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INTRODUCTION

In June, 1932, Dr. Maurice M. Biot, of the California
Institute of Technology. presented a paper at the National Applied
Mechanics Meeting entitled "Calculation of the Stresses Occering in a
Building during Barthquekes." This paper follows. On the assumption
that a building behaves as an elastic system, he arrives at an
expression for the motion due to an arbitrary horizontal motion applied
at the base. The Recording Shaking Teble, Fig. 1., brain-child of
Bpofessor R. R. Martel, offered a means of carrying out Dr. Biot's

prediction for model bents. This Thesis is the summary of this work.



A very important correction in Dr. Biot's paper:

"K" is the force necessary to displacé two consecutive floors unit

horizontal distance relative to each other.

K
= , NOT
‘J Kh, ‘
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THE RECORDING SHAKING TABLE

Fig. 1., is a photograph of Professor R. R. Martel's Recording
Shaking Table, at the California Institute of Technology. The "earthquake"
is applied at the base of the bent by means of a "quake stick." The Quake
stick is drawn thru a rigid holder, on a level with the base of the bent,
One edge of the quake-stick is cut to an irrégular earthquake curve, and
bears against a roller attached to the base of the bent. The bent is

forced against the stick by stiff spring supports from underneath.

The absolute motion of the “ground" and of the upper floors is
recorded on tapes perforated by electric sparks. A constant-speed motor
and rollers draws the tapes thru the bent between the points of spark
gaps attached to the floors. The record is a closely spaced series of
perforations, which may be traced cut in pencil. The different floor
records are synchronized by applying the spark before the "quake" is

started.



METEOD OF CALCULATION

The problem is to take a record of ground motion, and from
this predict, by Dr. Biot's method, the displacement of the upper
floors relative to the base. The check on this prediction is the

actual upper floor records obtained.

Figure 2., shows the calculation of the constants for the

six-story bent.

For a given bent of say, six stories, the relative defledtion
of any floor at any instant T during the earthquake will be given

by the sum of six terms of the form

30JC2; BK cos XK% ‘Z.'TI'\/K F(\/ls)

Here 3«. i. , 'BK ,>\\ﬂ ’g, AND ‘/K are constants

of the bent and earthquake, and r(‘/n>is

e ) “&U szl MY*KC: () sw 2wt &\“Y

[

The five harmonic terms are all negligible, usually, so that
the first term is all that need be calculated. By calculating this
term at intervals during the earthquake, a curve of maximum possible
deflections is obtained, and from this the highest possible stresses

may be calculated.

Expression (\) , Pig. 2., gives the displacement

o



at any instent during the quake, at any point along the height of

the building ( defined by jg ) for the fundamental mode. The

quantity under the radical has a definite value for any instant

during the earthquake, and is obtained from the areas of the curves

shown at the bottom of Fig. 3.

From the table of B 's, page ({ , it can be seen that the

calculation for the fundamental frequency is usually the only one

that need be made. In the case of this bent, for example,

while

and

B,= 0110

B,= —00210, B =000334 , ANy 33:—0.000‘1(2. .

-
In obtaining the values of X)) ens v AT\

<

g(:(t) stw 2w ot At

L)

0

up to any instant, the principle

of the mechanical harmonic analyzer is used. Cosine and sine curves

of frequency Yo are drawn at 1. and 2. , Fig. 3. Ground motion ordi-

nates are plotted horizontally from the corresponding points on

the cosine and sine curves, taking signs into account. The area on

the cosine curve up to a given point, divided by 2wv,, is

T

.(ZJS)S‘N 2nvt At

—

follows:

for that point, and similarly for 2.

Calculations for point A-A, Fig. 3., for example, were as

Flanimeter value for 1. up to A-A:

for 2.

N

-, 8%
+0.%7



)(\.%)‘+ (37)° = 2.9

Multiplying this by 1.11 , the planimeter constant, to reduce the
reading to square inches; dividing by 1.5 because the cosine and
sine curves were laid out with half amplitudes of 1.5 inches
instead of unity, for convenience; and dividing by 2WVe from

the principle of the harmonic analyzer,

Lo .94
. 2w

Uy ,St¥TH Fe, = COS(\-SZ'O)"&O‘?. 2.07

= cos(9) - 420207

= Lq("

\ .
Wo  FourtH Fe. = C€a§ (\-3?.'3) q20°2.07

= 936 (41
t.19"

)

Uy , 2Ny . Fr . = cos(i-BZ'%>“clzo '2.0?
= asalq
- (‘4.’3“












APPENDIX 1.

GETTING THE \ VALUE

The principle of the Mechanical Harmonic Analyzer is very
satisfactorily set forth in the following paper: "Design and Construction
of an Harmonic Analyzer," Thesis, Jessie W. M. Du Mond, 1916, California

Institute of Technology.
-

To get the value of GR) st 2n,t it

]

at any time T, the ground motion (5@) ordinates are plotted horizontally
out from corresponding C0S 2TV, curve points. The area inclosed by

these two curves up to the point T, divided by 2w \, , according th

the principle of the harmonic analyzer, is the required value. If the
half amplitudes of the harmonic curves have been made other then unity,
the areas are affected in direct proportion.

If the ground displacement ordinate at any point is positive,
and the harmonic curve is ascending, the increment in area is positive.

If the ground displacement is positive and the harmonic curve
is descending, the increment in area is negative.

If the ground displacement is negative, and the harmonic curve
is ascending, the increment in area is negative.

If the ground displacement is negative and the harmonic curve

is descending, the increment in area is positive.




APPEKRDIX 2.

