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NOMENCLATURE

A
~ 

= solution statement in decision-tree format

a = quantity in Taylor ’s series

B,B( ) = function in Taylor ’ s series

COy = coefficient of variation

c = damping constant

D = building width

D = dynamic magnification factor

E ( ]  = expected value

F( ) = distribution (or joint distribution) function

Fd = damping force

f = frequency , Hz

f (  ) = density (or joint density ) function

H = building height

k = s t i ffness

L = earthquake participation factor

= consequence (loss)

generalized mass

• MDOF = multi-degree-of-freedom

m = mass

P ( ) = probability function

p(t) = harmonically varying load 

- _ _



p = probability

p0 = amplitude of excitation force

= question , or problem statement, in decision-tree

format

R 2 
= correlation statistic

Sa = spectral acceleration

Sd = spectral displacement

= spectral velocity

SDOF = single-degree-of-freedom

T = period of vibration

T = index set (time )

t = time parameter

Var = variance

wD = total area per cycle (in damping force - harmonic

displacement diagram)

X (f) = frequency domain func tion

X (t) = random process

X (t) = response function denoting the Duhamel integral

X (z,t) = displacement of structure at each spanwise point

z at time t

x(t) = generally the position vector of mass m

iag (t) = ground acceleration

~max = vector of maximum displacements

= symbol indicating intersection of two sets

= symbol indicating “is a subset of” or “belongs to n

= viscous damping ratio
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x

= mean value

= hysteretic damping coefficient

p = amplitude of response

= maximum harmonic displacement

p
~ 

= peak response amplitude

a 

~max = maximum response amplitude at resonance

a = standard deviation

a = variance

= time parameter

= shape factor vector

= sample space

w w
fl 

= natural circular frequency

w = observation or outcome

= circular frequency of excitation force

= damped vibration frequency
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ABSTRACT

Rusnak, Terrance John. Ph.D., Purdue University, May 1978.
Development of an Empirical Relationship for the Prediction
of Damping in Steel-Framed Buildings. Major Professors:
Dr. C. Douglas Sutton and Dr. James T. P. Yao .

Test data from the forced vibration and ambient

experiments on actual structures are used as input to a

regression analysis routine to develop equations for the

prediction of damping in steel-framed buildings. The data

are categorized by building height and the building dimen-

sion in the direction parallel to app1ied forces. This

dimension is referred to in the text as building width. A

total of 267 regression equations are attempted with

various combinations of building height and building width

as the independent variables. The best equation is deter-

mined by the R2 statistic which is a measure of the

amount of error which can be explained by using the

regression equation.

The best equation resulting is used as the basis of

a new d~sign methodology for the prediction equation. This

methodology is simple and easy to use. It consists of using

the developed equation in a situation where a set of condi-

tions are satisfied. These conditions pertain to the 
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particular characteristics of the structure and the approx-

imated level of excitation which is expected. The

methodology is pertinent to free standing, steel moment-

resisting frame buildings of regular shape, which are

founded on soil of adequate bearing capacity. Characteris-

tics of the input data set dictate these conditions.

Further, the methodology is applicable to those locations

where the intensity of the excitation force is low enough

to keep induced stresses within the linear elastic range.

It is anticipated this methodology will be especially use-

ful in the early stages of design.

Included also are sensitivity analyses which indicate

the amount of variation in displacement response that can

be expected by using the developed prediction equation.

This is expressed in terms of the coefficients of variation

of the displacement responses determined when the equation

is used to predict damping for nine different combinations

of building height and width. A second type of sensitivity

analysis is also performed. This shows the effectiveness

of the developed equation in predicting the mean value of

damping in a structure by comparing the displacement response

obtained when the predicted damping value was used to that

obtained when the highest and/or lowest experimental values

were used. The results of both of these analyses indicate

that the use of the developed equations results in good,

usable predictions of damping values. Both the English

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -- -
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and Metric systems of measurement are used to develop the

regression equations.
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CHAPTER I

INTRODUCTION

1.1 General Remarks. Damping is similar to the weather in

the following sense. Everyone is aware of its existence

but very few are able to predict accurately its essence in

term of measurable parameters even by using detailed analy—

tical techniques and methods. This analogy is not all-

inclusive, however. While weathermen study the patterns

and histories of certain meteorological data and develop ’

predictions (estimations) of the weather which are

reasonably accurate and relatively reliable, design engineers

- 
enjoy no such facility in their attempts at estimating the

damping characteristics of buildings.

Engineers, relying upon engineering j udgement, are in

many instances able to assume a reasonable and useful value

for damping. But this assumed value depends upon individual

experience which, by virtue of its personal nature, is an

intangible entity. These assumed values are determined

from estimations and decisions which are subjectively-based

and thus their worth is directly related to the extent and

amount of experience possessed by the predictor. It is

preferable that estimations of damping values be objectively

-.- - -—----- - . .  - - - - - -- ~~~~-~~- ~~- --— -~~~~~~~~~~ --~~~~~~~~~~~~~ - - - - -- —----rn .- . - - ,-—- -
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based so that biased judgements can be reduced and experi-

ence relegated to a supporting role.

Herein is developed a new methodology that design

engineers can use to determine, with reasonable facility,

a value for damping which is determined from certain key

parameters that describe the structure under consideration .

The crux of this methodology is an empirically-derived

equation which is based upon the results of experiments in

actual buildings. It is presented as a tool of design that

uses certain real and measurable quantities pertinent to

the building under consideration as input, and thus , is

that objective means for predicting damping which is sought.

1.2 General Philosophies. Recently developed analytical

tools play an important role in estimating damping and other

dynamic properties of structures. Structural engineers

rely almost exclusively on analytical models and numerical

methods El, 2, 11, 12, 13, 14, 21, 25, 27, 28, 29, 31, 32,

34, 36, 41, 42, 50, 51, 53, 65, 68, 73, 75, 77, 80, 82]

for the analysis and design of structures because of the

advancement in the state-of-the-art of these analytical

methods, and the expanding technology of digital computers

which has made the analytical approach more cost-effective.

With the continuing development of refinements in elements

to use with the Finite Element Concept in structural ana].y—

gig , for example, virtually any structure can be modeled

analytically, and the response of the structure to any



given load can be predicted with an acceptable degree of

accuracy. Estimation of structural properties is included.

Computer programs exist for both static and dynamic

analyses; SAP IV El], which was developed at the University

of California at Berkeley, is an example of a general pur-

pose program that is widely used in the dynamic analysis of

structural systems. Discussions in more specific detail

concerning the state-of-the-art in estimating damping

values follows in Chapter II. It is sufficient to state

at this point that the bulk of the research in this area

has been in the development of analytical procedures and

methods, and their refinements.

Foutch [25] points out there is at least one conse-

quence of the structural engineer’s reliance on and use of

these analytical methods. Experimentation, that is the

performance of experiments, suffers. Experimentation ,

particularly that needed to verify the assumptions made

in analytical modeling, has lagged behind the application

of these analytical methods in advancing the state—of-the-

art.

• Experimentation has been taking place in the broad

• area of dynamic response. Recently the characteristics of

actual earthquakes like the San Fernando, California earth-

quake of February 9, 1971 [3, 47] have been monitored and

recorded; these data have then been used as the input

excitation for tests that have been made to determine the

____________ ~~- ---—-——- —.—-- —..———- - — -——
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dynamic properties of structures. Also, extensive programs

have been undertaken to assess and analyze the behavior

of virtually every conceivable type of structural compon-

ent. Beams, columns, frames, panels, even connections as

well as other components are suited to experimentation in a

laboratory environment; consequently, these members are

cont~nua1ly exposed to a variety of testing procedures in

order to determine information about response to various

loadings. Most of the experimentation performed in search

of new or confirming information about structural proper-

ties is done on structural components.

Another popular and widely used technique is the test-

ing of physical models. This experimental technique, of

course, involves the assembly of small—scale structural

components into configurations which represent an actual

structure. The response of a model to a test is correlated

to the response expected in the actual structure. Recently,

testing of planar models of structural systems has been

performed on shake tables (66, 861 in order to determine

the dynamic properties of the prototype systems. Shaking

tables have been developed and used in order to obtain

data about dynamic properties of systems exposed to large

amplitude motions. It has been determined that the use of

other means of testing, like vibration generators, is limited

to low amplitude force application which usually keeps the

material tested in its elastic range. This will be

~ 

~~.... — - - na. . - -- ~~. t t .~ rsa..z.n_ - . - - - .~~~ -.-- - - - - --  — --  — - -—
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discussed shortly in more detail. While it is feasible

to develop more powerful generators to vibrate systems into

the inelastic, or elasto-plastic ranges to study behavior,

the development of shake tables theoretically enables the

accomplishment of basically the same objective. A shake

table operates on small-scale models. The permanent deforma-

tion, or even destruction of these models due to yielding

or other inelastic behavior, is not as critical as it would

be if vibration generators were used on full—scale struc-

tures (or even on larger—scale models) to produce the

same results.

A shake table can be used to simulate ground motions

of actual earthquakes. The tables are classified as

small, medium, or large depending upon the maximum weight

capacity of the test structures they can shake. Small

tables have a weight capacity of a few thousand pounds;

medium tables - a few hundred thousand pounds; and large

tables can shake test structures weighing a few million

pounds. For more detailed information regarding shake

tables and their usage, particularly the medium-scale

facility located at the University of California at

Berkeley, the reader should refer to the reports by d ough

and Tan~ (19], d ough and Li [17], and Stephen, Bouwkamp,

d ough, and Penzien (72].

• Experiments on small-scale models, like shake table

tests, are important. In the areas of post-yielding 

~~~~~~~~~~~~~~~~~~~~~
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behavior and failures of structures, much of our knowledge

today is the direct result of experiments on models.

However, it must be remembered that these experiments are

usually conducted in a laboratory where the environment,

the loading conditions, and the testing apparatus are in a

controlled state. Further, these experiments generally

do not include the testing of the non-structural elements

which contribute significantly to the response of an

actual structure. Nor are they able to demonstrate the

interaction of a structure with a deformable foundation,

which certainly can contribute significantly to the behavior

of the structure. What, then, is the means by which the

dynamic properties of an actual structure can be determined

with confidence? It is, of course, the testing of the

actual structure.
- Vibration testing of full—scale (actual) structures

has been performed in the United States for several decades.

In earlier years, vibration tests were dependent upon wind

or microseismic waves. While this ambient technique has

been used recently [22, 78, 83, 85, 88], the scope of

testing is limited since there is no control over the appli-

cation of the exciting force [25].

Forced vibration generators were developed in the mid-

1930’s [7] to give this control over the input forces.

However , the earlier models proved to be ineffective and

unreliable, and consequently they were not used widely in

L —---—.—-~~~~~~~~~~ -—--.-—-~~— - - ~~~~~~~~ . .  
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experiments. A new system of synchronized vibration

generators was developed in the early 1960’s [38]. These

generators have enabled the study of the dynamic properties

of a variety of structures: dams, buildings, bridges,

towers, reactors, etc. Usually these studies are carried

out in conjunction with and with the purpose of verifying

analytical studies. However, the results of such experi-

mentation are particularly useful when examined from an—

other viewpoint. This approach is developed herein, and

it will become apparent to the reader the role these test

results play.

The nature of vibration generators, their usage,

associated instrumentation, and discussion of the obtain-

able output will be presented in Chapter II. It is suff i—

d ent to note here that the generators in use today are

essentially improved versions of those developed in the

early 1960’s [39]. Refinements and improvements such as

those reported by Hudson [39] and Foutch [25] may be viewed

as a natural outgrowth of evolving technology in the area.

- Dynamic testing of full—scale structures, however, will

continue to be hampered by limitations in implementation,

regardless of these “modernizations.” One limitation

inherent in the very nature of full-scale structure testing

is that tests to destruction are simply not feasible. The

• reasons for this are obvious [39]. Nevertheless, full—

scale testing is necessarily conducted, at least at the

I
— --.-- - :.- - ,-,,- -. .
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level of the current state-of-the-art, within the linearly

elastic range of the tested material. While this hampers

studies of certain properties, it is sufficient for the

purpose of this work, as will be outlined shortly.

Schiff [69] discusses other, more subtle limitations

in the testing of full—scale structures. He contends

that since large structures are unique, and it is a one-

time operation for the owner, the incentive to test after

completion of construction is lacking. Once a building is

occupied, testing is disruptive to normal operations even

if low amplitude forced excitations or ambient tests are

used. Thus, there are few incentives to perform tests on

full—scale structures, and this adds to the limitations

inherent in such tests. Also, testing during construction

of a building has similar difficulties. Strictly from a

practical point of view, Schiff notes that even if the owner

is willing to have tests run on his partially completed

structure, the general contractor is responsible during

construction, and unless provision is made in the contract

documents , permission to test is often not obtainable.

Further, depending upon the purpose of the experiment,

testing of partially completed structures is done randomly,

and results of such tests are peculiar to the time they

are performed. Experimental data which result, then,

• necessarily reflect the status of construction completion

which could be misleading information. In the search for

a . r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . - . - ~~~ — — 
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damping values undertaken in this project, this phenomenon

was encountered [65].

In spite of the difficulties/limitations which exist

in the conduct of full-scale structure testing, many such

tests have been performed. Dynamic properties of proto—

type structures have been obtained as a result of these

experiments. One of these properties, damping, is of

particular interest.

1.3 Objective and Scope. Data have been collected from

full-scale structure testing of steel moment—resistant

frames of various heights , widths, and configurations.

Damping is the principal property of concern herein , so

experimentally-determined damping values have been compiled

in tabular form for ease of reference and usability. The

regression analysis technique from the Statistical Program

for the Social Sciences (SPSS) [58] was used to establish

a correlation between the viscous damping ratio, ~~, and

the two building dimensions of height and width. (It should

be noted that building width, D, is consistently used herein

as the dimension of the building in a direction parallel to

the applied forces.)

To summarize, the objectives of this research are:

to compile data and subsequently tabulate it into useful

form; to develop a correlation between the viscous damping

ratio and the chosen building parameters by means of
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statistical analyses of the assembled experimental data;

and to develop a design methodology based upon this correla-

tion.

A brief summary of the contents of subsequent chapters

follows:

Chapter II contains information pertinent to the

collection of the data. It has descriptions of the vibra-

tion generators and their use , and of ambient testing pro-

cedures. Further, it includes discussions on the various

methods used to determine damping from the results of

these experiments; and sections devoted to an explanation

of Earthquake Response Spectra , and the use and purpose of

moment—resistant frames. Numerical methods, analytical

models , and a brief outline of the state-of—the-art in

estimating damping is also discussed.

The development of the correlation between the viscous

damping ratio and the chosen building parameters is presented

in Chapter III. As it will be shown, these parameters are

the building height and the building width in the direction

considered. The regression technique which was used to

develop this correlation is explained. Additionally ,

sensitivi ty testing and reliability assessment are presented

to demonstrate the usability of the established correlations.

In Chapter IV the methodology is presented. This

methodology is based upon the correlation developed in

Chapter III. Included is a discussion of the information

—---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _  ~~~~~~~~~~~~~~~~~~ =‘.
- 
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which is needed by the design engineer in order to use the

methodology . • 1

Conclusions are presented in Chapter V. Sections are

devoted to the value of the design methodology in practical

applications, its limitations and potential areas of future

application. A discussion is also included giving views

and recommendations on the nature of reporting experimental

results, and the directions future refinements of this

methodology should take.

Four appendices also are presented to further develop

or present in more detail incidental information which is

used in the development of the methodology,  but which is - 
-

not an integral part of this development. Appendix A

contains descriptions of the buildings used in the input

data set. Appendix B contains a list of the regression

equations for the predictions of the damping ratio. Appendix

C contains the development of a spectral displacement versus

viscous damping ratio relationship needed for the sensitivity

analysis in Chapter III. Appendix D contains the develop-

- ment of the prediction equation in the Metric system

corresponding to the development contained in Chapter III. 
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CHAPTER II

EQUIPMENT , PROCEDURES AND

METHODS FOR DAMP ING EST IMATION

2.1 General Remarks. In this chapter, the means (including

the equipment, the procedures, and the methods) in use

today to estimate the damping parameter ~ (taken as the

viscous damping ratio) are reviewed and discussed. The

emphasis herein is on the explanation of those means which

are pertinent to the development of the proposed methodology ,

such as the forced vibration generator, and ambient tests.

Consequently , only those methods utilized to determine this

viscous damping ratio from experimental results — such

as the bandwidth and log decrement methods - are discussed

in detail.

As a means of eventual comparison, and in order to —

give coverage to the entire field of damping estimation,

an overview of the analytical models- and numerical methods

in use is also presented. Finally, it is believed these

detai1e~ discussions and descriptions would be incomplete

without a thorough presentation of the principles inherent

in the earthquake response spectra, and in steel moment-

resisting frames. 

— -5- ----- - t_~~ _ - _ - .c;~s_~~==_
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2.2 Testing of Actual Buildings. There are two types of

tests of concern here, namely the forced vibration generator

test and the ambient test. Both of these experimental

methods will be discussed in detail in this section. It

is to be noted that all data used in the development of

the proposed methodology are taken from the available re-

sults of these two types of test [9, 10, 11, 12, 25, 30,

— 
43, 44, 45, 55, 59, 60, 62, 65, 73, 83, 84, 85, 86, 88].

These results of forced vibration and ambient tests

are compatible because the equipment, procedures and methods

used in each of these experiments are basically similar.

Results from forced vibration tests will be compatible to

and in close agreement with the results from ambient experi-

ments if conditions in the ambient tests are as reported

by Ward and Crawford [88]. These conditions relate to the

use of the bandwidth method, or other appropriate methods

of calculating damping when the wind or microtremor excita-

tions are random and nearly stationary with respect to

time.

A random (or stochastic) process is a family of random

variables,indexed by an index set which in this case is a

time parameter. Symbolically, a random process is

represented by:

X(t) E {X(t); tcT} (2 1)

It is implied in this symbolic representation that a

— — - - _ . . : . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . —



random process is really a function of two arguments, or:

X(t) {X(t, w); tcT, wc~2} (2—2)

where w denotes an observation or outcome in the sample

space Q. “Stationary” is a term describing characteristics

of random processes relating to the satisfaction of condi—

tions which indicate certain properties to be invariant with

time. To illustrate, for a real—valued random process,

X ( t ) ,  with a specific value of t , say t1, the first-order

distribution is:

Fx(t ) (x) P(X(t1) < x) (2—3)

where this distribution function, Fxit 
~ 
Cx) is finite,

‘
1

nondecreasing, and continuous from the right. In words, it

is defined as the probability that the random process is

less than or equal to the value of x. When the random

variable is continuous, it has an associated density func—

tion which is defined as its derivative with respect to

the variable x; or:

~~~X( t
1

) 

(x) = 
~~ 

Fx(t ) Cx) 
(2—4)

Higher order joint distribution functions relating to

multiple time instances, and their associated density

functions also exist. For example, the second-order

distribution of a random process for two values of t—t1

and t2—is:

- - - . 5 . -~ — - ~~5- - 5 _________— —
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FX (~~)X(~~ )
(xl? xZ) E P(X(t1) < x1 ~~~ 

X(t2) < x2) (2—5)

Its corresponding density function is given by:

~xCt1 x(t2 
(x1,x2) = 

~i~a~2 
Fx(t )X (t ) (x1,x2) (2—6)

