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1. INTRODUCTION

1.1 Motivation Behind Study

Over the years observations of earthquake damage suggest that struc-
tures on large foundations respond to ground motion with less intensity
than do smaller structures. One of the first instrumented observations
of such response reduction was for the Hollywood Storage building and ad-
jacent P.E. lot. Response spectra for the Hollywood Storage building and
P.E. lot for the 1971 San Fernando earthquake and the 1952 Kern County
earthquake are shown in Figs. 1.1 and 1.2, While reduction for the earlier
earthquake is not as apparent, it should be noted that this was a smaller
and more distant earthquake than the San Fernando earthquake. One must
appreciate that the building and P.E. lot instruments are over 100 feet
apart and as discussed later even this clearly can lead to differences in
response, Peak recorded ground motions can be expected to vary over a
finite ground surface area. The reasons for this variation include the
complicated interrelationships of the geology, source mechanism, trans~
mission paths, and phasing, as well as random variation from point to point.
As such this comparison may be only indicative of the true difference be-
tween building and free-field response; even so it is the best available
from current data.

Although buildings also undergo rotational (horizontal torsion and

rocking) as well as translational motion, no field measurements yet exist

to permit cross-checking theory and observations. For purposes of simplicity

in this study only horizontal torsion was considered, One of the simplest



approaches that has been put forth for examfning building response in the
context of soil-structure interaction involving both translation and rotation
is analysing a traveling wave as it passes a building. The reduction in
point by point acceleration effects arising from free-field motion are ob-
viously affected by the building. It is this effect on building response
that is the subject of this study.

1.2 Early Work

The first paper that attempted to provide a rational explanation for
observed reductions in response of buildings as compared to nearby free-
field apparently was that by Yamahara in 1970 (Ref. 1). Similarly, Scanlan
(Ref. 2) providés a general relationship between average acceleration over
the width of the foundation as a function of the wave length of the accelera-
tion pulse and the width of the foundation. Luco (Ref. 3) accomplished
essentially the same thing except that whereas Scanlan had used a rigid
block resting on a continuously distributed set of soil springs, Luco
utilized elastic half space theory to provide resistance.

A measure of the effect of an earthquake on a large building can be
obtained through calculations of a time-averaged acceleration over a transit
time. As a basis for visualizing the effects that occur and the general
techniques that are employed in making t-averaging calculations, reference
is made to Fig. 1.3 in which is shown the concept of the wave transit time
(1), the average translational acceleration (¢), and the average linear
acceleration at the edge of the foundation arising from rotation . (at/2) as
a wave propagates along the base of a bgilding. The t-éveraging approach

(Ref. 4) does not require an assessment of the frequencies included in the



earthquake motion. Several individuals have investigated the traveling
wave problem (Refs. 5 through 9); while it has limitations, the technique
constitutes one systematic way for studying the response of structural
systems in the light of observed behavior.

1.3 Qutline of lnvestigation

This investigation has been an attempt to establish the feasibility
of using the t-average traveling seismic wave procedure to study the
problems of combined motion {translation and rotation). It is not intended
to be an exhaustive study; however an attempt has been made to determine
reasonable upper bounds on the response for both translation and torsion.

in 1969 Newmark (Ref. 10) offered observations concerning torsion in
symmetrical buildings that could arise from esarthquake ground motions and
pointed out the importance of accidental torsion. Concern with the effects
of torsion in buildings is not new; as early as 1938 Ayre (Refs. 11 and 12)
worked on the interconnection of translational and rotational motion and
cited several reasons for desiring symmetry {(i.e., independence of horizon-
tal translation and rotation for translatory ground motion, and simpler
analysis in all cases). On the last page of his 1938 paper (Ref. 11) Ayre
states, ... in designing to resist such phenomena as earthquakes, for
which there are relatively few engineering data, simplicity seems worth
striving for." Today, more than forty years later, simplicity still seems
worth striving for.

A sketch of the general techniques employed in making t-averaging cal-
culations is shown in Fig. 1.3. For calculational purposes, at any point

in time some portion of the acceleration time history, treated as a shear



wave propagating along the foundation, is positioned along one axis of the
building. As used herein, the transit time (t), is the time required for

a point on the wave to travel the length of the base of the structure

(i.e., the length of the base divided by the wave velocity). In effect,

for this simple representation of motion, at each increment in time the
acceleration time history is moved siightly ahead from its position at the
previous time increment, and the corresponding average translation and rota-
tion imparted to the building will be slightly different frbm those at the
previous time increment. As the wave traverses the building the foundation
attempts to conform to the shape of the wave., However, since the foundation
is assumed rigid it conforms to the ground motion in a straight line. By
using the principle of least square fitting of an acceleration record over

a transit time one may obtain a simple mathematical model which is consistent
with the assumed rigid conformity, and obtain time histories of average
transiation and induced rotation.

The use of least square fitting is not restricted to a straight line
(i.e., the assumption of a rigid foundation) and indeed the averaging pro-
cedure can be applied whether or not the foundation is assumed to be rigid.
Response reduction would occur for a rigid foundation when compared to that
experienced by a point; nevertheless, in the case of a more reélistic
foundation with some degree of flexibility some reduction still would be
expected to occur. Response curves for a real building would fall somewhere

between those for a rigid foundation of the same size and a point in the

free-field.



An analogy that may help in the visualization of the modification of
motions that occur is that of a boat on the ocean. A small boat undergoes
motions of much greater amplitude and higher frequency than does an ocean
liner. The latter undergoes a highly averaged, and therefore reduced,
response arising from the same wave motion, Even a rubber life raft of some
size but relatively little stiffness experiences lower amplitude motion
than does a particle on the water surface.

in the following chapters are detaile& summaries of the theorlies used
to generate the ground motion to be input into the system, to combine
responses arising from translational and rotational motion in symmetric
structures by taking advantage of superposition, and to generate and un-
couple the equations of motion necessary for an eccentric structure (so
that the effects of coupled translation and rotation on the overall response
of a system may be studied).

1.4 Scope of Report

In an attempt to guide the reader through the discussion Figs. 1.4
through 1.6 have been presented as outlines of the procedures used herein,
A presentation of the chronological sequence of events during the course of
this investigation and the prime motivation which led the writer from one
phase of the study to the next is given in Fig. 1.4, Shown in Fig. 1.5 is
an outline of the responses computed for the superposition model and this
can be used to aid understanding of Chapters 2 and 3. Outiined in Fig. 1.6

is the formulation and execution of the coupled motion modei; it is hoped

that this will depict the basis of the calculations in Chapters 4 and 5.



The procedure employed to determine the ground motion quantities
utilized herein is briefly described in Chapter 2. Also in Chaptef 2 there
is presented a description of the superposition model along with a list of
the various responses computed and the corresponding assumptions. Included
in Chapter 3 is a discussion of the results obtained using the.superposition
model; in this discussion are explained the effects of translationél
averaging and induced rotation on a simple system, the differences in the
results when total response is computed using the different'combinational
techniques (whether a rigorous summation in time, the square root of the
sum of the squares of maximum individual responses, or the absolute sum
of maximum individual responses), and the importance of which ratio of
torsional to translational frequency is employed in the calculations.

A detailed derivation of equations of motion for a building having’
only one axis of symmetry and a description of the responses to be computed
for this model is contained in Chapter 4. After a.discussion of the re-
sults obtained for the coupled model compariscns of the results of the
superposition model and the cqﬁpled mode | aré given in Chapter 5., Perhaps
the most important part of this investigation is the ability to ascertain,
from comparisons of the superposition model with the coupied model, the
importance of small eccentricities in the overall response of a structure
and to determine the effect that phasing of the ground motion has on a
structure with coupled degrees-of-freedom (translational and rotatjona]).
The results of this study are also compared to current seismic bullding
code provisions. Finally, a summary of thevimportant observations arising

from this study and attempts to formulate guidelines for use by those



wishing to consider the problems of combining torsion and translation and/or
determining a reasonable method for computing induced torsion is given in

Chapter 6.
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Structure
Above

FIGURE 1.3 BASE TRANSLATION AND ROTATION ARISING
FROM TRAVELING SEISMIC WAVES



STEPS IN PROCEDURE

CHAPTER 2

Generate Average Translational

Acceleration Time History

Generate Induced Rotational

Acceleration Time History

CHAPTER 3

Compute and Combine Responses

Using Superposition Model

A ———e  ——— ———— —r— m— — —t— p— —

Compute and Combine Responses

Using Coupled Motion Model

STEPS IN LOGIC

Need to Include Torsional
Motlion to Maintain Con-
sistency with Averaging
Concept.

Need to Address Problem
of Combined Response

Need to Investigate
Effects of Asymmetry
(Eliminate Assumed In-
dependence of Translation
and Rotation)

FIGURE 1.4 OQUTLINE OF PROCEDURE
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PROCEDURE

1. COMPUTE RESPONSE ARISING FROM SEPARATE GROUND MOTION TIME HISTORIES

a. Average translation as a function of time and tompute
response at fx
b. Translation at edge of foundation arising from induced

rotation as a function of time and compute response at
fo = fy *(fe/f’x); where f./f =1, 1.189, or 1.414

2. ASSUME STATISTICAL INDEPENDENCE OF TRANSLATION AND TRANSLATION
ARISING FROM ROTATION AND COMBINE RESPONSES AT EDGE OF BUILDING

a. Sum of absolute individual maximum responses
b. SRSS of individual maximum responses

c. Maximum time sum of the individual response time histories

FIGURE 1.5 OUTLINE FOR SUPERPOSITIQN MCODEL



PROCEDURE
1. GENERATE EQUATIONS OF MOTION FOR SIMPLE SYSTEM (FIG. 4.1)

2. EMPLOY CHUGHEY TECHNIQUE (REFS. 13 AND 14) TO GENERATE UNCOUPLED
EQUATIONS OF MOTION WITH EQUAL DAMPING IN EACH MODE
3. COMPUTE RESPONSE OF UNCOUPLED EQUATIONS FOR
a. Wave propagating in X direction
i. free-field motion
ii. averaged translation
iii. induced rotation
iv. averaged translation and induced rotation
b, Wave propagating in Y direction {limited study)
i. free-field motion
ii. averaged translation and induced rotation
L4, DETERMINE COMBINED RESPONSE
a. Methods of combination
i. absolute sum
ii. SRSS
iii. sum in time
b. Locations of computed response (FIG. 5.1)
i. center of mass
ii. center of stiffness

iti. + X edge
iv. - X edge

FIG. 1.6 OUTLINE FOR COUPLED MOTION MODEL
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2. THEORY AND PROCEDURE: SUPERPOSITION MODEL

2.1 Ground f{nput

As illustrated in the preceding chapter (Fig. 1.3) the model to be
studied is that of a building whose foundation system is subjected to an
earthquake ground motion which is treated as a horizontally traveling plane
wave. At the same time the building system above is responding dynamically
to this ground input.

