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ABSTRACT

A comprehensive structural-dynamic research program involving fifteen
existing school buildings in Californis has recently been completed after
two years of work. The buildings are of one, two, and three-story con-
struction and of various materials and cambinations of materials, including
wood, reinforced concrete, masonry, and steel. The research efforts in-
cluded the calculation of the dynamic properties from the drawings, forced
vibration of the buildings, reconciliation of the periods and damping
coefficients obtained, and the electric analog response to four complete
earthquake records. The elastic spectral responses obtained with the analog
were reconclled by the reserve energy technique with provision for inelastic
behavior, damping, energy dissipetion, and period changes under large deforma-
tionse.

The work of this investigation provides new information on spectral
data in the short period range as well as on the probable behavior of low,
rigld structures under California earthquakes. The results of the compre-
hensive investigation and report are summarized briefly in this paper.

INTRODUCTION

The tremd in architecture toward more glass and less inherent structural
strength has raised many pertinent questions concerning the usual static
nmethods used in designing low buildings. The California State Division of
Architecture, after a few school buildings experienced partial damage from-
the Kern County shocks of July 1952 and the San Francisco March 1957 shock,
felt that a random sampling of public school buildings should be analyzed
by modern procedures and employing modern field measuring devices as well
as be subjected to simulated sarthquake motion, The general objective of
the program was to evaluate to the greatest possible extent the effeéctive~
ness, adequacy, and econamy of Californiats public school earthquake-
registant design requirements which must meet the minimum requirements of
Title 21, California Administrative Code.

@) Pregident, John A, Blume & Associates Research Division, 612 Howard
Street, San Francisco, California, U.S.A.

(2) Research Director, Schoolhouse Section, Division of Architecture,
State of California, Sacramento, California, U.S.A.
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This paper presents a synopsis of the results of continuocus effort over
the past two years by the John 4, Blume & Associates Research Division.
This work is covered in a 300-page report entitled "A Structural Dynamic
Investigation of Fifteen School Buildings Subject to Simulated hquake.
Motion" by John A. Blume, Roland L. Sharpe, and Eric Elsesser.(l) The high-
lights of the complete report are presented herein,

Fifteen typical California school buildings were carefully selected for
analysis, the properties of which are listed in Table 1. The buildings
were individually investigated for answers to the mumerous questions posed
in the program objectives. The general question, of course, was how would
these buildings react to various earthquakes in the light of current know-
ledge? The following procedure was established for the investigations:

First, an initial calculation of mass, spring factors (stiffnesses),
and natural periods was made for each building.

Second, data was taken at the building sites fo record the response
of natural snd/or forced vibrations.

Third, +the buildings were converted to warious equivalent dynamic
gystems using the building seismic weights, stiffnesses and
damping values. These systems were subjected to four
recorded earthquakes on an electric anslog apparatus in
order to obtain the range of elastic response to be expected.

Fourth, a review of the differences between calculated and measured
ratural periods provided same insight into the structural
dynamic behavior and indicated changes necessary for more
reliable calculations of stiffnesses and periods from the
design drawings.

Fifth, the elastic amalog shears were reconciled with the much
lower Title 21 design coefficlents by exploring the in-
elastic behavior range and the energy capacity of the
buildings.

ASSTMPTIONS FOR NATURAL PERIOD CALCULATIONS

The problems of analysis of low structures are campounded by the fact
that they are not as easily represented by an equivalent mathematical,
electrical, or mechanical system as are tall structures. As the number of
stories or masses in a multi-mass structure inereases the pogsible error
inherent in any system chosen as equivalent, is proportionately reduced so
that for the tall building the discrepancy between actual and equivalent
systems diminishes; however, this is not necessarily true for low buildings
which are very complex structures in the dynsmic sense. Generally two uses
have been made of building periods: (1) in a comparative manner to give a
rough indication of the relative rigidity and mass of a structure with
respect to other structures, and (2) to predict seismic foreces fram ac-
celeration and velocity-period spectra. Neither use requires an exact
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determination of period since the resulting spectral accelerations used for
design are not sensitive to small variations of period., For example, a
variation of natural period in either direction by 20% will produce only a
5% change in the corresponding acceleration on the "standard spectrum"
described later in the report.