In order for a random process X (t) to be stationary, then,

for all integer values of n:

~~~~ 
(x1) = 

~X(t1+a) 
Cx1)

~X (t 1) X ( t 2) 
(x1,x2) = 

~X(t1+a)X(t2+a) 
(x1,x2) (2—7)

f X( t l ) X ( t 2 ) . . • . X ( tn ) (x l r x 2 l • • ~~
xn ) =

= 

~X(t1+a)X(t2+a) . . .X(tn+a) (x1,x2,. . .x)

This shows the invariance of the density function with

respect to time. A process is said to be weakly stationary,

or stationary in the wide sense if just the first two orders

display this invariance [89).

In ambient experiments performed on steel structures

in conjunction with forced vibration tests, such as those

reported by Petrovski, Stephen, Garten~aum, and Bouwkamp

[62], Stephen, Hollings, and Bouwkamp (73], and Trifunac

[84, 85], difficulties were encountered which tended to

invalidate a portion or all of the estimations for damping.

The authors [62] felt their study satisfied the stationary

____________ - t _  _________________ ~~~~~~~~~ 
-- -. _5-_ -
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random process criterion and obtained comparable values of

damping for the first two modes. In the higher modes,

damping estimations were found to be very low, which

indicated the possibility of insufficient density of the

recorded data. Stephen, Hollings, and Bouwkamp (73] found

the damping values for the fundamental mode to be very large.

The authors concluded that the length of the time-series

used was inadequate. Trifunac [84, 85] found only a few

instances where the stationary random process criterion

was satisfied. However, he found that even when this cri-

terion was satisfied his estimates of damping appeared to

be very large because of spectral overlap due to the

proximity of corresponding frequencies in North-South,

East—West, and torsional modes. Later, in another ambient

test, Trifunac [83] obtained good results of damping

estimations by rectifying the problems he had previously

encountered . He not only was able to satisfy the station—

ary random process criterion, but also was effective in

separating the translational and torsional vibrations by

optimum location of seismometers .

Because of the success in obtaining damping values

from ambient tests which compare favorably with those

estimations from forced vibration tests, all data considered

valid by the respective authors are included in the basic

data set used in this research. There is no attempt to

expound the relative merits of forced vibration and

____— — -----———-——-—--— ---- ___--_ .._ - - _—~._; ~ ~~~~~~~~~~~ _~_ 
_ -- - ~ S~ar.t._.~ra__ -—- ~~~~~~~~ -
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ambient tests. For the purposes of this comparison, the

paper by Trifunac [84] is suggested. Because results from

both types of experimentation are included herein, a

description of the nature and characteristics of each test

is presented.

2.2.1 Experimental Apparatus. The equipment used in

forced vibration and ambient tests is described herein.

This hardware includes the vibration generators and the

instrumentation used to monitor response and record data.

2.2.1.1 Vibration Generators. As stated in Chapter

I, forced vibration generators have been in use for several

decades. However, the generation equipment in its present

configuration was developed only recently. In 1958, the

California State Division of Architecture, through the

Earthquake Engineering Research Institute, arranged for its

design and construction which eventually was completed in

the early 1960’s. Some of the general design criteria

which became the basis of the major characteristics of the

system are 138]:

1. The requirement for an inertia force generation

system.

2. The requirement for small units which can be

used individually or in sychronized groups.

3. The requirement to excite various modes of vibra— j
tion independently; thus the need for distributing the
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applied force throughout a structure by using several

sychronized units.

4. The requirement for accurate speed control and

sychronization of multiple units. (This led to the use of

rotating eccentric weights.)

5. The requirement for a unidirectional horizontal

exciting force. (This led to the adoption of a counter-

rotating eccentric weight system.)

6. The requirement that extraneous vertical forces

not be introduced.

The vibration generator system which was developed to

satisfy these criteria has the following essential features

[38]:

1. Accurate control of the exciting frequency

2. Stable operation at low levels of damping

3. Capability to distribute an exciting force

throughout a structure.

The eccentric-weight vibration generator in its

completed form is shown in Fig. 2.1. This machine essen-

tially consists of an electric motor driving two pie-shaped

baskets or rotors, each of which produces a centrifugal

force as a result of the rotation. These baskets are

mounted on a common vertical shaft and are rotated in

opposite directions to produce a sinusoidal rectilinear

force from the resultant of their two centrifugal forces.
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A peak value of this sinusoidal force is exerted when the

baskets are aligned.

The maximum force output for one such vibration

generator is 5000 pounds, the limit due to the structural

design of the machine. This maximum force can be attained

by varying the eccentric mass and rotating speed. Several

combinations exist. This is true because the output force

is proportional to the square of the rotational speed as

well as to the mass of the baskets and the lead weights

which can be inserted into the baskets. When all the lead

plates are in the basket, the maximum force of 5000 lb can

be exerted at a speed of 2.5 Hz. At higher speeds, the

eccentric mass must be reduced by varying the number of

lead weights in the basket in order to keep from exceeding

the maximum 5000 lb force output. The practical range of

operation for a machine is between 0.5 Hz and 10 Hz. At

0.5 Hz, with all the lead weights in the baskets, a force

of 200 lb can be generated. Graphs displaying the relation-

ship between output force and frequency of rotation for

different basket loads have been developed [62, 73].

Hudson [38] notes that with a noncounterbalanced

basket assembly eccentricity variations from 455 in—lb

to 7888 in-lb can be developed using standard lead weight

combinations. Thus, approximate horizontal inertia forces

of from 50 lb to 800 ib, respectively, at 1 Hz, can be

produced.

- - 5 — - - - -
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Speed control is a critical variable in the measure—
— ment of damping from resonant curves. Prior to the develop-

ment of these machines, earlier techniques involved the

use of a run—down procedure to obtain resonant curves.

This, essentially , requires the excitation of a structure

at a speed greater than the maximum frequency desired and

disconnecting the vibrating apparatus thus permitting the

system to decelerate slowly through resonance. Theoretical-

ly, the steady-state resonance curve can be derived from

the deceleration vs time curve. In practice, however,

this procedure led to inaccurate estimates of damping

becau~~ the speed changes, which could not be controlled,

were not slow enough to allow the structural amplitudes

to reach steady-state values. Consequently, damping

estimates thus obtained are much higher than actual values

[38, 59].

The speed control adapted for these machines is an

Electronic Amplidyne unit. The eccentric weight drive motor

is a 1.5 hp D.C. motor driven from this electronically

controlled rotating magnetic amplifier unit. The speed

of the drive motor corresponds to a setting of the refer—

ence voltage control that constitutes the frequency adjust-

ment on the control unit. This correspondence is accomplished

by means of a closed loop control system. For a much more

thorough description of the details of the components of

-—5= ~~~~~ -~~~~- nn.s____ -.___-5_~~~~ ~~~~~~~~ . — - .- -
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vibration generators the reports by Hudson [37, 38, 40]

are recommended.

Another characteristic of these vibration generators

which should be mentioned here is the synchronized opera-

tion. The control unit allows multiple machines to be

operated in synchronization, or 180° out of phase. This

allows the distribution of the exciting force throughout

a structure in such a way that the various modes of vibra-

tion can be excited independently. Also, in structures

with a line of symmetry, it enables either pure torsional

or pure translational vibrations to be excited without

changing the position of the machines. This synchroniza-

tion of multiple units is obtained by means of speed

control, accomplished through the master control unit,

and position control, accomplished through selsyn units.

For a more detailed description and discussion see the

Hudson reports [37, 38, 40].

A recent state—of-the-art paper concerned with vibra-

tion generating equipment has been authored by Hudson [39]. L
While he states that these synchronized vibration generators

which were developed in the early 1960’s continue to be

the main “workhorses” in testing full—scale structures, he

introduces new systems, and suggests that the development

of the vibration generator was instrumental in developing

interest in the testing of full-scale structures. 

_ -r_- =- . - . ~~~~~~~ - -~ ‘ ~ - —-55——. - .
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2.2.1.2 Other Instrumentation. This section is

devoted to the description of the other instrumentation

which was used on the forced vibration generator tests.

These include a linear displacement control vibration

system, accelerometers, equipment for measurement of fre-

quency, equipment for measurement of phase angles, and

recording equipment.

Linear Displacement Control Vibration System. Since

the rotating mass vibration generators are difficult to

operate at frequencies lower than 0.5 Hi., this system was

developed to determine the lower resonant frequencies. The

system Consists of a mass supporting platform with low

friction rollers attached. These rollers are set on round

steel bars which are affixed to the floor. The platform is

moved horizontally by means of a closed loop servocontrolled

double—acting actuator connected to the floor. A standard

servo—control console and function generator supply the

input to a 5 gpm servo-valve with the feedback in the

displacement coming from a linear potentiometer. This

system was used by Stephen, Hollings and Bouwkamp in their

test of the Transamerica Building in San Francisco [73].

Accelerometers. Transducers were used to detect

horizontal floor accelerations. Statham Model A4 linear

accelerometers with a maximum rating of ± 0.25 g seemed to

be a popular choice. Foutch [25] used these with a Brush

carrier preamplifier. He also used Ranger seismometers to

—~~~~~~
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determine the relative motion between two points. Nielsen ’s

system [60] consisted of Statham strain gage accelerometers

of ± 2 g and 100 Hz natural frequency. He amplified the

signals with both Brush carrier amplifiers, and dual

channel Sanborn carrier recorders. Rea , Bouwkamp and

d ough [6 5] initially used the Statham ± 1 g accelero-

meters , but had to use the ± 0.25 g accelerometers for

subsequent tests because of smaller vibration amplitudes.

Equipment for Measurement of Frequency. The vibration

excitation frequencies were determined by measuring the

speed of rotation of the electric motor driving the

baskets. This was accomplished by attaching a tachometer

to a rotating shaft driven by a transmission belt from the

motor. The tachometer generated a sinusoidal signal with

a frequency 300 times the frequency of rotation of the

baskets. The maximum accuracy was, therefore, ± 1 count

in the total number of counts in a period of one second

(the gating period), i.e., ± of 1% at 1 Hz and ± of 1%

at 3 Hz. This information is a standard description of

the equipment used for this purpose in vibrating generator

tests. For the linear displacement control vibration

system, the excitation frequencies were preset on a fre-

quency generator and could be incrementally set to within

0.001 Hz.

~q~iipment for Measurement of Phase Angles. In order

to obtain a signal indicating the basket position, which

—-5— - — - —  —- —-5 - - ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~ - - - --— —- 5 - - - - —
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determined the phase relationship between the excitation

and response, a small magnet was attached to a basket and

a coil of wire to the supporting structure. The coil was

affixed so the magnet’s circular path passed close by,

thus at each passing an electrical pulse was generated and

subsequently recorded on the oscillograph. The pulse

signal could be generated for any desired basket location

by proper position of the magnet [65).

Recording Equipment. The electrical signals generated

by the instrumentation were fed to amplifiers and then to

recording equipment. Two types of oscillographic recorders

were discussed in the literature — the Honeywell Visicorder

with 6 inch wide chart, and the Honeywell Model 1858

Graphic Data Acquisition System wIth 8 inch wide chart.

The digital counter reading was observed and recorded

manually on the chart alongside the associated traces

for the frequency-response tests. The equipment used by

other researchers, such as Jennings, Matthiesen and Hoerner

[43, 44] was similar.

2.2.1.3 Instrumentation for Ambient Tests. Since by

their nature ambient tests of multistory buildings use

natural wind to induce vibrations, the equipment is not

exceptionally elaborate, although sensitive measuring

devices have to be used because the input forces are small.

Seismometers. The measuring devices used to record

the wind-induced vibrations of the buildings were

.5- -— - . ~1 ’
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seismometers. There are, of course , many makes and models

of seismometers. Only those used in the tests from which

data was compiled for this project will be discussed in

further detail.

Kinemetrics ~~~~~~~~~~~~~~~~~ Model ss—l, have been

used to measure the wind-induced vibrations [62, 73]. This

seismometer has a strong permanent magnet as the seismic

inertial mass , moving within a stationary coil attached to

the seismometer case. Small rod magnets at the periphery

of the coil produce a reversed field which provides a

destabilizing force to extend the natural period of the

mass and its suspension. The seismometer natural frequency

and damping ratio were 1 Hz and 0.7 respectively. It has

a constant voltage output for a given velocity at all

frequencies gre-ter than 1 Hz; at lower frequencies it

falls off at 12 dB/octave.

Trifunac used Earth Sciences Ranger Seismometers

[831 and similar Teledyne Ranger Seismometers [83] in his

work. These are similar in construction to the devices used

by Petrovski, Stephen, Gartenbaum, and Bouwkamp [62], and

Stephen, Hollings, and Bouwkamp [73] described above. The

period for these devices is close to 1 second, with damping

also set at 0.7 of critical. At frequencies lower than 1 Hz,

the fa].loff is 6 dB/octave. Trifunac notes that this may

be advantageous in recording vibrations of structures with a

fundamental period of 2 seconds, or longer, since the low

- - ~--~~-.--——- ~~~~~~~~~~~~~~~~ —-5——-5~~~~~-- -5- -5—- - — -
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frequency modes do not dominate in the records thus

facilitating the study of the higher modes.

Ward and Crawford [q8] used Willmove Mark II Seismo-

meters to record building vibrations. These operate on

basically the same principle as the others. The seismo—

meter can be oriented in either the horizontal or vertical

direction and the natural period of the suspension can be

adjusted to values in the range 0.6 to 5.0 sec. For the

tests reported the natural period was chosen so that the

fundamental mode of vibration would not predominate at the

expense of the higher modes; damping was 0.65 of critical.

Other instrumentation. Two other categorized items

of equipment are needed in order to convert the data to a

form which is appropriate for analysis. These are a signal

conditioner and a magnetic tape recorder. Again, a variety

of models are available and depending upon one’s own

prejudices, allegiances or even more tangible circumstances

like economic status and testing environment, a selection

can be made. What is needed, though , is a means of

amplifying and controlling the seismometer signals and a

means of recording them. The relative merits of those

rsed on pertinent tests can be found in the references

[62 , 73 83, 85, 88].

2.2.2 Experimental Procedure. One will note in

reading this section the differences between the two types 
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— of tests - forced vibration generator and ambient. There

are, of course, advantages and disadvantages associated

with each type of test. It is not a purpose here to state

or analyze the relative merits of the two methods. Because

data was collected and used in this project from both

methods, each type of test is described and discussed

separately.

2.2.2.1 Forced Vibration Testing. The procedure

inherent in forced vibration testing includes placement

of equipment and instrumentation, precision control of

these devices at and near resonance, and proper recording

and interpretation of the data. The forced-vibration

test will normally yield the resonant frequencies, mode

shapes, and damping capacities of a structure. The number

of vibration exciters to be used individually or in

synchronization depends on the purpose of the experiment

and the characteristics of the structure to be tested. A

single generator suffices for low rise buildings. Two

generators appear to be satisfactory for most multi-story

structures above about ten to fifteen stories. For

example , Nielsen [60] in his test of a nine-story building

used one generator, while Rea, Bouwkamp, and d ough [65]

used two generators in their study of a 15-story steel

framed structure. Other experiments tend to support this

somewhat arbitrary dividing line. 

~ - -~~~~-
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To estimate damping, the resonant frequencies must

be determined. The vibration generators must be located

to create a force output to excite the building modes

required for study. It has been found that these genera—

tors cannot be located near nodal points of those modes

for which data is required. Also, location of the

generators must be considered in eliminating modal inter-

ference . Modal interference occurs when two modes of

vibration are close to each other in the frequency domain.

It can be eliminated by locating the generators at or near

a node of the unwanted mode.

Once a location is selected, resonant frequencies of

each of the modes are determined by sweeping the frequency

range of the vibration generator. This frequency is

increased slowly until acceleration traces on the recording

chart are large enough for measurement. Above this level

the frequency is increased until the upper speed limit of

the machine is reached. Care is exercised to insure that

the 5000 lb force limitation per machine is not exceeded

by altering the weights in the baskets. The frequency is

increased in steps. At each value, the vibration response

is given enough time to become steady—state before

acceleration traces are recorded. These frequency-interval

steps are small near resonance (where the slope of the

frequency—response curve is great), and larger elsewhere.

~
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Where the linear displacement vibration system was

used [73] the input displacement signal was maintained at

the maximum allowable displacement of the system. Steady-

state vibrations were induced for incrementally increased

frequencies and the building response was recorded.

Frequency—intervals of as low as 0.001 Hz were used near

resonance.

The frequency—response curves are plotted from the

recorded data. These curves, in the form of acceleration

amplitude vs. frequency , are for a force which increases

with the square of the exciting frequency. Since linear

stiffness and damping is assumed , a normalized curve

equivalent to that for a constant force can be obtained by

dividing each acceleration amplitude by the corresponding

square of its exciting frequency. Damping ratios can then

be determined from these normalized curves.

2.2.2.2 Ambient Testing. An assumption inherent in

measuring ambient building vibrations is that the actual

structural behavior can be approximated by a linear one—

dimensional system. This assumption simplified the

meaburement of the mode shapes. The first step usually

taken is the calibration of the seismometers. This is

accomplished by locating all seismometers together, and in

the same orientation while taking measurements. This

measurement provides a relative amplitude and phase

.- —-- - ~~~- -—- - - - - 5’ - 5 -- -  .~~~~ ---~~~-
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calibration between channels which includes the entire

data collection/recording system.

After calibration, and for each subsequent run (a run

consists of the time during which measurements are taken

while the sensing devices are in a particular location),

the seismometers are relocated for simultaneous measure-

ments of motion over the height of the building. Since

the frequencies of concern are in the low range, a low—pass

filter is usually used to eliminate unwanted noise.

Recalling the basic assumption in the analysis regard-

ing a reasonably flat frequency spectrum for the input

forces, it follows that the identification of the modal

frequencies would be difficult. It is, therefore,

convenient to use Fourier transforms to analyze these low

level vibrations. The result of these calculations is

the Fourier amplitude spectrum (or power spectrum) which is

a plot of the standard frequency domain function vs. fre-

quency. The model frequencies of the structure appear as

peaks in these plots. A discussion of Fourier transforms

is in order.

A measured time-series signal X (t ) can be transformed

to the frequency domain by using:

X ( f )  = 

~~~~ 

x(t)e 1Wtdt = 

~~ 
x t e

_
~
2
~
ftdt (2—8)

where: X(f) represents the frequency domain function, w =

2ir f (f E frequency) and i = /1. This equation is called

- - - -  
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the direct transform. There is an inverse transform which

is:

x( t) = I X ( f )e12~~ tdf (2—9)
0

Together the two equations are called a Fourier Transform

Pair since the direct transform maps a time—series (or

time domain) into a frequency—series (or frequency domain),

and its corresponding inverse transform reverses the pro-

cess [62, 73, 89]. Note that X(f) is a complex number with

both amplitude and phase. The magnitude (or absolute value)

of this variable, I X ( f )  is known as the amplitude spectrum

of x(t), and IX(f) 1
2 is the power spectrum of f(t). Thus,

these recordings from the seisrnometers are input to the

Fourier transform as a set of time—series. Each time—

series function is transformed to the frequency domain and

after all calculations are made, a standard Fourier ampli-

tude spectrum results. The output is smoothed by ~~
., ~~~

and weights as:

IX~~
) 

‘sm = ~~~~~~X11 ( f )  I + 
~~~~lX ~~~~

( f )  I + 
~Ix~+i (f)I (2-10)

Damping can be estimated from the resulting amplitude

spectrum, or power spectrum. - 
-

2.3 Methods of Determinin~ Damping from Test Results. In

1967 it was reported that definitions of damping varied so

widely that conclusions about this property were difficult

to correlate [61]. It was further concluded that the best

I

L - - 

-
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way to determine damping of various types of structural

elements and assemblages composed of all types of structural

materials is by experimentation . The same thinking

continues to exist. Researchers such as those referenced

in this dissertation continue to ponder the questions of

damping definitions, mechanisms , and actual values.

Damping, as is most generally and universally accepted,

is simply an energy dissipation property of a material or

system which is under stress. However , damping is not a

simple property , and thus its estimation , particularly

through numerical or analytical techniques, is a complex

and thought-provoking process. The estimation of this

complex property is dependent upon the circumstances

surrounding its existence. Thus, in order to understand

the nature of this property being measured, these circum-

stances must be stipulated. For the purposes of this

research, damping will be determined from tests of actual

structures excited by vibration generators or the wind.

Since these tests do not produce forces which excite a

structure beyond the linearly elastic range, the problem

of defining the type of damping which is measured in these

tests becomes relatively easier.

Even in the linearly elastic range, damping can

result from the energy dissipation within a material

(material damping), and/or from the energy dissipation due

to the interaction among the various parts or components of

- — - 
—--~.~~~ — —~~ —~~ “~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ r~~~~c~~~i - _ . ‘_r  —-
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a structure (system or structural damping). In the measure-

ment of damping from test results, total damping is

obtained. Total damping includes material and structural

: 1 - damping, and there is no further attempt to subdivide the

estimated values into these components. This is acceptable

for the purposes of this study because the estimation of

damping for a structure is of primary concern without

regard for a breakdown into the various components which

- 

- 
comprise this value.

Since we are concerned with- the linearly elastic

range, the most widely used and practically useful model

for damping forces on structures is the ideal linear vis-

cous damper [35] as shown in Fig. 2.2. This damper can

be expressed as follows [6):

aX (z,t)
Fd = c = cX (z ,t) (2—il)

which shows damping as a function of velocity. In the

methods which follow-, - an assumption inherent in their use

Fd ck

FIGURE 2 .2

IDEAL LINEAR VISCOUS DAMPER

I__ S - - -
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is the existence of the ideal viscous damper. When

measuring damping values from tests which produce responses

only in the linear elastic range , this assumption is well

founded. Further, others have stated that so long as the

damping remains small (less than 10% of critical) the

concept of viscous damping can be used (60]. Outside this

range, either another method must be used, or an equivalent

damping factor must be calculated. An equivalent damping

factor, referred to as the equivalent viscous damping of a

system is defined in terms of a viscous damper which

expends energy per cycle at the same rate as the actual

dissipation mechanism. This is a practical approach and in

most cases the approximation simplifies the analysis and

yields relatively accurate results. In the cases pertinent

to this research, the concept of viscous damping is

applicable because of the underlying assumptions. Detailed

discussions of the various types of damping and the use of

equivalent damping are available in the literature (31, 32,

34 , 35, 36 , 48 , 49 , 50, 54 , 63, 64 , 67, 80 , 82] and thus,

• - further elaboration will not be made here.

All techniques for estimating damping from test re-

sults are based on the same idea. Reponse of a structure

is a function of its physical properties, including damping,

and of excitation. If a known excitation is applied, the

• response can be predicted as a function of damping, which

can be inferred by matching predicted and measured response.

—-5- . ~~~~-- - —5-- --5---— -5- --
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2.3.1 Bandwidth Method. This technique, also known

as the half-power method, is applicable to the displacement

resonant curve of a linear , single degree—of— freedom system

(SDOF)- with a small amount of viscous damping. It is a

particularly effective technique when the value of damping,

~~, is less than 10%. At extremely low values, however ,

some difficulties may be encountered if there is a problem

identifying points on the resonance curve. Furthermore ,

since this technique relies upon the measurement of the

frequency difference at points around the resonant fre-

quency , measurement of this difference is often difficult

at small values of damping .

Essentially, this method of calculating damping is

derived from the equation of motion for an elastic SDOF

structure that responds to a harmonically varying load p(t)

of amplitude p0 and circular frequency w:

mi~(t)  + ck( t )  + k x ( t )  = p sin wt (2—12 )

where the symbols are standard representations of structural

properties found in any dynamics text. Eqn. 2-12 can also

be written as:

2 
-

~ (t) + 2~wk(t) + w x (t )  = sin wt (2—13)

In the development of the solution of this equation , one

can derive the expression for the amplitude of the steady-

state response as:

. - -- --- - - - . ~~:. . - e_t- . - - -  - - - - . .
~ -n. ~~ - ~~~~~~~~~ - . - - ..
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= 
P~, f [ i  — ( W ) 2 ] 2 + 4~~;2 (~~~~)2}

_l/2 
(2—14)

The response is thus a function of frequency , and when the

exciting frequency, w, approximately equals the natural

frequency , w, the system is in resonance, and a large

amplitude response can result. It is obvious from Eqn.

2—14 that only a value for damping, r~, keeps the resonant

amplitude from approaching infinite bounds. For a damped

system, the peak response occurs when the slope of the

frequency-response curve is zero, and thus it can be found

by setting the derivative with respect to w equal to zero.

It will then be found that p ,  the peak response , occurs

at:

= (1 — 2~
2
)u/’2 (2—15)

Thus , the peak response is:

- 

~2~~- _ _

P0 2~ (i—r

The bandwidth of the response, ~w, is defined as the

difference between the two frequency responses corresponding

to 1/v’~ times the peak amplitude . The two excitation

frequencies, 
~~ 

and 
~2’ which produce these half-power

points can be found from Eqns. 2-14 and 2-16. For detailed

development the references [6 , 18 , 63] should be studied.

Utilizing these equations , which are in terms of w1, 2’
Wn~ 

and 
~~~, 

a relationship giving the bandwidth can be

— — - - - —  — -— ---— .~~t _ _ ~~~ai _~~_ 1 . : :t .5fl_. 2~~~~~~ tt  ~~~~~~~~ S~~~~~~~ — t t  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . - . _  — _
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obtained , i.e.:

IMA) = - 

~i 
= 2

~~n 
(2-17)

Thus, the damping factor can be approximated as:

= (2—18 )

In order to measure damping from a resonant curve ,

only the resonant frequency and the bandwidth need to be

known. These factors are inherent in the frequency—response

plots which result from forced vibration generator experi-

ments. The values of damping obtained using this method

in conjunction with these experiments are considered valid

even though there is some variance from the basic assump-

tions underlying its development and disadvantages in its

use [6, 12, 18, 65 , 69, 73].

2.3.2 Logarithmic Decrement Method. This might be

possibly the simplest and most fr equently used experimental

method . As its alternative titles may indicate , the Free—

Vibration Decay Method or Time-Response Method , it is based

upon the measurement of amplitudes during free vibrations .

In such tests , this can be accomplished by turning the

vibration generators off after reaching a steady—state

situation.

For lightly damped systems , this technique is appro-

priate because the vibrations do not damp out too quickly

once a free vibration state has been established . Greater

________ _ n --  

2 
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accuracy can be obtained by measuring response peaks on a

plot of displacement vs. time graph several cycles apart.

The development of the logarithmic decrement method begins

with the expression for the response of an underdamped

system in free vibration in rotating-vector form [18]:

x(t) = pe~~~
t (cos W Dt — 0) (2—19)

Considering the ratio of two positive peaks, in cycles

apart and taking the natural logarithm of both sides of the

equation :

x
£n (~- ’~ ) = 2mir~ ~~ (2—20)

or , for lightly damped structures [6 , 18]:

x
= 

1 n (2—21)2irrn x~~

This technique is widely used because it is relatively

simple. Once a structure has been set in motion , and the

exciting force removed , it is possible with only a small

amount of equipment to show the amplitude dependence of

the damping factor. Some of the difficulties inherent in

the method , on the other hand , limit its use to the determi-

nation of damping for the fundamental mode in a system with

well separated natural frequencies.