The earthquake acceleration time histories used in this report are the
California Institute of Technology corrected time historfes (Ref. 15).
However, since for the averaging procedure employed it is desirable to have
an initial zerg acceleration, a prefixed acceleration pulse developed by
Pecknold and Riddell (Ref. 16) was incorporated into the procedure. An
additional Encrement of zero acceleration also ié added to the modified
acceleration time history such that the record starts and ends with 1
seconds of zero acceleration (the significance of t will be explained sub-
sequently). This transit time, t, is taken as the time it takes for a wave
to travel the length of a building (i.e., the length o% the base divided by
the wave velocity). The reason for these modifications is that the averag-
ing technique employed in the calculations reported herein assumes that the
grouﬁd motion corresponding to recorded acceleration time histories propa-
gates as a plane wave which then passes a structure initially at rest. As
such this procedure is essentially a time averaging of an acceleration time
history over a transit time, t. At a given instant in time some portion of
the acceleration time history is positioned along an axis of the foundation
as shown in Fig. 2.1. As time progresses the acceleration time history

simply slides along the foundation such that at any time the accelerations
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imparted to the foundation are only slightly changed from those imparted at
a time At earlier. For a given positioning of the 1 interval on the accel-
eration time history the average translational acceleration can be computed
from the velocities corresponding to the beginning and end of the interval,
The average translational acceleration time history (assigned to the mid-
point of the foundation) can be generated according to Eq. 2.1 given later.
Similarly, using the principle of least square fitting of an acceler-
ation time history over a time interval, 1, between two points A and B,
where B = A + 1, an expression for the slope of the fitted straight line,
with respect to the line representing the average acceleration in the inter-
val, can be derived. The following theoretical derivation for computing
translation and rotation is also given in Refs. 9 and 17 and is an outgrowth
of earlier studies by Newmark on torsion in symmetrical buildings (Ref. 10).
Given an acceleration time history modified at the beginning as just
discussed, p, and applying the principle of least squares to obtain the
average translational acceleration, @, and the average slope of the fitted
line, ; {which is related to the average rotational acceleration}, one can
obtain the following relationships. At any point on the foundation the 1~
averaging procedure models the input acceleration as 5 + at where ¢ and o
are as defined above and t is the distance, in the time domain (i.e., the
distance divided by the velocity of wave propagation), between the midpoint
of the foundation and the point in question. The principle of least squares
requires that the square of the difference between this acceleration and the
corresponding acceleration, p, obtained from the free field acceleration
record summed over the width of the foundation be minimized. This can be

represented by the following continuous relationship:



16

B . . . 2
fl-\ (¢ + at - p)° dt = minimum

Minimizing a function of two variables is achieved by setting the partial

derivatives with respect to each variable equal to zero {i.e.,

3/8$ = 0 and a/a& = 0), which yields for 3/a$ =0
2 [[idt + [ ardt - [ pde] =0

and for /30 =0
2 [f $edt + [ at?dt - [ pedt] = 0

with the upper and lower lTimits on the integrals being B and A in all pre~
vious cases and those that follow in this section. By placing the origin
" at the midpoint of the T interval one obtains a simplification of these two
equations in that f atdt = f $tdt = 0 since A = - ©/2 and B = t/2. One may

also note that the following relationships hold true:

[ §dt = ¢ {t(B) - t(A)} = ¢1
[adar = 53 [e®) -« = @z
[ pdt = 5(8) - 5(A)

f ptdt integrating by parts = */2 [p(B) + p(A)] - [p(B) - p(A)]

Substituting each of these into the above, one obtains

§ =1 50) - 5A) R
i=5 60 +im) -2 e - om) (2.2)
T - : T

Note that in Eq. 2.2 as T - 0, using Taylor Series expansions for p and p,
a +p (0) as would be expected. It should be noted that a, the slope of the
fitted acceleration curve, is the derivative of the acceleration with respect

to time and therefore has units of length/time3.
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2.2 Response Calculation

Elastic response spectra were computed from ground acceleration time
histories using the Z-transform method as presented by Stagner and Hart in
1970 (Ref. 18 and Appendix A). This procedure applies only to elastic
response but is fast and its accuracy is comparable to that of other
numerical integration technigues. |

2.3 Response Combinations

With the generated time histories of averaged translational and rota-
tional inputs the response of a single-degree-of-freedom (SDF) system may
be computed and presented in the form of a response spectrum. The reason
for using response spectra for comparison purposes is that the range of
effects of the averaging procedure on the response of a SDF system is
readily portrayed over a wide range of frequencies in the light of existing
knowledge about the response of simple systems. This approach is in con-
trast to the limited information that would be readily available from a
rigorous, time consuming, and tedius study of the time histories to obtain
peak values, timing of peaks, frequency content, etc. Also, the more
valuable and familiar information to a designer is that information regard-
ing the response of a structure rather than that concerning the input to the
structurg.

The two averaged time histories generated from the t-averaging proce-
dure (Egqs. 2.1 and 2.2) are input into the Z-transform method described
previously to compute the following responses {discussed in Chapter 3) in
an effort to determine the relative importance of translational and rota-

tional input on the overall response of a structure.



I. Response of SDF system to unaltered free-field record.

2. Response of SDF system to ¢ time history (i.e., arising from
translational motion alone -- Figs. 3.3 through 3.10).

3. Response of SDF system to at/2 time history (i.e., arising at
edge of structure from rotational motion alone == Figs. 3.11
through 3.18).

4. Response of SDF system to ¢ + ut/2 timei history (i.e., arising
from combined translational and rotational motions, and taking
advantage of phasing between gfound inputs -= %igs. 3.20
through 3.27).

5. Combined SRSS response (i.e., square root of the sum of the

squares of responses in 2 and 3 above).

6. Combined absolute sum response {i.e., absolute sum of responses

computed in 2 and 3 above).
It will be noted that the SRSS combination of responses is commonly used in
practice when the quantities are independent and that the absolute sum of
responses is the most conservative possible combination.

[t should be noted further that, in él] of the aforementionedltechniques
of combination, it has been assumed that a simple superposition of the
effects of translation and rotation can be used (i.e., that translational
ground motion causes only translation and rotational motion causes only
rotational response). Furthermore, it has been assumed that the ratio of
torsional to translational frequencies is unity. It can be shown that the
theoretical ratio of frequencies is unity if one assumes a rectangular

floor plan with equal uniformly distributed resistance in the two principal
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directions (Ref. 10). In addition, if a more reaiistic resistance distri-
bution (e.g., corner columns or end walls and columns) pattern is assumed,
the theoretical ratio of torsional to translational frequencies‘is greater
than unity. 1In order to illustrate the effects of an increased ratio of
torsional to translational! frequency four additional response quantities
were computed.
7. Response calculated from the at/2 time history for a frequency
ratio of 1.414 (i.e., torsional frequency = 1.414 x translational
frequency in | above -- Figs. 3.28 and 3.29).

8. Response calculated from § for w and at/2 for

translation

Weotation = ]’hlhwtranslation {simultaneously computed and com-
bined with respect to time).

9. Combined SRSS response (2 and 7 above).

10. Combfned absolute sum response (2 and 7 above).

- By comparing these four responses.with the corresponding responses computed

in the first set (i.e., 3 through 6) one can obtain a bound on the import-

ance of a building's resistance distribution pattern on its response to

ground excitation.
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Foundation

st Square Curve
N

Direction of
Wave Propogation

FIGURE 2.1 BASE TRANSLATION AND ROTATION
ARISING FROM TRAVELING SEISMIC WAVES
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3. DISCUSSION OF RESULTS: SUPERPOSITION MODEL

3.1 Introduction

Studies of acceleration time histories and corresponding computed
responses for buildfngs suggest that the accelerétions imparted to large
structures approach an average of the free-fie]d motion over some transit
time related to building size. The Hollywood Storage building and adjacent
P. E. lot constitute one of the few sites wheré motions have been measured
in the basement of a building and nearby in the free-field. The building

ttself is 51 feet in the N-S direction and 217.5 feet in the E-W direction

(Fig. 3.1). The building is 150 feet high and is supported on piles. The base-

ment accelerograph is located in the $-W corner of the building. The free-field

instrument is located 112 feet due West of the S-W corner of the building.
In Ref. 19 the shear wave velocity in the upper strata under the building
is shown as being approximately 1500 to 2000 fps and this can be considered
as possibly the wave propagation velocity in the near surface zone. (Fig. 3.2),
Calculations were made for the Hollywood Storage P.E. lot records
for both the San Fernando énd Kern County earthquakes for various transit
times for both horizontal components of motion (Figs. 3.3 and 3.4} using
the averaging technique described in Chapter 2. The spectrum for a transit
time of zero seconds is the unmodified free-field response spectrum for the
P.E. lot.. The other solid curves shown represent the averaged translational
fesponse for various transit times. The resbonse sﬁectrum computed from
the Hollywood Storage building basement record for each earthquake is shown
by thé dashed line in each figure. As noted previously the instruments at

Hollywood Storage are over 100 feet apart; nonetheless, the calculations
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herein lead to the trend observed. It appears from iniiial studies_that
either the longest dimension of the building or the mean or geomefric
mean of the dimension controls the effective transit time insofar as the
reduction in response is concerned.

As a part of this study both horizontal components of earthquake
groﬁnd motions from five.different sites (both soil and rock),irecdrded
during four different events were used as iﬁput for the T-averaging pro-
cedure. For purposes of illustration one componént from géch of four sites
(3 earthquakes) is presented, these four components were selected as being
typical of the group studied. The other three records presented are the
Pacoima Dam record, also from the San Fernando'earthquake, one oi the
Cholame, Shandon array records from the 1966 Parkfield earthquake; and the
Faft Lincoln School record irom the 1952 Kern County earthquake. These
records represent the maximum recorded acceleration, the record closest
to associated fault motion, and a typicai'broad-banded spectrum earthquake,
respectively. |

Although there are no building records with which to compare, calcula-
tions were made with the acceleration time histories in addition to Hollywood
Storage in an effort to demonstrate the t effect for different time histories
from'different geologic conditions and at various distances from the source
of the earthquake ground motion;_ It is hoped that this will minimize the
bias in the observations and conclusions of this study. The discussion
which follows is precisely as outlined in Chapter 2.

3.2 Résponse from Translation Only

As shown in previous work (Refs. 4, 9, 17) there is a significant

reduction in the upper frequency range for averagéd translational response
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as compared to free-field response. This reduction 6ccurs at frequencies
greater than 1 Hz and is illustrated in Figs. 3.5 and 3.6 for the Hollywood
Storage P.E. lot, San Fernandc earthquake record. The averaging that occurs
is directly proportional to building size as would be expected (i.e., as

the building gets larger the magnitude of response reduction also increases).
fhese trends hold true for each of the records ﬁresented (see also Figs. 3.7
through 3.12).