The practical problem of estimating natural periods of actual buildings
required same short cuts and generalizations which fallow: (a) The total
seismic weights were concentrated at the horizontal diaphragms; (b) The
bending and shear deflection (per story) for each major structural element
were calculated; (c) The basic material moduli E and G were initially
considered as constant for deflection caleulations regardless of variations
of element proportions, quality of construction, age of construction and
applied load; (d) The natural period was described by the cambined canti-

lever-shear system,
=0.27 H%O * L} L] * L] * L] L) . (1)

and (e) The soil flexibility was found to influence only the transverse build=~
ing period (short direction) by an amount which varies with the proportions

of the building and the soil type (a long, nmarrow building and a soil with
low bearing value, such as moist clay, produces the greatest lengthening of
the natural period. This range of period increase varied fram 5% to 20%.).

The ealculation of natural periods, as outlined above, was based upon
assumed elastic behavior. When -and if the response passes into the inelastic
range, as it might be expected to do during an earthquake, the periods will
change unless the system is purely elasto-plastic. Exact calculation of
inelastic-range periods is not always feasible; however, an estimate of the
change of periods, and structursl behavior in gener?%, 851 be made by energy
methods as discussed in the paper om Reserve Energy .

F RECORDING OF BUILD RATTONS

Field vibration recordings were made of the school buildings with
several types of recording instruments. The vibration records were later
analyzed in detail to determine and isdlate the natural building periods,
the damping characteristics and the relative responses at various periods.
The recorded vibrations were by wind and/or forced vibration with a shaking
machine. It was found as expected, that prevailing winds at the building
sites did not exeite the low rigid buildings sufficiently to enable the
recording instruments to pick up the small amplitude vibrations. On two
occasions when there was sufficient wind to produce measurable amplitudes,
however, the records were so confused with extraneous high frequency
vibrations as to render them impossible to interpret. Therefore, the only
reliasble means of recording natural periods and obtaining data was to
vibrate the buildings with a "shaking machine". The machine used was
modified to have s maximum output of about 5,000 lbs. at a top speed of
1,200 RPM, Tt is the property of the U. S. Coast and Geodetic Survey,
Seismological Division.
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The vibrator was always positioned on the ground floor of one-story
buildings and in the two and three-story buildings it was located on the
floor immediately below the roof. It would have been informative to have
positioned the vibrator on the roof of several bulldings in order to have
achieved larger amplitude vibrations; however, it was not practical to hold
the machine in position in existing and occupied buildings without damaging
the roofing. In several schools it was not possible to position the vibrator
to induce lengitudinal building motion nor in the most ideal (dynamic)
locations, Figure 1 indicates typical vibrator installations and the pre-
cautions necessary to hold the machine in place during a sbaking test. In
general, it was difficult to vibrate such rigid buildings without causing
damage to the finished surfaces,

Several types of recording devices were employed which imcluded vibra-
tion meters, a Sanborn Recording Oscillograph, a Brush Recording Oscillograph,
and two Sprengnether Portable Seismographs.

The vibration records, samples of which are shown in Figure 2, were
analyzed by scsling the trace periods, reading the amplitudes with a micro-
scope for each component of each vibrator run, and then plotting normalized
amplitude versus period for all significant records, Sample of a normalized
curve is given in Figure 3,

ELECTRIC ANALOG ANALYSIS

Another phase of the investigation consisted of subjecting the buildings
to four simulated earthquakes taken from four actual edrthquake records,
This was done by means of an electric analog located at the Dominion Physical
Laboratories, Lower Hutt, New Zealand, These particular earthquake records
were selected from accelerograms recorded by the U, S. Coast and Geodetic
Survey because they represent complete records of strong seismic motlon
which has produced damage to structures, Table 2 lists the characteristics
of the earthquakes used in this series, The analog used is described in a
paper by Murphy, Bycroft and Harrison (u’).

SUMMARY OF PZRIOD CALCULATTONS

The elastic stiffresses and fundamental periods of the school buildings
were calculated using the assumptions previocusly mentioned, Two basic foune
dation conditions were used for each building, The first assumed the btuild-
ing to be founded on a rigid, non-yielding foundation material, and the
second assumed & flexible foundation material on which the bullding was per-
mitted to rotate. The latter approximates actusl conditions for many build-
ings, Table 3 summarizes the comparison of calculated and measured periods.