BIOT VS. ONE-TENTH G

If the profile curve of a bent during an earthquake, as
predicted by Dr. Biot's method of anelysis, has the same SHAPE as that
obtained by assuming a constant horizontal acceleration of some fraction
of g, then we need not concern ourselves furthur with that difficult method,
except in so far as it might lead us to altering the value of the fraction

of g we are using.

The following curves compare the shape of the profile of the
bents obtained by the two methods, for points taken at random during an
earthquake. The order of Magnitude of the accelerations that the guake
stick produces is much greater than one-tenth g, as was found after
calculating the displacements of the bent for this acceleration, and
comparing with the records actually obtained with the machine. Hence, in
the following graphs, the curves by Dr. Biot's method and the curves
by the constant acceleration method have been multiplied by a constent,
so that they coincide at the top. This is legitimate for SHAPE

considerations.
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AFPENDIX 3

METHOD OF GETTING WORKING CURVES FROM ORIGINAL RECORDS

It was found not satisfactory to attempt plotting directly

from the ground motion tape to the harmonic analyzing curves.

Enlarging the tape records with & pantograph was found not

satisfactory.

The method finally used was to trace the tape perforations
out in pencil, the tape beimg 1aid.on a glass with & light shining wp
from underneath, and then to project these tapes with a magic lantern
(grateful acknowledgement to William Beard, Instructor in Technology and
Government, and genius in things mechanical) onto a working sheet, on
which it was possible to trace them out fairly qiickly at the proper

enlargement.

An enlargement of five diameters was used, and to guard against
either verticel or horizontal foreshorténing, each tape was blocked in,
this block enlarged five times with the dividers, and drawn at the desired
place on the work-sheet. Then adjustment of the lantern was made so that

the block imege just hit this block already drswn on the work-sgheet.



AFFESNDIX 4

THE “WESR FORMULA"

A recogniéed method of designing earthquake—resistant buildings
is to provide resistance to ; horizontal acceleration of some
fraction of g, the accelefation due to gravity. This value is arrived at
by observing standing and overturned block-like structures in a region
just visited by & destructive earthquake. The dimensions of the
structures substituted in the “West Formula" give a probable upper value

for the maghitude of the horizontal acceleration.

The West formula mey he derived as follows: In Fig. &.,

suppose the monument with center of gravity C. G. as shown is given a

T T

Fie. %

horizontal acceleration "a"% to the right, by the ground. If this
acceleration is of a certain critical amount, the block will be on the

verge of rotating in a counter-clockwise direction about A. The free



body diagram for the bleck will be as shown in Fig.ts.

(8]
e
ng'
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Fe.0.

From the principles of Kinetics, with translation occiring, and rotation

not occuring:

ZE. F:‘;: )Ef « = ff

:EE in =Q = F; - VA/' F; = \W .

El\«c.e."‘O: F.\'\"'f;.b =_§qh - Wb

from which we have the West formula:

a = !;73 )
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APPENDIX 5

EXFERIMENTAL DETESMINATION OF THE "K's'

The stiffnesses of the different bent arrangements were
desermined by applying a horizontal force at the top with a pulley

and weights, and measuring the resulting deflection at the top.

|

019" 0.8 | 008" |
3100 R .
W= = 3.80 _Glee o 9'1.00
e | R=oms ™ 33 W= ey =
l2ET

The velues of K obtained using the expression

W ’
estimating E, and calculating I from the dimensions of the steel, were

found to be quite far from the experimental.



AFPPENDIX 6

DETERMINATION OF SPEED OF TAPE

To get the time scale of the curves, & tape was run thru the
machine for seven minutes, and the length between beginning and ending’

sparks measured. The resulting calibration was

1% = 0.356 sec.

The error in observing the time might have been two seconds
at both ends, and the tape measurement might have been off a tenth of
a foot in the hundred feet, because of the spark record being over an

inch long, so that the possible error is about

& 100 + wo = 1.0

760 100



APPENDIX 7

DETERMINATION OF NATURAL FREE PERIODS OF BENTS

By wedging the bent at different points a variety of bents

can be obtained. A bent has as many natural free periods as it has

floars. There are three methods of getting these periods:

Bent No. 1.

1st.

<nd.

3rd.

(1) Tape record

(2) Equations of Kinetics, knowing the constants of

the bent

(3) Approximately, from Dr. Biot's equations

SBT3 —_

Kz%.soT;

method: Period = 0.\40 SEc -

method:
Simple harmonic motion,

Period = H = =n = 2T §'573

o ‘K 32212340
-

method: cannot be used.

= 0.124 séc -



Bent No. 2.

o
T, e —
m, 57‘5/& Uy

= 3.30
m,. S73

1st. method: Fundamental period = 0Q.240 s&c.

First harmonic = 0.089 séc.

end. method:

Restoring force & displacement, so S. H. M.,

2
and acceleration = Wy W S wt .

For rhaximum displacement

mowtw, = K (wamw)
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APPEXDIX 8
PERIODS OF ACTUAL BUILDINGS

In Japan, the fundamental periods of actual buildings have
been determined experimentally by attaching a cable to the top of the
building, pulling it over & little with a powerful wench, and suddenly
releasing the cable. Professor Martel is thinking of putting large,

variable speed motors, with eccentric whights on the shafts, in actusl

buildings.

APPENDIX 9
CASH REGISTER TAPE

The reéording tape used on the machine is National Cash
Register, Size C paper. It comes in rolls, is 1.2% wide, costs four
cents per roll, is sold in wrapped cylinders of ten rolls for forty

cents, and may be bought at any National Cash Register Store.