3.3 Response at Edge from Rotation Alone

Torsional components of ground motion can be as important as the
translational components in determining the base input tc be used for
dgsign. The significance of torsional response increases with the size of
the building (greater T = b/c values) and with increasing frequency, as
might be expected. In Figs. 3.13 and 3.14 the response at the building
edge arising from rotation alone is plotted and compared to free-field
response for the Hollywood Storage P.E. lot record. For both values of
T the rotational component can be seen to be important and in fact actually
exceeds the free-field translational response in some regions {5-9 Hz for
T = 0.08, 2.5-6 Hz for T = 0.16). Once again the same trend, i.e., the

‘translafional response arising from rotatién is greater than the free-field
translational response, holds true for the other records studied,

In all of the above comparisons of rotationally induced translational
response with free-field translational response it has been tacitly assumed
that the torsional response of the system is at the same fundamental fre-
quency as the free-field or translational response. It has been found in

this model study that this assumption overemphasizes the'importance of
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torsion in systems whose torsional frequency is greater than its translational
frequency (see also Ref. 9). A compafiSOn of the rotational responses com-
puted for a ratio of torsional to translational frequency of unity and for

a ratio of 1.4l4 is shown in Fig, 3.21; as in all plots the freguency scale
refers to the translational frequency. One will note that, when considering
resboﬁse in the acceleration controlled.region of the spectrum (above 2 Hz),
the response computed aésuming a frequency ratio of 1.h4lkh is not as large

as that for a ratiolof 1.0.

3.4 Combined Response

0f special importance .in making desjgn recommendations is the effect
of combined motion, or in other words the total or maximum response akising ‘
from both translational and rotational effects. It“has b.een shown that, in
the high frequency region, consideration of translational averaging would
leéd to response reduction and consideration of torsiqn#l effects would lead
to $ome‘response amplffications. When considering combfned motion one
would expect the effects of translational averaging and rotation to partially
offset each other; as indeed they do at high frequencies. However, it has:
been found that in the mid-frequency (2-8 Hz) range the combined response is
somewhat greater than the normally computed free-field response (see
F}gs. 3.22”1hrqugh 3.29). There is, of course, some Variation in the degree
and region of amplified response (above 1.5 Hz for t = 0.08, and 1-6 Hz
for T = 0.16) among the various records but the trend is_unmistakable |
(Ref. 9). For each of the récords studied there is no significant deviation
from the trends observed for the Hollywood Sforage P.E. lot (Figs. 3.20 and
3.2]). Once again these comparisons assume a ratio of unity between tor-

sional and translational frequencies. In Figs., 3.30 and 3.31 are shown the
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combined response for a torsional to translational frequency ratio of 1.414,
It will be seen by comparing Fig. 3.31 with Fig. 3.25 that any amplifica-
tions, as compared to free-field response, are greatly reduced or eliminated
and that any reductions are inéreased.

There are several methods which may be used to combine translational
and torsional responses. Thg most conservative of these methods would be to
conbine the absolute values of maximum responsé arising from each type of
motion. Alternately, one may wish to assume statistical independence of the
two effects and use the square root of the sum of the squares of the maxima.
Lastly, one may wish to take advantage of any phasTng between ground motions
and compute a rigorous algebraic summation in the time domain of the re-
sponses arising from averaged translation and induced rotation.

‘Little difference is Qbserved between the total response somputed by
the Square Root of the Sum of the Squares technique (SRSS) and that computed
using the algebraic summation in time. |In Fig. 3.32 there is shown a
comparison of these two computations for T = 0.08 for one of the Pacoima Dam
records from the 1971 San Fefnando earthquake. It can be seen that only
slight differences exist, as is true in all other cases studied. A com-
parison of the SRSS spectrum with the absolute summation of maximums for the
same record is contained in Fig. 3.33. in this‘casé one notes a significant
difference in the two spectra, and as expected the summation of maximums
leads to the larger computed response.

Assuming a torsional to translational frequency ratio of unity, an
atfempt was made (Ref. 9) to formulate a general procedure for constructfng

a design sbectrum which includes both translational averaging and torsion.
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As a result it was considered that a modification of a normal design spectrum
in the acceleration region would bé sufficient to include the combined
effects. In a first attempt to indicate the notion of amplifying current
design spectra, the regions and amplifications found as a part of this study
are shown in Figs. 3.34 and 3.35. Transition zones were not shown since

they could not be aécurately defined at the time., The amplification valués
employed for the response spectra‘used for comparison purposes in Figs. 3.34
and 3.35 are taken from earlier studies by Hall, Mohraz and Newmark

(Ref. 20).

3.5 Special Considerations

Certain trends were observed during this study which hold for records
from different earthquakes and for sites on soil and rock. However, these
trends can only be considered qualitative at this time. When considering
the suggested trends shown in Figs. 3.34 and 3.35 (Ref. 3) one must also
remember that these are from a study including onty oné torsicnal to
tranélational frequency ratio, namely unity; unfortunately not enough
computations were made to do this for a ratio of 1.41k. As demonstrated
in this.chapter the frequency ratio is a very important parameter and for
some frequency ratios the amplificatjons indicated In Figs. 3.34 and 3.35
may well be reductions. In facf it is suspected that .the amp}ifications
obtained for a frequgncy_ratio of unity are the maximum that will occur
since in practice one will encounter structures whose freqqency ratio is

~greater than 1.
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SECTION A-A SECTION B-B
ACCELEROGRAPH (ROOF)
A
’ aw B ‘ » & s & a § s 8 8 v = 2 L B
T 5 Io L| /;ACCELEROGRAPH (BASEMENT) | §
ACCELEROGRAPH a—
{GROUND) '
: nz'e” - 217'8"
TYPICAL FLOOR PLAN
e |
4] 100
SCALE IN FEET

FIGURE 3.1 PLAN AND ELEVATION OF HOLLYWOCD STORAGE BUILDING

SOURCE {REF. 19)



DEPTH, FEET

28

SHEAR WAVE VELOCITY, DENSITY, POUNDS

FEET PER SECOND PER CUBIC FOOT
oO 4000 BOOO 12000 120 140 (60
T M ¥ v ]

PUENTE FORMATION,

UPPER MIOCENRE
. MONTEREY FORMATION,
 MIDDLE MIOCENE

LAKEWOOD FORMATION,
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I
+
TOPANGA FORMATION,

MIDDLE MIOCENE

soool- ' —-I F
: )
Subsurface model,

JEp——

Narvvaarn Fuequenciws or BuiLoise rrox Vierarion

- Trar®
Mode of Vibeation Froqueeey ()
North-south East-west
Fundamental trauslation 0.83 2.0
Second trunslationat 2.7
Third translational 1.8
'Fundamental torsional 1.57-1.07
Sccond torsioual 59
Third tersional 9.1
Others 1.0, 5.0

* Souree: Cardae, 1004,

FIGURE 3,2 SHEAR WAVE VELOCITY PROFILE AND BUILDING
FREQUENCIES, HOLLYWOOD STORAGE BUILDING

SOURCE (REF. 19)
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L. THEORY AND PROCEDURE: COUPLED MOTION MODEL

4.1 Introduction

One of the major limiting assumptions fnherent in the superposition
model (Chapters 2 and 3) is that of independence of translational and rota-
tional mdtions of the system. The effects of eccentricity between centers
of mass and stiffness cannot be included in the superposition model. fin
order to study the coupling aspects of the problem a new model was developed
and employed in the calculations. A single story three degree~of-freedom
model with one axis of symmetry and some finite eccentricity between centers
of mass and stiffness is a logical progression from the symmetrical building
studied in previous chapters. For the sake of simplicity the mass is
treated as a rigid thin plate with coordinate origin at the center of stiff-
ness as shown in Fig. 4.1,

4,2 Undamped Equation of Motion

The Lagrangian equations of motion can be obtained from the kinetic and

potential energies of the system. For a thin rigid plate the kinetic energy

can be described by T =‘% ’rnvm2 +'% mpzz 3 and the‘potential energy can be
written as V = %-ky y2'+ %—kxx2 + %-kr 62
where
Vem = {§2 + (y + eé)z}]/2 = velocity of center of mass
and |
py =1 %% }]/2 = { DET%;EE-}I/Z = radius of gyration

The Lagrangian equations of motion can then be derived as shown below. This
procedure is described in detail in many places (see Ref. 21) but basically

requires defining the Lagrangian function, L (where L = T - V) and then the
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t ) .
action, A = ¢ / ! Ldt where we require the variation of A to be zero,
. to - o L |
8A = 0. It then follows from Hamilton's principle that the Euler equations

for the integral A are the differential equations of motion

;F— L3 g where q is a coordinate
t 3q 99
therefore
m§+kx=0
X
and
my + meb + kyy =.0
and
. 2 2
mey + meZb + m(h ;;b ) 8§+ k6=0

These equations can be written more conveniently in matrix notation as shown

in Eq. 4.1.
~ -1 r N ™~ e r \
m 0 O X k 0 0 X
X
0 .m me Sy + |0 ky © {y $=0 (4.1)
bo mg JC§~ ‘ed I--0 0 k r | 0

where for a thin plate

m

_om o2 2
Jcm h 12.(b +h)
= J + me2
cs cm
- m .2 2 2
Jcs = 1z (b™ + h. + 12e")
4.3 Damping

It was decided to use equal small damping in each degree-of-freedom so
that none of the possible effects of coupléd motion would be lost or mini-
mized. Following the example of Caughey (Ref. 13) we can, by transforming

to appropriate coordinates (i.e., allowing the mass matrix to become
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uﬁcoup!ed) and by forcing the damping matrix to be proportional to the
frequencies, not only achieve equal damping in each mode but also obtain a
damped dynamic system wi:h classical normal modes, thereby uncoupling the
equations of motion. In order t6 achieve the desired result we must obtain
equations of motion in the following form

IE+28 [wlé+lw*16=0 o (4.2)
where g = critical dampihg ratio. |
To achieve this from the current equation of motion,

Mg + 28Cq + kq = 0
first transform coordinates such thaf

q=of , o (4.3)

where ¢ is the matrix of eigenvalues normalized such that @TM¢ =1,
~ then MOE + 2BCOL + koE = 0

Now choose

| C=Me[w] o'n |

then MOE + 28Mo [ w ] @ MeE + kot = O

and premultiply by @T thereby obtaining Eq. 4.4 since @TM¢ = I and
3 ko = [ wz 1 from orthogonatity of normal‘modes.