The calculated low-amplitude periods listed on Table 3 for all of the
bulldings investigated ranged from a low of 0,02 seconds for a rigid one-
story tuilding to a high of 0,20 seconds for a flexible one-story duildinge.
This is & relatively narrow range considering the radically different
structural systems investigated. This indicates that perhaps only a genersl-
ized period value is needed for a particular type of construction, ome which
falls within an acceptable range of values, It is interesting to note that
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this maximum range of period values occurs with the one-story buildings, and
does not include the three-story building which would have been expected to
have the longest natural period of all the buildings investigated. It is
the two extremes of the structural types involved, rigid conerete block and
flexible steel rigid freme which account for the extremes of calculated

periods.

In buildings the none-structural elements (plaster, partitioms,
glass, etc.) provide a substantial part of the total caloulated lateral
stiffness. (See Table 4.} This tabulation indicates for flexible structures,
such as Building 3, that all of the building elements will participate in
resisting earthquake forcese Their commecticns to the building frame should
therefore be properly and carefully detailed. The elements could be made
"floating®, i.e., so the frame could deflect without severely stressing the
partitions and glass. Or if desired, the partitions could be designed to
resist a certain amount of lateral force such as that caused by moderate
earthquakes or wind., Obviously, the non-structural items would not parti-
cipate to a great extent in rigid buildings such as those at Buildings 5 or

L ]

The method used to calculate the natural periods, produced reasonable
results that are within the range of measured periods. (See Table 3.) It
is felt, therefore, that the assumptions made are valid and the method
used can be applied to low buildings in general, even though a particular
structural type In question may not have been investigated for the reporte.
Several of the important rroblems in the adequate calculstion of a period
are: (1) selection of an appropriate modulus of elasticity and modulus of
rigidity for defl?c*):ion; (2§pevaluation of foundation rocking and selection
of & soil modulus'7); and (3) selection of an equivalent mathematical model.

A very simple method of estimating the period of typieal California
school buildings was also developed and is shown in Table 5. This is con-
sidered adequate for design purposes.

STRUCTURAL DAMPING

From the normalized forced vibration resonance curves selected, resvuant
peaks corresponding to the building periods were replctted to larger scales
without normalizing the amplitude, (see Figure 4 and Figure 5) thus making
it possible to caleulate damping values, The method used, which is ap-
proximate, simply requires a knowledge of the ordinates of the resonant
envelope curve. The damping, in terms of percent of critical, was cal=~
culated by this method and is summarized in Teble 6 for those buildings for
which adequate records were available.

OG_SHEAR VALUXS FOR S TED EARTEOU.

Figure 6 indicates the maximum values of analog acceleration for one,
two and three-story buildings subjected to the four simulated earthquakes
with demping as a parameter. The results for a single-mass system under
El Centro 1940 (i-S), are shown in Figure 7 and under Clympia 1949 in

Figure 8.
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Fran inspection of Figure 9 the following trends for elastic response
of one-story buildings are observed: ,

(1) There is a general increase in acceleration values corresponding %o a
lengthening of period within the period range investigated (0.03 to
0.25 for all damping values and for all four ear‘bhquakes).

(2) The elastic anmalog accelerations are many times greater for one-story
buildings for the four earthquakes investigited than the Title 21
coefficient of 0.13% g.

(3) The more rigid buildings (concrete and masonry construction) fall into
the very short period range while the more flexible (wood or -steel
frame) fall into the longer period range; consequently, the rigid
buildings experienced lower accelerations than did those of flexible
construction. This is a phencmenon of the short~period building
elastic response to the four earthquakes which is in contrast to taller
buildings (having periods grester than 0.25 seconds) which experience
the opposite pattern of behavior; namely, lower accelerations for
more flexible construction.

Other investigators(6) using different equiprment have also obtained
elastic accelerations for a one-mass oscillator, spectrum curves for n = 2%
and 20% for the El Centro 1940 earthquake and have been ploted for camparison
with this anslog in Figure 10. The two sets of spectral accelerations are
in good agreement.

The trends to be observed fram the 2 and 3 story analog data are, in
genseral, similar to those for single-story buildings; however, two additional
points are noted:

(1) The progression of acceleration values with change of period is more
chaotic, depending more upon building gecmetry, the relative distribution
of stiffness and weight between the stories, and the characteristics of
the particular earthquake,

(2) The measured base accelerations of the two and three-story buildings,
although somewhat erratic, appear to be slightly leas than for the one-
story bulldings; however, the acceleration of the top story in multi-
story bulldings is greater than for the single story bulldings.

