An attempt is made to
correlate the observed changes in the modal parameters with construction
to the amount of clading that had been installed cun various test dates.
It is noted that the effect of cladding could be to increase the
frequencies of the higher modes slightly.

The second building is used to evaluate the cladding performance
analytically. First, transient forced vibration taests are carried
out employing a rectilinear electrohydraulic shaker. The modal
parameters are determined from rramnsfer functions measured using
swept sine waveforms as input. The experimental results are then
utilized along with an a priori finite element model of the building
to compute the cladding stiffness. The total stiffness matrix is
assumed to be the sum of the stiffness matrices of different
components including cladding, multiplied by certain stiffness

correction parameters. These stiffness parameters are estimated using

- vil



a welighted least squares approach. Standard estimation procedures,
namely ordinary least squares, maximum likelihocd and Bayesian
techniques, are also used and the results from different methods

are compared.
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1.0 INTRODUCTION

1.1 Backeground

The field of structural dynamics has attracted a considerable
amount of interest and attention from researchers, engineers and others
involved in structural design and construction. This is rightly so,
since dynamic response often plays a critical role in the ultimate
failure of a structural component or the structure itself. Its
importance cannot be overemphasized in the case cof aircraft components
subject to unsteady aerodynamic loadings, machine rtools and
assemblies subject to mechanical vibrations and civil engineering
structures such as buildings subject to environmental and seismic
loadings. There are several additional factors in design, such as
human comfort and vibration noise, that make it essential to take
into accout the oscillatory reponse of structures. These considerations
make imperative a‘thorough understahding of the dynamiF behavior of
structural systems before one embarks on their deéign and construction.

The first step in characterizing the behavicr of dynamic systems
usually involves approximating the physical system by a suitably
chosen mathematical model, The process of determining an
appropriate model for the system is known as system identification.

For many systems, it is possible to construct an a priori

analytical model. This model should in general incorporate



all the knowledge that the analyst has about the

nature of the system. When the model is complete, it is

employed to investigate the behavior of the system under prescribed
input conditions. Experiments may then be conducted on the real
system, 1if it exists, or a scale model to determine the actual
behavior of the system, the results of which are used to estimate
the accuracy of the analytical model,.

For certain other systems, it is possible to take the
reverse approach, Experiments are carried out first and the measured
data is used to build the anlaytical model from scratch. This course
may be desirable in such instances in which little, if any, prior
knowledge of the physical properties of the system exists.

A third possible approach, which may especially prove useful
in analyzing computer structures, combines both experimental and
analytical techniques hand in hand to arrive at an acceptable
mathematical model. The initial analytical model is recognized
as being approximate which leaves room for improvement to be made
on the basis of experimentally measured data. The ensuing advan=-
tages of this procedure are evident. It makes use of accounting
for its true behavior in the modeling process.

System identification techniques, with or without use of
prior knowledge, have found wide application in many different areas,
In a great many cases, the form of the analytical model of the system
is known or can be deduced from physical considerations. However,

this model will generally contain some unknown parameters that remain



to be determined. Identification of such systems reduces to the
estimation of these unknown parameters in the model. A general review
of didentification and estimation techniques can be found, for example,
in References 1 and 2. Application of these techniques to problems in
structural dynamics can be found in References 3 and 4. The present
study is concerned with employing such techniques to estimate structural
parameters for highrise building models.

With the construction of complex civil engineering structures
becoming more prevalent, interest in more refined modeling and detailed
response of these structures has surged in recent years., The type
of structures referred to here include highrise buildings, offshore
structures, bridges and nuclear reactors. In addition to helping
evaluate the state of the art in modeling, studying such structures
has wider ranging consequences, Their behavior during catastrophic
events like earthquakes and tornadoes is of paramount importance.
Periodic determination of their properties can be used as a tool
for damage assessment. This is done by examining experimental
results from tests conducted before and after a major destructive
event. Any radical changes in their charactegistics could be
correlated to the extent and the type of damage suffered. Under-
standing the behavior of such structures could also lead to new
and improved design in the future. These and several other reasons
have caused a considerable amount of attention to be given such
structures.

In the case of highrise buildings, one particular aspect

that has long been neglected and has been considered only recently,



is the role played by nonstructural elements such as the interior
partitions and fixtures and, more importantly because of their
substantial cost, the cladding elements that make up the exterior
curtain wall, The cladding elements, usually made of such materials
as precast concrete or glass, are increasingly being used in unusual
and innovative architectural designs. Besides providing a protective
covering, they also serve as a visual attraction.

The response of the main structure is usually considered to
be independent of the cladding elements. The influence of cladding,
both as a member transferring loads to the main structure and as a
lateral stiffening element by itself, has not been given sufficient
consideration in the overall behavior of the structure., It has been
stated that the facade elements do interact with the main structure
(5, 6)+. It has also been suggested that they could be used as
lateral stiffening elements (7, 8).

Recent analytical studies taking the cladding-structure
interaction into account suggest that the dynamic response of the
primary structure is significantly altered by the presence of cladding
(9, 10). 1In thesa studies, it’'was found that the natural frequencies
increased by a considerable amount when the contribution due to cladding
was added and the peak displacement response actually increased for
certain earthquake inputs. Additional investigations, analytical and
experimental, are thus needed to ascertain the effects of the cladding
elements, If they have a favorable influence on the response, they

must be accounted for in the design to make it more cost-effective.

+

See corresponding items in References,
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The present research is specifically aimed toward this problem, namely
the {identification of the part played by the facade elements-and the
determination of their impact on the overall dynamic response of the
building.

The performance of cladding in resisting lateral dynamic loads
can be evaluated, among other ways, by assessing its effects on the
modal parameters of the building. This is the approach adopted in
this study. The principal subjects in the study are two highrise
buildings in the Atlanta metropolitan area, For one building, the
modal parameters are determined from tests conducted during the
construction phase so that the effect of cladding on these parameters
can be monitored., In the case of another highrise building, the
experimentally determined values for these parameters are used to make
changes in an a priori analytical model so that the improved model
will duplicate the experimental results as closely as possible. The
total stiffness matrix in the a priori model is expressed in terms of
stiffness parameters that multiply the stiffness matrices of different
components of the structure, including the cladding. These stiffness
parameters are estimated using test data for the first few modes.

The lack of an a priori mathematical model prevented additional
investigation of the first builéiné in which tests were conducted during
construction. The identification in this case would have to be carried
out without utilizing an initial model of the structure. Since this is
beyond the scecpe of the present research, the second building for which

an a priori model was available was used in the analytical studies.



1.2 Objectives

With the preceding discussion in mind, the objectives of this

study can now be summarized as follows.

(1) Determine the modal parameters from data obtained by
carrying out tests on a 24-story, steel frame glass-clad
building during its construction and trace the changes
in modal parameters during the period when the cladding
is being installed.

(ii) Obtain modal parameters for an existing 25-story steel
frame concrete-clad building and use the results to
determine a mathematical model that will produce the
best match with experimental observatiouns.

Techniques of parameter estimation_to be discussed later are used in
fulfilling the above objectives.

All estimation methods in general have a ccmmon underlying

approach. Once the parameters to be estimated are identified, a cost
or objective function is formed which is a measure of the deviation of

the output of the assumed model from the experimental or the desired

output. This function is then ﬁinimized to obtain the reqﬁired estimatesi
This is the procedure followed here to obtain the modal and the stiff-
ness parametrers,

It is assumed throughout this study that the systems considered
behave linearly and are time-invariant. It is also assumed that they
are viscously damped. Since the parameters of interest are the modal

parameters, rather than the physical parameters (the mass, damping and



stiffness coefficients that appear in the differential equations), the
analysis is carried out in the frequency domain using auto and cross-
spectral density and frequency response functions. Of course time
domain techniques could be used to determine the same parameters, but
the response of the structure is frequently better understood using
the frequency domain functions. For example, the structural modes
manifest themselves as peaks in the power spectral density function of

the response and are thus readily identifiable.

1.3 Scope of Study

In Chapter II, the ambient tests carried out in the Zi-story
buildings at different stages of construction are detailed. The
vibrational parameters are obtained from the response spectra using
a nenlinear least squares multidegree-of-freedom curve fitting procedure.
The analytical form of the magnitude of the frequency response function
is fitted to the linear spectrum amplitude of the response. The
Levenberg-Marquardt méthod is employed to minimige the sum of squares
error function. The results obtained are discussed and the changes
in the paramerer estimates at différent testing times are related to
the changes in the amount of cladding present in the structure.

Chapter III describes the forced vibration tests conducted on
the 25~-story building. Unlike the previous investigations in this area
which have predominantly used steady-state or harmonic testing methods,
transient testing is employed here. Frequency response functions for
the building are measured using rapid frequency sweeps utilizing a

rectilinear electrohydraulic shaker. The results of the full scale



forced vibration tests are compared to those from ambient tests performed
earliery in the building.

Chapter IV gives a detailed account of the procedures used to
estimate the stiffness parameters for the 25-story building employing
forced vibration test results. Along with the ordinary or unweighted
least squares, maximum likelihood and Bayesian estimation techniques,

a weighted least squares method is used in which the weighting matrix
is computed from the experimental as well as the analytical covariance
of the modal parameters, The objective function in all cases is
minimized using the inverse rank one correction (IROC) method. The
results obtained from the various methods are compared and the possible
role of cladding is discussed.

Chapter V presents the conclusions drawn from different parts

of this study described in the preceding chapters.
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2.0 THE EVALUATION OF CLADDING PERFORMANCE DURING CONSTRUCTION

2.1 Introduction

This chaptéf describes the vibration tests performed on a glass-
clad building at various stages of construction during the installaticn
of cladding. The analytical procedures used to extract the modal
parameters from the measurements are discussed in detail. Efforts were
particularly directed toward detecting changes in the values of these
parameters with construction and finding cut the effect of cladding on
these parameters from the observed changes,

One possible way to bring out the influence of a certain
component, on the overall behavior of the main structure is to conduct
experimenﬁé before and after the integration of the component into the
main structure, This means,in the present case, that tests are needed
just prior to and after the installationof cladding. 3But conditions
beyond the control of the experimen;élis; dictate that a different
precedure be adopted here. There are numerous other items in addition
to the facade that could appreciably alter the mass and stiffness
properties of the structure during the time the cladding is installed.
These include plumbing fixtures and partition walls which are gradually
stockpiled, to be used later in construction. Subsequently it was
decided to carry out vibration tests at different stages of -

construction, starting after the erection of steel frame and continuing
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through the installation of cladding until it was completely in place.

The decision to conduct the tests during the construction phase
imposed additional constraints on the type of testing that could be
employed. TForced vibration tests demand a considerable amount of time
and effort since they require the use of an exciter, Furthermore, the
equipment would have to be set up everytime a test is carried out. It
is not feasible to leave it in its place between tests because it may
interfere with the ongoing construction activities, For this reason,
ambient tests were judged to be the most appropriate under such
conditions.

Ambient testing is the process of measuring the response of the
structure subjected to random envirommental loading and is applicable
to a variety of civil engineering structures. OQwing to the fact that
no external excitation need be provided, these tests are relatively
easy to conduct. But they are encumbered by serious shortcomings,
some of which are:

(1) there is no control over the Input level nor is there

a way to measure or quantify it}

(i1) small levels of response caused by low excitation levels
provided by the surroundingsrequire more sénsitive
instrumeats for measurement; and

(1ii)  because of the low levels of response, a relatively
large amount of data must be acquired to minimize
statistical variance in the analytical functions
computed from this data.

The nature of the input in ambient tests is such that it defies all
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attempts to characterize its temporal or spatial behavior in general,
However, because of the ease with which it can be cartried out,

ambient testing has been widely used to determine the modal properties
of many structures. It has been applied to study the dynamic
properties of highrise buildings (11-14), suspension bridges (15-18)
and offshore structures (19). For highrise buildings, wind forces
constitute a majdr part of ambient loading. Other sources include
microtremors or minor ground movements and internal activities in

the structure.

The basic principle involved in ambient testing is that the
parameters of interest are estimated using the response alone. This
leads to some rather restrictive assumptions which must be made in
the analysis. The most important ones are the following:

(i) - The response is stationary.

(ii) The input can be approximated by band limited white
noise, at least in the region of structural modes in
the output power spectral density function. Stated
in another way, the input has a counstant spectral
density in the vicinity of each mode.

It should be noted that the assumption of stationarity ié a general
one and is not confined to ambient testing,

Several techniques have been used in the past to obtain modal
parameter estimates from response data with the aforementiocned
assumption regarding the input. Some of these techniques are reviewed

here, starting with techniques in the time domain.
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Cherry and Brady (20) suggested that the output autocorrelation
function can be used to determine the frequency and the damping ratio
when the system is subjected to a constant spectral density excitation.
If this constant power spectrum is denoted by Exx, then the autocorrela-
tion of the response Cy(T) is described by the cosinusoidal function

{for a single degree-of-freedom system)

TG “PW.T

—
¢ (1) = X§ e O (cos §1 - o? wyT
Y 20 W
0
P
+ 5 siny1 - pz W, T) (2.1)
1 -9 0

where mo is the natural frequency in radians per second and p is the
viscous damping ratio. The natural frequency is obtained from the
period and the damping ratic is estimated from the exponential decay

of the above function. The logarithmic decrement method is employed in
estimating the damping.

Another method to analyze the response due to random excitation
is the random decrement analysis, developed by Cole (21, 22). This
method involves the use of random decreﬁent signature,mﬁhich is similar
to the free vibration decay of the structure subjected to an initial
displacement or velocity. The step response or the response correspond-
ing to an initial displacement is obtained by averaging a number of
time segments of the response such that each is of the same duration

and each starts at a fixed response level. If the segments averaged

are such that each segment starts at zero response level with a positive



I 13

(or negative) slope, the signature obtained will be the impulse
response or the response due to an initial velocity. Both this
technique and the autocorrelation method require that the response
be band-pass filtered to remove the effects of the other modes not
of interest.

Gersche and others (23, 24) proposed evaluating the frequencies
and the damping ratios of multidegree-of-freedom systems by employing
maximum likelihood and least squares estimation procedures. This
method uses the autoregressive moving average (ARMA) model representation
of the response data. The ARMA model parameters are obtained first
from which the modal parameters are determined.

Among the frequency domain techniques used to obtain the
vibrational parameters from the output record, the most popular is
the spectral density function method. The output power spectrum

G w) 1s related to the input spectrum G w) b

yy( ) P p XX( } by
G (w) = IH(w)!2 ¢ (w) (2.2)
yy XX :

where |H(w)| represents the magnitude of the frequency response
function H(w). For a single degree-of-freedom system excited by an

input with constant spectral density axx’

Exx 1
R 73 — (2.3)
(1 -5 + (207

wy 0

ny(w) =
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where

IH(w) I:2 = (—= . (2.3)

and k is the stiffness coefficient. It can be easily shown that the

maximum value of Equation (2.3) occurs at a frequency mp, where
o = u Y1 - 200 2.5)
p 0
For systems with small damping (p < 0.1),

(2.6)

It can also be shown that the half-power bandwidth Awo, the difference
between the frequencies at which |H(w)l2 has fallen to 1/2 of the

maximum value, is approximately given as

(2.7)

From the above relations it is clear that the natural frequencies
of the structure can be taken as the frequencies at which ny(w) peaks
and the damping ratios can be determined from the half-power points
using Equation (2.7). The mode shapes can be obtained from the peak

amplitudes as follows.
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T E (2.8)
in ii T n
where ¢in is the coefficient of the nth mode at peint i and Gii(wn)

is the output spectrum at point i evaluated at the peak frequency
corresponding to the nth mode,

Other frequency domain methods that employ the output spectrum
are the spectral moments method of Vanmarcke (25, 26) and parametric
curve fitting suggested by Schiff (27). In Vanmarcke's method which
uses the moments of the spectral density function, the modal parameters

are obtained by utilizing the first three moments of the output power

spectrum. The spectral moments are defined as
i fi
it = o e dw (2.9)
0

where Mi is the ith spectral moment of a spectral density function
G{w). The natural frequency and the damping ratic can be expressed
in terms of Ml, M2 and MB. In parametric curve fitting, an expression
of the form given in Equation (2.3) is fitted to the region around each
peak in the output spectrum to determine the required parameters for
the different modes.

It is clear from the preceding discussion that all the frequency
domain techniques considered above treat the response of the structure
as that of a single degree-of-freedom system. Thus, their application

in cases where there is a significant amount of modal overlapping in

the response becomes difficult, Such modal overlapping is likely to

occur when there are modes closely spaced in frequency.
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The approach used here attempts to overcome this difficulty
by employing a multidegree-of-freedom curve fitting procedure. The
modal parameters are obtained by curve fitting the magnitude of the
frequency response function to the response Fourier amplitude
spectrum. The analytical form of H{w) assumed is that for a multi-
degree—of—freedoﬁ éystem. Since the Fourier amplitude spectrunm,
the magnitude of the Fourier transform, is the same as the square
root of the power spectrum except for a scaling constant, the actual
fitting process is carried out using Giiﬁn) %. The assumption made
herein is that the input is breocadband in character with a bandwith that

spans all the modes taken into account in the curve fitting procedure.

2.2 Structure

The structure used in the experimental investigaticns is a 24-
story steel frame highrise building, 350 feet high with lightweight
partially opaque glass facade. The schematic diagram of this structure
is shown in Figure 2-1. The building has a sloping south wall to
increase shading and reduce energy costs and the sloped face is obtained
by incrementally increasing the widfh of‘floors 3 to 2é&by 15 inches so
that an overhang is formed at each level. The end bay on the south wall
is thus increased from 16.25 feet at the base to 43.5 feet at the roof,
This causes the center of gravity to be slightly eccentric, but the
resulting overturning effect was accounted for in the design of the
structure and foundation system.

The building rests on 68 caissons whose diameters vary from

2.5 feet to 6 feet and whose average depth is about 65 feet., Caissons
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Figure 2.1, Building Geometry
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which act as supporting columns in potential uplift are drilled 8
to 10 feet inte rock and are heavily reinforced. Grade beams are
used to tie the caissons together around the tower perimeter.

Steel stub-girder framing is used in the building floors in
order to reduce the floor-to-floor height of each story. The slab
is ralsed above the floor girders on short rolled stubs resting on
and welded to the top flanges of the girders. Ductwork and other
utilities pass between the stubs on top of the girders instead of
below them. Shear connectors welded to the top of the stub girders

make the slab composite with the steel structure.

2.3 Measurement

The testing process commenced after the steel frame was
erected and the installation of cladding has just started. Table 2.1
gives the dates at which measurements were tkane and the corresponding
cladding levels on different faces of the building. Cladding level
is defined here as the floor up to which cladding is complete on any

given face. A total of eight tests were conducted during the installa-

tion of cladding and one additionél test was conducted on November
13 (1980), well after the process was completed. Table 2.1 also
gives the percentage cladding levels which are the cladding levels
expressed as percent of complete cladding for the face considered.
The measuring equipment used consisted of accelerometers,
signal conditioner including amplifiers and filters, a tape-recorder
and an oscilloscope. Five low level force~bhalance accelerometers
(Kinetmatics FBA-1) were used so that response from up to five'different

floors could be measured simultaneously. The response signals were
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Table 2.1, Cladding Levels on Different Test Data

Face gast dest North Sauth Comments
Date
i Floors,structural framing
t/46 4(47) 2¢(8 4{47) 0¢a) and sverhang complete upTo
22nd floer.
2 Flogogrs and structural fra-—
2/8 18¢42) | (2% 10¢42) {02 ming complete. QOwerhang

- cemplete to 23rd floor.