1E+28 [w] b+ [wr1E=0 - (4.4)

k.4 Ground Input

The ground motion is input at the coordinate origin from the t-averaged
time histories obtained in Chapter 2. Since o is in units of length/time3
and the coordinate is in radians we must first convert to angular accelera-

tion (radian/timez); this can be done easily by dividing o by the wave

velocity C. Also, because the average translational time history is applied
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to the center of mass rather than the coordinate center, the ground motion
input for the y direction must be modified such that ycs =3 - ea/C as
shown in Fig. 4.2. |t must also be remembered that the equation of motion
has been premultiplied by'QT; therefore the.right hand side of the equation

of motion becomes

- mx
cs

T .
¢ -m
Vs
-J 6
cs
For any one case studied at least one of the three ground inputs is equal
to zero (i.e., one assumes a wave propagating as a plane wave in one of the

two principle directions; if it travels in the x direction ;cs =0, and if

it travels in the y direction Xeg = ¢ and Yes = 0).

4.5 Response Computation

Sincé the equations of'motion uncoup}é the response is computed using
the Z~-transform procedure described in Abpendix A. These responses are
then transformed back into the original cdordinates using the normalized
matrix of eigenvalues (Eq. 4.3). Response quantities similaf to those com-
puted for the superposition model (Chapfer 2) are computed for the coupled
model. However, since the system is no longerlsymmefric, the computatfons
must be made at four locations (positive and negative x edges and centers
of mass and stiffness) instead of only two {center and edge) as before.

The maximum reéponses plotted may arise from the maximum response froml
translational ground ﬁotion or the maxfmum response from rotational ground
motion; or it may arise from a combination of translation and rotation at

a point in time which may or may not be related to either of the individual

maximums. It should be noted that the maximum response arises from the
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vector sum of the individual maximums since cases studied include responses
in the X direction arising from ground motion in the X direction, responses
n the Y direction arising from ground motion in the Y direction, and
responses in the Y direction arising from ground motion in the @ direction.
It should be noted.that the responses computed and tabulated in
Chapter 5 were computed for a specific shear wave velocity, naﬁely 500 fps.
The edge responses arising from rotational motion is dependent on the_length
of the foundation and therefore on the wave velocity. However, the responses
computed for other shear wave velocities (1000 fps, 1500 fps, and 2000 fps)
were nearly identical to those responses presented in Chapter 5. This
similarity indicates that rotationally induced response at least at the
time of maximum overall response is not important relative to the

component of response arising from translation.
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FIGURE 4.1 COUPLED MOTION MODEL
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"FIGURE 4,2 GROUND INPUT FOR COUPLED MOTION MODEL
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5. DISCUSSION OF RESULTS: COUPLED MODEL

5;1 Introduction

The results presented in this chapter were obtained using a single
story three degree-of-freedom (2 translatioh, 1 ro;ation) mode | wfth one
axis of symmetry and allowance for some finite amount of eccentricity be-
tween centers of mass and stiffness as deve]bped in Chapter‘h. Because of
limitations in the studies that may be undertaken with the superposition

~model it was‘decided to Qo to the more complex model described in order to
investigate a number of parémeters. This model collapses onto the super-
position mode]l if one forces the eccentricity to zero; therefore, to compare
the results of the coupled mode! with those of the superposition model one
need only examine the coupled model results for zero eccentricity.

Thus the intent of this chapter is to study to some limited extent a
number of parameters believed to be important in assessing the translational
and torsional responses arising from.wéve passage by a structure.l These
parameters were the eccentricity between centers of mass énd stiffness as a
percent of the building dimension along the axis of symmetry, the ratio of
torsional to translational frequency for the structure, the aspect ratid Qf
the building (i.e., thé ratio of the horizontal dimehsions of the building),
and the ratio of stiffnesses in the two transiaticnal coﬁrdinate directions.
Also, discussion is included on the effect thaf coupling in the“model has

- on the results obtafned. Finally, comparisons are made between the results
obtained in this study and those obtained using current seismfc building

code procedures.
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Most of the data presented in this.chapter is in the form of tables.
Because of the complexity of the problem being studied one can appreciate
the difficultfes'in presenting the data in a rational and logical manner.
1There'are‘a multitude of ppssibly enlightening plots that may be made but
for the purposes of this discussion an attempt was made to present as few
plots as possible. It is hoped thaf thése plots along with the data avail-
able from the tables will permit the reader tb obtaiﬁ as much information
as he desires.

5.2 Model Parameters Studied

In order to keep calculations and costs to a manageable level, only
three basic frequencies (Fx =-£; kx/m,é 1, 3 and 5 Hz) were used in the
response calculations. These frequencies were selected because they fell
in the region of great interest from a structural point of view and as
indicated by the results‘of the superposition model. It was hoped that,
by.condensing the area of the spectrum stddied, sufficient interpretation
could be accomplished to bermit identification of important trends.

An attempt was made,'with relatively few computations, to cover a
: w}de range of possible structures. Rectangular structures with aspect
ratios ranging from 1/2 to 2 (b/h = aspect ratio, see Fig. 5.1), and
eccentricities ranging from 0% to 15% of the X dimension of the building
were studied. |In all cases, calculations were made assuming equal X and Y
‘;stiffnesses and then assuming that stiffnesses were proportional to building
dimension (i.e., for h/b = 2 ky/kx = 2). Calculations also were made for
- two ratios of torsional to translationaf f?equency; namely, unity and 1.414,

with the latter corresponding to a more realistic structure than the former

(see Ref. 10).
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In Table 5.1 are presented tﬁe model parameters for all of the models
studied and the corresponding simple.frequencies fof.the.various'coordinates
(fx = kx/m, fy = ky/m and fe = kelJ). Nﬁte that the frequencies.gfyen in
the table are the freqdencies for the casé with zero eccentricity. The
shifts in frequency (i.e., shifts in eigenvalues) that_arise'from coupling

of the Y and 0 cbordinates are dependenf.on the magnitude of the éccentfi-‘
' city‘in the mode!. An example of the shifts in efgenvalues arising from
coupling of Y and 8 in the characteristic eguation is giveh in Table 5.2
for one of the cases stgdied, Similar shifts occur for all cases with non-
zero eccenhtricity; however the degree of shift varies from case to case.

5.3 Eccentricity in Model

_ It generally Qou]d be expected that an eccentric building would have
higher response, at Ieast'on the peripﬁery; than would a symmetric building.
A summary of the maximum responses computed at the edge of thé building in
this study is presented in Tables 5.3 thrbugh 5.6. A review of the data
presented in these tab]esvwill reveal a surprising result. ‘lntuition
normally would imply that response listed for.én eccentricity of fS% would
be larger than that for an eccentricity of IO%,‘etc. The fact, over two-
thirds of the casesistudied do not follow this logical sequence. However,
as canbbe seen in Tables 5.3 through 5.6, the differences in response
magnitudes are génerally small. Approximately one-third of the calculations
at 1 and 5 Hz correspond to increasing response with‘ihcreasing eccentricify,
and for calculations at 3 Hz one-third of the cases lead to definite trends
(split equally between the two extreme caSeS: 15> 10 >5 >0 and

0>5>10 > 15).
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This situation, i.e., absence of_a logical trend, should not have been
unexpected, in light of the limifed studies made by Ayre (Ref. 12) wherein
he found that with only translational input the induced motion arising from
coupling of translation and rotation is more complex than for the symmetric
'(uncoupled) case. The current model Is much more complex than that of Ayre
since rotational! input has been addéd which Teads to additional translation
and rotation which may be in or out of phase With that arising from the
translational input. |llustration is made in Figs. 5.2 and 5.3 of the
nature of the results obtained at various eccentricities for the range of
frequencies studied. Irrespective of these problems there are real and
important trends that emerge from this type of study.

Although the results presented in Tables 5.3 through 5.6 are the
maximum responses at the positive X edge of the structure computed in the
time domain, i.e., the algebralc sum with respect to time, similar results
can be obtained from the maximum resﬁonses at the positive X edge computed
from the maximum individual Y and & components. The trends obtained and
observations made for the two methods of computing maximum response will
not be identical nor should they be expected to be. The responses com-
puted and combined as the sum of the maximums (as opposed to the maximum
.sum in the time domain) are given in Tables 5.7 through 5.10. It should be
ﬁoted that while there was no.exp!icit time phasing present in this data
the responses computed still arise from the coupléd ﬁotions. The maximum Y
response is both the Y arising‘from Y ground input and the Y arising from
rotational ground input combined in the time domain. Similarly, the maxi-

mum & response is both the 8 arising from Y ground input ahd the 0 arising
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from 8 ground input. Thus it should be obvious that, in a coupled model it
becomes very difficult to truly separate the components of response.

5.4 Frequency Ratio

The importance of the assumed ratio of torsional to translational
frequency on the combuted combined response at the edge of the building
was quite apparent in the results.of the superposition model. It was
expected, based on the superposition model, that a frequency fatio of unity
Qould lead to greater computed respénses than wbuld a larger frequéncy
ratio. Furthermore, it was expected thaf the larger the frequency ratio
assumed the smaller the computed response at the edge of the buillding. A
review of the data in Tables 5.3 through 5.10 reveals that in well over
half 6f the cases studied an assumed frequency ratio of unity leads to
the larger computed response. It willrbe nofed that thé difference in
magnitudes of the computed responses in those unexpected céses (where a
frequency ratio of unity yields less than maximum respopse) is not large;
therefore, the trend cbserved for the superposition model can be considered
generally valid,

5.5 Bullding Aspecf Ratio

As was noted in the derivation of the t-averaging procedure a building
wfth larger plan area can be expected to undergoc lower overall response
than would a smaller building subjected to the séme free-field input. An
examination of the data in Tables 5.3 through 5.10 will verify that in more
than two-thirds of the cases studied larger building plan areas lead to
Iowér response at the positive X edge of the building. This finding

suggests that torsion may not be as important as originally presumed.
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5.6 Stiffness Ratio

One would anticipate that a building with lower overall stiffness

would undergo larger total response and indeed, in over ninety percent

of the cases studied this is the case. Note that for all cases studied the
stiffness in the X direction changes only with frequency, that is, all ! Hz
models have the same X stiffness. The stiffness ratios ky/kx in Tables 5.3
through 5.10 refer to the ratio of stiffness in the Y direction to that in
the X direction; therefore, a stiffness ratio of 2 indicates greater overall
stiffness generally than a stiffness ratio of 1 and a stiffness ratio of

1/2 fndicates lower overall stiffness generally than a stiffness ratio of 1.
As was expected, largest response arises for a stiffness ratio of 172 and
.smallest response arises for a stiffness ratio of 2.