2.3.3 Other Methods. This section is devoted to a

brief description of other means used to calculate damping

_
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values which are used herein. One of these , termed the

90° out-of-phase method, is a variation of the bandwidth

method. Essentially, when modal interference is present

the bandwidth or other common methods are not suitable for

calculating damping. However, a modification to the band-

width method can be used if the recorded phase of the force

with respect to the response allows the response to be

separated into its in—phase and 90° out-of—phase components.

When the 900 out—of-phase acceleration is plotted vs. fre-

quency , the frequency-response curve becomes more defined

and sharper , thus allowing the damping values to be more

readily determined. The procedure for calculating damping

is basically the same as the bandwidth (or half power)

method as described above, except that 1/2 the peak

amplitude is used to determine the bandwidth instead of

l//~ . The rationale behind such a technique takes advantage

of the fact that when considering modal interference, the

response of modes lower than the one considered is almost

entirely in-phase with the excitation , while higher modes

are 180° out—of-phase. Thus if the 90° out—of-phase

component can be determined , modal interference is greatly

reduced. A thorough description and development of this

technique is available elsewhere [25, 43, 44].

Another method used is a multi-degree-of-freedom - (MD0F)

— . to the .SDOF system-based dynamics magnification factor. Re-

ferring back to the expression for the amplitude of the

-- -5 - -  - - —— - - - - ——-~~~~~~~~~~~~~~ —-~~~~~~~~ -
-~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --_ -~~~~~~~~

— -—
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steady-state response as given in Egn. 2-14, a dynamic

magnification factor, Q, is defined as:

D P = ([1 — 
(

W

)

2

]

2 + 4~~~~2 (~~~_ )
2

}
~~~~~~~~~2 (2—22 )

It is noted that D varies with the damping ratio, ~~~, and

the frequency ratio, ~~~
— . At resonance , the exciting

force frequency, w, equals the response natural frequency,

or:

D = (2—23)

Thus , damping can be determined by:

_ l _ l ~o
2D 2 k p  (2 24)

— max

where ‘~max is the maximum response amplitude at resonance.

This method is appropriate for determining damping of i 
-

closely spaced modes. More details on this method can be

found in (6, 18, 60, 63].

Two other methods of calculating damping were used,

and should be briefly explained. One is essentially the

bandwidth method, but instead of using one of the measured

structural response parameters in the frequency-response

curve, the Fourier spectrum, or power spectrum is used.

The other method is based on the decay of the autocorrela-

tion function. Autocorrelation diagrams are calculated from

raw data through the use of electronic digitizers. The

I

______
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effective damping of the structure can be estimated by

measuring peaks of successive cycles of the autocorrelation

function and using calculations similar to the logarithmic

decrement method (77 , 88].

2.4 Earthquake Response Spectra. This is a brief intro-

duction to the concept of earthquake response spectra and

their use in determining the response of structures to

earthquake excitations. A more detailed explanation and

discussion appears in Appendix C.

Essentially, the earthquake response spectrum is a

plot of the maximum value of a response function vs.

natural period (or natural frequency). The maximum value

of one type response function is the spectral velocity

(or more accurately, the pseudo-velocity because it is not

exactly equal to the maximum velocity for a damped system)

denoted, Sv~ 
and is calculated from the Duhamel integral

[16]:

= Xmax E (f ~g(T)e~
CW (t

~
T) sinw (t_ t)dt]max (2—25)

A plot of Sv vs. T is obtained by averaging the response

spectra of a number of different earthquake records and

normalizing them to a standard intensity level. The

resulting plot , then, is a series of smooth curves, each

for a specific value of damping. Similar graphs can be

constructed for spectral displacement, 5d’ by dividing 

~~ - 5 -- -’- --~~-- - - --- - - - 5 - - - - - - -— - --- -- 
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spectral velocity by the circular frequency, and for

spectral acceleration, Sa~ 
by multiplying spectral velocity

by the circular frequency. A combined earthquake response

spectra diagram can be obtained by presenting all three

graphs on a single plot using tripartite paper as shown in

Figure 2.3. Thus, for an earthquake of a given intensity,

the associated combined spectra can be used to determine

the spectral displacement, velocity , and acceleration for

a given structure, if its natural period and damping are

known. This technique is applicable to SDOF systems and

to those MDOF systems which can be approximated by a SDOF

system using the generalized coordinate approach. The

response spectrum technique can be used for elastic systems

(161 as well as inelastic systems [57]. It is also the

method of calculating response in the modal analysis

method, where a vibration system is separated into its

principal modes [74]. The spectrum analysis technique is

used in the sensitivity analysis portion of this disserta-

tion. This is described more fully in Chapter III and

Appendix C.

WLi le the earthquake response spectrum is used to

determine the response of a structure with known period

and damping to an earthquake (or earthquake-like) force of

a given intensity level, Blurne [8] has developed a procedure

for estimating damping using the spectra. This procedure,

called Spectral Response Reconciliation, involves

— - - —  _~~. -— ~~-- 2~~~~~~~_ A  — - t t _  - - • • 1 ~2__ - ~_ - - •-~ _~ - - -  — - —
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FIGURE 2.3

COMBINED EARTHQUAKE RESPONSE SPECTRA

From: Wiegel, Earthquake Engineering, Prentice-Hall, Inc.,
1970. Reproduced by permission of Prentice-Hall, Inc.,
Englewood Cliffs, N.J.
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reconciliation of spectral response with measured real

building motion to obtain damping under actual response to

ground motion of any intensity . The procedure , as developed

and described in detail in the reference (8], basically

relates building response displacement to mass, modal

deformation, frequency , damping , and free field motion.

By measuring/recording all variables except damping from

tests or computations, this variable can thus be estimated.

2.5 Steel Moment—Resisting Frames. This section includes

a discussion of the general philosophy behind the use of

moment—resisting frames. It is not an attempt to review

the entire concept of rigid frame design ; many texts are

available which treat this subject in detail, complete

with examples, such as those by McGuire [52] ,  and by Tall ,

Beedle and - Galambos [76]. Moreover, no attempt will be

made to present design procedures or philosophies , as those

can be obtained from the many design pamphlets and guide-

lines, such as in the references [24 , 70, 79 , 90],  most of

which are explicit, thorough, and complete with examples.

Rather, herein is a presentation of the rationale behind

the use of steel moment—resistant frames in seismic design,

and how they fulfill the requirements of the seismic pro-

visions of building codes. It will be noted that in the

foregoing discussion of steel moment-resisting frames, some

rationale for their use is based upon response when in the

inelastic range. While non-linear, inelastic response is

‘ - _ - .~~S-  A/’ t. cn~~~ -_ _~~~ s~_s - - -  - -—.~~~~~ — -——--
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beyond the scope of this dissertation, the principles and

concepts of moment-resisting frames are also applicable

when response is in the linearly elastic range.

A tall building designed to resist earthquakes

usually uses a moment—resisting f rame as the main lateral
2 load—carrying structural system. By using contemporary

building codes as the basis for design of these buildings,

the engineer can provide an economical structure with

adequate rigidity and toughness. The seismic provisions

of these codes allow for the use of reduced values for

design coefficients [23, 87) when (a) a moment resisting

frame is a part of the structural system, and (b) it is

capable of independently resisting a portion of (at least

25%) or the entire lateral force. Only that a moment—

resisting frame exists as an integral part of a structural

system is relevant herein, not its lateral load—carrying

capacity.

A frame is basically constructed of horizontal members

(beams or girders), and vertical members (columns). A

series of interconnected frames are used to form a building.

Usually frames are designed/analyzed as two-dimensional

frameworks oriented in the direction parallel to that of

the expected predominant lateral loading. This approach

is particularly useful in the design of short , or low-rise

buildings . The frame s are connected in the direction

perpendicular to them by shear walls or some other form of 

~~~~~- -~~~—~~~~——. -- - -- -— -~~~~~~~~~ - - - -- - - - - -
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rigid bracing. In taller structures, frames are constructed

in both principal directions forming a space frame.

A space frame depends upon its own bending stiffness

for the lateral stability of the structure. It resists

the earthquake forces through the bending of its columns

and beams (girders) . In a major earthquake large deforma-

tions will occur in the structure. The space frame will

be effective if it can deform inelastically without losing

its lateral resistance or vertical load carrying capacity.

Contemporary design philosophy requires the inclusion of a

moment-resisting frame as a necessary safety precaution to

prevent total collapse of a tall building during a major

earthquake [23 , 70]. Supplemental elements, like concrete

shear walls , which are usually included to add rigidity to

withstand low amplitude earthquakes and wind forces , will

possibily fail during a high intensity earthquake. The

largest moments in the frame usually occur in the connec—

tions between the beams (or girders) and columns. These

connections should be designed as rigid joints which

develop the full plastic capacity of the members framing

into the joint . Connections , then , should be designed so

that first failure occurs in a member [5] .

In order for the frame to truly depend upon its own

bending stiffness to insure adequate lateral resistance, a

space frame must be ductile. Ductility is a property of

concern in the inelastic range . A ductile structure
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is able to dissipate energy while it is yielding,

without fracturing (5, 70]. Ductile moment-resisting

frames should be an integral portion of the lateral load

resisting structural system in structures exceeding 160-

feet in height , or about 13 stories (23, 70]. Note that

contemporary west coast design philosophy includes some

flexibility in the selection of the structural system for

buildings between 10 and 20 stories high [23].

Space frames with adequate ductility can be constructed

in either steel or reinforced concrete. Proponents of

each — usually the respective material manufacturers, or

trade associations — are ready to offer the advantages of

one over the other. No attempt is made herein to explore

or present these arguments. It is sufficient to note that

steel is one acceptable material for use in the design of

multistory buildings with earthquake loadings [90), and that

• steel moment—resisting frames are the structures which are

studied in this dissertation.

2.6 Present Methods of Estimating Damping. From an

analytical viewpoint there are many methods which have been

established to estimate damping. This topic has been a

popular one during the past 15 to 20 years, and much has

been reported in the literature regarding the theoretical

determination of damping coefficients.

The identification of damping and other structural

parameters from measured structural responses to a known

_ _  _ _
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disturbance, regardless of method, is termed an inverse or

indirect approach in structural dynamics. The other broad

category of methods for solving structural dynamics prob-

lems is the direct approach , in which the response of a

given structure to a known dynamic loading condition is

computed. The overall concept which deals with the inverse

approach is system identification [15, 33, 53, 81], which

has been investigated intensively by many researchers in

recent years.

Building system identification includes the analytical

‘ models and numerical methods which are briefly described

in the following. Only a representative portion of the

system identification field is presented herein to give the

reader an introduction to the inverse approach , and to

provide a basis for comparison with the methodology to be

present in Chapter IV.

2.6.1 Analytical Models. This technique for determin-

ing damping requires the analytical modeling of a structure

and usually involves the use of digital computer programs

which have a dynamic analysis capability . The analytical

model is exposed to a representative forcing function and

the dynamic analysis algorithm is used to estimate struc-

tural parameters of the building. This technique is usually

used in conjunction with experiments on the same structure

as a means for comparing experimental and analytical values

of each parameter.

——- - _ _ _ _ _
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Most of the experiments used in this report were

complemented by analyses of the structures by means of

analytical models. Damping values obtained from the tests

were compared with those estimated by means of the analyti—

cal models [12, 25, 62, 65 , 73]. Analytical models have

come into common use in recent years due to the development

and refinements of the finite element concept of structural

analysis [361. The finite element method uses a substitute

structure which is composed of a number of separate finite

elements. The finite—element structure is built by

assembling the component elements in a member so as to

maintain the structural behavior characteristics which

are to be modeled [20]. -

A researcher usually has a choice in the use of the

finite element method. He can choose elements which are

already developed, or develop his own, depending upon the

behavior he wishes to model. For the Parsons building,

Foutch (25] developed an element which was based on the

structural design calculations and structural drawings for

the building. Few additional assumptions were necessary.

He developed the finite element model using a modified

version of SAP IV [1], a general purpose program developed

at the University of California at Berkeley. SAP was

used by Stephen, Hollings and Bouwkamp [731 to model the

Transainerica Building. A quarter of the building was

modeled for analysis so as to keep the computer requirements

--5 - - j
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to a minimum. Briefly, other computer programs used to

determine damping in reported tests are: MACTUB, which

was developed for the analysis of multistory tube structures

consisting of an assembly of plane frames [62]; FRMDYN,

which was used to compute the translational vibration mode

shapes, natural frequencies, steady state and linear

responses; DINFRA, which was used to determined torsional

mode shapes and corresponding natural frequencies; and

NONLIN , which was used to compute nonlinear translational

response after yielding [65].

2.6.2 Numerical Methods. Numerical methods differ

from analytical models in that some - form of numerical

procedure is formulated to derive from the basic equations

of motion the required structural parameters mathematically.

What follows is a brief description of some of the methods

which have appeared in the literature recently. The

reader should recognize some of the qualities inherent in

the following methods and how these methods differ from

using analytical models and the methodology to be described

shortly.

Beliveau [2] formulated a method for identifying damp-

ing from modal information within a general Bayesian

framework based on eigenvalue and eigenvector pertubations,

and a modified Newton—Raphson scheme. This is used to

modify parameter estimates when natural frequencies,

associated damping constants, mode shapes and phase angles

- ~~~~~~~~~~~~~~~~~~~ ~. - - 
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are known. He uses actual data from a 9-story steel struc—

ture to illustrate the method. Hart and Collins [31]

propose a method which also develops damping matrices from

modal test data , as does Hasselman [34].

Tanaka , Yoshizawa, Osawa , and Morishita [77] present

the numerical method analog to the modified logarithmic

decrement method for determining damping using the power

spectrum presented earlier. It is based on the development

of the autocorrelation function of an output to a stationary

random input. Corotis and Vanmarcke [21] develop a pro-

cedure to estimate the equivalent viscous damping of

oscillatory systems using stationary random processes in

terms of spectral parameters, and nonstationary random

processes in terms of time—dependent parameters. The

shape factor function is determined from an analysis of

the segmented time history of an earthquake input, and the

damping value estimated from a shape factor-damping relation-

ship. Hart and Vasudevan ’s [321 theory of the linear

system transfer function is also based on the Fourier

spectrum.

Both the reports by Gersch, Nielsen, and Akaike [29]

and by Sweet, Schiff, and Kelley [75] outline a maximum

likelihàod computational procedure for determining the

damping. These procedures, independently arrived at, rely

upon the development of the logarithm of the likelihood

function. Partial derivatives are then taken with respect

;~~:~ ..a .~~~~ r -
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to the damping variable and equated to zero to determine

the damping.

The expected damping coefficient is determined by

equating the expected energy dissipation caused by inelas-

tic behavior to the dissipation of the equivalent viscous

damper in the procedure outlined by Torres and Mote [82].

Also, the damping ratio is determined from a relationship

among total energy ratio, potential energy and damping

developed by Raggett [64].

Caravani and Thomson [14] determine damping from

frequency response as an optimization problem. Response

data are sequentially processed by an algorithm which

refines the estimation of damping at each frequency point.

This is the Identification Algorithm , and it should be

carried out over the frequency interval centered at the

lowest natural frequency.

The autoregressive-moving average (AR-MA) time series

corresponds to a stationary randomly excited differential

equation. The obtained AR-MA parameters are used to

express the damping and natural frequency parameters of a

structural system. These procedures are presented by

Gersch [27] and Gersch and Foutch [28] .

Finally, Ibanez [41, 42] develops a modal damping

matrix from the equations of motion, where damping is a

function of mass, frequency , mode shape, and stiffness.

Using Taylor’s expansion and a criterion function, Ibanez

—•---—------

~

--—-.—----- - - - - 5 — - ---_~ —.~~~~~~..~~, 2 ~~~~~~~/~2 / r  - -



- - - - - 5 —

54

develops a variable which is a function of mass, frequency ,

damping, and structure stiffness. By integrating with

respect to damping and setting the result equal to zero,

a value for damping is obtained.

2.6.3 Damping Determination by Assumption. Prior to

beginning the development of the design methodology of

Chapters III and IV, it is pertinent to discuss the current

status of damping estimation. As noted above, methods for

estimating damping do exist in various forms. Experimental,

analytical and numerical methods are all appropriate and

acceptable procedures for determining this parameter, but ,

in practically all cases these methods are used for the

analysis of existing structures. At the present there is

apparently no adequate method available for objectively

estimating the value of damping coefficients for structures

during the early stages of design. Instead , there is a

reliance on experience and engineering j udgement, and a

value is assumed for damping. The purpose of this research

is to fill this apparent void by establishing an objective

procedure for the estimation (prediction) of damping co-

efficients for use in the design of steel moment—resisting

frame buildings.

- -
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CHAPTER III

DEVELOPMENT OF DAMPING CORRELATIONS

WITH BUILDING PARAMETERS

3.1 General Remarks. The use of test data from experi-

ments on actual structures to relate a basic structural

property to measurable building parameters has a precedent.

An empirical relationship between the natural period of a - 
-

building and its height and width was developed many years

ago by the U.S. Coast and Geodetic Survey. Over 500

buildings and other structures were tested and from these

data the following simple formula for estimating the

natural period of a building was derived:

T = .05 (3— 1)

where:

T fundamental period, seconds

H = building height, feet

D ~ building width in the direction parallel to the

applied forces, feet.

Egn. 3-1 has become the primary means for estimating period

in the early stages of the design process. It is one of

the recommended relationships given in the seismic provisions

I 

-
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of the Uniform Building Code (87]. Because the values

obtained from this empirical relation may differ signifi—

cantly from the actual values in individual buildings, the

Uniform Building Code provides for alternatives to this

formula for certain types of structures. However, this

formula continues to be widely used in structural design;

and its obvious practical value certainly demonstrates the

potential worth of empirically-derived relationships for

the design of structures.

It is logical to suggest that empirical relations for

• estimating other building properties would be equally

valuable. In the 1930’s, Blume [7] foresaw the possibili-

ties of estimating damping from information obtained by

observing the vibrations of actual buildings. Damping

appears to have some of the same basic relationships to

measurable building parameters as natural period. An

analysis of the data collected for the purpose of this

study indicates a definite trend exists when damping is

plotted versus building height as shown in Fig. 3.1. This

plot shows that damping decreases with increasing building

height. This decreasing trend is to be expected for damp-

ing in the linearly elastic range from available knowledge

about the nature of damping. If two structures are of the

same type, configuration and construction, i.e., similar

except for height, damping in the taller structure would

generally be less than that in the shorter, more rigid 

~~ r : rt. ~~~~~~~~ — — — — -
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structure because of the inter-relationships among damping,

flexibility and mass.

Intuitively, one would expect that damping might also

be related to building width. It should be noted that

building width refers to the building dimensions in the

direction parallel to the applied forces. While a plot of

damping versus building width as shown in Fig. 3.2 is

inconclusive, with no apparent tend existing, it is logical

to presume that because of these same characteristics of

damping, building width should be considered in developing

an empirical relationship. This presumption was found to

be valid in this study; the best correlations were obtained

for relationships which included both building height and

width.

For the sake of simplicity, it was decided to consider

only building height and building width in the derivations.

These were the only measurable parameters common to all

buildings that constituted the data base used for develop-

ing the empirical relationships. A listing of these

buildings with descriptions thereof is given in Appendix A.

It should be noted that while differences do exist among

these buildings, they are all basically steel-framed and

moment-resisting structures. Further , they all have a

moderate amount of non-structural internal elements

(partitions , doors, curtain walls, etc.), necessary struc—

tural elements (floors, elevator/stairwell shafts, etc.),

I
— --5
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and all are founded on soil of sufficient bearing capacity

to support the design loads so that piling is not needed.

Aside from the height and width differences, the

buildings differ in shape, in material of the non-struc-

tural and supporting elements, and in underground building

extensions. (No reentrant corner buildings, with accompany-

ing high stress concentrations, are included.) Because

these differences are imprecisely defined in a quantitative

sense and to an extent unineasurable, it was assumed that

- 

- 
their inclusion would constitute unwarranted refinements

of the basic damping vs. height, width relationships.

Consequently, the development of factors to represent these

more subtle differences among buildings is not included

in this study.

With building height and building width as the

independent variables, the damping values are collected

independent of mode, and thus of frequency. The assumption

inherent in this decision is that frequency (or period) and

damping are statistically independent. This is based upon

the apparent lack of a frequency-damping relationship -

refer to Figs . 3.1 and 3.2. In separate studies of

reinforced concrete buildings,Gallo and Ang [26] made the

same basic assumption. They concluded that for individual

tests damping seemed to vary with period (or frequency),

but when data from different sources were collected together

this effect vanished.



This property of frequency independence is perhaps

best described by the concept of hysteretic (or structural)

damping. Hysteretic damping is produced by a damping force

which is in phase with the velocity but proportional to

the displacements [18]. This concept is depicted by the

force-displacement diagram for hysteretic damping during

a typical cycle of harmonic displacement for a SDOF system

in Fig. 3.3:

~~~~ Fd

xmax _ 2

FIGURE 3.3

HYSTERETIC DAMPING FORCE VS DISPLACEMENT

where the hysteretic-damping coefficient, ~~~, is given by

the equation,

——- —— -—
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w,~
= 

u
•
~ 

(3—2)

2kp~~~

in which:

W
D 

= total area per cycle (shaded area)

k = stiffness —

p = maximum displacement

Further discussion and development of this concept can be

found in various texts and references. It is general

practice, however, to utilize an equivalent viscous damping

ratio, r , to express the damping of a structure regardless

of the actual internal energy dissipation mechanism as

was indicated in Chapter II (section 2.3).

3.2 Table Development. An essential and critical step

in the development of the empirical relationship is the

collection of data and its arrangement in a useful, tabular —

form. This was done for the data used in this research.

Table 3.1 shows the damping values, in terms of ~~~, presented

as a function of building height, given in feet. Herein,

as in all of the tables and figures, ~ is the equivalent

viscous—damping ratio expressed in percent form. Table 3.2

gives a similar presentation of ~ vs. building width. Table

3.3 is a chart showing the damping values as they vary with

both building he3.ght and building width. These damping

values were obtained from the results of experiments

conducted on the buildings described in Appendix A. The



63
~~r-o ‘.oink~ in
N 0 0  K in ‘.0 ~~ in~~ ‘.0 ‘.0

a ,.4 ,—4 in . . • .1 • .
N r-I .0 0 0 0100 0
N

I-I
m 0 in ~~ 0~ N 0 ~~~ N~’..0 ‘~~~ ~~ N N N in in C’) 0 ~ NNLfl ’.0 . . • . . . i i .  . . .1. • • • . .
CO r~ r4 0 r 4  . 1  N N Ir.4 . 4  r4 ,~~ r-4 r.4 r4  i-I i-I r1 r 4  .1

N
CO C’) N CO. . . .

‘.0 N P-4 I-I C ’)

m N N o ~~ Is N C O C O~~~i f lN~~’N N ’ . O C’) C\ N ifl
N in ~~‘ in C’) ‘.0 C ’) C’)Iin ‘.0 N N r~4 ‘.0 C ’) rl N N N N N ~ i-I in
..Dl.~~~1 • • •1~ . . . . . . .
in N N C ’) ~H r.4 r 1  i-I 0 r4 0 ~-4 ,-

~ 0 i-I i-I 0 0

N
m’.oo) N in N i n C O I n o o o o i n o~
~~ . . . • • . . . .

