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'EDITORIAL

Dear Member,

We feel great pleasure in presenting the Third Bulletin (Vol. II No. 1)} as per schedule.
The response of the authors to contribute papers has been very encouraging. We did consider
the question of increasing the frequency of the Bulletin to four per year instead of two
at present. We had to defer the question for a later date because of the lack of funds.

Although the membership, as on February 10, 1965, stood as follows:—
Individual Members -— 120,

Institution Members —_— 16,
the funds realized are just sufficient for two bulletins. We have been trying to improve the
quality of printing also, but it needs more money: On financial grounds, purely, we had

to defer the issue of the booklet containing messages from various high dignatories. Itis
hoped we will be able to surmount these difficulties which are usual for every new organisation.

It will be a matter of pleasure for all the members to note that our Society has been
registered with the Registrar of Societies and Firms, Lucknow vide registration No. 845 of
16.12.1964.

The papers published in this as well as the previous Bulletin (Vol 1, No. 2) are open
for discussion upto 31st May 1964. The discussion alongwith author’s replies will be included
in the Fourth Bulletin (Vol. II No. 2).

Contributions are invited on the following topics for the subsequent issues of the
Bulletin :—
Analysis and Design of Structures for Earthquake forces.

Design of Dams and other Appurtenant Works in Seismic Zones.

Dynamic Loading of Soils and Foundations.
Tectonic Features Inflencing Occurrence of Earthquakes.
Instruments Concerned with Seismology and Earthquake Engineering Studies,

Earthquake Records and Reports,
Wave Propogation and Energy Attenuation in Different Strata:

N R N

General Topics Having a Bearing on the Subject of Earthquake Technology.

(i)
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’Paper No. 21 ’

A NOTE ON YTHE MAGNITUDE DETERMINATION OF EARTHQUAKES
Umesh Chandra*

SYNOPSIS

- The various methods for the determination of earthquake magnitu‘des‘ put forward
during the last few decades, have been briefly reviewed and followed by a critical examination
of the procedure involved. The task of extending the magnitude formula, from a knowledge
of the absorption coefficient k for different periods and paths, for surface waves using periods
deviating considerably from 20 sec., has been discussed. Further, in view of the revised work
of Guteniberg and Richter (1956 a, equation 18) the magnitude formula for body waves needs.
a revision. An accurate magnitude determination for deep focus earthquakes also requires
a more systematic investigation, than is yet available. An extension of the magmtude scale
to other waves, especially the various waves encountering the core would be desirable. How-
ever, some problems, not yet solved theoretically, arise. Itis suggested that a magnitude
scale based on the measurements of a few (but not all) crests and troughs on either side of
the maxima. rather than the maxima alone, would yield more accurate results; To some
extent it obviates the difficulties due to the interference of waves and also takes account of the
particular amplitude and period spectrum of a particular earthquake. However, the proposed
idea requires a critical examination before bemg put to some practlcal use. The neces'sity of
developing magnitude formulae and associated tables to Indlan regxons, sxmllar to Southem
California, is emphasized. '

INTRODUCTION

For many purposes in theoretical and practical seismology, it is desirable to have a
~ scale for‘rating the various earthquakes in terms of the energy released in them which would
be independent of the local effects produced at any particular point of observation. Following
the suggestion by Wood, Richter (1935) devised such a scale called the, ‘magnitude scale’. The"
magnitude thus assigned is characteristic of the earthquake as a whole and as such it differs
from the intensity which varies from point to point of the affected area. The investigations
of Gutenberg and Richter have simplified the practical determination of magnitude to such a
straight forward procedure that it can be very easily applied in routine bulletin  work for a

given station. To day, many seismological stations, all over the world, regularly report
magnitudes. ' ‘

*Lecturer in Seismology, School of Research and Training in Earthquake Engineering, University of ‘
Roorkee (U,P,), India.
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MAGNITUDE FROM LOCAL SHOCKS

If we consider two shocks of different magnitudes originating from the same focus, all
other circumstances being identical in both cases, a seismograph at a particular station should
be expected to write two records one of which should be very closely an enlarged copy of the
other. The ratio of this enlargement should be the same, independent of the recording
seismograph, provided that we assume the instrumental constants to remain unaltered during
the two events, and that the response of the registering apparatus is linear. Clearly this
ratio may be taken to be a measure of the relative magnitudes of the two shocks. Richter
(1935) studied a large number of earthquakes and for each case, he plotted the logarithm of
the trace amplitude against epicentral distance. Tt was found that all the points for any shock
tend to lie on a certain smooth curve, and these curves (corresponding to different shocks)
were seen to be roughly parallel: in accordance with the proportional amnlitude hypothesis,
Foll'owing the general pattern of the curves, a curve parallel to these and passing throush an
arbitrarily selected point (epicentral distance=100 km., and maximum trace amplitude=1
micron) was taken to be a standard shock of Zero magnitude, and a table giving the logarithm
(to the base 10 of the computed maximum trace amplitude in millimeter, with which the stan-
dard short-period torsion - seismometer (To=0.8 sec., Ve=2800. h=0.8) should register the
shock of zero magnitude at various distances, was prenared. Accordinelv. Richter (1935)
gave the following definition of the magnitude scale, for shocks of Southern California.

“The magnitude of anv shock is taken as the logarithm of the maximum trace amplitude
expressed in microns, with which the standard short-period torsion seismometer (To=0.8 sec.,
V=22800, h=0.8) would register that shock at an epicentral distance of 100 kilometers.”

The definition may be expressed as follows :

M, —M, = log B, —log B, n,

Where, M, and M, are the magnitudes of two earthquakes and, B, and B, are their correspon-

ding maximum trace amplitudes recorded on a standard torsion seismograph at an epicentral
distance, A ‘

This definition applies strictly only for A = 100 km. The zero of the scale is fixed
by setting M=3 when b=1 mm. at the standard distance of 100km. Further, tne definition is
applicable only for local shocks of Southern California with a depth of focus of about 16 km.,

it being assumed that no special structure or material is involved either at the focus or at the
recording station or in the wave path. “

Reductions, of the maximum trace amplitudes at different distances, to the standard
distance of 100 km. involves an empirically determined table for the logarithm of the maximum
trace amplitude, for a shock of magnitude zero, as a function of epicentral distance (Table 1,
Richter 1935, or table 1, Gutenberg and Richter 1956a, revised and extended to cover the
range 0 to 25 km., also). Nordquist (1942) designed a nomogram by which these tables are
more conveniently represented and magnitude, from the trace amplitude in mm. of a standard
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torsion seismometer, is determined directly. Station corrections (see table 3, Gutenberg and
Richter 1956 a) are applied to magnitudes so determined.

The initial success of Richter (1935) is attributable to a set of fortunate circumstances.
The method was developed for magnitude determinations in Southern California region,
where the focal depths are fairly constant. Uncertainties arising from this factor are thus
largely eliminated. The Wood-Anderson Torsion Seismometer is quite stable and writes a very
legiblc record for small or moderately large shallow shocks. The prevailing periods corresponding
to maximum waves for shocks in this magnitude range are such that the magnification of the
torsion instrument is nearly constant. However, for large shocks difficulties arise and use
is made of other methods to be described later.

The magnitude scale just described was applied by Richter (1935) to earthquakes recor-
ded in California region within an epicentral distance of 600 km. For magnitude determi-
nation of distant shocks (i.e. for teleseisms), the method was extended by Gutenberg and
Richter (1936), Gutenberg (1945 a) and M. Bath (1952), who set up further empirical tables
whereby observations made at distant stations and on seismographs other than the standard
torsion seismograph (To=0.8 Sec., Vs=2800, h=0.8) could be reduced to correspond with the
standard conditions in Richter’s definition. Gutenberg (1945 b, ¢) produced further empirical
tables to cover earthquakes of significant focal depth from amplitnde and period measurements
of body waves (P, PP, S).

MAGNITUDE FROM SURFACE WAVES (DISTANT fEARTHQUAKES) ‘

For magnitude determinations on the same scale from distant ‘earthquake records
Gutenberg and Richter (1936) also made use of :the trace amplitude of surface waves, of
course restricted to shallow shocks only. In this ease magnitude is expressed as

| M=1log A—log B4+C+D - ")
where,

A =The total horizontal component of grovnd movement in microns caused by surface

waves having periods of about 20 seconds, ' '

B==A guantitv similar to A corresponding to a shock of zero magnitude. B depends

only on the distance of the station from the epicentre, for a given focal depth;
log B being always negative, and

C=a constant for each station, correcting for the effects of the special conditions of
the ground near the station and of the instrumental equipment (Table 1,
Gutenberg 1945 a). .

D=A factor depending upon the depth of focus, the original distribution of energy
in various azimuths, the absorptlon of waves, and on the cffect of irregularities
lying in the path of the wave.

According to Gutenberg and Richter (1936), maximum trace amplitude b (measured-
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in mm.,), corresponding to epicentral distances greater than 20°, as recorded by a standard
Wood-Anderson torsion seismo‘graph' is given as :

| o | log b=log B—2.5 3)
The formula does not hold for epicentral distances less than 20° and no attempt has
been made to find the values of B for these distances. The zero of scale is fixed by taking
ldg B=—5.04 (Gutenberg 1945 a, previously it was taken as log B=—5.0 for A =90° see
‘Gutenberg and Richter 1936). For A>20° corresponding to a shock of magnitude zero,

the maximum horizontal ground amplitude B of surface waves having periods of about
20 sec. may be obtained, |

() From a table of observed values giving —log B as a function of A,
~ (ii) From the formula
 —log B=5.04+}[48.25 k (A—90)+log sin A+ (log A—1.954)] (4)
- Where k isthe absorption factor per kilometer for surface waves with periods
) of about 20 sec. s N ,
or. ' (iii) more easily from the empirically determined formula
: ~log B=1.818--1.656 log A o ®)
| (for A between 15° and 130°).
- The revised values, which were finally adopted, of —log B as a function of A are
given in'table 4 (Gutenberg‘ 1945 a) and hold for an average depth of about 20-25 km. .
- Seeking to investigate the effect of attenuation of surface waves due to absorption
and the variatien of velocity along the wave path, Gutenberg (1945 a) has concluded that

for shocks arriving in Southern California along the critical azimuths, e.g., from Southern
Japan and from Eqador-Peru, a term at least as big as 0.5 should be added to the calculated
magnitudes. If the surface waves have crossed the Pacific Basin without being tangent to.
-its boundary, 0.1 or 0.2 should suffice, whereas for paths completelv outside the Pacific
- Basin 0.1 or 0,2 should be subtracted, ‘Special researches on regional characteristics are
-, needed to determine the corresponding corrections for waves reaching other stations. ‘

Markus ‘ijath‘v (1952) has developed the f‘olléi&ing magnitude formula from the
vertical component of surface waves with periods of about 20 seconds from the records
‘ ob‘tain:ed at Pasadena,
L M=log Avlog B4 3 () mek CMo—Mag) ©
where, o .

Az=the vertical component of the maximum. ground movement in microns for surface

waves of about 20-sec. period. This term takes account of the amplitude.
B=A quantity similar to Az corresponding to-a shock of magnitude zero, and is
- here assumed to be the same as for the horizontal component (the constant term
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in the expression of B is different, but that is taken into account by § (h)).
This term accounts for the amplitude variation with epicentral distance.

S (h)==0.0082 h (determined empirically) is a function of focal depth down to 100 km,
mr=regional correction, depending upon the properties of the path of surface waves.

C(Mo-Mcarc) =2 correction term, which corrects for the variation of the ratio (As/Apn) of the
vertical to the horizontal amplitudes of surface waves with magnitude (M).
It has been shown by Bath (1952) that because of certain factors such as the
. earthquake mechanism, distribution of energy in different azimuths etc., it is not possible to
obtain the magnitude from the records at one station to an accuracy higher than + 1/4.