5.7 Coupling of Response

It should be apparent by this point that the coupling among the
various response components plays an important role in the determination of
computed total responses. Phasing of the ground inputs, coupling of the Y
and 68 coordinates, and stiffness variations in the model all contribute to
‘some degree of unpredictability in the results obtained.

As noted earlier, the response maximums are computed in two ways.
First, a summation of all components of motion is ﬁade in the time domain
and then the maximum edge response obtained. Alternately, the individual
response combonents (X, Y and e)lare domputed, maximum response values found
and these maximums combined absolutely without respect to time. The latter
approach leads to larger computed responses (approximatel? 30%_§n the average).
This difference in magnitude arises from differences in time phasing of the

response components, i.e., maximum translation and maximum rotation do not
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normaIIy occur simultaneously; however, in those caseé when they do, the
two approaches lead to the same results (Tables 5.11 througﬁ 5.14).

For example, if one conside.rs the résponSes arising from the Pacoima
Dam record for ten percent eccentricity, the algebraic summation oF Y and
6 with respect to time leads to a maximum response of 1.379 feet (Table 5.3),
the sum of absolute values of Y and 6 fesponses without respect to time leads
to a maximum response of 2.322 feet (Table 5.7), and the sum of responses
arising from Y and 6 individual ground motion, as discussed later, leads to‘
a maximum response of either 1.904 or 3.148 feet depending on whether the
responses are computed as the algebraic sum in the time domain or the sum
of absolute values 6f the Y and 6 components of motion.

This relatively widé range of possible maximum computed responses
arises in total from time phasing of both the ground motions and the Y and
6 responses.. Lowest maximum response is computed for the case when both
the phasing in ground motions and the phasing in the resulting response
components (i.e., 1.379 algebraic summation in time)Aare‘included in the
calculations. |If one allows bhasing‘of ground motions to be included in‘
calculations but ignores phasing of response components {i.e., 2.322 sum of
abso]ute values) a'larger maximum response will be computed. Still larger
computed maximuﬁ responses are obtained If neither.phasing of‘ground
motions nor phasing of response components is included (i.e., 3.148). |If
one includes phasing of response components but not phasing of Qround‘
motion a response will be computéd which is between the two extremes. The
relationship between the fwo intermediate responses is not uniform for all

cases studied. |t is hoped that these comparisons élearly indicate the
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importance of fime phasing of both ground motions and response components
on the responses computed. |

With recognition of the fact that coupling between Y and 6 motions
takes pléce, a brief study of the individual responses arising from each of
the two normally input ground motions (i.e., ¢ and at/2 as derived in
Chapter 2) was made. In other words, for any given time history used two
additional case studies were completed: in one case t generated Y ground
‘motion was input but & input was forced to zero, and in the other case 1
generated 0 ground motion was input but Y input was forced to zero. These
responses were compared to those obtained for simul taneous Y and & ground
inpqts. As can be seen in Fig. 5.4 thrpugh 5.7 the response arising from
0 input alone is of the same order of magnitude as the reéponse arising
from Y input alone. One also can see that fhe maximum response computed at
the positive X edge for either Y or 8 gfound input in some cases is as great
for only one of the ground Inputs as for both components.

5.8 Direction of Wave Propagation

Another consideration which influences any conclusions drawn about the
effect of.coordinate coupling on the overall response of a system is that
of direction of wave propagation. The majority of the cases studied con-

_ sider a wave propagating in the X direction and therefore exciting the Y
and & components of motion. However, if one considers a wave propagating
in the Y directjon all three components of motion are excited, X and @
directly and Y because of Y-6 coupling in the model. One would expect the
latter case {X, Y, and © response).to lead to greater response; however, in
most of the cases studied the opposite is true. As will be seen in Tables

5.3 through 5.10, the two responses from waves .propagating in the two
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directions are quite close for all four earthquake excitations. The
reasons for this tendency are not apparent.

5.9 Comparisons of Results for the Hollywood Storage Building

and P. E. Lot

Presented in Figs. 5.8 through 5.11 are the zero percent eccentricity

" responses computed for the south componént of the 1971 San Fernandb earth-
quake: for the Hollywood Storage Building and P. E; Lot records. In each
figure the dashed line represents the response computed for the building
basement record which, since it is located in the corner of the building,
includes both translational and rotational components of motion. One will
note that the responses computed using the T-average ground motions are the
same order of magnitude as those responses computed using.fhe building
basement record. |

5.10 fomparisons of Results with Building Code Procedures

One of the most interesting compérisons in a study of this type is
that with current building code procedures. A common approach used by
building codes (Refs. 22 through 2k) to include so-called accidental torsion
arising from numerous effects, fncluding ground rotation, is to compute
response from the free-field ground motion, to position the resulting
_inertial forée five percent of the building dimension away from the mass
center and compute additional response arising from the equivalent static
moment.  As shown in Tables 5.15 through 5.18 there is a great deal of |
scatter in the ratio.of current results from this study (from a summat ion
in the time»domain) to those from the above code procedure (using responses

with maximum computed without respect to time).
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It will be noted that two of the cases listed in the tables appear
c]early out of line with other results; it was fouhd that the ratio of
torsfanal to approprfate_translational frequency (fy) is less than unity

'whfch is unrealistic for actual buildingé._ More specifically one will
observe that whereas the ratios of Fe/Fx = 1,0 and 1.189 respecfively, since
the ratio of fy/fx = 1.414, one finds the.ratio of fe/fy to be either .707
or .841 respectively; in all other cases this ratip is greater than or equal
to 1. lgnoring these two cases, one finds that the results of this sfudy
are generally lower than code procedures {with a range of 22 to 131 per cent
_of'the code values with less than 10% falling above code values) and aver-
agé IeSs than 70%. With realization that accidental torsion is fntended to
“include several factors: irregularities in building plan; unforeseen differ-
ences in computed and actual values_of stiffness, yield strength, dead-load
masses, etc.; unfavorable distributions of live load masses; and non-unifon;m
ground motion, many of which have not been studied in this report; on the
basis of the limited study herein it appears that a five percent accidental

eccentricity code value is reasonable.
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TABLE 5.2 EIGENVALUES FOR COUPLED MOTIGN MODEL
FOR ONE CASE STUDIED ‘

H/B = 1/2, ky/kx'= 1, fe/fx = 1.414

PERCENT EIGENVALUES FOR COUPLED SYSTEM
ECCENTRICITY _ (frequencies in Hz)

] ] 1.414

989 . 1,447

10 .964 ] 1.536
15 .937 ] 1.664
0 ‘ 3 3 4,243

5 - 2.967 3 4.3

10 2.892 3 k.607
15 ' 2.811 3 4,993

0 5 5 7.071

5 b.945 5 7.235
10 L.820 5 7.679
15 4.685 5 8.322




80

‘1984 |00° ©1 Adeunooe Ajdwi 3jou sa0p siyl
¢sesodund sAajjededwod Joys sode|d jewidsp 994yl O UMOYS dJe sosuodsay :JLON

tzt* | ott | 9ot | got- | ossc | sist | oser | oner | ogzez | 1Lz | wiote | gl |

Lve | owLee Lougrs {ewts | ogens | Lo | 1gyt | oont | egsz | ssLtz | ws9tz | 95z €1

150" | 640" | sqo* | 10" | €Szv | 26zt | 95z | 6917 | 15571 | siu1 | e€sett | €ziti zl

690" | 660" | 1€t* f o1 | 64" | 664 | osze | egic | €€9°1 | oot | 6yt | 9921 ol

SHO* | 440" | H40* | Q€0 | Tl | HELT | ZELT | wult | lzye Hge " gey” 994" 6

(61 | zLts | ent | tete | e | sLze | cozt | e | 998t | 9g8 | i4gc | oog” L

o40° | z4o* | Ly0° | 150" | 4wz | 9gze | L1t | 691° | 9sei | Lzzet | wgit1 | gzitt 9

o1t | 991" | sgtc jogit | oeer | zog: | gzt | 691t | 9tzou. | zzot | igzet | 99771 y

gno* | zno* | Sswo* | 1s0° | o6z° | SLzv | 6lz* | 691 | 6iqc1 | 09ctt | €Lz | €2t €

€0 | €11 | zy1~ o1t | esyr | oger | oLz | 681t | ogytt | 6LE°1 | twzet | 99z°1 1
Jaqunpy 8se)

351 | %01 %S %0 | 251 | 201 %S %0 %51 %01 %S %0 | A319143u9003

T ZH € ZH | %y
. 1334 NI 3SN0OJS3Y

glL°0 =2 “Z0°0 = ¢ ‘1/6]1 A¥VYNYE3d 6 ‘]VNOHLYYI OANVYNY3Id NVS

‘391S ‘WVa VYWI0JVd ¥O0d IWIL NI ATIVI IVEE3DTY G3INTEW0J 3SNOJS3IY €°9 3749vl




81

geo* | 9c0° | wgo- | 1€0° | €60° | 901 | 1ot* | L6o* | 11€- | g6zc | 9wzt | <zt st
[%0" | 6£0° | g€0* | 6€0° | 101° | @it | Sttt | w1t | zost | seggc | z9zt | zize €1
120" | 0z0" | 810" | §lo* | 6/0° | 10" .| ogo* | 6L0* | z€z- | wzze | 91zt | 8t 4|
720° | §20° | Lzo* | 1zo* | 190" | 6S0°* | glo* | ggo* | +wlz- | sz | sLi | sl 0l
zlo® | 600" | 600" | goo* | gzo* | 9zo* | zzo* | €go- | ws1c | szt | suc | Lz 6
820" | Lzo® | 1zo* | 810" | oLo" | 690 | zlo* | g90° | 61t | gzit | s€it | oni- [
L10° | L10° | sto* | sto* | €90° | zLo* | LLo® | 6Loc | sei1 | z6tt | 161" | zs1° 9
Lzo* | Lzo* | 9zo* | tzo® | 090" | oLo* | 990 | ggo* | oni- | 6zit | €91 | st b
0zo* | gto* | L1o° | sto° | £Lo* | 690" | 6L0° | 6L0° | 612" | Lizw | S0zt | g8l ¢
720" | 920" | #zo* | tzo* | 9s0° | 190" | 890" | ggo* | €zzr | wLic | ewlt | sin” _
%51 | %01 %S %0 | 251 | %01 | 29 %0 %51 %01 %5 %0 | A319143ue903
CZH § zy ¢ zH %y
1334 NI S3ISNOdS3Y

80°0 =1 ‘20°0 = ¢ ‘g6l AINFG 1T “IAVYNOHIYYI ALNNOD NYIM
€369S ‘TOOHIS NTO0INIT L4VL ¥04 3IWIL NI ATIVIIVYE3I9TV GINIEGWOD 3ISNOISIY %' 378Vl