~~

C O0~~~ Ifl N CO

~~ r-4 .-l r.l

‘.0
0O)N i1 0 4 C ~ r-I I f l ’.O 0 C’)
r—I f ’ N  • . . .m .-4 r-l u-I 0 u-I N u-I N N

i~ in
CO

U, a u—I N u-I ifl ‘.0I’.O N 0 in k—I N ‘.0 ‘.0 CO C~ 0 r-I 0 ~
~~ (f l O~~C’1 . . . 1. . . . . .

~‘N (‘~ N N~~~C’~~~~~~~ N N C ’ ) (’) I
.-4 E-’
C ’, t~ ‘4

H i n i n 1 f l C O 0 C O C l N N ’ . OW~~~ 0 Ni f l~~~ C~r~ ‘.0C ~~r.-l • .
u-I 0 N u-I 0 0 0 0 0 0  u-I 0 0 0 0

E ’ Z

H i n C O N in~~~’c0~~~~r-I
N ’.0 r—l . . • . . .

u-I ~ ~ N ‘.0 ~~ ~~H:~ o
~~ ‘.0 ~~u

aO c. C’) ~ ‘.0 in ‘.0 ~~ ‘.0 CO r—I C ’) ‘.0 CO ‘.0 0 N 0 ‘.0
~~ C ’) . . . . . . . . . . . . . . . .
in r-I , - I0 0 0 0000 ,-I 0 ,-I N C’) N C’)

i n i n N 0 0 0
i nu -I

u-I .i~m i n

in C’)
C O N C ’ ’ . O N N ’ . DIO m ’.0 —

N C O N  • . . . . . .1 . . •
r-I N NmC’)mmmml.-IN,-4

a..
‘.0 in N N ‘.0 CD l’o C’)IO) CO CD 0 N 0)
CO N . . .1. .1. • .

~~ u-I ,-4~~~ ~~~~0 u-I in ‘.0 ‘.0 in

— -.
.IJ~~~

C) ’-.
~~
~)4 J  Q)
I4 .~~~.rI —

QI
‘44 -r4 0 I~

i-P

_ _ _ _ _ _ _ _  ___ - 5 - - - ___



F

64

t f l u 40 0 0
i n’ . 0. ..

N C ’) N ‘.00 C ’)
u—I n • • • .

u -I N

CO N it) N CO
CO r—I . . .

u-I u-I u-I u-I

00) N
u-I o in u-~ u-I (C ’ ‘.0

• . .1.

i n N I C
‘.0 O C O  0 CD 0 N. N ‘.0 ‘0 ~~0 N inu-I • • • • • . . • • . • • •ON r - I0 0 0 0 0 0u - I 00 0 0

C O O N
U) COONCO ’ON C’)

. . . •
N u - I u-4 C’) N

N

C ’)
H C ’) C D .~

~x1 ~ CD 0) CD in in U) In 000)

_ _ _ _  _____________________< z -
-

14 H in
c~ CO

H r) r.. . . . . . .1 .  . .
~~

0
‘ .OON
in . . . . . . I I •
it) u-I 0 0 0 0  u-I u-I u-I C ’) C ’)

‘.D r-I N
C O N  0) ‘.0 IC’) CD 00 )

‘.0 0 ’0
C O N  ‘.0 CD ‘0 0) CO N

. 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

094

W4J~~~~
c
~144 ‘~~~ IIG) ~

— ---5— ——-- 
— - 5- -—— -- — -5—  — ——.- --- --——-—-——---- —



- -

65

COin’.0in~~~~~
aN .0 0 0

N
N ____________________________

C ’) ~~ N N N C’) CD CO ~~ in N N N ‘C~~~
. C’) 0) N it)

N ~~~‘ in C ’) ‘.0 C’) m ILn ‘.0 C’) N ri ‘.0 C ’) u-I N N N N N ~~ ri in
‘.Oin I I • I .1. I I I I I I I • I • I • I

N u-I ~~ N N C’) I-i u-I u-I u-I u-I u-I C u-I u-I u-I 0 0  u-I u-I 0 0

i n C O C D L f lCOIr -I
N C ’ )  • •1~Nm N~~P~~~

‘.0 0 u-I it) ‘.0 CD CD u-~ 00
N • . . . . . .

i nN  u - I 0 0 0 0u - IC’4 CN
in

00  ‘.00) olin o
r—I ,—I . . I I .  I

N u - I 0 u-I IC’4 N

Z CO
H C ’) ’.O ifl N L f l C D O O L f l
14 COO ’  . 
Z u-I u-I u-I u-I u-I N N 0

C) 
_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

N In C)
• CO 0 u-I ‘.0 N in N ‘0 0) u—I ~~C ’) — C O  • . . . . . . .

• C’) u-I (~) u-I N C’) C’) N C ’) C ’) ~~‘

~~ ~~u -

u-I• 14 C’)~~ I i n ~~~.0) N 0 C DN ’ 0 . U 1 . C O N N N L nLfl C ’ ) 0 C D N
N N . • . • . . . . . . . . . . . . • .

O u-I ri N C’4~~~~~~~~~~~~~~~~~~~~~~ r-I u - I r-i u-l u-I

N
it) CO C) u-I~~~~~~N ~~ 

. . .

CO it) in
N i n % Di n’ 0’0 ’.0

aiD . . . . .
N r I0 0 0 0 0
N

NC’) O N  N ‘.ol’.o
.—.I 1.0 I S S I S

u-I C ’) C ’) C’) C ’)

Q~~4J
0144

4)

4) 4) ~~~4P
Iei ,ø ~4

_ _ _ _ _ _ _  _ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—-5— -5- — —---- - -.-- ---•-- •-—--•- ,- -- -- --- — --5

I
66

In
CDu -I O C’4 L f l ’ 0 O r 4 I C C D 0 0

. . . . .
C ’) N C’) ~4 u-I ~~ C’) ~~ N C ’) ~~‘

‘.0
it) in N CO 0 CD 0) N N ’0  ‘.0 ~ 0 N 14) ~~ 0)
‘.0 0) 0 . . I •

u-I u-I 0 N u-I 0 0 00 0 0  u-I 0 0 0 0

it) CD C O C O  in (u-i
I 9 0 C ’ ) . .  - I

u - I N  C ’) N

N

N ’0 ’0 . . I •

i_p
0 u-i

U, ‘. 00 0  u-i in ‘. D C O  CD u-I 00
. . . . . • .

Lfl ,-i N r - i0 0 0 0u - I N C4
~~ in
14
H
~~ 0 N

C’) ~~ ‘.D 0 0L f l~~~~~~~’.0 ’.0(’0 u-4 ’ . 0N ’0
aC’) C • . . . .I . . . . .

C’) i n u- 4  u -4 0 0 00 1 r— I u-I r-I C’) Cfl
14 in

r~3 ~CD
H tn ifl u - I 0 00
~~ ifl u-4 ’.0  .

14 u-I u-I~~~~m L f l

CDz in
H N • C ’) 0 N N ’0 ’.O

• Q u - I C O ’ O . • . s .
N u-I C’) C ’) C ’) C’) u-I

H _ _ _ _ _ _

U)
N • C’) N C’) (N ‘.00 C ’)
u—I CO in • . . . . I

N u-I N C ’) C ’) C ’) u-I (‘4

‘0 in u - IN
CD N N 0) ‘0 00)

C ’r 4 .4-.~ ’.oin

‘ 0 i nO ’.0

C DN N~. 0 C D I ~
.0 0) C D N

a
U) 4) a
4) 9 44)
0~—• ’ê•I
4)4)

a
w~~~

.u4J rldp
144 .,.I ~~4) 4) •.-I 4)

-5 -- -5- -- - 
~~~

- 
~~~~~

-
~~~ _ -fl - 

- ——-- - ---~~~~~~ -~~~~~~~~==~~~~~~~~~~~ -5~~~~~~~~~~~~~~~~~~ ——-5



- ) 67

CO ‘.0 ‘O N
N N i f l~~~~ in~~~~~~

I ~ I I

N u-I (N 0 0 0 0

if) it)
CD N in ’.0 in WI’.O ’.0N O W . • . 1 I .

u-I u - I 00 0 l 00
(‘l u-I
N

u-I
C’) C ’) ~~ ‘ in ~~ C) N 0 CD NW  ~~ CD N N (N it) in C’) 0 CD (N
f -  tn t— 

C D O N ( ’ 4 u - Ir-4u-I ,-I u-4 u-4 u-I u-I rI p-i p-i r-l

(N
CD C’) 0 (‘4 CD ‘.0N C ’)
CO O O 

iØ u-I N  u-I u-I C ’) N

C’)~~~N N  N m C D I C D~~~U ) N N N W~~~C ’ ) 0 ) N U )
tCr% Ifl I I I I I I 5 •

U) (‘4 u-I ~~ N (N C’) u-I u-I u-I u-Ik— I i-I 0 u-I u-I u-I 00 u-I u-I 0 0

Z CO
H C’) ’0 ’.D Ln N I L n C D O O i n
14 C O 0 ) C I  • ~~~~~~~~~~~~~~~ • •
Z ~~~,-I r-I u-I H u - IN ( N 0

C.) 
_ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

C’)
C ’) ‘.0 CD ~~ it) it) It) LI) 0 0 0)

C’) C D 0 0 )  
~~‘

C O O N U) (‘4 CC
14 CDC ’) ~~~~~~. ..

u-i u-I u-I u-I

00) 0 ‘.C Cl 0 It) 0
u-—I N u - I  

C’) N u- 0 u-I (‘4 N

(‘40 0 ) 0 )  if )  u-I u-I C’) ‘0
u—I N O  • .

C ’) u--f u- ~-4 u--f (N s—f

in
CO 0

a u-I 0 u- ‘.0 IN in N ‘.0 0) u-I 1
C ’) C) C D  - .11 . . • . •
~~‘ N u-I C’ u.-I JN C’) C’) (N C ’) C’)

U) 4) a
4)144 4)0 ‘44

—
4) 4.)

-

• ~~~4J C dP
~ 4 -u-I Va ~~~~~= z z  i-P



68

mean values for each set of data are also given.

Tabulation of the data into this form facilitated the

development of the correlation between 
~ and the building

parameters. The tables were also used to develop the

graphs of Fig.’s 3.1 and 3.2. The horizontal line(s)

appearing in the columns of the tables separate the data

by modes, with the fundamental mode presented first,

followed by higher, succeeding modes in numerical order.

The variation in the amount of data available and

collected in this research is also easily seen by the

tabular presentations. While only the fundamental modal

damping values were obtained and reported in some experi-

ments, the data contain experimental results which report

damping values from as many as seven modes. Data were

collected and used from the translational modes only, al-

though torsional modes were excited and similar modal data

reported. It was felt that the use of the torsional modal

data in the development of the correlations undertaken

herein involved resolutions to achieve compatibility with

translational modal data which could not be justified.

These resolutions included the determination of the composi-

tion of the torsional modal damping value and how it

relates to the concept of planar equivalent viscous-damping.

Conceivably the torsional modes might include internal

damping mechanisms which are not presented in pure transla-

tional modes. Further, it was felt a redistribution of the
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torsional damping values into representative translational

components could not be made. Consequently, the torsional

damping values were excluded from this study.

As previously noted, the data used herein were collected

from experiments which were conducted on actual buildings.

For the most part these buildings were either in the final

stages of construction or completed when the experiments

took place. Consequently, the damping values obtained are

representative of a free—standing structure, complete with

its full complement of non-structural elements, and thus

are excellent input for this study.

One notable exception is the East Building of the

University of California at San Fran cisco which was tested

by Rea , Bouwkamp and d ough [65]. The total experiment

was actually a series of tests conducted from the summer

of 1964 through the fall of 1965. One of the most striking

features of the experiment was that the damping values ob-

tained from the tests conducted during the summer of 1964

were significantly less than those obtained from tests

conducted during the summer of 1965. The authors concluded

that this increase was attributable to the interaction

between the East Building and its service tower, and thus

the damping values were for a system of connected buildings.

Consequently, the values obtained in 1965 were directly

applicable to building systems with this type of construction

I
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only and were not representative values for an isolated

building.

It was decided, then, to use only the damping values

obtained from the 1964 tests in this research. While far

from being a complete building , the structure did have its

major structural elements erected , and some of the non-

structural elements emplaced as well. Windows, doors, some

internal partitions, and the mechanical ductwork, however,

were still lacking. Since these items contribute to damp-

ing , the values obtained from these tests are relatively

low. Nevertheless, it is believed that these disparities

do not invalidate the use of these damping values in this

research. It is felt that the construction of the building

had progressed to the extent that the damping values ob-

tained from the summer of 1964 tests could be considered

equivalent to those exhibited by a lightly damped structure

of similar configuration. In other words, a steel moment—

resisting framed building with, a large number of open bays

and light exterior and interior wall construction would have

- somewhat lower values of damping than a similarly struc-

tured building with a large number of non-structural.

elements. Since both types of buildings are to be repre-

sented by the correlation developed in this research, the

damping values obtained from the summer 1964 tests are

included herein. 

~~~~~~~~~~~~~~~~ _ ~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ - .-_—~ L_~ _ r
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The data in the tables also include damping values

obtained from di fferent, yet compatible methods. Methods

for determining the damping ratio from test results, like

the bandwidth method and the logarithmic decrement method,

are presented in Chapter II. Given the circumstances of

testing and the associated assumptions inherently reflected

in these test data, all of the described methods are

applicable. Consequently, included in the data are damping

values for particular structures [10, 65, 73, 88] which

were obtained by two different methods. Since these methods

are based upon different test procedures and involve the

use of different test results, they are considered indepen-

dent and are treated as separate observations in the data

even though the same researcher(s) performed the two tests.

Also included in the data are results from different tests

of the same building performed by different researchers at

different times [22, 43 , 44,  55, 60 , 78, 85]. These data,

too, are included as independent damping values for purposes

of the statistical analyses.

3.3 Development of the Correlation Between ~ and Building

Height, Width

The development of the functional relationship between

ç and the two building parameters - building height and

building width — was completed in three distinct steps:

1. The development of the best correlation(s) between

- 

- 

~ and building height, independent of building width. 

- -
~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~—~~---~~~
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2. The development of the best correlation(s) between

~ and building width, independent of building height.

3. The development of the best correlation(s) between

~ and various combinations of building height and building

width.

The third step was based upon the results obtained in the

first two steps, and thus necessarily followed sequentially.

In the development of each relationship, both the raw
— - data and the mean values of the data were used as input

to the REGRESSION subroutine of the Statistical Program

for the Social Sciences (SPSS) as given by Nie , Brent and

Hull [58]. (The mean value used was the mean of the damping

values foun d for each building height (or width) used.

Means are given in Tables 3.1-3.3.) The basic concept of

this Program and its pertinence to this dissertation

research is discussed in Appendix C. Generally, the use

of the regression analysis program requires a trial and

error procedure whereby the basic form of the expression

relating the dependent variable and the independent van -

- able(s) is developed externally and the entered as a poten-

tial regression equation. The program carries out the

calculations required to determine the coefficient(s) in

the regression equation which produce the best fit to the

input data. An indication of best fit is the R2 statistic

which is a measure of the amount of error which can be

explained by using the regression equation. The R2 
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statistic was used as the primary indicator of correlation

between the dependent variables, ~~, and the independent

variable combinations tried.

F A total of 267 regressions were tried. These are all

listed, along with their respective R2 statistic and other

pertinent data, in Appendix B. It should be noted that

both the raw data and the mean values were used in the

regression trials. It was discovered while running the

equations that the raw data generally yielded poor correla-

tions as measured by the R2 statistic. It is believed the

main reason for these poor correlations is the possibility

that not all of the phenomena producing the damping of a

structure are well correlated or even tied to building

height , or building width, or a combination. Further, wide

variations in the reported damping values could be attri-

buted to differences in experimental technique among

researchers, differences in equipment and instrumentation

usage, differences in measurement and calculation toler-

ances, and the like. With the lack of an apparent consistent

testing and reporting procedure, these differences are

bound to exist. They become much more evident in a study

such as this where the results of these experiments are

collected for subsequent analysis and use.

In spite of these differences and the possibility of

contributions to damping by other lesser-related (or even

non—related) factors, it was still felt that damping of a

L - -- - - - - - ____ J



structure was related to building height and/or to building

width. Fig. 3.1 showed that a definite trend did exist

between damping and building height which supported the

contention. To determine this correlation, then, the mean

values of the damping ratios for each given building

height (and width) were used. The use of these mean values

as the input data had two advantages: (1) the elimination

of the observed variations in the raw data set due to the

inconsistent testing and reporting procedures, and (2) the

realization of high correlation values.

The determination of what qualified as a “high correla-

tion” was necessarily subjective in nature. While it is

intuitively obvious that the closer the R2 statistic was

to 100 percent then the better the regression equation,

practical limits had to be imposed to keep the relationship

simple. Accordingly, it was arbitrarily decided that an R2

- value of 80 percent or higher would be considered a high

correlation, and the corresponding equation, therefore,

would be considered an acceptable relationship .

3.3.1 ~ vs. Building Height. It is concluded from

the regression analyses using building height as the sole

independent variable that an inverse relationship is the

best among those tried ~see Appendix B). This was determined

from the results of analyses which used mean values for

input data. The best correlation obtained was for Eqn. 23

which had an R2 value of 79.5%, or very close to the

_ _ _  -~~~—~~-— -—- - - — - -
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selected 80% criterion. When all data were used, a much
• 2lower correlation CR = .12113) was obtained. Eqn. 23

is presented in Fig. 3.4.

An exponential type of relationship also yielded
- - high correlation values. Subsequently, it will be shown

that when both building height and width were used as the

independent variables, the best correlation was obtained

with a combination of inverse and exponential terms.

The relationship yielding the best correlation (R2 =

.45252) for the complete data set was an equation in’... .uding

inverse terms (Eq. 29). This equation is presented in Fig.

3.5. Note that this relationship is satisfactory only

when the building height is greater than 250 feet. Thus,

its value as an independent equation for predicting damping

is limited.

Fig.’s 3.6 and 3.7 show Eqns. 11 and 12 which represent

the best correlations of the other types of relationships

which were attempted. It should be noted from comparing

these two figures that the exponential relationship (Fig.

- 3.7) is better. Also, mean values were used to develop

these two relationships.

3.3.2 ~~ vs. Building Width. As indicated in section

3.1 , there did not appear to be a definite trend evident

in the plot of the damping values vs. building width (Fig.

3.2). This observation was confirmed by results of the

regression analyses. For each of the several types of

L - - - -~~~ -- - - -
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relationships tested the correlations with damping were

very low, even when the mean damping values were used as

input. The highest R2 value obtained was 22.9% (for Eqn.

* 
50). The relationship giving this level of correlation

is shown in Fig. 3.8. Because of the low correlation

value (obtained with mean values as input data) this re-

lationship is unsatisfactory.

Two conclusions were drawn from these regression

analyses. First , the generally low correlations indicated

that building width was of secondary consequence in pre—

dicting damping values, particularly when compared to

building height. Second , better correlations were ob-

tained when building width was squared in the various re-

lationships tried. Both of these conclusions became evi-

dent in the relationships which finally evolved using both

building height and width. As will be seen, building

width appears as a squared term modified by small coeff i-

cients compared to those modifying the building height

terms. Its contribution to the determination of the pre-

dicted value of damping is minimal; however, its retention

in the equation is necessary to obtain a higher correlation

value.

To illustrate the type of relationships between damp-

ing and building width tried, Figs. 3.9, 3.10, 3.11 and

3.12 are presented. These graphs display Eqns. 48, 49 ,

57 and 61 respectively. Eqns. 48, 49 and 61 (Figs . 3.9 ,

—-— ——---— — - — - - - -- - —-5
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3.10, and 3.12) produced the highest correlations of the

relationships attempted. It should be noted that they all

contain building width-squared in the independent vari-

able. Conversely, Eqn. 57 (Fig. 3.11) is a relationship

with building width to the sixth power in the independent

variable. A low correlation CR
2 = 8.93%) resulted from

this relationship. It is merely presented as a means of

comparison with the similar relationship containing

building width-squared (Fig. 3.9).

3.3.3 ~ vs. Building Height, Width. From the work

described in the previous two sections, it was reasonable

to hypothesize that the best correlation between damping

and building height and width would probably be obtained

by considering (a) an inverse or exponential type of

relationship, (b) a building width-squared component, and

(C)  dominance by building height over width. Using these

presumptions as guides, it was determined that if a

multiplicable or divisible relationship between buildin g

height and width existed which resulted in high correla-

tion values, then this relationship would be a general

homogeneous equation and thus be preferable. However, it

became evident early that these types of relationships

resulted in poor correlations. Thus, such combinetions of

building height and width are not in the “best” equations.

The relationships which are ultimately developed are

called restricted homogeneous equations [56], or unit

—— — - — —•—- -———-——•--- - —- . U — ~~ _ —~ • j ,  
~~~~~~~~~~~~~~~~~~~ - -_ __.._.___ - - _.- —_~_~- _ —-—-•--- -.— - ——-- .•
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dependent. Thus, it was decided to develop the equations

using one measurement system, and then converting to a

secondary system. This would provide equivalent equations

in two measurement systems for international use. Since a

large part of the input data was expressed in English

units , this system was used as the primary system. Con-

version to the Metric system of measurement was made and

is also included. It will become evident that the use of

the metric form of the equation is somewhat inconvenient

due to the nature of the exponential terms. To obtain a

more convenient expression , the methodology was developed

again using the same input data, but expressed in the

Metric system. The regression equation which resulted is

of similar form to that obtained in the English system and

with a similar R2 value. This development is presented in

Appendix D.

As stated in Chapter II, the Uniform Building Code

establishes 160 feet as the dividing line between required

structural systems in earthquake resistant design (23,

87). It seemed logical, therefore , to consider relation-

ships in each of these ranges independently so as to obtain

the highest possible correlations , and thus , the highest

possible accuracy in predicting damping.
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3.3.3.1 Building Heights Less Than 160 Feet. The

best relationship obtained in this range was :

2 
1 

2
.682 + .455e~~°lm + .O02i3e °’~~ — .683e~~

oim

(3—3)

This equation was developed using the mean values of the

input data and produced a very high correlation . (The R2

value is equal to 96.1%.) While this correlation value is

very good it results from input data sets which are m ade-

quate. Only seven sets were located which fell within

this range of consideration . Unfortunately , these data

sets were at both extremes of the range , leaving a void

between about 30 feet and 100 feet. The high correlation

was obtained because Eqn. 3—3 matched the input data very

well. However, as might be expected, the use of this

equation resulted in very high predicted values of damping

in the range where input data were lacking. Figs. 3.13

and 3.14 show Eqn. 3-3 in plots of damping versus building

height for representative values of building width.

While the inadequacy of the data set precludes the use

of Egn. 3-3, it should be noted that the consideration of

concentrating on this lower range for future endeavors in

damping prediction would seem to be justified. Thus, when

additional data become available in the range where they

are now lacking, a more accurate prediction equation having

a high correlation can be developed.

• ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -— 
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3.3.3.2 Building Heights Greater Than 160 Feet. Most

of the experimental studies reported in the literature

have been conducted on relatively tall , steel, moment-

resistant framed buildings. The available data more

completely represents the possible heights and widths.

Thus , the regression equation developed is valid for the

entire range of consideration in this section. This equa-

tion is:

2
— .196 + .562e 001

~~ + .OOO522e~~
0
~~~ — .0l4e~~

0
~~~

(3—4)

Egn. 3-4 was developed using mean values of damping as the

input data. The resulting correlation is high (R2 =

91.17%). When the same basic form of Eqn. 3—4 was used

with all the avail able data as input, the following resulted:

2
— .168 + .425e tD0i

~fl + .OOO7i5 e t~~1~ + .O223e~~~~
1
~

( 3—5 )

The R2 value for this equation is equal to 30.4%.

Eqn. 3—4 is presented graphically for representative

values of building width in Figs. 3-15 and 3-16. Either

Egn. 3-4 or the graphs of Figs. 3-15 and 3-16 could be used

to predict values for damping. However, this equation and

these graphs pertain only to the range of building heights

greater than 160 feet, and since no adequate similar

expression can be found for the lower range of building 
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heights , no further effort will be given to the develop-

ment of a relationship based upon height classification.

3.3.3.3 Building Heights in Entire Range of Data

Values. The range of applicability herein is between

12.5 feet, considered the approximate height of a one-

story structure , and 1200 feet. This range includes all

the data sets available for input. The best relationship

developed using the mean values for the input data set is:

2
• — .155 + .5g7e~~

oolm + .OOO4le~~
011

~ — .078e~~
00
~
”
~

(3—6)

The R2 value for this equation is equal to 84.2%. Eqn.

3—6 is shown graphically for representative values of

building widths in Figs. 3-17, 3-18, and 3-19. The Metric

system equivalent of Egn. 3—6 is:

c = (—.155 + •sg7e~~
00328m 2 

+ .OOO4le I
~~

0328
~~

2

— .O78e OO328h1)]~~ (3 7 )

where : H,D in meters.

It should be noted that Eqn. 3-7 yields identical results

to those from Eqn. 3-6. The only difference is the measure-

ment system. However, as was noted in section 3.3.3,

Eqn. 3—7 is somewhat cumbersome to use due to the form of

the exponential terms. If the Metric system is selected

I’. • - 
-
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for use, a more convenient expression is developed in

Appendix D.

If the basic form of the relationship in Eqn. 3—6 is

• 
- used with all the data available as input, the following

expression results:

C =  2 2
.227 + .5le~~

001
~~ + .OOO956e~~

01
~~ — .2O4e 00

~~~

(3—8)

The R2 value for Eqn. 3-8 is equal to 22.24%.