2 Overhang complete. Piping
2/48 12€S6) 110¢43) (13¢50 7{29)> and mechanical equipment
being installed.

2 Piping installation compi-—
2/32 13(54) | 14(486) [12¢(98) @038} ete, Mechanical equipment
beind installed.

Mechanical equipment being
347 164673 | 12(58) §1L2(S0? 12(S0)| installed.

i Elevator equipment and
4/24 2404003 192(79Y | 19(7) 20(83)| partitions being
ingtalled.

Elevator egquipment and
S/i6 24¢4003 23¢(24) 240400 Q23(?&62) pgpartitions being
installed.

S/29 24¢100) -—

Elewator installatiaon com—
1i/43 24¢400) pletre. Partitions compl-
g . gte ta 20th floor.

1 WValve in parentheses giues the cladding level as &
percentage of complete cladding

2 Average cladding height
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then passed through the signal conditioner which amplifies the
usually low level signals and filters them to remove an unwanted

dc component and the high frequency noise from the response. After
amplification and filtering, the signals were recorded on magnetic
tape using an 8 channel HP-3968 tape recorder. A recording speed of
5/16 inch per second was used. The oscilloscope (Tektronix 5440)
was employed to monitor the signals being recorded.

To avoid interference with the ongoing construction activities,
no permanent fixture was set up and the instrumentation was transported
to the building site every time a set of measurements was taken. Each
measurement lasted from 3 to 6 hours. The location and orientation
for the accelerometers were chosen depending on the type of response
desired. On the first cccasion (January 16, 1980) three accelerometers
were used on the 22nd floor to identify the bending and torsional
frequencies (Figure 2.2). Accelerometer responses from locations 1
and 2 were used to detect the torsional and the North-South bending
modes while the response at location 3 was used to detect the East-
West bending modes. On all the other days except March 17, five
accelerometers were placed on the 8th, 13th, 18th, 22nd and 24th floors.
On one of these days (May 16), thed24th floor Wasuinaccessible and
the 20th floor was chosen instead. For three measurements the
accelerometers were situated at location 3, twice in the North-South
direction and once in the East-West direction. For the other
measurements they were situated near the West face at location 1.

It was decided to obtain data in both the bending directions on the

last three days, so the accelerometers were rotated 90° midway
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Figure 2.2,

Accelerometer Layout
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through the measurement process. About three hours of data were
recorded in each direction on these days while the duration of the
first six measurements was about six hours. Table 2.2 summarizes

the locations and the orientations used on different test dates.

2.4 Estimation of Spectra ‘ .

The use of frequency domain analysis necessitates the
transformation of the time domain measurements intco the frequency
domain functions before one can proceed with the estimation of
vibrational parameters. The functions to be determined in this case
are the power and cross spectral densities of the response from
different floors of the building. (The need for the cross spectral
density will be discussed later.) The time domain measurements
are first discretized by sampling at regular intervals. The sampled
time series representation of a measurement signal is used to calculate
its Discrete Fourier Transform (DFT) with the aid of Fast Fourier
Transform (FFT) algorithms. The DFT thus obtained is utilized to
compute estimates for the required spectral density functions.

There are several aspec;s that must be considered in spectral -
estimation using time series analysis. The important ones are the
problems associated with processing of digitized data and the statisti-
cal aspects associated with the estimation procedure.

The need to sample the signal at &iscrete time intervals
to convert it into digital form for subsequent use in the computations
inherently places some restrictions on the analysis. For the DFT of the
signal to be uniquely determined, the signal must be bandlimited,

containing nc frequency components higher than a certain frequency



Table 2.2, Locations and Orientations of the Accelerometers
Date 1716 281 2402782 X/7 4/249 5716 B/RG 11743
22 =2 tH] 8 8 13 24 tE] ] L) g 3 8 a
Floor 13 13 13 o4 13 13 13 13 13 i3 i3
Mo . 18 i8 18 18 148 i6a 14 18 ig ig
22 an 23 22 219 ] 22 e 28 282
24 24 24 29 22 a2 24 29 24 24
lLocat~ i 3 3 3 X i 3 i i i i 1 1 i
ion Nol] 2 o
Orien- w8 | E-] N=& | N~8 | E~W [N~§ | E~W | N-8 [N-S | E-W [ N-6 | E~W |[N-8 | E-UW
tation
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£, referred to as the Nyquist frequency. This frequency is related

N’
to the sampling interval At by the following:

£ =7 (2.10)

The sampling frequency fs is defined as the reciprocal of the sampling
interval At, Therefore, from Equation (2.10), fS = ZfN.
The gampling rate fé must be at least twice as high as the

highest frequency present in the signal. Otherwise, the frequency
components higher than fN will appear as frequencies below fN. This
phenomenon is known as "aliasing'" and is discussed in numerous boocks,
for example Reference 28. The aliasing problem is minimized by
low-pass filtering the signal to remove the frequencies higher than
fN. If fm denotes the maximum frequency of interest, then a sampling
rate of about 4-5 times fm is reccommended in practice with the cut—-off
frequency of the filter set slightly below the Nyquist frequency.
Since it is only possible to use finite length sequences in
computations, the sampling of the signal is in general restricted
to a finite duration. The resulting finite length record is equivalent
to truncating the infinitely long signal by multiplying it with a
rectangular window or weighting fuﬁction of duration T, where T is
the total time given by T = NAt. N is the number of data points in

the sampled record. The rectangular window, cr the boxcar function

as it is sometimes referred to, can be represented mathematically as

= <t< T
wR(t) 1 0 <tx<
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where WR(f) is the Fourier transform of the boxcar function. The
Hanning window is capable of resolving frequencies that are at least
2Af apart, Different types of windows generally employed in spectral
analysis and estimation are treated in References 29 and 30 among
others.

For two stationary signals xl(t) and xz(t) whose discrete
Fourier transforms Xl(kAf) and Xz(kAf) are computed using filtered
and properly weighted time samples, the auto and cross spectral

density estimates can be calculated using the following relations.

G (KAF) =% 1xl(kAf)12

*1™1
(2.11)
g AfY = 2 (& (ka A
Gx % (kAF) =7 (Xl(k f)Xz(k £))
172
where ¢ is the autospectral estimate of xl(t), E% is the cross

*1*1 1%2

spectral estimate between xl(t) and xz(t), k is an index that varies
from zero to N/2 (N is assumed to be even) and * denotes conjugation
of the complex quantity,

As will be pointed out below, the estimates determined using
Equation (2,11) are subject to large variance errors., More acceptable
estimates can be obtained by averaging over an ensemble. The available
data are divided into smaller segments of equal time length and the

relations given in Equation (2.11) are employed to compute estimates

for each of these segments. The smoothed estimates G and G
X, X X X

"1 172

for the power and cross spectral density functions are computed by

averaging the estimates for the individual segments.
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ir]

~ l Zd ~i )

& (k£ == G- (KA

1% oy oi=1 %1%

(2.12)

~ l :;d ~

G (k f) = = c (kAE)

1% B4 121 *1%2

where ns is the number of averages used. If a weighting function other
than the rectangular window is used, 1t is necessary to divide the above
estimates by a normalizing factor to obtain the actual magnitudes of

the estimated functions. For the Hanning window, this factor is 3/8
(28).

Expressions for the mean and variance of the ensemble averaged

spectal density estimates can be found in Reference 31, Let b[& ]

X.X
R I'1
denote the bias and ¢ GX - ] the standard deviation of the estimate
~ 171 R
G . The normalized bias erroxr € [G } and the normalized random
X %q b xlxl
error or the coefficient of wariation Er éx X ] are defined as
171
b [6 |
x.x_J
[A ] 11
€, 1G =
b Xlxl GX <
171
~ (2.13)
r G [Gx X ] o
~ T R 11
e, |6 -1
L XEy Gx X
171

~
When disjoint or nonoverlapping averages are used to compute G

*1%1

, the

approximate variance in the estimate is given by




from which

(2.14a)

The case where the individual segments used overlap with each other
is treated in Reference 31. The variance for this case depends on the
overlap ratio and will usually be smaller than the value given above.

It is clear from Equation (2,14a) that, if n, = 1, the standard.

d

deviation of the quantity GX < is as large as the true value itself,
11
It is for this reason that a sufficient number of averages are needed

to ensure the quality of the estimates. For a fixed amount of data, the
time length T of each segment must be chosen so as to give a large enough

value of ny that will produce acceptable variance in the estimates.
The bias in the autospectral estimate GX x depends mainly on
171
the frequency resolution Af which in turn depends on the time length T.

An approximate expression that can be found in Reference 28 is

2
G - _ L AL
®b [ny(fo)] -3 G (2.14b)

Oln

the output autospectrum of a single degree-of-freedom system subjected

where eb[ny(fO)J is the normalized bias error at peak frequency f

to white noise excitation and Af_ is the half-power bandwidth. While

0

choosing a smaller value of T to increase the number of averages results

in reduced variance, it also increases the bias in the estimates due to
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a higher value of Af. Thus the requirements for reducing the bias
and the variance in spectral estimation conflict with each other.
Therefore the parameter T must be chosen carefully so that the
resulting estimates would possess bias and variance that are within
tolerable limits.

The estimation of power and cross spectral densities for the
building response data was carried out using digital signal analyzers
such as the HP 5420A and HP 5423A. These analyzers employ a
combination of analog and digital filtering techniques to bandlimit
the input signals, The signals are first passed through analog
anti-aliasing filters, with a cut off frequency of 300 Hz for the
present case., In the sgecond stage, the sampled version of the data
is filtered using a digital filter to remove the frequency components
higher than the analysis bandwidth. Ensemble averaging can be
accomplished in the overlapping or the nonoverlapping mode by choosing
appropriate triggering conditions. A user-selected window function,
chosen as the Hanning window for the present application, is employed
in the computation of the estimates.

To reduce the data processing time, the magnetic tape containing
the response data was played back ét a speed of 15 ips, 16 times
faster than the recording speed. This resulted in an amplification
factor of 16 for the frequency as used in the analyzer. The number
of averages (overlapped) used ranged between 400 and 1500 depending
‘on the amount of data available.

The autospectrum for the response from each accelerometer

was computed in the above manner and stored for later use in modal
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parameter estimation. Also computed were the cross-spectral
density and coherence functions between a reference output, normally
chosen as the response from the 24th floor, and the remaining outputs.
The phase components of the cross-spectra were used to identify the
torsional frequencies as well as the relative direction of motion of
the different floors for bending modes. Tt is also possible to
utilize the magnitude components in extracting the frequencies and
the damping ratios. In fact, Bendat and Piersol (28) recommend
that the half-power bandwidth method to determine the damping be
applied to the cross—spectrum instead of the power spectral density
functions.

The coherence function between two signals yl(t) and yz(t)

is given by

Iay y i
vioe — L (2.15)
Y172 ¢ ¢
Y11 Y22
where 72 is the coherence function. TIf the signals yl(t) and yz(t)

7172
are obtained from a common source by some linear filtering operations,

the coherence between the two signals wiil be unity at all frequencies.
For linear single-input multiple-output systems, values less than one
for the coherence between two different outputs imply the presence of
errors in the spectral estimates due to various sources such as poor
signal-to-noise ratio in the measurements and resolution bias caused by
insufficient frequency resolution. Hence the coherence function can

be used to determine the quality of the spectral estimates especially



- 30

in the regions proximal to the structural modes., The mode shape
estimates evaluated from the output records will be accurate only if
the coherence between different outputs is close to one around the
peak frequencies corresponding to the structural modes.

The identification of the different bending and torsional
modes was accomplished by making use of the spectral estimates for the
measurements taken on the first day (January 16, 1980). On this day,
two accelerometers were placed on the 22nd floor at locations 1 and
2 (Figure 2.,2) along the N-S divection and a third accelerometer was
placed at location 3 along the E-W direction. The autospectra for
measurements at locations 1 and 2 are shown in Figures 2,3 and 2.4 and
contain both N-S bending and torsional modes. The E-W autospectrum
at location 3 is gi@en in Figure 2.5. Figure 2.6 shows the cross-
spectrum between locations 1 and 2. These spectra were computed
up to 8 Hz with a frequency resolution of 0.03125 Hz, using about
1500 averages obtained from approximately 6 hours of data.

From Figure 2.6 it is seen that the phase component of the
crogs—spectrum is near zero at frequencies corresponding te modes
numbered 1, 3 and 6, which is indicative of N-S bending modes., On
the other hand, the phase is close to 180° formodes 2 and b4,
indicating that these are torsional modes. The mode that is numbered
5, where the phase is again close to 1800, is an widentified mode
which did not appear in later measurements. The modes 7 and 11 are
possibly the 4th and 5th N-S bending modes while modes 8, 9, 10

and 12 are higher torsional and other unidentified modes.
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In the E-W direction, modes 1 through 6 (Figure 2.3) are the
possible bending modes., It is difficult to determine the order of the
higher modes without further information from other floors. Some of
these modes also appear in the N-S direction and these are denoted
E-W in Figure 2.6. This could be due to some misalignment of the
accelerometers oriented in the N-S direction. Similarly, Figure 2.5
contains N~S modal frequencies which could be due to misalignment
of the accelerometer at location 3. Another possible cause is the
presence of significant modal coupling for various modes so that
the modes may have small components in directions other than their
principal directions.

Figures 2.7 - 2.16 show the autospectra computed for the
last set of measurements taken on November 13. The accelercmeters
in this case were placed at location 1 along the west edge, oriented
first in the N-S direction and then turned around to point along the
E-W direction. Since this location is away from the midpoint of
the west edge, significant torsional response was picked up even in
the latter case. The spectra containing the N-S and torsional modes
are given in Figures 2,7 - 2.11 and those containing the E-W and
torsional modes are given in Figures 2.12 - 2.16.l

For floors other than the roof, the cocherence with the—roof
is also shown. The values of coherence are upward of 0.9 in the
vicinity of the first few natural frequencies except in cases where

one autospectrum includes a mode that is absent in the other. The

coherence function peaks at frequencies correspending to the higher
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modes but the values in these regions are generally less than those
correspending to the lower order modes. It is also observed from
the autcspectra that the higher order modes are rather difficult

to distinguish without response data from additional floors.

In view of the above factors concerning the higher modes, it
was decided to focus attention on the first few modes only. The
autospectra to be used in curve fitting were computed up ro 4 Hz
with an increased frequency resclution of 0.053625 Hz so that the
bias in the estimates would Be reduced. The bias depends cn the shape
of the true spectra themssalves and thus would be different in different
regions of the spectra.

In the worst possible case whenonly 3 hours of data were
éﬁployed, the approximate random error in the estimates can be
determined as follows. The time length of each segment used in
averaging is equal tc 64 seconds. If nonoverlapping averages are
emploved, the number of averages that could be obtained with abcut
3 hours of data is given by oy = 168. Therefore, from Equation

(2.14a), Er % (0,08. Hence, in general, for all the power spectral

density estimates calcularted here,ner < 0.08 or less than 8 percent.

2.5 Analvtical Formulation

The curve fitting procedure employed to determine the modal
‘parameters consists orf ficting the analytical form of EH(EM for a
multidegree-ci-Ifreedom system subjected to a random loading at ome of
its coordinates to the square root of the autospectrum measured at

different locations. The final parametar estimates are obrained bv
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averaging the individual estimates computed from various autospectra.

In this section, the expression for [H(f)[ is derived first followed

by a description of the Levenberg-Marquardt algorithm for the

minimization of the sum of squares error function. The derivation

of H(f) from which ]H(f)] is deduced is rather straightforward, but

is carried out here nevertheless for the sake of completeness and

consistency in notation.

Consider an n degree-of-freedom system governed by the following

set of differential equations.

M {%} + [Cl{y} + K] {y} = {x(&)} (2.16)

where M=n

K= n

C=n
{x()} = n
{y} =n

X n mass matrix

x n stiffness matrix

X n viscous damping matrix

x 1 foreing vector (input)

x 1 response vector {(output)

and a dot demotes differentiation with respect to time, t, Equation

(2.16) represents n coupled differential equations which can be uncoupled

assuming proportional damping, by using the n x n modal matrix [¢].

91 = | %21

.
.

Lq)nl

q)ll P L e q>1

n

nn -

=09y 6y B v w0
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If WR(f) is the Fourier transform of Wé(t)’ then

sin TfT e-—j'ﬂ'fT

WR(f) =T nfT

where £ is the frequency in Hertz., The Fourier transform of the
truncated signal will be the convoluticn of the transform of the
original signal and WR(f). Since the magnitude of WR(f) has large
side lobe amplitudes, this may cause severe leakage of power at a
single frequency into the neighboring frequencies. However, the
rectangular window is capable of resolving frequencies that are
at least Af apart, where Af ='% is the frequency resolution or
interval at which the DFT samples are computed.

The leakage problem is reduced by using other types of window
functions which possess diminished side lobe amplitudes. But this
decrease in amplitude is accompanied by an increase in the main lobe
width that causes a reduction in the frequency resolution possible.
The window employed here is the commonly used Hanning window for which

the time domain weighting function and its Fourier transform are

W (t) - 0.5 (1 - COS8 ") O < t < I

= { otherwise

and

n

WH(f) 0.5 WR(f) - 0.25 WR(f + Af)

- 0.25 wR(f - AF)
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where
¢li
{¢i} = ?Zi , the ith mode shape.
¢ni
Using the transformation
{y} = 1¢1 {2} ' (2.17)

Equation (2.16) can be rewritten in terms of the modal coordinates

{z} as

017 M1[e] (2} + 1017 €1 1012) + [01 ®Ife1{z) = [¢] (x) (2.18)

Assuming that the damping matrix can be decoupled by ¢ and using

the orthogonality of the mode shapes, Equation (2.18) reduces to

. T
m) {z} + Je] {z} + [k] {2z} = [¢] . x (2.19)
where
[m] = generalized diagonal mass matrix
{c] = generalized diagonal damping matrix
and [k] = generalized diagonal stiffness matrix

Equation (2.19) consists of n independent second order differential

equations corresponding to the n degrees of freedom. The equation for
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the ith degree of freedom is given by

m, £i + ¢ 7y + ki 2, = {¢i}T{x} (2.20)

Fquation (2.20) can be expressed in terms of the ith natural frequency

Wy and the ith damping ratio ;-

. . 2 T
B, F 20 0oz, tw) oz, = {¢i} {x}/mi (2.21)
where
w, =V k,/m,
i 1 1
and pi = Ci/(2 miwi)

If the input vector {x(t)} consists of a load xk(t) applied
at the kth coordinate, the right hand side of Equation (2.21) reduces

to (t)/mi . The letter k, used to denote the generalized

Pt
stiffness in FEquations (2.19) and (2.20), is also used as an index here
but should give rise to no confusion. Substituting for the right

hand side in Equation (2.21) and taking the Fourier transform, with

zero initial conditions,

zi(w) = Hi(m) xk(w) (2.22)

where Zi(w) is the Fourier transform of zi(t), Xk(m) is the Fourier

transform of xk(t) and Hi(w) is defined as
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o}
B ki 1
Hi(m) = m wz mz (2.23)
174 (1 - '—'2-—) + 2 jp U.,‘_
W, 1
i
where j =\}— 1. From Equation (2.17),
T} = [¢1{Zw)}
and the Fourier transform of the response measured at location &
can be written as
n
Vo) =) by, 7w (2.24)
i=1
Substituting for Zi(m) from Equation (2.22),
n
Yo = X (@) ) ¢y H (W) (2.24a)
i=1
Using Equation (2.23) in the above equation,
n :
b by
k174 -1
Y, (w) = X W) ] 5 5 (2.24b)
i=1  mu, (1 _.9_) + 2 9p &
2 Jpl w
wi 1

If the response measured at location % is the acceleration §R(t),

then the Fourier transform of the response can be expressed as

2
V@ = -w ¥ (w (2.25)
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where Yég(m) is the Fourier transform of the acceleration response.
Substituting the expression for Yz(w) in Equation (2.25), the frequency
respense function between acceleration at location £ due to a force

at location k can be shown to be

H(E) = ¥, (F)/E (D)
£
_ E ei®as £ (2.26)
S (1 £2-+.2' L .
- I8y F.
fi i.

where w has been replaced by f, the frequency in Hz.