The use of vertical component of ground amplitude in surface waves is advantageous,
as it is necessary to measure only one record, whereas the total horizontal component requires
“two records (N-S and E-W) corresponding to two mutually perpendicular directions in the
horizontal plane. From the theoretical view point also the vertical component has an
advantage, as it represents the vertical component of Rayleigh waves alone, whereas the
horizontal component generally is a combination of both Rayleigh and Love waves.
On the other hand disadvantages in the use of vertical components are the following :
(1) that the number of stations supplying data for this component is smaller than those
supplying the horizontal component records, and (2) that often the accuracy of the constant
seems to bé less than that for the horizontal instruments.

" The above magnitude formulae are applicable to shallow carthduakes only.  In order

- to correct for the depth h a term approximately equal to 0.01 h—0.2 is added (Gutenberg
and Richter, 1956 a).

MAGNITUDE FROM BODY WAVES

Guténberg (1945 b, c) further developed methodé for the determination of magnitudes
of distant deep focus shocks from the amplitude and period measurements of body waves
(P, PP, S). ‘

From the original theory of Zoeppritz, Geiger and Gutenberg (1912), the expression
for the ground displacement, in terms of epicentral distance A, during a single body wave
is given as follows : (see Appendix : Gaur and Chandra 1964).

u(orw)=K TNV E , (7

sin € sin A

where N=Z J (F;Fy.eenFn) 2

K —a constant, its value is dependent on the fraction of energv E passing into the
wave under consideration, and is different for P, SH, and SV waves. ’

T=Period of the observed wave,
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U and W==The horizontal and vertical components of N,

Z=ratio of the ground displacement to the incident amplitude, having different
values for the horizontal and vertical components (u and w, respectively) of the

ground displacement, being a function of e and Poisson’s ratio just below the
surface,

F=ratio of transmitted or reﬂecied energy to incident energy at each point where
" the wave has encountered a discontinuity in density or velocity or both. It’s
value at a given discontinuity depends upon the angle of incidence thereon, the
densities and wave velocities on both sides of the discontinuity and the type of

wavello'hgitudinal (P) or transverse (SV in the plane of propagation, or SH with
vibrations perpendicular to the plane of propagation only).

a=e7kd gjves the effect of absorption, k is the absorption factor, d the distance.
i==angle which the ray leaving the focus makes with level surface through it.
e=angle between the emergent ray and the surface.
A=the angular distance from its source to its point of emergence. From equation
(7) we get
1 log E=log u—log K—log T—log U 9)
and similarly for the vertical component.
Again from Gutenberg and Richter (1942, equation 35, pp 180),
log E<=11.3+1.8 M : (10)

Assuming that the duration t of a given phase increases with the distance A propor-
tionally with T, we get '

E=q t E,/T=q t,E/To - ()
The subscript o refers to the source and q, assumed to be constant, is the fraction of energy

imparted to the phase under consideration. Assuming, further, that t,/T, does not depend
appreciably on magnitude, we find from a combination of equations (9), (10) and (11) that

for a given earthquake, _
L=0.9 M—Ilog u+log T+1‘og U (12)

should have a nearly constant value for all waves starting as P, another for all starting as SV,
and a third for those starting as SH, It will be sufficient here to” assume that there is one
constant C in all shocks for P waves and another for all S waves (combined SV and SH)

given by , ‘
C=M~—log u-+log U—~0.1 (M—7)+1log T. (13)
A=C—log U=M—log u—0.1 (M—7)+log T (14)
The value of C was found by Gutenberg to be 6.3.
M=A+01 (M —7) —log T + log u (or log w) (15)
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Gutenberg gave the value of A (1945 b, for shallow shocks table 4; and'1945 ¢, for deep
focus shocks see figures 2, 3 and 4, the same has been revised by Gutenberg and Richter
1956 b, table 2, figures 3, 4 and 5) as a function of epicentral distance- A -and depth of focus
h. The value of A together with their ground amplitudes in microns (-total horizental u,
vertical w, considering the station corrections given in table 2, 1945 b) and their periods T
give the magnitude M from equation (15). For all Iongxtudmal waves m great shocks or
shocks of magmtude less than 6}, a tentative additional correction +0 1 (M 7) is applied. "

Thus we see that so for three imperfectly consistent magnitude scales have been. deve-
loped for current use. These are, ' v e

, 1. M_, determined from the maximum trace amplitudes of local earthquake records,
according to the original definition of Richter (1935). e

2. Mg, determined from the maximum ground amplitudes (Horizontal components
vectorially combined, Gutenberg 1945 a, and vertical component, Bath 1952) correspondmg
to 20 second period for shallow distant shocks. ey

3. Mjg, calculated from the maximum of the ratlo of amphtude and period (A/T) for

‘body waves (P, PP and S) for distant earthquakes (shallow shocks : Gutenbcrg 1945 b,
shocks of any depth Gutenberg 1945 c). '

Finally, Gutenberg and Richter (1956 b) introduced a ‘unified magmtude m, whose
formal definition may be phrased as follows : ‘

m—70=gq : (16)
at a distance of 90° for normal shallow focal depth, where q = log w/T refers to PZ, and the
station ground conditions. It has the following relations to M, Ms and Mg,

= 1.7 + 0.8 M_ — 0.01 M, ® ‘ am
m = Mg — 0.37 (Mg — 6.76) ‘ (18)
m = Mp (without correction) (19)

The unified magnitude is placed on a self consistent and independent basis as satisfac=
tory for teleseisms as that of My for local earthquakes, and with the great advantage of being
applicable directly to seismograms recorded on instruments of all types and at all stations.
The relation (18) is based on a large body of data, but since the relation of M to m is not
yet on a definitive basis, Gutenberg and Richter (1956 b) suggest that the ‘Richter Scale’ as
defined in 1935 be retained for determining magnitudes of local shocks. They have preferred
and strongly recommended the use of the unified magnitude scale m, for teleseisms. It
appears possible, in very near future, to express the entire range of observed magnitudes
in terms of the unified magnitude m.

ENERGY MAGNITUDE RELATIONS

The following magmtude energy relations have been given by Gutenberg and Richter
(1956 a).

Log E = 9.4 + 2.14 M — 0,054 M? (20)
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For M ranging from 1 to 8.7, this is ﬁumer'ically equivalent to ;
log E = 9.1 + 7 M/4 + log (9-M). ' 2D
The most reliable connection between the total energy E (in ergs) of seismic waves and
- the ‘unified magnitude m’, is given as (Gutenberg and Richter 1956 b),
logE =58 +24m ' (22)

Hence, substituting (22) in equations (17), (18) and (19), the total energy released in
the form of elastic waves following a certain earthquake may be given in terms of magnitudes
* determined from local shocks (ML), body waves for distant shocks of any depth (Mg) and
- surface waves (Mg) for distant shallow shocks, as follows :

log B = 9.9 4 1.92 M, — 0.024 M, ? D 23
log E =58 4 2.4 Mg ‘ : (24)
log E = 11.8 + 1.5 Mg (25)

By employing ‘completly different methods and different ‘material, M. Bath (1958)
obtained the following energy formula. | ‘ | -
. log B = 1224 + 1.44 M5 | \ | (26)

which is in very good agreement with the results of Gutenberg and Richter (compare
with equation 25 above).

;However, owing to the effect of absorption, which in the case of body waves may
~account for a factor of approximately 20 in total energy, any determination of energy obtained
from P and S waves alone can not be expected to yield an absolute value. Hence an exact

* determination of absorption and its consideration is important in energy computations.

It appears that eﬁergy computations made by measuring surface waves, for which the
~ absorption can fairly easily be determined, may give more reliable results.

REAPPRAISAL OF THE METHODS OF MAGNITUDE DETERMINATION

» “Richter’s magnitude scale (1935) involves a reduction of observed amplitudes at different
- distances to the expected amplitude at the standard distance of 100-km. and is accomplished
by means ofa tabulation of -amplitude as a function of distance for a standard shock
(magnitude zero). The method is based on the assumption that the ratio of amplitude
at two given distances is the same for all shocks and in all azimuths. This does not strictly
hold good, since the amplitude ratio, at two given distances, depends on various factors,
: ‘Whic-h are in general not the same for different earthquakes. These are, (1) depth of focus,
predominant period and fraction of energy passing into the wave under consideration (in
general, for near shocks SH has the maximum trace amplitude), (2) variation of absorption
factor with period and path (for body waves, the absorption factor is more or less constant,
-.-whereas for surface waves it -varies considerably with period), (3) unequal distribution of
energy in different azimuths due to anisotropy and the particular mechanism of energy release,
. and, (4) linear extent of faulting, its rate of progression.
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Bath (1955 b) has presented a method for the computation of Ag corresponding to 20
“sec. period from the amplitude A of surface waves with periods T different from 20 sec. He
states that, “the underlying idea should be to define 'A, such that the corresponding energy
is the same for A, rather than to put their velocities equal”, and that “we have to take
account not only of the petiod difference but also of the difference in the absorption c‘ogfﬁ;‘:
cient (k) for different periods”. Equating two energies in a given time iriterval, he obtained

the following expression.

Ay e1<(20)A _fiek(T)A Coe : n -
20 =T -

or log Ay = log A+1/21og 20/T4+24:13 A [k (T)—k (20)] . SR o (28)

Instead of equating energies in a given time interval, one could, a_’s an a]terpatiV@, |

A .

. . kA . Lk
equate energies per wave length. This would mean to equate Ale & instead of A?/Te

The numerical difference between these two methods would not be of much significance for
magnitude determinations, if 10s T< 40 sec., which in fact covers all periods of importance in

this case,

One could naturally argue which of these two methods of equating energies is the
correct one. However, the essential thing is to equate energies and doing it one way or the
other is mainly a matter of defining the corresponding Ago.

The investigations of Gutenberg and Richter (1936) and Gutenberg (1945 a), for the
determination of magnitudes using maximum ground amplitudes during surface waves, make
use of the formula; '

Ay Ty —k (DD 2 A/—-‘—‘sm AC 6| B |

-2 =S¢ 1

A T sin Ag As \ (29)

Originally developed by Jeffreys (1925). A, and A, are the amplitudes at distances Ay
and A, respectively; T;, Ty are the corresponding periods, k is the absorption coefficient.
In developing the formula (29), the absorption coefficient k has been assumed constant along
the whole path and also for the period range under consideration.

A little consideration of equation (29) and (4) shows that in the expression for-log B
on the right hand side in equation (4), the term log'(Tgo/TA ) -has been omitted. Ty was

taken to be 20 sec., and log (Tgo/T A) can vanish only if T A= 20 sec. It is perhaps not

necessary to give complete details here, as they are contained in the original papers by Guten-
berg and Richter (1936) and Gutenberg (1945 a).

It is evident that the magnitude formulaeand the associated tables (in Gutenberg
1945 a, Gutenberg & Richter 1936) hold only for surface waves with maximum ground
amplitude corresponding to periods of about 20 sec. Hence there may be two ways of



10 Bulletin : Indian Society of Earthquake Technology

extending the magnitude formula for surface waves using periods deviating considerably from

20 sec. ' \
1. From the energy equality postulated between surface waves of period T and surface

waves of period 20 8¢C., we can calculate what Ago should be, given AT Knowing A, (e.g.

from egq, 28), we can proceed as usual, thatis with the tables and graphs which Gutenberg
has given. This method would only require a knowledge of k (T).

2. We may use A directly, that is not to pass over Azo. This would require new
tables and graphs for each period to be considered.