With all the data used in the input data set in an

effort to determine the best relationship without a pre-

conceived notion of its form, the following was developed :

= — 13.5 + .024H — l.85(H/D) — 5.7(D/H) — 217816 (l/HD)

+ 9777 (~~.~) + .000000049(H 2D) — .000035(H 24-D)

+ .00377(H2/D) + 422(D/H2) + 4l95825(—~-—)H D

— 69l36 ( 2
1 

) (3—9)
H +D

Although the R2 value for Eqn. 3—9 is equal to 61.5%,

which is greater than the R2 value from Eqn. 3-8, the

expression of Eqn. 3-9 is cumbersome and lengthy, and thus

is not ~uited for practical usage. Because of the low

correlation value of Eqn. 3-8, it is not desirable for

further use either. Therefore, Egn. 3-6 (or Eqn. 3—7) is

recommended for use in the prediction of the damping of a

______ —•--•• ~—~~
- - - 

_ _
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buildin g from its height and width. It is the best equa-

tion of those tried, and has an R2 value which is within

the high correlation range. This equation and the

associated graphs will be used as the basis of the method-

ology developed in this dissertation .

3.4 Sensitivity Analysis. Egn. 3-6 will yield a value of

damping that is an average, or mean value for the structure

as a whole without regard for the nature of its composition

(material, system or structural, etc.), or for the mode of

excitation. Given this predicted value and its associated

standard deviation, a statement of the uncertainty , ex-

pressed in terms of the coefficient of variation (COy),

can be made. The coefficient of variation is defined as:

COV = (3-10)
x

where:

a = standard deviation

= mean value of x.

In words , the COy is an indication of how “good” the pre-

dicted mean value is considered to be. A low COV (say less

than 15% or 20 %) indicates that there is little variation

in the mean value, and thus there is less uncertainty in

its value. On the other extreme, a high COV (say greater

than 80% or so) indicates wide variation in x and thus more

uncertainty in the estimation (prediction) of its value.
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In order to examine the COy’s of building responses

corresponding to predicted damping values , sensitivity - 
-

analyses using first order approximation will be performed.

These analyses relate the mean values of the predicted

damping and the building response , and their variances.

Another form of sensitivity analysis performed herein is a

comparison between the mean predicted damping value and

the maximum (and minimum) value in the experimental data

set for a given building height and width. The results

from this analysis show the amount of variation that the

observed damping values are from the predicted mean value.

In both analyses, response displacement to a low ampli tude

excitation was used and, to this end, a spectral displace-

ment-damping relationship was developed in Appendix C.

3.4.1 Determination of Means and Variances of Building

Displacement Response. To determine these values, the

first order approximation was used• This concept is dis-

cussed briefly herein.

Using Taylor ’s Series , any function B = B(x) may be

expanded as follows

2
B = B(x) B(a) + B ’ (a) + B ‘ ‘(a) (x a)

+ B’ ’ ’ (a)~~’~~~ + ... +

+ remainder (3—11)

L ~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- - - - - -~~~~~~~~~~~~~~~~ — —~~~~~~~ -~~~~~-—--
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where:

a is any quantity whatever, so chosen that none of the

expression B(a), B’ (a), B’’ (a), ... became infinite.
B (a), B (a), ... are successive derivatives of

the function B evaluated at a.

Taylor ’s Series is applicable to any function including

those which contain more than one variable. Thus, if it is

considered that the function to be expanded is B = B(x1, x2,

xe), and if it is desired to use the mean value in the

expansion, iJ , P2’ ~n’ 
where ,

E[x~] (3—12)

(~~~~ 
is simply the mean or expected value of the variable

x1) then Eqn. 3—11 becomes [89):

B = B(x1, x2•..x~) = B(p1, 
~2’••~~ n~ 

+

+ ~~ ~~ (x1 
— i j ) (x~ 

— u~
) 

~~~~~~~~~ 
+ ... (3—13)

If this expansion is truncated after the first summation

term, the result becomes the first order approximation of

the function B, or:

B = S(~ i 1, 
~~~~~~~~ 

+ ~~(x~ — ij~
) 

~ — L~ (3—14)

Thus, the mean value of B, 1’B’ can be determined by using

Egn. 3-12, or: 

•_ “_~~~~~~ _ : - ______ __ _ • - •_ •___ ______ —------ •- —~~~--- --
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E[B] = E(B(ii1, 112, “ 
~
‘n~ 

+ —

(3—15)

or,

= E (B(1i1, 112 , ... 1.i~~)] + E (E (x~ — u~
)
~~-- I

11~
] (3—16)

Since the expected value of the mean values are the mean

• values, and E( E (x~ 
- ii~~) 

~~ I I~
) = 0, Eqn. 3-16 becomes:

- 

11B = B(p1, 112~ ~
‘n~ 

(3—17)

If the variance of B is defined as:

Var B E[B2] - = (3—18)

can be determined using Eqn. 3-14:

EjB2] = E [B 2(p 1, ~~~ “

+ 2B(~ 1, 1121 ... 11n) E ( x j 
— 11k

) 
~~~~~~~

l 11 
(3 19)

+ E E(x1 
— U~

)(x
~ 

— 

~~~~~~~~~~~

The last term of Eqn. 3—19 is a combination of a variance

and covariance term as follows : 

- - - 
-
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E[ Z (x . — )2 (~~B ) 2
1 ~ = ~ [(x. 

—

i=l 1 1 X
1 ~ i=l 1 1 31

= 

i=l 1 
( aB ) 2

1 (3—20)

E [ E  Z (x
~ 

— 11~~) ( X ~ 
— 1I~~) 

ax~~ ax~~
I -i)

= E cov(x ., x~)~~ _- 
~ — I (3—21)

If x1 and x~ are considered to be statistically independent,

then the covariance term of Eqn. 3-21 vanishes. Realizing

the first term of Eqn. 3-19 to be p~ - (from Eqn. 3-17) and

the second term to be zero, Eqn. 3-19 becomes:

E[B2] = + 

~ 
a~ (~~~~)

2
I (3—22)

Hence, the variance of B defined in Eqn. 3—17 is:

= 

i=l ’ 
(~~B ) 2

1 (3—23)

Thus, the mean value and variance of a dependent vari-

able can be approximated using Eqns. 3-17 and 3-23 if the

mean values and variances of the independent variables are

known. The sensitivity analyses performed herein use these

first order approximations to determine the mean values and

variances of building response displacements from the mean

_ _ __ __

~

_ _

~
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values and variances of the damping value predicted for the

building by Eqn. 3-6 (or Egn. 3-7). To do this, the dis-

placement response spectrum for a typical low ampli tude

earthquake is used. This is developed in Appendix C.

Eqns. C-12, C—l3, and C-14 are the relationships developed

between spectral displacement and damping for various

ranges of building period . For the purpose of these

analyses, it is assumed that the spectral displacement for

zero percent damping, Sd(o%)l is a constant and is deter-

mined from Fig. C.2 for any T.

The procedure , then, is as follows :

1. Use Eqns. 3-6 (or 3—7) to determine the mean value

of damping, ~~~. The standard deviation is constant, and

equals .48421. Thus the variance of damping is .23446.

2. Use some method to determine T. This can be

accomplished in several ways to include code formulas (87],

measurement, assumptions, etc. For these analyses, the

average experimental values are used.

3. Use Fig. C.2 to determine Sd(o%).

4. Use Eqn. C-l2, C-13, or C-14 in conjunction with

the first order approximation technique to determine the

mean values and variances of the spectral displacements.

5. Use the following equation (16] in conjunction

with the first order approximation technique to determine

the mean values and variances of the displacement responses:
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L
9- 9- nx~ = —f S~ (3—24)

max M~ n

where :

is the vector of maximum displacements of mode n;
max

is the shape factor vector ;

is the earthquake participation factor

Mn is the generalized mass

While there are at least three ways to determine the maximum

value of displacement at any point in the structure as

reported by d ough [16], and Stockdale (74], for the purpose

of these analyses it will be assumed that the fundamental

mode controls. Thus , the maximum displacement at the top

of the building under consideration will be the maximum

displacement found by using Eqn . 3-24.

The above procedure was followed for representative

building heights throughout the range of applicability.

The results are tabulated in Table 3.4.  These results

contain two revelations:

1. The coefficient of variation for the entire range

of building heights is low . The worst COy is equal to .440

for the 60-story building. The general trend seems to be a

higher COV with increasing building heights. Numerically ,

this is expected since the mean value for the predicted

damping essentially decreases with increasing building

height and, of course , the standard deviation is constant.

Physically , this also is expected since there would be more

L - -
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expected variations in the damping values due to the higher

complexities of the structural make-up, thus there is

more uncertainty about the value predicted by equation.

2. The displacement responses are all small for the

type earthquake excitation used umax in Table 3.4).

Further, the resulting COV’s are also very low , being less

than 7.0% in all cases. This indicates that for the type

of sensitivity analysis performed herein, there is a high

degree of certainty surrounding the displacement response.

Thus, it is concluded that the predicted damping value from
• Egn. 3-6 (or Eqn. 3—7) is good for accurately estimating

the displacement response of a building to a low amplitude

excitation.

3.4.2 Comparison of Predicted and Experimentally-

Determined Damping Values. The second type of sensitivity

analysis performed was the comparison of the predicted

damping value with the highest and lowest damping values

in the experimental data set for a given buil ding height

and width. The same procedure outlined in section 3.4.1

was followed in this comparison, except the experimentally-

determined damping values were used. This was done twice

for each building considered , with the highest experimental

value used first, then the lowest. This analysis was

performed to get an idea of the spread , or variation, between

the response displacements, and thus to see how sensitive

building response is to changes in damping values.

J
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The results are tabulated it~ Table 3.5. Two observa-

tions are made when analyzing this table: (1) the differ-

ences between the displacement responses determined from

the predicted damping values, and those determined from

the highest and lowest experimental damping values, in

absolute terms, and (2) these differences in percentages.

When the differences in absolute terms are considered, the

maximum difference is .129 inches (from the 291 foot high,

180 foot wide building). The average value for all 18

comparisons is .048 inches. Thus, even when considering

the overall low values for displacement response, it is

felt the absolute differences are tolerable and reflect

favorably upon the use of the developed equations (Egn.

3-6 or 3-7) to predict damping.

When the differences in percentages are considered,

the maximum difference is 53.3% (for the 130 foot high,

220 foot wide building). This is considered a more

important statistic than just considering the differences

in absolute terms because it is not dependent upon magrii-

tude. Thus, the value of 53.3% indicates that displacement

response can vary as much as 50% from the displacement

response calculated from the predicted damping value.

However; it must be remembered that the predicted damping

value is considered to be an average value, and thus some

variance is to be expected. When considering the overall

range of comparisons, the average percentage difference

-- - - - --
-

- ~~~
- -
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between the extreme values and the mean is 16.7%. This is

considered to be an excellent correlation, and also

indicates that the use of the developed equations results

in good predictions of damping values.
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CHAPTER IV

• PRESENTATION OF THE DESIGN METHODOLOGY 
-

4.1 General Remarks. The method for estimating damping as

presented in Chapter III is based upon the correlation

between damping and building height and width. This pro-

cedure involves the use of Eqns. 3—6 or 3-7, or Figs. 3.17,

318 and 3.19 for obtaining an estimated value for the

viscous damping ratio, r , in design calculations. By

using this approach a reasonable damping value is obtained.

In general, there are four distinct phases to a dynamic

seismic design [79]:

1. The establishment of a design ground motion.

2. The determination of a damping value and a risked-

based , acceptable stress and distortion performance.

3. The determination of the dynamic response of the

building to the design ground motion.

4. A stress and distortion analysis for the forces

geneiated by the dynamic response.

This design methodology is initially pertinent in

phase 2. Its use enables the estimation of the damping

ratio by utilizing a prediction equation. As shown in

Figs. 3.17 through 3.19, a relationship between damping and

~~~~~ _~~~ ________ • ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~
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buildin g height and width definitely can be obtained.

4 .2  Design Methodology . Teal [79] states that the damping

value for steel moment-resistant frames might be assumed as

5%. This value is based upon the expectation that in-

elastic deformation will occur. Apparently this value is

one which many engineers currently use in their design

calculations. Private communications from prominent

engineers tend to support this. However , it is believed

that if a strong , large—amplitude dynamic force excites a

structure beyond the elastic range energy mechanisms which

are not present in the elastic behavioral range add to the

damping level. Since these mechanisms include failure of

non-structural elements, yielding of members, and the like ,

the” ~annot be quantified. Their addition to damping,

however, can make the equivalent viscous damping ratio

even greater than 5%.

However, it is believed that the use of a 5% damping

value is too high in elastic analyses, and would result

in the underestimation of damage that a low intensity exci-

tation could cause. Figs. 3.17 through 3.19 show damping

values to be less than 3% throughout the entire range of

buil ding heights, widths considered. This is in agreement

with the values which were adopted by the Nuclear Regula-

tory Commission as reported by Haviland (35]. These values

range from 2% to 7% for steel structures depending upon

whether they are welded or bolted and how near to the yield 

~~~~—-~~~~• •~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~ ~~~~~~~~—- ~ -~~~~~~~ 
j
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point the stresses are expected to be. For low stress

levels (below 50% of yield) the range of values is 2% to

4%. These values may still be too high, however , especially

for tall buildings. While data was not available to permit

classification by type of connections of the steel struc-

tures studied here, the following methodology nevertheless

provides more exact values than those reported by Haviland

by taking advantage of the relationship which exists between

damping and building height and width.

This procedure is primaril y applicable in the early

stages of design when one needs only to establish those

parameters required to use the developed equations. Basic

building dimensions will normally be established quickly

in any design as these depend upon such variables as capital

restrictions, space requirements , buil ding usage, and/or

owner preference. In short, the building height and widths

should be dictated by both architectural and engineering

criteria. However , some engineering judgements would have

to be made. A design engineer would need to determine

that a steel moment—resistant frame comprises the main

structural system for the building . Further, the building

would have to be free-standing without supplemental struc-

tural sujport from adjacent structures.

— 
• The building should be founded on soil of adequate

• bearing capacity to support design loads so that piling

is not needed. This was the condition for all the sample 

~ - ~~~- - - -  ~~~~--- -
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buildings used in the input data set, except the Hancock

Center. Soil-structure interaction affecting the damping

value is not considered explicitly herein, and is assumed

to provide a negligible contribution to damping for the

sample buildings. This methodology can thus be used for

buildings which are founded on soil that have these same

characteristics. Extrapolation to buildings founded on

piles is not endorsed . This method should not be used to

predict damping whenever the engineer considers the soil—

structure interaction in his design as a major contribution

to damping.

The methodology is applicable only to buildin gs with

regular shapes; it is not applicable to buildings with

reentrant corners. Because of the stress concentrations

associated with this type of configuration additional re-

inforcement, which alters the relevant dynamic properties,

must be provided. The data base from which this methodology

was developed did not include such structures. Consequent-

ly, no basis exists for applying the methodology to such

buildings.

If it is determined that the characteristics of the

buildin g being designed are consistent with the assumptions

upon which the methodology is based , the design engineer

can use either Eqn. 3-6 or 3-7 to predict the damping ratio

for his building. It should be noted that it is sufficient

to use a value of damping determined from these equations 

—
~~~~ 
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which is rounded to the nearest 0.1%. This is the best

precision one can reasonably expect by using Figs. 3.17

through 3.19. For example, for a 20-story building which

satisfies the conditions described above and with height

- 
equal to 250 feet and width equal to 180 feet, the damping

ratio from Eqn. 3—6 is 2.559%. It is sufficient to use

2.6% for subsequent design calculations.

4.3 Decision Tree. The regression equations developed

herein also form the basis for a procedure which can be

used in the dynamic analysis of structures. This procedure,

or methodology is presented as the decision—tree of Fig.

4.1:

Probability Consequence (loss)

Q1 p1 11

/ 

p2 12

A1

oc\\
Ql p3 11

p4 12

FIGURE 4.1

DECISION TRE E
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where :

A1 
= No experimentation needed; use the prediction

equation

A2 = Test the structure, collect data and estimate

damping

• Q1 = Estimated value “correct”

= Estimate value uu incorrectlu

Note : p1 + p2 = 1 (4—1)

p3 + p 4 = l  (4—2)

Expected loss for A1 = p1l1 + p2l2 (4—3)

Expected loss for A2 = p3l1 + p4l2 (4—4)

A decision whether to test a structure to determine its

damping value can be made using this methodology. The basis

of this decision is a comparison of the loss one would

expect from using the prediction equations (Eqn. 4-3) with

those from using actual test data to estimate the damping

ratio (Eqn. 4—4). This assessment of relative loss involves

- the subjective assignment of values to the various probabi-

lities and consequences depicted in Fig. 4.1. These values

are dependent upon circumstances surrounding each structure -

•

which is to be aanlyzed. These circumstances include time

• factors , cost factors , building and occupanCy importance

factors, etc. No attempt is made herein to develop guide—

lines , or limiting values for these factors as such work

_ _ _  _ _ _ _
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is left for future endeavor. At this time any consistent

evaluation of these parameters is sufficient to make this

methodology useful.

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ .~~• - ~~~~~~~~~~~~~~~~~~~~~ - - -
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions. The extent of the applicability of the

methodology derived in Chapter III is limited. However ,

since objectivity is at the basis of its development, its

use will result in damping determinations which are

consistent among design engineers. Further, the limi t of

damping values predicted by Eqns. 3-6 or 3-7 is shown in

Figs. 3.17-3.19 to be less than 3% for all values of

building height and building width considered . This is

signif icant ly less than the 5% presently being assumed for

steel moment—resistant structures [79]. It appears, there-

fore , that this design methodology may have application in

the broad area of damage estimation since the damage due

to a low level excitation would be underestimated by a

designer who uses 5% as the estimated damping value for a

steel moment-resistant structure. This is presented as a

possible consideration only, since the topic of damage

estimation is not considered in this study.

For taller buildings, the damping values predicted are

less than those reported by Haviland [351. Consequently ,

it is believed that the values presented by Haviland could

_  -- -~~-•--~~~~~~~ ~~~~~~--- -~~~~~-
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be used as an upper limit for damping predictions when the

intensity of the excitation force is expected to be low,

i.e., low enough such that induced stresses are in the

linear-elastic range.

5.1.1 Applicabili~y. The design methodology has range

limitations. It is proposed for use when the expected

excitation force is of low intensity level, such as for

earthquake tremors or wind forces. Thus this design -

methodology is applicable in its present form to structures

which are designed for linearly—elastic responses.

Other conditions which must be sati s f ied for this

design methodology to be applicable are presented in

section 4.2. These restrictions are predicated upon the

nature of the input data set used in the development of the

methodology . While this will be discussed in the next

section, it should be noted that such conditions are stipu-

lated only to insure that the design methodology is used

for structures which are “similar ” to those which comprise

the input data set. Reasonable extrapolations will no

doubt be made by des ign engineers in certain cases, but

it should be obvious that such decisions will necessarily

be based to some degree on subjective judgements. Conse—

quently, such usage would to some degree, negate the objec-

tivity of the design methodology.
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5.1.2 Data Availability . Two conclusions relating

to data availability were drawn in this study. First,

considerable additional experimentation is needed on

structures with a variety of height and width ratios if

further refinements of these empirically-derived relation-

ships are to be made. Even though there are problems

inherent in conducting these tests , as has been discussed

in Chapter I, it is believed this study shows that test

results can be used to develop relationships that are

effective and dependable means for predicting damping values

of buildings . Obviously, the more tests that are conducted

and documented , the better the relationship that can be

developed insofar as prediction accuracy is concerned.

A total of 16 experiments on 14 steel-framed buildings

ranging in height from 25 feet to 1107 feet have been used

herein. Since only these few buildings over this range of

heights were tested, gaps exist in the data set. The type

result that such gaps can produce in empirical deviations

is exemplified by the relationships developed in section

3.3.3.1 when building heights of less than 160 feet were

considered separately . In addition to the lack of repeated

data on the shorter buildings, there is a similar lack of

data on the tall buildin gs, e.g., those taller than about

600 feet. Only two buildings taller than this height, the

853 foot TRANSAMERICA BUILDING and the 1107 foot JOHN

HANCOCK CENTER, were found to have been reported in the
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open literature as having been tested to determine dynamic

properties.

The second conclusion which has been drawn concerns the

- - 
- nature of the experimental data that is reported . It has

become evident that inconsistencies exist in the amount

and type of experimental results that are reported. These

inconsistencies hamper subsequent research of the type

conducted herein. If the design methodology using enipiri-

cally-derived relationships is to be refined/improved

beyond its current state, the conditions for its use as

mentioned in section 4.2 must be more precisely defined.

This can only be achieved if the results of forced vibra-

tion generator tests and ambient tests are couched in

similar and consistent parameters. While it would be pre-

sumptuous to expect that the form of reporting test results

should be standardized, it is not unrealistic to expect

that the results from experiments which are similar in

intent and design should be similar in content also. The

detailed literature search conducted as a part of this

study revealed that such similarities and consistencies do

not now exist in the open literature.

