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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. However, finite element studies demonstrated that interstory
"

shear stiffness is heavily dependent on cladding connection details

and panel support conditions.

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 frame 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

i
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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

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.

ii
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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 playa 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 motions.

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 construction, resulting in substantial economies.

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.

iii
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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

steel 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 course of the research pro­

gram. At the same time, vibration testing was performed on a

second structure (steel frame, glass cladding) before, during and

after installation of cladding, to determine if addition of

cladding 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

iv
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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

cladding system is described in Part I. 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

propertie~ 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 earthquake 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].

v
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Results obtained from the shear stiffness model were compared to

three-dimensional finite element models [3J 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 [lOJ 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 [12J 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 I

of this report.

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.

vi
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In general, the addition of cladding 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

vii
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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 [18J. 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,

viii



security for on-site excitation and measurement equipment would

be uncertain, and test logistics would be difficult.

Two key aspects of the experimental work were the develop-

merit of an efficient method for field measurement of the vibration

response [16,18J 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

[8,18J. A chirp type of excitation (rapidly swept sinusoidal

forcing) 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 digital time series analyzers. A two channel analyzer

was used in 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 periods 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

ix
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the analytical model by using the acquired dynamic response data

[15,18J. First 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 ~ 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 yield the most reasonable values for the

parameters (best consistency with other more detailed analytical

studies of the particular cladding and cladding connection 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 building frequencies and dynamic responses were

found to be appreciably affected by cladding panel effects for

x
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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 65% for the overall structure 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 un­

conservative 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 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.
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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 stiffness. 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 friction

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 II 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. Parameter 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

xii
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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

experimental studies of the structures.

The second building was employed to evaluate the cladding

performance from an analytical viewpoint, making use of dynamic

test results. Full 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 ~

priori stiffness matrix model of the building so that the match

between the analytical and the experimental modal parameters was

xiii



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-

suIts from the various methods were 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 the parameters were necessary to significantly improve the

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 buildings. 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-

eve~ 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 dffferent from that experienced by the actual structure,and

may not be conservative as originally assumed during design. In addition,

if partial cladding failure occurs, overall torsional response effects

may be considerably amplified.

As a case study, the influence of heavily-contoured precast concrete

panels on the lateral 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

linear 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



frame model until analytical frequency values agreed with measured

frequencies from ambient-level 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 overall 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

obtain 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.

ii



1. INTRODUCTION

1.1 Statement of Problem

Heavyweight curtain wall systems such as those of precast concrete,

brick and granite provide an attractive facade and lend an aesthetic

appeal to a building. They have long been used to clad modern highrise

buildings and as of late their popularity has been increasing [23J.

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 [llJ. Given

the initial expense, the popular heavyweight architectural enclosure

system is expected to be nearly maintenance free during the life span

of the building. Recent reports of facade failures [9, 11, 45J indicate

otherwise. One report [llJ blames the failures on a lack of proper

preventive maintenance, and another [45J 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 [45J 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 [35J. According to PCI, cladding

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
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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

panels. Compliance with the above recommendations is assumed to permit

interstory displacements and thermal movements to take place, within

limits, 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 in their weight

when designing the main structure.

In spite of the design assumption that 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~olating role of the connection is defeated. In addition, con­

nections araoften installed improperly as in the case when slots are

used for alignment only. Once the panel is in place, connection bolts

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, 53J, both analytical 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 [26J 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
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then 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 different from that

experienced by the actual fully-clad structure, 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 amplified 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 energy ab­

sorbing capacity available in the exterior heavyweight cladding. Light­

weight cladding has much different performance characteristics than heavy­

weight cladding and has to be regarded as a system of passive elements

which do not contribute significantly to overall structure lateral stiff­

ness. Sev~ral investigators [8, 13, 21, 25,41, 53J claim that integrating

the claddinq panels as participating 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 panels and their

connections is required before design modifications can be made.

1.2 Previous Studies

1.2.1 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 [17J, continuing the work of Sherwood

[42J, reported on studies of a 25-story steel frame structure which inc­

dentally is the prototype structure for the current study. The contribu­

tion of cladding to structure lateral stiffness was determined by matching

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 [29J and Dubas

[8J 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 [52J studied shear field panels which could

be used as wind bracing in highrise. buildings. The principal conclusion

was that panel capacity to 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 [18J

studied the behavior of cladding frame interaction for reinforced concrete

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 [22J continued studies reported by Will

et al. [53J 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
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stiffness of the curtain wall was analyzed. A wide range of stiffness

values (0-741 kips/inch (0-1.3 x 105 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. [39J also investigated the interaction between structural

framing and precast ~oncrete 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.

Gje1svik [13J was also interested in the interaction between 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 pane1­

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 (little 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 [41J 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 little 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. [25J 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 situations in which failure resulted in collapse

of panels into the 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 [14J 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. [21J which described

the design and construction of multistory buildings using 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
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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 [43J 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

law was used to define the hysteresis loops on which the element loops

were based.. The first eight seconds of the N-S component of the 1940
i..

El 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 low energy dissipation tended to be more effective

than yielding elements which dissipated more energy. Powell and Schricker

[38J 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 limited the amount

of shear force and overturning moment that could be transferred between

panels, thereby limiting the stresses developed 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 the 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. [4J 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 linearly-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 phenomenon 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 [28J 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
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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

literature compared to the number of analytical studies discussed above.

Anicic et al. [3J performed experimental studies on two reinforced concrete

facade panels measuring 277 inches (704 cm) by 96.5 inches (245 em) 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 cm) by 70.9 inches (180 em). In the tests,

only cyclic loads perpendicular to the plane of the panels were applied.

The studies showed that the load-deformation relationship is linear in

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. [48J

performed vibration tests on a two-story, twa-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. [26J 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 was also found that cladding 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. [39J 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. also 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 two 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 bending during

earthquake loading and the rods were also highly susceptible to low-cycle

fatigue. Pall and Marsh [31J investigated the use of limited-slip,

friction-bolted joints in precast concrete large panel construction.

The proposed connection consisted of steel 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



11

on the connection. When heavy duty brake lining pads were inserted be­

tween the sliding steel plates, the joint exhibited a constant, repeatable

slip load and simulated near "el as to-plastic" 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 limited tothe proposed joint located in vertical joint lines

only. The limited-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 connectors

used in large panel construction were also tested experimentally by Osborn

et al. [30J. 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, 34J have been generated during the

course of the work presented in this report. Several of these papers

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

~o 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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Objectives and Outline

Objectives

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 panels

on 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 cladding systems. The principal objectives

of the present study are:

1. ~ To 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 model frequencies matched

ambient experimental values.

3. To perform linear dynamic response studies to compare models

which assumed composite action of floor beams to noncomposite ones, and

to compare models which accounted for the contribution of lateral stiff­

ness by claddingtomodels 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.



13

5. To perform linear and nonlinear static response studies on

a one-story, one-bay frame model with attached cladding panels to obtain

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, 42J. 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 assu~ed noncomposite action as discussed in Section 2.2.

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 frequencies 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 complicated by the fact that a wide

variety of different designs for panels and attachments exists. This

thesis presents a general analysis methodology rather 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 employed 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 of key parameters

which influence performance of more common types of cladding, 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. 2.1-1

was selected for the cladding-structure interaction studies. The office

tower is a steel frame structure supported by a pier foundation drilled

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

~ore are 14 inches (3.56 em) deep with f ranging from 36 to 50 ksi. Y
(248 to 345 MPa). Girders are 14 inches (35.6 cm) deep with fy = 36 ksi

"-

(248 MPa) in the braced direction of the core and range from 24 to 36

inches (61.0 to 91.4 em) with fy = 36 ksi (248 MPa) in the core rigid

direction. The flooring is a concrete slab (f' = 5000 psi (34.5 MPa))c
on light 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 f = 50 ksi (345 MPa).
y

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

16
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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 = 50 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).

All four faces of the structure have 12 bays and two panels per bay.

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

50 lbs/foot2 (2.4 kN/m2) and partitions 25 lbs/foot2 (1.2 kN/m2). The

Atlanta City Code was used for determination of wind loads and all cladding

was assumed to be non structural .

2.1.2 Cladding Panels and Connections

The cladding panels are highly contoured precast concrete with

light 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 inches 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

total dead load on a typical floor [42J.

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 cm 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 loop

insert has a safe working load of 3000 lbs (13.34 kN) [lJ. Inspection

of accessible top clip angles on the mechanical floor and the parapet
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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 bolted to a 5 inch x 3.5 inch x 3/8 inch x 6 inch (12.7 cm x

8.9 cm x 1.0 cm 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 lbs (17.79 kN) [lJ.

2.2 Analytical Models

2.2.1 Stiffness

A tier building model [50J 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 translational

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 [10J. 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 lateral stiffnesses of the exterior frames which support the

cladding 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:

(2.2-1)

where ~TOT was overall structure stiffness, ~C core stiffness, ~EF

exterior frame stiffness, and ~CP cladding panel stiffness (see below

and Fig. 2.2-1). For rotational degrees of freedom, the equation used

was:

~TOT = ~C + 40 (~EF + ~cp) eO (2.2-2)

where 0 was half the side length of the square structure and e 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 [17J. The program included frame elements which can

accommodate shear deformation and arbitrary elastic rotational stiff-

nesses at either end. Typical spandrel-column connection stiffnesses

range from 2 x 103 to 1.5 x 105 kips-inch/radian (226 to 1.69 x 104

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

stiffness of 8 x 104 kips-inch/radian (9.04 x 104 kNm/radian) was used

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

Vl -Vl

-V l Vl + V2

~CP -V2.
·-V.

1
V. + V. ,

1 1- \ -V. 1
1- •

. -V
20

-V20 V21 + V20

l
(2.2-3)

where i denoted the story number, starting at the top, representing the

lateral stiffness 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 Eqs. (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 accomplished 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 [42J. 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,

floor slabs and building partitions was evaluated directly from the struc­

ture drawings and lumped in standard fashion. The actual 1ive load dis-

tribution of the building was not determined and since using code values

would have overestimated the live loads, 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

live load to be 10.63 lbs/ft2 (509 N/m
2

) with a standard deviation of

4.8 lbs/ft~", (230 N/m2) [5]. Based on the above study a live load of

10.63 lbs/ftf (509 N/m2) 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 contribu-

tion of the cladding panels and their connections to the overall 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 normal daily activities at the prototype structure precluded

having any permanent fixtures and necessitated transportation of the

measuring equipment to the building every time a set of measurements

was taken. Several low level force-balance accelerometers (Kinemetrics

FBA-l) were used to measure the ambient response simultaneously at

different locations. The accelerometer signals were amplified, filtered

and then recorded on magnetic tape using an HP-3968 eight 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 translational

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

[27J. 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 [27J, forced vibration tests were performed

using a rectilinear force generator on the same structure. Frequencies



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

Vibration Frequencies, in Hertz

Ambi ent, 1979 Forced Vibration

Direction Mode 6/21 9/5 9/13 Test Resul ts, 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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obtained were in good agreement with ambient level results and are shown

in column 6 of Table 2.3-1.

2.4 Calibration of Analytical Models

Currently, knowledge is lacking on how to estimate the contribution

of cladding panels and their connections to overall structure lateral stiff­

ness. The contribution of cladding was identified in this study by matching

ambient experimerital frequencies and computed frequencies for the lowest

three modes for both translational and torsional modes. This was accom-

plished by adjusting the shear stiffness parameters, Vi' in the analytical

model discussed above in Section 2.2 in steps until computed and measured

frequencies were nearly equal for lower modes. Cladding stiffness para-

meter Vi was assumed to be constant over the height of the structure.

The least-squares criterion with percent differences was used

in the process of correlating measured and computed frequencies. The

use of persent differences was chosen as a logical 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

[53J.

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 lower mode (especially torsional)

frequencies when compared to the frequency values for the unclad (V = 0)

structure. The increase in structure frequencies 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 low level motions. 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 vii th Percent Without vJith c Percent
C1addinga C1addingb Increase Cladding Cladding Increase

(1) (2) (3) (4) (5 ) (6) (7) (8 )

Braced frame 1 0.32 0.40 25 0.34 0.40 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 1 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 82 1.28 2.00 56

alnterstory shear stiffness V = o.

blnterstory shear stiffness V = 800 kips/inch (1.4 x 105 kN/m).

Clnterstory shear stiffness V = 625 kips/inch (1.1 x 105 kN/m).

w
U1



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 lacking. 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,materials has generated

more flexible structures which are more responsive to wind or moderate

earthquakes. Lateral deflections are often the governing factor during

design rather than vertical load resistance due to the added responsive-

ness of modern tall buildings.

Analytical 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 above 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 required by

1982 UBC [49J 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 model 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

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

-1
~N (3.1-1)

where Pi ~s the natural circular frequency for mode i, n is the number

of modes cOQsidered, and ~N is the modal matrix normalized with respect

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

all modes in these studies. Later experimental measurements [27J 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 computational 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, 6t, 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 lack 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 loading

to any desired time. A FORTRAN computer program was written to do the

step-by-step computations in this study [32J.

A number of numerical integration procedures are available for

the solution of the equations of motion .

..
~ Q+ ~ Q+ S 0 = A (3.2-1)

where ~, ~ and ~ are the mass, damping and stiffness matrices respectively
. ..

for the assembled structure. Vectors g, g, g and ~ 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 step. 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:

(3.2-2)

and displacements are assumed to be

(3.2-3)

where subscripts indicate current response time point i and prior time

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

(3.2-4)

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

for the i-th time point as:

..
MO. + C o. + S o. = A.
~ -1 - -1 ~ -1 ~l

.
Solving for 0i in Eq. (3.2-3) leads to

6 = (0 0 0 6t) 2
-i -i - -i-l - -io-l 2 lit

(3.2-5)

(3.2-6)
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..
and solving for Di in Eq. (3.2-4) gives

., .. C:,t)2) 4
D. = (D. - D. 1 - D. 1 lit - D. 1 4 2
-1 -1 -1- -1- -1- (lit)

(3.2-7)

Substituting Eqs. (3.2-6) and 3.2-7) into Eq. (3.2-5) and collecting

terms results in

* *S D. = A.
- -1 -1

where

and

. lit 2
+ C (D. 1 + D. 1 -2) -t-1- -1- 1I

By letting

and

P = (0 6 6t) ~
-i-1 -i-l + -i-l 2 lit

(3.2-8)

(3.2-9)

(3.2-10)

(3.2-11)

(3.2-12)
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Equation (3.2-10) can be written as

*
~i ~i + C P ;-1 + ~ 9i - 1

Equation (3.2-6) as

2
~i = o.i 6t - ~i-l

and Eq. (3.2-7) as

D. = D. 4 2 - Q. 1
--1 ~1 (t,t) -1-

The solution algorithm can be summarized as follows:

(3.2-13)

(3.2-14)

(3.2-15)

(a) Initial ize D. and O. which are the displacements Do'-1 -1. .. ..
and the velocities Do at i = o. Compute Qo (D. at i = 0) from the

-1.
equation of motion where Do and Do are specified

(3.2-16)

..
The Cho1esky method is used to obtain the accelerations ~o.

* *(b) Compute ~ and decompose. ~ = U' Vusing the Cholesky method,

where U is an upper triangular matrix.

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

(2- 1)

(1) Compute ei - 1
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(2) Compute 9i-l

*(3) Compute A.
-1

(4) Solve for D. in two steps
-1

* *U' D. = A.
-1 -1

*U D. = D.
- -1 -1

.
(5) Compute ~i

(6) Compute D.
-1

(forward solution)

(backward solution)

(7)~Go to (1) and continue

Time step ~t must be selected by considering the characteristics

of the structure, in particular the natural periods of vibration. The

usual recommendation is to choose ~t less than or approximately equal

to ,/10, where, is the period of the highest significant mode. In addi-

tion to the above, the nature of the forcing function must be considered;

a ~t which is less tha~ 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



FX' Fy and Fz to produce Qx' Qy and Qz·

station i was formed as

A. = -M R Q.
-1 - - _1

Then matrix A at time

43

(3.2-17)

where R is a matrix of influence coefficients and

Q =.
-1

(3.2-18)

The entries in Q. were evaluated at the center of the time interval under
-1

consideration (t i _l + ~~). They were evaluated at the center of the

interval to reduce interpolation error in the representation of the forcing

function [~7J. Direct linear extrapolation was an unconditionally stable
"-

integration procedure 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

V = 625 kips/inch (1.1 x 105 kN/m) for composite and V = 800 kips/inch

(1.4 x 105 kN/m) for noncomposite ~nd without cladding effects (V = 0)

was determined for several different earthquake ground motions. The

loading 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. Displacement 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 cladding 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.
----------
----------

b RMS b
Durationa Peak

Case Earthquake Date Component Acce1. Acce1.
(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 NODE 10.41 3 0.6

aIn seconds.

bIn percent g.

~
U1



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

Displacement Response (inches)b

Braced Frame Direct~on Rigid Frame Direction

V=:O V =: 625c V=:O V =: 625c
----------

Casea Peakd SRSSe Peak SRSS Peak SRSS Peak SRSS

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 18.3 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 + 3g 0.4 4.5 0.5 4.0 1.8 4.5 1.3 4.0

aSee Table 3.3-1. bl inch =: 25.4 mm

cKips 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 loading 3 in Braced Direction.



Casea

2

3

4

5

3 + 4f

4 + 39

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

Displacement Response (inches)b

Braced Frame Direction Rigid Frame Direction
y-

V = a V = 800c V = a V = 800c

d SRSSe Peak SRSS Peak SRSS Peak SRSSPeak

14.4 39.7 9.9 28.2 8.6 23.9 13. 1 38.7

6.2 16.7 5.3 14.8 7.8 21.8 5.7 17.2

0.4 1.1 0.5 1.1 0.4 1.1 0.4 1.1

1.5 4.0 1.1 3.3 1.9 4.7 1.3 3.9

0.5 1.4 0.6 1.8 0.5 1.3 0.5 1.6

1.5 4.2 1.1 3.5 0.4 4.2 0.4 3.5

0.4 4.8 0.5 4.1 1.9 4.8 1.3 4. 1

aSee Table 3.3-1. b1 inch = 25.4 mm

cKips 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 loading 3 in Braced Direction.
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resulted from applied ground motion input in either the rigid or braced

frame directions. However, a minimum 5% eccentricity between center

of mass and center of rigidity in each structure direction is required

by 1982 UBC [49J 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. [51J 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 least the first three modes in each

direction (braced frame direciton, rigid frame direction and rotation).