It was noted fram the various plots for both single and multi-mass
systems that the acceleration values would not be significantly changed by
any period errors, even of appreciable magnitude. Moreover, any increase
in the damping values, which may (or may not) be possible with greater
amplitude of motion would not appreciably decrease the acceleratiom values.

It is obviocus that a strength safety factor alone can not accomt for
the great difference between elastic design values and elastic anslog acceler—
atlons for these four earthquaked, Greater earthquskes than these can occur,
which fact further increases the problem, However, current design coef-
ficients do not necessarily have to be increased. A better approach is to
investigate energy demands with both elastic and inelastic considerations.
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This was done for six of tSJe bslildings in the research program with the
Reserve Energy technique ) (3), Pigure 11 presents a plot of this
technique for Bullding No. 2.

SUMMARY AND CONCILUSIONS

The results of this research into the structural dynamie behavior of
California School Buildings when subjected to simulated earthquake motion
are many and varied. Because of the apparent unrelated nature of some of
the work found necessary to pursue the subject, the summary and conclusioms
are divided into categories and are presented irn part from the originsl
report. Although the conclusions have been derived from work om low, rigid
school buildings, they could be spplied in general and with few reservations
to other low, rigid bullding construction in earthquake areas.

A, Nat P s of V

(1) School buildings in general possess relatively short natural
periods of vibration, thet is, below 0.25 seconds. The range
of measured natural periods at small amplitudes, varied from
0.05 seconds for the extremely rigid one~story mesonry or concrete
buildings tested in this work to 0.17 seconds for the one~story
wood frame buildings. The two and three-story building funda-
mental mode periods were all below 0.15 seconds.

(2) The numerous and variable complexities involved in the calculation
of Pacourate® natural periods of low buildings, and the relatively
smgll variation in the building periods reported herein, indicate
that school building periods can be adequately and simply estimated
by multiplying the mmber of stories by factors which vary with
the type of construction. (See Tahle 5).

(3) The laterial period of a building element such as a long, narrow
roof system may be longer than that of the structure as a whole
and tend to dominate the response to an earthquake.

(4) A variation, in the accuracy of a building period, of as much as
20% for example, is relatively unimportant when the period is used
to evaluate respomse from an acceleration spectrum.

8. Regarding the Field Vibratiop Tegts

(1) The forced wvibration field work generally produced natural periods
(see A-l above) and damping walues applicable to and valid for
the small-amplitude range of bebavior. Slight increases in both
periods and damping would be expected during actual seismic motion
in the elastic range; greater lengthening of period would be
expected in the inelastic response to severe ground movements.

(2) It was found impractical to measure reliable natural periods of
these rigid buildings by other meens than forced vibration, Wind
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or traffic as disturbing forees did not prodtice a sufficient
range or intensity of motion. Push or pull tests were not
feasible because of possible damage to finishes.

Correlation between calculated and measured periods was generslly
good and was better for wood frame buildings than for rigid
concrete buildings. Variations in the material and soil constants,
and in the Yelastic® modulus over the range of loading account in
large measure for the discrepancies.

The damping velnes obtained from the rescnance curves for the
small-amplitude range vary from 1.9 to 12.4% of critical. The
average of eighteen determinations was 5.6%.

the og Regults stic A tion)

1)

(2)

(3)

(4)

(5)

(&)

The equivalent seismic shears produced by the electric analog froam
four actual earthquakes records describe the "elastic" building
behavior in the very short period range and provide a basis for
estimating the inelastic behavior, knowledge of which is essential
in order to provide econamical aseismic resistance for several
types of school buildings.

The school building periods are shorter than the peask values on
earthquake spectra, Thus the response acceleration falls between
thet of the ground and that of the spectral peak, with the longer
building periods and lengthening building periods (due to yield
or damage) approaching the high walues,

The seismic shears (30% g to 70% g) resulting from the Telastic®
exposure to the earthquake records are several times in excess
of specified elastic code coefficients for the seme buildings,

Generally, the elastic acceleration response of the more rigid
school buildings is less by as much as one-half than the cor-
responding response for flexible school construction.

