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Preface

Inasnmuch as there are a numnher of senarate
studies included in this vaper, it has “een difficult
to organlze the results into a well unified renort.
dowever, the material contrined herein can e divided
into three main divisions; first, the descriptions
of two theoretical analyses, and their anblication
to the Bank of Ameriea “uilding, San Jose, Californis,
degecribed in Chapters I to VI; second, the tests made
using a shaking table to produce transient vibratinns,
described in Chapters VII to X; 2nd third, the tests of
sluple bents subjected to established simple harannic
ground mntions, descrited in Chapter YI. Al11 of the
work nust be considered to be of theoretical lunortance
only, in that many simnlifications are made, and the
apnlication of the resultes to design of earthquake -
reglatant structures 18 a rather remote nossibility.
However, 1t 1e felt that the results are interesting
in the 1light of vibrational theory, and that the work
has some ilaportance in illustrating the nature and
effectes of vibrations sinllar to the earthquakes tn
whleh structures are often subjected.

Sincere appreciation 1s hereby exnressed 1o
Prof. R. R. iartel for his interest and many vsluable

suggestions. Grateful acknowledgement 18 also nade to



¥r. Paul ¥artzke, who assgisted in the early stages
of the work, and to !r. Le Van Criffis who gave valuable

aid in carrying out a number of the tests.
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Chapter I

The “estergasrd Analysils

This analyeis of the motion of tall bulldings
under the influence of an earthquake shock is presented
in an article by Prof. 4. !I. Westergaard, in the Tngineering
News=-Record of November 30, 1933, under the title,

Farthquake-Shock Transmission in Tall RBuildings.

The ideal building considered is one which
has unifora weight and stiffness throughout the height
of the buillding. ioreover, the deformation considered is
that due to shear only. Thus the bullding may be con-
gldered as a vertlical beam in which deformation in shear
only is considered. Since the actual bullding deforns
primarily in shear (that is, with horizontal disnlacement
of one floor relative to another, producing flexure in
the columns), and only to a very small extent in bending,
producing lengthening and shortening of the columns,
the assumption that the building deforms only in eghear
is Justifiable. It is further assumed that the building
and its loading are sufficliently symmetrical to produce
little or no tendency to rotate.

Prof. Testergaard polnts out that an apnrox-
lmate analysis derived on the assumption that deformation
18 due entirely to shear does not apnly in csse the shock

1e 20 sudden that stresses will rise and fall during



the short time that it takes for a wave of deformation
to travel through one or two stories. Hnwever, the
sgore significant earthquakes develop less rapldly.

The dynamlcs of shear deformation 1s sgiuple,
and the eguations of motion have the same form as those
of a water hammer, or of longitudinal sound waves in
a rod. The horizontal nmotion of the ground may be
resolved into two components marallel to the two sets of
vertical frames. The shock then travele as a shear
wave froan the ground to the top of the building, is
then reflected downward, travels to the ground, and is
again reflected unward.

The mathematical nresentation of the theory
ia as follows:

The following notatlion is used:

ot
1"

tine.

]
1}

vertical distance, nositive upwnrd.

g
)

norizontal deflection, function of x and t,
positive toward the right.

horizontal shear at noint x.

(2]
(1]

kK = totai§t1ffness of the columns.
w = welght of the bullding per unit of height.

g = acceleration of gravity.

<
1

veloecity of shear wave.

h = helght of the building.

ey
it

fundamental neriod of the bailding.
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The relatlon between the shear s, stiffness k,

and slope gﬁ may be written as

- Y
8 = k ix

Jsing the dynamic relation that force equals mass tines
acceleration apnlied to a differential of height, we

obtain the equation

Sy

se _
St?

éx 7

=

Combining these two equations,

2 2.
Sy = w3y
k g%z g at*

A solution of this differential eguation is

y=f(t x x,
v
where v om N

The physical meaning of this equation 1is
that the magnitude of the deflection remains the same,
but it hae been moved along the time axis by an aaount
‘% wnich is the time 1t takes for the wave to travel fron
the bottom of the building to the point x.

“hen the wave recaches the top of the building,
a new wave 1s reflected downward. The correct boundary

conditicn at the torp is that the shear is zero. Iow

from the relation

-, 2
S-x{éx

the shear at any point x is

8=~ K 9 (8- X
A" v

LN



Equating the total shear at the top to zero, it is
found that the deflection at the top is doubled , and
the new descending wave is of the forn

X - 2n

vy, = f(t+ 2520

Then thls wave resches the ground another
wvave ls reflected, and the boundary condition in this
case is that the new deflection wave cancels the
deflection due to the downward wave, or 33 ==V -
Therefore,

# X + 2h
¥y = = 81 = 55

-

If the ground is actuélly in motion at the tinme of
this reflection, the actual ground motion umust be
added to the reflected wave.

It may be of interest to note that the
shears depend unon the derivitive f', or the velocity
of tne ground, as Prof. Vestergaard has pointed out.

The value of v may be obtained by the use

of the equation

H

v =

or by using the relation

h

T
in case the period of the bullding is known.

v =

The analysis can be avplied to buildings

which have offsets by siaply considering a certain

nercentasge of the wave to be reflected at the offset,

—z‘-



and the remainder to travel to the top where it will
be reflected. Damping can also be considered by multiplying
the aanplitude of the wave by a damping factor at each
reflection. Thus, the motilon would eventually die
out due to danmping and incomnlete reflections at the
ground until the bullding returned to rest.
A graphical apnlication of the analysis results
in curvee revresenting displacements of the particular

floor coneidered, vnlotted against tinme.



Chapter II
Aoplication of the “estergaard inalysis

to the Bank of Americs Dullding, San Tose, California.

It was thought that the applicatlion of this
analysis to an actual building under the influence of
an actual sarthquazke would be of particular interest.
Accelerogranh records obtained by the !UUnited
States Coast snd CJeondetic Survey in the Ban% of America
Building at San Jose, Californla, during the western
Yevada earthquake of June 25, 1923, were availlable.
These records gave a vnlot of vertical, longltudinal,
and transverse components of acceleration at the thirteenth
floor of the building and at the hasement. The most
violent motion wase in a longitudinal direction {parallel
to Santa Clara Street), and only this couponent was analyzed.
Before proceeding Lo a descrintion of the
analysis, it may be well to describe the bullding briefly.
The structure has thirteen stories and a tower. /In
inspection of the drawings of Wigure 1, which give the
nain dimensions of the building, will show that the
building was not as symmetrical as might have heen desired
for a simnle annlication of the "estergasrd theory.
In addition tn the offset, a one story hbullding abuts
on the easb. "The frame ig steel, fireproofed with concrete;

Y

walls, concrete with face brieck; »nartitions, lath and

5=
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nlaster; floors, concrete; foundations, concrete
footings on piles; soll, unconsolidated sand and clay
(0ld creek bed).” 1 |

In order to obttain curves of displacement
plotted against time from the accelerograph reccfég,
a graphical method of double integration was used.
The accelerstion curves had previously been enlarged
to about fifteen times their original size in order:
to give curves of convenlent size for the graphleal
integration. £ince the strongest motion occurred
during the flrst twenty seconds of the quake, and the
motion began to damp out after that, 1t was deened
sufficient to analyze the motion during the first
twenty seconds only.

The fundamental period of the building
parallel to “anta Clara Ztreet, as determined by the
United States Coast and Ceodetic Survey usging a vibrator
and vibration meter, was 1.%3 seconds; and the analysis
was carried out for the recorded earthquake using thils

fundamental period. This analysis is shown 1n ™i;

=

¢ 2y
and a comnarison of the curve of thirteenth floor
deflectlon obtained by double integration of the thirteenth
floor accelerogranh record and the deflection curve
obtianed by the "Testergaard analysis shows gond agreenent

1 U. 8. Coast and Ceodetic Survey: Preliainary Zenport,

Californiza Zelsmological Progran, Forced
Vibration Tests.
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as to amplitude of motion. However, it can readily be
geen that the two curves become distinectly out of phase
in the course of the violent motion.

