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RESONANT AMPLITUDE RESPOSE OF
MACHINE FOUNDATIONS ON COHESIVE SOIL

Robert L, thdner*

SYNOPSIS

- Resonant = vertical displacement amplitude - response of prototype circular footings
supported on cohesive soil and subjected to vertical sinusoidal loading of a nature prevalent
in machine foundations is presented using the methods of dimensional analysis in conjunction
with kinematic and force parameters in phase diagram representation. The response is
nonlinear but is presented in terms: of a non-dimensiondl ‘resonant amplitude parameter,
dynamic stress amplitude transmitted to the supporting soil, and transmission factor of the
soil-foundation system in both graphic and analytic form. The physical variables include
the size and mass of the footing, applied dynamic force, eccentricity factbr,’.‘displacement,
and energy dissipation. Size effects are conveniently handled in non-dimensional form,
Static stress level was maintained constant at 4:25 psi with .footing diameters ranging from
5 ft. 2 in. to 10 ft. 4 in., total weights from 12,820 1bs. to 51,280 1bs., and applied force

" amplitudes between 525 Ibs. and 52,000 lbs. The results may shed insight into other studies

of resonant amplitude response of machine foundations.

~ INTRODUCTION

The major source of objectionable response Of machine foundations is the occurrence
of resonant phenomena. " When the operational speed of the machinery coincides with the
natural frequency. of the soil-foundation system, resonance occurs and the amplitude of

motion of the foundation is greatly ‘amplified. Excessive foundation motion may lead to
serious structural damage, excessive wear of the machinery, or objectionable ' performance.

Most work on machine foundations have been directed at the analysis, determination, and
prediction of the natural frequencies of the soil-foundation systems. Considerably less

attention has been devoted to the consequences of resonance; namely, the resonant amplitudes
of the foundation motion. Because of the energy dissipation inherent in any physical

system such as a soil-foundation system, the resonant amplitudes have finite values. It is
highly desireable to be able to estimate the values of these resonant amplitudes in order to
compare them with acceptable displacement tolerances of the foundation.

"‘A_ssociate Professor of Civil Engineering, Technological - Institute, Northwestern University
Evanston, Illinois US.A, ‘
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The resonant response of a soil-foundation system is a functlon of many factors,
including size and mass of the foundation, mass and distribution of mass of the machinery,

operational characteristics of the machinery, properties of the soil supporting the foundation,
magnitude and nature of the applied forcing function, frequency of oscillation, applied static

stress, etc. The interrelated. effects of these factors on the value of the natural frequency
have not yet been determined. It is gerierally recognized that the response of a soil-foundation
system is a nonlinear problem of a highly indeterminate nature. However, highly idealized,
simplified representations or models of these systems have been utilized to provide the
foundation engineer with methods (however limited) for attempting the estimation of prototype
response. These expedient solutions are limited with regard to the scope of their applicabi-

lity to represent actual ficld conditions. Most experimental studies of machine foundations

are on models or relatrvely small footings w1th prototype investigations quite  limited in
scope. ‘ -

‘ “The present paper deals with the analysis and formulation of the vertical mode resonant
amplitude response of large scale prototype circular footings supported on cohesive soil and
subjected to vertical vibratory loading of a' nature prevalent in machine foundations. The
physical variables considered include the size and mass of the footing, applied dynamic force,
frequency of IOadmg, damping of the system, and footing displacement as well as the phase
angle between applied force and displacement. Static stress level was maintained constant
at 425 psi with footing diameters ranging from 5 ft. 2 in, to 10 ft. 4 in., total weights from
12,820 1bs, to 51,280 1bs., and applied force amplitudes between 525 lbs. and 52,000 lbs. The
methods of d1mensronal analysis are used in setting up functional relatronshnps among the
variables. A point by point amplitude linear approximation of assumed harmonic motion
is used and kinematic as well 4s force parameters are represented in phase diagram form.