Similarly, the first 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

[3J which are listed in Tables 3.4-1 and 3.4-2 confirmed the introduction

of additional torsion for eccentric models. A strong translational­

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 Loadinqs

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 El 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 determine 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 of interest as shown in Figs. 3.4-8 to 3.4-10

displaying the displacement, velocity and acceleration response spectra,

respectively. The El 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. Given

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

All dynamic response computations were performed using direct

integration of the equations of motion by linear extrapolation 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

Sect ion 3. 1 .

Symmetric Model. For reference purposes, the dynamic response

of the symmetric model, both with (V = 625 kips/inch (1.1 x 105 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 UBC [49J. Peak roof displacement response values

for the symmetric case to the El Centro record are listed in Table 3.4-4

and roof translational and torsional 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-l9) 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 lead 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.

Wh~o the Parkfield record was applied to the symmetric case, the

peak roof dtsplacement values listed in Table 3.4-6 were obtained. 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 based 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 model had the peak drift values occur at lower stories as compared

to the unclad model.

Comparison of response values for the El Centro and Parkfield

records showed that while cladding effects reduced response levels for

the Parkfield record, response levels were generally increased for the

El Centro record. However, overall response levels remained higher for

the Parkfield record than for the El 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

model 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 lower 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 less than

or equal for higher modes). When these findings were combined, the con­

clusion was that El 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. In 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 the El 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 building. While peak drift was only increased on Face 4

for the clad state as compared to the unclad state when ground motion

was applied 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 one. 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 torsional 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 unclad 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 higheK than El Centro values. On the other hand, the contribution

of lateral stiffening effects of cladding caused El Centro values to

increase while Parkfield values were reduced. Displacement response

spectrum values for the El Centro ground motion showed the clad model

to be more sensitive to the earthquake record than the unclad model

(Figs. 3.4-52 to 3.4-54). Rigid direction values were increased 23%,

braced direction values 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. When 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
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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 nonlinear 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 relationships for cladding

and its connections will be introduced and their influence on structure

response investigated.



Table 3.4-1. Modal Participation Factors for Different Structure
Models with Input in Rigid Frame Direction

61

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)a 0.07(3) 0.02(2) 0.02(3)

2 in Braced Direction 0.03(6) 0.01(6) 4.10-3(6) 4.10-3(6)

3 in Braced Direction 0.05(10) 0.01(11) 9.10-3(9) 2.10-3(11)

1 in Rigid Direction 1.24(1) 0.89(2) 1. 38 (1 ) 1.47(2)

2 in Rigid Direction 0.50(4) 0.52(5) 0.55(4) 0.66(5)

3 in Rigid Direction 0.28 (7) 0.29(8) 0.32 (7) 0.35(8)

1 in Torsion 0.15(3) 0.57(1 ) 9.10-6(3) 2. 10-4 (1 )

2 in Torsion 0.06(5) 0.14(4) 3.10-6(5) 4.10-6(4)

3 in Torsion 0.05(8) 0.06(7) 3.10-7(8) 9.10-7(7)

aActua1 mode number shown in parentheses.



Table 3.4-2. Modal Participation Factors for Different Structure
Models with Input in Braced Frame Direction.
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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 0.83(2)a 1.36 (3) 1.40 (2) 1. 44 (3)

2 in Braced Direction 0.42(6) 0.59(6) 0.56(6) 0.60 (6) .

3 in Braced Direction 0.31 (10) 0.36 (11) 0.36(9) o.36 (11 )

1 in Rigid Direction 0.12(1) 0.27(2) 0.02(1) 0.02(2)

2 in Rigid Direction 0.04(4) 0.07(5) 4.10-3(4) 5.10-3(5)

3 in Rig id Dire ct ion 0.03(7) 0.03(8) 9.10-3(7) 1.10-4(8)

1 in Tors i on( 0.56(3) 0.15(1) 1.10-3(3) 6.10-5(1 )

2 in Torsion 0.13(5) 0.04(4) 2.10-4(5) 4.10- 5(4)

3 in Torsion 0.06(8) 0.01 (7) 2.10-5(8) 2.10-5(7)

aActual mode number shown in parentheses.
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Table 3.4-3. Ground Motion Input Cases.

----------_.
y. b Rr'1S b

Durat i ona Peak
Earthquake Date Component Acce1. Acce1.

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

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

Parkfield, CA June 27, 1966 N65E 43.64 49 5.2
(10.0)c

aIn seconds.

bIn percent g.

CDuration used in response calculations.
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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 El Centro in the SOOE 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 10-5

Unclad 0.2 15.3 8.3 x 10-5

Rigid Clad 15.8 0.2 3.0 x 10-6

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 El Centro in the SOOE Direction.

Peak Relative Interstory Drift (inches)Ground
Motion
Input

Direction
(1)

Braced

Rigid

Case
(2 )

Clad
Unclad

Clad
Unclad

Face 1a
(3)

1.1(16)
1.2(20)

0.01(11)
0.01 (20)

Face 2
(4)

0.02(16)
0.03(24)

1.3(19)
1.3(24)

Face 3
(5)

1.1(16)
1.2(20)

0.01 (11)
0.01(20)

Face 4
(6 )

0.02(17)
0.03(17)

1.3(19)
1.3(24)

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



Table 3.4-6 .. Peak Roof Displacements, Symmetric Case, for the
First 10 Seconds of the 1966 Parkfield Earthquake
Recorded in the N65E Direction.
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Ground Peak Roof Displacement Response
Motion Rigid Braced
Input Direction Direction Rotation

Direction Case (inches) (inches) (radians)
(1) (2 ) (3) (4) (5)

Braced Clad 0.3 20.7 1.3 x 10-4

Unclad 0.4 24.1 1.8 x 10-4

Rigid Clad 22.3 0.3 3.5 x 10-6

Unclad 25.3 0.4 1.3 x 10-5



Table 3.4-7. Peak Interstory Drift, Symmetric Case, for the First
10 Seconds of the 1966 Parkfield Earthquake Recorded
in the N65E Direction.
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Ground Peak Relative Interstory Drift (inches)Motion
Input

aDirection Case Face 1 Face 2 Face 3 Face 4
(l) (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 El Centro in the SOOE Direction.

68

Ground Peak Roof Displacement Response

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 10-3
Unclad 1.7 14.8 5.6 x 10-3

Rigid Clad 15.0 1.9 5.2 x 10-3
Unclad 11 .8 1.0 3.7 x 10-3



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 SOOE Direction.

69

Ground Peak Relative Interstory Drift (inches)Motion
Input aDirection Case Face 1 Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)

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)

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.)



Table 3.4-10. Peak Roof Displacements, Eccentric Case, for the
First 10 Seconds of the 1966 Parkfield Earthquake
Recorded in the N65E Direction.
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Ground Peak Roof Displacement Response

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 10-2
Unclad 2.8 23.9 1.1 x 10-2

Rigid Clad 21.9 2.3 7.8 x 10-3
Unclad 25.2 1.6 1.2 x 10-2



Table 3.4-11. Peak Interstory Drift, Eccentric Case, for the First
10 Seconds of the 1966 Parkfield Earthquake Recorded
in the N65E Direction.

71

Ground Peak Relative Interstory Drift (inches)Motion
Input aDi recti on 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 3.4-1. Floor Plan and Face Numbering for the Eccentric Model.
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Figure 3.4-6. The SOOE Component of the May 18, 1940, Imperial Valley, California Earthquake
Recorded at El Centro, California.
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Figure 3.4-7. The N65E Component of the June 27~ 1966, Parkfield, California Earthquake.
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Figure 3.4-8. Relative Displacement Response Spectrum for N65E Component of June 27, 1966,
Parkfield, California Earthquake.
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Figure 3.4-9. Relative Velocity Response Spectrum for N65E Component of June 27, 1966,
Parkfield, California Earthquake.
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Parkfield, California Earthquake.
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Figure 3.4-11. Relative Displacement Response Spectrum for SOOE Component of May 18, 1940,
Imperial Valley, California Earthquake Recorded at El Centro, California.
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Figure 3.4-12. Relative Velocity Response Spectrum for SOOE Component of May 18, 1940,
Imperial Valley, California Earthquake Recorded at El Centro, California.
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Figure 3.4-13. Absolute Acceleration Response Spectrum for SOOE Component of May 18, 1940,
Imperial Valley, California Earthquake Recorded at El Centro, California.
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Eccentric Models.
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4. NONLINEAR DYNAMIC RESPONSE STUDIES

4.1 Introduction

A number of recent studies [17, 22, 42, 53J 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 configuration and attachment details. The potential influence

of the curtain wall was usually neglected by designers despite the fact

that the added lateral stiffness of the cladding might result in increased

lateral-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 connection slip

once allowable interstory drift limits, 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 experimental data for the cladding, four different

nonlinear 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 [40J. 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 [49J and design

practice [19J, since actual measured cladding properties were not available,

and structure dynamic response to the ground motion loadings listed 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 lines with decreasing slope

(stiffness) for panels at story levels which exceeded code-specified

allowable drift levels,~. Initial stiffness was taken to be 625 kips/inch

(l.l x 105 kN/m) based on parameter studies for the composite model dis­

cussed earlier. For drift values greater than ~ and up to 2~, 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 0

to 2~ range of V = 312.5 kips/inch (5.5 x 104 kN/m). When interstory

drift exceeded 2~, 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 104 kN/m); and beyond 36, Vwas taken to be O. Reverse cycle

deflections followed the curve of constant slope which described the

current state of the cladding lateral 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,

the overall stiffness properties were adjusted based on the force-disp1,;, .....

relationship for the cladding 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 or the lack 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 USC

and described above in Chapter 3, as the basis for combined translational

and torsional response studies using the incremental failure model for

cladding. Given the lack of experimental data, allowable drift levels

were varied based on Code recommendations [49J and design practice [19J,
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and the influence of different cladding behavior on overall structure

response investigated. Four allowable interstory drift (6) conditions

were considered:

(1) 6 = 0 (i.e., all cladding fails immediately resulting in

interstory shear stiffness V = 0).

(2) ~ = 0.0025 times an average story height of 12 feet

(i.e., 6 = 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 [19J.

(3) 6 = 0.005 times an average story height of 12 feet (i .e.,

6 = 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) 6 = infinity (i.e., no cladding failure regardless of drift

level, V = 625 kips/inch or 1.1 x 105 kN/m).

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 El 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 (.~) 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 response 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 relative 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 wer~ 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

failure for different buildinq faces are shown in Fiqs. 4.2-10 to 4.2-18.

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

allowable values) 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 cm). When modal participation factors for the clad

eccentric model (Tables 3.4-1 and 3.4-2) were inspected J 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 6 was 0.36 inches (0.9 cm) but stopped for 6 = 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,

only 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 roof 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, D (see conditions (1) to (4)).

On the other hand, for ground motion applied in 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 clad and unclad cases when input was applied in the

braced frame direction. When peak interstory drift values were computed,

peak 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~) and (3)) in all instances and drift values were reduced

with increasing allowable drift, 6. 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. It 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,

~, was set at 0.36 inches (0.9 em). In this case, all four faces had

cladding failing and as discussed above, for the El 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 El 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 structure 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 model 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. Allowable drift, ~, 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 6 = 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 Fi'gs. 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 El 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 torsional 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.



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.
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Ground
Motion
Input

Direction
(1 )

Braced

Rigid

Allowable Peak Roof Displacement Response

Drift, Rigid Braced
6. Direction Direction Rotation

(inches) (inches) (inches) (radians)
(2 ) (3 ) (4) (5)

O.Oa 1.7 14.8 5.6 x 10-3

0.36 1.6 15. 1 9.4 x 10-3

0.72 3.2 15.1 8.1 x 10-3
oob 2.7 15.2 7.8 x 10-3

0.0 11.8 1.0 3.7 x 10-~
0.36 14.4 1.1 4.6 x 10-.)
0.72 14.9 1.9 6.0 x 10-3

00 15.0 1.9 5.2 x 10-3

aUnclad case.

bC1ad case.



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 El Centro
in the SOOE Direction.
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Ground
Motion
Input

Direction
(1)

Braced

Rigid

Allowable Peak Relative Interstory Drift (inches)
Drift,

6.
1a(inches) Face Face 2 Face 3 Face 4

(2 ) (3) (4) (5 ) (6)

O.Ob 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)c 1.1(16) 0.5(5) 1.0(16) 0.4(4)co

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)

co 0.3(4) 1.0(19) 0.3(11) 1.3(19)

aStory at which peak drift occurred is shown in parentheses.

bUnclad case.

cC1ad case.



Table 4.2-3. Peak Roof Displacements, Incremental Failure Case, for
Eccentric Model for the First 10 Seconds of the 1966
Parkfield Earthquake Recorded in the N65E Direction.
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Ground
Motion
Input

Direction
(1)

Braced

Rigid

Allowable Peak Roof Displacement Response

Drift, Rigid Braced
t, Direction Direction Rotation

(inches) (inches) (inches) (radians)
(2 ) (3) (4) (5)

O.aa 2.8 23.9 1.1 -2x 10_3
0.36 2.2 22.6 9.5 x 10_20.72 2.9 21.4 1.2 x 10_2

cob 3. 1 20.7 1.2 x 10

0.0 25.2 1.6 -21.2 x 10_30.36 24.3 1.0 7.0 x 10_3
0.72 22.8 1.5 7.7xlO_3co 21.9 2.3 7.8 x 10

aUnclad case.

bClad case.



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.
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Ground
Motion
Input

Direction
( 1 )

Braced

Rigid

A110wab 1e Peak Relative Interstory Drift (inches)
Drift ,

t::.
Face 1a(inches) Face 2 Face 3 Face 4

(2) (3) (4) (5) (6)

O.Ob 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)c 1.5(11) 0.7(7) 1.4(7) 0.4(4)co

0.0 1.1(22) 3.0(22) 1.a(22 ) 3.1(24)
0.36 0.4(19) 2.5(24) 0.4(23) 3. 1(24 )
0.72 0.4(21) 1.9 (22) 0.5(22) 2.6(22)

co 0.4(16) 1.6(12) 0.4(4) 1.9(12)

aStory at which peak drift occurred is shown in parentheses.

bUnclad case.

cClad 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
El Centro Record.

Ground Allowable Peak Roof Displacement Response
Motion Drift, Rigid Braced
Input t:, Direction Direction Rotation

Direction (inches) (inches) (inches) (radians)
(1) (2) (3) (4) (5)

Braced O.Oa 0.2 15.3 8.3 x 10-5
0.36 0.4 16.5 2.5 x 10-4

b 0.2 16.4 8.8 x 10-5
00

Rigid 0.0 11.8 0.2 4.1 x 10-6
0.36 15.4 0.1 8.9 x 10-5

00 15.8 0.2 3.0 10-6x

aUnclad case.

bC1ad 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.

Ground
Motion
Input

Direction
(1)

Braced

Rigid

Allowable Peak Roof Displacement Response
Drift, Rigid Braced

I:::. Direction Direction Rotation
(inches) (inches) (inches) (radians)

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

O.Oa 0.4 24.1 1.8 x 10-4

0.36b 0.4 22.8 1.4 x 10-4
00 0.3 20.7 1.3 x 10-4

0.0 25.3 0.4 1.3 x 10-5
0.36 25.0 0.2 9.0 x 10-5

00 22.3 0.3 3.5 x 10-6

aUnclad case.

bClad case.



Table 4.2-7. Peak Interstory Drift, Incremental Failure Case for the
Symmetric Model, for the First 14 Seconds of the 1940
El Centro Record.
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Ground Allowable Peak Relative Interstory Drift (inches)
Motion Drift,
Input t:.

l aDirection (inches) Face Face 2 Face 3 Face 4
(1) (2) (3) (4) (5) (6)

Braced O.Ob 1.2 (20 ) 0.03(24) 1.2(20) 0.03 (17)
0.36 1.2(18) 0.08 (18) 1.2(16) 0.09(18)

ooC 1.1(16) 0.02(16) 1.1(16) 0.02 (17)

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

00 0.01(11) 1.3(19) 0.01 (11) 1.3(19)

aStory at which peak drift occurred is shown in parentheses.

bUnclad case.

cC1ad case.



Table 4.2-8. Peak Interstory Drift, Incremental Failure Case for the
Symmetric Model, for the First 10 Seconds of the 1966
Parkfield Record.
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Ground All owab 1e Peak Relative Interstory Drift (inches)
Motion Drift,
Input t::.

Face 1aDirection (inches) Face 2 Face 3 Face 4
(1) (2 ) (3) (4) (5) (6)

Braced O.Ob 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)c 1.4(8) 0.02(19) 1.4(8) 0.02 (17)co

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)

co 0.02(11) 1.8(12) 0.02(11 ) 1.8(12)

aStory at which peak drift occurred is shown in parentheses.

bUnclad case.

cClad 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 [35J

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 labeled 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 low interstory

displacement levels (~D). When relative interstory drift was less than

the allowable drift, 6, 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 entire 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 6 (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 stiffness matrix, ~, and

the load vector, A. (see Section 3.2), were adjusted when allowable drift,_ 1

6, was exceeded. While the nonlinearity of the model could have been

accounted for by adjusting only the load vector [7J, the correction was

found to be constant for a given allowable drift value, 6, 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 (1.1 x

104 kN/m) before ~ 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 line going through the origin with

a slope of 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(I,J) = 6*(625 - 62.5) (4.3-1)

and the correction was the negative of the above when -6 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)

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

CA (3 I - 2) = CF(I ,2) + CF(I ,4) - CF (I -1,2) - CF(1-1 ,4)

CA (31-1) = CF( I , 1) + CF( I ,3) - CF( I- 1,1) - CF( I-1,3)

CA(31) = (-CF(I,l) - CF(I,2) + CF(I,3) + CF(I,4)

+ CF(I-1, 1) + CF(I-l ,2) - CF(I-l,3)

- CF(I-l ,4) )*R

(4.3-2a)

(4.3-2b)

(4.3-2c)

where degrees of freedom 31-2, 31-1 and 31 were in rigid direction,

braced direction and rotation, respectively. This correction was added

to Eq. (3.2-10) and displacements solved for using Eq. (3.2-8). Response

studies employing the slotted connection model 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 (6) conditions were

studied:

(1) 6 = 0 (i. e. , a11 owab1e drift equal to zero to preserve the

fully clad case, V = 625 kips/inch (1.1 x 105 kN/m))

(2) 6 = 0.00125 times an average story height of 12 feet (i.e.,

6 = 0.18 inches or 0.5 cm)
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Figure 4.3-1. Force Deformation Relationship for the Slotted
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(3) 6 = 0.0025 times an average story height of 12 feet (i.e.,

6 = 0.36 inches or 0.9 cm)

(4) 6 = 0.005 times an average story height of 12 feet (i.e.,

6 = 0.72 inches or 1.8 cm)

(5) 6 = 00 (i.e., cladding removed to produce the unclad case,

v = 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 El 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 translational and torsional time-histories are

displayed in Figs. 4.3-15 to 4.3-18. While peak response values in the



228
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 one instance 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 differed from the unclad case when the rigid direction was the input

direction. 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 unclad case.