82

820"’ L EAN €20° leo* 980° 660° 060° g8g80° \rA% lee: g9¢" 3 A gl
620 | Lzo' | gzo' | szo* | z60* | 60" | €11 | weor | eger | wzser | rLoer | soe il
9¢0° 0€o’ g¢o’ e0” 260" 6Ll oct- oclt: (44N Hee: L ETA gle’ €l
600" 600° 600" 800" 190° %90° 990’ | L90° 09¢° one” 14’ LA cl
zto” | otor | zto® | wrov | 990" | 190° | 890" | oso* | iwz' | (lezr | elzt | €Ll Lt
L10° 220’ €20 441 9s0° £€90° 0L0° 0] 892’ 1 TA 9Lt* aglL” ]
010’ L00° 900° .moo. zeo” 0¢o0° 0£0° L£O® g9l oul” Lzt oyl”’ 6
910 | £10° | 910" | wio* | 950" | es0* | 650" | Zwor | swzr | Lwze | ez | wez 8
#€0"* T€0” STAVN 120° tol: q0l° ool- 880° £9t” g991° 691° g9t- L
800~ 600° 800° g800° qs0° 650° 990° L90° A qlz’ (4% 70T’ 9
clo° ¢lo’ £10° #i0° 750 990° gho* 090° 9L1° 061" H6l"* YA g
0£0° 620° L20° (44N A L30° 0go° golLe (41 gelL” LL gL’ y
800" 800° 600" 800° g90° 890" #90° L90° wee: Le g¢e” {0¢’ ¢
zlo* Zlo° Lo’ w10’ 650° 650° 090° 050° 6L’ 0T A rAX A el [4
(440 €20’ ¢e0° ¢¢o’ 9s0° 090° £{90° coL- 9t 8Ll1” LA agl” l

JaqunN 2se9

%51 | %01 %S %0 | 251 | 201 %S % | %St %01 %S 30 | A319143u9903
ZH § ZH ¢ ZH xm

91°'0 =21 ‘20°0 = 9 “TG6L. AINL 1z ‘PUVNOHLYYI ALNNOI NYI

1334 NI 3ISNOJSTY

€369S ‘T00HIS NTOINIT L4VL ¥O4 IWil NI ATIVIIVYEIDTV GINIGWOD ISNOLSIH  §°g 378Vl




83

gHo* 8¢0° oq0° JAYN gLl 440 901" ¢l AN #eh" 9tfy” LTy® 61
890" | 950" | L#0* | 9%0" | SEL* | 1€L° | 4wl® | 9zl° Lese 0€g” G64” Loy" gl
610° 9i0° S{0° yi0° 990" 650" €590’ 950" 0¢e” | 961" agl: [yl® A
€0 zeo0” gzo* gzo0* L90° £qo” gHo" 790" 7al” A4 gee LLy: 91
JdsqunN ese)
%51 %01 %S %0 %51 %01 %9 %0 %91 %01 %9 %0 A312143U9903
ZH § ZH ¢ ZH | X,

1334 NI 3ISNOJS3Y

Z1°0 =1 f70°0 = 9 ‘L/61 AYYNHE3Id 6 “INVNDHLYVYI OQNVYNY34 NVS

‘MO0OS ‘107 "3°d I9YHOLS QOOMATIOH ¥04 IWIL NI ATIVIIV¥E3IDTY Q3INIEWOD ISNOdS3¥ 97§ 318Vl




- 84

tgt* ogl” et gel” wel: 0i9° I8N 9¢th” [A A 1 4 g61°z | 950°¢ ql

LT U TAA JAYN 9l¢- 059" 128’ 795 €9y’ €hs° ¢ L25°¢€ 1962 19€°¢ £l

990° 690° 290’ 990" Oqy” L9y’ cler Ly A YA} el | L0S"1 Lof° 1 4!

qtct” eql-” 891° €atl” ¢99° €19 L0g” LTAA weo'Z | 09%°C | [€9°2 90L" 1 ol

190" 090° 990" 740" 99%* 3¢ £ge’ gl VA 1€L° Lz9° [A%°N 6

S0T* 1 QLL" | zal® | el | ooy | o€er | LSzt | zizt | wlott | oot | 066" L£6° L

690" S90° 690" g90° Qiy” £ge” 9lt” Lyz: AL AN 0¢H° 1 9¢H° | 1of° | 9

0iz’ g¢e’ yle: £91° 899" Lz9* | oty” wle: otz | ¢€lze 198°1 904" | :

TAN 990° %90° 990° 0£S" | 06E° Q¢” A T4 SIVAS| .q_m._ 9yt 1oy "1 £

octL” 6yl- gL €Sl 1€g° 99¢° VYN wlee oyl-¢ [AA A wl€°T | 90L°1 I
laquny ose)

%51 %01 %9 %0 %91 %01 %9 %0 %G1 %01 %9 %0 ‘A11o143u92073

zH g ZH ¢ ZH | *
1334 NI 3ISNOJS3Y
91°0 =2 ‘C0°0 = 9 ‘1/6] AYVNYE3Id 6 ‘IIVNOHLYYI OANYNY¥I4 NVS

‘391S ‘WYa YWI0JVd

404 VWIXYW 3LNT0SE9Y 40 WNS 3IHL SY Q3ANIEW0I ISNOJS3IY /"9 378Vl




85

040" h0° 040° 6£0° qLtL: el gel Izt: 06¢° z8¢" €67 99¢° St

slo* 650° zs0° 670" SN ASN gyl” 6hl” (44 oty” yze” 697" £l

TN LEA'N #Z0° 0zo° lot- 260" | 860" S60° 89¢ " oge” (A4 iz cl

1€0° | 8¢0° L€0" | oOf0" [A N 980° golL- AN Lhy” 619" AN CINA ol

qlo’ £10° glo’ 0l0° 090" £50° | Lno" gho° 19z° T4 LY ot 6

1€0° gzo0° €z0° 020" 080° £€Q0° 180" 9.0° gee” let: 61" 991" L

LTo* | yeo* £eo’ 0z0° %60° 660" 960° g60° Lt ene” £ qie 9

H0° | 6£0° qto” 0€0° 660° oLt 1 ol €Tl l6¢” 987" gce-’ 9l i

¢¢0” | 9¢0° £z0° 0¢o° L60° 680" 860" S60° L TASES B A A A T LAYA £

9¢0° geo” 9¢0° 0¢0° tot- £€60° ot | gzt° STAN noh° 6T gte’ l
JdaqunN ase)

%91 %01 %S %0 %41 %01 %9 %0 %91 %01 %S %0 A319143u9023

ZH g ZH ¢ ZH | xm
1334 NI 3ISNOJS3d

800 =1 ‘Z0°0 = ¢ ‘TS6L AT 1Z ‘IPIVNOHLYYI ALNNOI NYIA
€369S “00HIS NTOINIT L4Vl ¥O04 VWIXVW 3LNT0SAY 40 WNS 3FHL SV G3N1GW0D ISNOISIY §°§ 378Vl




86

0€0° | 620" | 820" | 820" | 9ll* | 1zi* | 6LL°| 9lt° Lih* gcy” Lze" 00¢ " sl
z€0" | 6£0° | 9¢0° | 90" | ozl* | 1zt | wzZlt | €Tt AT N Shi* Lig” £9¢- 1
650" | L#O* | 940" | 40" | SSU* | 1S1° | ¢/t | ol1’ 108" AL N LS€” gog" €l
€10° | zio® | zio* | z10" | Sgo0° | Sgo° | 680° | [go° CTA'N 1s¢* 962" gne” 4
910° | 0z0° | 0zo* | ozo* | zol*| 060° | lOt° | #60" 654" 9z¢” yge” zig: i
9z0°" | €€0° | 0¢0° | 8¢0" | 660° | ggo" | 60l | 141" 984" Lz gle: 957" 0l
Z10° | 600" | 600 | L0O* | S90° | 190" | #S0" | [%xO* geee Log: €ee” 961" 6

glo* | gto° | glo* | 9to° | tol- | 980° | 690" | #90° 76¢° z5€” 082" 092° 8

9€0° | €€0° | Lz0® | €zO* | SiL* | ®ZL® | LLL* | 101" gz 94T” e 702" L

€ro° | €to" | zie® | ziot | Ss60° | s60° | 260" | Lgo° yee | o6eze LT AT 9

Lzo® | #weo* | €20 | 0zo" | €o01° | o11° | 860" | w60° gee: lzg: THe " At g

oyo* | z#o* | g€0° 1 geo* | gzit | g€t | t€1° | iyl- Low | Leg€r 95z° 952" f

Z10® | €10 | zlo® | zio* | 680" | Sg80° | z60° | Lgo* VA% Lzg: glee gHe” £

020" | zzo* | zzo* | ozo* | €60° | 160" | 660° | #60° gee” 0€e” o¢e " zie: 4

1€0° | z€o* | €€o° | gzo" | gLi* ] so1 | ozi* | iyt 6€9* Liy* 0z¢® 952" l

JaqunpN ase)
%51 | %01 %S % | 251 | 301 %S %0 %51 %01 %S %0 | A312143ued03
ZH S ZH ¢ ZH "y
1334 N1 3ISNOJSIY
91°0 = 1 “20"0 = § ‘TS6L AINC 1T ‘IUVNOHLYYI ALNNOD Ny

“369S ‘TOOHIS NTOINIT L4VL Y04 YWIXYW 3LNT0S8Y 40 WNS 3IHL SY Q3INIEWOI 3ISNO4SIY 6°§ 314Vl




87

690" | 640" | g#o* | gxo* | €5t | €5t | oyi | gzl® YA z€5° 525° 10g* 61
60" 1 10" | 090" | 650" | zgl° | 8St" | Znl° | %€1° L6S" L49° cgge s 8l
t€o° | €z0° | zzo | zzo- | €g0° ! ogo" | 180" | 690" el | oo 692" YA L1
#h0° | zS0* | s€o' | €go0° | osi-| [go" | g90" | SLo° 882" L TA G/ 1€z° 9l

Lvn_E:Z mmmu

%51 %01 %9 %0 %51 %01 %S %0 %51 %01 %9 %0 A3 12143u9003
ZH § zZH € ZH | *

1334 NI 3ISNOJSTY
ZL'0 =1 “20°0 = ¢ ‘1/61 AYYNY¥E3d 6 ‘IIVNDHLYVYI OONVYNYI4 NYS
‘MOOS 107 *3°d 3I9VYOLS GOOMATIOH ¥04 YWIXYW 3JLN10SSY 40 WNS IHL SV GINI1EWO0D 3ISNO4SIY  01°§ 374Vl