Defining the following quantities,

. 2 2,2
Ni“Ai(fi) » Dy oy By
where
PeiPos _
Ai = T the participation factor for the ith mode
i B - s
2
f
a, = 1 - Cf")
i
a -2 p, (9
en B4 PiE,

1



Equation (2.26) becomes

H(f) = Re[H(f)] + j Im[ H(f)] (2.27)

where Re [] denotes the real part and Imn[] denotes the imaginary

part, given by

n N.o,
Re [H(£)] = - ] —&—=
i=1 “i
(2.28)
n NiSi
and Iml H(E)] = ) =
i=1 i

From the definition of the frequency response function H(f),

€, ()] = [u@ | [x (8]

which is the same as

\}cyy<f) = [n(H) |V 6 _ () (2.29)

where ny(f) is the power spectral density function of the acceleration
output and Gxx(f) is the power spectral density function of the force

input. Noting that

[H(f) | = (R [(E) + ImlH(E)]}?

and using the identity
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2 n~1 n
ap + 2 Z E

I
(a1 +a,+a, + ... an)z = 7 a_ a
=] p=1 q=p+l P q

2 3
P

the equation for |H(f)| is given by the following.

n Ns n-1 n N N
|H(D) | = pél -t 2 ) D (apa

D ¢]
P P_l q_P+l P q °

q
In the above equation, the first term within the brackets is the
contriburion due to the n individual modes while the second term
arises due to the interaction among various modes, When modal inter-
ference between the modes is small, the second term can be neglected
without incurring much error. This situation occurs when all the modes
have low damping and are well separated, 1If one of these two conditions
is not satisfied, the cross-term may contribute a significant amount
to |H(f)| and therefore cannot be discarded.
It 1s assumed here that the output linear spectrum magnitude
IY(f)[ can be approximately represented by a function of the form given
in Equation (2.30). This function is fitted to the measured values of
IY(£)|, which in this case are taken as vV cyy(f) . The modal frequencies
fi’ the damping ratios pi and the participation factors Ai for the first
few modes are determined from the best possible fit. The least squares
criterion is applied to arrive at the best fit to the data; that is,
the sum of the squares of the errors between the measured and the

analytical values is minimized to estimate the modal characteristics.

This procedure is referred to as the unweighted or the ordinary least
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squares method since no weights are used in the sum of squares function.
When weights are assigned to the error terms, it is called the weighted
least squares method,

The sum of squares cost function to be minimized is given by

Y, where

2
v [IY(f)Ii - () 11:’ (2.31)

1

1
b o1y
[—y

where lY(f)]i and ]H(f)]i are the measured and the analytical wvalues
evaluated at the ith frequency peoint and r is the number of points in
]Y(f)l considered in curve fitting. Only those points which lie
close to the natural frequencies and which are sufficient to define
all the modes of interest are used.

Since the analytical function [H(f)| is nonlinear in the modal
parameters, the technique used to minimize the objective function ¥,
as in almost all the nonlinear curve fitting problems, is iterative
in nature. Some initial values are assumed for all the parameters to
be estimated and these values are altered methodically until the
desired convergence is attained. The minimization procedure employed
in the present case is the Levenberg-Marquardt method,dwhich is one
of the many possible modifications of the Gauss-Newton method (32, 33).
The development and application of this method are discussed next,

If {O} denotes the vector of parameters to be estimated by
fitting a function F(Q) to a vector of measured values {v}, the

least squares objective function ¥, which is dependent on the unknown



parameters, is defined as

p@ = Jory - r @17 = el (2.32)
i i
= {e} {e}
where ey = [Yi - Fi(e)] and
Yl - Fl(G)
{e} = i
'12 T FZ(E’)

Expanding Y(8) about some {0} = {Bk} in a Taylor's series and retaining

terms only up to the second order,
p(e) = p(o") + 121 B ey + 4B 9} 56 6} (2.33)
k, . . k k, .

where {g } is the gradient of Y(0) evaluated at {6 } and {§ } is the

Hessian or the second derivative matrix evaluated at {Ok}. £ 8} is

defined as
B8} = {6} - (65}

{gk}and [Sk] are defined by
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k 7Y

S13 7 'aeiaej '{e} = [oF}

Differentiating Equation (2.33) with respect to {6} and egquating to

Zero,

WO = (5" + 154166} = 0
from which

e} = - 1s5171 {53 (2.34)
and o} = {65} - %771 {5} (2.35)

If P(8) is quadratic in {6} and [Sk]is positive definite, Equation
(2.35) gives the parameter values at the minimum of §(8). For functions
that are not quadratic, {0} given by Equation (2.33) is likely to be
closer to the minimum than the original values {Gk}. This process would
have to be repeated again for the next iteration and continued until

the minimum is found, The above procedure in which the parameters are
updated according to Equation (2.35) is known as the Newton method. It
should be noted that Newton’s method requires evaluation of the second

derivative matrix.
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Since in many practical problems the objective function is
gquite complicated, the task of obtaining the second derivatives may
prove very difficult. It may be preferable to use a methed that
requires only the first derivatives or no derivatives at all. But
the performance of the direct search methods, which do not use any
derivatives, is usually poor in comparison with the gradient or
descent methods that employ the first derivatives. So, for a wide
class of problems, gradient methods are used to optimize the objective
function.

The most .widely emploved gradient method is the Gauss-Newton
method, which can be derived from Newton's method as follows (34),

Using Equation (2.32), {g} can be expressed as

{g} = - 21317 (e} (2.36)
where
aFi(B)
[J,0= i—5— |, the Jacobian or the sensitivity
ij 30, .
3 matrix.
The Hessian is defined by
2 -
z 3 Fi(e) z dFi@) BFiﬁ)
S,, ==2} [¥Y. =F (8)] ———+2 (2.37)
kg i i aekaez : aak 862



The first term in the above equation contains the error, which will
usually be small for adequate models that are capable of reproducing
the experimental data fairly well. If this term is neglected as an

approximation,

s, ,1= 21317 [7] (2.38)

k2 )

Equations (2,36) and (2.38) in (2.35) give

k T -1 T k

{oy = {67} + (BT 0D (31" {e} (2.39)

Equation (2.39) defines the Gauss-Newton method. As derived here, it
is obtained from Newton's method by using an approximation for [S] in
terms of [J]. But this method can also be derived by linearizing the
nonlinear model and computing the necessary corrections for the para-

meters using the linear model. Expanding F(0) in a Taylor's series

about {8} = {Gk},
{x} = {F(ek)} + 01 e}

ar

{51 = (3] B o) (2.40)

The normal equations corresponding to the linearized form Equation (2.40)

are given by
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gifmser = mted

which is the same as Equation (2.39). Thus, the Gauss-Newton method
is tantamount to solving a series of linearized problems in successive
iterations. Vector {0} determined using Equation (2.39) at the kth
iteration is taken as the initial parameter vector for the (k + 1)h
iteration.

For nonlinear problems, the direction of the correction vector
computed using the Gauss-Newton method is usually acceptable but
the size or length of this vector may not be appropriate. As a result,
the parameters modified according to Equation (2.39) may eventually
lead to noncovergence of the method (35). To prevent this occurrence,
changes in the method that would improve its convergence properties
are necessary.

A simple modificationof the Causs-Newton method consists of
searching along the direction given by this method, to determine an
acceptable step size. The parameter updating equation for this case
can be written as
Vk

Tre

tor = 165 + £ quf pT T | (2.41)
where £ is the step size parameter. In one approach that requires the
least effort, &£ 1s chosen such that the value of the objective function
evaluated at {0} is less than the value at {Gk}. When this condition
is satisfied, {6} is accepted as the improved estimate, to be used in
the next iteration. A more sophisticated approach would iavolve

finding the minimum of Y(8) as a function of the step size variable,
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using some interpolation scheme (34, 36). The value of £ that
minimizes §(0) along the Gauss—Newton direction Is found by
representing P(8) as a quadratic in &£. This value is employed in
Equation (2.41) to compute {6},

The modified Gauss-Newton method given by Equation (2.41) may
still be unsatisfactory for many problems where ([J]T[J]) tends to
be ill-conditioned. To account for such cases, Levenberg (32} and
Marquardt (33) added some quantity to the diagonal elements of

([J}T[J]). Let

(8] = [J]°[J]

Then

o) = 1651 + (8] + un ~totes) (2.42)

where [D] is a diagonal matrix and @ is a scalar. The elements of [D]
are normally chosen as the absolute values of the diagonal elements of
{B]. As the parameter u»o, the direction given by Equation (2.42)
approaches that of the negative gradient used in the steepest descent
method, As u»0, this direction approaches the direction given by the
Gauss—Newton method. Thus the presence of the parameter | has the
effect of interpoclating between the steepest descent and the Gauss-
Newton directicns.

The computational scheme employed here is based on Equation

(2.42) and can be represented as
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{6k+1} = {ek} + gk{aek} (2.43a)

where

(B + 5%y ey = TS (2.43b)

The corrections to the parameters in the kth iteration are calculated
by first solving the simultaneous equations given by Equation (2.43b)
and then determiﬁing a suitable step size. If the original problem
is not scaled properly with respect to the different parameters, it
may be desirable to use some scaling technique before proceeding with
the solution of Equation (2.43b). The scaling used here is that
employed by Marquardt, which reduces the diagonal elements of [B] to

*
unity. If [B'] represents the scaled version of [B],

. B, .
ij 3
(Bil Bjj)

Equation (2.43b) is now transformed to
k#* k L kk, *
(57 + yan {4851 = (¥ (2.44)

where [I] is the identity matrix and
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with

{q} = [31%¢e}

The above procedure is equivalent to sealing the parameters {8} so

that

-

@
P
]
(@5
1=
N
o
|
=
4
l\}\)—

il
[op]
e
—
L |
a2
{ P
[S%] 15N
D~
[an)
|~
v
e

Therefore, {AB} can be obtained from {ABX} as

*
AGi
AG, = ——F—
st
ii
Since the foregoing scaling procedure makes use of the values of the
paramcters themselves, Equation (2.43b) must be rescaled every
iteration.
The convergence of the Levenberg~Marquardt method depends, fo
a considerable extent, on the value of u, This parameter is
usually allowed to vary from iteration te iteration. If u is not
properly chosen, the methed may prove to be highly inefficient. The
procedure followed here is the original scheme of Marquardt with the

modification suggested by Bard (34) and is described below.

(i) Set ul = 0.01 for the first iteratiom.
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(ii) For the kth iteration (k=1,2,...), compute {8k+l}

using Equation (2.43a) with gk =1, If ¢(8k+1) < ¢(9k),

+
accept {Gk l} as the new estimates. Set uk+l = uk/lo.
+
If uk 1 < El’ set uk+l =g and go to the next iteration.
Otherwise

(1i1) Replace £° by £5/2. Compute {87} and p(8°*1y. 1f

k+1 k+1 k

w(6k+1) < w(sk>, accept {6 }. Set u = 10u, If

kt+1 .
u > M, terminate the procedure. Otherwise go to the

next iteratdion.

» g0 to

(iv) 1 8y > g(e") and £ < ey, stop. 1f £F > €,

step (diii}.

El and €2 appearing in this procedure are small positive constants and
M is a large number. These constants were assigned values of 10_7, 10_3
and 107 respectively.

Equations (2.43a) and (2,43b), along with the above procedure
to choose M, can effectively be used to progress toward the minimum.
Once the minimum has been approximately located, the process must be
stopped in accordance with one or more specified convergence criteria.

Some of the regularly used termination criteria are the following.

) |18y - 168y < ) (2.45a)
e?ﬂ -ei

(b) I 5 | < g (2.45b)
K+l Lk

(e) (W™ - wt] < g, (2.45¢)



I~ 64

(2.45d)

k
where ¥ = w(ek), {b} is a vector of small positive constants and
63, 84 and ES are small positive scalars. Criterion (b) was employed

here to terminate the algorithm, with €, = 0.000l; i.e., the procedure

3
is assumed to have converged if the relative change in the parameters

in two successive iterations is less than 0.01 percent. Care must be
exercised, however, to ensure that the procedure is not terminated
prematurely at some intermediate stage due to a very small value for the
step size in FEquation (2.43a). This was accomplished in the present
case by including a check to verify that no halving of the srep size
parameter was necessary for the final iteration.

The Levenberg-Marquardt procedure, like most of the other
nonlinear optimization methods, converges to a point which may or may
not be the global minimum. But for curve fitting problems in which
appropriate analytical expressions are fitted to carefully measured
experimental data, this point can be expected to be the global minimum,
In practice, different starting values for {8} can be used to check
if the procedure converges to the same point. If this is found to be
the case, the converged values will usually correspond to the glebal

minimum.

2.6 Curve Fitting

The objective function for the modal parameter estimation
problem treated here is defined by Equation (2.31). The parameter

vector {B} is chosen to consist of the frequencies, the damping ratios
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and the participation factors for those modes included in estimation.

o = ¢ - N (3n % 1) vector where n is the
number of modes considered

The derivativesof the function |H(f)| with respect to the modal
parameters are needed to evaluate the Jacobian [J]. It is possible to
use finite-difference approximations for the derivatives but the overall
convergence of the method can be greatly improved by using the exact
values. The expressions for these derivatives, in terms of the ai, Si,

Ni and Di defined previously are the following.

2
N. 8. n N, 2
2 [H(D) ] —"’i‘%ﬂl= ~% SN D+ ] Sl [oc.(oci -si %)
i i p° j=1 "y £
i . i
J#i
B.B. 2
+ —-‘%Q(Bi + 30, + o, %}J (2.46a)
£
8N, N.B. m N, B . K
3lH(F)| _ i £ ‘ 174 ._l[ " Je2 2.
2 |H(f)] o, T2 T +'§ . (3B - ey =BT
i D, i { j=1 i
1 =
j#i
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2 | n N,
H f
2|u(£) | ELB—S)—L = -;— ) N, + ¥ f)i\iocia. + Sis.] (2.46¢)
i i fi j=1 i J ]
j#i

To start the curve fitting procedure, initial estimates for all
the frequencies, damping ratios and participation factors must be
supplied. Starting values for frequencies pose no problem since these
can be taken as the peak frequencies in the autospectra., Values for
damping can be obtained by examining the width of the peaks. But choosing
initial guesses for the participation factors needs some special care.
The participation factor for a given mode can either be positive or
negative depending upon the locaticons of the response and the applied
input. While it is possible to estimate the magnitude of this factor
from the peak amplitude, its sign cannot be determined except in some
specific cases.,

When the modal interaction between various modes is minimal, the
contribution of the cross-product term in Equation (2.30) will be
relatively small, In this case |H(f)| would depend mostly on the sum
of the individual modal responses given by the first term. Since this
term contains only the squares of the participation factors, it remains
unaffected by their signs. Consequently, the curve fitting procedure
applied to such a case is not significantly influenced by the signs
chosen for these factors and, in general, does not alter them,
Specifically, the algorithm converged to a minimum point so that if the
sign for a participation factor is initially chosen as positive (negative),
it remains positive (negative). In order to obtain convergence to the
correct values, it is therefore essential to start with correct signs

for all the factors, which then must be determined beforehand.
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A trial and error procedure is adopted here to find the signs
of the participation factors in any given power spectral density fumei”
The basis for this procedure 1is that if an incorrect combination of
signs is used for various modes, the fit cbtained would tend to be
poorer than the f£it that would result if the correct choice for the
signs is employed. In other words, the minimum found using the
estimation algorithm will be global with the lowest possible value for
the objective function only if the propercombination of signs is used.
With this assumption, attempts were made initially to determine the sign
combination by taking two modes at a time. A two degree-of-freedom fit
is carried ocut, using two modes including the most dominant mode, first
with the same signs and then with opposing signs for the participation
factors., The combination that gives a lesser value for 3 is taken to
be the correct one, Next, one of these modes is dropped and another one
added and the sign for this mode determined. This procedure is repeated
until the signs for all the other modes with respect to the dominant one
are found. Finally, a multidegree-of-freedom fit taking all the modes
of interest into account is performed. 1If the fit is found to be
unsatisfactory, the sign of one or more factors is changed so that a
better fit with a lower cost function value 1is obfained.

Another procedure that worked more efficiently with analytical
functions involves the use of 3 modes at once, but is otherwise similar to
the one given above. A three degree-of-freedom fit is carried out for
each of the four possible combinations of signs for the three modes
considered initially., After the best fit is identified, one of these

modes 1s dropped and another one added. This procedure yielded the
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correct signs for many analytically created |H(f)| provided that all
the modes considered were quite prominent.

Determination of the signs of the modal participation factors
is required only for the reference autospectrum with respect to which
the cross—spectra are computed. The phase components of the cross-
spectra together with the signs in the reference spectrum can be used
to extract the signs for the other autospectra.

The curve fitting procedure described heretofore deals with
the estimation of the wvibrational parameters for a number of modes
from the response power spectral density function. But for many
applications, it is not enough to estimate the parameters alone; it is
also desirable to determine some measure of the variability or
reliability of the final parameter values. In most estimation procedures,
this is accomplished by computing the approximate covariance matrix of
the optimum estimates.

The ordinary least squares procedure employed here does not
utilize any knowledge about the distribution of the errors. Yet, if
one assumes normally distributed measurement errors with equal variance,
it can be viewed as a maximum.}ikelihood procedure since the objective
function to be minimized is essentially the same in both cases under
such conditions, If 02 denotes the variance of the errors, the
approximate covariance matrix of the converged estimates {6*} is

given by (34)

v, = o817t (2.47)

g
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2 .
If 07 is not known, it can be estimated as

52 = B8 ) (2.48)

where p is the number of parameters to be estimated, (r - p) is the
number of degrees of freedom and w(e*) is the objective function value
at the minimum,

In the current estimation procedure which uses /E;;T?j', the
errors are not distributed normally with equal variance. Nevertheless,
it is assumed that this is true and the covariance matrix of the
estimates is computed using Equations (2.47) and (2.48). When the

covariance matrix is knowm, the coefficient of variation er and the

correlation coefficient Tt can be calculated from

(€ = oy /9: (2.49a)

7‘\'11
i 3]

(vak)ij/.ykve*)ii(ve*)jj (2.49b)

~
i}

where (Sr)e_ is the coefficient of-variationrfor'paraméter Bi and Té.@,

is the correlation coefficient for parameters Bi and Gj. v
Finally, it is observed that a single degree-of-freedom fit

can be carried cut using the above estimation procedure. To handle

this special case, only the first terms in Equations (2.30) and (2.46)

are retained. The rest of the procedure is the same except for the

determination of the signs of the participation factors, which does

not arise here, Single degree-cf-freedom fits are likely to give good
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results for modes that are well separated from the others.