5.2 Reqouunendations. The recommendations which are

developed as a result of this work relate to future vibra—

tion testing procedures , future refinements of this work,

and use of these empirically-derived relationships. These 
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areas of concern are not independent as the recommendation

pertaining to the use of these equations (methodology) is a

function of the extent and nature of future—related work

done of this type.

Future endeavors directed toward refinements of this

work should be considered. In the absence of simple theoret-

ical determinations for the viscous damping ratio of build-

ings, empirical determinations can be used. These

empirical relationships, however, are only as good and

exact as the input data set used in their derivation.

Thus, the following recommendations are made in connection

with the conduct and reporting of vibration experiments:

1. More experimentation on actual steel-framed build-

ings should be performed. Especially, tes ts should be

conducted on several buildings with heights of between 30

and 100 feet, between 200 and 300 feet, and greater than

600 feet. (These reflect the gaps in the data which exist

presently.)

2. Results of such experiments should include, as a

minimum, the following:

a. A complete description to include name, loca-

tion, height, widths , number of stories , typical story

height, number of bays in direction considered , type of

structural system, shape , type of foundation, non-structural

• elements (in linear feet or equivalent), secondary or addi-

tional structural elements (in linear feet or equivalent),

- - 
- • -
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type of floor system, type of connections, type of f ire-

proofing, nature of occupancy (office , apartment, etc.),

and any special members included in the design to resist

design loads and thus afcect the dynamic properties of the

building (like grade beams, permanent interior partition

walls, etc.).

b. Method of measuring damping values (bandwidth,

logarithmic decrement, etc.); a description of this method

should be included, especially if unique, or not widely

known.

c. Modal information to include frequencies ,

periods , damping values and measured, mode shapes for both

translational and torsional modes.

d. Mass or weight (design dead load) presented

by floors as in a lumped mass system.

The following recommendations are made in connection

with the conduct of future-related work based upon these

experiments:

1. The basic analytical relationship should be re-

fined to include factors for nonmeasurable features like

shape, foundation type, type of connections, amount and

type of non-structural elements, amount and type of f ire-

proofing, type of floor system, occupancy type , and special

structural members included .

2. The effect of building width should be reexamined

and relative importance evaluated. Since damping appears to

-- --- -~~~- •  ~~~~~ - • ~~~~~~~~~--~~~~~~~~~~~~~~~~~~ --- - -•~~~ •— - --~~~~~~~~~--• -~~~-~~~~- -~~~- -- ••--— ~~--rn
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be weakly correlated to this parameter , it might be more

important to include width effects in some other form, like

number of bays, for example.

3. Relationships should be developed for damping in

each translational mode and in the torsional mode.

• 4. Relationships should be developed for buildings

with heights less than 160 feet separate from those greater

than 160 feet. Since existing structures reflect different

design philosophies for these two ranges of height,

separate relationships may produce better correlations for
- estimating the damping parameter.

Finally, a long-term goal is reflected in the following

recommendation which is made in connection with the use

of these empirically-derived relationships. As mentioned

in the introduction to this section, this recommendation

has as a basis the realization of future-related work as

just described: The empirically-derived relationships

could be incorporated in seismic design and/or analysis

procedures which use response to earthquake excitation as a

basis. An example is the use of the earthquake response

spectra to analyze the response of a structure to an earth-

quake of certain intensity.
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Appendix A

Description of Buildings Used in Analysis

The following building descriptions are taken from

the cited references.

CENTURY CITY THEME TOWERS [62] are twin multi-story

structures, forty-four stories in height above the plaza

level, and six underground parking levels, located in Los

Angeles, California. The dynamic tests were performed on

the South Tower during November , 1974 and March, 1975. The

height of the building is 575 feet above the plaza level.

It has an equil ateral triangular floor plan with sides of

254 feet. The steel frame structure consists of core tri-

angular frames with three corner columns connected by deep

beams at the second floor of the building. Steel framing

for the building core, similar to that for the lower floors ,

extends from the second floor to the roof. The exterior

walls are constructed as three identical moment-resistant

frames with twenty-three bays of 10 feet 2 inches. A deep

steel girder covering the top two floors is rigidly connected

to all three exterior frames. Thus, the structural system

consists of the equilateral triangular core and exterior

moment-resistant frames connected at each floor with shear-

end—connected beams. The reinforced concrete floor slabs

in the core part are 4 1/2 inches deep ; the composite

exterior slabs are 4 1/2 inches in depth over 18 gage steel

deck. The core frame columns are rolled sections of Wl4 
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shape, and the core sections are in general rolled sections ,

mostly wide flange shape varying from W12 to W36. Exterior

columns consist of standard W series sections and built—up

sections. Exterior frame spaced beams are built-up girders

with a constant depth of four feet and differing plate

thicknesses. Deep exterior beams at the top of the building

and at the second floor level are also built—up sections

with depths of twenty—eight feet and seven feet, respectively.

The structural steel used in the building for both the beams

and the columns is A36 and A50, the latter (high strength

steel) being used in general in the lower floors. Below

the ground level the structural system consists of rein-

forced concrete elements forming peripheral core walls with

a thickness of 20 inches and core reinforced concrete

columns connected to rigid slabs at each parking level.

The corner columns are also reinforced concrete members

• with dimensions at the lowest level of 20 by 20 feet. The

core part of the building rests on a triancTular shaped mat

eight feet thick . The top of the mat is located about 66

feet below the plaza level. The corner columns rest on

indivi dual foundation mats with thicknesses of 14 feet and

plan dimensions of about 40 x 45 feet for the north and 40

x 49 feet for the south columns. The foundation mat is

placed in a silty sand layer.

The TRANSAMERICA BUILDING [73] is a multi-story

pyramid—shaped steel structure, 60 stories in height,
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located in San Francisco, California. The 853 foot high

buildin g has a square plan, 174 x 174 feet, and consists of

a two-story high ground floor, a triangularly shaped tubu-

lar space truss around the perimeter between the 2nd and

5th floor levels, and above this level a moment— resistant

frame with the exterior walls sloping inward at an approxi-

mate ratio of 1 to 11. The upper 10 stories consist of

an open-framed pyramid shaped structure which will not be

occupied. On the east and ~west sides of the building ,

starting just below the 30th floor, shafts project from the

building which contain elevators on the east side and a

stairwell and duct shaft on the west side. The main

exterior frame geometry consists of single columns, extend-

ing through three below-ground floors and resting directly

on a nine foot thick reinforced concrete mat. The columns

extend to the 2nd floor level where they meet the sloping

pryamidal columns . The 5th floor level is the apex of four

columns which fan out in a pyramidal fashion while having

their base on the 2nd floor. On the perimeter of the

building these sloping pyramidal columns form a network of

three dimensional space frames between the 5th and 2nd

floor levels. The main N-S and E-W frames are the same

from the 5th floor up; however, starting between the 29th

and 30th floor up to the 50th floor , shafts project from

the building on the east and west sides. The main exterior

columns slope inward from the 5th floor level at an
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approximate ratio of 1 to 11. The building stiffness is

provided by the conventional rigid frame system above the

5th floor and below the 2nd floor , with the three dimension-

al space frames in between. This gives the overall struc-

ture a mixed system of flexible portion (below the 2nd

floor ), rigid portion (between 2nd and 5th floors), and

flexible portion (above the 5th floor). A system of 4 “K”

braces are introduced in the f i rst story , symmetrically

placed within the building, stiffening this story and

making it compatible with the stiff system between the 2nd

and 5th floors. The building interior moment-resistant

framing consists of four frames in each direction up to

the 17th floor , and two frames in each direction from the

17th floor to the 45th floor. The columns are fabricated

square box sections varying in outside dimensions from 30

inches at the Plaza level to 18 inches at the top of the

building. The main framing beams are rolled section vary-

ing from W36 to W14. The structural steel for both beams

and columns is A3 6 and A572 grade 42 , the latter high

strength steel being used for the lower floors up to the

5th floor. Underground, the beam and column steel is

encased in concrete. The exterior of the building is

faced with a reinforced concrete precast stone paneling.

This paneling is structurally attached to the building frame

and extends to the 50th floor. Over the upper 10 stories

the columns are faced with precast stone elements; the

• - -•.
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space between the columns is covered with an aluminum

louvered paneling. The paneling is structurally attached

using clip angles on the lower section and rods on the

upper section.

The MAIN EAST BUILDING [65] and its service tower are

one of twin facilities comprising the Medical Center complex

at the University of California in San Francisco . An

elevator tower serves all buil dings in the complex through

a connecting corridor. The East Building is 195 feet (15

stories) high, and its outside plan dimensions are 107 x

107 feet. This building is one story shorter than the West

Building. The steel columns of the moment-resistant steel

frame s are placed 10 feet in from the perimeter of the

building at on-center spacings of 30 feet 1 1/2 inches, 33

feet 4 inches, and 30 feet 1 1/2 inches along each side.

The reinforced slabs were cast in place using li ghtweight

concrete. Although the buildings were designed as free

standing structures , there are two types of non—structural

connections which exist on every floor level at points of

access from one building to another. First, bellows-type

aluminum ducts run the whole height of the buildings for

weatherproofing purposes ; secondly, in order to permit

traffic between buildings, steel plates bolted to ledges on

the service tower and to the floor slabs of the connecting

corridor span the gap to the East Building, where they rest

freely on the floor slabs. Structural connections between

~ 
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the East Building and its service tower are present at

the ground floor level, and at the foundation level.

These connections consist of reinforced concrete beams and

slabs. The mechanical service tower and elevator towers

• are constructed of vertical steel trusses stiffened by

encasing them entirely in concrete. The height of both

towers is approximately 200 feet. The elevator tower is

30 x 30 feet, and the service tower 20 x 36 feet in plan.

- 

The central section of each mechanical service tower is

occupied by a stairwell , and the spaces on either side of

the stairwell by piping and ventilation ducts. The elevator

tower contains six elevator shafts. It serves both main

buildings through a connecting corridor which leads into

corridors around the central core of each main building.

The RALPH M. PARSONS COMPANY WORLD HEADQUARTERS [25]

is a steel-frame structure located in Pasadena, California.

The headquarters consists of three buildings. Two identical

four-story satellite structures are located to the north-

east and northwest of the main building. The main structure

has a large four-story portion at the south end and a 12-

story tower that is roughly octagonal in shape on the north

side. The tower is approximately 168 feet high and 168 x

238 feet in plan. Separation joints are provided at the

satellite end of the walkway joining the central buildin g

to the satellite structures. This separation joint is 2

inches wide at the 2nd floor level and 5 inches wide at the

_  • ~~~~~~~~~~
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3rd, 4th, and 5th floor levels. The lateral loads are

resisted by full moment-resisting steel frames. The

girders of all frames in the structure not designed as

moment—resisting have shear end connections and were

designed to carry only gravity loads. The foundation sys-

tem is composed of individual spread footings with pedestals

beneath each column. The bottoms of the footings beneath

the tower columns of the moment-resisting frames are 14

feet below the finished floor levels of the 1st floor ;

those beneath the columns of the four story portion are

seven feet below this level. Grade beams are also pro-

vided along the column lines of the moment-resisting frames.

These measure 5 feet by 3 feet beneath the tower , and 3

feet by 2 feet 3 inches for the others.

The CENTRAL ENGINEERING BUILDING [9, 55, 59, 60]

located on the California Institute of Technology campus in

Pasadena , California, is a 9-story steel frame building,

220 x 40 feet in plan. The floor slabs are 5 inch rein-

forced li ghtweight concrete slabs. The 10th floor contains

room for heavy equipment. At the time when most of the

steady-state vibration tests were performed, the weight of

each of the floors above the 2nd floor , except for the 10th,

was estimated from construction drawings to be approximately

920 kips. The 10th floor was estimated to have a weight of

1640 kips. The steel-frame was designed to carry all loads.

At the final stage of construction , wire mesh and plaster

• _
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were used on the inside of the columns to complete the f ire-

proofing of the steel columns. The building is character-

ized by the very rigid girders in the long E-W direction.

The welded gir ders are attached to the columns by high

strength bolts. The girders have a depth of 6 feet 6

• inches, typical top and bottom chords are 8 inch channels.

The welded trusses in the short N-S direction are attached

to the columns by high strength bolts. The typical truss

has a depth of 3 feet 4 inches, top chords consisting of

two 5 inch by 3 inch angles, and bottom chords consisting

of two 6 inch by 3 1/2 inch angles. The beams in the long

E—W direction are W12 x 27. Staircases are located at

the ends of the building. The staircase sections are

attached to the building by expansion joints; they add no

appreciable stiffness to the building. The floor slabs

had voids to accommodate air conditioning ducts and eleva-

tors; these can be assumed to have a negligible e f fec t  on

the vibrational characteristics of the building.

The UNION BANK BUILDING [83) in the city of Los Angeles

rises for 42 stories (536 feet) from the second basement

level to the roof , with 39 stories (496 feet) above the

plaza level. The tower is of rectangular cross section,

14 by 7 b ays , or 196 x 98 feet. The typical story height

above the 11th floor is 12 feet 1 inch. Three levels of

parking together with a plaza level 302 x 514 feet surround

the lower four stories of the central tower. The main 

~~- —  — • - • - - • • • - • -
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• entrance and lobby are on the plaza level. The 2nd through

39th floors are occupied by offices ; the 1st and 2nd base-

n~nts and the street level are used for parking, storage,

office services, rental area, truck loading and mechanical

equipment. The air handling equipment occupies the 39th

floor. The structural steel frames are moment-resistant

for vertical and lateral loads for the full height of the

tower. Shear walls are provided from the 2nd basement

level to the 2nd floor. Typical floor construction con-

sists of li ghtweight concrete over steel beams of seven

feet spac ing. The tower is structurally separated from the

parking structure by a joint allowing two inches of differ-

ential horizontal movement. Spread footings are continuous

under the exterior columns of the tower and in the trans-

verse direction under the shear core. Individual spread

footings support interior columns.

The SAN ~IEGO GAS AND ELECTRIC COMPANY office complex

[43, 44 , 85) occupies a city block in downtown San Diego,

California. The complex consists of two buildings: a 22-

story tower and a 2-story U-shaped building. The two story

building envelops the tower on three sides but is struc-

turally separated from the tower by three inch seismic

• joints. Together, the buildings have over 325,000 square

feet of floor space and are occupied by nearly 1000

employees. The 291 foot tower is approximately 180 x 70

feet in plan. The structural system is a moment-resistant,

____ __________
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ductile steel-frame supporting 21 floor levels and a roof

above grade, and two levels below. There are seven frames

aligned E-W and three frames in the N-S direction. Girders

join the columns in both directions, and intermediate

beams, which support the floor system, are framed into the

girders in the N-S direction. The girders and beams are

rolled shapes , whereas the columns are 24 inch built—up

sections. The framing changes at the top two levels of the

structure , but is essentially symmetrical. A36 steel is

used throughout. The typical floor system for the off ice

portions of the tower consists of cellular steel decking
- 

intermittently welded to the structural frame. The decking

is topped with approximately 2 inches of concrete. Five-

inch reinforced concrete slabs cast over the floor beams

are used in areas where the loading is heavier, and a

reinforced concrete slab, composite with the floor system,

is used to support the heavy mechanical equipment on the

20th and 21st floors. All steel framing below the 1st floor

of the structure is encased in reinforced concrete. Above

this level, fireproofing is achieved by metal lath and

plaster facing on the columns, and by a sprayed layer of

Zonolite plaster on the beams, girders and undersides of

the steel decking of the floors. The fireproof ing undoubt-

edly contributes to the stiffness of the structure,

especially for small displacements. The interior walls of

the building are of 4 inch and 6 inch metal lath and plaster 

~~~-~~~~~• ~~~~~~~~~~~~~~~~~~~~~~
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construction, the latter thickness being used for the walls

which surround the elevator cores. Although these asym-

metrically located walls are not structural, they may in-

fluence the structural response. The exterior curtain walls

are also nonstructural and consist mainly of glass and

• lightweight metal panels. All four sides of the tower are

faced with precast, reinforced concrete fins which are

• attached to the structural frame at each floor level. These

fins , which measure approximately 6 inches by 18 inches

by 27 feet each, contribute substantially to the mass and

stiffness of the tower. Their function, however , is

architectural. Another architectural feature involves the

2-story columns on the lowest levels of the north portion

of the tower. The columns are encased in reinforced con-

crete and covered with a ceramic veneer. There are addi-

tional dummy columns of reinforced concrete between the

actual columns. The foundation conditions were relatively

favorable permitting the use of spread footings with

dimensions varying from 14 to 22 feet.

The JOHN HANCOCK CENTER [22, 78] in Chicago is a 100-

story steel-framed tower of multiple use , comprising

apartments, office , parking and commercial space. Although

rectangular in cross section, its sides are tapered with

constant slopes , so that the base plan dimensions of 265 x

• 165 feet are linearly reduced to 160 x 100 feet at the roof

level. The height from plaza to roof is 1107 feet.

• • -
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Lateral loads are resisted by an exterior diagonal truss

system. Regularly spaced exterior columns are inter-

connected with diagonal truss members to form a sloped

rigid tube, cantilevered from the ground and extending to

the roof. Though not a structure with a steel moment-

resisting frame , the results of these tests were included

in this study because this structure was the largest steel

frame structure tested. Further, it is felt that at the

height of approximately 1000 feet the difference in damping

values between a full moment-resisting structural frame and

a diagonal truss system would not be large , thus the

diagonal truss should yield a good approximation for damping

of a similarly configured moment-resisting frame .~

The CANADIAN IMPERIAL BANK OF COMMERCE BUILDING [88] is

located in Montreal, Canada. It is 603 feet tall with plan

dimensions of 140 x 100 feet, or seven bays by four bays.

There are 44 stories above ground level, with a typical

story height of 12 feet 5 inches. It has a three floor

substructure , 245 x 185 feet in plan. The building is

founded on bedrock 48 feet below street level. The footings

are designed for 25 tons/square foot bearing capacity. The

structure ’s main lateral load—carrying system is a struc—

tural steel moment-resisting frame with high tensile bolted

field connections. Lower column sections are composed of

320-pound core sections, with cover plates up to seven

inches thick and 28 inches wide. Typical floor construction

L - —- ___  •
~~~~~~~~ • •~~~~~~~ -



consists of corrugated metal deck units supported by

purlins and topped by reinforced concrete. The curtain

wall is constructed of precast concrete faced with slate.

Exterior columns and framing adjacent to internal shafts

are fireproofed in concrete, while other internal framing

has sprayed asbestos fireproofing. The structure is used

as an office buildin g with nonstructural internal parti-

tions. There is a reinforced concrete core for the

elevator shaft.

The CIL HOUSE [88] is located in Montreal, Canada.

The structure is 430 feet tall with dimensions in plan of

168 x 112 feet, or six bays by three bays. There are 34

floors above ground level, with a typical story height of

11 feet 8 3/4 inches. It has a substructure which is four

floors in depth, and is founded on bedrock. The lateral

load resisting system of the structure is a structural

steel moment-resisting frame with welded connections , and

welding fabrication was used to manufacture the columns.

Flange plates up to 28 x 7 1/4 inches, and web plates up

• to 17 x 5 inches were used. The floor system is concrete

slabs formed-in-place for the basements, the ground and

mechanical floors , and the roof. Elsewhere, the floors are

constructed of 3 inch steel decking with a 2 1/2 inch

concrete fill. The curtain walls are lightweight aluminum

• construction supported by steel outriggers. The beams and

columns in areas with concrete slabs are fireproofed with

___________ 
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1concrete In the other areas, the steel is fireproofed

with sprayed asbestos. The structure is used as an office

building with some permanent lightweight slag aggregate

block partitions and a reinforced concrete core for the

elevator.

The TOKYO KAIJO BUILDING [9, 55] located in Tokyo ,

Japan, was a seven story steel framed structure about 115

feet in height, with a U—shaped plan of about 161 x 290

feet. The structure was composed of built—up small members,

brick masonry curtain walls , concrete beams and slab

floors and pumice concrete fireproofing. The building was

damaged by the 1923 earthquake , and was old and in need of

repair when tested. Evidently this condition state influ-

enced the damping value determinations. The building was

demolished in 1966 or 1967.

The SANWA TOKYO BUILDING [86] was modeled by a full

size two-story steel framed structure. Since the model

was full sized, it is taken as a test of a two story

structure, rather than as a test of the 25-story building

(100 meters , or approximately 328 feet tall) it represents.

A description of this model , then, follows. The frame has

two concrete floor slabs, each 6.3 x 6.0 meters (approxi-

mately 21 x 20 feet) in size, supported by square tubular

steel columns. The center of gravity was made to coincide

with the center or rigidity. Thus the frame is believed to

have identical natural periods and modes of vibration with

• • - ---— 
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respect to the longitudinal, transverse and diagonal direc-

tions. To one side of the two bay structure which has a

floor height of 3.84 meters (about 12 feet 6 inches) and a

span of 3.15 meters (approximately 10 feet), six column-

covering panels, four beam-covering panels and steel

windows were fastened, all similar to the actual building

(Sanwa Building). Vertical joints between the panels

covering columns and beams were approximately 1 inch (25

mm) wide and horizontal joints between the panels covering

• upper and lower columns were approximately 3/4 inches (20

mm) wide and all joints were caulked. Each column-covering

panel weighed 2.8 tons and the beam covering panel, 1.5

tons. The primary purpose of the test was to obtain design

data on the precast concrete panels for the actual building.

However , the two-story test structure was designed with

actual dimensions in mind , and it contained full-size

structural and nonstructural members. Thus, it is felt

that the results of the forced vibration generator test are

admissible as valid data for a two—story steel frame

structure.

The new TITLE INSURANCE AND TRUST BUILDING [12] in

Oakland, California is a typical rectangular two—story ,

welded, steel rigid frame building. Reinforced concrete-

block walls on two adjacent exterior faces act as shear

walls. These two rigid concrete-block walls shifted the

center of rotation to a point near the intersection of the
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walls. The dynamic system that resulted was one in which

torsion about the center of rotation was the primary motion.

The two-story structure has an estimated total weight of

5600 kips. The plan dimensions are 153 x 163 feet, and the

story heights are 14.5 feet and 14 feet respectively .

The ALCOA BUILDING [43, 44 , 62, 85, 88] in San

Francisco, California is a 27 story, rectangular steel

framed building. It is 379 feet in height and has plan

dimensions of 210 x 109 feet. The building ’s structural

system includes diagonal bracing throughout the height.

The floors are reinforced concrete slabs [10]. Though this

structure has additional rigidity in the diagonal bracing,

it is still considered an appropriate structure to include

in this study, since the damping values obtained from the

forced vibration generator experiments seem to fit in

nicely with those from tests on steel moment-resistant

frame buildings of approximately the same heights.

_ _ -  - - • ~~~~_  - •• ~~~-
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Append ix B

Building Height and Width Regression Equations

This appendix contains a list of regression equations

for predictions of damping developed in this research.

It includes equations containing buildin g height only,

buildin g width only, and combinations of building height

and width. Where the mean values were used, annotations

indicating this are made. These values are the means of

the data available for one particular value of height, or

width, or combination. Where no annotation occurs , all

of the data was used to develop the regression equation.