It was thought at first that reflection at
the offset might account for the difficulty, but an
estinate of the vercentage of the wave reflected at that
polnt led to the conclusion that this was not the case.
An examination of the original aceelerograph record showed
that the period was apparently not & constant. 3y
measuring grouns of waves of different amnlitudes, it
was found that the period was ahout 1.3%5 seconds for
small smplitudes, and that the period increased to
about 1.55 seconds for the largest anmplitudes recorded.
The maximum amvlitude of the thirteenth floor motion
during this quake was estizated to be about one inch,
whereszs the vibrator gave a maxlmum ampnlitude of only
about 0.0017 inchees. Thusg, in accord with J.%.C.0.S.
firures, the period of 1.3%% geconds 1g no doubt correct
for very small amplitudes, but 1t doms not seem to apply
for the more violent wotion.

It 1s difficlult to explain why the period
should increase with amplitude of vibration, but the
work of Prof. C. 7. Inglis on vibrations in bridges

seems to suggest a possible exnla.nation.1

1 Inglie, C. Z.; Vibrations in Bridges; The Structural
I1

Engineer, July, 1935, Vol. <111 No. 7, n.294.



Inglis found that short span raillway bridges
exhibited a change in veriosd of vibration when the
spring friction of the locomotive springs was overcoue,
thus producing a pronounced htenefit in the eliaination
of prolonged resonance.

In the case of a2 tall building, it seens
possible that there may be a great number of very ninute
cracks, esvnecially where brick facing is used, ag in the
case of the Bank of America Bullding. For mild vibrations,
the friction between these surfaces would be sufficient
to prevent relative unotion, and the entire bullding
would vibrate as though constructed of an entirely
continuous material. However, as vibration becomes more
violent, the maximun force that can be developed by friction
along the cracks or Jjointe is exceeded, and a slight
amount of slip may occur along a great number of extreamely
small cracke. S1lip of some of the Joints in the steel
frane might also possibly occur. Since the forces
involved would vary with different cracks, the change
of stiffness would be gradual; but,as more and more
8lip occurs, the bullding would become more linker; or,
in other words, the period would be lengthened. As the
vibration subsides, the forces involved gradually reach
the voint where friction can nrevent slip along the
cracks, =2nd the period decreases again.

This explanation 1s nerely suggested as =2

nossible reason for the apparent change in period. It

wlle



should not be construed to be a dogmatic opinion, but
merely an explanation of an observed effect which seens
to be reasonable. Yoreover, it should be pnointed out
that the movements along the cracks,as well as the
cracks themselves, are thought of as being of extremely
small magnitude.

The analysis was carried out again, using
the period of 1.%23 seconds for small amplitudes, and
changing the period to 1.65 seconds when the amplitude of
vibration became large. This brought the motion derived
from the analysis nicely into phase with the motlon
recorded durihg the actual quake, but the amplitudes
of the strong motion were much too great, as can be
gseen from an examination of Tig. 3. Comparison of Fig. 2
and Fig. 3 gives an idea of the immortance of resonancs.

In these first two analyses, there was no damping
congidered. Yowever, a study of the original acceler-
ogranh record showed that conslderable damping prevailed
in the actual structure. The damping apparently reduced
the amplitude about 107 during each complete cycle of
vibration, and consequently a third analyslis was made
in which a damping factor was employed. ZEach time that
the wave was reflected, ite amplitude was reduced ‘by
2.5%. The periods used were 1.323 seconds for small
vibrations, and 1l.65 seconds for large vibrations. As

in the previous analysls, shown in ¥ilg. 3, this was

-l12-
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necessary in order to naintailn proper phase relationship.
The results of thls analysis, with damping considered,
are in good agreement with the actual motion, as shown
in Fig. 4.

In this connection one must consider that
there is considerable chance of inaccuracy where so
much graphical work is involved. A rather small original
record was enlarged to about 15 times its original size.
Double integration of this record by graphical methods
results in some uncertainty as to both the ground motion
and the thirteenth floor motion. It was particularly
difficult to locate the axis of the original record with
sufficient accuracy to prevent an 2ccumulating error
from showing up as a permanent displacement of the
bullding. Then the Westergasrd Analyseis, itself 2 graphical
nethod, introduces some inaccuracy. Finally, we are
assumning uniform stiffnees and uniform weight per unit
of helght throughout the entire height of the bullding
from baeement to thirteenth floor. Illoreover, the analysis
takes account of shear deformation only, whereas the
deflection curves determined by the nited <tatee Coast
and Ceodetic Survey indicate that there is also a sllght
amount of hending which can be detected in the fundamental
motion of small smplitude. In the light of these
considerations, the results obtained in the third analyeils,

where a damping factor was used, agree remnsrkably well

olia
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with the zctual motion as obtained from the

accelerograph.



Chapter Iil

The Blot Anzlysis

The theory developed by Dr. . Blot while at
the California Institute of Technology was first
presented at the HNational Apnlied Mechanlics Yeeting
in June, 1932, and 1t has since been presented in two

papers by lI. Biot, namely (1) Theory of HZlastic Systeus

Vibrating Under Transient Imnulse ¥ith An Application to

Earthquake-Croof Bulldings, and (2) Theory of Vibration

of Buildings During Earthquake. Unfortunately, the

mathematice of the derivation is somewhat complicated, =2nd
the nhysical significance of the terms in the final
equations 1s obscure. Consequently, the full derivation
will not be presented here, but only the results and the
methods used in their application.

The Blot Analysie is based on the fact that
the motion of a2 building during an earthquake has the
character of a transient oscillation. Applying the
princinles used by Heaviside in the analyeis of transient
electric currents, Dr. Rlot, considering shearing forces
only, makes an analysis of the vibrations in z bullding.
In the case of forced vibrations, an oscillating system
tends to annroach a steady state of vibration with the
same period as the applied force; and, in the case of

resonance, the maximum amplitude is limited only by the

-17.—



internal friction. However, when the system is under
the influence of irznsient vibrations, the steady state
harmonic oscillation does not have time to develon;

and it 1= the response of systems to such transient
impulses that Dr. Biot considers. The analysis 1s
besed on the fact that any vibration in an elastie,
undamped system may be considered as a superposition

of harmonics. The analysis disregards damping.

The theory, as developed by Dr. Blot,
considers four separate types of vibration separately,
and then combines the results in a general theorem.

The four tynes of motlon are as follows:
1. Free oscillations.
2. Torced harmonic osclillations.
2. Sudden constant accelerations.
4. OQeeillations due to arbitrary horizontal accelerations.
The general theorem derived has the forn
Up (x) = ¥, 7(Y)

where U,

e (x) = deflection relative to the ground

of a floor at a distance x from the rodf.
Ky = constant denending on the properties of
the bullding.
?(Vk) =  function. involving constants and the
earthquake motion.
This equation can be written with appronriate subserints

for the fundamental and the varlous harmonics.



Tor an analysis considering vibrations in the fundamental
period, the above equation becomes

Uplx) = Ko F(Y)
The constant X, can be found from the relation

Ky = oxv 35 t° B, cos (Ag &)

The terms in the above equation can be evaluated as follows;

To - fundamental period of the building, in

seconds per oscillation, as found by experiment.

Yo

the freguency of the building in the fund-
amental mode of wvibration, in oscillations

per second. = 1
To

[
i

- .

Ao = the value obtained from the relatiosn
Ao tan )\O -
where oz R on

nunber of stories above the first.

where n

3
12}

ratio of the rigidity of the Tirst floor
to that of the others.

The value of R may be found experimentally by deflecting
the floors by apnlying 2 latersl force.

Then
da

d
n - deflection of any floor above the second

1l

where
relative to the flonr beneath it.

dy = deflection of second floor relative to ground

floor with the same lateral force anplied.

1



If the columns have very constant cross sections, the

value of R may be found from the equation
> R

bp-

Ial -

R =

where I, = height of each story above the first.

= helght of first story.

P
jd
i

tp is found from the following eguation.

e e e

By 18 found from the equation

By af_"‘f.g.
Ao

where

- cosly
Po =
1 + &cos8 Ao

X o

%
1]
B'IM

where x = distance fromn the top of the building to the
point at which the deflection is desired.

and h = height of the bullding above the first story.

Thege dimensions and the deflections of the bullding

are 1llustrated in Figure 5;

——ey

—\\V‘rﬁ
3
—

Tigure 5.



The function F(Qg) can be evaluated from the equation

FlYy) = (2m ¥y 1,)° ﬁ/ol c(t) sin 27At d.t]i[cé(t,)coszm)ot dt]Q
t 18 the independent variable, time; and G(t) 18 a function
of time expressing the ground motion in terms of t.