Before closing this section, two aspects that were ignored in
the present estimation scheme will be discussed briefly.

{1) No attempts were made to consider the effects of the
frequencies that lie cutside the bandwidth of interest, Approximate
terms, which are functions of the frequency variable f and additional
unknown constants, can be added to |H(f)] to include the effects of
those modes that fall below or above the frequency range being
considered. The additional unkoown counstants can be estimated along
with the modal parameters themselves. The expressions for these terms
can be derived from the analytical form of tH(f)l. The inclusion of such
terms will probably improve the quality of the fits obtained,.

(2) ©No constraints were imposed on the parameters. 1In general,
the frequencies and the damping ratics must be prevented from assuming
negative values at any stage in the estimation procedure. Hence, the
estimation of the modal parameters must be treated as a constrained
problem, But experience with the experimental data from the building
indicates that no constraints are necessary., It was found that only
in those cases where unreasonable initial values are used and/or highly .
insignificant modes with very smail peaks are taken into account, the
estimates could assume negative values. But in the case of single
degree-of~freedom fits, the estimates for damping could become negative
more frequently since [H(f)[ now depends on pz. Even in
these cases, starting from slightly different initial estimates usually

helped prevent this from occurring.
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2.7 Results

The application of the curve fitting procedure described in
the preceding sections will now be discussed. The estimation algorithm
was Implemented in an HP 1000 minicomputer. The autospectra determined
from the ambient data were transferred from the signal analyzers
employed in their calculatien to the computer using an HP 9825A
programmable calculator.

The computer program utilized in estimaricn was developed for
interactive use since this would enable greater operator control over
the curve fitting process. Plectting routines were used to check the
quality of the fits obtained. In almocst all the cases, the program
converged to the final values in about 6-10 iterationms.

The number of modes considered varied for different spectra.
Since attention was directed at the first few modes only, the higher
modes were not included except for those spectra in which they appeared
to influence the lower modes. In particular, the first three bending
modes in either direction and the first two torsional modes were taken
into account, with the fourth bending mode being included only when it
is one of the dominant modes overlapping with the other modes of intereat
The modes above 3 Hz were not considered at all.

The number of points around each mode used in curve fitting
varied frem peak tc peak., While too few points can result in poor
estimates, too many points awa? from the peaks can slow down the
convergence considerably and in some cases can even cause NOnCoONVergence.

This is because the output power spectral density function is only a
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dubious approximation of 'H(f)]2 in the regions away from the peaks.
A number of points just sufficient to completely define each modal
peak must be used and this number, in the present procedure, ranged
from about 7 for the sharpest peak encountered to about 15 for the
broader ones. TFor closely spaced modes, all the points in between
the modes were included.

As has already been mentioned, the intial estimates for the
frequencies were taken as the peak frequencies in the autospectra.
Although the half-power bandwidth method could have been used to
estimate the initial values for damping, these values were taken as
0.01 for all the modes and the algorithm seemed to converge just as
well, Likewise, no efforts were made to choose the participation
factors from the peak amplitudes. The factors for all the modes were
set equal to a constant that depended on the maximum value of ny(f).
The trial and error procedure to determine the signs of the
participation factors was applied to the reference spectrum. The
cross—spectra were used to fix the signs in ﬁhe remaining autospectra,

Before discussing the results of the estimation procedure
obtained using the building da;a, the results obtained using an analyti-
cal function to evaluate the perf&rmance‘of the procedure are presented.
The values of the modal parameters assumed to create the function
[H(£)| with 5 degrees—of-freedom are listed in Table 2.3. The initial
estimates assumed and the converged values are listed in Table 2.4.

It is seen that the procedure has converged to the exact values. Next,

the initial guesses for all the participation factors were assumed
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Table 2.3. Modal Properties for the Test Case

Made Frequency Damping Participation
No. Ratio Factar
(Hz) (34
i 10.10 i.% 1.50
2 20.0 2.0 -1.75
3 30.0 2.5 2.00
4 44 .0 3.0 -2.2%
5 50.0 3.5 2.50




L5 74

Table 2.4. Initial and Converged Values for the Test Case - Case (i)

Mode Frequency Damping Participation
Na Ratio Factonr

{Hz) D]

Initial] Final Initiall| Final Initial] Final

i f.9 ig0.0 1.00 1.548 £.00 1.58

2 9.9 20.0 i.00 2.00 -1.00 -§.75

3 29.9 38.0 1.00 2.%50 1.090 =2.800

4 39.9 40. 0 1.080 3.00 -4.00 -2. 2%

= 49 .9 50.8 1.00 3.%0 i.00 2.5

Vo= ooimExig
Table 2.5. Initial and Converged Values for the Test Case — Case (ii)

Mode Freguency Damping Participation

No . Ratig Factor
(Hz) , {0

Initial|{ Final Initial| Final Initial] Final

i . 10.03 1.00 1.46 1.00 1.48

2 i9.9 20.04 1.00 2.10 $.00 i.84

3 29 .9 29.98 1.00 2.79 i.00 2.44

4 39.9 39.80 i.00 3.84 1.00 2.87

5 4% .9 48 .85 1.00 | 4.17 £.00 2.23
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positive, Table 2.5 shows the initial and the counverged values for
this case. The value of the sum of squares error function is 39,29

as opposed to 4 value of 0,19 x 10_5 when the correct signs are
assumed, The converged values of the parameters are closer to the
true values for the lower modes than for the higher modes, which
suggests more modal overlapping at higher frequencies. The analytical
function and the fit for the latter case are given in Figure 2.17.

Samples of fits obtained using data taken on the last test
date (November 13, 1980) are shown in Figures 2,18 -~ 2,27. Figures
2.18 - 2.22 give the measured and the estimated functions in the
magnitude squared form ny(f) and Figures 2.23 -~ 2.27 give the same
in the magnitude form y”E;;TET . The values of the frequencies and
damping ratios corresponding to these fits are tabulated in Tables
2.6 and 2.7. All the modes are well separated in the autospectra
measured in the N-S direction (Figures 2.23 - 2.27), but the E-W
response contains two closely spaced modes, the third bending and the
second torsion (Figures 2,18 ~ 2.22). It is in such cases that the
multiple degree-of-freedom curve fitting procedures are extremely
useful.

The fits for all the spect?a are satisfactory around all the
modal peaks of interest. Greatest deviation of the fit from the
measured function occurs at frequenciles around the third bending mode
in the N-S direction and the parameters for this mode show the greatest
variation (Table 2.6). Values for the torsional modes determined from
the response in two directions agree closely with each other.

Frequencies and damping ratios for the second torsional mode show
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Figure 2.19. E-W Autospectrum on 22nd Floor and its Best Fit
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Table 2.6. Estimates for the N-§ Directional Response
Moda No. Floar
(Type) Na . 13 i8 24
Freg.(Hz> 0.444 | 0.444 0.444
(Hend:nq) Damp . (%) 0s .97 i.07
Freq.(Hz) 0.706 706 0.706
»
(Tors;an) Damp . (4D .20 88 1.76
Freq. (Hz) £.393 | £.394 1.3%74
(Bendfnq) Damp. (%) .24 L34 1,29
| Freq. (Hz) 2.073 | 2.070 07S
(Tors:on) Damp. (X 0% .18 2.08
Freq.(Hz) - 2.545% 554
(Bendfnq) Danmp . (3 - .44 1.58
Table 2.7. Estimates for the E-W Directional Response

Mede Nao. Floor
{Type) Neo 13 18 24
Freq. (Hz) 0 335 |0.335 0335
(Bendfnq) Damp. (X} .89 iz 1.90
Fregq.(Hz) 0.707 [ 0.70% 702
(Torsfon) Danmp (Z)_l 2.0 2.00 e2 1. 8%
Freq. (Hz) 1.053 - 1.8%&
(Bendfnq) Damp . (I3 ig - 2.07
Fraq. (Hz)} - 955 1.957
(Bend:nq) Damg. (X% - 856 {.81
Freq. (Hz) 2.077 | 2.068 |2.081 [2.077
CTorsfon) Damp . (%) 2. 2.47 .?0 2.24 2.48
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greater variation in the E-W response (Table 2.7), This is
attributable to the fact that this mode appears as cone of the two
closely spaced modes and, except in the 24th floor response, is not
the dominant of the twe. 1In fact, this mode is barely discernible

in the 8th floor response. The estimates obtained from this response
are considerably different from estimates for other floors (Figure
2,18 and Table 2.7). Damping values for the fundamental N-8

bending and torsional modes are somewhat high for the 8th floor
response because their modal peaks are relatively insignificant in
this response (Figures 2.23 and Table 2.6).

Typical values computed for the approximate coefficients of
variation and the correlation ccefficients will be given next, Table
2.8 lists the values of Er calculated from the diagonal elements of
the parameter covariance matrix VG* for the E-W response from the
24th floor. The correlation coefficients computed from the off-diagonal
elements are shown in Table 2.9. As would normally be anticipated, the
values of e are the least for the parameters of the dominant mode,
which in this case is the second torsional mode, Relatively high
values of er for the 3xrd bendipg mode are mostly due to this mode
being the lesser preonounced of thé two closely spaced modes, But
the highest €. correspends to the damping ratio of the lowest mode.
This trend was observed in almost all the estimated spectra. The
probable cause is the resolution bias error which is higher for the
lower modal frequencies since, for the same value of p, a lower
frequency mode is defined by fewer points than a higher frequency

mode. The above trend is also confirmed by Table 2.7, in which the
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Table 2.8. Approximate Coefficients of Variation for the Modal
Parameters from the E-~W Directicnal Rocf Response

Mode Frequency Damping Ratio Participatian
No . (Hz) ) Factar

Estimate | Coeff. | Estimate] Coaff. [ Estimate| Coetf.

Var. Var. 1) Var,

1 g.33% g.000% i.90 0.433 1.789 B.046

2 0.702 0.9041 1.8% 0.4%4a -4 326 0.034

3 1.05%6 0.0014 2.07 3.06% 1,107 g.043

4 1.9%S7 0.0010 1,84 0.099 0.4504 0.0%9¢%

= 2.077 0.06404 2.08 §.028 2.184 80.02%

(1) Not the actual or true values. The actual values are
sbtained using 3 multiplication factoer that depends
on the maximum magnitude of the spectrum and the aain
of the amplifier. : ) "




Table 2.9, Correlation Coefficients for the Modal Parameters from the E-W Directional Roof Response
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damping values for the lowest mode show the greatest variation.
Table 2,9 shows moderate values of T for the parameters of
the 4th and the 5th modes and high values between the damping ratio
and the participation factor for each mode. The correlation values
for the closely spaced modes are te be expected, whereas the high
values between Py and Ai are due mainly to the following reason,
Considering the case of a single degree-of-freedom system, the value

of ’H(f)! at the peak frequency, using Equation (2.30), is given by

Ay
B 2 p = 20,
1 1.

Thus, including only those points that lie close to the peak will lead
to significant correlation between Ai and Py - The high values of T could
possibly be reduced by using a weighted least squares approach in which
the weights are chosen inversely proportional to the measured JE;;T?T.
This problem was not pursued further in this study.

The frequency and damping estimates found using three different
methods for the N-S response from the 24th floor will now be compared.
The methods employed here are the following:

1. Multidegree-of-freedom curve fitting

2. 8ingle degree-of-freedom curve fitting for each mode

3. Direct method in which the peak frequencies are taken as

the natural frequencies and the damping ratios are computed
using the half-power points. |
The 24th floor N-S response was chosen for comparison since it does not

contain any closely spaced modes and the direct as well as the single
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degree—of-freedom curve fitting methods can be applied to all the
modes.

It has already been pointed out that the spectral estimates
in the vicinity of the lower modes suffer from insufficient resolution.
The damping ratios computed using the half-power bandwidth method
will be acceptable only if the frequency resolution is such that there
are at least 4 points between the half-power points (28). This condition
was not satisfied for the first 3 modes in the spectrum given in
Figure 2.23. So, the time domain data was processed again with twice
the frequency resolution as before (Af = 0,0078125 Hz) to obtain the
parameters for the third mode and with four times the frequency resciui”
(Af = 0,00390625 Hz) to obtain the parameters for the first 2 modes.
Figures 2.28 and 2,29 show the resulting high resolution autospectra.
Owing to the smaller number of averages used in their computation,
these spectra are subject to higher variance.

The second modal peak in the high resolution spectrum of Figure
2.29 exhibits behavior that is characteristic of nonlinear modes., At
this point, it is not clearly understood what causes such behavior.
Possible reasons other than nonlinearities include nenstationary response
and peculiarities in the input spectrum, The half-power bandwidth
method could not be applied to determine the damping ratio for this
mode, In any event, the modal parameters obtained by applying the
single and multidegree~of-freedom curve fitting procedures to the low
resolution spectrum would be those for an equivalent linear system,

The estimates for the remaining parameters calculated using

the three methods are given in Table 2.10. All the three methods give



8. 935 - o s
i
1 !
H i
R

~ ; ; :

by f:
| ! !
| é_
| I '
; j g

i

=

o3

53]

a1
d b

=

FREQ. (M7)

£
*
)
oy
r-
4]

Figure 2.28. High Resolution Autospectrum with AL = 0.0078125 Hz

|

T T

£
©
e
w

Y

|

3.805 \ ;lL

g 125 " FRER. (HD 1. 800

wme¢uw1“w¢wﬂL.mL“*Ln_g

.

Figure 2,29. High Resolution Autospectrum with Af = 0,003906 Hz



;5[_ 89

Table 2.10. Comparison of Mcdal Parameter Estimates from SDOF Fit,
MDOF Fit and the Direct Method

Moedea Frequency (Hz) Damping Ratio (%)
- Direct SDOF MDOF Direct SDAF MDOF
i 0.443 10.445 [0.444 0.%4 i.05 1.07
2 4.704 10,702 | 0.70s - i.97 1.76
3 1.393 11.3%96 |1.394 1.40 i.24 1.2%9
4 2.47% {(2.0873 |2.87% 2.314 2.16 2.04
S 2.544 | 2.533 |2.556 1.87 1.5%9 1.58
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about the same values for the frequencies. The damping estimates
for the second mode are considerably different for the single and
multidegree-of-freedom curve fitting methods, which could be due to
the underlying abnormal modal behavior. The values are comparable
for all the other modes. The astimates for the fifth mode show
excellent agreement. This could be the result of the fact that

the spectral estimates in this region are subject to comparatively
low bias errors.

The estimates of damping from the different procedures given
above suggest the use of the following technique to obtain reasonable
damping values from a given autospectrum with minimum effort.

(i) To start with, the half-power bandwidth method could

be used.

{(ii) If the frequency resolution is not high enough so that
there is an insufficient number of points between the
half-power points, a single degree-of-freedon fit
could he carried out.

(iii} If the mode is not well separated from the neighboriag
modes, a multiple degree-of-freedom curve fitting proceduré

including all the modes in the neighborhood could be used.

2.8 Effect of Cladding

The discussion that follows, on the influence of cladding on
the modal parameters, 1s restricted to frequencies and damping only,
Mode shapes are not considered because not enough measurements could
be made for sufficient characterization of each mode. Because of the

long periocds of time required for each measurcment, the five available
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accelerometers could not be moved around to measure the response from
additional floors. Hence the response data could not be obtained

for more than five floors on any given day., Also, the locations used
for placing the accelerometers were different on different days and
not the same five floors could be used on all days due to the
inaccessibility of certain floors.

Attempts were made to keep track of the mass in the building
on different test dates but were unsuccessful. Quantification of
the amount of mass on various days would enable easier correlation
of the changes in the modal parameters to structural modifications
with construction, but was found infeasible. Nonetheless some
important activities and events on the test dates were taken note of
and these are included in Table 2.1. Despite the lack of estimates
of mass in the structure, it can be assumed with reasonable confidence
that, once the steel frame is erected and the flcor slabs are in place,
further construction activities would tend to increase the total mass
of the structure due to the accumulation of materials for later use
in construction.

Variations of frequencies and damping ratios with construction,
for the period when the installatibn of ciadding was completed, are
given in Tables 2.11 and 2.12, It is evident from these tables that
all the frequencies show a decreasing trend initially. This can be
ascribed to an increase in the mass of the building. The largest drop,
as seen in the values of the E-W bending frequencies, occurs between
February 22 and March 7, indicating a large influx of mass into the

building during this period. However, after March 7, the frequencies



Table 2.11.

7792

Variation of Frequencies with Construction

Direc- Datej 1/16f 2/8 248y 222y 37 4/24] S/46) S/2
tioen Mode !
Na . ] ' 4
i 0.479 0.475‘0.46? - 0.458%0.44& 0.444|0.444
N-8 2 1.444(1 42411 412 - i 367?1\365 1.36811.37S
3 2.58412.887|2.584 - 2 473;2.511 2.826{2.545
L 8.32¢| -~ T 10.3z0l0. 308 - 10.317 0.31%
E~4 2 0.977 - - §6.9%5%1¢ 908; - 0.982{0.%80
3 1.78S - - 1.7891 4 7071 - 1.79811.823
Torsian i g 7;2 - - - 0_702§0.694 8.5592)8.592
2 2.083 - - - i 950{2‘008 2.02412. 038
Table 2.17. Variation of Damping With Construction
T
Direc- Date | L7186 | 2/8 2,18 | 22232 1377 4724 | S/716 | 5/29
tion Mode
Ng .
i .21 {0.861 (£.92 - 1.2 1 8.88 106.82 {0.7¢
N=~S 2 3.47 | 0.57 | 0.&2 - B.62) 1.04 | 1.54 |4, 32
3 - 0.486 | 0.92 - 1.40 ) 4.946 [ 1.30 [1.23
1 0.44 | - - 4.6 |0.53) - 3. 15 | z2.32
E-W 2 0.57 - - 0.97 (1.04 - {.72 11.78
3 1.43 - - 3.87 1 0.62 - 1.746 11.49
Tarsicn i 1.45 - - - $.32 ] 1.33 | 1.%86 | 1.3%8
2 0.7% - - - 0.79 1 1.48 | 1.56 | 4.47
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of all the modes except the fundametnal bending and tosional modes
show an increasing trend in contrast to the decreasing trend that
would generally be expected throughout.

Comparison of Tables 2.1 and 2.11 brings ocut an interesting
feature. From Table 2,1, which lists the cladding levels on different
days, it is observed that there is a considerable change in the levels
on all four faces before and after March 7. This leads to the possible
inference that the increase in frequencies after this date could be
attributed, at least in part, to the continuing installatiocn of
exterior cladding., The frequencies of the fundamental modes in ¥-S
bending and torsion remain relatively unaffected. This again is in
conformity with the expected behavior of cladding, which could influence
the higher modes more since they involve greater curvatures. The
cladding levels and frequencies are plotted against time in days in
Figures 2.30 and 2.31 respectively.

Although there are definite trends in the frequency variationms,
the magnitudes of the variations themselves are quite small. But one
must realize that the building considered here is only a glass—-clad
structure, which, due to the lightweight nature of glass, perhaps
is not the best candidate for studjing ciadding effect;‘(This particular
.building was employed because it was the only oneavailable at the time
of the study.) On the other hamd, it is also possible that the observed
variations in the modal parameters were caused by other effects or
components such as the interior partitions.