DIMENSIONAL ANALYSIS

The highly indeterminate nonlinear nature of the response of soil-foundation systems
makes dlmensronal analysis a convenient method of expressing the physical phenomena in
functional form in terms of a finite, number of physwal quantities, Such methods as wused to
formulate relationships among physical quantities may be briefly summarized as follows. If
there are ‘m’ physwal quantities containing ‘n’ fundamental units, which can be. related by an

equation, then there are (m—n), and only (m n) mdependent non-dimensional parameters,
called m terms, such that the 7t terms are arguments of some indeterminate,  homogeneous
function K: | / |

K (771, Tay W3y eee ves o0i T f!) =0 R e (1)

'Usmg a force, length, and time system of fundamental units; the physical quantltres ‘given
in Table T have been selected considering the steady state vertical oscillation of a circular
foundation supported on a cohesive soil and subjected to a sinusoidally applied vertical force.
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TABLE 1
'PHYSICAL QUANTITY sympo ~ FUNDAMENTAL

1. Amplitude of footing displacement X L
2. Total weight of foundation W' F
3. Diameter of footing _ . d L

4. Amplitude of applied force ' Fp : f"
5. Forcing frequency ' ‘ o T

6. . Restoration parameter of soil q FL-2

7. Dissipation parameter of soil " - FL-T

8. 'Natural frequency of system p T

It is recognized that the stress-strain-time relations for cohesive soils may be complicated
nonlinear viscoelastic in ‘nature; however, for simplicity, it is assumed that the soil can be
: descnbed 1mphcrt]y in terms of characteristic restoration and dissipation parameters. The
characterlstlc restoration parameter is quite general and may take many forms including a
shear or. compression modulus, compressive strength, compliance function, or relaxation
modulus function, dépending upon the circumstances under. consideration, The dissipation
parameter may represent many forms including a damping coefficient, friction coefficient or
viscosity. The natural frequency is not a physical property of a soil but a function of a soil-
foundation system and, hence, a function of the other phys1cal quantities of the soil, loading,
and foundation. Ordmarlly, 1t might not be included as an mdependent physrcal quantity.
However, since its expression in terms of the other physrcal quantities is not known it is

listed separately Certain, operatronal characteristics of the machlnery may be mcluded in the
applred force amplrtude I‘he other quantities of Table I are strarghtforward

The erght physical quantities and three fundamental units give rise to five mdependent

non- drmensronal 7 terms, These can be methodrcally obtamed algebralcally transformed
and substituted into Eq (1) to give

innng | )
K[d *d*q’ d%q’ p 0 @

Since the amphtude of the footing drsplacement exphcltly appears in only one 7 term,
it may be considered the dependent variable and ertten as:

o' o7 o ‘
(P[dzq dq’ p’ q | SR R )

In Eq. (3) an‘?d‘ hereafter the symb'ol ¥ denotes “some function of” but not necessarily the same
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function for each equation. = This avoids the use of numerous subscripts and superscripts as a
: ' \
means of differentiating between equations:

The non-dimensional 7 terms may be interpreted in the following manner. Amplitude of
footing displacement is given in terms of the footing diameter and expressed as the amplitude
parameter, x/d. The term Fp /d?q may be considered proportional to the ratio of the applied
dynamic stress to the resisting stress and, hence, an applied dynamic Cauchy Numder:
Analogously, the parameter W/d?q may be considered proportional to the ratio of the
static stress level to the static resisting stress or static Cauchy Number. The term won/q
may be considered the ratio of the viscous to restoring stresses and related to the. familiar
dissipation factor of viscoelasticity known as the loss tangent which is associated
with the phase”aingle between the applied force and displacement. The frequency ratio is o/p.

The prototype test results analyzed in this paper are resonant displacement amplitudes
for a constant static stress level; thus, o/p = 1 and W/d%q may be considered approximately
constant. Subject to the condition on «/p and W/d?q, Eq. (3) can be simplified to the form

¢[d2q q] | o @

where A is the value of x at resonance. Eq. (4) is the extent to which dimensional analysis
alone is helpful. The explicit form of Eq. (4) must be determined experimentally.

THEORETICAL CONSIDERATIONS

As prev10usly noted, the dynamlc prototype -soil-foundation prob]em is nonlmear.
Since the motion in nonlinear vibration may be periodic but not harmonic, the assumption
of a harmonx_c wave form inherently Jeads to the concept . of lmearlty. Depending  upon the
degree of honlinearity, it is possible to use a harmonic approximation for the response,
particularly when only amplitude data are being considered on an individual point by
point basis. “ ‘ ‘

Assumlng a harmonic wave form for the steady state displacement response of prototypc
footings under harmonic vibratory loadmg, the dlsplacement can be written as

y=x sin ot f , o ®)
while the velocity, y', and acceleration, y, can be written

y=xo COs at=x cos o A | R 6
and y=—xo? sin ot=xX sin ot (7)