Obviously, the first method would be simpler in practice, although the outcome of the
“two should be equivalent. The main trouble is that we st have too meagre information on
k(T). It may appear to be an interesting piece of investigation to reverse the procedure men-
tioned above, that is, combine known M with measured AT and calculate k(T) for a given
range of periods. '

The magnitude determination from body waves (Gutenberg 1945 b, ¢) is based on the
equation (8), which has been derived by means of several simplified assumptions such asa
spherically Symmetrical earth, zero depth of focus, the validity of the ray theory for the
 calculation of energy flux, equal distribution of energy in all directions from the source, con-
ditions of perfect elasticity, deviations from which are quite significant in many cases. The
value of I ijp equation (12) and hence of C in equation (13) depends on the fraction of
energy distributed among the fundamental types of waves and thus is likely to differ from one
shock to another., The value C = 6.3, found by Gutenberg (1945b), represents some sort of
average condition. In arriving at the final expression (equation 15) for magnitude, equation
(10) has been used for magnitude energy relationship, In view of the revised work of Guten-
berg and Richter (1956 a, equation 18), this needs a revision. The simplified form of €quation
(11) may be responsible for some differences In the values of residuals,

In magnitude determination for deep focus earthquakes (Gutenberg 1945 ¢), the
magnitude is defined in such g way that the energy released in two shocks of the same

been obtained. At present, it is not possible to evaluate the errors which affect M as the
focal depth h increases, A more Systematic investigation, is thys needed for an accurate
evaluation of the magnitude of deep focus earthquakes.
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The magnitude determinations from body waves has so far been confined to P, PP
and S only; The extension of the method to other waves, especially the various core waves,
would be desirable.  The results of a very systematic study by Kazim Ergin (1953) for the
ratios of (displacement/period) of Pc P, Pc S, Sc S, and S¢ P to that of the corresponding
incident wave e.g.,

(@ggége_m P, P // %gn—t P, using intermediate and deep focus earthquake
seismograms, indicate that the observed ratios of the horizontal component of the waves
that are reflected as P waves (i.e., Pc P/P and S¢ P/S) and that of the vertical component of
the waves that are reflected as the S waves (i.e., ScS/S and PcS/P) at the mantle-core
boundary are considerably larger than the theoretical ones, whereas the “observed ratios of
the vertical component of the first group and that of the horizontal component of the second

- group are in fairly good agreement with the theoretical values. Further, he finds that the
behaviour of the direct P and S waves is in accord with theory, but the vibration of the
ground is not in the direction of propagation for Pc P and Sc P, and is not perpendicular to
the direction of propagation for PcS and ScS as expected. From the foregoing, it is obvious
that unless the difficulties, just mentioned, are resolved, it would be premature to attempt
for any development of the magnitude scale based on these waves.

~ All the magnitude determinations have been made with the help of formulae which
are essentially far more simplified than what actually occurs in case of the earth. The plane
wave theory and point source assumption has been used throughout. In shocks of large
magnitudes, which are generally characterised by a large linear extent of faulting and involye
large dimensions of crustal blocks, the point source theory does not hold and line source
assumption would be expected to yield better results although the resulting theory would be
inevitably involved. In large shocks the change in elastic properties may be significant.
Factors such as diffraction, scattering and internal friction do not seem to have been adequately
taken into account owing of course to the mathematical difficulties in formulating these
henomena, as they depend on the particular geological structures and crustal irregularities
involved. The effects of dispersion and observed oscillatory character of motion, appear
to be quite significant, though here again a satisfactory theory is not available for the
explanation of oscillatory character of motion on seismograms attending the body waves.
Only the dispersion of surface waves has to some extent lent itself to mathematical formula-
tion, but the effect does not seem to have been considered in developing ,the magnitude
formulae. Further details are given by Gaur & Chandra (1964).

" Tt is felt that a consideration of the complete spectrum of amplitude and periods rather -
than the maxima alone (maximum trace amplitude on torsion seismometer for local shocks,
maximum ground amplitude corresponding to 20 sec. period for surface waves and maximum
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amplitude/period ratio for body waves P, PP and S) would result in a quantity more represen-

tative of the shock as a whole. The foregoing idea suggests that the energies computed by -

tl‘iﬂe complete integration of seismogram would give more precise result. The method was
applied by Bath (1955 a, 1958). But a further complication arises. ‘The onset of any new
pﬁase follows interference with the preceding waves and thus far it has not been possible to
evaluate its effect. From a study of seismograms it appears that, in general, just before the
onset of a new phase, the preceding wave has significant amplitude, and neglect of the effect
of interference may not be quite reasonable. It appears that the measurement of a few (but
not all) crests and troughs on either side of the maxima would yield more useful information.
Of course, the idea needs a critical examination before it may be putto some practical use.
To-a certain extent, it takes care of the particular energy distribution as represented by the
amplitude and;period spectrum, and also the effect of interference may be expected to die out
or become negligible at this time i.e., the time by which the said maxima is reached.

However, the detailed statistical studies, the results of which are incorporated in terms
such as station correction, regional correction, residuals of magnitude etc., eliminates in some
cases, and averages out in others, the uncertainties due to many factors.

No systematié“study, for the magnitude determinations from the records of Indian
observatories, seems to have been undertaken so far. Some investigators report magnitude
values for certain earthquakes recorded at Indian stations, but the formulae used by them are
those which were originally developed by Gutenberg and Richter for the Southern California
region. Further, the magnitude determinations involve station correction, corrections for the
path and regional corrections. This requires a detailed statistical study in the absence of which
all t?}e available reports would appear to be misleading. Unfortunately the number of recording
stations is very small in this part of the world, but from whatever is available it would be
desirable to develop magnitude relations for this region as has been done for Southern Cali-
fornia. This can be done by comparison with ‘earthquake magnitudes which have been deter-

mined sufficiently accurately from the records of standard observatories, such as Pasadena
etc. '
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Paper No. 22

A TRANSISTORISED AMPLIFIER FOR SEISMIC SIGNALS

T. P. S. Bajwa*

SYNOPSIS

A transistorised directly coupled amplifier for the amplification of weak seismic signals
is described. A low value of drift in the amplifier is obtained by using the (WO matched
transistors in a differential configuration. '

INTRODUCTION

To improve the recording of very weak earthquakes, Of micro-seisms, an electronic
amplifier is used between the seismometer and the recorder as shown in Fig.1l. As the
frequencies to be amplified are very low, of the order of 0-25 cfs, a directly coupled amplifier
is used. The d. c. stability of the amplifier is affected by the poor regulation of power supplies
and changes in ambient temperature. To obtain high d. ¢: stability, the differential configura-
tion is employed with matched transistors and circuit elements.

D-C . '
SEISMOMETER AMPLIETE R RECORDER
Fig. 1

To understand how differential amplifier provides a high d. c. stability, the general
circuit of a differential amplifier as shown in Fig. 2 will be discussed first. In Fig. 2, neither
of the input and the output terminals, is grounded, so the amplifier has floating input and
output. -

Let us assume that the amplifier of Fig. 2 is symmetrical and balanced ie. Rja=Rup,
Rua=R;p and Ba=pb where 8 is the common emitter current gain.

-
*Central Electronic Engineering Research Institute, Pilani (Rejasthan) India,

( 15 )
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If the two inputs ‘Va’and Vb’ are equal in magnitude and phase, then they are
called ‘inphase inputs’ or ‘common mode input signals’.  As the circuit is balanced, the
collector currents and collector voltages are same, and thus Ry is connected between two
homologous points. No current flows in R, and current in common element Rsis twice that
present in one side. Thus in a balanced circuit, common mode inputs do not produce any
output. When ‘Va’ and “Vb’ are not equal in magnitude they can be replaced by their

. . . Va+4Vb
common mode equivalent input signal V¢ = - j .
common mode input signal is defined as the average of the signal voltages of the two input
terminals with respect to ground.

If Va=Vb then V¢ = Va — Vb, The

If the two inputs ‘Va’and ‘Vb’ are equal in magnitude, but opposite in phase, i.e.
Va = — Vb, then they are called ‘antiphase input’ or ‘differential mode input signals’. As
the circuit is balanced, the collector currents of the two transistors, rise and fall equally,
hence, the collector voltages of the two transistors are not equal. It means, R, is not connec-
ted between two equipotential points, and a virtual ground exists at the centre of R,. The
change in current flowing in Ry, due to two transistors, is equal and opposite, s0 no current
flows in R due to the input signals. Hence, in a balanced circuit the differential mode input
signals produce differentja] output. When ‘Va’ and ‘Vb’ are not equal in magnitude, then they
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can be replaced by their differential mode equivalent input signal; Vd = Yﬁng . If Va=

—Vb, then Vd = Va = —Vb. The differential mode input signalis defined as half the
difference of the signal voltages of the two input terminals with respect to ground.

Thus, CM signal is prevented from producing any output, by the negative feedback
voltage developed across Rs. For DM signal, no current flows in Rs and the emitters of two
transistors are at virtual ground. The inherent discrimination of the circuit of Fig. 2 against
common mode, in favour of differential mode input signals, leads to the name of ‘differential

amplifier’: ({_ £,

‘ O’
OUTPRPUT

La (4 [bpax;. [bIbb qj i

+ )Via Vie (%

Yea Yeb




18 Bulletin : Indian Society of Earthquake Technology

Effects of Circuit Unbalances

In Fig. 3, the transistors are replaced by their common emitter T equivalent c1rcuxts
Vla and Vy, are the forward biased base-emitter junction voltage drops, I.a and I;p the open
base reverse saturation currents, res and rep the internal emitter resistances, and r1ps and oy
are the internal base resistances of the two transistors T, and T,.

Next we consider the effects of unbalances in the circuit of Fig.2. Let us suppose
that all the homologous points of the circuit are balanced but R,a is not equal to Ryp. Now,
if a pure CM signal (i.e. Va=Vb=Vc) is applied to the two input terminals of the two sides,
the currents at the collectors of T, and T, will be equal because Ba==8b. But the voltage
drops in Ry and Ry will not be equal producing unequal voltages at the collectors of T, and
T. This will make a differential output to be present. Hence unbalance between R,a and
Ryp has given a cross-coupling effect, whereby a CM input signal has produced a DM output.
By analogous argument, a DM input signal will produce a CM output.

Similar cross-coupling effects will be produced, if unbalances are present in (1) Ria and
Rup (2) Ba and ,Gb, (3) Via and Vi and (4) Ila, and I.tb~

The base-emitter voltage drops Via and I;p can be split into their CM and DM equiva-
lent voltages V ¢ and Vyg. Similarly reverse saturation current I;, and I1b can be replaced by
the;r CM and DM components.

Via-V Via—V
Hence V1O == ]aﬁ{z-»—vﬂl Vl qa = S L) 2,,.,4,1_.?..
Tia--T La—TIp
Ve _4_1:&2.,_,1_1’ Vyq = L) 2,__1_.,,,_,

The CM output of the amplifier is produced by the. following sources (1) CM irput
signal in the presence of emitter degeration due to Ry (2) The two external CM supplies E,

and E, (3) Internal generators V¢ and I,4 (4) DM input signal Vd (5) Internal DM generators
Vld and Ild-

Sources (4) and (5) will produce CM output only in the presence of circuit unbalances
due to cross-coupling effects.

The DM output of the amplifier is produced by the following sources (1) External DM
input signal Vd (2) The internal DM sources Via and T,qa (3) CM sources Ve, E;, E,, Vjc and
Lc in the presence of unbalances in the circuit.

Expressions for the Different Parameters (Middle brook) .