Damping plays an important part in determining the accelerations
except at the very short period range. large values of assumed
demping (10% to 20%) produce lower spectral accelerations at a
%:lven period than do small values of damping (2% to 5%); however,
2) the value of damping has a minor influence on acceleration
in the shorter period ranges (below 0.06 ssconds) where the
buildings are responding almost directly to the ground motion,
regardless of damping, and (b) the spectrel response does not
decrease directly with damping. Damping alone does not reconcile
current practice and the seismic risk.

Rastic deflections which were calculated fram analog shears for
the El Centro 1940 earthquaks (v = 5%) are cuite small, ranging
fram 0.04 to 0433 inches for all types of school buildings, and
serve only as a relative indication of the behavior to be expected
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during an earthquake if the building remsins elastic. The
buildings can only remain elastic if so strong and rigid as to
develop adequate energy without cracking or yielding.

(7) Soil compliance may affect the response in two basic ways: by
lengthening the natural period and by dissipating some of the
seismic energy. The former has been evaluated but the latter
has note It is believed that any tendency toward less response
(from energy “feed~back™) would be (a) relatively minor, and (b)
would be compensated in general by the fact that the building
periods calculated tend to be short (in the low-amplitude phase
of elastic response) and on the ascending side of the spectral
peake

D. Regarding School Buildings as Currently Desismed and Comstructed

The fallowing conclusions are based upon the intensive study of
fifteen buildings in the program. Although there is a wide wvariation
in the types of California school buildings, those selected are
considered as typical examples and, as a group, to provide a reasonable
basis for generalization, except as may be otherwise noted.

(1) School buildings as actually constructed have lateral elastic
strength values, especially in walls, greater than the require-
nents of Title 21. The amomnt of this "excess" value was found
to be quite variable betweern buildings. For the thirteen types
considered the total "static" value, at code allowsble unit
stresses, ranged from 0.16 g to 1.40 g« The wall disposition
and the basic layout together with minjmum practical wall thick-
nesses are principel factors in the amount of resistance,

(2) 1In spite of the Mexcess" value noted in D (1) above, three of
the buildings investigated would be stressed beyond the yield
point under the assumption of elastiec response if subjected to
the 1940 Kl Centro earthquake as recorded 30 miles from its
epicenter.

(3) Except for the very strong and rigid concrete or masonry school
buildings without appreciable glass areas, action within the
elastic range can not be depended upon for resistance to a major
earthquake. The more flexible structures must react in the
inelastic range and deflect apprecisbly to develop adeguate
energy absorbing capacity. Although there may be some residual
deflection and/or cracking such can be considered as an economic
method of resistance, considering the probabilities, provided
care is taken to prevent injury from local damage.

(4) The uvltimate reserve energy capacity of the six bulldings so
analyzed, appears to vary from barely adequate to 36 times
required resistance for the El Centro "standard" spectrume This
energy value is considered a better indication of true resist-
ance than "static" design value.
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The apparent real resistance of all but the very strong and rigid
school buildings is not necessarily proportional to the "elastic"
design resistance or coefficlents. It is possible %o have two
different buildings, even of similar materials, each designed to
Title 21, with vastly different wltimate "static™ resistance and
also ultimate dynamic resistance to major earthquakes. The
principal parameters are the mumber and extent of walls including
the openings together with the provisions for reserve ductility,
strength, and structural integrity.

The more flexible type school construction such as with
"eantilevered® millions, glass walls, lightly braced framing and
long narrow diaphragms even though passing Title 21 requirements,
is more vulnerable to damage of both a structural and non~
structural nature than the more rigid comstruction. (This is

the reverse of tall building phenomena and should not be confused
with same. Refer to Figure 9.)

Typical school buildings, unlike teller buildings with longer
natural periods of vibration, are improved in seismic resistance
with greater rigidity as well as strength; conversely, as a

result of damage from earthquake motion, their lengthening pericds
advance into the more critical range of spectral exposure rather
than the less critical as is the case far buildings of longer
initisl periods,

Elements such as roof and floor diaphragms should be kept rigid,
their transverse natural periods should be well below 0.15 seconds,
or be especially designed for dynamic responses Long, narrow
diaphragms tend to have periods that "tune" in to the most

critical part of the earthqueke spectrum. Not only are such
elements subject to damage, but their reactions affect adjoining
rarts such as wall supportse.