The following notation pertains to this appendix :

= % of critical damping ratio,

H Building height, feet

0 = Building width, feet

Hl = 0.OO1H , feet 112 = 0.0111, feet

113 = 0.001H, meters H4 = 0.0111, meters

Dl = 0.O1D, feet D2 = 0.OlD, meters

D3 = 0.OlD, meters D4 = 0.OOlD, meters

A, B, C, E, = Regression equation constants (while
F, G , I , J,
K, L, M, N these letters are used repeatedly , they

represent a specific constant in any particu-

lar equation)

R2 Correlation statistic (representation of the

goodness of fit of the developed equation with

- 
- • -



151

the input data; the higher the R2, the better

the predictor capability of the equation), in

percent
100 [58 ]

Equations Involving Building Height (35 regressions run):

1. ~ = A + BR CR
2 

= .19530)

2. ~ = eA eBH CR2 = .22782)

• = A + BR (R2 = .10827)

4. r = A + BR2 CR
2 

= .16948)

5. ~ = eA eBH2 
CR
2 

= .22601)

6. ~ = 1 
2 (R2 = .11931)

A + BH

7. ~ = A + B/Il (R2 = .18083)

8. ~ = eA eB)
1’
~ CR

2 
= .20482)

9 ~ = 
1 

CR
2 

= .09462)
• A + B /11

BHC 2 2io. ~ = eA e e CR = .23234)

11. C = A + BR (R2 = .33592) (Mean values used)

12. C = eA e~~ CR
2 

= .55631) (Mean values used)

13. C = A + BR (R2 = .61528) (Mean values used)

14. ~ A + BR2 CR
2 

= .28000) (Mean values used) 
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2 215. C = eA eBR (R = .54498) (Mean values used)

16. C = — 2 CR
2 

= .74188) (Mean values used)
A + BR

17. C = - 
1 

2 CR
2 

= .74188) (Mean values used)
A + B (Hl)

18. C = A + B/ll (R2 = .31166) (Mean values used)

A B/lI 219. ~ = e e (R = .49273) (Mean values used)

20. C = 
1 (R2 .48745) (Mean values used)

A +  B/il

21. C = 
1 (R2 = .78033) (Mean values used)

A + BR

22. C = — -

~~

- CR
2 .79185) (Mean values used)

A + BR

23. C = 
1 (R2 .79513) (Mean values used)

A + B H

24. C = 
1 

6 (R2 = .79491) (Mean values used)
A + BR

25. C = 
1 

CR
2 

= .12113)
A + BR

26. ~ = ln (A + BR) CR
2 

= 00938)

27. ~ = ln(A + BR2) (R2 = .00897)

28. ~ = e~ e
B
~~

2) 
CR
2 

= .05779)

29. ~ = A + B/H + C/H2 + E/H 3 ÷ F/H4 + GIN
5 (R2 = .45252)
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30. C = A + B/H2 + C/H 3 + E/H
4 + F/H5 

CR
2 

= .44093)

31. C = A + B/H + C/H2 + E/113 + F/H4 CR
2 

= .35943)

32. C = A + B/H + C/H3 + E/H4 + F/H5 
CR2 = .40522)

33. C A+B/H + C/H
2 + E/H3 + F/H5 (R2 = .36505)

2 5 234. C A+B/H + C/H + E/H + F/H CR = .37667)

35. C A + B/H + C/H2 + E/H3 (R2 = .18083)

Equations Involving Building Width (26 regressions run):

36. C = A + BD CR2 = .10907)

37. C = e~ e
B
~
) 

CR
2 

= .12407)

38. C = A + SD (R2 .08387)

39. C = A + BD2 CR
2 .12070)

40. C = e~
’ eBD2 (R2 .14895)

41. C = 
1 

CR
2 

= .11712)
A + BD

42. C = A + B/5 CR
2 .09521)

43. C = eA e~~
’5 CR

2 
= .10404)

44. C = 
1 

CR
2 .06348)

45. C = A + BD CR
2 

= .11516) (Mean values used)

- --__ -_• ~~~~~~~~~~~~~~~~~~~~~~ 
. -•-—- -•--- — —-- -—- -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- _---- - _ - - - • - —- -_ —--— —•--——— — .-• • - - • -  --•. • - ~i— ---- ~~~~~— !~T —.-———----— --~~ ~
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46. C = eA e
B
~
) 

(R2 = .17062) (Mean values used)

= A + BD CR
2 

= .18406) (Mean values used)

• 
- 

48. C = A + BD2 (R 2 = .12234) (Mean values used)

2

49. C = eA eBD CR
2 

= .19141) (Mean values used)

• 50. C = 
1 

2 (R2 = .22918) (Mean values used)
A + SD

51. ç = A + B/~ CR
2 

= .10819) (Mean values used)

52. C = eA ~~~~ (R2 = .15550) (Mean values used)

- 

53. C = 
1 

CR
2 

= .15485) (Mean values used)
A + B / ~

54 . C = A + BD3 (R2 = .11690)

- 55. C = A + ED4 (R
2 

= .10743)

56. C = A + BD5 (R
2 

= .09762)

57. C = A + BD6 CR
2 

= .08932)

58. C = A + B/D3 CR
2 

= .04414)

59. C = A + B/D4 (R
2 

= .04618)

60. C = A + B/D5 CR2 = .04767)

61. C = a + BD2 + C/D2 CR2 = .12286)

- -  •~ ._L L.~~T ” ~ ~~ I:t ~~~ t~~~~. •~~~~~k~~~ _
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Equations Involving Modifications to Building Height (3
regressions run):

62. C = ~ + ~ 
B 

2~ 
(R2 = .21787) CMean values

.297 + l.055(Hl) used)

63. C = A + B/(Hl)2 (R 2 = .04515) (Mean values used)

64. C = A + B/(H1)3 CR
2 

= .04261) (Mean values used)

• Eq~ations Involving Combinations of Building Height and
Building Width (203 regressi~ns run):

65. C = A + SD + C/H + ElI! + F/H + G/H + I/H + J/D

CR
2 

= .49637)

66. C A + 3D2 + C/H + ElI!2 + F/H3 + C/H
4 

+ I/H5

CR
2 

= .46165)

67. C = A + B/H + C/H2 + ElI!
3 + F/H4 

+ G/H5 + l/D
2

(R2 = .46196)

68. C = A + BD2/H (R2 = .00005)

2 2  2
69. C = A + BD /1! CR = .00139)

70. C = A + BD2/H 3 (R 2 = .00141)

71. C = A + BD
2/H4 

CR
2 

= .00147)

72. C = A + BD2/H5 (R 2 = .00155)

73. C A + BD
2 
(1/H2 

+ 1/H 3 
+ 1/H4 + 1/H5) CR2 = .00139)

74. C = A + BD
2/R2 + CD2/113 + ED3/H4 + FD2/H5 CR

2 
= .07225)

A BD2/H 2
75. ~ = e e (R = .00518)
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76. C = e e CR2 = .01322)

77. C = A + B/D2H CR2 = .04777)

• 78. C = A + B/D
2H2 (R2 = .04836)

79. C = A + B/D
2H3 CR

2 
= .04851)

80. ç = A + B/D
2H4 (R2 = .00000)

81. C = A + B/D2H5 
CR: 

= .00000)

82. C = eA eB~
’
~
) H (R = .05286)

2 5  2
83. C = eA eB~~ 

H 
CR = .00000)

84. C = A + B/D
2H + C/D2H

2 
+ E/D2

H3 + F/D2H
4 

+ G/D
2
H
5

CR
2 

= .14636)

85. C = A + B/D
2H + C/D2H

2 
+ E/D2

H
3 

CR
2 

= .05709)

86. C = A + B/D
2 
Cl/H + 1/H

2 
+ 1/H3 + 1/H4 + 1/H5)

CR
2 

= .04779)

87. C = A + B/D2 Cl/H + 1/H2 + 1/H 3) CR
2 

= .04779)

88. C = A + B(D + 1/H) CR
2 

= .10906)

89. C = A + BCD
2 

+ 1/H) CR
2 

= .12070)

90. C = A + BCD + 1/H2) CR
2 

= .10907)

91. C = A + B(D2 + 1/H2) CR
2 

= .12070)

• _ : _
~~ . — 

~~~~~~ ~~~~~•__ ~~~~~~~~~~~~~~ -— -~~~~~~~~~~~~~~ • 
_ • • J
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92. C = A + B C D + 1/H 3) CR 2 
= .10907)

• 93. C = A + B (D 2 + 1/H 3) CR 2 
= .12070)

• 94. C = A + B C D + 1/H 4 ) CR 2 
= .10907)

95. C = A + B( 0 2 
+ 1/H 4 ) CR 2 

= .12070)

96. C = A + B(D + 1/H 5 ) CR 2 
= .10907)

97. C = A + B ( D 2 
+ 1/H 5) CR 2 

= .12070)

98. C = A + BC 1/D + 1/H) CR 2 
= .06556)

99. C = A + B( l/D 2 
+ 1/H) (R 2 

= .05979)

100. C = A + BC 1/D + 1/H 2 ) CR 2 
= .05198)

101. C = A + B(l/D 2 + 1/H 2 ) CR 2 
= .04918)

102. C = A + B(l/D + 1/H 3) CR 2 
= .05112)

103. C = A + BC 1/D 2 
+ 1/H 3) CR

2 
= .04387)

104 . C = A + B(l/D + 1/H 4 ) (R 2 
= .05109)

105. C = A + B(l/D 2 
+ 1/H 4 ) (R 2 

= .04337)

106. C = A + B(1/D + 1/H 5 ) CR 2 
= .05109)

107. C = A + B( 1/D 2 
+ 1/H 5 ) CR 2 

= .04335)

108. C A + BR + CD + E ( H D)  + FH/D + GD/H + -I/RD + J/H+D

(R 2 
= .41653)
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• 109. C = A + BR + CH/D + ED/H + F C H 2D) + G(H
2+D) + 1H2/D

+ JD/ H2 
+ K/H 2D + I/(H

2+D) + M/ (HD ) + N/CH+D)

- 
(R 2 

= .61462)

110. C = A + BH2 
+ CD2 + E/CHD ) + F/C H+D ) + G/H2D + I/ (H 2+D)

+ J(HD2 ) + KH/D 2 
+ LD

2
/H + M/ (HD 2 ) + N/ (H+D 2 )

CR 2 
= .57273)

ill. C = A + BR + CD + E(HD) + F(H/D) + G(D/H ) + I/ (HD )

• + J/ C H+D) (R 2 
= .43783)

112. C = A + BR 2 
+ CD + E ( H 2

D) + F ( H
2/D) + G(D/H 2 )

+ I/ (H2D) + J/ (H 2 +D) (R 2 
= .26033)

113. C = A + BR + CD2 + E ( H D
2 ) + F (H/D 2 ) + G ( D 2/H) + I/ (HD 2 )

+ J/ ( H+D 2 ) CR 2 
= .49229)

114. C = A + BH2 + CD
2 

+ E(H
2D2) + F(H2/D2) + G ( D

2/H 2 )

+ I/ (H 2D2 ) + J/ (H 2 +D2 ) CR 2 
= .35860)

115. C = A + B/Il + CD + E(/ffD) + FC/Il/D) + G(D//iI)

+ I/C/lID) + J / (v’il + D2) CR
2 

= .51643)

116. C = A + BR + C/~ + E(H/Th + F(H//Th + G(/5/H)

+ I/(H/5) + J /(H+/~ (R 2 
= .35893)
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117. C = A + B/li + C/~ + E (v’~/5) + FC/ii//5) + GCv’~//Ii

+ i/(,4i/5) + J / ( / l l + /~ ) CR 2 
= .48419)

118. C = A + BR 2 
+ Ci/~ + E C H 2 /~ ) + F(H2//Th + G(/~/H2

)

+ I(H2/5 + J/(H
2+/~~) CR

2 
= .22660)

119. C = A + B/Il + CD2 + E(/ITD2) + FC/ff/D
2) + G(D2/~/ii)

+ I/C/liD
2) + J/(/ii-f-D2) CR 2 

= .50722)

120. C = A + B(H/D) + C(D/H) CR
2 

= .13001)

• 121. C = A + B/li + C(,ii/D) + E(D//il) + F/C/ii+D)

2
(R = .34289)

122. C = A + BR + C/~ * E(H/ / ~ ) + F(/~/H) + G/(H+/Th

2
CR = .23098)

123. C = A + B/li + C/5 + E(/ii/i/5) + F(/5//Ii) + G/(/I1/~

+ i/(/ii+v’~) CR
2 

= .47398)

124. C = A + B/li + C(H2/D2) + E~/5 + F(/~//li) + G(/ i i//~~~~) 
•

2
(R = .55871)

125. C = A + B CD/H 2 ) CR 2 
= .00575)

126. C = A + B(H/D 2 ) (R 2 
= .00125)

127. ~ = A + B C R 2/D2 ) (R 2 
= .10854)

• ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~:- —- ~~~~~~~~~~~~~~~~~~~~~~ • • • •  •
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128. C = A + BC/hID) CR 2 
= .00070)

129. C = A + B/(/hi+D) CR 2 
= .05109)

130. C = A + B (/ ~/H) (R 2 
= .02643 )

131. C = A + B/ ( H+ /Th (R 2 
= .06938)

132. C = A + B(/ I i//~~) CR 2 
= .09196)

133. C = A + B ( v ”~/v’ i l)  CR 2 
= .02296)

134. C = 
1 

2 CR 2 
= .76566)  (Mean values used)

A + B ( H l )

135. C = 
1

2 (R 2 
= .77856) (Mean values used)

A + B (H l )  + C(Dl)

136. C = A + B 
2 CR 2 

= .51618) (Mean values
.315 + l . l6 (H 1) used)

2
137. C = A + 2 + ce(1)U CR 2 

= .65517)
.315 + l . 16 (Hl )

(Mean values used)

- 138. C = A + B 
2 + Ce~~~~ + EeW~~

.315 + l.l6 (Hl)

(R 2 
= .65716) (Mean values used)

139. C . = A + 
B 

2 + Ce~~~~ + Ee~~~U + FCD1 ) 2

• .315 + 1.16 (H]. )

CR 2 
= .68819) (Mean values used)
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140. C = A + 
B 

2 + ce~ ’~~~
2 

+ Ee~~
)U + F(D1)

2

.315 + 1.16 (Hi)

+ G(Dl ) CR 2 
= .70093) (Mean values used)

141. C = A + 2 + ce CD 1) 2 
+ Ee (Dl ) 

+ F(Dl ) 2

.315 + l.l6(Hl)

- + G(Dl) + H/ (D1) 2 (R
2 

= .73831) (Mean values used)

142. C A +  B
.315 + 1.l6(H1)

CR
2 

= .51693) (Mean values used)

143. C = 
1 

2 CR 2 
= .76566) (Mean values used)

A + B C H1 )

144. C = 
2 ~~ 

CR 2 
= .78992)  (Mean values used )

A + 8CR].) + C(D1 )

145. C 2
1 

2A + B(H1) + C(Dl) + E CD 1 )

(R 2 
= .80652) (Mean values used)

146. C 2 
1

2 2
A + BCH 1) + C(D1) + E(Dl ) + F/ ( D1)

CR 2 
= .82437)  (Mean values used)

1
147. C 2 2 2

A + BCH1 ) + CCD1) + E(D1) + F/(Dl) + G/(Dl)

CR 2 
= .83060) (Mean values used)

- ___•5._____ — — 
- 

_ - . t k t r .2_ _ r-_ t_~~- — - - — _ s - -
_ _ _ _ _ _ _ _ _ _  ~—- • —--- —~~ - •—‘ - -
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148. C = eA eB~~~~ CR 2 
= .57705) (Mean values used)

149. C = eA eB C H 1) eC C ~~~
) 2 

CR 2 
= .60141) (Mean values used)

150. C = eAeB
~~~~ e~~

1)1) 2 
eE C D ]

~

• CR 2 
= .61272) (Mean values used)

151. C = eA e80
~~ e~~

Di
~~

2 
e~~ D~~ e~’uh 1 ) 2

CR 2 
= .62702)  (Mean values used)

152. C = eA eB~~ U eC ( D l )
2 

eE C D 1) eF1”( 1) 1) 2 
eG/~~

)U

(R 2 
= .67817) (Mean values used)

153. C = eA e8~~
1) 2 

CR 2 
= .57392)  (Mean values used)

154. C = eA eB~~ U
2 

~~~~~~~~ (R 2 
= .59945)  (Mean values used)

155. C = eA eB ff h ) 2 
eC(1

~~
) 2 

e~~~~~~~
2

CR 2 
= .60522) (Mean values used)

156 . C = eA eB(
~
U) 2 

eC~~ 1~~
2 

eE#/ C
~~~

) 2 
eF/~~

)
~

CR 2 
= .66213) (Mean values used)

157. C = e~ eB
~~ 1~

2 
e~~ ”~~

2 
eE/

~~
1) 2 

eF/(1)
~~ eG (I)

~~

(R 2 
= .67214) (Mean values used )

— ~~~~ - r f l-- • -~~~~~~ • • • -
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158. C = 
1

A + B (Hl )  + C(Dl)

• CR
2 

= .77856) (Mean values used)

159. C = 
1

2 2A + B (H l )  + C/(Dl)

CR 2 
= .76699) (Mean values used)

1
160. C = 2 (DlyA + B ( H 1 )  + C e

CR
2 

= .79509) (Mean values used)

161. C = —  1 
2

A + B(H1)
2 

+ Ce CIDU 
-

(R 2 
= .81257) (Mean values used)

1
• 162. C =

A + B CH 1) + C / ~T

CR 2 
= .77327)  (Mean values used)

163. C = 
1 

2 CR 2 
= .21278)

A + B CH1 ) 2 
+ Ce~~~U

163. C = 
1

A + B ( H 1) 2 
+ Ce~~~

1
~

(R
2 = 13695)( 1st mode only)

a 2 2
A ‘ B U l l ) 2 

+ Ce~~
)U +

(p 2 
— .84589) (Mean values used)
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166. C =  2
A + Be~~~~ +

(R
2 

= .84119) (Mean values used)

• 167. C =  2 
1 

2
A + Be U~~ + ~e (T)i )  

+ Ee C1!fl

CR 2 
= .84187) (Mean values used)

168. C = 
1 

‘Hl ’ 
CR 2 

= .72965) (Mean values used)
-~ A + B e ’

169. C - 
1 

2 CR 2 
= .80519) (Mean values used)

• A + Be U~~

170. C 1

A + Be (H i) + Ce~~~~~
2

2
CR = .78729)  (Mean values used)

171. C =  2 2
A + Be Ul

~~ + C CD)
~

(R
2 

= .81872) (Mean values used)

C . .  1

A + Be Ul~~ + C(Dl)2

CR 2 
= .82750)  (Mean values used)

173. C 
1

2
A + Be (H i ) + C/C D ] .)

(P
2 

= .80922)  (Mean values used)

_ _ _ _ _ _ _ _ _ _ _  - _ - _ _ •-
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174. C
A + I3e~~~~ + C/(Dl)

2

CR 2 
= .80973) (Mean values used )

• 175. C = 
1 

2 CR 2 
= .13400) (15t mode only)

A + SCM] . )

176. C = 
— DlA + B(H1) + Ce C

(R
2 

= .26248)  (l~~ mode only )

177. C =  2 
1 

— 1

A + B(Hl) + Ce (Dx ) + E(Dl)

(P
2 

= . 34692)  (] .st mode only )

178. C 2 —~~ 1 2
A + 8(111) + Ce + E(Dl) + F/CD].)

• CR
2 

= . 48966)  (1st mode only)

1• 179. C = 2 (Dl ) 2 (Dl )A + B(Hl ) + Ce + E(Dl) + FI(Dl) + Ge

CR 2 
= .61844) (].st mode only)

180. C = 
1 

2 CR 2 
= .41715) (2nd mode only )

A + B CH 1)

181. C =  2 1A + B C H 1 )  + C e ~~~~

CR 2 
= .47062)  (2 fld mode only)

— —  -— —- :-  •
- • —~~- •~~~~ 

—
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182. C = 
A + B (Rl )

2 
+ ~~~~~~ + Ee U

~~

- CR 2 
= .49846) (2nd mode only)

• - 1183. C — 

A + B (Hl )
2 

+ Ce~~~~ + Ee~~~~~ + F/(D1)2

(R
2 

= .51289) (2 nd mode only)

1184. C = 2 ‘Dl ’ — ‘D l ’  2
A + B(Hl) + Ce ’ ‘ + Ee ‘ / + F/ (D 1) + G/(Di )

CR 2 
= .53364) (2 nd mode only)

185. C = 
1 

2 (R 2 
= .20663)  (1st & 2nd modes)

A + B(Hi)

186. C = 
A + B (H1 )2 +

CR 2 .24366)  (1st 
& 2nd modes)

• 1187. C 2 — ‘ D l’ 2A + B(Hl) + Ce ‘ ‘ + E(Dl)

(R 2 
= 3 1755)( 1St & 2nd modes)

1188. C 2 — ‘D l ’ 2 2A + B(H1) + Ce ‘ / + ECD1) + F/(D1)

CR 2 
= .39270)  (1st & 2nd modes)

189. C =  2 — 

1 
2 2

A + B (Hl )  + Ce ~~ + E ( D 1) + F/(D1) + G/(D1)

(P 2 
= . 47498)  (1st & 2nd modes) 

—  — .•—-— ~~~~~~~~~~~~_ •___
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190. C~~~~~~ 2
A + B ( R l ) 2 

+ Ce~~
U

CR 2 
= .26681) (1St mode only)

191. C =  — — 1

A + B (H i ) 2 + Ce~~~~ + E/ (Dl~

• 
CR 2 .32720)  (1St mode only)

192. C = 2
A + B(H 1 ) 2 

+ Ce~~~~ + E/CD 1 ) + F/ (Dl) 2

CR 2 .45389) (1st mode only)

193. C =  1

A + B (Hl ) 2 
+ Ce~~~~ + E/(D 1) + F/(Dl ) 2 

+ G(Dl )

CR 2 
= .63657) ~1st mode only)

• 2 2 2194. C = [A + B (H 1) + Ce~~
W + E/(Dl ) + F/(D1) + G ( D l )

+

(P
2 

= .70371) (1st mode only)

2 2195. C = [A + B(Hl)2 + ce C~~U + E/(Dl) + F/CD].) + G ( D l )

2
+ ie~~

)U 
+ j e 1

~~)~~

CR 2 
= .71778) ~1

St mode only )

• ~~~~~~~~
_ •-•
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2 2 2
196. C = [A + B (Hi) + Ce~~~U + E/(Dl) + F/CD1) + G(Dl)

+ ie~~~~

2 
+ jeCHl) +

CR
2 7 1952)(1St mode only)

197. C = 2 CR
2 

= .34551) CII < 160’)
A+B (Hl )

198. C = 2A + B(Hl) + Ce (H

• CR
2 .39074) (H < 160’)

1199. C = 2 (Hi) 2A + BCH1) + Ce + E/(Di)

(P2 = .41000) (H < 160’)

200. C = 2 (Hi) 2 2A + B(H1) + Ce + E/(Dl) + F(D].)

CR
2 

= .41585) (H < 160’)

1201. C = 2 (H i)  2 2 (Di ) 2
A + B C H 1 ) + C e  + E/ (D i)  + F (D l ) + G e

CR 2 
= .41673) (H < 160’)

202. C = 
1 

2 CR 2 .17840) (H > 160’)
A + B(Hl)

203. C =  1

A + BCR1 )2 +

CR
2 

= . 30282)  (H > 160’)

•

~

• •
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204. C =  
1 

2
A + B(Hi)

2 + Ce
(1)
~~ + Ee~~~~

CR
2 

= .31080) (H > 160’)

1
205. C 2 2

A + BCH1)
2 + Ce~

1
~~ + Ee~~

1
~ + Fe ’