The only remaining difficulty lies in evaluating
the integrals under the radical sign. For any glven ground
motion, this integration can be carried out graphically
as follows: The sine and cosine functions, when integrated,
becone cosine and sine functions respectively. These
curves are nlotted, and the curve of the ground motion
18 nlotted at right ansgleeg to them, glving due consideration
to the signs of the areas. The sign convention used is
that the areas are positive when the ordinate of the
ground motion and the slope of the sine or cosine curve
have 1like signs. The positive areas are vlotted to the
left of the sine or cosine curve. The areas are negative
when the ordinate of the ground- motion and the slope of
the sine or cosine curve have unlike signe, and the
negative areas are plotted to the right of the sine or
coeine curve. The cumulative area, with due regard to
sign, may then be measured with a planimeter. At frequent
intervals, the cumulative algebraic sum of the areas is
noted, and the deflection 18 calculated at thege noints.

The result is an envelope within which the

motion of the building, considering only vibrations in

2]l



the fundamental, should remain. If it 1s desired to
congider the harmonics, the subscripts 1, 2, 3, ete.,
for the first, second, and third harmonics,respectively,
can be used with the above formulas to calculate new
constants. The granhlcal integration can be carried
out for the harmoniecs in a manner similar to the
integration for the fundamental. The deflections
obtained are then added to the corresponding deflection
in the fundamental mode.
The assumptions underlying the Blot analysis
should be kept clearly in mind. They are as follows:
1. The building must be of falrly regular shape.
2. The most imnortant deformation must be due to
horizontal shear.
2. The shearing rigldity and mass of each story
above the first must be constant.

4. Damping is neglected.

-22-



Chapter 1V

Aoplication of the Blot Analysis to the Rank of

America Bullding, San Jose, California.

The reccrds used for this analysis were the
same as those déscribed in Chapter II, in connection
with the Yestergaard analysis. The analysis of the
fundamental motion was first carried out considering
the fundamental periocd to have a constant value of

.23 seconds. The caleculations shown on the following
page are based upon a fundamental period of 1l.23 seconds.
The graphical integration is shown in Figure 5, and
the results of the integration and the values calculated
for the envelope are shown in the table on page 25.

The envelope obtained 1g plotted at the ton of TFig. 4

as a dotted line; and an examination shows that the
envelopa contracts due to the motion getting out of
phase, which occurs at the same time as thie difficulty
was observed in the Westergaard analysis. To eliminate
this, the period was changed to 1.65 seconds when the
motlion became violent, and the remalnder of the analysis
was repeated. It was found upon investigation that a
change in fundamental perlod alone did not affect the

constant in the final equation

- o0 A 2 2
U, = 0.582 V a5+ 8y

The resulte of the graphical integration, and the new



CALCULATION OF  CONSTANTS

— FUNDAMENTAL —

To=1. 33 SEC, (U.S.CGS. ForCeD VIBRATION STUuOY )
Vo = —ﬂ- T"'SS = 0.752 OSCILLATIONS PER SEc.

z __L ;

Jo= T2 y3327 0565

n=12

R=2 (ESTIMATED FroM U.5.C.G.S. DEFLECTION CURVE.)
o =Rn=24

Ao tan X, o = 24

Ae=1.508 RADIANS

to= T2 2e o 1.33x1.508 - 0.319
2 T

27\'
B,= <05 Ao . 0.0625 - 0.0375
| + o COS Ao |+ 24 X 0.0625
Az }.508 %

Bo= 2&/5, - 2,x24x003’75 =0.349
}\4 .508%

Ke= 27 \)a],,tf,' Bo cos (A, E)

. S
For. 1311 FLoorR., & - % T2
Cos (X.€)=0.993 _
Ko= 27X 0.752 x 0.565 X 0.319%°x 0.349 x 0.893=0.0938

F(R)= (27 v TO)L\/(/TG(t) SIN 27 ¥, tdt)2+ch}(t) cos 27, t dt )’

F(e): 394 JIAREA #1)% + (ArEA =2)?

2
U, = Ko F(Y¥0) . 0.938 x39.4 Y A% 4+ AZ - 0582 AZtA?
Ey 27pP b X 15 x 2% x0.752 X —

E = ENLARGEMENT FACTOR. .
" Yz AMPLITUDE of SiNe AnNp Cosine CURVES,

P=PLANIMETER. FACTOR To REepuck Area To S@ IN.

-24 -




Tundanental fode of Vibration

Areas and T“nvelone Values
Period = 1.3%2% gsec. Period = 1.55 sec.
Point Al Ag Ugp Polnt Al a? Uo
0 0 0 0

1 -7.15 | «0.,10 | 0,105 15 +7.17 | «1.58 | 0.98
2 +0.06 | =0.30 | 0.178 a +0.61 | -2.15] 1.30
3 +0.58 | =N.22 | 2.347 b $1.65 | «2.331 1.67

4 +0.38 | +2.01 | 0.222 e +2.32 | -2.15] 1.8
5 =0.76 | +0.03 | 0.039 a +2.7%3 | =-1.82| 1.90
6 -0.19 | $7.06 | 0.1156 @ +32.22 | =-1.35| 2.09
T -0.53 | #0.05 | 0.310 T +2.18 | -0.90| 1.92
8 -D.43 | «0.05| 0.232 g +3.07 | -0.98 | 1.87
2 =0.07 | «N.10] 0.071 h +3.17 | «0.93]| 1.92
10 +0.01 | =0.06 | N.035 i +2.17 | =0.80 ] 1.92
X1 «D.24 | «0.37 | 0.257 3 +%2.25| -1.11 | 2.00
g >, -0.18 | -0.72| 0.43%2 ¥ $%.57 | =1.27 | 2.20
13 «0.30 | =1.07 | D.546 b +3:.55 | «1.17 | 2.17
14 -0.05 | =1.34 | 0.831 m +3.43 | =0.95 | 2.07

ode]
29
20

2
o

+0.25
+0.94
+1.58
+1.08
+0.27
-0.0%
-0.09
+0.7%
+N. 88
+0.55
+0.90
+2.79
+1.07
+1.%4
+1006
+1.02

+1.25

0.885
0.977
1.09
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GROUND MOTION

| |
TIME - SECONDS

15 +006 +058 +038

+00I -0.24 -0.18 -030 -005 +0.25 +094 +1.68

2010 -030 -0.22 +00I +003 +006 +006 -005 -010 -006 -037 -072 -107 -i34 -i50

FUNDAMENTAL PERIOD = 1.33 SECONDS

SAME AS ABOVE.

FUNDAMENTAL PERIOD = 1.33 SECONDS

4080 4079 +107 +l34 +.06

-1.39 -08 -0.18

-1.41 ~133 -.18 106 -

-005 +0.17 +0.61

s

\ i I i
i 7\ i \" \
Al -0.04 -005 -004 -0

I TR
AR TN AR

SECOND MODE PERIOD = 0.38 SECONDS

BIOT ANALYSIS

NO DAMPING

317 +3.25 +3.57 +3.55

FUNDAMENTAL PERIOD= |.65 SECONDS

=0.90 ~i.il =1.27

10 +003 -043 +002 -023 -0

-0l17 -0.08 -002 -0

+030 4033 +048 <042 +047 +038 +0.44 +050 +04| +0.52

+0.43 +0.51 +048 +05I

+053 +0.56 +051 +0.50

FIGURE 6

JAMES H. JENNISON




values of the envelope using a period of 1.55 seconds
for large amplitudes, are shown in the table on page 25,
and the resulting emvelope 18 plottedvin Figure 6. It
ie obvious from the results (dot-dash line Fig. 5) that
this gives more nearly the true condition.

In thelr sumnmary of the periods of the Bank
of America Bullding parallel to Santa Clara Street in
the various modes of vibration, the Y.3. Coast and

Geodetic Sufvey give the following periods.

Fundamental 1.33% gec.
Mirst Harmonic 0.38
Second “armonic 0.24
Third Harmonic 0.18

The Biot analysie was applied for the first
harmonic as well as for the fundamental. The calculations
for the constante are as shown on page 28. The graphlical
integration is shown at the bottom of Figure 6, and the
results are tabulated on page 29. The deflections in
the first harmonic when added to the deflections 1n the
fundamental glve the envelope shown as a full 1ine in Fig. 5.