"Non-structural® elements were found to provide initisl resistance
to latersl deflection the contribution of which ranged fram 0%
to 96% of total initial resistance in the various buildings
considered. Depernding upon the severity of ground motion and
the building resistance required, such weak elements attempt to
provide the resistance and usually must erack, yield or other-
wise "fail® to allow the structural walls and/or framing to per—
form as intended. All elements, the breaksge of which would be
dangerous or costly, such as glass walls and partitions, should
be carefully detailed so as not to resist the movement, i.e., %o
allow the structure to deflect as necessary.

1) The exposure to sarthquekes in California is such as to suggest

the 1940 E1 Centro record "standardized" shown on Figure 9 as a
loglcal goel for school building resistance. Since this was
recorded 30 miles fram the epicenter and a great many California
schocls are closer than 30 miles to active faults, the suggestion
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carmot be considered conservative. The probability of shocks
like El Centro 1940 or greater have been estimated as 63 times
in 200 years somewhere in Califormia, and 2.? S,imes in 200
years at any specific locality in Californis 6 .

Some damage and yield should be expected in resisting severe
earthquakes centered fairly close to the epicenter, except for
very rigid and strong construction of low period and having a
generous area of structural walls in both directions,

Although the 1940 E1 Centro earthquake as recorded was more severe
than the other three considered, for the range of periods involved
in the school buildings, the other earthquakes were only slightly
less critical or severe,

Regarding the Cost of Earthquake Resistance

The difference between school construction .costs for minimum good
construction practice and for code aseismic resistance generally
amounts to no more than 1% of the total building cost, Building
code requirements for vertical and wind loads together with the
geometric properties often cause a low school building to have
such lateral load capacity that the cost of meeting code earth-
quake requirements is negligible,
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T = Natural periocd, seconds, transverse
K - Stiffness, pounds per inch

W - Weight, pounds

n - Percent of critical damping

E - Modulus of elasticity pounds per square inch
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G - Modulus of rigidity pounds per square inch
RC ~ Reinforced concrete
DS « Disgonsl sheathing

L - Longitudinal
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{(a) North Elevation (v) Vidrator in Position for
Longitudinal Shaking

(¢) South Elevation (d) Vibrator in Position for
Transverse Shaking

BUILDING NO. 2
FIG. |
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ACGELERATION OF GRAVITY

J. 4. Blume and J. F. Meehan
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Table
Comparisen of Calsulated and Measured Periods
Iransverse —ongitudinal
Schoeel  Caloulated Calculated Measured -
igid Flex, Measured Rigid Flex. Measured Roof
Fdn, Fin®  Pericd Fdn, Fdn,* Period  (As a Beam)
(Sec) {(Sec) (Sec) + (Sec) (Sec)
i S5 1% +102 L0594 054 -—
z 38 L0861 2089 128 ,128 118
3 o085 106 - 202 202 —
“’“’ tlgl .182 - .190 .200 L
3 LB 055 066 050 .053 - .095%
] «023  ,05¢ .052 024 033 -— .1002
? L0685 061 100 077 L08L 076 .25°
8 95 101 1540 2066 067 -
4 e R T .150 077 L081 o102
10 o077 4095 120 L100 ,103 <095 .250°
.250°
n Cm im 0090 .094 -131 0126
12 072 090 « 089 2004 133 126
13 072 097 087 094 148 o113
14
(Stage 1) — - ik
- » .16 ®
g: g.lﬁﬁ «035 «108(1) .oug _osg .:]{gg(;)
027 032 - $036 L0l .128(?)
%5
Stage 1),080 ,098 . —
{ = zg‘m 105 . ;g 126 ]5; -%68 0315
{ * 3).095 337 i s ° -108 -19
#1175 .179 »150 1432
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Teble L

“Nonstructural® Stiffness As a Percentage of Total

School Transverse Longitudinal
1 18% 33¢
2 of 264
3 96% 91%
b 25% 244
5 0,14 0.2%
6 0% 0%
7 Second Story 7635 0%
First Story 4,5% 2,8%
8 Second Story L,o% 0%
First Story 1.7% of
9 Second Story 1,6% %
First Story 1.6% of
10 Third Story 3.6% 10,7%
Second Story 3.3% 10.7%
First Story 0.9% 2.17%
1, 12, 13 0% %
14 0% 0%
15 23% 0%
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Table 5

Propored Determination of Natural Periods
of Low Buildings

Qne=Story School Suildings

Type * Period T

Concrete Shear Wall 0,05 seconds
Masonry Shsar Wall ' 0,05 seconds
Wood Shear Wall 0,10 seconds
Cantilevered Wood Mullions 0,12 seconds
Rigid Steel Frame 0,15 seconds