As we are interested in DM output due to external DM input signal, and complets
suppression of the CM input signals, the important parameters for this purpose are those
for which the expressions are given below by equations (1) to (7):
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G.Rg

CM voltage gain Acc=mﬁ'3’ ‘ a1y

a R, 9
R; " 1+2R,/R, ‘ @
Common mode rejection factor (CMR) Hc is given by

1 _ R (R, SRy, 1 38 3)
He R;+2R;\R; R; "148"° B o

PM voltage gain Aga=

CMR is defined as the ratio of CM input voltage to the DM input voltage to give
same output voltage. It is a measure of how best a CM input is prevented from producing
a DM output. In a balanced circuit value of Hc is infinity.

CM input admittance of the amplifier

1
= 4
Yoo =g IR, +2Ry) . @
DM input admittance of the amplifier oo
| A ‘
Yaa=r5—=5 o 5
“EF) R : ©
CM to DM transfer input admittance
1 SR, , 8B | |
Yao=——e——  (OR1 4 OB
e=—mrpmFR) (R T F) ©
DM to CM transfer input admittance
1 R SRy s8 |
Y —_— 1 1 —— 7
“TTUER. R\ RA2R, Ry 0B 0

In an unbalanced circuit Yac will be present producing DM output due to CM input.

Similarly, Yca produces CM output due to DM input. In a balanced circuit both will be
zero.

In the above equations (1) to (7) the clem':rits have following values:

R, =ufRe SR, =R

R, = Rgaz—'sz , SRy = Ry ; Rgp

g —b _2*_ B ’ ap = o _5 o e e e
and a =_B_
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Effects of Signal Source Impedance (Middle brook)

In the derivation of the above equations, the impedance of the signal source was
assumed to be zero. A differential amplifier whose two floating input terminals are at least
partially isolated from ground, is necessarily driven from a three terminal signal source,
even if the source impedance to ground is only stray coupling. A basic form ‘of signal source
with finite impedances is shown m Fig. 4, in which arbitrary source voltages ‘V%’ and ‘V1y’
appear in series with source resistances ‘Ra’ and ‘Rb’. Resistance Re, common to both
branches will be present, if no point of the source is grounded. The connectio*n: of the
source with the input of the amplifier is shown in Fig. 3. Signal source resistances shown
in Fig. 4 can be broken into its CM and DM components as follows:

CM seurce impedance Z'¢c = R + 2R, - ®
DM source impedance Z'sa= R : ' ©)
DM to CM source transfer impedance Z'sq = § R (10)
CM to DM source transfer impedance Z'ge = §R (1
where R = 1‘3:2*;132 (12)
and SR = B’%}BP - (13)

g Aec
1

Fig. 4

By relating the amplifier input vohiages to the source voltages, the following equations
for the three important source parameters can be obtained:
1

A —= (14)
(Ada)s I+ Z%a . Yag :

-{
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1 5
(ACC?S 1+‘Zlcc . ch ‘ (15)
1 Zrac - Yee+Zyaa . Yde
) = — 16
Hc ] 1+Zlec . YOC ( )

In the equation (14), (15) and (16) subscript s’ corresponds to source.  Z'aa, Z'ec and
7%4c are source impedances and Yaa, Yee and Yqe are the amplifier input admittance given
by equations (4), (5) and (6).

Hence the total performance parameters of the amplifier and the signal source are:

(Acc)t = (Acc)s . Acc ‘ (17)

(Ada)t = (Add)s . Aaa (18)
1 1 (Aec)s ‘ ‘ ‘

(&), = CAR R v A | (19)

where subscript ‘t’ stands for the total performance.

The adverse effects of the poor regulation of power supplies F; and E, on the d.c.
stability of the amplifier can be reduced by having a high value of CMR.

Reducing the circuit unbalances or getting two transistbfs of nearly same B is in our
hand, but we have no control over the reverse saturation currents and base-emitter drops of
two transistors. These two quantities are affected by ambient temperature changes, producing
extraneous signals in the output. By selecting silicon transistors which have very low satu-
ration currents, the effect of the saturation currents on the amplifier performance can be made
very small. The two transistors T, and T, are strapped together in a clip so that variation
in ambient temperature affects both the transistors in the same way, thus producing CM
equivalent input signals at both the input basis. These signals can be prevented from produ-
cing any significant output by marking CMR very high. :

The effect of CM equivalent input Ve correéponding to the base-emitter voltage drops..
of the two transistors can be reduced by having high CMR but the DM equivalent Vyq will
produce the undesirable DM output, which is not due to the input signals Va and Vb. Hence,
the pgrformaﬂce of the amplifier is limited by the mismatch of the base-emitter voltage drops
of the two transistors T; and Ty. '

The high value of CMR can be obtained by making R; as large as possible as seen
from equation (3) but this will necessitate large value of E, to keep the same d.c. biasing
conditions. The value of E, can be kept small if R; is replaced by a grounded base transistor
whose high output impedance will act as Ra, without affecting the d.c. biasing conditions.
For good performance 3 of T; and T, should be as high as possible because it comes in the
denominator of most of the equations of the parameters.
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Designed Circuit:

The circuit shown in Fig. 5 was designed for collector currents of T, and T, each equal
to half milli-amp., so the collector current of Ts was slightly more than one miili-amp. The
two transistors T, and T, were kept in contact with an aluminium clip, to keep the effects of
ambient temperature changes on them as nearly equal as possible. Potentiometer P is used
to get zero output for zero input at any one particular temperature generally room tempera-
ture. In the circuit following values of the components were used:

T, T, and T; = Mullard silicon transistors OC203
E, =—12V, E =+9V

Rsa = 15470 ohms, Ry, = 15500 ohms

SRy = R ~Rav _ 5 ohms

2
I-—IZV

WK * 55 SR2o R24 15k 2 5%

CUTPRUT
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6 =235 =225 8= 05
g = ?f*__'_;ﬂ’ Y -

V,a==525 mv Vip==540 mv

VIC=V1a ';‘ Vlb =532.5 mv, Vld._vbi_z—_y}j':’ls mv

P=100 ohms potentiometer
R,a=Ryn==Internal emitter resistance of T, or T,+P/2

925
=emitter current in mA
=100 ohms.

+100/2

23,

To get zero output for zero input the setting of ‘P’ was 14 ohms away from the centre

~ making R;a=50--64=114 ohms and R,p-+50436=86 ohms. Therefore

114—86
2

SR;= =14 ohms.

The output resistance of T at the operating point Vce=-—6v and le=1.1 mA was

found to be nearly 70 K ohms. ;
The internal base-resistance rpa==Tbb

=20 X (internal emitter resistance of transistor) approx.

25
=20x SmA

=1600 ohms.

In the experiment the impedance of each source of Fig. 5 was 120 ohms. The

sources are in series with the internal base resistances of Ty and T, one end of both the

sources was grounded. For the source impedances we have
Ra=Rp=1000+120=1120 ohms '

and Re=0 ‘
From equation (8); (9), (12) and (13)
R=ReF R0 1120 ohms, Zee=1120 ohms

Zaa=R=1120 ohms.

* From gquations (18) and (19), putting Re=infinity
Overall DM voltage gain (Aqa)s =100 -
Overgll CMR ~ (He)t =4000

(20)
21
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From equations (2) and (3)
DM voltage gain of amplifier alone Aga=144 (22)
CMR of amplifier alone HC=9,300 approx. (23)
The value of overall total DM gain (Aqd) t was in full agreement with the experiment-
ally measured value. For higher DM gain the amplifier should have more than one stage.
Frequency Response

It was found to be flat from zero to 10 Kc/s and 3 db point was at 35 Kc/s.
Frequency response curve is given in Fig. 6. Break in the curve is made in order to
compress the curve in a similar space. Zero ‘db’ corresponds to a voltage gain of 100,

0db
-1db o 4:’
4
< -2db
(%]
'
O
X 3
~oa -3db 4?'
> -
Ldblr—
'SGb [ l | 1 "—r'
) 10 10
EREQUENCY W K:C/S.
Fig 6

Input and Output

The amplifier can amplify a minimum signal of 2mv. It-can give a. maximum output
of 8 volts without distortion, thus giving a linear input-output characteristic up to the maxi-
mum output of 8 volts,

The base to collector reverse saturation current flows through the source resistance,
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thus causing an undesired input signal. In silicon transistors, the reverse saturation current
is very small, permitting use of a source having resistance up to few thonsands ohms,
without producing any appreciable undesired input. Hence, the seismograph with high
source resistance (e. g. Milne-Shaw Seismograph which has coil resistance of 1400 ohms),
can be directly connected to the amplifier without the necessity of matching.

Drift

The drift was measured over a temperature range of 25°C to 75°C. Drift referred to
input was found to be between 20 kv to 30 kv per degree centigrade rise of temperature.

CONCLUSIONS

The performance parameters of the amplifier were found in the presence of the actual
unbalances in the circuit. The author did not assume that the circuit is balanced. From
equations (20) , (21), (22) and (23) it is seen that if the source resistance is higher the DM
voltage gain and value of CMR go down. Thus a seismograph producing a higher source
resistance will degrade the performance of the amplifier more than that producing a lower
source resistance.
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-

DYNAMIC TEST OF A CONCRETE FRAME

A. R. Chandrasekaran*

Synopsis

o Static and dynamic testing was performed on a four storeyed reinforced concrete
frame. Theoretical analysis compared favourably with the experimental values, Experiments
indicate a decrease in damping in higher modes.

Introduction

Natural periods of vibration and damping are the two important parameters which

determine the behaviour of structures under dynami¢ loads. Damping could only be.:

determined experimentally. Periods could be, theoretically determined, provided the mass
and stiffness distributions are known. Mass distribution could be, relatively, easily estimated.

Experimental determination of periods is necessary to verify the assumptions made in
arriving at stiffness distribution.

Reinforced concrete was used as a construction material for the model, as this is the
material generally used for construction of muilti-storeyed frames of medium height. Static
loads were applied horizontally to the frame, corresponding deflections were measured and the
spring constants of the system have been, thereby, evaluated. The frame has been pulled
horizontally, then let go and the consequent free vibrations have been measured to determine
the natural period of the structure and damping in that system. The base of the structure
was subjected to steady state sinusoidal excitations at various frequencies and amplitudes
of vibration at various storey levels have been measured. Damping was obtained from
experimental records. Theoretical analysis was made to obtain periods of vibration and
these have been compar'ed with values obtained experimentally. ‘

Size of the Model

A shaking table of size 60" x 40" with a head Toom of 7'6" above the table was
available for - doing experimental work. A four-storeyed reinforced concrete frame of

* Reader in Civil Engineering, School of Research and Training in Earthquake Engineering,
University of Roorkee, Roorkee (India).
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dimensions as shown in Figure 1 was chosen such that it could be conveniently accommodated
on the table,

The size of the column, 13" x 13” was the minimum that could be conveniently cast
in situ. The thickness of the slab had to be increased at the supports to provide proper
cover to top and bottom reinforcements. This model could be construed to be a geometrically

Bulletin : Indian Society of Earthquake Technology

similar model, with a length scale of eight, of a conventional four-storeyed frame.

Free Vibration Behaviour

Even neglecting the stiffening provided by the slab, the ratio of moment - of inertia per
unit length of girder to that of column works out to be four. Static deflection tests indicate
that floor system acts as a rigid unit. The model, therefore, could be assumed to be
represented by a four-degree of freedom system as shown in inset of Fig. 1

The equation of motion for free undamped vibration of the system is given by

M] {x} + [K]}{x}=0

where [M] and [K] are as defined below.