When results for the slotted 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 roof 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 outside the interval formed by the

linear 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



Table 4.3-1. Peak Roof Displacements, Slotted Connection Case for the
Eccentric ~1ode1, for the First 14 Seconds of the 1940
El Centro Record.
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Ground
Motion
Input

Direction
(1)

Braced

Rigid

Allowable Peak Roof Displacement Response

Drift , Rigid Braced
fJ. Direction Direction Rotation

(inches) (inches) (inches) (radians)
(2 ) (3 ) (4) (5 )

o.Oa 2.7 15.2 7.8 x 10-3

0.18 4.2 15.5 8.6 x 10-3
0.36 2.6 15.0 8.5 x 10-3

-3O.72 b 1.8 14.5 6.4 x 10_3
"" 1.7 14.8 5.6 x 10

0.0 15.0 1.9 -35.2 x 10_30.18 14.4 2.4 5.9 x 10_30.36 13.3 1.8 5.7 x 10_30.72 12.2 1.1 4.3 x 10_3
"" 11.8 1.0 3.7 x 10

aC1ad case (V = 625 kips/inch).

bUnc1ad case (V = 0).

Note: one inch = 25.4 mm.



Table 4.3-2. Peak Interstory Drift, Slotted Connection Case for the
Eccentric Model, for the First 14 Seconds of the 1940
El Centro Record.
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Ground
Motion
Input

Direction
(1)

Braced

Rigid

All owabl e Peak Relative Interstory Drift (inches)
Drift,

6.
l a(inches) Face Face 2 Face 3 Face 4

(2 ) (3 ) (4) (5) (6 )

O.Ob 1.1 ~16) 0.5~5) 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)

c 1.0(21) 0.4(19) 1.3(18) 0.2(22)00

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)

00 0.5(24) 1.3(24) 0.4(24) 1.2(24)

aStory at which peak drift occurred is shown in parentheses.

bC1ad case (V = 625 kips/inch).

cUnclad case (V = 0).

Note: 1 inch = 25.4 mm.



Table 4.3-3. Peak Roof Displacements, Slotted Connection Case for the
Eccentric Model, for the First 10 Seconds of the 1966
Parkfield Record.
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Ground
Motion
Input

Direction
(1 )

Braced

Rigid

All owab1 e Peak Roof Displacement Response
Drift, Rigid Braced

t::. Direction Direction Rotation
(inches) (inches) (inches) (radians)

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

O.Oa 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 b 2.4 22.7 1. 1 x 10-2
00 2.8 23.9 1.1 x 10-2

0.0 21.9 2.3 7.8 x 10-3

0.18 22.2 2.4 8.4 x 10-3

0.36 22.5 2.2 8.6 x 10-3

0.72 22.9 1.6 7.8 x 10-3

00 25.2 1.6 1.2 x 10-2

aC1ad case (V = 625 kips/inch).

bUnc1ad case (V = 0).

Note: one inch = 25.4 mm.



Table 4.3-4. Peak Interstory Drift, Slotted Connection Case for the
Eccentric "'lode1 , for the First 10 Seconds of the 1966
Parkfield Record.
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Ground
Motion
Input

Direction
(1 )

Braced

Rigid

Allowable Peak Relative Interstory Drift (inches)
Drift,

[}.

(inches) Face 1a Face 2 Face 3 Face 4
(2) (3) (4) (5) (6 )

O.Ob 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)

O.72c
1.5(16) 0.6(7) 1.5(11) 0.5(5)

00 1.6(18) 0.7(22) 1.6(20) 0.5(22)

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)

0.72 0.5(4) 2. 1 (22 ) 0.5(20) 2.2(22)
00 1.1(22) 3.0(22) 1.0(22) 3. 1 (24)

aStory at which peak" drift occurred is shown in parentheses.

bC1ad case (V =625 kips/inch).

cUnclad case (V = 0).

Note: 1 inch = 25.4 mm.
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interstory drift levels. The slots would have had to be considerably

longer than those used in the prototype structure to isolate the cladding

elements when the tVIO earthquake loadings considered in this study were

applied.

4.4 Degradinq 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

data describing 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 inters tory 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 line 0-1 (see Fig. 4.4-1)

prior to exceeding the allowable drift~. Here ~ 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 USC [49J. The slope of line 0-1 was taken to be

625 kips/inch (1.1 x 105 kN/m) on the basis of the parameter study results

noted earlier in Section 2.4.

(2) Maximum forces and yielding forces are the same in both tension

and compression and occur along lines such as 1-2 and 11-12 in Fig. 4.4-1.

(3) For interstory displacements exceeding yield levels and followed

by unloading, the unloading line is taken to be parallel to the loading

line (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 yield

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-slip 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 loading intersects the last unloading line

in a quadrant (e.g., point 6), the slope of the loading line (e.g.,

line 6-7) again becomes parallel to the initial elastic loading line

(line 0-1).

(6) Unloading from a slip line (see rule 4 above) follows a line

parallel to the initial elastic loading line as illustrated by line 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

.,

~Q + ~Q + ~Q = 6 (4.4-1)

The direct linear extrapolation technique with the trapezoidal rule

(discussed in Section 3.2) was chosen for the present study since the

algorithm was available from the above studies. However, due to the

ass~med 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 load vector rather than by adjusting

the stiffness matrix, as discussed by Desai [7J, when the system properties

changed. Consequently, the stiffness matrix had only to be decomposed

once at the start of the procedure:

Th~ 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)
- -1 -1

*where i indicates the time step under consid~ration, S is defined by

*Eq. (3.2-9) and 6; by Eq. (3.2-10).

2. Solve for displacements Q; using the Cholesky method and compute

velocities ~i and accelerations ~i (see Eqs. (3.2-14) and~.2-15)).

3. Set j = a (j is the number of iterations within a time step)

and continue.
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4. Start the jth iteration: j becomes j + 1.

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

where the vector of internal loads is

(4.4-3)

j -1F.
-1

= S O~ - 1 + B~ - 1
-U-1 -1

(4.4-4)

and where S is the stiffness matrix for the unclad structure. The vector-·u

B~-l is obtained in the following way:
- 1

a) 1nterstory displacements ~g~-l are computed at each story and

each face as:

!10 ( I ,1) = 0(31-1) O( 3I + 2) R(0(3I) 0(31 + 3))

~0(I,2) 0(31-2) D(31 + 1) R(0(3I) 0(31 + 3))
(4.4-5)

60 (I, 3) = 0(31-1) 0(31 + 2) + R(0(3I) 0(31 + 3))

60(1,4) = 0(31-2) 0(31 + 1) + R(D(3I) 0(31 + 3))

where I indicates the floor number starting at the roof and the second

subscript for 6g 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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60(21,1) = 0(62) R(0(63))

60(21,2) = o(61 ) R(0(63))
(4.4-6)

60(21,3) = 0(62) + R(0(63))

60(21,4) = O( 61 ) + R(0(63))

b) Current internal forces CIF~-l in cladding are determined based
1

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 6

(line 0-1 in Fig. 4.4-1), then

CIF(I, lJ) = 625 * 6D(I, J) (4.4-7)

(2) If interstory drift exceeds 6 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 6 and unloading is taking

place (line 2-3 in Fig. 4.4-1), then

CIF(I,J) = 450 - 625 (602 - 60) (4.4-9)

where 602 is the drift at point 2 in Fig. 4.4-1. If CIF(I,J) is less

than -450 kips, then
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(4.4-10)

which corresponds to line 3-4 in Fig. 4.4-1.

(4) If loading starts to take place in the positive direction

(line 4-5), then

CIF(I,J) = -450 + 625 * (60 - 604) (4.4-11)

where 604 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 (4.4-12)

which follows line 5-6.

(5) When further loading takes place and the drift exceeds 606

(line 6-7), the drift at point 6 which is computed based on 602, the

internal force is computed as

CIF(I,J) = 45 + 625 * (60 - 606)

and if CIF(I,J) becomes greater than 450 kips, then

CIF(I,J) = 450 kips

which corresponds to line 7-8.

(4.4-13)

(4.4-14)
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(6) If unloading had started to take place before the drift equaled

~D6, then lines 13-14 and 14-15 describe the situation and the internal

force is

CIF(I,J) = 45 - 625 * (~D14 - ~D) (4.4-15)

where 6014 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)

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

B~-l is computen as (see Fiq. 4.4-2)
-1 -

B(l) = CIF(l ,2) + CIF(l ,4)

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

8(3) = (-C1F(l, 1) - C1F(l ,2) + C1F(l ,3) + C1F(l ,4)) * R

For I ~ 2 (I is floor number starting at the roof) (4.4-17)

8(31-2) = CIF(I,2) + C1F(I,4) - C1F(I-l ,2) - C1F(I-1 ,4)

8(31-1) = C1F(I,l) + C1F(I,3) - C1F(I-1,1) - CIF(I-1,3)

8(31) = (-C1F(1,l) - CIF(1,2) + C1F(I,3) + C1F(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 (U~) < tolerance, (set
-1

at 1.0 in this study), go to the next time step (step 1). Otherwise,

if j 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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Figure 4.4-2. Internal Forces Due to Cladding and Its Connections
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7. Compute the new load vector.

(4.4-18)

8.

step 2.

OJ.' • j "jSolve for and compute O. and O. in the same manner as in
_1 -1-1

9. Go to step 4 and continue.

The above algorithm 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 listing 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

mode 1.

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 percent of critical and the damping matrix was

not adjusted as cladding stiffness changed. Only one allowable drift

value, ~, chosen as 0.005 times an average story height of 12 feet

(i.e., ~ = 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 El Centro earthqauke 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 input 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 Fiqs. 4.4-7 and 4.4-8. When these figures are compared to

Fiqs. 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 model

and the linear clad model.

When response to the Parkfield record was computed, peak roof

displacement response values were as listed in Table 4.4-3 and translational

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 behavior

to be similar to the linear clad case for the allowable drift, 6, and

earthquake loadings chosen. The present model would become rather impracti­

cal with the use of a small 6 value since smaller timesteps would have

to be employed due to the presence of the slip lines in the model (see

Fig. 4.4-1 and Section 4.4.1). Further studies involving this hysteretic

model and small 6 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 level 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

model) and also does not require the use of as small a time step since

two relatively close shear slip lines are replaced by one.

4.5 Brake Pad Model

4.5.1 Description of Model

A cladding 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

larqe interstory displacements could be accommodated without any permanent



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 10-3
Unclad 1.7 14.8 5.6 x 10-3
Hysteretic 2.9 14.9 7.5 x 10-3

Rigid Clad 15.0 1.9 5.2 x 10-3
Unclad 11 .8 1.0 3.7 x 10-3
Hysteretic 14.1 1.9 5.7 x 10-3

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

Face 1aDirection Case 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 is shown in parentheses.

Note: 1 inch = 25.4 mm.



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

Ground Peak Roof Response

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 10-2
Unclad 2.8 23.9 1.1 x 10-2
Hysteretic 2.2 21.1 8.0 x 10-3

Rigid Clad 21.9 2.3 7.8 x 10-3
Unclad 25.2 1.6 1.2 x 10-2
Hystereti c 22.7 1.4 6.5 x 10-3

Note: 1 inch = 25.4 mm.
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Table 4.4-4. Peak Interstory Drift, Degrading Hysteresis Case for
the Eccentric Model, for the 1966 Parkfield Record.

268

Ground
Motion Peak Relative Interstory Drift (inches)
Input

laDirection Case Face 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)
Hysteret i c 0.4(19) 1.8(12) 0.3(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 energy dissipation possibilities.

The connection shown in Fig. 4.5-1 was developed based on a connec­

tion proposed for use in precast concrete large panel construction [31J.

This connection is intended for use at the top of the panel on one side

only with the other top connection being an oversized hole similar to

that recommended by peI [35J. The proposed connection will allow vertical

slip to take place in the panel insert without any resistance. Horizontal

motion on the other hand is governed by a force displacement relationship

which is idealized to be elasto-plastic as shown in Fig. 4.5-2. The

slope of the loading and unloading lines in this idealized loop was taken

to be 625 kips/inch (1.1 x 105 kN/m) based on the parameter studies in

Section 2.4. The allowable drift value, ~, which in this model is the

drift at which slip starts, was varied in steps as discussed in the fol18~~~g

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 have to be modified to look similar to the

previous 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 loading and unloading sections of the measured hysteresis loop are

vertical [31J.

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 control 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 connections, the equations of motion were integrated using

the procedure described above in Section 4.4.2 to handle the nonlinearity

introduced by the hysteretic behavior. Determination of current internal

forces in step 5.b (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 ?eve1s.

The following section contains results of structure dynamic response

studies employing the idealized hysteresis loop for cladding shown in

Fig. 4.5-2 and using the 1940 El Centro record and the 1966 Parkfield

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 (6) were considered as follows:
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Figure 4.5-1. Cladding Panel Connection Employing Heavy Duty Brake
Lining Pads Inserted Between the Clip Angle and the
Plate.
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. (1) 6 = 0 (i.e., cladding completely ineffective for the unclad

case, V = 0).

(2) 6 = 0.00125 times an average story height of 12 feet (i.e.,

6 = 0.18 inches or 0.5 cm).

(3) 6 = 0.0025 times an average story height of 12 feet (i.e.,

6 = 0.36 inches or 0.9 em).

(4) 6 = 0.005 times an average story height of 12 feet (i.e.,

6 = 0.72 inches or 1.8 cm).

(5) 6 = infinity (i .e., the linear clad case, V = 625 kips/inch

or 1. 1 x 105 kN/m).

Conditions (1) and (5) correspond to the unclad and clad linear

eccentric cases, respectively.

Peak roof displacement response values for the El 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 6 set

0.18 inches (0.5 cm) was most effective in reducing peak response when

compared to the linear 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 El 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 lowering 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 peak

roof response in the direction of applied ground motion decreased with

increasing allowable drift, 6. 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

oeak 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 linear 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 [441, 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 energy dissipation during each full cycle was determined. The following

equation was used in the computation of the dimensionless equivalent

viscous damping ratio [44J

_ lIU
Yeq - 2nKX2 (4.5-1 )

where lIU is the energy dissipated per cycle, K is the slope of the

force-deflection curve and X the interstory drift (Fig. 4.5-23 shows Yeq
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 levels for condition (2) (ll = 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 potential 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 length 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



Table 4.5-1. Peak Roof Response, Brake Pad Case for the Eccentric
Model, for the 1940 El Centro Record.
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Ground
Motion
Input

Direction
(1 )

Braced

Rig; d

Allowable Peak Roof Displacement Response
Drift, Rigid Braced

!1 Direction Direction Rotation
(inches) (inches) (inches) (radians)

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

O.Oa 1.7 14.8 -35.6 x 10_30.18 1.3 11.3 4.3 x 10_3
0.36 1.6 12.3 4.6 x 10_3
O.72 b 2.4 14.9 7.4 x 10_3

00 2.7 15.2 7.8 x 10

0.0 11.8 1.0 -33.7 x 10_3
0.18 10.5 0.7 2.8 x 10_3
0.36 11 .3 1.2 4. 1 x 10_3
0.72 14. 1 1.8 5.1 x 10_3

00 15.0 1.9 5.2 x 10

aC1ad case (V = 625 kips/inch).

bUnclad case (V = 0).

Note: one inch = 25.4 mm.



Table 4.5-2. Peak Interstory Drift, Brake Pad Case for the Eccentric
Model, for the 1940 El Centro Record.
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Ground
Motion
Input

Direction
(1 )

Braced

Rigid

Allowable Peak Relative Interstory Drift (inches)
Drift,

t:.
(inches) Face ,a Face 2 Face 3 Face 4

(2) (3 ) (4) (5) (6)

O.Ob 1.0(21) 0.4(19) 1.3(18) 0.2(22)
0.18 0.8(16) 0.3(20) 0.9(16) 0.2(20)
0.36 0.9(16) 0.4(20) 1.0(16) 0.2(4)
O.72c

1.1 (16) 0.5(5) 1.1(16) 0.3(4)
co 1.1(16) 0.5(5) 1.0(16) 0.4(4)

0.0 0.5(24) 1.3(24) 0.4(24) 1.2(24)
0.18 0.3(24) 0.7(19) 0.2(24) 1.0(24)
0.36 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)

QO 0.3(4) 1.0(19) 0.3(11) 1.3(19)

aStory at which peak drift occurred is shown in parentheses.

bC1ad case (V = 625 kips/inch).

cUnclad case (V = 0).

Note: 1 inch::: 25.4 mIn.



Table 4.5-3. Peak Roof Response, Brake Pad Case for the Eccentric
Model, for the 1966 Parkfield Record.
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Ground
Motion
Input

Direction
(1)

Braced

Rigid

Allowable Peak Roof Displacement Response
Drift, Rigid Braced

!::. Direction Di recti on Rotation
(inches) (inches) (inches) (radians)

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

O.Oa 2.8 23.9 -21. 1 x 10_3
0.18 1.0 22.4 6.1 x 10_3
0.36 1.6 21. 7 6.5 x 10_3
O.72b 2.2 21.1 8.2 x 10_2

00 3.1 20.7 1.2 x 10

0.0 25.2 1.6 -21.2 x 10_3
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 10_3

00 21.9 2.3 7.8 x 10

aC1ad case (V = 625 kips/inch).

bUnc1ad case (V = 0).