Iwo and Thres-Story School Buildings, Transverse Direction

Type * Period T

Concrete Shear Wall 0,05 x N seconds
Masonry Shear Wall 0,05 x N seconds
Concrete Frame 0,07 x N secords

Where ¥ & number of stories

Three-St Sch Buildings gitudinal Direction
Iype * : Period T
A1l construction 0.4 x N seconds

* In the directiocn under consideration,
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Table 6

Percentage of Critical Viscous D

From Recorded Resonance Qurves

Sehool Transverse Direction Longitudinal Direction
ngu Of llgﬂ Of
n  Vibrator Force n Vibrator Force
@ Resonant T - 8 Resonant T
L] 2.9 o177 - -
2 - 22 3.2, U,.5 13
3 - - ] -
u - - - L)
5 L,7 408 - -
6 343 .82 - -
7 840 08 6.8 002
8 12,4 0L - 202
9 7070 9.“’ «02 - .Ol&
10 7.9 01 7.6 Nul
11 - - 8.4 91
12 7.6 1,78 - 91
13 8.6 1.9% - «81
1w
(Stage 1) - 30 - -
(stage 2) - 237 - 52
(Stage 3) - «28 1.9 -
15
(Stage 1) 1,9 1.26 4,2 30
(Stage 2) - 1.14 312 059
(Stage 3) - - ’ 4'2 015
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Table

EBiastic Lateral Building Deflections Corresponding to Analog Shears
From 31 Centro (N-S) Earthouake of May 18, 1940

Schoal Transverse Direction Longitudinal Direction
“E"m n = 5% n = 10%

A* Fg A* g A* %g aA*  %g

1 067" L7 057" Lo +050% 47 040" 38
2 JOB7R L3 ouo 37 .088" 46 084" Lk
3 2075% 4o 063" 41 <3287 53 3m" 57
il «269% 55 ,228¢ 50 .R22% 53 ,334m 55
5 - - 020" 34 - - L0L3" 34
6 - - J011% 33 - - L004" 30
7 Second Floor ,078" 45 ,074" 42 J63% 123 ,162% 122
First Floor O™ 35 043" 34 «035" 57 .035" 56

& Second Floor = - Jl59" 48 - - JOl2" 58
First Floor - - 102" 41 - -  J030™ 48

9 Second Floor = - o196% 53 - - 076" 39
First Floor - - Jl39% 42 - -  L055" 33
10 Third Floor 144" 46 ,139" L4 223" 57 ,089" 40
Second Floor ,L127" 42 123" 43 .102" 53 074" 39
First Floor ,086" 138 ,084" 37 037" 4k ,027% 33
11, 12, 13 JOUg® 4L oy 37 WJ12e 51 .106" kg
14 (Stage 3) - ~ J004" 30 - - .007" 30
15 (Stage 3) JOU3% 49 ok2" 48 179" 58 154" 50

* Total Building Deflection about Foundation
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of Buildir

Takle 8

Analog Acceleration Corresgonding to Measured
ying o ngs Subjected to & Simulated Earthaonakes

School Comp. Pericd Measured Analog Base
(Sec) Damping Acceleration % g
n _Earthquake (a)

I 11 II v
1 T o102 2.9 45 50 Lo 22
L OW Lo o - - -
2 T 0089 - o - 3 -
L 118 4,0 50 53 37 28
L 0 202% - - - - -
"& T 0182* s - - - L.
L 2 200% - - - - -
5 T 2066 4.7 34 28 31 23
L 2U53* - - - - -
6 T 2052 3.3 32 29 31 22
L +033* - - - - -
L » 076 6.8 57 33 37 19
8 T 140 124 40 37 30 22
L « 067* - - - - -
9 T 150 9.0 iy L3 39 27
L .102 Lo Ll L - -
10 T »120 79 38 32 30 23
L 2095 7.6 38 32 29 22
11, 12, 1 T «090 8.2 39 32 30 22
’ g L <126 8. 150 4b 33 26
"14% (Completed T £032% - -~ - - - -
(Completed) 2 o 1.9 28 20 30 22
15 {(Completed T «117* - - - = -
5 ated) L .150 4,2 68 63 5 32

*  Calculated values.
See Table 2 for identificatiom,

(a) Barthquake:
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