It is apparent that the envelope agrees qulte
well with the actual thirteenth floor motion during the
first vart of the quake. Iiloreover, since damping has
been neglected in this analysis, one wculd exzpect the
envelope to indicate larger deflections then actually

occurred, the effect becoming noticeable only after the
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CALCULATION OF CONSTANTS
— FIRST HARMONIC —

1
V; = —'T—',' = ~O—35= 2.3
{
ng?z_z G.92
‘n=12
R =2
o =24
A, tan X\, =24
A= 259°20'= 4.53 RAbD.
t, = T, }\.: 0.38%x4.53 _ 0.274
2T 2T
/3/: cOs N, - 0.185 - 0.152
| + X Cos X\, | +24%x0.185
N 4.532
B = 2x/3, _ 2x 24x0.152 _ 0.0173
,= = = O.
AF 4.53%

cos (N, 8)= cos 259720 o o3
12

Ki= 27§, ¥ B, cos(AED

Ky= 2T X 2.63 X .92 x 0.274°X0.0173 x 0.93 = 0.138

FR)= 39.4 Y AT + A
U = X F(Y)) P _ 0.138 %39.4 x L.114 x4 \/_Alz + /»\ZE
| = —m——— =

E Yy 27V,

E = ENLARGEMENT FAacyor.
3:AMPL;»TUDE, ofF Sint ANo Cosine CURVES.

'P=PLANIMETER. FACTOR To REpuct Agea To Sa.ln

Uz o 49yAr + A/

-28__




lapse of a considerable time interval. Thus, the results

give exactly the condition which one might expect.

First Harmonle

Areas and Envelope Values

0 0 0
+0.02 0 0.N098
-0.17 +0.11 0.0982
-2.14 +0.15 0.101
+0.05 +0.12 0.0582
-0.07 +0.18 0.0945
-0.03 +0.22 0.109
-0.20 +0.23 0.149
0. 15 +0. 24 0.1%9
-0.11 +0.30 0.157
-0.04 +0.33 0.163
-0.05 +0.45 0.227
-0.04 +0.42 S 0.205
-0.10 +0.47 0.22%5
D43 +0.44 0.302
+0.02 +0.50 0.245
«0.23% 20.41 0.230
«D.13 +0.52 0.26%
-0.09 +0.472 0.215
-0.22 +0.51 N.272
-0.23% +0.48 0.260
-0.23 +0.51 0.286
-0.17 +0.53 0.272
-0.08 +0.%5 n.277
-0.02 +0.51 0.250
-0.05% +0.50 0,245
«0.05 +0.51 0.251
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Chapter V

Comparison of the Blot and Westergaard

Analyses and Conclusions Regarding Then

The results of the apvnlication of these two
methods of analysis to an actual building in an actual
earthquake show that, for a case where the ground motion
has a period of the same order of magnitude as the
fundamental period of the building, the results of
both analyses check the recorded motion of the bullding.
In fact, for practical purposes, the results are equally
good. 1In both cases, 1t is necessary to know the
fundamental period of the bullding to a degree of
accuracy which might be rather difficult to obtain in
a case where the actual behavior of the bullding was
unknown. The fact that the fundamental assuuaptions
regarding the symmetry and homogenelty of the bullding
are only apnroximately correct did not seem to cause
much trouble in elther analysis.

The %Westergaard analysis hes several distinct
advantages. First of all, the principle underlying it is
silmple and the physical significance of each step 1s
apparent as the work progresses. Iloreover, the result,
being a curve of motion rather than an envelope, glves
a more comprehensible renresentation of the behavior

of the building. Then too, the graphical work can be
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carried out much more rapidly than the graphical in-
tegration in the Bilot analysis can be perforamed;

and no special instrument is needed for the Westergaard
analysis, whereas a planineter 18 required for the

Biot analysis.

Damping can be easily consldered in the
%estergaard analysls, whereas the Biot analysis neglects
damping. However, since the envelope can be reduced by a
certain percentage at the nlotted pointe and the
cunulative effects carried on from point to point,
the effect of damping on the Blot analysis can be
quickly approximated.

One of the most encouraging things brought
out by coumparison of the two analyses is the fact that
the two analyses produce approximately the same results
when the same conditions and assuaptions are imposed;

8o that one is confldent that both theories are about

egqually valid.
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Chapter VI
Application of the Westefgaard Analysis
to Hypothetlcal Buildings

Analyses of theoretical bulldings of various
periods were made with the ground motion assumed, first,
as one hump of a normal sine wave, and, second, as a
half cycle of an off-gset gine wave. The analyses are
shown in Figures 7 to 19; and Figure 20 shows the curves
of maximum relative disvlacement plotted against the
period ratio. In observing that for a perlod ratio
of one half or greater the maximum amplitude of relative
dlsplacement is constant at 3, one should bear in aind
that all of these anslyses are for s ground motion
congisting of a single huapn.

The results indlcate that the gradual start and
finish of the huap of the off-set wave glve a considerably
less violent shock when the period of the bullding is
small compared to that of the ground motion. For both
types of ground motion, however, the maximum amplitude
of motion was obtzined for the cases where the funda-
mental period of the bullding was one half, or more, of
the period of the ground motion. Iloreover, as the period
of the building was made a smaller fraction of the
period of the ground motion, the meximun displacement
relative to the ground diminishes ranidly, as 1s shown

in Figure 20; but the decrease was somewhat more rapid in
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the case of the off-gset sine wave than in the case of
the normal sine curve.

The smoother curves shown in Figures 14 to 19
as conmpared to Figures 7 to 13 would also indicate
much lower accelerations resulting from the off-get
gine wave than would he caused by the normal sine curve.
For veriod ratios of one half or greater, the maximun
deflections are the same for both cases, and so the difference
in the magnitude of accelerations bhecones the outstanding
effect. Thus, both from the standpoint of deflections,
and from the standpolinti of acceleratlions, the gradual

curve of the off-set sine curve is beneficizal.



Transmitted Wave.
Motion Due to Reflection.
Total Motion.

PERIOD OF BUILDING 71% TIMES PERIOD OF GROUND MOTION
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Transmitted Wave. ;
Motion Due to Reflection.
Total Motion.

PERIOD OF BUILDING EQUAL TO PERIOD OF GROUND MOTION
Fig. 8 '
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Transmitted Wave.
Motion Due to Reflection.
Total Motlon.
PERIOD OF BUILDING THREE-FOURTHS PERIOD OF GROUND MOTION

Fig. 9
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Transmitted Wave.
Motion Due to Reflection.
Total Motion.

PERIOD OF BUILDING ONE-HALF PERIOD OF GROUND MOTION
Fig 10
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Transmltted Wave.
Motion Due to Refleection.
Total Motion.

PERIOD OF BUILDING ONE-FOURTH PERIOD OF GROUND MOTION
Fig. 11
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Transmitted Wave.
Motlion Due to Reflection.
Total Motion.
PERIOD OF BUILDING 1% TIMES PERIOD OF GROUND MOTION
' Fig. 14
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Transmitted Wave.
Motion Due to Reflection.
Total Motion.
PERIOD OF BUILDING EQUAL TO PERIOD OF GROUND MOTION
Fig. 15
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Transmitted Wave.
Motion Due to Reflection.
Total Motion.

PERICD OF BUILDING THREE-FOURTHS PERIOD OF GROUND MOTION
Fig. 16
A~



Transmitted Wave.
Motion Due to Reflection.
Total Motion.

PERIOD OF BUILDING ONE-HALF PERIOD OF GROUND MOTION
Fig. 17
wilplfe.



Transmitted Wave.
Motion Due to Reflection.
Total Motion.

PERIOD OF BUILDING ONE-FOURTH PERIOD OF GROUND MOTION
Fig. 18
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Chapter VII
Deseription of Shaking Table Used in

Analysis of Transient Vibrations

The shaking table used for the studies of
transient vibrations is shown in Figures 21, 22, and

23. The comnlete anparatus is shown in Tigure 21,

Flgure 21

while Figures 22 and 23 show the main portion of the

apparatus in closer detail. The bent (3) ie mounted

upon a2 base between rigid columns which supporti tapes

{(T) upon which the record of motion ie secured. The

motion of the base, or ground, is produced by releasing

Bl el b

the quake stick (Q) which 18 pulled along the track (R)
by the welghts (%) and a syetem of cord and pulleys.
The edgg of the quake ntiuk‘hae an irregular outline,

48



and a roller attached to the base presses agalnst

this irregular surface, causing an oscillating motion
of the base as the quake stick 1e& drawn past the roller.
Somewhat different ground motions can be obtained by
using different weighte to pull the gquake stick, since
there 18 considerable friction in the system, thus

causing increased welght to glve greater velocity.