Considering the forcing function as a harmonic function of the same frequency as the
displacement but out of phase with the displacement by a time interval, At, gives
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Fa=Fuv sin (ot+§) - . | ‘ L ®
where § =@ (At) and Fo is the amphtude of the dynarmc force wave. '

Since the dlsplacement'xs‘ a sine functlon, the velocity is a cosine  -function and the

\

i

)

Figure 1 Phase Diagram: Kinematic Parameters and Force

acceleration is a negative sine function; the velocity. and acceleration are 90° and 180°, res-
pectively, out of phase with the dlsplacement. Fxg. 1 is a vector dlagram of the displacement,
velocity and acceleration. The angles between the vectors are called phase angles and the
diagram itself is called a phase diagram. Since all of the vectors in Fig. 1 are rotated at the
same frequency, they may be considered as turning like the spokes of a wheel prescrvmg
their relative positions in the wheel.

D’Alembert’s principle utilizes the inertial term mx as a force whose direction is. opposite
to that of the acceleration vector, The restoring function vector Ry(x) is opposite to that of
‘the displacement and the dissipation function vector Rl(x) is in the opposite direction of the
vclocxty Thus, the phase diagram for the force system can be constructed as givcn in Fig. 2
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for the situation in which the forcing function Fp leads the displacement function by the phase
~ angle §. By resolving the forcing function into two components  perpendicular and parallel

to the displacement vector and then applying the equilibrium conditions at an instant of time,
©One obtains the following relations : ' '

i

‘Figure 2 Phase Dfé‘gram: Force Parameters

R(9)~Fpsing=0 o

and . mk—R+Foeoss=0
Egs. (9) and (10) give the amplitude of the dissipation function as . '

R,(x)=Fp sin § | an-

and the restoring function amplitude as | -
T R=mi4Focoss oty (12)
The same relat,iytk):‘x‘lxs‘c':an be bﬁta;’ﬁéd dircctly.from the equation of motion using. Egs. (7) and

b
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(8) and evaluating the results at vt=0 and ot=m/2,

The amount of displacement of the footing is a function of the amount of force trans-
mitted to the cohesive soil supporting the footing. This tranmsitted force, Fr, is made up
of the two components R, and R,, as indicated in Fig. 2; that is, the transmitted force is the
vector sum of the force transmitted through the dissipation mechanism or damper and the
force transmitted through the restoring mechanism. The amplitude or modulus of the
transmitted force vector is denoted as Fy.  Fig. 3 is a vector force polygon for the response

Figure 3 Force Vector Polygon

given in Fig. 2. - All force vectors are shown in Fig. 3. However, Fy is equivalent to the
- vector sum of R, and R, and can be combined with the applied force amplitude, Fo, and
the inertial force amplitude to form a force triangle. From Newton’s second law, the
resultant of all the external forces acting on the footing system must be exactly equal to the
~product of the’ mass and acceleration with the direction of the acceleration. Thus, the external
resultant force vector connot have a component normal to the acceleration vector. This

leads to the relation
. |

Fr sin a=Fy sin § | (13)
and the transmitted ' force amplitude is |
L g Sin§
As indicated in Fig, 3,
af Ry
,“"anl(al)‘ B (15)
Substitution of Eqs. (11) and (12) into Eq. (15) gives - -
o . ‘Fpsin§
a = tan™ [ 0 ] ' \ 16
' -mx+Fp cos § o ‘ (16)

and sin o can be conveniently obtained from a table of the values of the trigonometric '
functions. : ' '

The transmission factor, T.F., is the ratio of the transmitted force to applied force. At
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resonance, the transmission factor can be written as

_Fr _ sing ‘ (17)
(T.F)r = Fp — sina

and the resonant transmitted force amplitude can be written ‘
Fy = Fp (T.F.), : : (18)

It is‘interesting to note that the transmission factor is both non-dimensional and a measure
of the energy dissipation parameter of the system. Hence, the transmission factor can be

-considered related to @7/q. Since Eq. (4) is in functional form, the transmission factor may
be substituted for wﬁ/q to give : '

b _ [ Fo ] o 9)
Since the arguments of Eq. (14) are independent and non-dimensional, they can be algebraically
transformed as desired provided the final two arguments are also i»ndependen't and non-
dimensional, Multiplying the two arguments together and elimination of Fp /d2q gives the

parameters [ Fp (T.F.)/d%q] and (T.F.);. Dividing the first of these by n/4 and using
- Eq. (18) gives ‘ ' :