Table 2.12 shows increasing values for the damping of torsilonal

modes in general. Except the 2nd mode in the E-W direction, the bending
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modes do not exhibit a definite trend. But the values of damping
for all the modes tend to be high after Mawxch 7, when most of the
cladding was in place.

The average modal parameters computed from the data taken on
November 13, well after the cladding instailation was complete, are
given in Table 2.13. All the frequencies in E-W bending and torsion
shown increases of considerable amounts but only the 2nd frequency
in N-S bending exhibits an increase. The ohserved changes in this
case are mostly due to other nonstructural elements such as the
interior partition walls.

In conclusion, it can be stated that the possible influence
of c¢ladding on the modal parameters, based on the findings here,
is to increase the frequencies of the higher modes slightly and, to

a lesser degree, increase the damping in general.
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Table 2.13. TFrequency and Damping Estimates from Data Taken on

11/13/80
Mode M-S E-UW Torsion
Ng . " Direction Direction
Freq. |Damp. Freqg. | Damp. Freq. [ Danp.
(M (4 {Hz) (A (Hz) %)

i G.444 .43 0.33% 2.21 0.786 i.84
2 i.393 1.28 1.054 2.21 2.073 2.07
3 2.543 i.49 1.954 2.03 - -
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3.0 FORCED VIBRATION TESTING

3.1 Introduction

Forced vibration testing is the most widely employed technique
in the experimental determination of the dynamic characteristics of
structures., While, under certain conditions, it is possible to
resort to special techniques like ambient testing that obviate the
need for a prescribed external input, the measurement of the
dynamic properties of a general structure requires cne or more excitation
sources. Force generating devices or shakers that provide well-defined
controllable and measurable force input are usually employed as the
excitation sources. Even for structures like highrise buildings where
ambient tésting is applicable, the use of prescribed external
excitation eliminates the uncertainty regarding the input and thus
improves the credibility of the results obtained, A survey of full
scale testing techniques can be found in Reference 37.

There are many different wavs in which a structure can be
excited with a shaker. In the conventional method known as harmonic
testing, the steady-state response of the structure at different
frequencies is obtained by incrementally increasing the exciter
frequency. The natural frequencies are taken as those corresponding to
the peaks in the gain versus frequency plot. The damping ratio for

each mode is computed by applying the half-power bandwidth method to
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the modal peaks or the logarithimic decrement method to the decaying
response acquired by turning the power off to the shaker at

resonance, The mode shapes are determined from the values of the gain
at modal frequencies, measured at various locations. Other analysis
tools such as the vector or Nyquist plot method can also be used to
extract the vibrational parameters (38). In this method, the
parameters are derived from a curve obtained by plottting the in-
phase response against the out-of-phase response.

A more accurate but laborious testing procedure would require
using multiple shakers (3). The structure is made tc response in one
particular mode by controlling the forces provided by the shakers,
which are distributed throughout the structure. This process is
referred to as "modal tuning". It may not always be possible to
apply this techmique because, due to the inaccessibility of certain
locations in the structure, it may be impracticable to position all the
shakers in optimum spots to tune a specific mode.

When the modal properties for several modes are needed, the
process of acquiring the steady-state response around each mode becomes
lengthy and tedious. In such cases, it may be easier to make use of
techniques that impart energy to the structure over thé entire freq#ency
range of interest in a short interval of time, and compute the
frequency response function from the input-output measurements. Such
techniques simplify the testing procedure at the cost of increased
calculations in the post—test analysis of the data. With the rapid
develcopment and deployment of computers, these are increasingly being

used in dynamic testing of many types of structures. However, the
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methods that have been employved to date in vibration tests on
buildings are almost exclusively of the harmonic type (40-45), This
can mostly be traced to the unavailability of an exciter that £ills the
needs for full scale testing of structures 1like buildings,

The three most commonly employed types of shakers are the
electrodynamic, electrohydraulic and mechanical {(rotating eccentric
mass) models. The electrodynamic shakers produce force directly whereas
the others produce motion, All types of shakers must possess certain
desirable performance characteristics for their effective use., In
addition to delivering the required force levels, they must have good
frequency response over the frequency range of interest. This implies
that for testing buildings whose natural frequencies vary from a fraction
of a Hertz to several Hertz, the shakers employed must be capable of
low frequency operatiomn.

The mechanical exciters can usually generate only steady harmonic
motion which renders them useless when an arbitrary waveform is desired
for the forcing function. On the other hand, the electrodynamic
exciters often have performance limitations owing to their size and
construction. The force levels generated by practical-sized models are
inadequate for testing civil enginéering structurs such as buildings,
Besides, they suffer from poor low frequency response due to the
inherent restrictions on the components used in their construction.

As a consequence, these models have found little use in dynamic tests

on buildings.
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An electrchydraulic sharker that circumvents the above
problems has recently been developed for use in full scale testing
(46). This chapter describes the forced vibration tests conducted
on a 25 story steel frame building employing this shaker. The results
of these tests are compared to the ambient test results obtained by
measuring the ambient response of the building. The forced vibration
test results are also used in the estimation of stiffness parameters
in the analytical model of the building, to be dealt with in the next
chapter. Detailed discussions on the design, construction and
operation of the shaker are given in Reference 46. A

brief outline of some of its important aspects will now follow.

3.2 The Shaker

The electrohydraulic force generator in its basic form consists
of a seismic mass that moves in a rectilinear manner under the action
of a hydraulic actuator., The seismic mass is made-up of lead "bricks"
(4" x 4" x 8") that weigh approximately 55 lbs. each. This mass is
placed cn a weight table which is supported on 4 trackless air
bearings (Figure 3.1). The hydraulic actuator produces horizontal
to—and-fro motion of the weight table. Supporting the table on
air bearings enables easy and quick reorientation of the table so
that the axis of the actuator can be aligned in any desired direction,

The maximum force generated by the shaker at low frequencies
{(f < 1 Hz) is limited by the wmaximum stroke of the actuator. In the

intermediate frequency range (1 < £ < 3.5 Hz), the constraining
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factor is the hydraulic flow rate and at high frequencies (f£> 3.5 Hz),
the performance isrestricted by the maximum permissible hydraulic
pressure and the actuator piston area. For a given seismic mass, the
force produced is thus proportional to the square of the frequency up
to 1 Hz and to the frequency itself from 1 to 3.5 Hz. Above 3.5 Hz,
the force remains a constant. The performance curve for the shaker
is reproduced from Reference 46 in Figure 3.2.

The most important advantage in using this shaker is its
ability to produce motion of the weight table according te any arbitrary
prescribed waveform. In the present study, the apprcach adeptad was
to compute the desired waveform at discrete time intervals in a desktop
computer and transform the resulting digital signal to the analog
form by means of a digital-to-analog converter (DAC). The output
waveform from the DAC is lowpass filtered to remove the jaggedness in
the sign%% caused by the "'sample and hold” mode of operaticn of the
DAC. The final analog waveform is fed to the servocontroller unit

which controls the actuaror to generate corresponding table motiom.

The.block diagram in Figure 3.3 illustrates this procedure.

3.3 The Forcing Function

The types of waveforms that permit the excitation of the structure
over a range of frequencies can be grouped into the following three
categories (47):

(a) Bandlimited white noise or random input

{(b) Swept-sine input

() Impact or impulse input
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All of the above inputs give rise to time waveforms that possess
approximately flat spectral density functions, Since impact
techniques are not suitable for use in buildings, they will not be
considered here. White noise input involves synthesizing the time
waveform by inverse Fourier transforming the desired linear spectrum
in the frequency domain. A comparatively easy method of generating‘
a time function ﬁhat has approximately uniform distribution of power
between two frequency limits is to use a sinusoid whose frequency
is varied between these limits in a predetermined manner. This
technique of varying the frequency between the lower and upper limits
is known as "sweeping" and the input thus generated is usually referred
to as "swept-sine wave" or 'chirp".

For the case where the frequency is varied linearly, the

swept-sine wave 1s defined by

["n(fb - fa)t2 J
x(t) = sin T + 27 fat (3.1)
where x(t) = swept-sine input

fa = lower frequency limit

fb = upper frequency limit

T = sweep time

The function x(t) has a linear spectrum whose magnitude between fé
and fb is a constant with a ripple superimposed on it (48). Figures
3.4a and b show a typical linearly swept sine wave and its spectrum,.

All the forcing functions employed here are swept-sine waves computed

on the basis of Equation (3.1).
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In creating waveforms to drive the shaker, some pertinent
aspects of its performance must be taken into account. Equation (3.1}
can be assumed to be the force produced from which the required
displacement signal to control the shaker can be derived. However,
since higher force levels can be obtained with increasing frequencies
for a given stroke, the shaker can be operated more efficiently by
using Equation (3,.1) for displacement rather than force. But, due
to the physical limitations of the exciter, the displacement signal
must be tapered in such a fashion that the amplitude of the generated
force follows a curve similar to the operating curve given in Figure
3.2. Specifically, it must be attenuated so that the feorce varies
linearly between 1 and 3.5 Hz and remains constant thereafter. To
provide some safety margin, the tapering of all the signals utilized
here was started at fregquencies 10 percent below these values

(0.9 and 3.15 Hz), The complete waveform is determined using

_ [ ﬂ(fb - fa)t2 J

— 1 +

x(t) A sin T 2w fat (3.2)
where A = A, £ < 0.9

= (——OEQ)A, 0.9<f < 3.15

_ /0.9, .3.15

= ) G4, £>3.15
(fb - fa)t

£ = + fa’ the instantaneous frequency

and A is the amplitude initially at £ = fa' Figures 3.5a and b show a

tapered waveform and its spectrum.
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3.4 Structure

The structure chosen for forced vibration and optimum stiffness
estimation studies is a 25-story steel frame office tower. It consists
of a central steel core surrounded by a lightweight exterior steel
frame which supporcs a highly contoured precast concrete panel curtailn
wall, The building core is constructed with braced framing in one
direction and rigid framing In the cother (Figure 3.6). The exterior
frame 1s supported by a reinforced concrete, rigid frame pedestal.
Further aspects of the construction of this building can be found in

Reference 49,

3.5 Measurement

3.5.1 Ambient Tests

Prior to conducting full scale forced vibration tests, the
ambient response of the structure was measured on November 20 (1980).
The objectives of this measurement were first to determine the modal
frequencies for later use in forced vibration tests, and second to
provide a basis from which to make comparisons of the ambient and forced
vibration testing methods. The equipment used was the same as that
employed in the ambient tests described inm the previous chapter.

Five accelerometers were placed on the 2nd, 9th, 17th and 2lst floors
and the roof. The accelerometers were situated near the center of
the building and about 3 hours of data were recorded in each of the
two bending directions. No torsional response was measured.

3.5.2 TForced Vibration Tests

Full scale dynamic tests using the shaker were carried out
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starting June 26 (1981). The instrumentaticn used consisted of the
response measuring equipment utilized in ambient measurements and the
shaker along with its peripheral devices. The latter included a
hydraulic pump to provide the hydraulic power for the actuator, an air
compressor to provide the air supply for the bearings and a specially
constructed vibration control system, The contreol system was based
around an HP 9825A calculator which was used to generate the desired
waveforms and to synchronize the operation with other equipment.

The control system also included a DAC to convert the digital waveforms
to analog form and an MIS 400 servocontroller to control the hydraulic
valve.

Ideally, it would be desirable to locate the shaker near the
building top sco as to avoid placing it near the node points for any of
the modes of interest, This was not possible because adequate floor
space and power connections were not available in this area. Rather,
the shaker was mounted on the 15th floor, which is the mechanical floor
in the building. The shaker assembly was left in place between tests
and was dismantled only after all tests were completed. The rest of
the equipment was set up and removed when required.

Since only five accelerometérs were employed tommeasure the
response, the testing process was carried out in several stages to get
sufficient definition of the mode shapes. The accelerometers were
first placed on the roof and four lower floors and a set of measurements
was made. Next, the accelerometers on the lower floors were moved to
four different floors and the measurements were repeated, The response

from the roof was used as the reference in computing the mode shapes,



which were thus defined by a total of nine coordinate points, Along
with the roof, the 23rd, 2Ist, 19th, 17th, 15th, 12th, 9th and 6th
floors were chosen for response measurement. The accelerometers
were located in a stairwell close to the center of the building for
measuring the bending response and near the edges of the building for
torsional response. The shaker was located at the midpoint of the north
edge on the 15th flcor, Since access to the four sides of the building
was limited, torsional measurements were made only on the roof,
15th and 10th floors. Consequently, proper definition of the torsional
mode shapes could not be obtained.

The orientation of the accelerometers and the line-of-action
of theshakér were selected depending upon the type of response
desired. For measuring bending response in either the braced or the
rigid frame direction, the shaker and the accelerometers were aligned
in the braced or rigid directions respecti;ely. Torsional data was
obtained by locating the accelerometers along the east and west edges
oriented in the rigid frame direction, with the shaker aligned in
the braced frame directicn (Figure 3.7).

The HP 9825A calculator employed to synthesize the waveforms
was programmed so that, for givenlﬁalues of fa’ fb and T, a swept-
sine data block containing 2048 points is calculated according to
Equation (3.2). To avoid large inertial forces that might occur if
the shaker is started or stopped abruptly, two additional harmonic
waveforms, one with frequency fa and the other with frequency fb’ were
synthesized and used together with the swept-sine waveform. The

calculator was instructed teo repeatedly output the lower harmonic
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cycle initially and the upper harmonic cycle after every sweep.
The actual testing procedure consists of the following steps.
(i) With the calculator tramsmitting the lower harmonic
cycle, increase the stroke of the shaker from zero
to the required level,
(i) Issue a command teo the calculator to start the sweep,
(iii) After the sweep is over, the stroke of the shaker,
which is now being driven by a harmonic signal of
frequency fb’ is reduced to zero.
(iv) Issue a second command to the calculator to switch to
the lower harmonic signal.
) Go to step (i) and repeat as many times as needed.
All data blocks were computed with a constant time interval At

between two successive points, given by

At = T/2048

An external clock, which is a part of the integral DAC unit, was
used to pace the transmission of da;a points from the calculator to
the DAC at At intervals,

The input measurement consisted of a displacement signal from
an LVDT attached to the actuator, This signal is proportional to
the displacement of the weight table, The table agceleration can
be computed from this signal if necessary, and used as a measure of

the force produced.
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To facilitate post-processing of the measurements using signal
analyzers, a trigger signal was created iIn DAC with the aid of the
calculator and recorded. This signal was such that it assumed a
qonstantck: value for the duration of the sweep and zero otherwise.

By employing this signal to contxol the triggering, the start of
data acquisition in the apalyzer can be synchronized with the start
cf the recorded sweep.

The seismic mass used on the weight table comprised 32 lead
bricks for a combined mass of about 1760 1lbs. The stroke length
was adjusted for a maximum displacement of about 8 inches in the
low freguency range.

Different ranges of sweeps were used by choosing different
values for fa and fb' All the modal parameters for the higher modes
were estimated from sweep data with fa = (0,1 Hz and fb = 4.9 Hz.
Although this range includes the frequencies of the fundamental modes,
the force generated at low frequencies (f < 0.5 Hz) is so small that
the estimates of the frequency response function in this range are
very poor. For this reason, a separate sweep with fa = 0.05 Hz and
fb = 0,85 Hz was gmployed for measuring the fundamenta% mode response.
The sweep time T was selected as Si.Z seconds for the 0.1 - 4.9 Hz
sweep and 102.4 seconds for the 0.05 - 0.85 Hz sweep. These figures
were chosen to comply with the time taken for a block of data to be
accumulated in the signal analyzer employed to compute H(f).

Each sweep was repeated 5 te 10 times and the data recorded each

time so that ensemble averaging could be used to estimate the spectral

density functioans from which the frequency response function is obtained.
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3.6 Frequency Response and Spectral Estimation

Procedures similar to those given in the previous chapter were
used to compute the autospecrra and the cross-spectra from the ambient
data. The autospectra measured on the roof in the braced and rigid
frame‘directions are shown in Figures 3.8 and 3.9 respectively.

In the case of forced vibration test data, the freguency

response functions are estimated as

H(E) = G (£)/6_ (D) (3.3)

whers ﬁ(f) is the estimate of H{L), @xx(f) is the estimate of the
input power spectral density and axykf} is the estimate of the cross-
gpectral density between the input and the output. The coherence
function between the input and the output, computed accerding to
Equation (2.153), can be utilized as a measure of the accuracy of

-
the estimate H{f),

The bias and variance errors involved in estimating the
frequency response function are discussed in Reference 28, The
variance of the estimate decreases as the coherence approaches unity.
The variance is also reduced by increasing the number of averages
used to calculate H(f}). The bias in the estimate depends on many
factors. An impeortant fact worth noting here is that the presence
of other sources of excitation does not cause any bias in H(f) if the
input due to these sources i1s not correlated with the externally
applied input. Therefore, the modal parameter estimates will not
be influenced by these sources. In contrast, the harmonic or

steady~state testing method emplovs the response directly to
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determine the modal properties. Thus, 1f the external input is not
large enough so that other inputs can be considered negligibly small,
the parameter estimates will be significantly affected. This is an
added advantage in using the frequency response function to determine
the modal parameters.

The computation of H(f) was carried out in an HP 5451B mini-
computer based Fourier analyzer. The Hanning window was employed
to reduce leakage and smooth the spectra. The trigger signal was
used to identify the start of each sweep and trigger the analog-
to-digital conversion of the recorded shaker input and the response
at each point. Time records of 1024 points were employved to compute
512-point frequency domain functions. Number of averages used range
from 5 to 10 depending on the number of measurements made. Values
of the coherence function estimates were close to one near all the
modal frequenciesexééptthe fundamental modes. Since the force levels
near the fundamental frequencies were quite low, the values of
coherence in this region were only about 0.5 - 0.6,

Figures 3.10 - 3.18 show the frequency response functions
computed using 0.1 - 4.9 Hz sweep data in the braced frame direction.
The torsional frequency response fﬁnctions measured onuthe roof
are given in Figures 3.19 - 3.20. It can be seen from Figures 3.19
and 3.20 that the H(f) measured along the east and the west sides
show a 180° phase shift, confirming that the response measured in
either of these locations was indeed predominatnly torsion. A typical
coherence function obtained is given in Figure 3.21. A frequency
response function measured in the 0.05 - 0.85 Hz range and its

associated coherence are illustrated in Figures 3.22a and b.
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3.7 Modal Parameter Estimation

The autcspectra from the ambient data were curve fitted by
the procedure detailed in the preceding chapter. The average values
of frequencies and damping ratios for the first three bending modes
in the braced and rigid frame directious are tabulated in Table 3.1.