Flgure 22 Figure 23

The record is obtained on the tapes (T)

by means of a spark gap attached to each floor of
the bent. The tapes are drawn through the spark gap
at constant speed by the synchronous motor (i), the

speed being such that one inch on the tape equals
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0.358 seconds when the motor is operated on 50 cycle

'alternating current. The spark punches minute holes in

the tapes, which trace the curve of motion for each floor.
The portion of the tape containing the

record 1s placed between cover glasses and inserted

in a elide machine adapted to give the desired

enlargenent. The curve is thus »rojected upon a

gheet of paper as a geries of light dots,and the

record is traced with a pencil. Different degrees

of enlargement can be obtalned for varlous purposes,

but, for most of the work, an enlargement of two times

wag found convenient.

Bl



Chapter VIII
Comparison of the Behavior of OCne Story and
Three Story Bente of the Same Fundamental Period

A one story bent was construected which had
the same fundamental period as a three story bent, the
one story bent being of the same helght ae one floor
of the three story. Both were mounted on the same
base, side by side, as shown in Fig. 24, and records

Flgure 24

were obtalned for the motlon of the top of the one

story bent and the three fhoors and roof of the three
gtory bent, for a variety of ground motions. Both bents
had a period of 0.323 seconds.
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The results of the tests are given in Figures
25 to 24, the red line indicating the motion of the
. one story bent, and the blue line the motion of the
three story bent. TFor the purpose of comnarison, the
roof motion of the one story bent was traced with the
roof curve of the three story and also with the second
floor motion. |

A study of these records reveals that the
motion of the one story bent gives an average curve for the
vibration of the three story: in other words, the motion
of the one story bent is of the same form as the roof
of the three story bent would have if harmonice did
not influence the motion. This is brought out partic-
ularly by Figures 25 and 26, which show the motion
with a long,gentle ground vibration giving resonance
with the fundamental, and Figures 29 tn 31, which show
the effect of resonance with the harmonic on the three
story bent. It should also be noted that, for a ground
motion such as that of Figure 28, there wos a much nmore
violent motion of the three story bent than occurred in
the case of the one atory bullding where no harmonics
were possible.

An approximate estimate of the maximum velocltles
and accélerationes was made, and the results are tabulated
on the following page. It can readlly be seen that both

the accelerations and the velocitlies of the floors of
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the three story bent were much greater than the

corresnonding values for the one story bent.

daximunm Ree.| Max. Sustalned| Rec.
Acceleration| No. Yeloelty 5 Noe

rt/sec? Ft/sec.
One Story BEent 11 155 0.58 155
Three S5tory Bent St 155 %3 149
Ground lotion: 205 155 155

3.3

The Westergaard analysis was apnlied to Record

NHo. 149 of Fig. 30, and the analysie and its results

are glven in Figure 35.

A gquake which caused the three

etory bullding to vibrate in the harmonicse waeg purposely

selected, and it can readily be seen that the motion

predicted by the analysis checks the motion of the

three story building fairly well.

of the deflection waves takes care of the harmonlcs.
However, there are small oscillatione in the analysis

curve that did not appear in the actual motion due to

The overlanping

the absence of harmonice of higher orders that the

second haraonic.

story bent,with no harmonics,is much different fronm

foreover, the record for the one

the curve predicted by the Westergaard analyels.

this eonnection, it 18 well to bear in mind that the

Testergaard analysis assumes uniform dlstribution of

the welght of the building throughout the height.
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This assumption is violated to quite a degree by the
three story bent, with the maess concentrated at three
points; and, of course, the one story bent, with the

mass concentrated at the top, is entirely outside of

the range to which the ¥Yestergaard analysis is applicable.
The results seem to indicate that three stories is

about the lowest number of stories to which the

Wegtergaard analysis tan safely be applied.
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Ground motion caused by pulling quake stick through slowly by hand.
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Enlarged 2X

Fig. 27
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Enlarged 2X

Fig. 28
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Ground Motion -- Both Bents.

—

)

i

Three Story Bent.
One Story Bent -- Roof Motion.
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Chapter IX

Bumping Between Buildings of
Different Fundamental Periods

Deseription of Tests:

Since the buildings in buslness districts
are bullt sgalnst one another, in many cases, without
an intervening space, it ig interesting to contemnlate
the effect that bumping between the bulldings may have
on thelr motions. With thie in mind, a series of
teste were made on the shaking table using a one story
and a three story building. The two bente were mounted
on the same base, end to end, ae shown in Figure 36,
80 that they would bump together when vibratlon occurred.

Tests were made for two different stiffnesses of the




one story bullding, and in each case the motion was
studled for the followinsz four conditions:

1. o bumping between bulldings.

2. Buildings touching when at rest.

3. TFulldings separated 0.1" when at rest.

4, Two buildings tied together so that they

are forced to vibrate together.

Series 1, Flgures 37 to 41, shows the resulis of the
tests for a fundamental period of 2.%21 seconds for the
three story bullding and 0.275 smeconds for the oné story
building. Series 2, Figures 42 to 45, sghows a similar
geries of curves for a fundamental period of 0.324
seconde for the three story buillding, and a veriod

of 0.258 seconds for the one story bullding.

Conclusions:

The primary effect of bumping seeme to be a
change of the average pericd of each building, bringing
the effective periods closer together. Consequently,
there can be no generallzation as to whether bumping
will reduce or increase the amplitude of vibration.

The result dependes entirely umon the degree of resonance
with the quake under considerstion.

In dlscusesing the curves glven in Figures 37
to 45, the effects urnon the three story bullding will
first be considered, and then the effects upon the one

story building will be discussed.
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In the tests of Series 1, Figures 37 to 41,
the three story bent dominated the motion. As night
be expected, Fig. 37 showe that, for vibration apnrox-
inately in the fundamentzl of the three story bent,
the one story building hesd 1little effect on the three
story. ‘“However, ¥igure Z8 shows that tying the two
bulldings together gives resonance to harmonic vibration
for the quake of that test; so that tying the bulldings
would be worse than either bumpning or free vibration.
Mlg. 39 slso shows detrinmental resulte from tying the
buildinge, but in this case the curve for buuning
under the condition with the buildings touchling when
at rest shows much smaller amplitudes of vibration for
the three story bullding, thsn were prevalent when the
building was free to vibrate without bumping. Pig. 41
shows a slight benefit from tying, cver free vibration,
but not as small amnlitudes as in the c:uses where
bumping took place.

Series two with stiffer columns in the one
story bent, where the vibration of the three story bent
is due primarily to the fundamental (Fig. 42}, glves a
more pronounced effect from bumping than was observed
in Series 1; however, the maxinum anplitudes are not
greatly effected. The other curves of Ceries 2 are
sonewhat similar to the corresponding curves of Series 1,
and lead to the sazme conclusion; namely, that the best

condition ( free, bumping, or tied) depnends unon the
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ground moticn and no genersal statement can be nade 28
to which 18 best.

How, let ue consider the motion of the one
stery bent. The same conclusion seems to apnply to it.
Tipgures 37 and 42 glve the most violent vibration for
the condition with no bunmping. Tigures 28 to 41 and
42 to 45 give the largest amplitudes Tor the condition
where the buildings are tied together. Figures 38 snd
4% gnow less aamplitude of vibratién when buaping occurs
than when the bullding vibrates freely, while 7igures
39, 40, 41, 44, 45, and 45 give, for cases when the
buildings bump, amplitudes which are elther greater
than, or are of about the same magnitude as, the
amplitudes of vibration when no bumping takes »nlace.
Therefore, benefit or detriment depends unon the guake;
in moet cases, however, the building that would have
extremely violent vibration 1f oseillating alone has
ite aanlitude of vibration somewhat reduced at the
expense of the other building, which suffers an increase
in amplitude.

In the case of an actual bullding, the battering
action agalnst an 2djacent structure may have harmful
resulte. The rapld vibrations due to bumping are
especlally noticeable in the curves for the three story
building Tigures 39, 49, 41, and 44. These shocks due
to bumning are probably more serious than the appnearance

of the curves would indicate.
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ERIES 1

%

Fundanental Periocds

One Story Bullding 0.275 ssconds
Three Story Bullding 0.321 seconds
Conbined Period N.312 geconds

=" O



3rd Floor

2nd Floor

One Story Bullding

Ground Motion

Not Bumping.--Record NO. 259.