[M] =

The solution of the above equation results in the following frequencies and mode

@,

[ m

m )

and [K] =

T T T ™

-k 0
2k —k
-k 2k

0 —k

(n*

0
0
-k

2k

e ——— S

shapes.
p1 = 03473 J k )
m
P: 1.000 - 3)
m
k 4
py = 15321 /5 (¥
m
Ps = 1.8794 A/ k (5)
m
TABLE 1 .
No. st Mode 2nd Mode - 3rd Mode 4th Mode
i 1 $1® $® $1®
1 0.6565 0.5774 0.4285 0.2280
2 0.5774 0.0000 —0.5774 —0.5774
3 0.4285 —0.5774 =0.2280 0 6565
4 0.2280 —0.5774 0.6565 —0.4285

* Notations are defined ag they first appear in text.
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n
$1® *s have been calculated such that % my(¢,")*=1

J=

The weight of each floor including the weight of columns works out to be 200 1bs.

Discussion of Results of free Vibration Tests

For the purpose of estimation of stiffness k, static deflections were measured for

known horizontal loads. Horizontal loads were applied to the topmost mass and horizontal
deflections at various floor levels were measured. For small loads, (refer Table 2 and Fig. 2)
load deflection curves were sensibly linear. In this range, k of each floor works out to be
6667 lbs/in. This value of k corresponds to a modulus of elasticity, E; equal to 1.92x 10 psi
assuming moment of inertio. I, to be evaluated on the basis of gross .cross-sectional area of
concrete and an effective length of column equal to distance between centre to centre of floors.

Using the above value of k and m in the frequency equation, p=0.3473 ~k/m, the funda-
mental frequency of vibration works out to be 6.27 cps. The experimentally determined
fundamental frequency of vibration, from free vibration tests, is 6.25 cycles per second.

FOUR STOREVED FRAME
STATIC DEFLECTION TEST

SET NO.1; SMALL  LOADS
MASS 3

MASS 2 MASS

20

— -
(=4 v

LOAD N LBS __,
wm

= s ———
12
OEFLECTION IN MILS- .,

Fig, 2

When large loads are applied, (refer Table 3 and Fig. 3) static deflection tests indicate
deflections increasing more rapidly with increase .in load. The increased deflection would
indicate that k decreases with increase in load. This means that E also decreases. This
behaviour is typical of concrete. When k decreases, frequency also should decrease: This

is also borne out by free-ivibration tests in which large initial displacement were given.
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FOUR STOREVED FRAME.
STATIC | DEFLECTION TEST
SET -NO " 2. LARGE LOADS

MASS 4

MASS 3 MASS 2 MASS 3

LOAD IN KGS. o\a

= o 8§ 16 24 32 20 48 . 56 84 72
' ' . DEFLECTION iN MILS __, 16,3,
Fig. 3

Fig. 4 shows the free vibration records of the four storeyed frame. The fundamental
frequency of vibration (f,) and damping factor (&,) could be obtained from the records.

Free vibration tests indicate that the experimental value of fundamental frequency of
vibration is in accordance with the theory. Average values of damping factor g, as obtained
from free vibration studies, is md:cated in Fig. 4. :

Forced Vibration Behaviour

To study the behaviour under forced vibration, the frame was subjected to stcadv state
sinusoidal excitation. The frame was cast on top of a platform and the platform was sub-
‘lected to sinusoidal excitation.

Analysis

Consider the building frame to be subjected to a smusoxdal ground motion represented
byy——yb X sin wt.

The equation of motion for such a system is given by

Ml {z} + [C] {2} + [K] {2}=~[M] 5} : ()
Where [M] and [K] are as defined by equation 1, :
" Zy = displacement of the i*h mass, relatxve to a coordmate system ﬁxed in the base
y(t)—— displacement of the base ‘relative to a ‘ﬁxed’ frame of refercnce
[C] = damping matnx
Tt will be assumed that [C] would be such that the undamped model columns do remam
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STATIC DEFLECTION TEST

TABLE 2
Load Deflection in Mils
Lbs. | Kes. Mass n?. 1 Mass no. 2 _4! Mass no. 3 —J_— Mass no. 4
Loading| | o ding Loadine] | onding | Loading| 1 godt | Loading! ;oo
0 0 00 0.75 | 0.0 | 050 0.0 | 040 | 0.0 0.25
5 | 2271 3.0 375 | 225 | 275 | 15 | 2.0 0.75 | 1.00
10 | 454] 60 | 7.0 | 450 | 50 3.0 | 3.5 1.50 | 1.75
15 | 6801 90 | 100 | 675-| 725 | 45 | 50 | 225 | 250
20 | 9.07| 120 9.0 6.0 30
TABLE 3
Deflection in Mils
Load in - ‘
kgs. Mass no. 1 - 'Mass no. 2 Mass no. 3 ! . Mass no. 4
Loading Logéli-;; Lo>ading L ogcllli;—w; Loading L ogclili-;; Loading L og(li]i;]:
0 00 | 30 | 00 | 20 | 00 | 15 00 | 100
10 13.5 | 18.0 9.0 | 125 675 | 950 | 350 | s.00
20 280 | 340 | 210 | 245 | 1450 |, 180 7.50 | 9.50
30 46.5 | 51.0 | 350 | 37.0 | 24.00 | 2625 | 1225 | 13.50
40 64.0 49.0 33.0 17.00

ST
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valid. It has‘bcen shown (Rayleigh, 1945) that [C] then should bea linear combination of
mass [M] and stiffness [K] matrices. It would be further assumed that the percentage of
critical damping in each mode of vibration remains the same. It is possible to choose a
damping matrix that will satisfy the above assumption.

If the ground excitation is sinusoidal and is expressed as ¥ = yp sin wt, then the
steady state solution of equation 6 is given by
n () - ‘ :
Zi=— 3 Bi .®.u.Sin (st — 6r) . Y]
r=1 pzr '

where B;® = mode factor in the rth mode of vibration

n
m 3 myy®
_$ =1

n
3 my ($)
j=1
yp = maximum amplitude of ground acceleration

pr = natural frequency of vibration in the r*h mode.

ur = a dimensionless parameter denoting the dynamic amplification factor in the '

mode - B
[A—72)+ Q0:Lr)T

7 = o/pr = frequency ratio

¢ = damping factor in the r*" mode.

6r = phase angle in the 't mode.

= tan~! 120 Gr
G 1—n2,
The steady state acceleration 21 will be given by, differentiating equation (7),

. o (M. |

Zi= % : Bi .yb." br. Sin (ot—06r) ®)
=

The absolute acceleration xi of any mass i, is equal to Z + y)
. r . n (r) v
X1 = YD[ sin ot + 3 Bi. 72 . ur.sin (ot — 6r) ] ®
r=1 ‘ ‘
O ‘ n () * 0 @ 1 “
X .
(—..1)1“35—=[{1+ ( s By 7% ¥rcos er)} +{ S, By. 7% . Hr.Si0Or } ] (10)
) Yo . r=1 1 1’::1 . ) o .
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The values of Bi® for the four storeyed frame is given in Table 4 below.
obtained by making use of Table 1)

(These have been

TABLE 4
— Mass Mode Factor B;w
i Ist Mode 2nd Mode 3rd Mode 4th Mode
1 1.2411 —0 3333 0.1199 —0.0277
2 1.0914 0.0000 —0.1615 0.0700
3 0.8101 0.3333 —0.0638 —0.0797
4 0.4310 0.3333 0.1836 0.0520

Figure 5 shows a theoretical relationship between (S('i)max'-/).;bvvs. N
remains constant for all r’s and equal to 0.10.

FOUR STOREYED FRAME

THEORETICAL RESPONSE
S =010
FIRST MASS

SECOND MASS
THIRD MASS

FOURTH Mass

assuming that ¢,

Experimental Set Up

The four storeyed frame was cast in situ on-a platform which rests
it was free to move in a horizontal direction.

attached to the platform. The oscillator was dri
mission drive.

on rollers such that

Lazan Mechanical Oscillator was firmly
ven by a Graham’s variable speed trans-
This set up is capable of giving a steady state sinusoidal excitation to the table,
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The oscillator utilises the centrifugal force of unbalanced masses to generate a variable
alternating force. It consists of two eccentrices (unbalanced masses) mounted in such a way

that they produce a harmonic force in one direction only. There is also an arrangement - to
vary the amplitude of excitation by adjusting the position of eccentrices.

The frequency of excitation is varied by means of the transmisssion drive which use the
compound planetary gear system except that the non-rotating member is a traction ring which
eéngages tapered rollers at varying diameters . The traction ring is moved lengthwise of the

transmission to change the speed.

The acceleration of the base (platform) and that of the various floors of the frame were
measured by Miller acceleremeters, which are variable air gap inductance. pick-ups. The
pickup is connected to a bridge circuit and the output of the bridge is amplified by a Brush
Universal Amplifier and recorded on a Brush ink writing oscillograph.

An experimental run consists of measuring the acceleration of the base and that of a
floor for various exciting frequencies. Acceleration of all the floors were measured.

Discussion of Results

Table 5 and Figure 6 give the response of various floors, obtained experimentally. The

FOUR STOREYED FRAME

Sk ' EXPERIMENTAL RESPONSE
FIRST MASS
hr SECOND MASS - -onmo .
‘ THIRD MASS —

FOURTH MASS __.__ . __

bo.

EXCITING FREQUENCY IN CPS

Fig. 6
resonant frequencies correspond to that of the natural frequencies as obtained theoretically
for a four degree freedom system. However, the experimental response curves (Fig. 6) do
not resemble the theoretical response curves, The theoretical response curves were evaluated
for a constant damping factor in all modes. In practice, this is not the case.



38 ' " Bulletin :-Indian Society 6f Earthquake Technology

TABLE 5

Four Storeyed Frame

Forced Vibration by Steady state Sinusoidal Excitation

RESPONSE OF MASSES

Exciting RESPONSE
Frequency - i = =
“f* in C.P.S. R | s 24
Yo ¥b Yo Yo
3.0 l 1.15 1.10 1.10 1.05
4.5 1.96 1.85 1.70 1.10
5.5 3.10 2.75 2.08 1.20
6.0 1.80 1.50 1.30 1.10
7.5 1.26 0.86 1.12 0.94
8.5 1.05 0.67 0.95 0.88
10.0 0.60 0.52 0.76 0.74
12.0 0.72 0.58 0.46 0.55
14.0 0.94 0.27 0.87 0.95
15.0 1.10 0.18 1.15 1.25
15.5 1.60 0.10 1.65 1.70
17.0 1.20 0.32 1.12 1.05
18.0 0.95 0.47 0.95 0.64
20.0 0.65 0.67 0.77 0.98
21.0 0.57 0.95 0.64 1.13
22.0 0.64 1.14 0.58 1.35
23.5 0.98 1.35 0.55 1.64
24.0 0.73 1.22 0.60 1.24
25.0 0.52 1.08 0.80 0.83
26.0 0.48 0.70 1.00 0.48
27.0 0.42 0.78 1.15 0.60
28.5 0.37 1.05 1.31 0.92
30.0 0.28 0.86 0.61 0.73
32.0 0.12 0.47 0.42 0.60
34.0 0.08 0.29 0.21 0.40

Note: Subscripts 1, 2, 3 and 4 refers to masses,

¥p represents acceleration of base.

numbered serially from top downwards.

e
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At resonance, the amplification is essentially due to vibration in the mode correspon-
ding to the resonent frequency. By considering the amplification at resonant frequencies,
the damping factor works out as follows :

Resonant Frequency Corresponds to Damping Factor.
1st mode. 0.20
2nd mode. 0.10
3rd mode. : 0.05
4th mode. 0.03

It appears as though the damping as obtained from steady state vibration records is
somewhat higher than that of those from free vibration records. This might be due to inade-
quacy of the speed control unit which cannot give very small increments to forcing frequency.
There is a possibility that the structure has not been excited at true resonance. Nielsen (1964)
has reported that a very sensitive speed control unit is required to excite a structure resonance.