The frequency respone functions from the forced vibration
tests were curve fitted using a commercially available software
system, the HP Modal Analysis Package (50), This system fits a
transfer functicn model to the measured H{f) for the estimaticn of
frequencies, damping and complex mode shapes. The complex mode
shapes, which are characterized by a magnitude and phase for each
mode shape coefficient, will be cbtained if the damping matrix [C]
cannot be uncoupled using the modal matrix [9] (51). When this
occurs, all the points in the structure do not move exactly in or
out of phase with each other and no normal modes exist. For the
present application, the real parts of the complex modes were
extracted and normalized to obtain the approximate natural modes,

Careful examination of all the frequency response functions
revealed that only the lowest four modes in bending and torsion
could be identified. High modal density in the upper frequency
region, which included modes other than the primary bending and
torsional modes, and a lack of sufficient number of response
measurements complicated the identification of the higher modes with
any degree of certainty. The parametars for the first four modes

were obtained using a combination of single and multidegree-of-
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Table 3.1. Ambient Test Results
Mode Eraced Frame Rigid Frame Torsion
Nea . Direction Direction
Freq. Danp. Freq. Damp. Freg. dep.
(Hz) (%) (Hz? S (HzJ (%
i 6.43 3.8 0.33 5.5 - -
2 1.34 3.4 i.04 4.% - -
3 2.44 4.9 1.73 4.8 - -
Table 3.2, Forced Vibration Test Results
Mede Eraced Frame Rigid Frame Torsion
No. Direction Direction
Fregq. Dawmp. Freq. Damp. Fregq. Damp.
(Hz) (%) (Hz) (% {(Hz) (z
i g.41 2.7 0.32° 4.2 044 4.3
2 1.30 i.4 0.%98 2.4 i.23 3.5
3 2.3% 3.0 i.68 3.3 2.09 5.5
4 3.37 2.3 2.32 4.7 2.%92 4.9
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freedom curve fitting procedures. Single degree-of-freedom fits

were used for all the fundamental modes and the fourth bending mode
in the braced frame direction. All the other modes were fitted using
multidegree-of-freedom functions, An example of the type of fit
obtained using the software system is given in Figure 3.23 for a
frequency response function measured on the roof,

The f£inal estimates for the frequencies and the damping ratios
obtained by curve fitting are listed in Table 3,2 ., The mode shapes
for bending modes are plotted in Figures 3.24 and 3.25. Torsional
mode shapes are omitted here since only 3 f£loors were used for
torsional response measurement.

Comparison of Tables 3.1 and 3.2 shows that the ambient test
frequencies are higher than the forced vibration test fregquencies.
This is in agreement with the findings of previcus investigations
on highrise buildings (14, 52). The damping values in the ambient
results are also consistently higher., But in this case, the signal-
to~noise ratio in the ambient measurements used to compute the
autospectra was rather low. Therefore, no definite conclusions can
be drawn from the above results. Only the modal parameter values
from the forced vibration tests wefe employed in the identification
of an optimum stiffness matrix for the analytical model of the
building. This identification procedure, carried out to determine
the possible contribution of the exterior curtain wall to the total

stiffness, is described in the next chapter,
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4.0 ESTIMATION OF STIFFNESS

4.1 Introduction

One of the primary reasons for structural dynamic testing is
to validate, modify, update or construct the analytical or finite-
element model of the structure. In most cases an a priori model of
the structure exists. This model, for many complex structures,
usually consists of a set of second order linear differential cquations
in terms of the mass, stiffness and damping parameters (Equation
2,16). But the dynamic behavior of the structure is often better
interpretad in terms of the modal parameters. However, for
several -applications such as the direct integration of the equations
of motion} the system matrices containing the mass, stiffness and
damping constants are required to be known explicitly.,

A number of procedures have been employed in the past to
construct or alter the system matrices utilizing experimental data.
The fundamental motivation for such procedures has been the need for
an analytical model that is capable of simulating the experimentally
observed behavior as clcsely as possible. Some of these procedures
use the modal parameters while others employ the time domain response
directly,

Flannelly and others (532) and Thoren (54) describe schemes

to construct the system matrices from measured modal data without
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making use of an a priori theoretical model. These are applicable
only when the model is restricted to have as many degrees of freedom
as the number of weasured modes, which in turn must be equal to the
number of measurement points. Their usefulness is thus limited for
structures such as highrise buildings whose analytical models are
generally required to possess many more degrees of freedom than the
number of measured modes. Berman and Flannelly (53) used a procedure
that overcomes this problem to some extent. In this procedure, the
analytical model is derived from data for fewer modes than the number
of measurement points, using an initial estimate of the mass matrix.
The resulting "incomplete' model simulates the structural response in
a specific frequency range when all the modes within this range are
included in model construction.

Baruch and others (56, 57) developed a method to determine
an optimum stiffness matrix when the mass matrix is known. This
method requires that the measured mode shapes satisfy the orthogonality
conditions. Caravani and Thomson (58) considered the estimation of
damping assuming that the mass and stiffness matrices are known. This
problem was pursued further by Thomson and others (59). Beliveau (60)
describes a procedure te cbtain the mass, stiffnéss and damping matrices
using the Bayesian estimation technique. Experimentally measured
frequencies, damping and complex mode shapes are used in the estimation
scheme. Ross (61) applied the least squares method to find an optimum

mass matrix,
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Collins and others (62) discuss an estimation procedure to
alter the mass and stiffness matrices. Ibanez (63) outlines a
perturbation method to compute the necessary changes in the mass
and stiffness matrices. Torkamani and Hart (64) split the total

stiffnegs of the structure intc those due to different components.

] (4.1

where [K i]is the stiffness due to the ith component, Gi is a

scalar parameter and NC is the number of components. The values of
Bi (which are all equal to one in the a priori model) are adjusted to
produce the best possible match with experimental results. Recently,
Chen and Garba (65) proposed another method to identify the mass

and stiffness matrix coefficients.

Numerous other investigators have studied the dynamic behavior
of structural systems under various conditions by applying system
identification and parameter estimation techniques. An extensive
survey of the work dome in this area can be found in the articles by
Young and On (66), Collins and others (67), Hart and Yao (68) and
Ibanez (69).

The purpose of the present chapter is to describe the procedures
employed to estimate the stiffness due to the exterior cladding for
the 25-story building with heavyweight c¢ladding which was used in

forced vibration tests. An a priori finite-element model of this
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building has recently been developed and used in analytical cladding-
structure interaction studies (10, 49). It was found in these
studies that the analytical frequencies increased by substantial
amounts, particularly for torsional modes, when the cladding
stiffness was added. The influence of cladding is explored further
here by utilizing both the a priori model and the experimental results
from forced vibration tests. Starting from the initial model, an
improved model is arrived at so that the modal parameters of the
improved model are closer to the experimental values than the
parameters of the original model. The contribution of cladding to the
total stiffness is determined in the process,

Since the major cobjective was to investigate the stiffness
effects of cladding as a lateral force resisting system, the procedures
described below do not make any attempt to alter the mass matrix
of the original model, Furthermore, the damping effects are not
considered. Only the frequencies and the normal mode shapes measured
in experiments are employed to modify the a priori stiffness matrix.

The process of revising the stiffness matrix, to make the
model conform with the experimental results, can be carried out
using any of the several techniques discussed in the references
given above. For highrise building models with many degrees of freedom,
methods that alter the individual elements of the stiffness matrix
directly may involve large, and at times prohibitive, amount of
computational effort. The technique that may be preferable in

such cases is to decompose the structural stiffness matrix into
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components due to various structural subsystems. A structural or
stiffness parameter is associated with each of the component
stiffness matrices. The total stiffness is obtained using Equation
(4,1). This particular approach of menipulating the stiffness
matrix by decomposition and the subsequent sstimation of the
stiffness parameters offers the advantage of being able to handle
large systems with relative ease, However, rhis rtechnique is less
powerrul than others that modify the coeificients of the stiffness
matrix directly, which, for this very reascn, can be expected to
give better rasults and produce closer matches.

In the current study, the above technique has a distinct
advantage since the role of cladding can be determined by estimating
the parameter Bi associated with the approximate cladding stiffness
matrix develcoped in the a priori model. Therefore, this technique
is adopted and the stiffness matrix is decomposed to explicitly
represent the effects of various components including the curtain

wall.

4.2 The A Priori Model

The construction details and features of the prior analytical
model for the building employed are given in Reference 49. The mass
of the structure was lumped at each floor level giving rise to a
diagonal mass matrix. The stiffness matrix was assembled from
independently developed stiffnesses for three different parts,
namely the primary core, the exterior frame that supports the
cladding panels and the cladding. The model consists of three

degrees of freedom per floor (bending in the braced and rigid frame



7 139

directions and torsion). The cladding stiffness matrix was
developed in terms of an interstory shear stiffness parameter that
quantifies the stiffness effects of cladding and its connection
elements on each face between floors. The initial value for this
parameter was determined by the least squares method on a trial and
error basis, employing preliminary ambient test results. This value

wag found to be 625 Kips/inch.

4.3 The Estimation Methods

The stiffness parameters for the three components, wviz. the
core, the frame and the cladding, are estimated using a weighted
least sguares approach. Ihe weilghting matrix is selected by
congidering the un;ertainties in the meazsurements as well as the
prior values of the parameters. The estimates are also obtained by
the usuidl ordinary least squares, maximum likelihood and maximum
posterioridensity methods, The results from these three procedures,
are compared with the results of the weighted least squares method.
A concise review of the three standard estimation procedures will
now be presented followed by a desqfiption of the weighred least
squares method used.

4,3,1 Ordinary Least Scuares (0OLS) Estimation

The ceost function for the QLS method is given by Equatiom
(2.32). Experimental values {Yi} correspond to the measured frequencies
and mode shape coefficients and {Fi(e)} correspond to the analytical

eigenparameters obtained by solving the eigenvalue problem for given



values cof theparameters {8}. The summation index i in this case
refers to the different dependent variables rather than different
experiments as for the single equation least squares problem. The
OLS procedure does not take into account any informaticn regarding
the distribution of the data or the confidence in the prior values
of {6} ; the measurement and the modeling errors are completely
ignored.

4.3,2 Maximum Likelihood {ML) Estimation

The ML estimates are obtained by maximizing rthe likelihood
function L(8). If P(Y/8) denotes the prebability density function of

the observations for given {8},

L(e) = P(¥/8) (4.2)

where {5} is considered variable. When the errcrs in the measurement
are normally distributed with zero mean and a covariance matrix

[Vy]’ the logarithm of the likelihood function can be expressed as (34)

niL(] =

{e} (4.3)
where r is the number of dependent variables, ]Vyﬁ is the determinant
of [Vyl and {e; is the r x 1 error vector. Maximizing L(8) reduces

to minimizing Y, where
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b= e} w17 e (4.4

when [Vy] is completely kmown. Thus, the maximum likelihood method
with the above assumptions is equivalent to weighted least squares
estimation where the weighting matrix is taken as the inverse of
the covariance matrixz. If [VV] is not completely known, an objective
function that is different from Equation (4.4) can be used. The
form of this function will depend on the amount of knowledge of the
covariance (34); that is, it depends on the degree to which [Vy] is
known.

The ML procedure considers the measurement errors in estimation
but does not treat the parameters to be estimated as random variables,
Although the ML estimates do not possess optimal statistical

properties, they are usually satisfactory.

4,3,3 Maximum Posterior Densitv (MPD) or Bavesian Fsrimarion

If a prior density function Pb(e) can be assigned to the
parameters, the posterior density function Pa(SfY) can be written,

using Bayes' theorem, as

P /8) Pb(e) ) L{9) Pb(a)
P(Y) TP

Pa(G/Y) = {(4.5)

where

P(Y) = j P(Y/6) P_(5) db
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The process in which the parameters are estimated by maximizing the
posterior density function is known as the maximum posterior density
method. If both P{(Y/8) and ?b(e) are normally distributed, maximizing

Pa(S/Y) is the same as minimizing the following function (34):

b= e}t [vy]*l{e} + {8 - u}Tzve]‘l {6 - u)

(4.6)

where {u} and [Vg] are the mean and covariance of the prior
distribution of {8},

The MPD method includes the effects of uncertainty in thedata
and the model., It is even applicable to some cases where it is not
feasible to use least squares or wmaximum likelihood method.

4.3,4 Weighted Least Squares (WLS) Estimation

In WLS estimation, the objective function Y takes the form
T
y = {e} W] {e} (4.7)

where [W] is the weighting matrix. The OLS method is a special case
of the WLS procedure with [W]equal to the identity matrix. Also,
ML estimation with normally distriﬁuted errors and kno%n covariance
is equivalent to assuming [W] = [Vy]-l. But these are by no means
the only types of weighting possible. In the present study, the
weighting matrix is taken as the inverse of the error covariance

V ] computed by treating both {Y} and {F(8)} as random. Under the
[Ve] y

assumption that the experimental values Yi and the analytical values
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Fi(G) are uncorrelated, it is easy to show that
cov [eiej] = cov | iin] + cov [F (6) Fj(e)] (4.8)

in which cov [xixj] denotes the covariance of two random variables

X and Xj. In matrix form,

[Ve] = [Vy] + [v.] (4.9)

F

where
Var (el) Cov[elez] . -cov[eler]
[Ve] _ cov[ezel] Var(ez)
cov[erel] e e e . Var(er)
- -
and
— -—
Var (F,(0)) Cov [Fl(B)Fz(G)] * * Cov [Fl(e)Fr(G)j
[VF] = Cov[Fz(e)Fl(eﬂ Varng(G)) -M- .
Cov[Fr(e)Fl(Bﬂ e e e Var(Fr(B))
- .

The matrix [VF] is evaluated using the prior covariance matrix of the

parameters [Ve].
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_ -
var(8) Cov(0,0,] - . . COV[@lGJ
Cove 61 . . . . . Var(ep)

L -

The procedures for computing the elements cov [Fi(e)Fj(B)]
using [VG] are well established (70-72). These procedures are
based on the small perturbation assumption that the analytical
values can be expressed as

8
IF, (5)

F.(0) = F,(3) + E —_
i i k=1 aek

tey = 3y O~ &) (410

where {8} is the mean of the distribution of{s} . From the above

equation,
E[F,(9)] = Fi(é)
and
P P 9F.(9) aF, (8)
- (6,9,
Cov [E.(8) F.(8)] =10 J 1 ] LA )
i 3 k=1 0=1 Bek 3\92 {8} = {86}
where E[ ] denotes expectation., (Cast in the matrix form,
{E [F(&)]} = {F(8)} = {F(®)} (4.11a)

and
T
V1= [ 11V R (4.11b)
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where

o, w, G
EEN ®, &,
aF —
& " :
BF, oF
= e —5
P P
- .

in which the dependence on {0} is omitted for convenience.
. “oF
The matrix E)‘O:l consists of the derivatives of the modal

parameters with respect to the stiffness parameters. In the case of

of .
frequencies, the derivative Eéi is given by
i
af, df5 8A3 1 BAi
= ( = ( } (4.12)
aej dli S 4WJ7XI BBj

where Ai is the analytical eigenvalue, expressed as

2 2
li = w, = (27 fi)

Therefore, in order to compute E&i, the eigenvalue derivative
9A, 3.
i

?ﬁ?i and the eigenvector derivatives Lﬁ@’} must be evaluated. Several
P .

investigators have dealt with the problem of obtaining the eigenpara-

meter derivatives (72-76), These derivatives are acquired as follows.

The eigenvalue problem to be solved can be written as

K] {¢i} = A, Mo, (4.13)
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Differentiating Equation (4.13) with respect to ej,

[K’j]{¢i} + [K]{¢i,j} = ), .[M]{¢i} + Ai[M’j1{¢i}

1]

+ Ai[MJ{¢i j} : (4.14)

3

where [K j] represents the matrix of the derivatives of the stiffness
H

elements with respect to Bj and so on. Multiplying Equation (&.14)

by {ﬁi}T and recognizing that [M] and [K] are symmetric, the above

equation reduces to

T _ T T
(o, IR Togd = 2y {o, 3 i to ) + 0 (o e 100,

where Equation (4.13) has been used, Therefore

{fbi}T[[K’j] - Ai[M’jﬂ {cpi}
b (6,1 00 {63

(4.15)

Rearranging Equation (4.14)

EK] - Ai[M}{q)i’j} =[Ai’j M] + Ai[M’j] -[K’j]] (o5} (4.16)

Since the matrix E K] - Ai[Mi] is of rank (n-1), Equation
(4.16) cannot be directly solved for {¢i j}' If one of the elements
]
of {¢i j} is fixed, the other elements can be determined by deleting

the corresponding equation from Equation (4.16). It is obvious from
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Equations (4.15) and (4.16) that to evaluate the derivatives of an
eigenpair, only that pair is needed and Equation (4.13) need not be
solved completely for all the eigenvalues and eigenvectors.

Another method to determine the eigenvector derivatives
utilizes the representation of {¢i,j} as a linear combination of the
n independent eigenvectors which span the n-dimensional space. This
method requires all the eigenvectors though it is possible to
truncate the sum of the eigenvector contributions in some cases and
obtain an approximaticon for {¢i,j}' However, it does not involve
the solution of a set of simultaneous equations. Details of this
procedure can be found in the references cited above. In the current
procedure, Equations (4.,13) and (4.16) are emploved to obtain the
required derivatives.

Once the eigenparameter derivatives are known, [VF] can be

evaluated using Equation (4.11). The weighting matrix [W] is computed

as

W] = [Ve] = [v. +v. (4.17)

The amount of computational effort involved can be greatly reduced

if the off-diagonal terms in [W] are neglected. For this case,

F\ ]
1

Wl = Var(Yi) + Var(Fi) (4.18)

. ™~

Equation (4.18) defines the weighting matrix used here. This




- 148

procedure can be wiewed as one in which the weights are chosen based
on the confidence in the measured as well as the analytical values of

the dependent wvariables.

4.4 The Minimization Algorithm

The objective functions in all four estimation procedures
described in the previcus section were minimized by the inverse rank
one correction (IROC) method. This method involves replacing the
Hessian [3] with an approximation that is updated every iteration.

4 discussion of this method and a derivation are given in Appendix A.
The improved estimates for the parameters {9k+l} are calculated from
the old wvalues {ek]'using Equation (A.11) in the Appendix, The
approximation [Ak} to the Hessian is updated by adding a correction
[AAkl computed according to Equation (A.10). The series of matrices
[Ak] thus generated converges to the Hessian evaluated at the minimum
as {6} converges to {6* }. The Hessian at the minimum is therefore
generated along with the minimum itself.

Each iteration in the algorithm involves solving an eigenvalue
preblem of order n. Only the first few eigenvalues and eigenvectors
corresponding to the experimentaliy measured frequencies and mode
shapes are needed to evaluate the objective function and its derivatives
with respect to {8} . 1In addition, the computation of the eigenvector
derivative employing Equation (4,16) requires the solution of a set of
simultaneous equations which, if it is assumed that one of the

equations has been deleted, is of order (n-1). In the present case,
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the eigenvectors and the measured mode shapes were normalized so that
the coefficient of the degree of freedom corresponding to the roof
was set equal to one. Hence, the mode shape derivatives were
calculated with respect to the roof response by excluding the
equation for the roof coordinate., The actual solution was carried
out by replacing the off-diagonal elements of the row and the coiumn
corresponding to the roof with zeros and solving the system of n
equations.

The weighted least squares method requires the evaluation of
the analytical covariance[VF]. But feor this additional computation
in WLS estimation, all four methods require approximately the same
amount of computations with a major part of the effort being spent
on the function and the gradient evaluations. Therefore, in the
discussion to follow, these methods will be compared on the basis
of the number of function and gradient evaluations necessary for
convergence and not the number of iteratioms.

The termination criterion adopted to stop the algorithm after
the minimum has been approximately located is that given in Equation
(2.45d). The computations weré téiminated if the values of the objectivé
function in two successive iterations differed by less than 0.5

percent by choosing ¢ = 0.005.