Note: one inch = 25.4 mm.



Table 4.5-4. Peak Interstory Drift, Brake Pad Case for the Eccentric
Model, for the 1966 Parkfield Record.
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Ground
Motion
Input

Direction
(l)

Braced

Rigid

All owabl e Peak Relative Interstory Drift (inches)
Drift,

!:J.
Face l a(inches) Face 2 Face 3 Face 4

(2) (3) (4) (5) (6)

O.Ob 1.6(18) 0.7(22) 1.6 (20) 0.5(22)
0.18 1.5(11) 0.4(19) 1.4(11 ) 0.3(5)
0.36 1.5(11 ) 0.5(19) 1.4(11) 0.3(4)
O.72c

1.6(11) 0.5(18) 1.4(8) 0.3(12)
00 1.5(11) 0.7(7) 1.4(7) 0.4(4)

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)

00 0.4-(16) 1.6(12) 0.4(4) 1.9(12)

aStory at which peak drift occurred is shown in parentheses.

bC1ad case (V = 625 kips/inch).

cUnclad case (V =0).

Note: 1 inch = 25.4 mm.
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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

response 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 of the connections

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 ~nd unclad structures. The principal results of these studies

may be summarized as follows:

1. 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 El 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 instances 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 ~1odel. Hysteretic response was observed

to follow the response of the linear clad case closely for the allowable

drift levels chosen. Smaller allowable 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

linear 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 th~ 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 predict.

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, but 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 location on every

floor. Torsional response could conceivable be amplified by varying

the eccentric location of mass from floor to floor.

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 1940 El Centro records, respectively, were used on the basis of

the response spectra pre~ented 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 reported 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 tne 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 to represent the potential stiffness contribution of the precast

cladding system and its influence on the dynamic response of the overall

prototype structure. However, in this chapter a rigid panel model was

employed to obtain information about the localized 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

connection force levels and on the contribution of cladding to structure

lateral stiffness in an actual curtain wall system subjected to lateral

motions.

A linear 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 studies;

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



318

written by another investigator [37J. 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 linear elastic spring elements with stiffnesses Kx'

Ky and Kz (in these studies Kz was set at zero since connection rotational

stiffness is mostly likely quite low), and the panels were assumed to

be flat and perfectly rigid. All panel-to-panel contact was neglected.

In addition, spandrel members with semi-rigid connections were included

by means of elastic connection stiffnesses (Kz ) at their ends. An inter­

mediate rotational stiffness value of Kz = 8x 104 kips-inch/radian

(9 x 103 kNm/radian) for AISC Type 2 connections was assumed for the

present study [37J. 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 cladding 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 panels 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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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 magnitudes of horizontal and vertical stiffnesses of

the clip angle connections employed to attach the cladding panels to

the exterior framing were not known. Analytical and experimental studies

of similar connections show a wide range of stiffness values for the

connections. Several variables affect the stiffness. For example, tight­

ness of connection bolts, weld lengths connecting clip angles to spandrels,

aDd interaction of spandrel flanges with the clip angles are all contri­

buting factors. An additional unknown was the support condition state

of the clip angles. Based on this lack 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 lateral 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



321

stiffnesses were adjusted in steps and cladding lateral stiffness compared

to the value of 625 kips/inch (1.1 x 105 kN/m) obtained for a row of

panels on one face 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 (9121 kN/m) per

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

at K = K = 360 kips/inch (6.3 x 104 kN/m) which yielded V = 63.69 11.53x y

= 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 connection 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 (1.1 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 = Ky = 300 kips/inch (5.3 x 104 kN/m) and consequently, the

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

(7.9 x 104 kN/m).

The second case considered in this section approximated the support

condition system recommended by PCI [35J. 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 slide 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

a nonstructural cladding system, connection stiffness values (Kx ' Ky)

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

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

ness value V of 625 kips/inch (1.1 x 105 kN/m). When a stiffness value

(Kx' Ky) of 360 kips/inch (6.3 x 104 kN/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 105 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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Figure 5.2-3. Support Conidtions Recommended by PCI for Nonstructural
Cladding Panels.
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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

support conditions on cladding system force levels. An interstory dis­

placement of 0.72 inches (1.8 cm) was applied to the models by trans­

lating the two top supports of the panel-frame system (joints 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 [49J. 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 El Centro record applied in either structure

direction with or without cladding. In 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 x 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 sliding connection). These increases 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

PCI support condition case with connection stiffnesses of 360 k1ps/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

lower 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 [lJ. For example, 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 levels in connections considerably. However,

this nonlinearity could not be handled by the p~esent model. On that basis,
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0.72 inches (1.8 cm) for Different Panel Support
Conditions.
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Uniform Weaker PCI Support
Spring Top Condition Cases

Case Stiffness Connection
Case Case V = 625 V = 248

l. Interstory shear stiffness 63.69 63.41 63.66 32.19
including frame

2. Maximum horizontal force 9.499 9.485 18.641 7.376
in bottom connection

3. Maximum vertical force in 29.440 36.676 75.596 29.886
bottom connection

4. Maximum horizontal force 9.539 9.454 18.641 7.376
in top connection

5. Maximum vertical force 37.032 30.953 0.107 0.107
in top connection

6. Maximum shear in 28.451 24.612 42.985 20.012
spandrels

7. Maximum moment in 316.52 349.30 646.65 306.75
spandrels

8. Maximum moment in 305.61 306.81 313.42 306.75
columns

9. Maximum vertical 0.0038 0.0041 0.0058 0.0039
defl ections in
spandrels

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

linear behavior of the connection springs as discussed in the following

section.

5.3 Nonlinear Static Analysis

5.3.1 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 [37J, 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 the 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 [7J 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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(5.3-1)

where the nonlinearity is due to the stiffness matrix ~ and where 0

and 9 ~re vectors of displacements and loads, 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, Qo and go' Normally, the initial loads and displace­

ments are all zero since the model is assumed to be undeformed initially.

If the total load 9 is divided into Mincrements, then the total load

can be written as

to the load applied in load increment j (the present

m

9 = go + L lIQj

j=l

where lIQ. refers
-J

analysis has all incremental loads equal).

(5.3-2)

After the application of

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

i

Q. = Q + L lIQ.
-1 0 J

j =1

(5.3-3)

where, after Mincrements, i = Mand 9M= q.
The increments of displacements liD. are computed by using a con­

-1

stant value of stiffness ~i-l' which is evaluated at the end of the pre-

vious increment, using the equation
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(5.3-4)

for i = 1, 2, 3, ... , M. The model displacements after the i-th step

can then be written as

i

D. = D +L flO.
-1 -0 -J

j =1

(5.3-5)

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 the pcr recommended

support conditions is studied in Section 5.3.3. Finally, a modification

of the pcr 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 vlere assumed to be oversized except for the vertically

aligned holes at the bottom load 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. All top connec­

tions were assigned a 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

tal directions of the bottom 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 inches (0.32 em)

Normally, a hole is specified to be 0.0625 inches (0.16 cm) larger in

diameter than the bolt diameter being used [35J resulting in a gap of

0.03125 inches (0.08 em). 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 103 kN/m) versus 11.53 kips/inch (2.0 x 103 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 103 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 linear 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 bottom 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 lists connection forces and framing member moments

and shears for the different gap size cases when the specified int~r­

story static displacement was set at 0.72 inches (1.8 em). This displaee-

ment level corresponded to the maximum interstory drift allowed by UBC

[49J. According to the PCI design handbook on precast and prestressed

concrete [36J, 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 [36J uses the relation

(5.3-1)

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 ev 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 [30l, 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). Both corner and in-line connections were considered.

The study concluded that the 2 to 3 kips (8.9 to 13.3 kN) was the force

needed to ove~come the friction in the connection caused by preloading

(pretensioning) of the bolts. ~fter this initial friction was overcome,

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, in the present stUdy, it was assumed

that the initial stiffness at the initiation of loading was equal to

the stiffness of the connection after slipping 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)

All 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 [30J referenced above. While it

is not clear whether or not this data also pertains to precast cladding

panels and connections, the assumption was made that the data could

be used in the present study; however, the validity of these friction

values 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 levels. Also shown for reference purposes

are the interstory shear stiffness values for the clad (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 (1.1 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 drop 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 displacement 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 initial friction 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 levels 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 103 kN/m) which increased to 32.8 kips/inch (5.7 x 103 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 1.10 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) ~orresponded 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 em, 1.98 em and 2.95 em) 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 those 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

slide horizontally. Horizontal 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 cm) in these studies based on an inspec­

tion of several top 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) bolt 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 sliding, on the other hand, was due to the use of slotted

panel inserts as recommended by pel [35]. Based on information for

a typical top connection insert device [lJ, the open slot dimension

above and below the bolt was taken as 0.825 inches (2.10 em) when the

bolt was placed in the center of the slot. Very low stiffness values
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Table 5.3-1. Rigid Panel Model Response to Static Interstory Drift
of 0.72 inches (1.8 em), 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.

1. Interstory shear 63.7 63.7 63.7 32.8
stiffness including
frame

2. Maximum horizontal 9.499 7.078 4.670 2.629
force in bottom
connection

3. Maximum vertical 29.440 27.330 25.200 20.144
force in bottom
connection

4. Maximum horizontal 9.539 7.108 4.689 2.640
force in top
connection

5. Maximum vertical 37.032 23.259 9.500 0.072
force in top
connection

6. Maximum shear in 28.451 19.724 17.723 15.117
spandrels

7. Maximum moment in 316.52 304.82 304.02 302.70
spandrels

8. Maximum moment in 305.61 304.82 304.02 302.70
columns

9. Maximum vertical 0.0038 0.0037 0.0037 0.0035
deflections in
spandrels

Note: Units kips and inches; 1 kip = 4.4482 kN and
1 inch = 2.54 em.
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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 left connection was not free to slide

according to PCI recommendations and hence was not slotted. In this

study, a comparison was mnde between the PCI case and a case which

assumed the horizontal dimension of the top left vertically slotted

hole to be larger than the diameter of the bolt or in other words,

the hole was oversized in the horizontal direction. Recall that in

Section 5.3.2 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 initial 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 pane1ized

construction connection study [30J discussed in Section 5.3.2

First, the above cases were compared by using connection spring

stiffnesses of 930 kips/inch (1.6 x 105 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 (1.1 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 low drift levels before

friction was overcome since higher stiffness was now present in con-

nection directions which previously were free to sl ide in the 1inear

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 k~/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 104 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

(1.1 x 104 kN/m) as the· friction was overcome in the vertical direction

of top connections at 0.08 inches (0.20 em, point B). The "gap, friction"

case stiffness was then reduced further to 15.3 kips/inch (2.7 x 103 kN/m)

at the point at which friction was overcome in the horizontal direction

of both top connections at 0.22 inches (0.56 cm). The interstory shear

stiffness for the II gap , friction ll case increased to slightly over

63.7 kips/inch (1.1 x 104 kN/m) at 0.36 inches (0.91 em, point D)

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

II no gap, friction ll case, the stiffness decreased to 64.5 kips/inch

(1.1 x 104 kN/m) and then later to 63.7 kips/inch (1.1 x 104 kN/m)

as friction was overcome in the horizontal directions of the slotted

connections. The limit of linear 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

a function of relative interstory drift for both vertical and horizontal

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 load bearing connections showed that at relatively low
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interstory drift values the PCI determined ultimate shear capacity

[36J 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 104 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 G.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 Il gap , friction" was considered, it coincided with

the "no gap, friction" case initially, but at a drift of 0.52 inches

(0.20 cm, 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 0), 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 load bearing bottom connections were observed to exceed

their PCI determined ultimate capacities [36J discussed in Section 5.3.2

at relatively low drift levels.

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

PCI [35J 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 providing

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

section.
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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 connection 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) Initia 1 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 [30J. However, preliminary parameter studies showed that these

lower values permitted higher drift levels before ultimate shear capaci­

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. All connection spring stiffness values were

set at 360 kips/inch (6.3 x 104 kN/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 103 kN/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 cm,

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 (1.42 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 horizontal 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 horizontal 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 slotted connec­

tion model, and not the pcr recommended support conditions, 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 em). Subsequently, it was concluded that low initial

friction levels were desirable for the frame-panel system being considered.

5.4 Summ~ry

Both linear and nonlinear 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, linear

elastic behavior was assumed except for the frame-panel connections

which were assumed to have a piecewise-linear stiffness behavior. No

contact between individual cladding panels was considered. The studies

were performed to determine the effects of panel support conditions

~n 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 load 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. Finally, the pcr 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 limiting force levels than the pcr 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 level. 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 constant was used to form a tridiagonal matrix

representing cladding stiffness and the 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 not considered in the current

study. The mass matrix was formed by lumping 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

frequencies was obtained. Values of 625 kips/inch (1.1 x 104 kN/m)

and 800 kips/inch (1.4 x 104 kN/m) produced the best match for the

composite model and the noncomposite model, respectively.

Dynamic 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 literature 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 translational 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

levels 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

linear or piecewise-linear spring elements. Small displacement, linear­

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 local cladding model were found to be affected significantly by the

presence of oversized 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 levels in

all cases except when both top panel connections were slotted horizon­

tally. PCI recommended procedures for attaching precast concrete cladding

panels to exterior building frame members for the purpose of isolating

the brittle panels from potentially damaging interstory drift motions

were found to be less than fully effective in accomplishing this objective.

6.2 Recommendations for Further Study

The results presented in Chapters 2 to 4 demonstrate the potential

influence of cladding stiffness on structure dynamic properties and

response to moderate earthquake ground motion. Due to increasing con­

struction costs and the widespread use of heavyweight precast concrete

facades for modern buildings, the potential stiffness contribution from

the curtain wall needs further study. The influence of other nonstruc­

tural elements, such as interior partitions which 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 approximations 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 building 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 loadings 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 levels 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 investigation.

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 insignificant 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 also 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 this 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-I 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 to 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
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Table A-l. Cladding Models Employed and Corresponding Computer Programs
Used for Computation of Dynamic Response.

Cladding ~1odel

Linear Model

Incremental Failure Model

Slotted Connection Model

Degrading Hysteresis Model

Brake Pad Model

Computer Program

DLETR

IDLETR

SDLETR

HDLETR

BDLETR



APPENDIX B

The computer program "SACLAD" listed in reference [37J was

modified in this study to accommodate piecewise-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 on the dynamic response of two high­

rise buildings is investigated by studying its effect on the modal

parameters. Ambient tests conducted in one of the buildings at

different stages of construction during installation of cladding are

described. The estimation of modal parameters from output data is

carried out by curve fitting the analytical 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 on 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 tests are carried

out employing a rectilinear electrohydraulic shaker. The modal

parameters are determined from transfer 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 di.fferent

components including cladding, multiplied by certain stiffness

correction parameters. These stiffness parameters are estimated using



a weighted least squares approach. Standard estimation procedures,

namely ordinary least squares, maximum likelihood and Bayesian

techniques, are also used and the results from different methods

are compared.



1

1.0 INTRODUCTION

1.1 Background

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 of aircraft components

subject to unsteady aerodynamic loadings, machine tools 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 understanding of the dynamic behavior of

structural systems before one embarks on their design and construction.

The first step in characterizing the behavior 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
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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, if 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
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to be determined. Identification of such systems reduces to the

estimation of these unknown parameters in the model. A general review

of identification 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 characteristics 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
.t.

(5, 6) i. 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). In these 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.

t 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

d~termination 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 building 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 scope of the present research, the second building for which

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

With the preceding discussion in mind, the objectives of this

study can now be summarized as follows.

(i) 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 observations.

Techniques of parameter estimation to be discussed later are used in

fulfilling the above objectives.

All estimation methods in general have a common 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 minimized to obtain the required estimates.

This is the procedure followed here to obtain the modal and the stiff-

ness parameters.

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
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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 24-story

buildings at different stages of construction are detailed. The

vibrational parameters are obtained from the response spectra using

a nonlinear 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 method is employed to minimize the sum of squares

error function. The results obtained are discussed and the changes

in the parameter estimates at different 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
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forced vibration tests are compared to those from ambient tests performed

earlier 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.



2.0 THE EVALUATION OF CLADDING PERFOlli~CE DURING CONSTRUCTION

2.1 Introduction

This chapter describes the vibration tests performed on a glass­

clad building at various stages of construction during the installation

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 out 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

experiments 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 installation of cladding. But conditions

beyond the control of the experimentalist dictate that ~ different

procedure 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. Forced 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 environmental loading and is applicable

to a variety of civil engineering structures. Owing 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:

(i) there is no control over the input level nor is there

a way to measure or quantify it;

(ii) small levels of response caused by low excitation levels

provided by the surroundings require more sensitive

instruments for measurement; and

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



attempts to characterize its temporal or spatial behavior in general.

However, because of the ease with which it can be carried 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 major 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 constant spectral

density in the vicinity of each mode.

It should be noted that the assumption of stationarity is 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 aforementioned

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 G ,then the autocorrela­
xx

tion of the response C (T) is described by the cosinusoidal function
y

(for a single degree-of-freedom system)

C (T)
Y

Tr G
xx

+ --,-P_-

/1 _ p2
(2.1)

where Wo 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 ratio 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 decrement signature, which 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
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(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 r~sponse 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) is related to the input spectrum G (w) by
yy xx

G (w)
yy

IH(W)/2 G (w)
xx

(2.2)

where !H(w) I 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 G ,
xx

1
G (w)

yy

G
xx

(T)
k

2 2
w(l --)

2
Wo

2
+ (2p .~-)

Wo

(2.3)



:1[-14

where

IH(w) 1
2 1

2
+ (2p ~)

wo

(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 w , where
p

w
p

(2.5)

For systems with small damping (p < 0.1),

(2.6)

It can also be shown that the half-power bandwidth 6WO' the difference

between the frequencies at which !H(w)1 2
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 G (w) peaks
yy

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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(2.8)

where ¢' is the coefficient of the nth mode at point i and G.. (w )
1n 11 n

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

00

f wi G(w) dw
o

(2.9)

where M
i

is the ith spectral moment of a spectral density function

G(w). The natural frequency and the damping ratio can be expressed

1 2 3in terms of M ,M and M • 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.