CONCLUSIONS

Free vibration tests indicate that the experimental values of fundamental frequency is
" in accordance with the theory. The resonant frequencies as obtained from forced vibration
tests had a good correspondance with the various natural frequencies calculated by theory.
Damping depends on the amplitude of vibration, larger the amplitude more the damping.
An average value of damping, for this structure, is 59. Steady state forced vibration tests
indicate that damping corresponding to forced vibration is more than that obtained from free
vibration tests. This might be due to the speed control unit being not very sensitive, It was
observed that damping was maximum in the first mode and it decreases in higher modes.
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SEISMIC DESIGN OF MULTISTOREYED CONCRETE FRAMES
"WITH ANALYSIS OF COST

Dinabandhu Mukherjee,*

SYNOPSIS

The Author presents the results of his study of the increase in cost of multistoreyed
concrete frames due to incorporation of seismic factor in the design. :

Very little work has been done, uptil now, in connection with the relationship between
the seismic factor and cost of multistoreyed framed structures. Particularly no work seems
to have been done for concrete frames.

This paper deals with the study of multistoreyed reinforced concrete frames ranging
from one to ten storeys in height. The frames are ‘designed for varying degree of lateral
forces corresponding to different earthquake intensities. This provision for earthquake

allowance involves additional expenditure. The relationship between the increase in cost and
the seismic factor is examined.

INTRODUCTION

In the regions frequented by earthquakes, structures need special designing against
seismic forces. In the case of an earthquake, the movement of the foundation of a building
is transmitted to the superstructure. Since the superstructure has to accelerate from rest to
motion, inertia forces act on the superstructure in a direction opposite to that of the -earth
movements The shearing forces in each storey due to dynamic loading result from the inertia
forces of all the masses above that storey. Seismic design consists of making the structure¢
strong enough to resist the dynamic loading.

It is not practicable to use the dynamic equation for every design as the computations
are extremely complex en account of the large number of factors involved. Moreover, the
dynamic behaviour of most structures is not fully known. Usual practice, therefore, is to
formulate an equivalent statical method of design. The procedures followed by differens
building codes are to assume the shape of the shear force distribution and then derive an

empirical formula for the equivalent horizontal static force co-efficient.

*Leoturer in Applied Mechanics, B. E. College, Howrah India.

| ( 4)
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Since earthquake waves may strike a building at any angle, buildings should be strong
enough to resist lateral forces in any direction. However, the waves can be resolved into two
components parallel to the major and minor axes of the building and therefore it is sufficient
to investigate its strength in the two perpendicular directipns only. In a framed building
the longer frames along the major axis and the shorter frames along the minor axis have to
be individually made strong for lateral seismic loading. The sho;ter frames are more
susceptible to lateral loads. For the investigation we take up a single shorter frame along
the minor axis of the building and consider the lateral strength in its own plane.

Every building has its own natural period of vibration. If the period of vibration of
an earthquake coincides with the natural period of vibration of the building, excessive
stresses are produced in the structure due to resonance.

For earthquake resistant design of multistoreyed buildings, the design formlﬂa,
according to Indian standard specification (I S 1892-1962) is ‘ '

0.353S o
~ N+0.9(5=3) cw

where V-—;Total‘.horizontal shear force

S=Total number of storeys in the building «(It shall .be taken as 13 when

the number of storeys is 13 or less) ’
N=No. of storeys above the one under consideration.
C=Seismic Coefficient.

R Ak e e

W =Weight of the structure above the storey under consideration.

For buildings having not more than 13 storeys this formula simplifies to the form
suggested by Jaikrishna (1958).

45

Earthquake resistant design of a structure involves additional cost and a compromise

has to be drawn between the increase in cost and the additional safety it ensures. Therefore,
_a systematic study of the relation between the seismic coefficient of design and the increase
in cost for different types of building frames should prove helpful in deciding whether it
would be practicable to incorporate seismic loading in the standard design practice of our
- country. In the present study a number of R. C.C. frames with two bays and different
storey heights were designed at first without considering seismic loading and then considering
seismic loading, The increase in cost due to seismic design over usual design was calculated.

The relationship of this increase in cost with the number of 'storeys and the seismic factors
was obtained. o
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DESIGN OF FRAMES

The pfesént study is restricted to 'R. C. C. framed structures of the following
description. '

The frames consist of two bays of 25 feet each so that the floor space can be dw:ded

into two rows of rooms (Fig. 1) one being a row of large rooms and the other one being of

~small rooms. The two rows of rooms will be separated by a corridor formed in the bay

containing the row of small rooms. The wall for the corridor is assumed -to be having its

own footing, so that it does not affect the design of the frame. The floor heights have been
kept as 12'-0"". The frames have been placed 12'-0" centre to centre.
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Fig. 1 = Multistoreyed Framed Structure

Usual Design
The frames are des1gned for dead load, live load and wmd load. The procedure
adopted is as follows. '

(i) 'Various loads are calculated making suitable assumptions. for the -self-weight- of
different members. : : e
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(i) A preliminary design is worked out with the help of approximate methods. The
column sizes are so chosen that the “Principles of Multiples” may be applied ‘to
the frame.

(iii) Dead load analysis is done by using “Kani’s method” (Kani, 1957), an iterative
process.

(iv) Live load analysis is carried out by “Substitute frame metood” (Jaikrishna & Jain
1960). Moments are calculated for a few suitable frames and the remaining moments
are obfained by interpolation.

(v) Combined effect of dead and live loads was then examined, so that the stiesses do
not exceed the permissible limit. '

(vi) Wind load analysis is carried out with the help of “Modified substitute Cantilever
Method”* (Kloucek, 1958), '

{vii) The stresses caused due to the combined effect of dead loads, live loads, , and "wind
loads are checked so that they do not exceed the permissible limit which is 3319/ in
excess of those allowed in the code for normal loading.

(viii) The foundation is lastly designed as a reinforced concrete raft, to provide {the
necessary bearing area and also making it strong enough to resist the moments.

As a specimen design, the design of the 10-storeyed frame is shown. The other frames
(8, 6,4,2 and 1 storeyed) were designed similarly. The final design of the 10-storeyed
frame is shown in the Table 1.

The foundation is designed as shown is Fig. 2.

!
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Fig. 2 Désign of Foundation

The slab is made 8" thick. The secondary beams are 14”"x28"., The outer beams

(main) are made 28”x31” and the central beams 35" x 32", suitable reinforcements are
provided in the slab and in the beam.
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Dynamic Design

In this case, the wind forces are replaced by earthquake forces and the analysis is
done by “Modified Substitute Cantilever method”. Sections are designed for the combined
moments and thrusts due to dead load, live load and ¢arthquake load.

Earthquake forces are calculated according to the simplified formula (See Introduction)

4.5
NT43 X CXW

Calculations of Earthquake forces for the 10-storeyed frame, corresponding to a seismic

co-efficient of 20% g, are shown in the Table 2.

Sheer=

~Table-2, Earthquake Forces.

Shear Eqvt. force
(Kips) ~ (Kips)
10th § 45 ooen | v | 0
torey 0543% 0.2x113 - : 7 22.60 22,6
Sth Storey I%f}sxo.z X (1134-118) 137.80 15.20
8th Storey f%x 0:2x(231x118) ‘48.40 S 10.60
7th Storey % x0.2 xi(349+ 118) o 56.00 - 7.60
6th Storey ﬁ‘% X 0.2.X (467-+122) 6240 6.40
5th Storey 5%:;5 X 0.2 (589--122) ‘ o 67.40 5.00
. 4' . . v . .
4th Storey 230257114 122) 7140 4.00
3rd Storey 7%% X0.2%(8334122) 7480 3.40
| 4.5 ‘ | o
2nd Storey §3-45 %X 0.2 % (9554 122) 77.60 2.80
4.5 :
Ist Storey 95435 X0.2%(10774122) 80.00 - 240

The design for 0.2g is shown in the Table 3.

Similarly, the earthquake designs for 0.15g, 0.1, and 0.05g are carried out for :the
10-storeyed frame, |
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The design shown. for the 10-storeyed frame was repeated for 8-storeyed, 6 storeyed
4 storeyed, 2 storeyed and 1 storeyed frames, obtaining the design in each case with respect

to wind load, earthquake allowances of 0.2g, 0.15g, 0.1g, 0.05g over and above dead load
and live load.

.COST ANALYSIS

For the pljrpose of comparing the cost of buildings designed for different purposes,
we calculate the cost of structural frame, the floors, the foundation and assume that other

~ details of the buildings and the various electrical and sanitary fittings contribute about half
of the total cost of the complete building.

Rates assumed® :—

Concrete in multistoreyed frame, excluding cost of steel but

incvluuding' cost of b¢ndingt‘an;d placing of reinforcement " Rs. 4.00 per cu. ft.
Steel in reinforcement . ‘ Rs. 170.00 per cu. ft.
Cost of flooring ~ . .. ~ Rs. 3.00 per sq. ft.
Foqnda»tioq,concrete;,including cost of steel ‘ ~ Rs.  6.00 per cu. ft.

San;_plecal(':ulé.tion for 10-storeyed building :—
nitial cost =(2104x 4-+52.4x 17046000 x 3+ 1054 X 6) 2.0
- =83,300 ' A
For earthquake allowance of 0.2g, Increase in cost
=(130—52.4)x 170=13,192

Therefore, per cent increase in cost =%%;—(9)—(2)X 100=15.8%

Per cent in:c“reése'in cost 'fb'r‘ éarthquaké allowance of 0.15g

=07.6-52.49x170
; _‘——‘g’—360—————-x100-—92/,

Per cent increase in cost for Earthquake allowance of 0lg

- (66.0—52.4)x 170
T80

Per cent in(;rea";e ‘;iﬂ cost for Ear‘thquake allowance of 0.05g is nil; |

x 100=2.8%

For diﬁ'erent buildings, the initial cost, per cent increase in cost due to earthquake
allowancesigivcn in non-dimensional form in the Table 4. The initial cost of one-storeyed
building is. calculated as Rs. 7056, which is assumed to be unity. The other costs are
expressed  as ratios to this cost of one storeyed building, ‘

*Rates Pertaining to the year base 19562,
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Table--4
Cost of Buiidings.
Building Initial Increase in cost due to per cent increase
cost . Earthquake allowances of '
20% 8 1.87 15.8%
15% g 1.09 9.2% ¢
10-Storeyed 11.80 107, g 0.327 2.8%
57 8 nil nil
2075 1.76 19.5%
| 15% & 1.12 12.4%
8-Storeyed 9.05 10% g 0.555 6.1%
| 5% 8 nil nil
20% g 1.36 20.1%
157, 8 0.93 - 13.87,
6-Storeyed 6.75 10% g 0.438 6.5%
| 5% 8 0.014 0.21%
20% g 0.91 20.6%
| N 157% g 0.62 14.1%
4-Storeyed - 4.40 109, g 0.232 1.5%
5% 8 0.024 0.55%
20% g 0.45 20.9%;
15% 8 0.31 14.4%
2-Storeyed 215 10% g 0.17 7.8%
5% 8 0.024 1.1%
207, g 0.178 17.8%
\ 157 & 0.14 14.0%
1-Storeyed 1.00 10% g 0.08 8.0%
e 0015 LS%
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Relationship between Seismic Factor, Cost and Number of Storeys

The percentage increases in cost of different buildings corresponding to various
carthquake allowanc:: are plotted and the graphs obtained thereby. Each curve in Fig. 3
shows the variation of percentage increase in cost due to different earthquake allowances
for a certain building. The increase in cost is expressed as a percentage of the cost of the
building not designed for earthquake forces but designed for wind forces. Fach curve in
Fig. 4 shows the variation of percentage increase in cost with the number of storeys of

buildings for a certain fixed earthquake allowance.
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CONCLUSIONS

For the same height of building percentage increase in cost rises linearly with increase

in seismic factore. If the same seismic factor is used for design of a number of buildings, the
percentage increase in cost is less for taller buildings.
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/

ON THE APPLICATION OF THE RECIPROCAL THECREM TO
THE VIBRATION OF CONTINUOUS BEAMS

K. Narayana Iyengar*®

SYNOPSIS

ThlS :paper illustrates the. -application of reciprocal theorem to the vibration: -of .con-
~tinuous beams. = A few.illustrative examples have been given. - . B

INTRODUCTION

The vibration of continuous beams has "been extensively studied in the past. The
clasical approach for the study of the free vibrations is through the “Three ~moment”’
“equation or the- “slope-déflection”” ‘equations. Either of the mcthods results in ‘a set of
homogeneous equations with the support moments as the unknowns. Then the transcendental
frequency equation is arrived at by the condition that the determinant formed by the
coeflicients of the support moments in the set of homogeneous equations must vanish for
.pon- -trivial solutions. The steady state forced vibrations of continuous .beams, has bgen
" studied by Gaskell (1952) by a moment balancing procedure analogus to the Hardy Cross
method of moment distribution in statics. A serious limitation of this procedure is that

the convergence of the solution is not assured for values of the exciting frequency greater
than the fundamental natural frequency of -the beam.