Enlarged 2X.
Quake Stick No. 1 Pulled by Two Pounds Welght
Fig. 37
i T

Buuplng; Touching when at rest.--Record No. 254,
Bumping; Separated 0.1" when at rest.--Record 275.
Two Bulldings tied together.-- Record No. 270.

8-29-35




e ————— /
"4

\ -V -
< One Story Buillding

NS e

Ground lotion

Not Bumping;-- Record No. 260.

Buuping; Touching When at Rest.--Record No. 265.

Bumping; Separated 0.1" When at Rest.--Record 276.

Two Bulldings Tied Together.--Record No. 271.
Enlarged 2X 8-29-35,

Quake Stick No. 1 Pulled by Three Pounds Welght
Fig. 38
o




Ground Motion

Not Bumping.=--Record No. 251.

Bumping; Touching When at Rest/--Record No. 266.

Bumping; Separated 0.1" When at Rest.--Record 277.
—— Two Bulldings Tied Together.--Record No. 272.
Enlarged 2X. 8-29-35

Quake Stick No. 1 Pulled by Four Pounds Weight
Fig. 39
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One Story Bldg.

Ground Motion

Not Bumping.--Record No. 252.

Bumping: Touching When at Rest.--Record No. 257.

Bumping; Separated 0.1" When at Rest.--Record 278.

Two Buildings Tied Together.--Record No. 273.
Enlarged 2K. 8.29-325.

Quake Stick No. 1 Pulled by Five Pounds Weight
Fig. 40




Ground Motion

Not Bumping.-~Record No. 253.
Bumping; Touching When at Rest.--Record No. 258.
——————— Bumping; Sevarated 0.1" When at Rest.--Record 279.
Two Bulldinge Tied Together,--Record No. 274.
Enlarged 2X. 8-29-325.

Quake Stick No. 1 Pulled by Six Pounds Weight
Fig. 41

. L




fundamental Feriods

One Story Building 0.258 seconds
Three Story Bulilding 0.324 geconds.
Conbined Period 0.284 seconds
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\>\/ Zrd Floor \/

T vy i
Cne Story Building.
; e o

Ground Motion

Not Bumping.-- Record No. 296.
Bumping; Touching When at Rest.-- Record No. 2€0.
Bumping; Separated 0.1" When at Rest.-- Record 291.

Two Bulldings Tled Together.-- Record No. 285.
Enlarged 2X

Ruake Stick No. 1 Pulled by Two Pounds Weight.
Fig. 42
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Zrd Floor

Ground Motion

Not Bumping.-- Record No. 297.
Bumping; Touching When at Rest.--Record No. 281.
Bumping; Separated 0.1™ When at Rest.-- Record 292.

Two Bulldings Tied Together.-- Record No. 285.
Enlarged 2X.

Quake Stick No. 1 Pulled by Three Pounds Weight.
Fig. 43
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One Story Building

Ground Motion

Not Bumping; Record No. 298.
— Bumping; Touching When at Rest.-- Record No. 282.
Bumpling; Separated 0.1™ When at Rest.-- Record 29%.

Two Bulldings Tied Together.-- Record No. 287.
Enlarged 2X

RQuake Stick No. 1 Pulled by Four Pounds Weight.
Fig. 44 '
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2nd Floor

Ground Motion

Not Bumplng.-- Record No. 299.

Bumping; Touching When at Rest.-- Record No. 283.

Bumping; Separated 0.1"™ When at Rest.-- Record 294.

Two Buildings Tied Together.--Record No. 288.
Enlarged 2X

Quake Stick No. 1 Pulled by Five Pounds Welght.
» Fig. 45
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end Floor

, - A
‘\' / ' ~ :—/7
A/ w=

One Story Bullding

e

Ground Motion

Not Bumping.-- Record No. 300.

Bunping; Touching When at Rest.--Record No. 284.

Bumping; Separated 0.1™ When at Rest.-- Record 295.

Two  Bulldings Tied Together.-- Record No. 289.
Enlarged 2X

Quake Stick No.l Pulled by Six Pounds Weight.
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Chanter X

Effects of Tension Diagonals on

One and Three Story Bente

Diagonal bracing composed of rubber stripe

as shown in Figure 47 wae used for a series of tests.

Figure 47

Diagonale were than removed from the lower floor, and
the behavior of the bulldihg studied with diagonals 1in
the upper two floors only. The eondition with dlagonals

in the upper #we floor only was sleo tried. Two sets
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of diagonal springs were aleso used; first, long, light
springs, and second, short stiff springs were attached
as diagonal bracing.

Various initial tensions were used. The
rubber strips and long springs were given about 1.07
0z. initial tension for the first tests, snd 3.58 oa.
and 10.5 oz., respectively, for a succeeding series
of trials. The short s»rings wefe used first with
no initlal tenslion, and then with initlal tension.

| Figures 48 to 67 show the results of these
tests. As can readily be seen, there wag little effect
other than a changed perliod resulting in a s&light phase
difference and a slightly different response to resonance.
Although there was falrly good dsmping obtailned using
rubber strips as disgonalas, the short time of the
transient vibration was insufficient to resali=e any
Penefit from the damping. It may be observed that, in
order to use tension diagonales effectively as bracing,
there should be a large increase in tenslon, with small
deforustion, rather than a very gradual increase, as
was the case for the rubber diagonals and also for the
springs used.

Figures A8 to 72 show maximun aaplitude of
free vibration plotted agalnst time. In other words,
the curves represent the envelone of vibration as the
sinusoldal oecillation, resulting froa releasing ine
bent from & displaced position, i1s damped out. Flgs.

68, 59, and 70 show that the rubber dlagonals were
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capable of absorbing a considerable anount of energy,
although a longer period of time than that required
for a "quake" on the shaking table was required to
produce noticeable effects. FTigures 71 and 72 show
that short stiff springs, especially when loose, have
some danping effect, but that the long linber springs
produced very liittle damping.

‘The study, taken as a whole, 1llustrates
the fact that, where trensient vibrations are involved,
resonance controls the vibration, and daamping character-

i8tice have little influence.
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X ,§;V \\:4 p /: L \ ',' Py
Three Story Bldg.--Roof 7
R —
7 R
N /) \
| / 5 A =X
) g i ol \\\s.j = s N N /,// ///v’ h ,"/ / i
‘g,/ AN el AL ’/

Three Story Bldg.-- 2rd.Flosr.

m 1/ \‘
-~ PVA Y NV a\ YWy,
‘/\/ A Nt \ ’ =N
z 4 i ‘\ / 5 WX ‘// ,/

\«‘

Three Story BlAg.-- 2nd. Floor.

One Story Bldg.-- Roof.

& “\/ /Ww\ 9 ; //-—"“N\\% /,.. s

f.y’
o A

Ground Motilon.

Rubber Diagonals at All Floors; 1.07 oz. Tension.-- Rec. 184B.
Rubber Diagonals at 2nd and 3rd Floors; 1.07 oz. Tension:189B.
————————Rubber Diagonals at 3rd Flonr; 1.07 oz. Tension.-- Rec. 196B.
—————— No Dlagonals.-- Record No. 201A.
Enlarged 2X 7-5-35

Quake Stick No. 1 Pulled by 2 Pounds Weight.
Fig. 48
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7

/

Three Story Bldg.-- Roof

s Mwﬁ‘\/&x//\/ -w&//\,./,\\/’f-\ e S

Three Story Bldg.-- 2rd Floor

o o P -~ A ® e
g f \‘\ e /""‘" o ""“\(___( *‘:«,._‘-/"' '-'-“‘v‘ . —

NG ™ /\ //"’
/ %\@«Z v &

Three Story Bldg.-- 2nd Floor.

One Story Bldg.-- Roof

B

= Ground lMotion

———————Rubber Diagonals at All Floors; 1.07 oz. Tension.--Rec. 185A.
Rubber Diagonals at 2nd & 3rd Floors; 1.07 oz. Tension.-190B.
~——————Rubber Diagonals .at 2rd Floor; 1.07 oz. Tension.-- Rec. 197B.
——  No Diagonals.-- Record No. 202B.
Enlarged 2X T=5=35

Quake Stick No. 1 Pulled by 2 Pounds Welght.
Fig. 49
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Three Story Bldg.-- Z*rd Floor.
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Three Story Bldg.-- 2nd Floor

One Story Bldg.-- Roof.