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-freedom system. Since the Fourier amplitude spectrum,

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 [Gii(W)J~. The assumption made

herein is that the input is broadband 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 investigations 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 width of floors 3 to 23 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



Figure 2.1. Building Geometry



which act as supporting columns in potential uplift are drilled 8

to 10 feet into 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 raised 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 additional 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-balance accelerometers

(Kinetmatics FBA-1) were used so that response from up to five different

floors could be measured simultaneously. The response signals were



Table 2.1. Cladding Levels on Different Test Data

Face EasT WesT NorTh SouTh COMMenTs

DaToa
1 Floors,sTrucTural f.~aMing

1/16 4(17) 2(8) 4(17) o( 0 ) and ollerhang cOMpleTe llpT 0

22nd floor.

2 Floors and structur .. l f"a-
'")/0 10(42) 6(2S) 10(42) o( 0) Ming cOMpleTe. Overhang..., .....

, COMpleTe TO 23rd floor.

2 Ollerhang cOMpleTe. Piplng
2/15 12(50) 10(42) 12(50) 7(29) and Mechanical equipMenT

being insTal.led.

2 Piplng installaTion c OMp 1-
2/22 13(54) 11 (46) 12(50) 9(38) ete. Mechanical equlpMent

being installed.

Mechanical equ lpMen t being
3./7 16(67) 12(SO) 12(50) 12(50) installed.

Elevator equlpMenT and
4/24 24(100) 19(79) 19(79) 20(83) partitions being

installed.

Ele'Jator equlpMen t and
5/16 24(100) 23(96) 24(100) 23 (96) partiTions being

instillli?d.

5/29 24(100) -
Ele'lator installation COM-

11/13 24(100) pleTe. Partitions COMpl-
ete to 20th floor.

1 Value in parentheses gilles the cladding level as a
percentage of COMplete cladding

2 Allerage 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 occasion (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), the 24th floor was inaccessible 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

olast 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 into 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 aspects 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 discrete 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 no frequency components higher than a certain frequency



Table 2.2. Locations and Orientations of the Accelerometers

Date :1./16 ;YB 2/iS ':l /r.),:> :517 4/2·4 5/16 5/29 11/l~~LI L.t...

2;;~ 22 B B H 13 24 B 8 8 a B 8 €I
Floor 13 13 :I. :5 24 :1.3 :1.:3 13 13 13 :I. ~i 13

No. 18 10 10 Hl ttl 18 18 U~ 18 18
"J':> ':>':> ':)':) rJ ';) 20 ~,~ 0 ,:)r..) ':>".) r,),:> ':)':>1...'_ L. L. L_ '_0 .... ,.... ....... I... i .. ....L• 1-'_,

24 24 ;!.4 24 22 '':>';) 24 ;:!4 ;:!4 ;~4L..t;.

Locat- :I. ~i 3 3 3 :I. 3 :I. 1 1 :I. j. :I. 1
i.on No. 2 2

()r- ien- N.... S E-~J N-f.) N-S E·-W N..·S E-~J N-S N-S £-~J N···S £"·W N-'S E·..·W
ti:ltion

t:\
I

N
W
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f
N

, referred to as the Nyquist frequency. This frequency is related

to the sampling interval bt by the following:

1
2M (2.10)

The sampling frequency f is defined as the reciprocal of the sampling
s

interval bt. Therefore, from Equation (2.10), f
s

= 2f
N

•

The sampling rate f must be at least twice as high as the
s

highest frequency present in the signal. Otherwise, the frequency

components higher than f
N

will appear as frequencies below f
N

• This

phenomenon is known as "aliasing" and is discussed in numerous books,

for example Reference 28. The aliasing problem is minimized by

low-pass filtering the signal to remove the frequencies higher than

If f denotes the maximum frequency of interest, then a sampling
m

rate of about 4-5 times f is recommended in practice with the cut-off
m

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 function of duration T, where T is

the total time given by T = Nbt. N is the number of data points in

the sampled record. The rectangular window, or the boxcar function

as it is sometimes referred to, can be represented mathematically as

1 o < t < T



11"-- 25_I)··

where WR(f) is the Fourier transform of the boxcar function. The

Hanning window is capable of resolving frequencies that are at least

26f 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 X
1

(k6f) and X
Z

(k6f) are computed using filtered

and properly weighted time samples, the auto and cross spectral

density estimates can be calculated using the following relations.

(Z .11)

1 *G (k6f) = -T (X1(k6f)X2 (k6f))x
1

x 2

- -where G is the autospectral estimate of x
1
(t), G is the cross

XIX1 x1xZ

spectral estimate between x1(t) and x2 (t), k is an index that varies

from zero to N/Z (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 (Z.11) are employed to compute estimates

for each of these segments. The

for the power and cross spectral

smoothed estimates G and G
x 1x

1
x

1
x

2
density functions are computed by

averaging the estimates for the individual segments.
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1
n

d
'Gi

(kM)G (k f) IXIX1
n

d i=l xIxI

(2.12)

A 1
n

d
G (k f) I G (kM)

X1X2
n

d i=l
X1X2

where n
d

is the number of averages used. If a weighting function other

than the rectangular window is used, it 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 bLG ]r ] x Ix 1
denote the bias and oLe the standard deviation of the estimate
A XI X 1 [J
G The normalized bias error sb G and the normalized random
xIxl xIx1

error or the coefficient of variation S [c ] are defined asr x I x 1

b [A I
GxIxI.J

(2.13)

A

When disjoint or nonoverlapping averages are used to compute G , the
xIx1

approximate variance in the estimate is given by
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from which

1

~
(2.l4a)

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
d

= 1, the standard,

"-
deviation of the quantity G is as large as the true value itself.

xIx l
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 n
d

that will produce acceptable variance in the estimates.
A

The bias in the autospectral estimate G depends mainly on
xIxl

the frequency resolution 6f which in turn depends on the time length T.

An approximate expression that can be found in Reference 28 is

(2.14b)

~

where Sb[Cyy(fO)] is the normalized bias error at peak frequency f
O

in

the output autospectrum of a single degree-of-freedom system subjected

to white noise excitation and 6fO is the half-power bandwidth. While

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 6f. 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 second 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 at 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



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. It 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 Y2(t)

is given by

A

G
Y2Y2

(2.15)

2
where y is the coherence function. If the signals y1(t) and y

2
(t)

Y1Y2
are obtained from a common source by some linear filtering operations,

the coherence between the two signals will 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
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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 direction 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 given 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

cross-spectrum is near zero at frequencies corresponding to modes

numbered 1, 3 and 6, which is indicative ofN-S bending modes. On

the other hand, the phase is close to 180
0

formodes 2 and 4,

indicating that these are torsional modes. The mode that is numbered

5, where the phase is again close to 180°, is an unidentified 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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Figure 2.3. Autospectrum at Location 1

Figure 2.4. Autospectrum at Location 2
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In the E-W direction, modes 1 through 6 (Figure 2.5) 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 accelerometers

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.

For floors other than the roof, the coherence 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 corresponding to the higher
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modes but the values in these regions are generally less than those

corresponding to the lower order modes. It is also observed from

the autospectra 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 to 4 Hz

with an increased frequency resolution of 0.05625 Hz so that the

bias in the estimates would be reduced. The bias depends on the shape

of the true spectra themselves and thus would be different in different

regions of the spectra.

In the worst possible case when only 3 hours of data were

employed, the approximate random error in the estimates can be

determined as follows. The time length of each segment used in

averaging is equal to 64 seconds. If nonoverlapping averages are

employed, the number of averages that could be obtained with about

3 hours of data is given by n
d

~ 168. Therefore, from Equation

(2.14a), s ~ 0.08. Hence, in general, for all the power spectral
r

density estimates calculated here, s < 0.08 or less than 8 percent.
r

2.5 Analvtical Formulation

The curve fitting procedure employed to determine the modal

parameters consists of fitting the analytical form of [H(f)1 for a

multidegree-of-freedom system subjected to a random loading at one of

its coordinates to the square root of the autospectrum measured at

different locations. The final parameter estimates are obtained by
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averaging the individual estimates computed from various autospectra.

In this section, the expression for IH(f) I 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) I 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] {y} + [CJ{y} + [K] {y} = {x(t)} (2.16)

where M

K

C

{x(t)}

{y}

n x n mass matrix

n x n stiffness matrix

n x n viscous damping matrix

n x 1 forcing vector (input)

n x I response vector (output)

and a dot denotes 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 [¢].

¢11 . . . . . . ¢In

r¢] ¢21 [¢1 ¢2 ¢3· . .¢ ]n

Pnl Pnn



If WR(f) is the Fourier transform of wR(t) , then

T
sin nfT

nfT
-jnfT

e

where f is the frequency in Hertz. The Fourier transform of the

truncated signal will be the convolution 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 t1f apart, where t1f = t 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

described by the following equations.

0.5 (1 - cos 2~t)

o

and

o < t < T

otherwise



where

¢li I
¢2i ,the ith mode shape.

~ni ~

Using the transformation

{y} (2.17)

Equation (2.16) can be rewritten in terms of the modal coordinates

{z} as

(2.18)

Assuming that the damping matrix can be decoupled by ¢ and using

the orthogonality of the mode shapes, Equation (2.18) reduces to

where

ImJ {z} + Ic] {z} + IkJ {z}
T

= l<PJ x (2.19)

[m] generalized diagonal mass matrix

[c] generalized diagonal damping matrix

and [kJ 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. z. + c. z. + k. z.
1 1 1 1 1 1

T{cp.} {x}
1

(2.20)

Equation (2.20) can be expressed in terms of the ith natural frequency

w. and the ith damping ratio p .•
1 1

• 2
z* + 2p. w. z + w. z. =

1 1 1 ill

where
w. = I k. /m.

1 1 1

T
{¢.} {x}/m.

~ 1
(2.21)

and c./(2 m.w.)
1 1 1

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 ¢k' xk(t)/m. • The letter k, used to denote the generalized
1. 1.

stiffness in Equations (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,

Z.(w) = H.(w) ~ (w)
1 1 --k (2.22)

where Z.(w) is the Fourier transform of z.(t), ~ (w) is the Fourier
1. lK

transform of xk(t) and Hi(w) is defined as



H. (W)
1 2

(l - Wz )
W.

1

1

+ Z· ~JP i w.
1
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(2.23)

where j =~. From Equation (2.17),

{Y (W)} [<P] { Z(W)}

and the Fourier transform of the response measured at location t

can be written as

Yl..,(W)
n

L
i=l

<Po. Z.(w)
"-1 1

(2.24)

Substituting for Z.(w) from Equation (2.22),
1

Y t (w)
n

Xk(W) i~l <P ti Hi(W) (2.24a)

Using Equation (2.23) in the above equation,

n

= ~(w) L
i=l

2
(l - W2)

w.
1

1
(2.24b)

If the response measured at location t is the acceleration Yt(t),

then the Fourier transform of the response can be expressed as

Y 2t (w) (2.25)
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where Y
2t

(W) is the Fourier transform of the acceleration response.

Substituting the expression for Yi(w) in Equation (2.25), the frequency

response function between acceleration at location t due to a force

at location k can be shown to be

n

L
i=l

2
. f

+ JP'-f1 .
1.

(2.26)

where W has been replaced by f, the frequency in Hz.

Defining the following quantities,

where

N.
1

A. (L)2
1 f.

1

D.
1.

2 2
a. + 6.

1 1.

A. =
1. m.

1.

, the participation factor for the ith mode

and

a.
1.
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Equation (2.26) becomes

H(f) Re [H (f)] + j 1m [ H(0] (2.27)

where Re [] denotes the real part and Im[] denotes the imaginary

part, given by

and

Re [ H(f)]

1m [ H(f)]

n N.cc.
- L -2.2:.
i=l Di

n N.S.
L -2:..2:.

i=l Di

(2.28)

From the definition of the frequency response function H(f),

IH(f) I I~(f) I

which is the same as

VG (f) = IH(f) IVG (f)yy xx (2.29)

where G (f) is the power spectral density function of the accelerationyy .

output and G (f) is the power spectral density function of the force
xx

input. Noting that

IH(f) I

and using the identity



n n-l
L a

2
+ 2 L

p=l P p=l

n

L
q=p+l
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a a
p q

the equation for IH(f)j is given by the following.

n-l n
2 L L
p=l q=p+l

N N

-H (ex ex
p q p q

+6 13)] ~
p q

(2.30)

In the above equation. the first term within the brackets is the

contribution due to the n individual modes while the second term

arises due to the interaction among various modes. Hhen 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. If one of these two conditions

is not satisfied. the cross-term may contribute a significant amount

to IH(f)1 and therefore cannot be discarded.

It is assumed here that the output linear spectrum magnitude

IY(f)1 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(f)l, which in this case are taken as ;-G (f). The modal frequenciesyy

f .• the damping ratios p. and the participation factors A. for the first
111

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



Zl- 54

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

ljJ, where

(2.31)

where IY(f) I. and /R(f)l. are the measured and the analytical values
l l

evaluated at the ith frequency point and r is the number of points in

/Y(f)1 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 !R(f) I is nonlinear in the modal

parameters, the technique used to minimize the objective function ljJ,

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, which 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 {8} denotes the vector of parameters to be estimated by

fitting a function F(8) to a vector of measured values {y}, the

least squares objective function ljJ, which is dependent on the unknown



i

parameters, is defined as

ljJ(8)

T
{e} {e}

where e. = [Yo - F.(8)] and
l l 1.

{e}

2I e.
1.

Y l - Fl(e)

Y ­
2

(2.32)

k
Expanding ljJ(e) about some {e}= {8 } in a Taylor's series and retaining

terms only up to the second order,

ljJ(e) (2.33)

where {gk} is the gradient of ljJ(e) evaluated at {8
k} and {Sk} is the

Hessian or the second derivative matrix evaluated at

defined as

{gk} and [Sk] are defined by

k{B }. {o8} is



k CJtjJ
lIS} {Sk}gi 88.

l

k -a2tjJ
I{s} I8k }S.. 88.88.lJ

l J

Differentiating Equation (2.33) with respect to Ie} and equating to

zero,

from which

and

{eS 6}

{8}

(2.34)

(2.35)

If tjJ(8) is quadratic in Ie} and [Sk]is positive definite, Equation

(2.35) gives the parameter values at the minimum of tjJ(8). For functions

that are not quadratic, Ie} given by Equation (2.35) is likely to be

closer to the minimum than the original values {e
k }. 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

quite complicated, the task of obtaining the second derivatives may

prove very difficult. It may be preferable to use a method 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 employed 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

where

{g}
T

- 2(J] Ie}

[
3F

i CS)]

de. '
J

(2.36)

the Jacobian or the sensitivity
matrix.

The Hessian is defined by

- 2 I (Y. - F.(e~
1 1

d F. (8)
1

d F. (8)
1

C2.37)
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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,

Equations (2.36) and (2.38) in (2.35) give

(2.38)

{8} (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 [8] 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(e) in a Taylor's series

about {8} = {Sk},

or

[J] {8 S} (2.40)

The normal equations corresponding to the linearized form Equation (2.40)

are given by
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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 {e} determined using Equation (2.39) at the kth

iteration is taken as the initial parameter vector for the (k + l~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 modification of the Gauss-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

{e} (2.41)

where S is the step size parameter. In one approach that requires the

least effort, S is chosen such that the value of the objective function

evaluated at {e} is less than the value at {e
k}. When this condition

is satisfied, {e} is accepted as the improved estimate, to be used in

the next iteration. A more sophisticated approach would involve

finding the minimum of ~(e) as a function of the step size variable,
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using some interpolation scheme (34, 36). The value of ~ that

minimizes ~(e) along the Gauss-Newton direction is found by

representing ~(8) as a quadratic in~. This value is employed in

Equation (2.41) to compute {8}.

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

[B] [J]T [J]

Then

{8} (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 ~+oo, the direction given by Equation (2.42)

approaches that of the negative gradient used in the steepest descent

method. As ~70, this direction approaches the direction given by the

Gauss-Newton method. Thus the presence of the parameter ~ has the

effect of interpolating between the steepest descent and the Gauss­

Newton directions.

The computational scheme employed here is based on Equation

(2.42) and can be represented as
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(2.43a)

where

(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 determining 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 IB],

*B •.
~J

B ..
lJ

~
(B .. B .. ) Z

~~ JJ

Equation (2.43b) is now transformed to

(2.44)

where [I] is the identity matrix and

*q.
~
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with

The above procedure is equivalent to sealing the parameters {8} so

that

* ~

8. 8. (B
ii

) 2
1 1

eJL
ClF. (8) rJ

de.
J 1

*Therefore, {~e} can be obtained from {~e } as

M.
1

*lie.
1

k
(B .. ) 2

11

Since the foregoing scaling procedure makes use of the values of the

parameters themselves, Equation (2.43b) must be rescaled every

iteration.

The convergence of the Levenberg-Marquardt method depends, to

a considerable extent, on the value of~. This parameter is

usually allowed to vary from iteration to iteration. If ~ is not

properly chosen, the method 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 ~1 0.01 for the first iteration.



sl and go to the next iteration.

(ii)

(iii)
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For the kth iteration (k=1,2, .•• ), compute {ek+1}

using Equation (2.43a) with sk = 1. If ~(ek+1) < ~(ek),

~1 ~1 k
accept {e } as the new estimates. Set].1 ]J /10.

If ].1k+1 < k+1
sl' set ]1

Otherwise

k k k+l k+l
Replace S by S /2. Compute {e } and ~(e ). If

k+l k k+l k+1 k
~(e ) < ~(e ), accept {e }. Set].1 10].1 If

].1k+l ~ M, terminate the procedure. Otherwise go to the

next iteration.

(iv) If ~(ek+l) > ~(ek) and sk ~ s2' stop.

step (iii).

k
If s > s2' go to

sl and s2 appearing in this procedure are small positive constants and

M is a large number.

and 107 respectively.