4.5 Application and Results

The prior analytical model of the subject highrise building
consists of a coupled 63 x 63 stiffness matrix assembled using

independent component stiffness matrices belonging to the core, the
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exterior frame and the cladding, The stiffness matrix for each of
these components is assemblied, in turn, using three stiffness matrices
corresponding to the respone in the three directions, namely
bending in braced and rigid frame directions and torsion.

In the following procedure, it is assumed that the response
of the structure in any direction is independent of the response in
the other directions and the coupling effects in the sfiffness
matrix are ignored. Uncoupling the stiffness matrix allows
decomposition of the original problem into three smaller problems,
one for each of the three directions. The order of the system to be
solved is now reduced from 63 to 21, but the complete solution is
obtained by solving three 21 x 21 systems (The 2] coordinates
correspond to the ﬁopmost 21 floors. The lower floors were considered
laterally supported at the floor levels due to the stiff concrete
pedestal at the hase of the building.) Dealing with the reduced systems
instead of the original coupled system offers the following
advantages.

(i) The treatment of three 21 x 21 systems is more economical
in terms of computer time and storage than the treatment
of the coupled 63 x 63 system.

(ii) By introducing three parameters for the core, the frame,
and the cladding in each direction, a total of nine
parameters can be estimated, The match between the
experimental and the anlaytical frequencies and mode

shapes using these 9 parameters is likely to be better
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than the match that would be obtained with only

3 parameters associated with the coupled component

stiffness matrices.
Whereas the frame and the cladding have the same stiffness in both
the bending directions, the core does not. This is due to the fact
that the core is not symmetric and consists of both rigid and braced
frame components.

The uncoupled stiffness matrices in the three directions

can be written as

3
[K ] =j£l 0, [R], »i=1,2,3 (4.19)

where ij=1 corresponds to the core

j=12 corresponds to the exterior frame

j=3 corresponds to the cladding

i=1 corresponds to bending in braced frame direction

i=2 correspends to bending in rigid frame direction

i=23 corresponds to torsion

(K i]= total stiffness in the ith direction

(K ij]= stiffness of the jth component in the ith direci”
and eij = . parameter associated with [K]ij

The equations of motion to be solved are

[#] i{§}i +[K]i{x}i =0, 1i=1,2,3 (4.20)

where {x}i = the response vector in the ith direction and [ﬁ]i = the

diagonal 21 x 21 mass matrix for the ith directional response.
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For estimating the parameters in the two bending directions,
the first four frequencies and the first three mode shapes measured
in forced vibration tests were considered. The fourth bending mode
shapes were not deemed accurate enough to be included here because
the convergence of the curve fitting program employed to fit the
measured transfer functions was relatively poor in this region. In
torsion, only the first four frequencies were used and no mode shapes
were considered due te the lack of a sufficient number of response
locations to define these adequately.

The analytical values for the modal parameters as predicted
by the uncoupled a priori model, which were virtually the same as
those predicted by the original coupled model, are compared with the
experimental values in Tables 4.1 and 4.2. The a priori model is the
one in which all eij equal unity. Table 4.1 lists the computed and
the measured frequencies., The mode shape coefficients are tabulated
in Table 4.2 and the analytical shapes are compared with the
experimental mode shapes in Figures 4.1 and 4.2, Also listed in
Tables 4.1 and 4.2 are the values of the sum of the squares of the
errors {(SS5Q), which is a measure of the deviation of the predicted
values from the oﬁserved values and which forms the objective function
in OLS estimation.

From Table 4.1 it 1is observed that the frequencies in the
braced frame direction are the closest to the experimental values
(S5Q = 0,0108) while the frequencies in torsion show the greatest

deviation (8SQ = 0,0322). The analytical frequencies in braced frame
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Iable 4.1. Compariscon of Experimental and A Priori Analytical
Frequencies
Dir. | Braced Frame | Rigid Frame Torsion
Mode Exp. Anal. Exp. Anal. Exp. anal.
No.
1 4.44 8.4402 g.32 0.34% 8. 44 f.408
2 1.38 1.263 4.%4 j.%%% 1.23 1.174
3 2.3% 2,349 i.&86 1.778 2.09 2.000
4 3.37 3.273 2.32 2.366 2.92 2.774
-4 -4 -1
55Q 0.4108 X 10 0.17% X 18 0.322 X 10




Table 4.2,

Comparison of Experimental and A Priori Analytical Mode Shapes

Braced Frame Direction

Rigid Frame Direction

Flaoer
No . Mode No. Mode No.
2 3 i 2 3
xp . Anal .} Exp. Anal. | Exp. Anal .| Exp. Anal.§ Exp. Anal.] Exp. Anal.
Raaof 1.0ﬁ 1.001 £.00 41.00)1.00 s1.00f £.00 4.00) 1.00 4L£.60] 1.00 4.00
23 h.94 0.923 0.68 0.69) 0.27 0.304 0.96 0.9%] 0.7% 0.69] 0.42 0.1%
21 0.87 0.85 0.33 0.301-0.46 0. 474 0.1 6.87)] 0.39 0.27{-0.34 ~0.47
19 .75 0.7461~0.06 -0 44 1-0.92 0. 973 0.806 0.78)-0.04 ~0.4%]-0.86 -1.00
17 0.66 0.671-0.41 ~0.47 |-0.87 ~0.9810.70 0.67]-0.43 ~0.52]-0.96 ~0.76
is - 0.56.“0.&5 -0.73F0.%4 -0.4530.70 0.56])-0.8% ~0.72]-0.57 ~0.47
12 - 0.4%E-0.75% ~0.80 10.268 0.34 1 0.53 0.4%)-0.80 -0.74] 0.29 0.%2
Y .31 0.28]-0.488 ~0.49 1 0.8 .25 §0.33 0.281-0.469 ~0.%%] £.03 1.04
& 0.44 0.43|~0.4% ~-0.37 | 1.01 L. 02¢0.47 0.134-0.40 ~0.347 0.84 0.72
HEQ
(4 Freq. §.497 0.5%0
+3 Mode
Shapes)

Z

He1
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bending and torsion are lower than the measured values. On the other
hand, the analytical rigid frame bending frequencies are higher than
the experimental frequencies. When the mode shapes are included, it
is again seen that the parameters in the braced frame direction are
closer (S5Q = 0,197) than in the rigid frame direction (55Q = 0.590),
In both the directions, the deflections in the experimentally
determined fundamental mode shape are higher than in the analytical
shape in general. For higher modes, the measured shapes possess
nodal points that are closer to the base.

In most cases, the experimental frequencies are much more
accurate than the experimental mode shapes. Accordingly, the
coefficients of wvariation for all the frequencies were taken as
0.002 (0.2% standard deviation) while the values for the mode shapes
were taken as 0.05, 0.10 and 0.15 for the first, second and third
modes respectively (5, 10 and 15% standard deviation). These values
were chosen after examining the modal parameter estimates from
different response locations in the building. The diagonal
measurement covariance matrix [Vy] was constructed using the above
values of standard deviation for the modal parameters,

The matrix [VF] employed in WLS estimation will be a true
representation of the analytical covariance of the modal parameters
only for small values of standard deviations for eij. This is due
to the first order approximations of the eigenparameters employed
in deriving expressions for the covariance. The values assumed here

in both WLS and MPD estimation are the following;
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G(Gil), the standard deviation for the core parameter = 0.03
0(912), the standard deviation for the exterior frame parameter = 0.l°

G(6i3), the standard deviation for the cladding parameter = 0.05

The diagonal prior covariance {Ve] was computed using these values.
The approximate posterior covariance [V  ]for the optimum
0

*
parameters {0 } can be computed by making use of the general expression

given in Reference 34.

2 2 T -1
. *#.-1 19 RV *
V1= 15 [——MJ v, ] %BJ [s"] (4.21)
where
80 oY/, . o0, aY,
1] 1]

* &
and [S ] is the Hessian evaluated at the optimum estimate {67}, TFor

objective functions of the form considered here,

[ a_"‘_uf_]: _ 2[£] .
a8
303y

In OLS estimation, [W] = [I], the identity matrix and

* . N
[Ve*] = 4 57 (—3%) v, ] (%g) [s"] (4.22)
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For ML estimation, [W] = [Vy] -1 and Equation (4.21) reduces to

T

. * -1 % -1
[Ve*] = 418 ) ! (%%) [Vy} (%g) [S*] (4.23)

If the errors are assumed to be small, it can be shown that (34)
(v .1 = 2i8] (&4.24)

Equation (4.23) alsc holds good for MPD estimation. For the WLS

procedure, [W] = [Ve ]"1 and

* -1 ) % |T
st Y [ | -1 f S
ANEEEE (88) v vl (ae)
{(4.25)

Equations (4.22), (4.23), (4.24) and (4.25) can be used to compute
the covariance in the four different procedures. When the IROC method
is employed to minimize the objective function, the final updated
matrix [A*] , which is an approximation teo the Hessian at {6*} can be
substituted for [S*] in the above equations. However, in this study,
no attempts are made to evaluate the performance pf the metheds usirg
the posterior covariance. Consequently, the values of [V *] are
excluded from the results reported below. °

The IROC minimization algorithm was first applied to a
simulated case in which the measured modal parameters were taken as
= 0.85, &

the values corresponding to € 5 = 0.95 and 813 = (,90,

11 1

The parameters for this test case were then estimated using the
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OLS procedure with initial values of (1, 1, 1). The results obtained
are summarized in Table 4.3. When only the first four frequencies
are used, the estimates are (0.846, 0.960, 0.916). The inclusion of
the first three mode shapes results in (0.845, 0.959, 0.916), which
is very close to the values obtained with only the frequencies. The
two sets of estimates are close because the mode shapes corresponding
to the initial estimates are very close to the exact mode shapes.
This is evident from the values of S5Q, which increases from
0.,9103 x lel when only the frequencies are comnsidered to 0.9111 x 10_1
when the mode shapes are alsc included.

In several other test cases it was observed that the farther
rhe "grue'" values were from the initial estimates (1, 1, 1), the better
the estimates becéme when mode shapes were included. This is due to
larger differences between the exact and the intial mode shapes. In
SOME cases the final estimates were considerably different from the
true values when only the frequencies were considered. This is
a direct consequence of the fact that, when the total stiffness of
the structure is modeled as in Eguation 4,1, the frequencies are much
more sensitive than the mode shapes to changes in {8} and several
combinations of tﬁe parameters COuid produce approximately the same
frequencies. Thus the estimates obtained are not unique. Even when
the mode shapes are included, the final estimates depend on the
starting values to some extent., But if the minimum is sufficiently
close to the starting values, the final estimate is a good approximation

of the minimum. This implies that if the measured mode shapes are



Table 4,3,

Results for the Test Case with 611 = 0.85, 612 = 0.95, 913 = (.90

Parameters 850 No. of Function
antd Gradient
Core| Frame |Fladding Initial | Final Evaluations
, 0.9403 X1 0.708 X
4 Freg.| 0.845 ] 0.9601) 0.914 -4 =& i0
Only 10 i
4 Freq. N.9444 X1 0.198 X
+3 Mode | B.845 ) 0.9%9 | 0.919 -1 —4 i
i0 i

Shapes

09T &L
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sufficiently close to the initial mode shapes corresponding to the
initial estimates, good approximations to the minimum will be
obtained.

In the rest of this chapter, the estimates of stiffness
parameters for different components in different directions
determined using various estimation schemes are examined., In all
cases, no constraints were imposed on the parameters, |

4.5.1 Braced Frame Direction

Table 4.4 lists the results of OLS estimation emploved to
determine the parameters for bending in the braced frame direction.
The value of SSQ decreases from 0.108 x 10_1 at the initial estimate
(1, 1, 1) to 0.33 x 1072 at the final estimate, for a reduction of
about 69%, when the frequencies alone are considered. Inclusion of
mode shapes causes SSQ to decrease from 0.197 to 0.191, a reduction
of only 3%, Examination of the measured and the initial mode shapes
reveals that the initial estimate (1, 1, 1) yields mode shapes that
are quite close to the experimental values and, as a result, no
significant improvement is achieved by including the mode shapes.

It is also observed from this table that the third natural frequency,
which was approximately equal to the experimental value initially
(2.35 Hz), has undergone considerable change after estimation and
is no longer a good approximation of the experimental value. This
makes it clear that the improvement in the match between the measured
and the model values due to the parameter estimation procedures is

only in an overall sense and not for any specific parameter,



Table 4,4.

OLS Estimates for Bending in Braced Frame Direction

Fred. 4 Freg.+ 3 Mode Shapes
Only Freq. Mode bhapes
(Hz) (Hz) Floor No.
Roof 23 21 19 17 19 12 9 &
i .44 1 0,414 L. 00 0.93 B8 .BS 0.75 0D.&§7 8.5 0.4% 0.28 0.13
2 1. 294 4.304 1i.00 0.69 0.30 ~0.44 ~0.47 ~0.73 ~0.80 ~0.69 -0.38
Mode - . .
Mo . X 24902l P 419 [4.00 0.30 ~0.47 -0.97 -0.98 ~0.46 0.34 1.26 1.02
4 3.347) 3 .371%
Core { 1.051 1.064
Param—|Frame| 0.995 1.041%
eters _
Clad-] 1.034 1,041
ding
0n.330
650 - 0. .4191
X140
Nn.o} Functfd N
and Grad. ' &

Evaluations

291 =L
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The estimates from the ML, MPD and WLS procedures are tabulated
in Tables 4.5 - 4.7. Except for the exterior frame stiffness parameter,
the results are almost identical for the three procedures when only
the frequencies are used. Taking the mode shapes into account does
not appreciably alter the parameters in ML and MPD estimation methods.
The WLS procedure produces slightly different values, however. The
value of $SQ is the same in all three procedures (0.189). The core
stiffness parameter assumes approximately the same value in all
three procedures with or without the mode shapes included,

4.5.2 Rigid Frame Direction

Fstimation of the stiffness parameters in the rigid frame
direction yields the results given in Tables 4.8 - 4.11. With only
the frequencies included, S3Q is reduced from an initial wvalue of
0.179 x 1070 to 0.472 x 1072 in OLS, 0.537 x 1072 in WLS, 0.553 x 1072
in ML and 0.662 x 10—2 in MPD estimation, for reductions of 74, 70,

69 and 63 percent respectively. As in the braced frame direction,

the ML and MPD estimates remain relatively unaffected compared to the
OLS and WLS estimates when the first three mode shapes are included.
The ordinary and weighted least squares procedures produce about 70
percent change in the parameters from thé initial value; of (1, 1, 1).
For this reason, the match obtained in these procedures is far

better than that obtained in ML or MPD estimation. The reduction in
§8Q is about 82 - 83% (from 0.590 to 0.102 in OLS and 0.106 in WLS)
for the least squares procedures as opposed to a reduction of only

3% (from 0.59 to 0.57) in ML and MPD estimation. Among the two

least squares methods, the WLS procedure converges after 15 function



Table 4,5.

MI. Estimates for Bending in Braced Frame Direction

Freq. 4 Freq.+ 3 Mode Shapes
Only Freq. Mode Shapes
(H1) (Hz) Floor Mo.
Raot 23 24, iy iv7 15 2 i 6
_ : | ‘
i 0.40901 0.409 V4.00 0.93 0.85 0.76 0.6 0.8 0.45 0.28 0.13
P 1.285% 1 £.268S [1.00 D.&%Y 0.30 -0.4% ~0.47 ~0.73 ~0.80 ~0. 4% 0,38
Hode :
Mo . 3 DRl 2. 394 |1.00 0,30 ~0.47 ~0.97 <0.97 ~0.4% 0.34 1.2&6 1.02
4 3.332 1 3.332
. },_— -
LCore [1.042 i.042
Paran- |Frama|0.959 G6.9%Y
eters
Clad-11.022 i.023
ding
0.334
S50 -3 0.4189
X1
No.of Fdarct.
and Grad. i0 10

Fvaluations

9971~



Table 4.6, MPD Estimates for Bending in Braced Frame Direction

Freg. 4 Freq.+ 3 Mode Bhapes
nly Fregq. Mode Ghapes
(Hz) (Hz) Floor No.
Roof 23 2 19 i7 19 iz 'Y &
i 0.409 ) 0.409 11.040 .93 0.85 0.74 0.6 0.%% 0.4% 0.28 0.13
2 1.285] 1.28% ]1.00 0.69 0.30 ~0.14 ~-0.47 ~0.73% -0.84 ~0.4% -0.38
Mode
. No. 3 2.391 ] 2.394 1.00 ¢.30 -0.47 ~-0.97 -0.97 ~-0.4% 0.34 1.2 1.62
4 3.332) 3.332
Core 14 .04% 1.043
Faram—|Frame| . 249 0. 748
eters
GClad-]1.023 1.024
ding
{.334
860 -p 0.18%
X410
No.of Funct.
and brad. 140 10
Evaluations

co1 I




Table 4.7. WLS Estimates for Bending in Braced Frame Direction

Freq. 4 Fregq. .+ 3 Mode Shapen
Only Freq. Mode Shapes
(Hz) {(Hz) Flaor Mo.
Roof 23 a1 i 17 1% ip by &
i 0.40% R0.411 J4.00 0.93 0.8% 0.76 0.67 0.% 0.4% 0.28 .13
2 i2as b1.290 14.00 0.49 0.30 -0.11 ~0.47 ~0.73 -0 .80 ~-0.69 ~0.38
Mode .
No . 3 2. 392 02,399 (4.00 0.30 -0.47 -0.97 -0.98 ~0.46 0.33 1.268 1.0&2
4 3.333 13.343
Core [1.043 1.043
Parawm~|Framne 0. 263 8.940
eters
Clad-14.023 1059
ding
§.332
& (3 -2 0.189
X140 °
o .of Funct.
and Grad. it 9
Evaluations

91—




Table 4,8.

OLS Estimates for Bending in Rigid Frame Direction

Freq. - 4 Fregq.t 3 Mode Shapes
Only Freq. Mode Shapes
(Hz) {Hz) Floor No.
Roof 23 2y 19 17 15 {2 @ &
i 0.333 10.334 (1£.00 Q.97 0.92 0.85% 0.76 0.85 0.%4 0.3% 0.416
2 0.243 J 0.9%7% 1. 00 0.77 0.44 ~0.01 ~0.42 ~0.74 ~0.84 ~0.74 -0 39
Mode
No. 3 1.720 [1.665 |1.00 0.39 ~0.39 ~-0.9% ~1.02 ~-0.%% 0.3% .24 4.97
4 2.290 | 2.3064
Core |0.923 1.338
Param—| Framel 1.026 1.7277
e2lters
Clacd-]10.%944 1.7%¢
ding
f).A72
566 -2 0.402
X1i0
No.of Fuact.
and Grad. 4 vV

Evaluations

L9171



Table 4.9,

ML Estimates for Bending in Rigid Frame Direction

Freqgq. 4 Freqg.+ 3 Mode Shapes
Only Freq. Mode Shapes
(Hi) (Hz) Floor No.
Roof 23 21 19 17 15 i2 LY &
i 0.32% [0.327 [1.00 0.%% 0.87 ¢.78 0.87 0.%6 ¢.45 0. .28 0.13
a 0.949 {0.9449 |4.00 0.6%9 0.2% -0.46 ~0.52 ~-0.72 ~0.79 ~0.460 ~0. .34
Mode ,
No . 3 1.69% J1.687% 14.80 0.16 -0.67 ~-1.00 -0.77 ~0.48 0.%2 1.04 0. 72
] 2.2%4 12.24% {
Core | 0.962 0. 894
Paran—|Framel (1 .948 0.923v
eters
Clad-10.9414 0.90%
ding
0.5%%
850 - 0n.570
X{40
No.of Funct.
and Grad. G |

Evaluations

90T 4L



Table 4.10.