’ \ f’f\ ./’/,
L

———————Rubber Diagonals at All Floors; 1.07 oz. Tension.-- Rec.185A.
——Rubber Diagonals at 2nd & 3rd Floors; 1.07 oz. Tension.-191A.
Rubber Dlagonals at ?*rd Floor; 1.07 oz. Tension.-- Rec. 198A.

—————No Diagonals.-- Record No. 203A.
Enlarged 2X

Ground Motion.

7-5-25
Quake Stick No. 1 Pulled by 4 Pounds Weight.
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Roof

Three Story Bldg.-- 3rd Floor

731 \ \
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A% A A\ } / \ / .
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G

/

\
7/
Three Story Bldg.-- 2nd Floor

One Story Bldg.-- Roof

M "«/f \ f’/

i Ground Motion

Rubber Diagonals at All Floors; 1.07 oz. Tension.-- Rec. 187A.
Rubber Diagonals at 2nd & ?rd Floors; 1.07 oz. Tension.-192A.

~—————————Rubber Dlagonals at 3rd Floor; 1.07 oz. Tension.-- Rec. 199A.
—-No Diagonals.-- Record No. 204A. -
Enlarged 2X i

Quake Stick No. 1 Pulled by 5 Pounds Weight.
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Three Story Bldé.--Roof

s . . /4 s.,:“ \ /4
J = // \ =
, e s

Three Story Bldg.-- 3rd Floor

Three Story Bldg.-- 2nd Floor

One Story Bldg.-- Roof

N “'a\ .v/f;ﬁ.*'-
NS\ / \/

Ground Motion

Rubber Diagonals at All Floors; 1.07 oz. Tension.-- Rec. 188A.

Rubber Diagonals at 2nd & 3rd Floors; 1.07 oz. Tension.-193A.
~—————— Rubber Diagonals at 3rd Floor; 1.07 oz. Tension.-- Rec. 200B.
No Diagonals.-- Record No. 205A.

Enlarged 2X 7=-5-35

Quake Stick No. 1 Pulled by 5 Pounds Weight.
Fig. 52
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Three Story Bldg.-- Roof
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Three Story Bldg.-- 2rd Floor
~ V\/.\\‘
B / \ //
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o S %\ 2% P \ e
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o el N/ \ / o /
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Three Story Bldg.-- 2nd Floor
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Bldg.-- Roof

s -
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Ground Motion

Rubber Diagonals; 1.07 oz.
—— Rubber Diagonala; %.58 oz.
—— Rubber Diagonals; 10.5 oz.
No Diagonals.-- Record No.

Enlarged 2X

Tension.-- Record 184B.
Tension.-- Record 208A.
Tension.-- Record 217A.
201A.

7-8«35

Quake Stick No. 1 Pulled by 2 Pounds Weight.

Fig. 53
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/e N ’\ /;\“_ N S, < e A o T
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: g
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4 Three Story Bldg.-- Roof

s . SN — _'.‘,__‘

Three Story Bldg.-- 3rd Floor

& ﬁ\a < ""v/f‘\\q"‘/ﬁi\‘ﬂ f‘\;/ \ :‘ A“ox.;‘f;‘t\: = _'/‘\“ /f\\v/f .

N\ A . &

Three Story Bldg.-- 2nd Floor

One Story Bldg.-- Roof

p A\ 9_‘“ f \» &

R R AN T

Ground Motion

Rubber Diagonals; 1.07 oz. Tension.-- Record 185B.
Rubber Diagonals; 2%2.68 oz. Tension.-- Record 209A.
—————— Rubber Dlagonals; 10.5 oz. Tension.-- Record 218A.
No Diagonals.--Record No. 202A.
Enlarged 2X 7-8-25

Quake Stick No. 1 Pulled by 3 Pounds Weight.

Fig. 54
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Three Story Bldg.-- Ronof

e

Three Story Bldg.-- 2?rd Floor

Three Story Bldg.-- 2nd Floor

—

Ground Motion

Rubber Diagonals; 1.07 oz. Tension.-- Record 185A.
Rubber Diagonals; 3.58 oz. Tension.-- Record 210A.
Rubber Diagonals; 10.5 oz. Tension.-- Record 219A.
No.Diagonals.-- Record No. 203ZA.

Enlarged 2X T7-8-3%§

Quake Stick No. 1 Pulled by 4 Pounds Weight.
FPig. 55
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4_////'M’AQE\WJ/’-/§f//‘;

Three Story Bldg.-- 2nd Floor

One Story Bldg.-- Roof

\/ A\J’/\&/

Rubber Diagonals; 1.07
————Rubber Diagonals; 2.68
— Rubher Dl sgonmals; 10.5

No Diagonals.-- Record

Enlarged 2X

Quake Stick No.

Ground Motion

0z. Tension.-- Record 187A.
0z. Tension.-- Record 211 A.
0z. Tension.-- Record 220A.
No. 204A.

7-8-35

1l Pulled by 5 Pounds Weight.

Fig. 56
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Three Story Bldg.-- 2nd Floor

<\ ';"
N\ /\/

R

One Story Bldg.-- Roof

sm—
A\ K .}i\ ,//
T\ / .i‘f ‘\35
- / ;

Ground Motion

e

Rubber Dlagonals; 1.07 oz. Tenslon-- Record 188B.
Rubber Diagonals; 2.58 oz. Tension-- Record 212A.
—Rubber Diagonals; 10.5 oz. Tension.- Record 221A.
No Diagonals-- Record No. 205B.
Enlarged 2X. 7=-8-25

Quake Stick No. 1 Pulled by 6 Pounds Weight.
Fig. 57
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Three Story Bldg. --Roof

S

Three Story Bldg.-- ?rd Floor

Three Story Bldg.-- 2nd Floor

— ‘\ =z

One Story Bldg.-- Roof

S\ \S

i T
g

e et .t R A

Ground Motion

Long Springs; 1.07 oz Tension.--Record No. 224A.
Long Springs; 3.68 oz. Tension.-- Record No. 229A.
No Diagonals; Record No. 235A.

Enlarged 2X. T=10-325

Quake Stick No. 1 Pulled by 2 Pounds Weight.
Fig. 58
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\/ Three Story Bldg.--Roof
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—_— ) Three Story Bldg.-- 3rd Floor
V) /yﬂ Nt 2% o
o v ,1_\;‘// e N

Three Story Bldg.-- 2nd Floor

3 J/WJp“\\gffrﬂ\\\////~¥\\\xf//

Ground Motion

—————Long Springs; 1.07 oz. Tenslon.-- Record No. 225A.
Long Springs; 3.68 oz. Tension.-- Record No. 230B.

No Diagonals; Record No. 227A.
Enlarged 2X. T-10-35

Quake Stick No. 1 Pulled by 3 Pounds Weight.

Fig. 59
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Three Story Bldg.-- Roof.

/ “a NL i \//

AN A

Three Story Bldg.-- 3rd Floor.

“/ Three Story Bldg.-- 2nd Floor.

2 /-*m-..,‘\ . ,/-‘ ~ ~
- - o B S -~ ——— —

/ m— N i y

One Story Bldg.-- Roof

Ground Motion.

Long Springs; 1.07 oz. Tension.-- Record No. 226.
Long Springs; 3.58 oz. Tension.-- Record No. 231.
No Diagonals; Record No. 238.

Enlarged 2X. 7-10=35.

Quake Stick No.l Pulled by 4 Poundes Weight.
Fig. 60
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Three Story Bldg.-- 3rd Floor.
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\
A2
Three Story Bldg.-- 2nd Floor

pr—mpepbinhe S s e

Ground Motion.

— Long Sorings; 1.07 oz. Tension.-- Record No. 227.
Long Springs; 3.58 oz. Tension.-- Record No. 232.
No Diagonals; Record No. 2Z9.
Enlarged 2X. T7-10-35.

RQuake Stick No. 1 Pulled by 5 Pounds Welight.

Fig. 61
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One Story Bldg.-- Roof

1 /

Ground Motion.
Long Springs; 1.07 oz. Tension.-- Record No. 228.
Long Springs; 3.568 oz. Tensilon.-- Record No. 233.
No Diagonals; Record No. 240.
Enlarged 2X. 7-10-35.
Quake Stick No. 1 Fulled by 6 Pounds Weight.
Fig. 62
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Three Story Bldg.-- 3rd Flébr \ / \ 1/
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Three Story Bldg.-- 2nd Floor.
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# e : \ / T 1
VAR aaNe \WAVAY J
= / ‘ // ’ /
One Story Bldg.-- Roof \ / / /
- il Z - N B ek - -
P \ P 4 \
S N

Ground Motion.