-7 -3These constants were assigned values of 10 ,10

Equations (2.43a) and (2.43b), along with the above procedure

to choose ].1, 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.

(a) l{ek+1} _ {ek}/ < {b} (2.45a)

e~+l _ ek

(b) I J. J./ < s3 (2.45b)e.
J.

(c) I~k+l _ ~kl < s4 (2.45c)



(d)
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(2.45d)

where ~k = ~(ek), {b} is a vector of small positive constants and

£3' s4 and £5 are small positive scalars. Criterion (b) was employed

here to terminate the algorithm, with E
3

= 0.0001; i.e., the procedure

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 Equation (2.43a). This was accomplished in the present

case by including a check to verify that no halVing of the step 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 mayor 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 {e} 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 global

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 {8} is chosen to consist of the frequencies, the damping ratios
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and the participation factors for those modes included in estimation.

{8}

A
n

(3n x 1) vector where n is the
number of modes considered

The derivatives of the function IR(f)1 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 a., S.,
1. 1.

N. and D. defined previously are the following.
1. 1.

IR(f) I~ =
4 N. (3~ n N. [ 2 2 f21. + 2.)2 - f.

D~
N. (a. +l If a.(a. -6.. -)aE. 1. 1. 2 . 1 . J 1. 1. f:1. 1. J= J

1. j;fi 1.

(2.46a)

8N.
~

- D~
1.

N.S. n
.2:-..2:. + I

2 j=l
j;fi

N. [If a.(a.3.)
j J 1.1.

(2.46b)



2IH(f) I l.1BJQLaA.
1.

2
D.

1.

N.
1.

n

+ L
j=l
j#i
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(2.46c)

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 locations 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 IH(f) I 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 func-,'

The basis for this procedure is that if an incorrect combination of

signs is used for various modes, the fit obtained would tend to be

poorer than the fit 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 obj ective function only if the proper combination 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 out, 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 ~ 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. If 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 is obtained.

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 is dropped and another one added. This procedure yielded the
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correct signs for many analytically created IH(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 vibrational 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 likelihood procedure since the objective

function to be minimized is essentially the same in both cases under

such conditions.
2If a denotes the variance of the errors, the

*approximate covariance matrix of the converged estimates {e } is

given by (34)

v *e
(2.47)
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If 0 2 b . dis not known, it can e estlmate as

*&2 = 1)1(8 )
r - p (2.48)

where p is the number of parameters to be estimated, (r - p) is the

*number of degrees of freedom and 1)1(8 ) is the objective function value

at the minimum.

In the current estimation procedure which uses IG (f) , the
yy

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 known, the coefficient of variation € and the
r

correlation coefficient T can be calculated from

T 8. e.
1 J

(V *) .. / I(v *) .. (V *) ..S lJ e 11 e JJ

(2.49a)

(2.49b)

where (s)8 is the coefficient of variation for parameter e. and T
r . 1 e.8.

1 1 J
is the correlation coefficient for parameters e. and e..

1 J

Finally, it is observed that a single degree-of-freedom fit

can be carried out 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-of-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 outside the bandwidth of interest. Approximate

terms, which are functions of the frequency variable f and additional

unknown constants, can be added to !H(f)l to include the effects of

those modes that fall below or above the frequency range being

considered. The additional unknown constants can be estimated along

with the modal parameters themselves. The expressions for these terms

can be derived from the analytical form of IH(f) I. The inclusion of such

terms will probably improve the quality of the fits obtained.

(2) No constraints were imposed on the parameters. In general,

the frequencies and the damping ratios 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 small 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 IH(f)! now depends on p2. Even in

these cases, starting from slightly different initial estimates usually

helped prevent this from occurring.



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 calculation to the computer using an HP 9825A

programmable calculator.

The computer program utilized in estimation was developed for

interactive use since this would enable greater operator control over

the curve fitting process. Plotting routines were used to check the

quality of the fits obtained. In almost all the cases, the program

converged to the final values in about 6-10 iterations.

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 int~r~~r

The modes above 3 Hz were not considered at all.

The number of points around each mode used in curve fitting

varied from peak to peak. While too few points can result in poor

estimates, too many points away from the peaks can slow down the

convergence considerably and in some cases can even cause nonconvergence.

This is because the output power spectral density function is only a
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dubious approximation of IH(f)1 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. For 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 G (f).yy

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 the remaining autospectra.

Beforediscussing the results of the estimation procedure

obtained using the building data, the results obtained using an analyti-

cal function to evaluate the performance of the procedure are presented.

The values of the modal parameters assumed to create the function

IH(i)/ with 5 degrees-ai-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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Mode Frequency DaMping Participation
No. Ratio Factor

(Hz) (;~ )

1 i 0 .0 1.5 1. SO

,., 20.0 2.0 -1.75...

3 30.0 ,., I:'" 2.00.... ..J

4 40.0 3.0 -2.25

S 50.0 3.5 2.50
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Table 2.4. Initial and Converged Values for the Test Case - Case (i)

Mode Frequency DaMping Participation
No. Ratio Factor

(Hz) ( ;~ )

InitiCll Final Initial Final Initial Final

1 9.9 10.0 1. 00 1. 50 1. 00 1. 50

2 19.9 20.0 i. 00 2.00 -1.00 -1.75

3 29.9 30.0 1. 00 2.50 1. 00 2.00

4 39.9 40.0 1. 00 3.00 '-1.00 -2.25

5 49.9 50.0 1. 00 3.50 1. 00 2.50

,--::.\

~ .- n. i ?2XJ. 0

Table 2.5. Initial and Converged Values for the Test Case - Case (ii)

Mode Freq uenc y DaMping Participation
No. Ratio Factor

(Hz) C(.)

Initial Final Initi.~l Final Initial Final

1 9.9 10.03 1. 00 1. 46 1. 00 1. 48

2 19.9 20.01 1. 00 2. iO 1. 00 1. 81

3 29.9 29.98 1. 00 2.7B 1. 00 2.14

4 39.9 39.80 1. 00 3.84 1. 00 2.57

5 49.9 48.85 i .00 4. i 7 1. 00 2.23

1jJ .- 3'} . .292
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positive. Table 2.5 shows the initial and the converged values for

this case. The value of the sum of squares error function is 39.29

-5
as opposed to a value of 0.19 x 10 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 G (f) and Figures 2.23 - 2.27 give the sameyy

The values of the frequencies andin the magnitude form / G (f) •
yy

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 spectra are satisfactory around all the

modal peaks of interest. Greatest deviation of the fit from the

measured function occurs at frequencies 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 2.17. Analytical Magnitude Squared Function and its Best
Fit with all Participation Factors Positive
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Figure 2.18. E-W Autospectrum on 24th Floor and its Best Fit
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Figure 2.19. E-W Autospectrum on 22nd Floor and its Best Fit
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Figure 2.20. E-W Autospectrum on 18th Floor and its Best Fit
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Figure 2.21. E-W Autospectrum on 13th Floor and its Best Fit
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FREQ.iHZl

Figure 2.22. E-W Autospectrum on 8th Floor and its Best Fit
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Figure 2.23. N-S Autospectrum on 24th Floor and its Best Fit
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Figure 2.24. N-S Autospectrum on 22nd Floor and its Best Fit
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Figure 2.25. N-S Autospectrum on 18th Floor and its Best Fit
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Figure 2.26. N-S Autospectrum on 13th Floor and its Best Fit

Figure 2.27. N-S Autospectrum on 8th Floor and its Best Fit



Table 2.6. Estimates for the N-S Directional Response
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Mode No. Floo~ I<Type) No. 8 13 18 22 24

Freq.(Hz) I 0.443 0.444 0.444 0.444 0.444
1

I I I(Bending) DaMp. (;0 2.42 1. 05 0.97 1.24 1. 07
I

Freq.(Hz) I 0.709 0.706 0.706 0.707 1°·706
2

I(Torsion) DaMp. (7. ) 2.19 1. 90 1. 88 1. 88 1. 76

F~eQ.(Hz) 1.393 1.393 1.394 1.392 11. 394
3

I(Bending) DaMp. (;~ ) 1. 28 1. 24 1. 31 1. 30 1. 29

Freq.(Hz) 2.073 2.073 I 2.070 2.074 1 2 . 075
4

(Torsion) DaMp. (;~ ) 2.08 2.09 2.16 2.10 2.01

Freq.(Hz) 2.530 - 2.545 I - 2.556
5

(Bendina) DaMo. (;0 1.67 - 1. 41 - 1. 58

Table 2.7. Estimqtes for the E-W Directional Response

Mode No. Floor
<Type) No. 8 13 18 22 24

Freq.(Hz) 0.335 0.335 0.335 10.335 0.335
1

I(BEtnding) DaMp. (/.:) 1. 62 1.89 2.32 2.44 1. 90 I
Freq.(Hz) 0.707 0.707 0.705 0.704 !0.702 I

2
I(Torsion) DaMp. ( i.) 2.02 2.00 1. 92 I 1. 96 1. 89

Freq.(Hz) I 1.051 I1.053 I - 1.05S
3

I 1. 056

(Bending) DaMp. (;~ ) 2.20 2.18 I - 2.42 2.07

Freq. (Hz) 1.952 I - 1.955 - 1.957
4

(Bending) DaMp. ( ;~) 2.09 - I 2.06 - 1.81

Freq.(Hz) 2.092 2.077 2.068 2.081 2.077
5

(Torsion) DaMO. (/.: ) 2.45 2.17 1. 90 2.24 2.08
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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 one of the two

closely spaced modes and, except in the 24th floor response, is not

the dominant of the two. In 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-S

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 coefficients will be given next. Table

2.8 lists the values of s calculated from the diagonal elements of
r

the parameter covariance matrix Ve* 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 s are the least for the parameters of the dominant mode,
r

which in this case is the second torsional mode. Relatively high

values of s for the 3rd bending mode are mostly due to this mode
r

being the lesser pronounced of the two closely spaced modes. But

the highest € corresponds to the damping ratio of the lowest mode.
r

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 Directional Roof Response

Mode Frequency DaMping Ratto Pa1"ticipation
No. (Hz) (;~ ) Factor

t.stli'hHe I CoeFf. EstlMate Coeff. EstiMate Co\?ff.
Val". \,.Iar . ( i ) I)ar.

i 0.335 0.0009 1.90 0.i33 i.789 o. 04tJ

2 0.702 O.OOli 1. 89 0.050 -1. 326 0.034

3 1.056 0.001.i. 2.07 0.065 1.i07 0.043

4 1.957 0.0010 1. 81 0.099 0.604 0.096

5 2.077 0.0004 2.08 0.028 2.184 0.025

(1) Not the actual or true values.
obtained using a Multiplication
on the MaxiMuM Magnitude of the
of the aMplifier.

The actual values are
factor that depends
spectruM and The qain
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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 to be expected, whereas the high

values between p. and A. are due mainly to the following reason.
1 1

Considering the case of a single degree-of-freedom system, the value

of IR(f) I at the peak frequency, using Equation (2.30), is given by

f.
1

A.
1

2p.
1

Thus, including only those points that lie close to the peak will lead

to significant correlation between A. and p .• The high values of T could
1 1

possibly be reduced by using a weighted least squares approach in which

the weights are chosen inversely proportional to the measured IG (f).yy

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. Single 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 (~f = 0.0078125 Hz) to obtain the

parameters for the third mode and with four times the frequency resnlJli-'

(~f = 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 nonstationary respons~

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
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Figure 2.28. High Resolution Autospectrum with 6f 0.0078125 Hz

Figure 2.29. High Resolution Autospectrum with 6f 0.003906 Hz
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Table 2.10. Comparison of Modal Parameter Estimates from SDOF Fit,
MDOF Fit and the Direct Method

Mode Frequf?nc'l (Hz) DaMping Ratio (I.)
No.

Dir ec t SnOF MDOF Dii"ect SDOF MDOF

1 0.443 0.445 0.444 0.91 1. OS 1. 07

~ O.70i 0.702 0.706 - 1.97 i .7tJ....

3 1.393 1.396 1.394 1. i 0 1. 21 1.. 29

4 2.075 2.073 2.07S 2.31 2.16 2.01

S 2.544 2.533 2.556 1. 57 1. 59 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 estimates 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-freedom fit

could be carried out.

(iii) If the mode is not well separated from the neighboring

modes, a multiple degree-of-freedom curve fitting procedure

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, is 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 periods of time required for each measurement, the five available



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 floor 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 installation of cladding 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
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Table 2.11. Variation of Frequencies with Construction

I Direc-

:~.
i/16 2/S\ 2./15 2/22 3/7 I 4/24 S./ 16 5/29

tion Mode
I No. II ,

I
0.479 0.475

0.
469

1
0.458 0 .446 0.4441 - 0.444

N-S ;; 1.444 1.424 1.412 - 1. 367 1.365 1.368 1.375

1

I
;;.5111 2 . 5263 2.604 ;;.587 I 2. 581 1 - 2.473 2.545

I 1 ' 0.3211 - - 0.3211 0.306 - 0.317 0.319I

0.9771E-W ~ - - 0.955 0.908 - 0.962 0.980...
3 .1.785\ - - 1.789 1.707 - 1.798 1.823

Torsion

I
1 \ 0.7,32 \ - - - a .702 0.694 (J.692 o.692 I
;; 2. (J83! - - - 1 .960 2.008 2.024 2.030 I1

Table 2.12. Variation of Damping With Construction

Direc-

~
1/16 2/8 2./15 ?/~" 3/7 4/24 5/16 5/29w" '-4-

tion Mode
No.

.. .,

1 0.91 0.61 1. 92 - 1. 02 0.88 0.82 0.71

N-S :: 0.47 0.67 0.62 - 0.62 1. 04 1. S4 1.32

3 - 0.66 0.92 - 1. 10 1. S6 1. 30 1. 23

1 0.44 - - 0.56 0.53 - J .15 2.32

E-W ~ 0.57 - - 0.97 1. 04 - 1.72 1. 78...

3 1. 03 - - 0.87 0.62 - 1. 76 1.49

Torsion 1 1.15 - - - 1. 32 1. 33 1. 56 1. 56

;; 0.71 - - - 0.79 .1 . 11 1. 56 1.47
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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 out 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 installation of

exterior cladding. The frequencies of the fundamental modes in N-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 variations,

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 studying cladding effects (This particular

building was employed because it was the only one available at the time

of the study.) On the other hand, 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 torsional

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 March 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 installation 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 observed 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 cladding 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. Frequency and Damping Estimates from Data Taken on
11/13/80

Mode N-S E-W Torsion
No. Direction Direction

Freq. DaMp. Freq. DaMp. Freq. DaMp.
(Hz) (Z) (Hz) (Z) (Hz) C,)

1 0.444 1. 12 0.335 2.21 o. 7O.':> 1.86

2 1.393 1. 28 1.054 2.21 2.073 2.07

3 2.543 1.49 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 one or more excitation

sources. Force generating devices or shakers that provide well-defined

controllable and measurable force input are usually employed as the

excitati~n sources. Even for structures like highrise buildings where

ambient testing 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 ways 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 to 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 technique 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 the entire frequency

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

development 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 employed 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 fills the

needs for full scale testing of structures like 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 operation.

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 engineering 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 electrohydraulic 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 on 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 maximum stroke of the actuator. In the

intermediate frequency range (1 < f < 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 is restricted 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 to any arbitrary

prescribed waveform. In the present study, the approach adopted 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 signal caused by the "sample and hold" mode of operation of the
"

DAC. The final analog waveform is fed to the servocontroller unit

which controls the actuator to generate corresponding table motion.

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

(c) 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 that 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 is defined by

x(t) (3.1)

where x(t) swept-sine input

f lower frequency limit
a

f b = upper frequency limit

T sweep time

The function x(t) has a linear spectrum whose magnitude between f ­
a

and f
b

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 force 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 frequencies 10 percent below these values

(0.9 and 3.15 Hz). The complete waveform is determined using

where

x(t)

A

A sin

A, f < 0.9

(3.2)

+ f , the instantaneous frequencyaf

(O/)A,

(0/-> (3/5)A,

(fb - fa)t

T

0.9<f<3.15

f > 3.15

and A is the amplitude initially at f

tapered waveform and its spectrum.

f. Figures 3.5a and b show aa
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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 supports a highly contoured precast concrete panel curtain

wall. The building core is constructed with braced framing in one

direction and rigid framing in the other (Figure 3.6). The exterior

frame is 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 in the previous chapter.

Five accelerometers were placed on the 2nd, 9th, 17th and 21st 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 Forced Vibration Tests

Full scale dynamic tests using the shaker were carried out
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starting June 26 (1981). The instrumentation 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 control 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 MTS 406 servocontroller to control the hydraulic

valve.

Ideally, it would be desirable to locate the shaker near the

building top so 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 accelerometers were employed to measure 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,
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which were thus defined by a total of nine coordinate points. Along

with the roof, the 23rd, 21st, 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 floor. 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 the shaker 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 respectively. 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 direction (Figure 3.7).

The HP 9825A calculator employed to synthesize the waveforms

was programmed so that, for given values of fa' f
b

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 f
b

, were

synthesized and used together with the swept-sine waveform. The

calculator was instructed to 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 transmitting the lower harmonic

cycle, increase the stroke of the shaker from zero

to the required level.

(ii) Issue a command to 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 f
b

, is reduced to zero.

(iv) Issue a second command to the calculator to switch to

the lower harmonic signal.

(v) Go to step (i) and repeat as many times as needed.

All data blocks were computed with a constant time interval 6t

between two successive points, given by

M T/2048

An external clock, which is a part of the integral DAC unit, was

used to pace the transmission of data points from the calculator to

the DAC at 6t 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 acceleration 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 in DAC with the aid of the

calculator and recorded. This signal was such that it assumed a

constant de value for the duration of the sweep and zero otherwise.

By employing this signal to control the triggering, the start of

data acquisition in the analyzer can be synchronized with the start

of the recorded sweep.

The seismic mass used on the weight table comprised 32 lead

bricks for a combined mass of about 1760 lbs. The stroke length

was adjusted for a maximum displacement of about 8 inches in the

low frequency range.