The steps taken by Saibel and D’ Apolonia (1952) for the solution of the forced vibration
problems are (a) Intermediate supports are removed leaving an .ordinary simple beam for
which the eigen values and eigen functions are known, (b) The deflection of the beam at any
point is represented as an infinite series in terms of the "eigen functions of the simple beam.
(¢) The constraints at the intermédiate supports are -introduced through undetermined
multipliers. From the Lagrange equations of the motion and the conditions of constraint,
equations are developed that yield the solution.

¥Department of Civil Engineering, Indian Institute of Scichce, Bangalore—12.

(53 )
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In this paper a method based on Reciprocal theorem has been developed for the study
of vibrations of the continuous beams. The method consists in essentially considering the
System in two states, firstly under given loadings; secondly under a convenient fictitious
loading and to apply the Reciprocal theorem which states that “if a body is considered,
subject to two different states of forces then the work done by the forces of each state on
the corresPondmg displacements of the other are equal.”

The present method gives the same frequency equation as in the classical methods
circumventing the formation of the simultaneous equations in the case of free vibrations
and in the case of .forced vibrations it has no problem of convergency, this being not a
successive approximation method. Compared to the approach of Saibel and D’ Apolonia (1952)
the present method for the steady state solution does neither requires a knowledge of the
eigen values and eigen functions of the simple beam nor encounters the solution of simultaneous
equations. Hence the use of the method lies mostly in the solution of the forced vibration
problems of continuous beams.

SOME USEFUL RESULTS

For a simply supported beam subjected to an end moment M Sinpt (Fig. ) the
equation of motion is ‘ ‘

oy m v B 1y
axHEl oz =0 (

where m is the mass per unit length and EI is the flexural rigidity of the beam

M St

with the Boundary conditions

2

I L 2 0atx=0: VM si
y=0atx=0and L, ax,_Oatx«O, Pre M sin pt at x=L

The solution is

y (x, t)=

M [sin Ax  sinh Ax . |
2EI)? [sin AL " sinh AL ] (sin pt) . @

4 .. TP
Where At = Bl

i
.
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The slope at the Left and Right ends are respectively

Or_1, 1= M 0 SR ]sin t=ML ¢ sin pt
-1 758 | S AL “simh AL |° P 6EI P

Mor ML _ . |
A - TR 3
O, 1 =5Eix Lcot«h AL —cot AL] sin pt=,5y  sin pt 3
The dynamic carry over factor ' '
_Or1nr_ ¥ . )
—_91'9 r—} ~29 .

FREE VIBRATION OF CONTINUOUS BEAMS

Referring to Fig. 2 let it be required to find the natural frequencies of the beam on ‘n’
supports. The condition of the beam freely vibrating, and hence acted on by support moments
M: sinpt ete. is the I state for applying the Reciprocal theorem. The II state is the one in
which the beam is acted on by opposite pulsating moments of unit amplitude applied at some
support ‘r’.

?{‘L‘ “; ' v j :ﬂ » ?
lL MeSinbt
a‘—' & ¥ ] ) * &

g ’
) 1NPY

Fig. 2

The deflection of the span (r—1, r) in the I state can be written as

yri=Xry sin pt
and the force acting on the span

::"‘a"{z—* —"-"*-*“[DP’XII sin pt

Similarly the deflection in the Il state is
yrr1=Xryg Sinpt
Force acting = —mp?*Xry sinpt

Let ér, r-1 and ¢x, r+1 be the amplitude of the slopes to the left and right of support ‘r* im.
- the II state. |
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From the Reciprocal Theorem

n LI' a2vr_[ . .
A (f) = YrardX+ My 8inpt (e, 1y + drore) Sinpt
Fe= 2 .

This simplifies to
¢r, -yt ¢, ry=0 , (6)

This is the frequancy equation for the beam. The tables of 6 and y for values of )AL within 27,
as given by G.L. Rogers greatly facilitate the solutien of equation (6).

Example 1.
To find natural fréquencies of the beam shown in fig. 3. m and El remain constant
throughout, f o o

3 2 3 & 51
T or $
| A T L b -snm—nwa-wéﬁiw--;? ,
I
———e bt
‘ Lach ; ) t” ( rnb ﬁ,‘._ ‘
Fig 3

Moments with unit amplitude are applied at support ‘2’ due to which moments of
amplitude m,, m, and my are induced at I, 3 and 4. They are found by successively applying
Reciprocal theorem considering the beam to the left and right of support ‘2’ as two separate
continuous beams acted on by an end moment.

Henceforth in the figure for the II state only the amplitudes, of the different..quantities
will be shown. Considering the condition of the portion 0~1-2 when acted on by a moment
‘Sin pt” at 2’ as the [ state of loading and the condition in which opposite moments ‘Sin pv’
act at ‘1’ as the II State from Reciporcal theorem. R A

0.6L 0.6L -
2 (3a1) e = FET) Yo

i.C. ml pe——d ¢l()‘6/49 ()'6

The subscripts for 6 and ¢ refer to the ratio of characteristic length (AL;r) of the span under
consideration to that of span 2-3.

Next considcring the portion 2-3-4-3 (Fig. 4) aqd applying Rccipp.ocal theorem.

Lo 0.6L s ( 0.61 ] L SR Y
m3[3EI + 3Ep Gos — 404.4 6El> = el Y
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& Q’ : - - l‘n
82wt . , A
& ¥ a

’ it p 23
H 40, !
- Fig. 4
HEnCe mg S PRI 3 ‘P Ll ] I
26+1.205.6—0.15 ¥%.6

Bo-6
The frequency equation referring.to Fig. 3 ds-
952’ 1 + 952’ 3 = 0 ‘
. 0.6L 0.6L (L L _
oo (S8 e = m it w0 )+ (o 0o e ¥) =
This simplifies to _ '

¥ lpz
+6 (49+2.49(,,,6 =0.3 o ) o
. Bos /. e
The solution of this equation lea_d‘s‘ to the different natural frequencies.  The funda-
mental frequency is found to correspond to AL=3.38.

0.6 By — 0075708
60-6

o S "é*
FORCED VIBRATION OF CONlTINUOUS BEAMS

When pulsating external loads are acting on a continuous beam, the Reciprocal theorem
is applied to determine the support moments-éxplicitly. Loads of different excitation fréquency
are to be considered separately and the effects superposed. Referring to Fig. 5 due to a load
W Sinpt on span (r—1, r) oscillatory moments with amplitude Mo, M, etc. are induced at
supports 0, 1 etc., considering another condition of the:beam in which instead of external

loads unit amplitude moments having the same frequencyi as the load are applied at support ‘r’.
From Reciprocal theorem ' : ' ’ B -

—W5 4+ Mr($ruy + dees) =0 Y
T A e -
g KR ; o
L i LR

-Fig. §

where § is the deflection amplitude at'the’ point of applicd‘tidﬁ “of t"he";lda"‘d i the II ‘state.
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From equation (7) M; can be found out. The other support moments can be found by con-
sidering the beam to the left and right of support r’ separately, acted on by one end moment

M: along with the given external loads. As the moments induced at the supports due to a
moment at support ‘r’ wil) have been already calculated in the determination of M;, the com-
putation of the other Support moments will not present much difficulty.

The problems which have been worked by the authors (Gaskell and Saijbel & D’Apo-
lonia) mentioned in the introduction are worked here to compare the numerical results.

Example 2.

To find the support moments of the beam shown in Fig. 6. m, EI are constant
throughout,

pean ,
¢ L ;*J L - L o
!
3 % b
122 03 1 e 122wy
Fig. 6
The frequency of the load is such that AL = 3.3,
for \L = 3.3. 6 = — 2.3896 Y = — 58302
The moment at ‘0’ due to unit moment at ‘I’ in the II state
Y
g = 1.22
Considering the portion 1-2-3 separately in the II state we get
. my, = 2,37 |
OL -?’.I‘L o4 ‘~~I-.."
b0 = (""??ET — 122 &) = 0.3865 £

- [(_6L yL L
tw = (g — 2.37 ~6g) = 1:5035 El

amplitude of deflection at the point of application of the load in the II state is
L2 ‘
= 0.405 Bi upwards

Hence from the Reciprocal theorem

. 0.405
M, (¢10 + b13) — Ta WL2 == 0

ie. M, = 02142 WL

The sign of M, indicates the direction assumed in the beginning for-M, as shown in Fig. 5is
correct, a -ve sign would have indicated the opposited direction,
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The values of moments are compared with those obtained by Gaskell by a 12-cycle
moment balancing in the following table.

C.W. = clockwise. : A.C.W. = Anti-clockwise
Ma Mo = — My, Mp = — M,;, M.
(C.W.) C.W. A.C.W. A.C.W.
Author - 0.2615 WL ~ 0.2142 WL 0.2142 WL 0.2615 WL
Gaskell 0.2630 WL 0.2160 WL 0.2170 WL 0.2630 WL
Example 3.

To find the deflection under the load for the beam in fig. 7. The frequency of the load
is one fourth the fundamental frequency of the beam with support 1.

W Siwre

Q"""" i ‘ Ti 3
g —
Fig. 7
. e
Z J i and AL = 2
For Span 0—1 o
4L
w=(3) (7 ) = 0.897 o
For Span 1-2 b .
AL,=0.625 o
Correspondingly in the II state of loading A
0.333L :
(dro + $13) = )
- and the deflection amplitude
2L: [ Sin 0.448  Sinh 0.448 0.021 L?

8 = “Elx* | Sin 0.897 ~ Sinh 0.897 | EI

From Reciprocal theorem
» 0. 33L> w( 0. 021 Ly, X

i. e. M, = 0.063 WL

‘ ported beam of span ‘L’ subject to an external pulsating load at
nd is (4)

The deflection of a simp
a distance ‘c’ from the
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‘gih%" ) S8 e eq W . : "x;:lﬂix : naoe Cviate . e osd [ B (RO ‘}!l
Sin Sin — iy e i
WL @ L L N S
y (xs t)=T ni[ - n4 714 )\4 L4 Slnpt

‘x’ being mﬁasured from the l%ft end Treating the first. span separately, the deflection
below the load;. due to the external load, only

WL

= 0.00382 = "Sinpt (doWrwards)

hut wnDeflection due to-moment M; Sinpt

3 N
=0.001323 —Yg'— Sinpt (upwards)

Hence the resultant deflection below the load

] WL:
==0.002497

Thc steady state deflection considering two terms in the infinite series solution given by Saibel
and D’ Apolonia is v

Sinpt (downwards)

WL?
=0. 00256?———1;1* Sinpt

CONCLUSION

A method based on the Reciprocal theorem is pres'ented for the analysis of free and
forced vibrations of continuous beams. From the examples worked out it can be seen, that in
problems of forced vibrations it is the easiest one among the existing methods.
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SEISMOLOGICAL NOTES
(India Meteorogical Department, New Delhi)

Earthquakes felt in-and near about India during October-December, 1964,

Date Origin time Epiéentm | Region Approx.dep. Magnitude Remarks

1964 (GMT) Lat.  Long (Km.)
h. m. s. °N)  (E)
1 2 3 4 5 6 7 8 9 10
Apr.15 16 35 56 21.8 88.5 South west of — 6.5  Felt at Calcutta (M.M.