Short Stiff Springs; Loosec.-- Record No. 243A.
Short Stiff Springs; Stretched.-- Record No. 250B.
No Diagonale.-- Record No. 235A.

Enlarged 2X. 7=-15-35

Quake Stick No. 1 Pulled by 2 Pounds Weight.
Fig. 63
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Three Story Bldg.-- 3rd. Floor.
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One Story Bldg. ) |
Roof ' ‘
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T T R S e g

Ground Motion

Short Stiff Springs; Loose.-- Record No. 244,
Short Stiff Springs; Stretched.-- Record No. 251.
No Dilagonals.-- Record No. 237.

Enlarged 2X. 7-15-35.

Quake Stick No. 1 Pulled by 3 Pounds Weight.
Fig. 64
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Three Story Bldg.-- 3rd Floor.
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One Story Bldg.-- Roof i
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Ground Motinn.

Short Stiff Springs; Loose.-- Record No. 245.
Short Stiff Springs; Stretched.-- Record No. 252.
No Diagonals.-- Record No. 238.

Enlarged 2X. 7-15=35.

Quake Stick No. 1 Pulled by 4 Pounds Weight.
Mg. 65
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Three Story Bldg.-- 2nd Floor.
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Ground Motion

Enlarged 2X.

Short Stiff Sorings; Loose.-- Record No. 246.
Short Stiff Sorings; Stretched.-- Record No. 253.
No Diagonals.-- Record No. 239.

Quake Stick No. 1 Pulled by 5 Pounds Weight.

Fig. 55
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Three Story Bldg.-- Roof

Three Story Bldg.-- 3rd Floor

/ /. \i\‘
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Three Story Bldg.-- 2nd Floor

/)
//\
- / \ I\
// \\7 \_/ ./
One Story Bldg.-- Roof
T~ PR e
e \\ / \ /
ray \ / \ /
// \;. y \/l S

Ground Motion

——Short Stiff Svrings; Loose.-- Record No. 247.
———— Short Stiff Springs; Stretched.-- Record No. 254B.
————No Diagonals.-- Record No. 240,

Enlarged 2X. T-16=35.

Quake Stick No. 1 Pulled by 6§ Pounds Weight.
Fig. 67
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PART III



Chapter XI

Behavior of Simple Bents Subjected to

Established Slmple Harmonic Ground ‘otlon

Description of Apparatus:

The apraratus used in the study of bents
under the influence of established eimple harmoniec
ground motion is shown in Figure 73. The base upon
which the bent was mounted was caused to oscillate
with simwle harmoniec motion by means of a motor-
driven crank and connecting rod mechanism. The speed
of the motor was adjusted by means of a rheostat, and
the speed of the crank was measured by a tachometer.
The speed was held constant at a glven value until
the motlion of the bent achleved a steady state condition,
and then the amnlitude of the top floor motion was
mneasured by means of a mlerometer screw.

Two tynes of hents were used. Ioth were
two story frames with stéel columns and rigild girders,
of the dlmensions shown in Pigure Ti-4i., ‘lowever, one
bent had columns conéiéting of flat steel strips, as
shown in the sectional view Figure 74-3, while the
other had columns consisting of sections of flexible
steel tape wlth the convex side outward, as shown in

Figure T4-C.
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The object was to study the effects of
buckling in the columns with curved cross section,
as compared to the behavior of the ordinary bent

with flat columns.

Results and Conclusions:

Zimultaneous observations of the amplitude
of vibration of the ton of the bent and of the spesed
of rotation of the crank were taken. From thls data,

the ratios of ampnlitude of the ton of the bent to

A
aaplitude of ground motion (‘Z‘), and natural period
(8]
to period of ground motion, (=), were calculated.

T
The resulte were vlotted to glve thg curves shown in

Figures 75 and 76.

Tigure 75 shows the resonance curve for the
ordinary two story bent with flat steel columns (Fig. T74-B).
The peak at a value of T/7; of 1 1s the condltlon of
resanance,ﬁith’the maximum amplitude determinsd by
the internal friction of the system, while the peak
at T/T, equal to 2.5 1s due to the condition of res-
onance with the harmonie.

The ratio of the natural fundamental neriod
to the period of the ground motion at the peak due to
harmonic vibration 18 the same as the ratlo of the

fundamental period to the harmonic period. This value
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can be calculated using a theoretical equation, for
bents with identical stories and floors, vresented

1
by Herit P. ¥hite in nals thesis.

[2 ein -75.-(?’—'—31)]},:{
< 2L o+ 1 m

where W 2 anguler frequency.

€
0"

L T number of stories.

i

n = order of vibration. { 1 for fundamental,
2 for first harmonie, 7 for second
harmonie, ete.)
7 2 gtiffness of paigxof eﬁlumns.
Then /T, :Aééf - :iz Ei{Zf%fifj—f)
‘ T Emsr)
/Ty = Mﬁ; = 2.61
= gin 18

It can be readily seen that the experimentsl peak
occurs at the proper ratio of T/T, as predicted by
this theoretical calculation.

Flgure 75 shows three curves of the sane
type for the bent with curved steel tape columns
{Mgure 74-C). 7%ith the amnlitude of the ground
motion equal to 0.0125 inches, the ordinary type of
resgonance curve is obtained. The sccelerations were
sufficliently small that practically no buckling

1 #hite, Merit P., 2Znalytical Studies of the

Dynamic Regponse of Certain Structures to

Assumed CGround  ovements. Thesis for

Legree of Doctor of Philosocphy
Cslifornia Institute of Tech. 1935.
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ocecurred, and 1t can be seen that s curve of a shape
ginilar to Tigure 75 for the flat columns was obtalned.
The npeak at T/To of one is due to resonance with the
fundamnental, wheress the peak at T/To equal to 1.77 is
caused by the harmonic. The reason for the lower ratio
of T/T, than for the bent with flat columns , for
resonance with the harmonie, ie that there was s
fluttering type of buckling at the high speeds necessary
for a ratio of T/TO of 1.77, snd a consequent reduction
in stiffness.

With eccentricity of the crank adjusted to
glve an amnlitude of ground motion (A,) of 0.087 inches,
the ground motion was sufficlently violent that buckling
of the columns took pnlace, to 2 greater or leass degres,
for 211 ratios of T/T, greater than 0.85. ™hen buckling
takes nlace, the columns sre suddenly reduced in
stiffaess to 2 marked degree, and the period of the bént
18 made much longer. Thisg is the reason for the peak
beingz dlsnlaced tn the left m/’2‘0 Z 0.8 ). Tarious
degrees of buekling and resonance combine to gilve the
Jagged curves shown, since the columns were 2napping
and buckling intermittently. I{ should be nentloned
that the nmoment required to cause buckling »f a convex
column in one direction 18 much less than the moment
reguired to buckle the column in the other direction.

sufficient buckling occurred at the high crank speeds to
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destroy the effect of the harmonic entirely.

The curve with the amplitude of ths ground
motion equal to 0.12%5 inches shows the effects of the
violent buckling that took place after T/?O exceedsd
0.7%2. The jJagged nature of the curve again 1s an
indieation of the wvarious degrecs of buckling.

A comparison of the taree curves of Tigure 76
showse that the buckling was very effective in reduecing |
the suplitude of vibration relative to the intensity
of tane ground vibration. The curvesg indicate that
the relative auplitude {A/iy) decreases as the amvlitude
of the ground motion {Ag) increases.

Another effeet that can be observed is the
anift of the peaks toward the left, due to decreasing
tihe stiffness when buckling occurs. The grsater the
extent of buckling, the greater will be the decrease
in the averaze stiffness, with a consequent novement
of the pesk of the curve toward the left.

In order to apply the system of buckling
members to an sctual structure, for the purnose of
reducing amplitude of vibration in earthquakes, it
would, of course, be necessary to support the structure
by other meabers that would not be seriously effected
by the motion of the structure. The buckllng nenbers

would not be used to support the load at all, but
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nerely to glve the sudden changes in stiffness
required to nrevent excessive vibration due to

resonance.