Different ranges of sweeps were used by choosing different

values for fa and f
b

• All the modal parameters for the higher modes

were estimated from sweep data with fa = 0.1 Hz and f
b

= 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 f = 0.05 Hz and
a

f
b

= 0.85 Hz was employed for measuring the fundamental mode response.

The sweep time T was selected as 51.2 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 to 10 times and the data recorded each

time so that ensemble averaging could be used to estimate the spectral

density functions from which the frequency response function is obtained.



.J.L.' 117

3.6 Frequency Response and Spectral Estimation

Procedures similar to those given in xhe previous chapter were

used to compute the autospectra and the cross-spectra from the ambient

data. The auto spectra 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 frequency

response functions are estimated as

R(f) G (f) /G (f)
xy xx

(3.3)

where H(f) is the estimate of H(f), G (f) is the estimate of the
xx

input power spectral density and G \f) is the estimate of the cross­
xy

spectral density between the input and the output. The coherence

function between the input and the output, computed according to

Equation (2.15), 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 important 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 is 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 employs the response directly to
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determine the modal properties. Thus, if 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 employed 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 frequencies except the 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 functions measured on the 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

o
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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Figure 3.17. Transfer Function Measured on the 9th Floor
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Figure 3.21. A Typical Coherence Function -
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3.7 Modal Parameter Estimation

The autospectra 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 directions 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 function model to the measured H(f) for the estimation 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 obtained if the damping matrix [C]

cannot be uncoupled using the modal matrix [¢] (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 parameters for the first four modes

were obtained using a combination of single and multidegree-of-



Table 3.1. Ambient Test Results

E-130

Mode Braced FraMe Rigid FraMe Torsion
No. Direction Direction

Freq. DaMp. Fr·eq. DaMp. Freq. DaMp.
(Hz) (:0 (Hz) (;0 (Hz) ( ;~)

i 0.43 3.8 0.33 5.S - -

2 1. 34 3.4 1. 0 i 4.9 -- .-

3 2.41 ·4'.8 1. 73 4.8 - -

Table 3.2. Forced Vibration Test Results

Mode Braced FraMe Rigid FraMe Torsion
No. Direction Direction

Freq. DaMp. Freq. DaMp. Freq. Dal"\p.
(Hz) C~) (Hz) <;0 (Hz) (;~ )

1 0.41 ~
.., 0.32 4.2 0:41 4.3..... ,

~ 1. 30 1.4 0.96 2.4 1. 23 3.5...

3 2.35 3.0 1. 66 3.3 2.09 5.5

4 3.37 2.3 2.32 4.7 2.92 4.9



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 final 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 floors 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 frequencies.

This is in agreement with the findings of previous 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 were 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 equations

in terms of the mass, stiffness and damping parameters (Equation

2.16). But the dynamic behavior of the structure is often better

interpreted in terms of the modal parameters. Howeve!, 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 closely as possible. Some of these procedures

use the modal parameters while others employ the time domain response

directly.

Flannelly and others (53) 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 measured 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 (55) 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 to obtain the mass, stiffness 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

stiffness of the structure into those due to different components.

[ K]
NC
L

i=1
e. [K .]

1. 1.
(4.1)

where [K ,Jis the stiffness due to the ith component, e. is a
1. 1.

scalar parameter and NC is the number of components. The values of

e, (which are all equal to one in the a priori model) are adjusted to
1.

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 done 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 cladding which was used in

forced vibration tests. An a priori finite-element model of this



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 tile process.

Since the major objective 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 manipulating the stiffness

matrix by decomposition and the subsequent estimation of the

stiffness parameters offers the advantage of being able to handle

large systems with relative ease. However, this technique is less

powerful than others that modify the coefficients of the stiffness

matrix directly, which, for this very reason, can be expected to

give better results 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 8. associated with the approximate cladding stiffness
l

matrix developed 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



directions and torsion). The cladding stiffness matrix was

developed in terms of an inters tory 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

was found to be 625 Kips/inch.

4.3 The Estimation Methods

The stiffness parameters for the three components, viz. the

core, the frame and the cladding, are estimated using a weighted

least squares approach. The weighting matrix is selected by

considering the uncertainties in the measurements as well as the

prior values of the parameters. The estimates are also obtained by

the usual ordinary least squares, maximum likelihood and maximum

\.
posterior density 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 description of the weighted least

squares method used.

4.3.1 Ordinary Least S~uares COLS) Estimation

The cost function for the OLS method is given by Equation

(2.32). Experimental values {Y.} correspond to the measured frequencies
~

and mode shape coefficients and {F.(8)} correspond to the analytical
J.

eigenparameters obtained by solving the eigenvalue problem for given
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values of the parameters {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 information regarding

the distribution of the data or the confidence in the prior values

of {8} ; the measurement and the modeling errors are completely

ignored.

4.3.2 Maximum Likelihood (ML) Estimation

The ML estimates are obtained by maximizing the likelihood

function L(8). If P(Y/8) denotes the probability density function of

the observations for given {8},

L(8) P (Y /8) (4.2)

where {8} is considered variable. When the errors in the measurement

are normally distributed with zero mean and a covariance matrix

[V J, the logarithm of the likelihood function can be expressed as (34)
y

9,n [L (8) ]

(4.3)

where r is the number of dependent variables, Iv I is the determinanty

of [VyJ and te} is the r x 1 error vector. Maximizing L(8) reduces

to minimizing ~, where



1,jJ
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(4.4)

when [V ] is completely known. Thus, the maximum likelihood methody .

with the above assumptions is equivalent to weighted least squares

estimation where the weighting matrix is taken as the inverse of

the covariance matrix. If [V] is not completely known, an objective
y

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,

known.

it depends on the degree to which [V] is
y

The ML procedure considers the measurement errors in estimation

but does not treat the parameters to be estimated as random variables.

Although the ~~ estimates do not possess optimal statistical

properties, they are usually satisfactory.

4.3.3 ~aximum Posterior Densitv (MPD) or Bayesian Estimation

If a prior density function PbCe) can be assigned to the

parameters, the posterior density function P ceIY) can be written,a

using Bayes' theorem, as

p (e/y)
a

where

pel/e) Pbce)

P (Y)

L(e) Pb(e)

P (Y)
(4.5)

P(Y) ) p(y/e) Pb (8) dS
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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/e) and Pb(e) are normally distributed, maximizing

P (elY) is the same as minimizing the following function (34):
a

~ {e}T [VyJ-1{e} + {8 - ~}T[VeJ-l {8 - ~}

(4.6)

where {~} and [Ve ] are the mean and covariance of the prior

distribution of {e}.

The MPD method includes the effects of uncertainty in the data

and the model. It is even applicable to some cases where it is not

feasible to use least squares or maximum likelihood method.

4.3.4 Weighted Least Squares (WLS) Estimation

In WLS estimation, the objective function ~ takes the form

T
{e} [W] {e} (4.7)

where [W] is the weighting matrix. The 01S method is a special case

of the WLS procedure with [W]equal to the identity matrix. Also,

ML estimation with normally distributed errors and known covariance

-1
is equivalent to assuming [W] = [V] . But these are by no means

y

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(e)} as random. Under the
e

assumption that the experimental values Y. and the analytical values
J.
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F.(8) are uncorrelated, it is easy to show that
~

COy [e. e .] = COy [ Y .Y . J + COy [F. (8) F. (8) ]
1J 1J 1 J

(4.8)

in which COy [x.x.] denotes the covariance of two random variables
1 J

x. and x.. -In matrix form,
1 J

[v ]
e

where

(4.9)

Var (e
l

) Cov[e
l
e2 ] • coy [e

l
e)

[V ]
cov[e2e

l
] Var(e

2
)

e

COY [ere l ] . . . . Var(e )r

and

Var(FI(e)) COY [F1 (e)Fr (8)]

Var(F (e))
r

The matrix [V
F

] is evaluated using the prior covariance matrix of the

parameters [Ve]'



VarCe )
p

The procedures for computing the elements cov[F.(e)F.(e~
1. J

using [Vel are well established (70-72). These procedures are

based on the small perturbation assumption that the analytical

values can be expressed as

F. (8)
1.

F. (8) + I dF i ~ I
1. k= 1 aek {8}

(4.10)

where {e} is the mean of the distribution of{S}. From the above

equation,

E[F.(8)]
1.

F. (8)
1.

and

Cov [F. (e) F. (e) ]
1. J

p

I
k=l

p

I
Q,= 1

dF. (e)
1. of. (e) I

d~Q, {e}
Cov(8ken )

{S} :xv

where E [ ] denotes expectation. Cast in the matrix form,

and

{E [F(e)]} {pee)} {F(e)} (4.l1a)

(4.11b)



where

dF 1 dF
2

'dF
r

ael 67
1

£*3
1

~J =
8F Id F1

ar- ..... -W:Jp

in which the dependence

r~Fe'-lThe matrix [a8J
on {e} is omitted for convenience.

consists of the derivatives of the modal

parameters with respect to the stiffness parameters. In the case of
df.

1frequencies, the derivative --- is given byae.
J

af.
1

de.
J

1
a A.

(__1)

4 'T de.
TTv 1\. J

1

(4.12)

where A. is the analytical eigenvalue, expressed as
1.

A.
1.

2w.
].

2
(2TT f.)

).

Therefore, in order to compute ~l, the eigenvalue derivative
aA. @8J o¢.
de~ and the eigenvector derivatives {ae~} must be evaluated. Several

J J
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] {cp.} = A. [M]{cp.}
]. 1. 1.

(4.13)
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Differentiating Equation (4.13) with respect to e.,
J

[K .]{ <p .} + [K]{ <p • .}
,J 1 1,J

A.. [M]{<P.} + A.[H .]{<P.}
1,J 1 1,J 1

+ A. [M]{ <P. .}
1 1,J

(4.14)

where [K .] represents the matrix of the derivatives of the stiffness
,J

elements with respect to e. and so on. Multiplying Equation (4.14)
J

T
by {<p.} and recognizing that [M] and [K] are symmetric, the above

1

equation reduces to

T
{<p.} [K .H¢.}

1 ,] 1

where Equation (4.13) has been used. Therefore

A••
1.,J

{¢.}T ~K .] - A. [M ) {<p.}
1. ~,J 1. ,J~ 1

T{CP.} [M] {CP •}
1 1

(4.15)

Rearranging Equation (4.14)

(4.16)

frK] - >...[Ml{<p . . } =rA.. [M] + A.[M .l-[K) {<p.} (4.16)L 1 j 1.,J L1.,J 1.,J' ,J~ 1

Since the matrix ~.K] - \[M~ is of rank (n-l), Equation

cannot be directly solved for {<p • • }. If one of the elements
1,J

of {cp • . } is fixed, the other elements can be determined by deleting
1, J

the corresponding equation from Equation (4.16). It is obvious from



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 {~ .. } as a linear combination of the
1,J

n independent eigenvectors which span the n-dimensional space. This

method requires all the eigenvec tors t!lough it is possible to

truncate the sum of the eigenvector contributions in some cases and

obtain an approximation for {~ .. }. However, it does not involve
1,J

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 (4.15) and (4.16) are employed 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] [v ]-1
e

[v + V ] -1
Y F

(4.17)

The amount of computational effort involved can be greatly reduced

if the off-diagonal terms in [W] are neglected. For this case,

[W] 1
Var(Y.) + Var(F.)

1 1

(4.18)

Equation (4.18) defines the weighting matrix used here. This
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procedure can be viewed as one in which the weights are chosen based

on the confidence in the measured as well as the analytical values of

the dependent variables.

4.4 The Minimization Algorithm

The objective functions in all four estimation procedures

described in the previous 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.

A discussion of this method and a derivation are given in Appendix A.

{e k+l,
The improved estimates for the parameters J are calculated from

the old values {8 k} us ing Equa tion (A. 11) in the Appendix. The

approximation [AkJ to the Hessian is updated by adding a correction

[6Ak ] computed according to Equation (A.IO). The series of matrices

k
[A ] thus generated converges to the Hessian evaluated at the minimum

~ *as {v} converges to {e }. The Hessian a t the minimum is therefore

generated along with the minimum itself.

Each iteration in the algorithm involves solving an eigenvalue

problem of order n. Only the first few eigenvalues and eigenvectors

corresponding to the experimentally measured frequencies and mode

shapes are needed to evaluate the objective function and its derivatives

with respect to {e}. In 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-l). 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 column

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 for 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 iterations.

The termination criterion adopted to stop the algorithm after

the minimum has been approximately located is that given in Equation

(2.4sd). The computations were terminated if the values of the objective

function in two successive iterations differed by less than 0.5

percent by choosing Ss = 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 assembled, 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 stiffness

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 21 coordinates

correspond to the topmost 21 floors. The lower floors were considered

laterally supported at the floor levels due to the stiff concrete

pedestal at the base 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

[K J
1

3

I
j=l

e.,[KJ..
1J 1J

, i=1,2,3 (4.19)

where j

j

j

i

i

i

1

2

3

1

2

3

corresponds to the core

corresponds to the exterior frame

corresponds to the cladding

corresponds to bending in braced frame direction

corresponds to bending in rigid frame direction

corresponds to torsion

[K .]= total stiffness in the ith direction
1

[K ij]= stiffness of the jth component in the ith dh""-;"

and e" =1J
parameter associated with [K]ij

The equations of motion to be solved are

[M] .{x}, +[K].{x}.
1 l. l. 1

0, i=1,2,3 (4.20)

where {x}. = the response vector in the ith direction and [M]. the
l. l.

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 to 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 8 .. equal unity. Table 4.1 lists the computed and
lJ

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 (SSQ), which is a measure of the deviation of the predicted

values from the observed values and which forms the objective function

in OLS estimation.

From Table 4.1 it is observed that the frequencies in the

braced frame direction are the closest to the experimental values

(SSQ = 0.0108) while the frequencies in torsion show the greatest

deviation (SSQ = 0.0322). The analytical frequencies in braced frame
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Table 4.1. Comparison of ~xperimental and A Priori Analytical
Frequencies

DiT'. Bt'aced FraMe Rigid Fral"\e TOt'sion

Mode Exp. Anal. I Exp. Anal. Exp. Ana 1.
No. I

i a.41 0.402 0.32 0.345 0.-41 0.408

2 1. 30 1.263 0.96 0.995
I

1. 23 I 1. i 74

3 2.35 2.349 1. 66 1.778 2.09 2.000

4 3.37 3.273 2.32 2.366 2.92 2.776

-1 -i - .1.
SSQ 0.i08 X 10 0.179 X 10 0.322 X iO



Table 4.2. Comparison of Experimental and A Priori Analytical Mode Shapes

Braced FraMe Direction Rigid FraMe Direction
Flo or'

No. rlode No. Mode No.

1 2 3 1 2 3

:::ql. Ana 1. E>:p. Anal. Exp. Anal.. Exp. Anal. e: >: ~l . Anal. Exp. Anal.

I~ oaf 1. 00 1. 00 1.00 t.OO 1.00 i.OO 1. 00 1. (} 0 1.00 1. 00 1. 00 t.()O

;::~ o. <.!'l4 o. 9~5 0.60 o .6';) o 'J~1 0.30 o.S)6 0.95 0.75 0.69 o.4~~ 0.1S• L_ I

21 0.8'7 0.85 0.33 o. ~"i 0 ... 0 . 46 ..,0 . -4 7 0.91 O.B? o .3"'> 0.2'7 -,0.34 -'0.6'7

19 O.7S (}.~/6 "'0.06 -O.ii. -O.9;~ -0.97 0.80 O.'7B -0.04 -·O.1~J -0.136 -i.OO

1 '7 0.66 0.67 '·'0.41 '-0.47 . 0 . 0'7 '.' 0 . S) (I 0.70 0.67 '·'0.43 '·'0.52 ... () . 96 -0.76

i5 ... D.S!:! "'0.65 -0.T3 -O,S4 -·0.46 0.'70 (1.56 -(l. tl9 _.(l. T;:.~ -(l.S~~ -O.j.7

12 .- 0.45 ·'0. '/5 -0.80 0.2fJ 0.3·4 0.53 0.45 ... 0 . 8 0 .-. () . '7·4 0.24 o. ~;)~~

S) 0.31 0.20 .. 0 . 60 -·0. 6 S) 0.09 .1 . ~~6 0.33 0.28 -0.6S) -0. 5~i) i . 0 ~5 1..04

6 0.16 D . 13 i .. 0 . 4 5 ... 0 . 3? 1. 01 1.02 o. i '/ 0.13 .- 0 . 4 0 ... 0 . :H O.B4 () . 7~:!

SSQ
<4 Frl~q. 0.19'7 0.590
+~3 ModE
Shapes)

~
\......

\.Jl
-l:"-
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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 (SSQ 0.197) than in the rigid frame direction (SSQ = 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 variation 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 [V ] was constructed using the above
y

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 e... This is due
1J

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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O(8
i1

), the standard deviation for the core parameter 0.03

O(8
i2

), the standard deviation for the exterior frame parameter = O.~'

O(8
i3

), 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

* e
parameters {e } can be computed by making use of the general expression

given in Reference 34.

[V ~.]
8"

['iol. U'" T ~-1[V] 'V ~ [S'<]
Y ~3Y

(4.21)

where

(rr\de dY)ij

,iljJ
d8. 3y.

l J

and is the Hessian evaluated at the optimum estimate *{e }. For

objective functions of the form considered here,

In 01S estimation, [W] [I], the identity matrix and

[V *] ""
e

.,~

[S ]

-1

(4.22)



For ML estimation,
-1

[W] = [V] and Equation (4.21) reduces to
y

[V 4.] ~
e~

*[S ]
-1

(4.23)

If the errors are assumed to be small, it can be shown that (34)

-1
(4.24)

Equation (4.23) also holds good for }~D estimation. For the WLS

d [W] [V ]-1 andproce ure, = e

[v J..] ~
e~

*4 [8 ]
-1

[V J [V ]
y e

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

* at {e''<}matrix [A] , which is an approximation to the Hessian can be

*substituted for [8 ] in the above equations. However, in this study,

no attempts are made to evaluate the performance of th~ methods using

the posterior covariance. Consequently, the values of [V ~] are
eh

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

the values corresponding to ell = 0.85, e12 = 0.95 and 8
13

= 0.90.