88

ql 78 08 18 oL 78 08 6L 06 16 43 88 Sl
59 8L 99 99 L9 Sl 98 (8 €L 6L 06 96 £l
8L [4A €L 6L LS €9 Z8 89 06 S8 06 08 4!
LS 69 8L S8 ZL 18 64 69 (8 69 i8] L7A ol
€L €L oL 98 0€ 13 lh 8L 69 £9 0L Wl 6
96 L6 86 16 LA 48 6L 8 18 08 3] a8 L
LS 79 89 6L qs L9 19 89 L8 98 [A%] 08 9
89 €L 98 S8 69 84 L9 69 9 99 69 L7A Ui
%9 49 0L 6L 5S 1L 8L 89 £8 06 88 08 3
19 9L S8 S8 qs L9 3 69 69 65 A L 7A l
JaqunN ase)
%51 %01 %S %0 %91 %01 %9 %0 251 %01 29 %0 A112143U99503
ZH § ZH ¢ zH | Xy
91'0 =1 ‘20°0 = ¢ ‘lL6] AYVNYE3d 6

Q3IN1EW0I 3ISNOdSIY 40 3FIVINIJY3Id V SY 3IWIL NI

‘PYNOHLYYI OONYNY3I4 NVS “391S ‘WVYA YWI0IVd ¥O0J VWIXYW 3LNT0SEY 40 WAS 3IHL SV

AT7v31vd830TY QINIEW0T ISNOJSIY

t1°9 378Vl




89

56 Z8 48 08 1g |, 98 z8 18 08 8/ hg L8 gl
Z9 99 zL 08 st 98 8L nl ol Lg 18 6L €1
98 €8 st 9/ 6L 8/ Z8 €8 £€9 89 08 a8 4
8/ 99 vl 1L 09 69 1L 1 19 4] Ly L8 ol
8l 1 99 6/ 94 8 LS 69 6S 0$ 6S 8l 6
69 56 46 68 /8 £g 98 68 0§ 59 9L 88 L
59 69 L9 9L 89 €L 08 €8 z! LL 98 58 9
99 69 il i 19 69 85 Vi L€ Sy 1 ig y
06 89 ¥ 9L 08 LL 18 €8 89 9L €8 S8 ¢
9 | 89 | 99 L | ss | 99 | 19 1L 6¢ 8¢ s g _

Jdaquny ase)

%51 | %ol %5 %0 | %51 | %01 %S %0 %51 %01 %S %0 | A319143u9923

ZH § zZH € ZH | x*

80°0 =1 ‘Z0°0 = ¢ ‘g961 AL 12T

‘PIVNOHLYYI ALNNOD N¥3IN 369S ‘T00HIS NTOINIT LivL ¥0d VWIXYW 3107058V 40 WNS 3IHL SV
Q3IN19W0I 3ISNOJSIY 40 IDVLINIOY¥IA V SY IWIL NI ATTVIIVYE3IDTV QINIEW0D 3SNO4SIY  ZL°9 374Vl




20

s6 €g g | L nl 8 st 9L ZL €L 28 18 St
26 oL LL 69 LL (g 16 9L 6L 6L st €8 #1
09 %9 29 €L 65 6L oL VA <9 Vi Vi 1 €1
ol L 9L 69 | 1L st €L LL 19 oL 18 28 4|
LL (4] 19 0l 99 89 89 £9 %S 0L 29 99 Ll
89 L9 8L 6L 95 65 79 €l ss Ly 9 zL ol
08 6L 99 89 64 64 ss 6L 1S Ly Hs z!L 6
88 96 €6 98 1 69 $8 L8 29 oL 88 98 8
96 L6 26 16 88 S8 98 L8 8s 89 9L 43 L
LS 89 69 69 LS 9 ¥ LL 19 nl 8 28 9
y 8y 19 0l €5 0§ 64 €5 €S 85 LS 95 g
st 69 (L 6L 95 €9 Z9 €L €€ Ly 69 L s
99 19 £/ 69 €l 89 0L LL €9 L9 €8 4 ¢
9 ss 5S 0l 79 79 09 €S LS 19 oL 95 z
Vi ! L9 6L Ly LS 95 €L L€ L€ Sy zL 1
Jdoquny ase)
21 %01 29 %0 251 %01 | 29 %0 21 %01 %5 %0 | A312143us003
ZH S zH € ZH | *

91°0 =1 ‘20°0 = 9 ‘ZS61 ANF 12

‘IMVNDHLEYI ALNNOJ NYIM “369S “T00HIS NTOONIT LdVL ¥O4 YWIXVW 3LN70S8Y 40 WNS IHL SV
G3N18W0D 3ISNOJSIY 40 3IVINIIYIL V SV IWIL NI ATTVIIVYE3ISTV G3IN18W0D ISNOJSIY €179 379Vl




91

(g} £L | €8 | £L | wL | o8 | 9L | 88 L6 €6 58 58 61
L} 6L | 8 | 8 | wL | €8 | 8 | S6 68 28 "6 88 8l
09 | 89 | 69 | 9 | L9 | wL | S9 | 99 1L 08 69 L9 L1
el | 19 | oL | oL ] osw | oos | e | o €5 | oL 65 Lt 9l
JaqunN ase)
%51 201 %4 %0 %51 zol 25 20 24l 201 %5 %0 | A319143ue003
ZH g ZH € ZH | xw

Z1°0 =1 °20°0 = ¢ ‘LL6I
‘MO0S ‘107 "3°d 39VHOLS QOOMATIOH ¥04 YWIXYW 3LN70S8Y 40 WNS 3IHL SY
Q3IN1GW0D ISNOJSIY 40 IIVLINIOYWId ¥V SY IWIL Ni ATIvIIV¥E3IDTY QINIEGW0I ISNO4SIY  Hl°S 374Vl

AYYNYE934 6 ‘INVNOHLYVYI OONYNYIS NVS




92

6¢ €5 05 29 19 LTA 1L €8 69 L7A 08 68 st

ne 6S Ly 0t Iy | LS 99 L8 8 95 rd ool €l

T4 0¢ 87 4 L 9 46 ol 99 0L L S8 Al

r43 6 1S 66 gh 6S 6¢ 701 95 €S h L8 ol

69 68 89 7 9 5 zL szl €9 t9 S8 oLl 6

182 762 052 6£z | gl A 19 051 611 9zl 751 681 L

97 L€ 8¢ 9% S8 otL | 86 zZlil €8 98 68 €6 9

LL L6 42l St 8 69 Z6 4 LS 09 L9 01 y

zz %4 43 h 89 8l 96 Lol Vi LL Z8 68 €

6¢ 1S ol | 901 8t 79 S zit 9 0S o 46 l
loqunN ase)

%51 %01 %S %0 | %61 %01 %5 %0 %51 %01 %S %0 | A319143u9303

zZH § zZH ¢ ZH | *

PIVNOHLYYI OONYNYId NVS ‘391S ‘WYQ YWIOIVd HO4 ALIDIYLINIDI3Z

91°0 =1 ‘20°0 =9 ‘I/6l AYVNYEId 6

TVIN3IQIJIY %9 V WOYd ONISIYY INIWOW JI1LVLS OGNV NOILOW ONNOY¥D Q7314-33¥4 HLIM
31NdWOJ 3ISNOJS3Y 40 3IDVINIIYIL ¥V SV IWIL Ni ATIVIIVYEIDTY A3INIEW0I ISNO4SIW  G1°S 378Vl




93

<9 19 69 9l 28 9L LL 98 €9 L9 €L z6 gl
9% Ly LS 98 €9 79 69 88 9 s <9 9L €l
3 09 19 A 19 0L €L 16 99 LS oL g6 Cl
7S UL 99 L6 4] 1S 99 16 6¢ 119 g¢ Z8 ot
Lol 001 zol LEL £9 99" ql Lt 65 8h 09 86 6
(444 98¢ vl 262 1€1 gsl 981 XA/ Y €9 €8 ZLl L
£9 89 €L U] 6L 18 68 66 7l 6/ 6 €01 9
68 96 26 wil 1L 9L LL 901 €¢ Iy 89 96 i
79 89 59 (8 8L K74 6L g6 19 oL 6L 66 €
€S 29 89 soL | wm | LS €9 | 86 L€ o€ o 68 L

JaqunN ase)

%59l | %01 %9 - %0 24l %01 %9 %0 291 %01 %59 %0 A312141U9093
ZH § zH € zH "y

TYLINIQIIJV %S V WOYd INISIYY INIWOW JilVLS ANV NOILOW ANNOYD Q1314-33¥4 HLIM

80°0 =1 ‘20°0 =9 ‘ZS6L AINC 1T
‘PUYNOHLYYI ALNNOI N¥IM ‘369S ‘TOOHIS NIOONIT L14VL ¥0d ALIJ1¥INIII3

G3LNdWOJ 3ISNOJSIY 40 ITYLINIIY3L V SY IWIL NI ATIVIIVYHE3IDTVY QINIEW0D ISNOJSIY 91°§ I8Vl




94

9% &Y 9% 4] 19 1L 89 LL 99 [44 08 L6 al
Ly 6¢ 0S 89 LS 79 LL 6L 99 69 A qll 7l
s¢ 9¢ &y 0oL 6 s9 | 56 8 hs 09 8. €l
€z 92 L€ Ly 9 €9 69 LL 29 €9 8L 901 4l
T4 14 ye 69 Ly 9% 9 ss 9¢ LS 89 98 L
6 o% 19 Lol 8¢ 9 0s | Lol 6¢ 86 gt L8 ol
68 SL 0L €8 €L 9L 48 7zl $9 49 L9 8ol 6
ol | 991 €61 9z | $6 el ] 8sl | LSI st 56 44\ €Ll 8
slz | egg tze | €s¢ 061 ¢z | 692 462 19 28 01 0t L
8¢ 14 oy Sy 89 99 4l %8 8L 88 zol 91l 9
I €q 1S LL L9 0L 1 19 89 1L 48 L6 S
96 Aol 66 gLl a8 g6 46 14 13 £y vl zol Y
T4 9z 13 £y 99 €9 99 08 TH 0L 88 Ll €
L He L€ €/ 64 LS 09 | 8S z5 29 s/ 16 z
64 95 29 601 € 95 €9 St r43 L€ o 46 l

daquny ase)

%G1 %01 %S %0 | 251 %01 %G %0 %51 %01 29 %0 | A31o143us0d3
Zh S TG ZH "y

TYLINIQIJIVY %29 ¥V WOYd INISIYY LNIWOW J1LVLS ANV NOILOW ONNOYD Q7314-33¥d HLIM

91'0 =1 ‘20°0 = ¢ ‘TS6L ANC 12
“PIVADHLYYI ALNNOD NY3IM “369S “TOOHIS NTOINIT L4VL 04 ALIJIHLNIIIZ

@3LNdWOI 3SNOJSIY 40 FDVLINIOYId V SY IWIL NI ATTYIIVHE3DTY QINIGWOI ISNOJSTY  L1°S 318Vl




95

55 95 L9 st Ls oL s/ 66 99 69 zl "8 61
h 99 29 €Q 9% €9 Ll 001 8% 19 79 68 8l
13 Iy g 99 99 29 144 et 69 £9 99 Ll A
Ly (4 L not | € 8¢ 4 96 9 0§ 8h £g 91
loquny ose)
3651 | 201 %5 % | %51 | 201 %S 20 %51 %01 %5 %0 | A119143u8093
zH § zH € ZH "y