(N.DLH) ‘ Calcutta (N.DLH) intensity VII), Kakdwip,
° Saugor Island, Mohan
‘ ' pur and some other parts
o of Midnapur Dist.
16 35 57.5 21.7 88.0 India East Paki- 36 5.5

(U.S.C.G.5.) stan border ' L ' -
+ 0.4 (All M.M. intensity vII)
- (CGS) L |
Apr. 16 —_ — — — —_ —  ‘Kakdwip, Saugor Island,
’ : . Contai felt at about
09 hrs. 25 m. GMT (M.
M. intensity V) -~ .
Apr. 16 - - —_ — — —_ —_— Felt at Shillong at 11 hr
10 mt. GMT (M.M. in-
) tepsity V) =~ .
Apr. 22 14 56 53.1 124 95.7 Andaman 33 5.0. : _—
(USCGS) Island. (CGS)
May 4 19 30 52 41Kms. — — — 3.7 —
. (N.DLH) NWof ~ (N.DLH)
, Delhi ' ,
May 7 17 41 39.8 36.0 70.7 Hindukush 1¢8 4.7 Recorded at a few Indi-
(USCGS) ~ (CGS) an Observatories. B
May 16 08 38 52 36 71 Hindukush — — Recorded at all Indian
: (Shillong) Observatories. . !
08 38 54 363 715 Hindukush 122 5.3
(USCGS) | (CGS)
May 17 - - — —_— — — Felt at Goalpara(Assam)

at 20 br. 25 mt. GMT
’ ~_ (M.M. intensity V)
May 24 00 00 50.2 30.1 82.1 Nepal 33 51  Recorded at a few Indian

(USCGS) (CGS) Observatories.
00 00 49 —  — — - 53 :
(N.DLH) (N.DLH)

61
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1 2 3 4 5 6 7 8 9 10
May 24 —_ — — — - —  Felt at Mohanbari at
11 hr. 25 mt. GMT (M.
7 : M. intensity V)
May 28 06 14 27 11Kms. South- — —_— 2.6 Felt at Delhi (M.M. in-
(N.DLH) west of Delhij (N.DLH) . tensity I1I)
May 29 01 59 21 12Kms. — — —_ 2.8 Felt at Delhi.
(N.DLH) away (N.DLH) :
from
Delhi -
Jun. 302 49 15 26 95  Naga Hills —_ 6.1  Feltat Many places in
(Shillong) (N.DLH) Assam (M.M. intensity
‘ Shillong V, Mohanbari
v, Lumdmg V, North
Lakhxmpur V)
02 49 14.9 259 958 Northern 100 5.5
(USCGS) Burma + 04
: R (CGS)-
Jun. 6 08 05 56.4 37.1 72,1 Hindukush 166 5.0 Recorded at a few In-
‘ (N.DLH) S (CGS) dian Observatories.
Jun. 912 33 25 217 877 South West of . — —  Felt at Calcutta, Kak-
(N.DLH) Calcutta dwipa, Saugor Island
. - , (M.M. intensity V)
Jun. 12 —_— — —_ _— — —_— Felt at Srinagar at 05hr.
45 mt. GMT (M.M. in-
ST tensity V)
Jun. 13 03 28 42 17Kms — —_ —_ —  Felt at Dclhl and So-
(N.DLH) South-' o ~'npepat, !
East of - :
Delhi . g
Jul. 314 10 33.0 339 745’ Kashmir 94 49 . Recorded at a few In-
. .(Uscas) .. .(CGS) dian Observatories.
Jul. 721 12 336 358 734 Hmdukush 19 52  Recorded at a few In-
g (USCGS) : - ~ (CGS) -dian Observatories.
Jul. 12 20.16 Q0 27 94 Northeast — - Recorded at all Indian
(Shillong) o Assam " Observatories,
20 15 59 249 953 Northwestern 155 67 |
. scesy T e gl
Jul. 13 10 58 50 24 94  Manipur-Burma — - Recorded at all Indian
(Shillong) 1% Border fe . Observatories.
10 58 47.7 23.7.. 9 17 Northwestern 117 6.5
(USCGS) Burma (CGS) - e
Jul. 28 21 38 435 143 - 96.2 Andaman Isla- 33 5.5 Recorded at a few In-
(USCGS) nds region % (CGS) nian Observatorics.
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63:

 (DELHI)

1 2 3 4 5 6 7 8 9 10
Jul. 28 22 46 34 141 96.1 Andaman Isla- 14 5.6 Recorded at a few In-
(USCGS) nds region ‘ (CGS) dian Observatories.
Aug. 100 47 08 36.7 70.3 Hindukush 149 — Recorded at a few Ins
(USCGS) Region dian Observatories,
Aug. 11 13 35 14 6.3 97.3 Nicober Islands 33 5.1 —
(UsCGS) region (CGS) '
Aug. 12 04 07 35 30Kms, -— — - 3.2  Felt at Delhi and
~ (DELHI) North- (DLH) Sonepat.
west of :
. Delhi
Aug. 16 03 29 33 40Kms, — — —_— 2.6  Felt at Sonepat.
, . (DELHI) North-. (DLH)
west of
Delhi » }
Aug. 17 14 42 56.6 242 94  India-Burma 184 47 —
(USCGS) Border:region (CGS) |
Aug.28 13 21 135 7.1 951 Nicober Islands 33 5.1 Recorded at a few In-
(USCGS) Region (CGS) dian Observatories.
, 13 22 05 7.6 95.6 Nicober Islands 33 5.2  Recorded at afew In-
(USCGS) : Region : (CGS) dian Observatories,
1336 .50 12 83  Off coast of: — —  Recorded at a number
- (Shillong) Madras of Indian Observatories.
Aug.30 02 35 05 27 88 Nepal-Sikkim - —  Recorded at a number
(Shillong) - - Border of Indian Observasories.
02 35 08 27.6 88.3 Sikkim 21 5.2 “
(USCGS) v (CGS) ‘
Sep. 113 22 36 27 92 Bhutan . ==' 57 < Recorded at a number
(Shillong) A , , (DLH) of Indian Observatories.
13 22 36.6 27.2 92.3 India-China 33 = 5.7
(USCGS) Border (CGS)
Sep. 6 18 57 204 7.1 93.7 Nicober Islands 46 5.2
' (USCGS) .., Region - (CGS)
Sep. 15 15 29 40 9 95 Andaman Islands — 7.1 Recorded at all Indian
(Shillong) Region ' - "(DLH) Observatories’
15 29 322 89 931 Nicober Islands 37 62
(USCGS) "~ Region ‘ (CGS)
Sep. 16 01 26 20 11 94  Andaman Islands — — Recorded at a few In-
(Shillong) e Region T dian Observatories.
01 26269 109 93.1 Andaman Islands 47 = 5.7
(USCGS) Region (CGS) ‘
Sep. 19 00 39 10.7 365 70 Hindukush 212 4.7 Recorded at a few In-
(USCGS) o o  (CGS) dian Observatories.
Sep. 26 00 05 55 30 .. - 81 U.P.-Tibet " — 5.7 Recorded at all Indian
' - Border (DLH) Observatories. Felt Delhi

Lucknow and other parts
of Northern India.
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1 2 3 4 5 6 7 8 9 10

Sep. 26 0 46 02.8 30.1 80.7 Tibet-Indian 50 62
(USCGS) Border Region (CGS)
Oct. 407 00 57.1 27.9 69.2 India-West Pak, 14 48 Recorded at a few Indian
(USCGS) Border Region (CGS) Observatories.
Oct. 6 02 54 32.7 30.3 94.6 Tibet 33 4,5 —
(USCGS) ) ‘ (CGS)
20 19 35 29 81  Nepal — 54 Recorded at all Indian
{Shillong) (Delhi)  Observatories.
Oct. 723 04 479 32,7 83.9 Tibet 33 — —
(USCGS) :
Oct. 13 23 02 26 358 71.1 West Pakistan 120 5.8 Recorded at a few Indian
(USCGS) (CGS). Observatories.
Oct. 19 02 15 58.1 31.4 79 Tibet-India 33 4.8 -
(USCGS) : Border Region (CGS)
Oct. 21 17 23 33.7 359 71.3 West Pakistan 181 =~ 44 = = = —
{USCGS) (CGS)
23 09 18.8 28.1 93.8 India-China 37 5.9 ' Recorded at all Indian
(USCGS) Border region (CGS) Observatories,
Oct. 24 18 27 24 18Kms. — —_— — . ~— " Felt at Sonepat.
(Delhi) away from ‘
Sonepat
Oct. 29 05 00 22.8 40Kms. — —_— - — Felt at Sonepat.
(Delhi) North-West
of Delhi |
13 30 44 263 967 Burma 170 4.7 -
(USCGS) | (CGS) _
Nov. 4 15 20 23.5 248 96.1 Burma 43 — -
(USCGS) ‘
19 46 06.2 36.4 70.8 Hindukush 210 4.6 —
(USCGS) Region (CGYS) '
Nov. 722 03 18.8 36.5 70.8 Hindukush 215 — -
(USCGS) | ‘ Region :
Nov. 916 12 50.6 295 86 Tibet - 33 4.7 —
(USCGS) (CGS)
Nov.10 17 13 03.9 29.8 92.2 Tibet 69 46 —_
(USCGS) (CGS)
Nov. 12 10 15 47 17Kms. — — — —  Felt at Sonepat.
(Delhi) away from
S Sonepat. . :
Nov. 15 17 12 439 365 70.9 Hindukush 220 5.0 -
(USCGS) Region (CGS)
Nov.16 04 47 20 37 =~ 70 Hindukush - 200 — Recorded at -all Indian

(Shillong) Region A Observatories.
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1 2 3 4 5 6 7 8 9 10
Nov. 18 07 41 58 08Kms. - - - - Felt at Sonepat.
(Delhi) away from
Sonepat
it 28 15 13Kms. — — ~ - Felt at Soncpat.
{Delhi) away from
Sonepat
Nov.25 08 32 59 26.6 963 Burma 80 5.4 Recorded at a few Indian
(USCGS) (CGS) Observatories.
Nov.27 11 03 48 363 70.7 Hindukush 219 5.2 —
(USCGS) Region ~ (CGS)
Nov. 30 12 24 (9 6.2 93.7 Nicobar Islands 33 - Recorded at all Indian
Region Observatories.
Dec. 1 11 45 21 106 93.4 Andaman 33 4.7 —_—
- (USCGS) Islands Region (CGS)
Dec. 208 21 433 29.5 813 Nepal. 23 5.1 —
(USCGS) (CGS)
Dec. 19 17 35 52.240Km, — - - -— Felt at Sonepat.
(Delhi) North West
of Delhi
Dec. 20 03 31 36 295 81 Nepal 33 52  Recorded at all Indian
(USCGS) (CGS) Observatories.
Dec. 24 01 08 37.7 36,2 70.9 Hindukush 158 5.6 Recorded at all Indian
Region (CGS) Odservateries.  Felt :

Peshawar and Reasalpur
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