The parameters for this test case were then estimated using the



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 mOQe shapes.

This is evident from the values of SSQ, which increases from

-1 -1
0.9103 x 10 when only the frequencies are considered to 0.9111 x 10

when the mode shapes are also included.

In several other test cases it was observed that the farther

the "true" values were from the initial estimates (1, 1, 1), the better

the estimates became 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 Equation 4.1, the frequencies are much

more sensitive than the mode shapes to changes in Ie} and several

combinations of the parameters could 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 ell = 0.85, 612 = 0.95, 613 = 0.90

PioH' iHH? t f?r s SSO No. of function
and Gr ad :i.t:m t

COT'a FraMe Cladding Ini.tial Final [valuatioIH;

0.9103 X o.~7oa X
4 Freq. 0.846 o.<»60 0.916 ···1 ···6 iO
Only 10 10

4 FT'eq. 0.9111 X O. 198 X
+3 t-iode O.B45 O.9S9 0.919 -1 '-4 10
Shapes 10 10

~
I->
0'
o
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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 employed 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

-2(1, 1, 1) to 0.33 x 10 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. OL8 Estimates for Bending in Braced Frame Direction

Fr'eq. 4 Fr'eCl. + 3 ~1()dc:) Shapes
On], y Freq. -RoGe Bh a p t?S

(Hz) o-/:.~ ) Flo(H' No.

Hoof 23 21 t s> j. '7 15 12 9 6

1 O.4:U. 0.414 1.00 n.93 n.8S 0.76 '0.67 0.56 0.4S 0.28 0.13

~! 1.291 1.301 1.0n o.6,> 0.30 -0.11 -0.47 -0.73 -0.80 -0.69 -0.38
Node

No. 3 2.402 2.419 1.00 0.30 -0.47 -0.97 -0.98 -0.46, 0.34 1. 26 t . O:.:!

4 3.347 3.371

eor'('? i .0Sj. 1.061

Par aM'" Frat-1e 0.9 1ni 1..041
€!terr:>

CL~d- :l . 0:34 1 .061
ding

0.330
SS(J. ~.;~ o.1. Sli

i

XiO
-------- -

No. of Funct.
and Gr'ad. 9 6
Evaluations

~
......
(J'\

tv



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 SSQ 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

Estimation of the stiffness parameters in the rigid frame

direction yields the results given in Tables 4.8 - 4.11. With only

the frequencies included, SSQ is reduced from an initial value of

-1 -2 -2 20.179 x 10 to 0.472 x 10 in OLS, 0.537 x 10 in WLS, 0.553 x lO-

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 the initial values 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

SSQ 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. ML Estimates for Bending in Braced Frame Direction

Fr (?q . -4 F T' e q . + ~~ M() deShap (:"H;

Only FT'eq. Mode Shapes
(Hz) (HI) Floor No.

l~ 00 f 23 21 1.9 17 15 12 9 6

1 O.40S> 0.409 1..00 0.93 O.8S o "7/. 0.66 (l . 5\~ 0.4S 0.28 o. 1:~• I \01

-:1 1.285 1..28S 1.00 () .6(jl 0.30 -0.11 -0.47 -0.73 -0.80 -0.69 -0.3BL_

Hodf~

N () . 3 2.3S' 0 2.391 1.00 0.30 -0.47 -0.97 ~0.97 -0.45 0.34 1.26 1 . ();.:~

4 3. 33;~ 3.332
-- ---

Cor'f-" 1.042 1.042

flardM'- FraMe O. (jl59 o (')1"-"7. >.J I

f?l err,;
Clad- 1.022 i . 0;.~3

di.ng

0.334
SSf~ -. ~.:! O.lB9

Xl0

No. of Funct.
and Gr'ad. 10 1.(l

Evaluations ~
......
0\
.(>



Table 4.6. l~D Estimates for Bending in Braced Frame Direction

Fl"eq. 4 Fr'e<.l. i' 3 Moele ShiHlesi
Only Fl"eq. Mode Shapes
(Hz) (H z ) Floor' No.

Roof ~~3 21 19 17 15 12 9 6

1 0.409 0.409 1. 00 0.93 O.8S 0.76 0.66 0.S6 0.45 0.2n O.i~~

2 1.285 1.285 1.00 0.69 0.30 -O.1i -0.47 -0.73 -0.80 -0.69 -0.38
Mode

No. 3 2.3<»1 ;~.39j. 1.00 0.30 -0.47 -O.?? -0.97 -0.45 0.34 1.26 1. 02

4 3.332 3.332

C()r'~? 1 . 0·4 ~~ 1.043

flaraM"· FraMe O.94<J O. '/4B
eter!i)

CJ.ad- 1.023 i . ()~:~4

dinq
- ~._.- ~-- ....._-

0.334
Sf.lQ .- ~~ 0.18'1

X10

NO.of Funct.
and Grad. 10 to
Evaluations ~(

......
(J\

Ln



Table 4.7. WLS Estimates for Bending in Braced Frame Direction

Fr<-?q. -4 Fr'eu. + ~5 Hode Shanel,)
Only Freq. Mode Shilpes
(Hz) (Hz) FloM' No.

Roof 23 21 1. II 17 p.- 1 ;,:~ I» 6.J

1 0.405> 0.411 t.OO 0.93 0.85 O.7h O.6? 0.56 0.45 0.2B O.i3

2 1.285 i.290 i.OO 0.69 0.30 -0.11 -0.47 -0.73 -0.80 -0.69 -0.38
Mode

No. 3 2. 3(1;:~ 2.399 1.00 0.30 -0.47 -0.97 -0.98 -0.46 0.33 1. 26 i . ()~:?

4 3. 33~~ 3.343

Cor'e 1.04:3 i . ().4 3

Para,,~-' Frat·~e 0.963 0.940
eH':r!:;

Clad- i.02:3 1, .OS(j>
ding

o. 33~~
SS(~

._'J o. 1. 139L_

X10 i

No.of Funct.
and Grad. 10 (?

Evaluations
~
\
>-'
0'
0'



Table 4.8. OL8 Estimates for Bending in Rigid Frame Direction

Fr t:~q . 4 Fr'eq. + 3 Mode Shape~>

Only Freq. Hode Shapes
(Hz) HI ~~ ) Floor No.

Roof 23 21 19 1'7 15 12 'I 6

i 0.333 0.331 i.OO 0.97 0.92 O.SS o. 7\~ o.M~ 0.54 O.3S 0.16

2 0.963 0.975 1. 00 0.77 0.41 -0.01 -0.42 -0.71 -0.81 -0.71 -0.39
~1ode

No. 3 i .7;!.O 1.665 1. 00 0.39 -0.39 -0.95 -1.02 -0.53 O.3S 1.24 o.<i'7

4 2.290 2.306
----- ----- ~ _ ..- --'-~-- -

C() f'f? 11.5>23 O.33B

ParaM- FraMe 1.026 1.777
e t E'i"!:i

C1 i.lC:!- 0.944 i . ?5S>
ding
-- ---- . ---- ~--.-~-.-.-.-.----------~--.----------.-.._._-~-.-----_._"-

0.472
SS(~ -,-2 O.j,O~~

X10
----_.-._---~------

No.of Funct.
,,\Oct Gr ad . 9 ."/

I

Evaluations

~
\

f-'
0­
-....J



rable 4.9. ML Est~mates for Bending in Rigid Frame Direction

Freq. -4 F;'eq. + 3 ~1ode ShQQes
On 1 ~I Fr'c~q . t10de Shi:lp<?s
(Hz) (H:r. ) F:I. 0 07' No.

l~ 0 0 f 23 ;~i 19 17 i5 12 Ij> 6
-

i 0.329 O. :327 1. 00 0.95 0.B7 0.78 0.67 0.56 0.4S 0.28 0.13

':) 0.949 0.944 L 00 0.69 0.27 -0.16 -0.52 -0.72 -0.75 -0.60 -0.31<.

Hode
No. 3 1.695 1 . 68~? i.OO 0.16 -0.67 -1.00 -0.77 -0.18 0.52 1.04 () . 7:':~

4 2.256 2. 24~i
._. ---'-----

Cor(·~ 0.902 o. B~')4

Par' a 1"\'.' Fr' aMe 0.948 0.929
eters

Clad'- 0.914 0.<;'05
ding

-

0.553
SSQ _':1 0.5701-

X10

No.of Funct.
and Gr' ad. 'l n
Evaluations

~
.....
(j\
co



Table 4.10. MPD Estimates for Bending in Rigid Frame Direction

F r <:!(~ . 4 FreCl. + :3 Nodf:! Shap(~s

Only Freq. Mode Shapes
(Hz) (Hz) Floor' No.

Roof 2~1 21 19 17 15 12 9 6

1 o. 3~~'7 () . :'527 1. 00 n.9S n.B? 0.78 0.67 0.56 0.45 O.2B 1l.13

2 O. C,")44 O. 94~; 1.00 0.69 o.27 _. 0 . 16 '-' q.52 ._. 0 . 7;~ .... 0 . 75 .,. 0 . 6 0 .-. 0 . 3 i
l10de

No. 3 1.68'7 1.687 1.00 0.16 -0.67 -1.00 -0.77 -0.18 0.52 1. 04 o. 7~;~

4 2.245 2.246

Cor' (~: O.89S 0.894

ParaM-- FraMe 0.938 0.939
eters

Cl ael'-' o.<;>0:3 O.90S
ding

0.662
BSQ .... ;:.~ 0.569

XiO

No. of Funct.
ilnd Grad. 0 B
Evaluation!:,;

~
.....
CJ\
'0



Table 4.11. WLS Estimates for Bending in Rigid Frame Direction

Fl"eq. 4 Fl"eq .... 3 Mode Shane!:>
Only Freq. Mode Shapes
(Hz) (Hz) Floo{' No.

Roof 23 21 1 '} j "] 15 12 9 6. I

1 0.32'1 0.327 1. 00 () . Sl7 o. ~');:! O.BS 0.76 0.66 0.55 0.36 O.i?

2 0.950 0.965 1.00 0.78 0.42 0.00 -0.41 -0.70 -0.81 -0.72 -0.40
Mode

No. :3 1 .6SI ? 1.640 1.00 0.40 -0.37 -0.94 -1.02 -0.56 0.33 i .2·4 i.OO

4 2.250 2.277

C; 0 r· €.~ 0.904 0.323

Par aM -- F r a 1'1 e O. ~jl52 o.fNO
etel"!;;

C1 ad-' 0.916 1.f.lSO
d:i n <.:J

o. 5:3'7
Hfj(~ _.,':) O.iOt;,'-

XiO

NO.of Funct.
Clnd G{'ad. s> 15
Evaluations

~
f-'
'.J
o
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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 SSQ is the highest for the OLS method, from 0.322 x 10-1

-3to 0.468 x 10 or about 99%, 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 lowest

value for SSQ. 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 mainly

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 e.. ).
~J

The large changes for the parameters 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 changes in Ie}, 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. OL8 Estimates for Torsional Response

1£-172

ParaMeters Fr-equeneies(Hz)
I

I
CorE! FraMe Cladding Mode No.

~ i I 2 3 I 4
. I

0.4271
i

i. 091 1.. 0791 1.102 1.230 2.093 i 2.907

i -3
SSQ ! 0.468 X 10

No. of Funct.
and Grad. 9
E'/<lluations

Table 4.13. 111 Estimates for Torsional Response

ParaMeters Fr-equencies(Hz)

Core FraMe Cladding \ Mode No.

i i I 2 3 A

\
1. OS1 I 1.022 1.081 0.4211 1.213 2.063 2.866

-2
SSQ 0.401 X 10

No.of Punet.
and Grad. 9
Evalu<ltions



Table 4.14. MPD Estimates for Torsional Response

ParaMeters Frequenc:~es(Hz) \

Care FraMe Cladding Made No.

1 -1 ;; -. 4'"'
1.049 1.015 1.081 0.421 1.2121 2.063 2.865 I

-2
ISSQ 0.416 X 10

NO.of Func:t. Iand Grad. 9
E'Jdluations

Table 4.15. WLS Estimates for Torsional Response

ParaMeters Frequencies(Hz)

Core Fl"aPle Cladding Made No.

1 ::1 3 4

1.051 1.023 1.081 0.421 1.213 2.064 2.867

-2
SSQ 0.395 X 10

No.af Fllnct.
and Grad. 9
E'Jdluations



..ff-174

any constraints on the parameters nor does it make use of a weighting

matrix by which the frequencies are given more importance than

the mode shapes. Therefore, the 01S 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 yields 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~. 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 01S estimates. This could be ascribed to the

following. Since the mode shapes are much less sensitive to Ie} 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 [V], they tend to reduce the differences
y

between the low values of variance for the frequencies and the high

values for the mode shapes. The weights generated by the inverse of

[V J may then be such that the frequencies and the mode shapes are
e

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

SSQ. The effect of changing [VeJ in these two methods was examined

by using various values for a(e, ,). In addition to the 3,4 and 5%
lJ

standard deviations 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 obtained 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. Comparison of Estimates from MPD and IJLS Methods

Method MaxiMuM Posterior Density Weighted Least Squares

Std.dev.
(Cor·s,FraMf.·l, C()rf.~ Fr'i:Hole Clad·- SS(~ Core Fr'i:lMs Clad·- ~1~1Q

Cladding) ding ding

0.662 X 0.537 X
3,4,5 Z 0.095 o. ~138 0.903 -2 0.904 O. 95;~ 0.(H6 ._.r.).-

UJ 10

0.666 X 0.547 X
3,5,lO ;~ 0.895 o. 9:3~) 0.903 -2 0.90;3 0.9·49 0.915 _'J._.

to 10

O.6~72 X 0.548 X
S,UJ,l5 Z 0.095 0.930 o. S>03 ._(~ 0.903 0.950 0.(;>15 .... ~~

10 to

~
f--'
'"-..j

0'



Table 4.17. Comparison of Estimates from Different Hethods

Freq. Onl'} Freq.+ Mode Shapes

Method Core FraMe Cladding Care FraMe Cladding

OLS 1.051 0.995 1.034 1.061 1.041 1.061

Braced ML 1.042 0.959 1.022 1.042 0.957 1.023
FraMe

Bending MPD 1.043 0.949 1.023 1.043 0.948 1.024

t.lLS 1.043 0.963 1.023 1.043 0.940 1. 059

OLS 0.923 1.026 0.944 0.338 1.777 1.759

Rigid ML 0.902 0.948 0.914 0.894 a.929 0.905
FraMe

Bending I1PD 0.895 0.938 0.903 0.894 0 .939 0.905

lolLS 0.904 0.952 0.916 0.323 0.890 1.850

OLS 1.091 1.079 1.102 - - -
ML 1.051 1.022 1.081 - - -

Torsion
MPD .049 1.015 1.081 - - -
WLS 1.051 1.023 1.081 - - -
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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 {8} are called for to cause

considerable changes in the mode shapes. Furthermore, as discussed

earlier, the 018 and ML estimates are not unique, especially when the

mode shapes are excluded. The question of uniqueness does not arise

in MPD and W1S estimation since a prior distribution is assigned to

the parameters in each case.

Taking the above factors into account, the estimates obtained

from the W18 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 value), 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.



5.0 SUMMARY AND CONCLUSIONS

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 parameter estimation

techniques to determine the dynamic properties from test data.

Parameter estimation techniques were also employed to evaluate 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 cladding was installed in order to directly assess its 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 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 nonlinear 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 cladding levels had gone up considerably in

the same period, suggesting that the cladding could. ,l'ly 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 associated 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 analytical viewpoint, making use of dynamic

test results. Full scale forced vibration tests were carried out with

the aid 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 obtained

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 employed to estimatz 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 various methods were 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 the parameters

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 inters tory 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 to bring 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 also 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 values 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 IROG METHOD

The inverse rank one correction (IROG) 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 rs k
] appearing in Equation (2.35),

or the Hessian itself as in the IROG 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 inverse of the Hessian as

the minimum is approached. If the objective function is quadratic,

this takes place in p iterations where p is the ncmber 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

s; that is, ~ is minimized with respect to S in every iteration.

Rewriting Equation (2.35) with the step size parameter s,
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from which

k * k k{8 } - s [B J{g }

(A. I)

(A.2)

[ B
k

]
k -1 *where is the current approximation to [S J and S is the

*value of S such that ljJ(s ) is a minimum as a function of s.

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 considerably better

than the DFP methods. The TROC method belongs to this group, but

the matrix that is approximated is the Hessian itself (34, 79), The

development of the TROC method is as follows.

Since
k

[S ] is the matrix of the second derivatives, it can be

approximated as

where

(A.3)

and

{fig}

{lie}

Let

let

[Ak]denote the approximation to [Sk J in the kth iteration and

~1 k
[A ] be the updated version of [A] such that

k+1 k k
LA J ~ (A ] + [1IA ] (A.4)
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where [6 Ak] is the correction matrix added to [Ak L Substituting

[Ak+l] for [Sk] in Equation (A.3)

(A.5)

k
Let [6A ] be of rank one. Therefore it can be rep~esented as

(A.6)

kwhere {b } is an arbitrary vector. Equation (A.6) in (A.S) gives

CA. 7)

in which {a
k

} is defined as the right hand side of Equation (A.S).

From Equation CA.?)

{b.6} (A.8)

Substituting Equation (A.8) into (A.]), it can be shown that

(A.9)

Equation (A.6) n0W become~. in view of Equation (A.S) and

CA. 9),

(A.l0)



which is the required correction matrix. To make certain that all

the matrices generated remain positive definite, Marquardt type

kcorrections can be added to the diagonal elements of [A ]. The

parameters {6} are calculated using

(A. H)

k k
where ~ is the Marquardt parameter. The procedure for choosing ~

was discussed in detail in Chapter II. lbe value of ~ is chosen

k+1 k
so that W < ~. It is not necessary to determine the optimum

~ as for the DFP methods.

1The initial approximation [A ] for the first iteration can

be computed following the recoEmendations given in Reference 34.

The diagonal elements of [AI] are taken as

(A.12)

and the off-diagonal elements are all set equal to zero. When

the iterative procedure is terminated after locating the

* *approximate minimum {e }, t.he matrix [A ] will be the approximate

*Hessian evaluated at {e }.
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