~~~

(R2 = .34016) (H > 160’)

206 C 1

A + B(Hl)
2 + Ce~~

1
~ + Ee~~

1
~ + Fe~~~~ +

CR
2 

= .34434) (H > 160’)

207. C = [A + B(Hl) + Ce + Ee + Fe + Ge

+ I(Dl)]
1

CR
2 .34442) (H > 160’)

208. C = [A + BCH1) + Ce + Ee + Fe + Ge

+ I(D1) +

C R 2 
= .345 12) (H ‘ 160’)

1
209. ~ = 2 2

A + Be~~
1
~ + Ce~~~

1
~ + ECH1)

2 + FeUW

• CR 2 = .86126) (Mean values used )

210. C = 2 2
1

A + ~~~~~~ + ~~~~~~ + E(H1)
2 

+ Fe~~U + ~~~~~~

(P2 
= .86163) (Mean values used )
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2
211. C = [A + Be~~ + Ce W~~ + E(Hl)2 + Fe~~!U +

+ I ( D l ) ] 1

CR 2 
= .86358) (Mean values used )

212. C = [A + ~~~~~~ ÷ Ce~~~~

2 
+ E(Rl)2 + Fe (H i)  

+ Ge (Dl)

+ I(Di) +

CR 2 
= .87000) (Mean values used)

(Hi ) 2 (Dl 2 2 111 Dl213. C = [A + Be + Ce + E(Hl) + Fe~ ~ + Ge

+ I ( D l ) + J/(Dl)2 +

CR 2 
= .87753)  (Mean values used)

214. C =

A + Be~~~
1
~ +

CR 2 
= .83182) (Mean values used)

215. C —

A + B(H1) + C/(D1)

CR 2 
= . 76692)  (Mean values used)

216. C = 
A + Be~~~~ + Ce~~~~

CR
2 

= .76015) (Mean values used)

• 217. C = (H i ) CR 2 
= .74050) (Mean values used)

A + B e  + C(Dl )

L -. - - - - J
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218. C = (Hi)A + Be + C/(Dl)

CR
2 

= .72994) (Mean values used)

• 219. C = 
1 

2 
(R2 = .62810) (Mean values used)

A + Be~~~~
(H < 160’)

220. C —
A + Be~~~~ +

CR
2 

= .77609) (Mean values used)

(H < 160’)

22].. C 2 
1 

2
A + Be~

1
~~ + Ce~~

1
~ +

CR
2 

= .92069) (Mean values used)

(H < 160’)

222. C = 2 
1 

2
A + ~~~~~~ + Ce (Hi) + Ee~ ’~~ + F! CD].)

2

(P2 = .99712) (Mean values used)

(H ~ 160’)

• 223 . C
A + Be~~

1
~ + Ce~~~

3
~ + Ee U~~ + F/(D1)

2 + Ge~~~~

• (R 2 
= .99975)  (Mean values used)

(H < 160’) 

— ——-- - • • — -—- —
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1224.  C =  2 2
A + Be~~

2
~ + Ce~~

1
~ + Ee~~

2
~

CR
2 

= .96086) (Mean values used)

(H < 160’)

225. C = 
1 

CR
2 

= .87556) (Mean values used)

A + Be~~~~
(H >160’)

226. C =

A + Be~~~~ + Ce~~~~

CR
2 

= .90947) (Mean values used)

(H > 160’ )

1

A + Be~~~~ + Ce~~~~ +

CR
2 

= .91174) (Mean values used)

(H > 160’ )

1228. C 2 2
A + Be U~~ + ~~~~~~ + Ee W])  

+ F/(Di)2

(R2 = .91343) (Mean values used)

(H > 160’)

229. C 2 2
1

A + Be~~U ÷ Ce~~~~ + Ee~
1
~~ + F/ (Dl ) 2 + G ( H 1)

2

( B >  l 6 0 ’ ) ( R 2 
= .91414) (Mean values used )
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230. C = [A + Be~~~U + Ce WU + Ee CDU + F/ (Dl) 2

+ G(Hl)
2 

+ Ie U]~~

CR
2 

= .97765) (Mean values used)

(H > 160’ )

i
2 1

2 2
231. C = (A + Be~~ ~ + CeW ) + Ee CDI ) + F/(D1)

+ GCH1)
2 

+ Ie~~~~ + J(D1)]~~

(P
2 

= .97795) (Mean values used)

(H > 160’)

232. C = 
1

(HI )2 CD].)2 (Hi)A + B e  + Ce + Ee

(P2 = .91042) (Mean values used)

(H > 160’)

233. C =  2 2
A + Be~~~U + Ce~~

1
~ + Ee~~~~

CR 2 
= .84187) (Mean values used)

234. C 2 
1 

2
A + Be~~~

2
~ + ~~~~~~ + Ee CH2)

(R
2 

= .84056)  (Mean values used)

A
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235. C =  2 2
A + Be~~

2
~ + Ce~~~~ + Ee~~

2
~

CR 2 
= .89896) (Mean values used)

(H > 160’)

236. C = 2 
1 

— 2

A + Be CH 2)  + ~~~~~~ + Ee~~
2
~

CR 2 
= .407O4) (H < 160’)

237. C =  2 2
A + Be CH 2 ) + Ce~ ’~~ +

CR
2 

= .92781) (1St mode only )

(H < 160’)

238. C 2 
1 

2
A + Be (Hi) + ~~~~~~ + Ee (1)~~

CR 2 
= .30439)  (H > 160’)

239. C 2 2
A + Be UW + ~~~~~~ + Ee~

0
~~

CR 2 
= .67740)  (1St mode only)

(H > 160’ )

t

L~~~
_

. 
_
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240. C =  2 2

-

- A + 8eCH3) + Ce~~~
2
~ + Ee~~

2
~

CR 2 
= .74847) (Mean values used )

(H < 49 mtrs)

241. C~~~~~~~ 2 
1 

2
A + Be CR 4)  

+ Ce (D 2 ) 
+

CR 2 
= .75237) (Mean values used)

(H < 49 mtrs)

242.  C 2 2
A + Be (113) + Ce W3) + Ee~~

3
~

CR
2 

= .80864) (Mean values used)

(H < 49 mtrs)

243. C =  2
A + Be~

”4
~ + Ce CD 3) 

+ ~~~~~~

CR 2 
= .81100) (Mean values used)

(H < 49 mtrs)

244.  C =  2 
1 

2
• A + Be~~~

3
~ + Ce U)3) + ~~~~~~

CR 2 
= .90434)  (Mean values used )

(H < 49 mtrs)
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245. C 2 
1 

2
A + Be~~~

4
~ + Ce~~~

3
~ + Ee~~

4
~

CR 2 
= .91204) (Mean values used)

(H < 49 mtrs)

246. C =  2 2
A + Be~~

4
~ + Ce~~~

2
~ + Ee~~

4
~

CR
2 

= .97149) (Mean values used)

(H < 49 mtrs)

247.  C =  2 2
A + Be~~~

3
~ + Ce~~

4
~ + Ee W3)

CR
2 

= .97658) (Mean values used)

(H < 49 mtrs)

248. C =  2 
1 

2
A + Be~~~

4
~ + ce W2) + Ee~~

4
~ 

-

CR
2 

= .97644) (Mean values used)

(H < 49 mtrs)

249.  C = —  2 2
A + Be~~~

3
~ + Ce~~~

3
~ +

CR 2 
= .91151) (Mean values used)

(H )  49 m trs)
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250. 
~~~
= 2 2
A + Be~~

4
~ + + Ee m4)

(R2 = .92154) (Mean values used)

(H> 49 mtrs)

1251. 
~ 2 — 2

A + Be~~
4
~ + + Ee~~

4
~

CR
2 

= .90462) (Mean values used)

(H > 49 nitrs)

252. 
~~~

= 2 2
A + Be rn3) + + Ee rn3)

(R
2 

= .87178) (Mean values used)

( H >  49 mtrs )

253. 
~ 2 

1 
2

A + BeW4) + Ce~~
3
~ +

CR
2 

= .89009) (Mean values used)

(H > 4 9 mtrs)

254. 
~~~

= 2 
1 

2
A + Be rn3) + ce~~

3
~ + Ee~~

3
~

(R2 = .91092) (Mean values used)

(H > 49 mtrs)

__i_~~~~~~
_ 

--~~,--~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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255. 
~~~
= 2 

—

A + Be~~
4
~ + + Ee~~

2
~

(R2 = .87704) (Mean values used)

(H > 49 mtr s)

‘256. 
~~~~

= —  2 
1 

2
A + Be~~

3
~ + Ce~~

4
~ + Ee~~

4
~

CR
2 

= .88317) (Mean values used)

(H > 49 mtrs)

257. 
~ 2 2

A + Be~~
3
~ + ~e (1)2) + Ee~~

2
~

(R2 = .88602) (Mean values used)

(H > 49 mtrs)

• 258. C =  2 2
A + BeUW + ~~~~~~ +

(R2 = .84181) (Mean values used)

259. 
~ 2 

1 
2

A + Be~~
2
~ + ceW]) + Ee~~U

(R2 = .83215) (Mean values used)

260. ~ 
— 2 2

A + Be~~
3
~ + ce~~

4
~ + Ee~~

3
~

(meters) (R2 = .80655) (Mean values used)
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261. C =  2 
1 

2
A + Be~~

3
~ + Ce~~

4
~ + Ee~~

4
~

(R
2 

= .81048) (Mean values used)

(meters)

:262. 
~~~~

= 2 2 
—

A + Be~~
3
~ + Ce~~

2
~ + Ee~~

3
~

(R2 = .81073) (Mean values used)

(meters)

263. 
~ 2 

1 
2

A + Be W3) + Ce~
1
~
2
~ + Ee (D2)

(R2 = .81327) (Mean values used)

• (meters)

• 264. 
~~~~

= 2 
1 

2
A + Be~~

4
~ + Ce~~

4
~ +

(R2 = .82680) (Mean values used)

(meters)

265. C =  2 
1 

2
A + Be~~

4
~ + Ce~~

2
~ + Ee~~

2
~

2
CR = .82926) (Mean values used)

(meters)

t
—. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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266. ~ 2
A + Be~~~~ + ceOD4)

2 
+

CR
2 

= .84800) (Mean values used)

(meters)

• A + Be~~
4
~ + ce~

’
~
2
~ + Ee~~

4
~

(R
2 

= .85084) (Mean values used)

(meters)

Note: Underlined equations 233 and 267 are selected.

.1

- 
~~ ‘~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ a_j2 r~n.,..- —--—-. . ,~~
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Appendix C

Development of Spectral Displacement

vs Damping Relationship

To use the first order approximation of the mean value

and variance of  the spectral displacement, an analytical

relationship between spectral displacement and damping must

exist. For the type of low-amplitude earthquake force or

wind force which is considered herein, a correla tion

between these two random variables is developed.

The spectral velocity , or spectral pseudo-velocity ,

is def ined  [16] as the maximum value of  the response f unc-

tion, X (t); where X(t) denotes the integral in the Duhamel

expression f o r  ear thquake response of  a damped structure

(with at-rest initial conditions):

t
X (t) = I x ( T ) e  ~~~~~~ T)  sin~~(t—T)dT (C.1)

0
g

where: kg(t) = ground acceleration

= equivalent viscous damping ra tio

(0 = natural f r equency

Thus, spectral velocity ,  denoted by Svl is:

Xmax = [ I  ~
g

( T ) e
_

~~
(0 (t_ T )  

S
~
f lW t

~
T dT]max (C.2)

And, spectral displacement , Sd~ is the ra tio of  spectral

velocity to the circular frequency :

S
(C.3)

II...  ~~~~~~~~~~~~~~~~~~~~ __ 
~~~~~~~~~~~~~~~ _ ~~~~~~. n r ~~~~ — -_; -- __i — s~——_ ~~•-
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Spectral velocity, for any given earthquake input and

for specified damping ratios, can be determined as a function

of  structure period , T. This has been done by others for

earthquake records of various intensities. The resulting

curves are rough and exhibit sharp changes in direction.

These irregularities are due to “local resonances in the

groun d motion record ,” and are not si gnif icant  f o r  general

usage. Thus, these curve s may be “smoothed” by averaging

spectral velocity response f o r  several d if f e r e n t  ear thquake

motions and then normalizing to a standard intensity. The

result is an average velocity response spectrum for a

specified earthquake intensity level. Then by using the

relationshi p , Eqn. C-3, and a similar relationship between

spectral accelera tion , SaD and spectral velocity:

• Sa
E W S v (C—4)

average displacement and average acceleration response

spectra can be developed. It should be noted that because

of these interrelationships, if any one of the three

spectral displacement, spectral velocity ,  spectral accelera—

tion - is known, the other two can be derived. A combined

earthquake response spectrum for a given earthquake

intensity level can be constructed in convenient format

using tripartite paper. Such a spectrum for a low intensity

earthquake level is depicted in Fig. C.l.
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FIGURE C.l
COMBINED EARTHQUAKE RESPONSE SPECTRA

From: Wiegel, EARTHQUAKE ENGINEERING , Prentice-Hall, Inc.,
1970. Reproduced by permission of Prentice—Hall ,
Inc., Englewood Clif fs , N.J.
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Earthquake response spectra are valuable because they

provide a measure of structure response to the earthquake

force (or lateral motion of similar intensity). Fig. C.1

shows that a single point is plotted on the graph from the

known period and damping of a structure. This point, then,

represents values for spectral displacement, spectral

velocity, and spectral acceleration. The response of a

single-degree-of-freedom system can be determined directly

using these spectral values. Moreover, certain character-

istics of the responses of a multi-degree-of-freedom system

can be determined by using these spectral values in con-

junction with the generalized coordinate approach.

For purposes of developing a spectral displacement

versus damping relationship, Fig. C.2 is derived from Fig.

C.1. However, using Fig. C.l to calculate the base shear

force , which represents the total earthquake force acting

in the structure, results in a value which is larger than

that which would be calculated using the seismic design

provisions of the Uniform Building Code [87] for a building

in Seismic Zone 3. Consequently , the earthquake force of

Fig. C.l is too strong for use in this sensitivity analysis.

In order to obtain response spectra for an earthquake of

sufficiently low intensity to be consistent with the assump—

tions made , the spectral displacements shown in Fig. C.2

have been reduced by a factor of 10. The presumption here-

in is that while the intensity may differ , the overall
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shapes of the response spectra are generally similar. Since

this is an attempt to merely establish a reasonably low

intensity earthquake function, it is felt this assumption

is acceptable .

Fig. C.3 is a graph of spectral displacement (normalized

to displacement values of an undamped system) versus damp-

ing which is derived from Fig. C.2. Each curve in Fig. C.3

represents a constant value of the period of vibration, T.

These curves are shown for T = 0.1, 0.5, 1.5, and 4.0

seconds. It should be noted that Figs. C.2 and C.3 are

simply two ways of depicting the relationship that exists

among spectral displacement, period , and damping. While

Fig. C.3 is in itself useful, a relationship between spectral

displacement and damping, for a constant value of T, is

sought. Mathematically, this relationship is expressed

in a normalized relation as :

Sd ISd(O%) = f(~ ) T, constant (C—5)

While the shapes of the four curves in Fig. C.3 differ

from each other , the overall trend indicates that either an

exponential or an inverse relationship would best approxi-

mate the function which is sought.

The REGRESSION subroutine of the Statistical Program

for the Social Sciences (SPSS) [58] was used to establish

this relationship. The basic concept of this subroutine is

to produce the linear relationship which will correlate as 

- - - - -  —-~~~~~~ --——-

.

- - - - -  j
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highly as possible the independent variable with the

dependent variable. The measure of this correlation is

the R2 statistic which indicates the amount of the error

which is explained by the established linear relationship.

In order to use the linear regression technique for the

exponeitial and inverse relationships , the independent

variables were transformed as shown in Eqns. C—7 and C—9

below.

Output of interest from this regression analysis sub-

routine are the R2 statistic , the regression coefficients,

and the scattergram depicting this relationship between the

independent and dependent variables. For an exponential

relationship, the following equation is used: -

Sd ISd(O%) = Ae~~ (C—6)

which can also be expressed as:

- 

£n (Sd ISd(o%)
) = A + BC C (C- 7)

For an inverse relationship , the following is used :

S I s  0 = 
1 (C— 8)d d( %) A + B ~~

or, -

• 1 c
s s  A + B ~ (C—9)
d’ d(0%)

• In each of the above equations :

A, B are the regression coefficients ,

~- , __ _ _ _ .__ ; ~~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ na~~~~~ . - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ._
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c is the exponent of ~~~, varied external to the

computer program to obtain the best correlation ;

1, 2 and 1/2 are values which are used.

Noting from Fig. C.3 the wide variation in curves, it

might be anticipated that a single relationship between

variables would be insufficient in that the correlation

obtained would be unsa tisfactory even for a first order

approximation . The regression equation for the entire

range of T was developed resulting in the following expon-

ential relationship :

.en(Sd/Sd (O%)) = .05 — .268z~~h
’2 (C 10)

or ,

— 268 1/2Sd/Sd(o%) = 1.OSe (C—il)

This is shown as the solid line in Fig. C.4. It should

be noted that the curve varies significantly from the

extreme curves of T = 4 sec and T = 0.1 sec (dashed lines
in Fig. C.4) especially in the lower range of damping

(~~ 
< 10%) which is of primary interest.

To establish relationships which more accurately

represent spectral displacement in the range of interest,

equations describing the relationship between Sd ISd ( O %) and

~ for ranges of T are developed. The selection of these

range values is necessarily arbitrary ; however, there are

limiting conditions. On the one extreme, an infinite number



190

~~uJ
- 

°.

I I
/ 1
I I I

/ 

2

II i
i

I
I I ~I I •a~

’-
~ 

—
- / I I

I I
/ I I

a:
/ / S

I I I
I I I C.)
/ / I Li_I
I / I
/ I I
/ / /
‘
I / /

‘
I
, 

/

/ / Sc

,
,/
/
I 

~~~~~ 
,/

~~1 I
,

/ 5, —
I

_ /

/ ../  /
,1 

_.
,..~~ 

——
I..

• /
/ 

8 
I I I I ‘0

— 0

~~~~~~~~~~~~~~~~~~~ 1 i33d~

__ __ _  -— —5 - - 5——— -- S S -— ~.



191

of curves can be developed , each based upon a discrete

value for T. While this yields the most accurate of all

possible alternatives, it is not practical. Neither is the

• other extreme as depicted in Fig. C.4. Criteria, then ,

must be selected so that appropriate ranges of T values

can be selected objectively.

It seems reasonable to assume that the R2 statistic

is an appropriate criterion to use. If, for a given range

of T any developed regression equation has an R2 value of

90% or better , then for the same reasons as presented in

Chapter III, this range will be considered to be adequate

for the purposes of this sensitivity analysis. Accordingly,

the following ranges of T with corresponding regression

equations and R
2 statistics were determined:

Range Regression Equation R2

.1 < T < .5 Sd ISd (O%) = 1/2 .94082 (C—12)
.911 + l.0331

— 30 6 1/2.5 < T < 1.5 Sd ISd (0%) = l.035e .94147 (C—13)

1,5 < P < 4.0 Sd lSd (O%) = 1.l04e~~
2426

~ ;97020 (C—14)

It should be noted that while the best relationships turn S

- out to be inverse for the lower range of P and exponential

for the higher ranges , the best correlation in all cases

occurs when ~l/2 is used for the dependent variable. The

above relationships are shown on Figs. C.5, C.6, and C.7
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for ranges of T of .1 < T < .5, .5 < P < 1.5, and 1.5 < P

4.0 respectively. As is seen in these figures, the

regression equations provide a better correlation between

the variables in the appropriate ranges than the regression

S line in Fig. C.4 does over the entire range of T. Conse— -

quently, these are the equations which are used in the

sensitivity analysis.
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Appendix D

Development of Prediction Equation

in the Metric System

The Metric—equivalent form of Eqn. 3-6 is Egn. 3-7,

S repeated herein :

2 
1 

—

— .155 + .597e~~
00328

~~ + .OOO4le t5O 32 81
~ — .O78e °0328

~~

C D-i)

Since this equation may be somewhat cumbersome to use, a

more convenient form was developed. The input data set

accumulated for the regression equation development in

Chapter III was converted to the Metric system and used for

this development. The basic form of Eqn. D-]. was retained

in the determination of the new regression coefficients by

using the SP5S statistical package. It was felt anl equa-

tion of this basic form would be more convenient than Eqn.

D—l if the exponential terms could be more easily handled.

Thus , the R2 value was considered as the determining factor

in the selection of the best expression .
S 

Several regression equations were run. These are

listed in Appendix B. The best equation is: 
S

2 2
— .037 + .OOOOO74e tfl

~~ + .3l9e~~~~~~ + .027e~~
0
~~~

(D—2)

This equation was developed using mean values of damping

as input data. The R2 value for Egn. D—2 is equal to 85.1%.
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This is just sli ghtly better than the correla tion value S

for Eqn. D-l (R2 = 84.2%). As measured by the reference

statistic then , these two equations are comparable and the

— use of either would result in a good prediction for the

damping value of a structure. Figs. D.l and D.2 present

-Egn . D—2 graphically for representative values of building

width.

The English-equivalent form of Eqn. D-2 is:

= [ — .037 + .ooooo74e~
5 oo3O48m 

+ .3l9e~~~
03048l

~~
2

+ .O27e~~
oo3o48m ] l (D—3)

where : H, D in feet.

It should be noted that Egn. D-3 is a less convenient form

than the expression of Eqn. 3-6, which is:

2 2
— .155 + .597e 00U1) 

+ .OOO4le~~
Olt

~ — .O78e~~
0°
~~~

(D—4)

Two forms of sensitivity analysis were performed using

Eqn. D-2. The first used the first order approximation

technique to determine the mean and variance (and hence,

coefficient of variation) of the displacement response from

the mean and variance of the damping value predicted by

Eqn. D-2. The displacement response spectrum developed in

Appendix C for a low amplitude earthquake is used. The S

results of this analysis are tabulated in Table D.1.
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It is seen from Table D.l that the COy’s are low for

the buildings included in the analysis. The worst is for

the 60-story building (COV = .367) which is expected. The

displaceme nt respon ses are all small and the resul ting

COy’s are also very low , being less than 10% in all cases.

The second form of sensitivity analysis performe d was

the comparison of the predic ted damping value wi th the

highest and lowest damping values in the experimen tal data

set for a given building height and width. The results

are tabulated in Table D.2.

The maximum difference between the displacement response

determined from the predicted damping values (~ in Table

D.2) and those determined from the highest and lowest experi-

mental damping values is .383 cm (for the 89 meter high ,

55 meter wide building). The average value for all 18

comparisons is .121 cm. The maximum difference in percent

is 39.7 (for the 40 meter high, 12 meter wide building) , and

the avera ge percen tage difference between the extr eme

values and the mean displacement response is 15.6%.

It should be noted the above sensi tivi ty analysis

results compare very favorably with those obtained from the S

sensitivity analyses in Chapter III. It is concluded,

therefore , that Eqns. 3—6 and D-2 are comparable.
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