ZI0 =1 “Z0"0 = ¢ “[/6] A¥YNYE93d 6 “INVNOHLYUVI

OONVNY34 NYS ‘MOOS ‘L07 "3°d 39VHOLS QOOMATIOH Y04 AL1J1¥LN3III3
TVINIA 12DV %G V WO¥4 BNISIYY INIWOW J1LVLS ANV NOILOW ONNOYI Q71314-33d4 HLIM

@31NdWOJ ISNOJSIY 40 IDVINIOYIJ V SY IWIL NI ATIVIIVHEIDTY GINIEW0I 3SNOISTY gL°5 318Vl




96

of] CM
h 7Edge F\ - Edge*
A ]
I
!
Vy

FIGURE 5.1 LOCATION OF RESPONSES COMPUTED
FOR THE COUPLED MOTION MODEL
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FIGURE 5.2 RESPONSE OF COUPLED MOT!ON MODEL, TAFT LINCOLN SCHOOL, S69E,
KERN COUNTY EARTHQUAKE, 21 JULY 1952, SPECTRUM COMPUTED USING
2.0 PERCENT CRITICAL DAMPING, r = 0.16, H/g = 1, ky/kx =1, fe/fx = |
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FIGURE 5.3 RESPONSE OF COMBINED MOTION MODEL, TAFT LINCOLN SCHOOL, S69E,
, KERN COUNTY EARTHQUAKE, 21 JULY 1952,
SPECTRUM COMPUTED USING 2.0 PERCENT CRITICAL DAMPING,
T=0.16, H/g = 1, k k=1, f/f = 1414
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FIGURE 5.4 RESPONSE OF COMBINED MOTION MODEL TO INDIVIDUAL GROUND
COMPONENT, PACOIMA DAM, SI6E, SAN FERNANDO EARTHQUAKE,
9 FEBRUARY 13971, SPECTRUM COMPUTED USING 2.0 PERCENT
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FIGURE 5.5 RESPONSE OF COMBINED MOTION MODEL TO INDIVIDUAL GROUND
COMPONENTS, TAFT LINCOLN SCHOOL, S69E, KERN COUNTY EARTHQUAKE,
21 JULY 1952, SPECTRUM COMPUTED USING 2.0 PERCENT CRITICAL
DAMPING, T = 0.08, H/B =1, ky/kx =1, fe/fx =]
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FIGURE 5.6 RESPONSE OF COMBINED MOTION MODEL TO INDIVIDUAL GROUND
COMPONENTS, TAFT LINCOLN SCHOOL, S69E, KERN COUNTY EARTHQUAKE,
21 JULY 1952, SPECTRUM COMPUTED USING 2.0 PERCENT CRITICAL
DAMPING, v = 0.16, H/B =], ky/kx =1, fe/fx = 1
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FIGURE 5.7 RESPONSE OF COMBINED MOTION MODEL TO INDIVIDUAL GROUND
COMPONENTS, HOLLYWOOD STORAGE P.E. LOT, SOOW, SAN FERNANDO
EARTHQUAKE, 9 FEBRUARY 1971, SPECTRUM COMPUTED USING
2.0 PERCENT CRITICAL DAMPING, T = 0.12, H/B = 1/4,
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FIGURE 5.8 RESPONSE OF COMBINED MOTION MODEL, HOLLYWOOD STORAGE
BUILDING BASEMENT AND P.E. LOT, SOOW, SAN FERNANDO EARTHQUAKE,
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FIGURE 5.9 RESPONSE OF COMBINED MOTION MODEL, HOLLYWOOD STORAGE
BUILDING BASEMENT AND P.E. LOT, S00W., SAN FERNANDO EARTHQUAKE,
9 FEBRUARY 1971, SPECTRUM COMPUTED USING 2.0 PERCENT CRITICAL

DAMPING, v = 0.12, ky/kx 1, fe/fx = 1.4
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FIGURE 5.10 RESPONSE OF COMBINED MOTION MODEL, HOLLYWOOD STORAGE
BUILDING BASEMENT AND P.E. LOT, SOOW, SAN FERNANDO EARTHQUAKE,
9 FEBRUARY 1971, SPECTRUM COMPUTED USING 2.0 PERCENT CRITICAL
DAMPING, T = 0.12, ky/kx = 1/4, fe/fx = |
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FIGURE 5.11 RESPONSE OF COMBINED MOTION MODEL, HOLLYWOOD STORAGE

BUILDING BASEMENT AND P.E. LOT, SOOW, SAN FERNANDO EARTHQUAKE,

9 FEBRUARY 1971, SPECTRUM COMPUTED USING 2.0 PERCENT CRITICAL
DAMPING, T = 0.12, ky/kx = 1/4, feffx = 1.414
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6. FINDINGS AND RECOMMENDATIONS

Introductory Remarks

The following is a short summary of the principte findings based on

the results of the foregoing studies. Several assumptions have been made

throughout the study which warrant additional consideration

6.2

Only systematic motions over the base are taken into account.
The true motions are in large part random, and therefore cause
much Jower torsional responses, but about the same translatiopal
reduction.

Only horizontaily propagated plane waves with vertical wave
fronts of motion are considered. Since only part of the motions
in an earthquake is of this type; the torsional responses may well
be exaggerated, but the translational reductions are not greatly
affected.

Only rigid foundation systems are considered. This assumption
tends to exaggerate both the induced torsional responses and the
translational reductions computed.

Summary of Findings: Superposition Model

Briefly, the conclusions to be drawn from the resuits of the super-

position model are as follows:

Translational averaging leads to significant response reductions
depending on T (i.e., width/wave velocity) when compared to
response computed from free-field records, at frequencies above

1 Hz with little change in response for lower frequencies.
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8 The response arising from rotation induced from a traveling wave
passing by é foundation is most important at frequencies above
1 Hz.

° For a torsional to translational frequency ratio of unity the
reductions arising from translation are largely offset by induced
rotational response and in sohe cases the computed cpmbined_
response actualiy exceeds the computed free-field response.

° The use of frequency ratids greater than unity more c]ose]y simu-
fates real buiidings and leads to response in the regions of
greatest interest which is less than that observed for a frequency
ratio of unity, i.e., the amplifications noted above diminish,

6.3 Summary of Findings: Coupled Model

In general, the coupling of translational and rotational response leads
to increased scatter in the computed responsés obtained and less certainty
in the types of trends noted for the superposition model. Briefly, the
followfng observations can be made.

e The coupling of Y and 0 coordinates no longer allows the separation

of translational and rotational effects noted previously.

° Throughouf the frequency range under'study (1-5 Hz) and for the
various other parameters investigated (building size, frequency
ratio, and stiffness ratio) there was no clear dominant trend of
translational or rotational effects.

® Although the trend is not as clear cut as for the superposition
model, it was observed that an increase in torsional to trans-
lational frequency ratio (fe/fx or Fe/fy) generally leads to

lower computed edge responses.



109

* There is a trend toward the behavior that would be expected with
respect to eccentricities; however, coupling of translational and
torsional responses and phasing between Y and 8 ground motions do
not allow exact predictions of response.

° The results of the study clearly suggest thaf symmetry is desir-
able if possible. In such cases it is easier to predict the
motions and they are in general more uniform throughout the
structure.

° As a result of the various approaches for computing effects
involving phasing of ground motion and/or phasing of response
components (Tables 5.11 through 5.14), one observes that the
techniques involving summation of maxima without respect to time
in all cases studied gave motions that were larger than if they
were summed with respect to time. This observation suggests that
the code approaches (i.e., no allowance for time phasing) are of
a conservative type.

6.4 Comparisons with Building Code Procedures

For the most part the results obtained in this study fall (averaging
thirty percent) Below those computed using a five percent accidental
eccentricity approach; however, there is a great deal of scatter in the
data ranging from an 80 percent reduction to a 3] percent increase of
response computed over the building code approach.

It should be noted that the code approach intent is to include acciden-
tal torsion from all sources, of which ground rotation is only one item.

As stated previously, based on the results of this study the 5 percent code

value for accidental eccentricity appears reasonable.



110

6.5 Closing Remarks

This study has been an attempt to present a reasonable and systematic
method for determining explicitly the ground motion effects including both
translational averaging and induced rotation on a stiff structure of some
size. It should be noted that these studies were restricted to motions in
the horizontal plane. |f one were to qongider vertical motions additional
factors which should be considered include: (a) bearing pressures;

(b) Vift-off; and, (ﬁ) need to define approximate shape function for vertical
deformations. |If the behavior becomes nonlinear the computation effort
would become considerably greater than that presented herein.

In closing, the results{of this study clearly indicate the need for
instrumentation aimed at obtaining a more detailed picture of the trans-
lation and rotation experienced by a building undergoing earthquake

excitation,
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APPENDIX A. Z-TRANSFORM METHOD

This procedure is a recursive relationship (Eq. A.2) in the time
domain for the elastic response of a single-degree-of-freedom oscillator
to arbitrary base motion. Stagner and Hart (Ref. 18) solved the following
differential equation of motion for a single-degree-of-freedom oscillater
subjected to ground motion,

%) + 280 X(£) + u %x(t) = - a(t) (A.1)
where B is the critical damping ratio, w is the undamped natural frequency
of the oscillator and a(t) is the ground acceleration. From this they
derive the standard continuous Laplace transform S-plane representation of
the ground motion -- oscillator displacement response relationship, and
express this Laplace S-plane representation in terms of an equivalent
sampled function Z-plane frequency representation. Then recognizing the
parallelism between the Z-plane bilinear transform and finite difference
operators Stagner and Hart derived the following recursive relation in the

time domain for computing oscillator response,

x(3) = K278y (a(j) +2a(j = 1) +a(j - 2) +
B By .
+ Eu-x(J - 1)+ §"'X(J - 2)}
0 0
where
K] = tan (mnAt/Z)/mn
K, = tan (wnAt/Z)
B, = 1+ 28k, + kb
B, =2 (ki - 1)
B, =1 - 26k, + kg



112

At = sampling rate (i.e., spacing of acceleration data points in the
time domain)
Calculations using this précedure give results that are very close to those
obtained using other numerical integration techniques; howevef, use of the

Z-transform method normally provides a substantial computational savings.
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