MPD Estimates for Bending in Rigid Frame Direction

Freg. 4 Freg.+ 3 Mode 8Shapes
Only Freq. Mode Ghapes
(Hz) {Hz) Floor No.
Raof 23 o1 19 17 is i@ ? &
i G.327 10,327 114.00 0.9% 0.87 0.78 0.47 0.%& 0.45% 0.28 0.13
e D.944 [0.94% |1.00 0.6% 8.2% -0.16 ~0.52 ~0.72 ~0.7% ~0.60 ~f. 31
Mode ,
No . A 1.687 [141.887 (2.00 0.486 -0.67 ~4.00 ~0.77 -0.48 0.%2 1.04 0.72
4 2.24% 12.246
Core | 0.89% 0.894
Param-|Frame| (.238 }.9239
atersg
Clad-]10.903 g.90%
ding
0.642 )
850 - 1.%949
X110
No.aef Funcrt.
and Grad. e} g

Fvaluations

69T =i



Table 4.11.

WLS Estimates for Bending in Rigid Frame Direction

Freg. 4 Freq.+ 3 Mode Shapes
Onty Freq. Mode Shapes
{Hz) (Hz) Floor No.
Roof 23 21 19 17 159 2 % &
1 0.329 ] 0.327 141.00 0.97 0.92 0.8% 0.7 0.4 0.5 0.34 0.47
& 0.92%0 .99 [1.00 0.78 0.42 0.00 ~Q.41 -0 .70 -0.81 ~-0.%32 0. .40
Mode
Nao. 3 1.697 J1.648 [1.00 0. 40 -0 .37 ~0.949 -1 .02 -0.%% §.33 i.24 41.80
4 2.2598 (| 2.277
Core J]0.904 f.323
Param—- Frame|0.952 0.890
eters
Clad-10.91% 1.8%0
ding
0.537
G480 = 0.406
Xi0
Nao.of Funct.
and Brad. ' )

Fvaluations

0412
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and gradient evaluations which is more than twice the number required
for the OLS method.

4.5.3 Torsion

The results of the various estimation techniques for the
torsional response of the building are listed in Tables 4.12 - 4.15,
The decrease in 8S5Q is the highest for the OLS method, from 0.322 x 10—1
to 0.468 x 10_3 or about 997%, which indicates an excellent match. The

reduction in the other methods is about 87 - 88%.

4.5.4 Comparison

It is seen from Tables 4.4 - 4.15 that, in most cases, the
OLS method requires the lowest number of function and gradient
evaluations and also procudes the best match by yielding the jowest
value for S5Q, The different estimation methods do not yield
significantly different values in the braced frame direction as in the
rigid frame direction when mode shapes are included. This is maiunly
due to the remarkable agreement between the experimental and the prior
analytical braced frame mode shapes. All four methods converge to
values that do not differ much from the initial estimates (less than
7 percent change in all eij)' )

The large changes for the pérameters given by the OLS and WLS
methods in the rigid frame direction would normally be considered
unacceptable; These changes are mainly attributable to the considerable
difference between the measured and the prior analytical rigid frame
mode shapes, Due to the relative insensitivity of the mode shapes
to changés in {8}, the measured and the analytical mode shapes can
be reconciled only by producing large changes in the parameters. This

is easily accomplished in the OLS procedure since it does not impose



Table 4.12.

J— 172

OLS Estrimates for Torsional Response

l Parametars Frequenciest<Hz)
i
i Core| Frame! Cladding Mode No.
' 1 2 3 4
1,091} 1.879¢ 1.108 0.427] 1.2330] 2.093 | 2.707
k -3
356G k 0.468 X 10
No.of Funct.|
and Grad. ; @
Ewvalvartions
Table 4.13. ML Estimates for Torsional Response
Parameters Frequencles(Hz) W
Core| Frame | Cladding Mgde Na.
' i T 2 3 4
1.054] {.022 ] 1.081 10,42il L1.243 ] 2.0463 | 2.366
A "
-2
358 0.401 X {0

( No of Funct,
and Grad.
Evaluations
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Table 4.14, MPD Estimates for Torsional Response

1 Parameters FrequenciesiHz)

Core { Frame | Cladding Maode No.

{Ag, i 2 W' hesd - 4
. 1.049 { £.045 | 1.08¢ J.421 1.2121 2.063 | 2.86%
[:_

35Q 0.416 X 10

No . of Funct.
and Grad. e
Evaluations

Table 4.15. WLS Estimates for Torsional Response

1 Parameters Frequenciesi{Hz)
Core| Frame| Cladding Mode Mo. B
i } 2 3 }47 4
| 1.05¢] 1,023 1,088 0.421) 1.213 {2.064 | 2. 867
\ -2
85Q 0.3%95 X to0

No .of FunctT.
and Grad. %
Evaluations
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any constraints on the parameters nor does it make use of a weighting
matrix by which the frequencieé are given more importance than

the mode shapes. Therefore, the OLS method generates final estimates
that differ by large amounts from (1, 1, 1).

In maximum likelihood estimation, the mode shape terms
contribute a relatively small amount to the objective function
on account of the relatively high values of variance assumed for
the mode shapes. As a result, the match between the analytical and
the experimental mode shapes is given much less consideration than
the match in the frequencies. Hence, this procedure vields estimates
reasonably close to the prior values so that the improved analytical
model reproduces the experimental frequencies with a greater degree
of accuracy than it does for the mode shapes,

The same is also true of Bayesian estimation in which, in
addition to the smaller weights used for the mode shapes, the parameters
are also constrained by the inclusion of the prior distribution term
in Y. The effect of this term is such that the objective function
increases as the parameters deviate more from their prior mean values,
which in this case are all equal to one. Consequently, this procedure
also produces estimates that lie near the initial values. However,
the WLS method converges to values that differ as much from the
initial values as the OLS estimates., This could be ascribed to the
following., Since the mode shapes are much less sensitive to {8} than
the frequencies, they also possess much smaller variance for a given

parameter covariance [Ve]. When these values are added to the
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experimental covariance [Vy}, they tend to reduce the differences
between the low values of variance for the frequencies and the high
values for the mode shapes. The weights generated by the inverse of
[Ve] may then be such that the frequencies and the mode shapes are
given about the same weightage. It may even be true in some cases
that some of the mode shape coefficients are given more weight than
any of the frequencies. The weighted least squares method will,
in this case, function like the ordinary least squares method and the
estimates will tend to differ by large amounts as in the OLS method.

Comparison of the two methods that utilize the prior covariance
of the parameters, namely the WLS and the MPD procedures, shows that
in all cases the WLS method gives a better match with lower values of
§5Q. The effect of changing [Ve] in these two methods was examined
by using various values for O(Gij). In addition to the 3, 4 and 5% .
standard deviaticns for the core, frame and cladding parameters, two
cases with 3, 5 and 10 and 5, 10 and 15% standard deviations were
considered. The results cobtained are summarized in Table 4.16 for
bending in the rigid frame direction considering the frequencies
alone. This table suggests that the value of SSQ is higher for
increasing variance of the parameters in both of the methods. The
core and the cladding parameters remain relatively unaltered for the
different cases,

The final parameter estimates for the four procedures taken

from Tables 4.4 — 4.15 are summarized in Table 4,17. Though the OLS



Table 4.,16.

Comparisen of Estimates from MPD and WLS Methods

Hethod Maximum Posterior Density Weighted Least Squares
Gtd.dev.
(Core,Frame,] Core |Frame] Clad- 450 Core {Frame|Clad- 85Q
Cladding) ding ding
h.562 X 0.537 X
3,4,5 Z 10.895]10.938] 0.903 - 0.504} 0.95210.946 -
10 10
0.666 X 0.547 X
3,5,10 X 10.99510.93%]0.903 -2 0.903]0.94910.91% -2
10 10
0.672 X 0.548 X
H,10,45% % [0.895[0.9230(0.903 -3 G.903{0.950{0.91% -2
10 10

9T =
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Table 4.17. Comparison of Estimates from Different Methods
Fﬁeq. Only freq.+ Mode Shapes
MethediCore Frame Cladding Coere Frame Cladding
OLS 11.084 0.995 1.034 1.061 1.04% 1 064
Braced ML 1.942 0.9%% 1.9022 1.042 §.957 1.023
Bei;:gg MPD |1.043 0.94%9 1 023 1.043 0.%48 {.024
WLS 31.043 0.963 1.0233 1.043 0.940 {.05%
aLs 10.9223 L.02&58 0.944 0.333 1.777 1.7%5°9
Rigid Ml ¢.902 0.948 0.714 0.894 0.92%9 0.%605
Frame
Eending MPD ]0.895 0.938 0.903 0.894 ¢ 939 0.90S
ULLs [0.%84 0.952 0.%916 0.323 0.890 1{.350
gLs Ji.094 L.079 {.1i02 - - -
ML 1.0%4 4.022 t.4814 - - -
Tersion
MPD H.049 1,045 1.084 - - -
wLs j|£1.85% 1.023 {.08% - - —
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procedure understandably yields the least error in most cases, the
estimates obtained may be highly unreliable. The other three methods
produce values that are approximately equal when only the frequencies
are included, The estimates obtained with the mode shapes taken

into account are not to be relied upon since the form of the stiffness
model used is such that large changes in {6} are called for to cause
considerable changes in the mode shapes. Furthermore, as discussed
earlier, the QLS and ML estimates are not unique, especially when the
mode shapes are excluded. The question of uniqueness does not arise
in MPD and WLS estimation since a prior distribution is assigned to
the parameters in each case,

Taking the above factors into account, the estimates obtained
from the WLS method without the mode shapes are considered acceptable
here. These values, for core, frame and cladding respectively, are
0,904, 0.952 and 0.916 in the rigid frame direction, 1.043, 0.963 and
1.023 in the braced frame direction and 1.051, 1.023 and 1.081 in
torsion. The ML and MPD estimates also exhibit the same trend as the
above values.

The parameter estimates for the cladding stiffness suggest that
the insterstory shear stiffness is greater than the assumed value of
625 Kips/inch in the braced frame direction and torsion and less in
the rigid frame direction. All the estimates are not too far from
one which implies that the initial value is a good approximation in

all three directions. The final estimate in torsion is the highest
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(about 8 percent more than the assumed wvalue), which could mean
that the cladding affects the torsional response of the structure
slightly more than the bending response, or the contribution to
stiffness is greater in torsion. This is consistent with the
analytical finite element model studies of Reference 10, which
show that the torsional frequencies are most altered by cladding
effects. However, the above values are too close to make any
decisive conclusions at this point and further investigations are

needed to consolidate these findings,
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5.0 SUMMARY AND CONCLUSIONS

Two highrise buildings were studied in an effort teo investigate
the effects of the exterior cladding on the dynamic behavior of the
main structure. The role of cladding was studied experimentally
by conducting vibration tests and employing parameter estimation
techniques to determine the dynamic properties from test data.
Parameter estimation techniques were also employed to evaluyate certain
parameters in the structural stiffness matrix which included the
effects of cladding as an added interstory shear stiffness.

The first building was studied during its construction as
the ¢ladding was installed in order to directly assess its effects
on the dynamic response. Ambient tests were carried out over a
pericd of several months at different stages of censtruction,
starting after the erection of the steel frame and the commencement
of the installation of cladding and continuing at regular intervals
until the building was completely clad. The time domain measurements
were used to compute the spectral density functions. The modal
parameters were obtained using noniinear least squares curve fitting
techniques. The analytical form of the magnitude of the frequency
response function was fitted to the magnitude of each of the computed
linear spectra. The Levenberg-Marquardt method was applied to

minimize the sum of squares objective function. The modal parameters
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were determined from the best possible fit. It was found that the
frequencies (a) show an initial decreasing trend and, except for the
fundamental frequencies in braced frame bending and torsion, (b) show
a subsequent increasing trend throughout the construction phase,

The initial decrease in all the frequencies was attributed
to the overall increase in the mass of the structure, which could
more than offset any possible increase in the stiffness due to the
cladding or other elements. The subsequent increase in the frequencies
was ascribed to the stiffness effects being more predominant than the
mass effects during this period. Comparing the amount of cladding
that had been installed on different test dates with the frequencies,
it was observed that the claddinglevels had gone up considerably in
the same period, sﬁggesting that the cladding could,,iqy.a significant
role in altering the total stiffness of the structure. The fact that
only the upper frequencies show an Increasing trend is also in
accordance with -the anticipated behavior of cladding, which can be
expected to interact with the higher modes to a greater degree than
the lower modes, due to more curvature assocliated with the higher
modes. The above considerations indicate that at least part of the
increase in the frequencies could be ascribed to the exterior curtain
wall. It should be noted that some of this increase could also be
due to other effects or elements such as the interior partitions.

The second building was employed to evaluate the cladding
performance from an anmalytical viewpoint, making use of dynamic
test results. Full scale forced vibration tests were carried out with

the ajd of an electrohydraulic shaker. The ability of this shaker to
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produce arbitrary waveforms for the input function was utilized and
rapid sine sweep techniques were employed, resulting in a testing
time that is only a fraction of the time required for steady-state
testing methods. Transfer functions were computed and fitted to
determine the modal parameter estimates for the building. These
estimates were also compared with the ambient test results cbtained
earlier. The frequencies and the damping ratios from the ambient
tests were found to be higher than the corresponding values from
the forced vibration tests.

The forced vibration test results were used to modify an a
priori stiffness matrix model of the building so that the match between
the analytical and the experimental modal parameters -as improved and
also a measure of the cladding stiffness was obtained. A weighted
least squares method was employved to estimats the stiffness parameters
associated with the stiffness matrices for the core, the exterior
frame and the cladding in each of the three directions, namely bending
in the braced and rigid frame directions and torsion. The parameters
were also determined using the ordinary least squares, maximum
likelihood and maximum posterior density (Bayesian) estimation
procedures and the results from the variﬁus methods we;e compared,

With only the frequencies taken into account in estimation, all
the methods yielded reasonable parameter values that were close to
unity. But when the mode shapes were also included, it was found
that if the initial mode shapes were not sufficiently close to the
experimental values, large and unacceptable changes in theparameters

were necessary to significantly improve the mode shapes predicted by
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the analytical model. The final parameter values were chosen

as those that gave an acceptable match for the frequencies alone.
The interstory shear stiffness parameter utilized in constructing
the cladding stiffness matrix was found to be somewhat higher in
torsion than in either of the two bending directions. This could
imply that, for the highrise building considered, the stiffness
effects of the curtain wall are slightly more in torsion, which
is consistent with the results of Reference 10.

The preliminary findings reported in this research work are
only a first step in understanding the role of cladding as it affects
the dynamic response of the main structure. More investigations,
both experimental and analytical, are needed tobring out fully the
cladding influence and the cladding-structure interaction effects,
Experimental studies during the construction of a building with
heavyweight cladding are necessary to determine the role of cladding
more effectively. In addition, further studies, in which the
experimental results are used with analytical models for each of the
different stages of construction with different levels of cladding,
would be valuable in evaluating the cladding performance, Analytical
studies are alsc needed in which the parametric model used is such
that the inclusion of the mode shapes would not cause excessive and
unacceptable changes in the prior wvalues of the structural parameters.
This would make it possible to include the mode shapes in choosing

the final values for the parameters,
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APPENDIX A
THE IROC METHOD

The inverse rank one correction (IROC) method belongs to
the class of methods known as variable metric or quasi-Newton methods,
These methods are applicable to any general objective function as
opposed to the Gauss-Newton and the Levenberg-Marquardt methods which
are applicable to sum of squares type functions only. In all these
methods, the inverse to the Hessian [Sk] appearing in Equation (2.35),
or the Hessian itself as in the IROC method, is approximated
initially by a symmetric matrix which is then updated in the
subsequent iterations. The various variable metric methods differ in
the updating formula used. The sequence of matrices generated is
expected to converge to the Hessian or the invérse of the Hessian as
the minimum is approached. If the objective function is quadratic,
this takes place in p iteraticns where p is the number of unknown
parameters.

In the well known Davidon-Fletcher-Powell (DFP) method (77,
78), the approximation to the inverse of the Hessian is updated by
adding a matrix of rank two in each iteration. This method and its
other modifications require a unidirectional search along the descent
directions generated to locate the optimum value for the step size
£; that is, ¥ is minimized with respect to £ in every iteration.

Rewriting Equation (2.35) with the step size parameter &,
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(6% = (gl - £ [s%] (g9 (4.1)

from which

I

CR IS B L (4.2)
where [Bk] is the current approximation to [Sk] -1 and E* is the
value of & such that w(g*) is a minimum as a function of £.

Bard, in his survey (79), found that another group of
methods that use correction matrices of rank one and that do not
require unidirectional minimization performed congsiderably better
than the DFP methods. The IROC method belongs to this group, but
the matrix that is approximated is the Hessian itself (34, 79), The
development of the IROC methed is as follows.

Since [Sk] is the matrix of the second derivatives, it can be

approximated as

[s*9 =[§—g} (4.3)
where

{ag} = {1y - ()
and tAG} = {6k+l} - {ek}

Let [Ak}denote the approximatien to [Sk} in the kth iteration and
let [Ak+l] be the updated version of [Ak] such that

Ay = A+l (A.4)
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where LxAk] is the correction matrix added to [k, Substituting

[Ak+l} for [Sk] in Bquation (A.3)
k K
(2471 {A0} = {4g} - [A"] {46} (A.5)
Let {AAk] be of rank one, Therefore it can be represented as
k Iy o o b
[A0°] = (6 }{p"} (a.6)

where {bk} is an arbitrary vector. Equation (A.6) in (A.?) gives

T
{51 (51 (a8} = {5} (8.7)

in which {ak} is defined as the right hand side of Equation (A.5).

From Equation (A.7)
k ky o kot
fbp } = fa}/{p7} {A6} (A.8)

Substituting Equation (A.8) into (A.7), it can be shown that

T : T 5
{p5} {48} = [{ak} {aeh] (A.9)

Equation (A.6) mow becomes, in view of Equation (A.2) and

(A4.9),

T T
pak ] = (a5 {2 /¥ {a8) (A 10)
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which is the required correction matrix., To make certain that all

the matrices generated remain positive definite, Marquardt type
k

corrections can te added to the diagonal elements of [A™] . The
parameters {8} are calculated using
+ 1 - .
o1y = 6y - ¢ [[Ak] + u“m] LM (A.11)

k .
where U d1s the Marquardt parameter. The procedure for chocsing uk
was discussed in detail in Chapter II. The value of § is chosen

1 k
<y . It 1s not necessary to determine the optimum

sc that ¢k+
£ ags for the DFP methcds.
The initial approximaticn [AI] for the first dteraticn can

be computed following the recommerdaticons given in Reference 34.

The diagonal elements of {Al] are taken as

i

1 &y

A= - (A.12)
9

and the off-diagconal elements are all set equal to zero, When
the iterative procedure is terminated after locating the B

* *
approximate minimum {€ }, the matrix [A ] will be the approximate

*
Hessian evaluated at {6 }.
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