- (20)

where A is the cross sectional area of the footing and op7 is the -dvnamic stress amplitude

transmitted to the supporting soil at resonance. Thus, Eq. (19) can be written

EAN —y [ ‘;"J (T.F.)r] | R @1

"The explicit form of the functional relation 'ot‘“ Eqk. (21) must be determined by experiment,

PROTOTYPE TEST RESULTS

The author has been involved in the analysis of the results of a number of prototype footing
tests conducted using vertical sinusoidal forces generated by the centrifugal force due toa
Totating eccentrically mounted mass.  The test results analyzed in this paper were obtained
from reinforced concrete circular footings with diameters of 5 ft., 2in,, 7 ft. 4in,, 9.ft, 2'in, and
10 ft. 4 in. supported on the surface of g rélatively uniform silty clay. Uni’orturately, exten-
sive soil test data were not available from the test area. Each footing was loaded to a static

“pressure of 4-25 psi with ballast symmetrically placed and secured to the footing, The static
Pressure included the weight of  the footing; weight of the vibrator, and ballast’ load.  The
* areas included were 20°97, 41-94. 62'92 and 83'89, sq. ft. while the static weights included
12,820, 25,640, 38,460, and 51,280 1bs., respectively. For a footing test a particular eccentri-
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city was selected for a constant magnitude of eccentric mass and” steady state condmons were
obtained for various: values of frequency. Four values of eccentricity were used for each foot-
ing." :Sinusoidal forces were applied: for frequencies tanging from " approm;netely 6tps to 30
cps., subject to the limitations of the vibrator.. This corresponds‘t“o force -amplitude, Fp,
ranging from approxiamtely 525 1bs. to 52,000 1bs., dependlng upon ‘the magnitude of the
eccentric: ' mass,- the - eccentricity, and frequency -of oscillation, All footings were carefu]ly
instrumented. with various configurations of transducers and pick ups. for both test control and
displacement measurement. Special instrumentation was used to" measure the phase angle, §,
between the applied force and the footing . displacement..  Thus, for each" frequency of
oscillztion, the force amphtude, -vertical displacement amphtude, and phase angle between

force and displacement were obtanped

+ 1N PSI

Os
N

£

Footing Diameter
* 5ft1-2in
° 7H-4m
'° 9ft=0mn., 1
a 10f1=4in.___

"o ‘5 S S =X
An lO”i’mches ‘

Figure 4 Transmitted Stress versus Dlsplacement Resonant Amphtude Response

Fig. 4 is analogous to a conventlonal statlc type of stress-deﬂectxon plot for the footmg
tested, . In this, case, the stress. considered:is the resonant dynamic stress ;amplitude transmitted
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to the supporting cohesive soil and the deflection used is the resonant amplitude of footing
- displacement.  The response given in Fig. 4 is similar to that obtained from conventional
static loadings; namely, for a constant value of transmitted dynamic stress amplitude the
deflection amplitude is larger for the larger size footing. The results of the single test for the
S ft. 2 in. diameter footing do not fit in with the trends of the other 12 tests. However, the
reliability of the test on the small footing is highly questionable because of improper function-
ing of the phase angle instrumentation, leading to doubtful values of the phase angles for this
particular test. Thus, one must disregard that point on Fig. 4. '

- Because the footings were all supported on the same cohesive soil, the restoration para-
meter of the soil may be considered constant. Thus, the non-dimensional parameter op1/q
is proportional to the Tesonant stress amplitude transmitted, opy. Fig. 5 is a plot of the non-

\

L g

A .0
| Q o |
Figure 5 Transmitted Stresss versus Dimensionless Displacement
Parameter : Resonance Amplitude Response

\

dimensiona] resonant amplitude parameter,'-,A/d, as a function of opy. The response of the
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. : . )
three large footings given in Fig. 4 seems to collapse in a single band or curve in Fig. 5 withno -

" apparent phenomenological order. The advantage of the non-dimensional formulation is

quite apparent. Since opy is proportional to opy/q, Fig. 5 is essentially a plot of ep7/q versus
A/d for a normalized value of q. '~ Although "the value of the resonant transmission factor,
(T.F.)x, varies from 103 to 140, the lack of any apparent effect of (T.F.)r in Fig. 5 indicates

that it can be considered negligible and Eq. (21) simpliﬁes to

=[] @

It must be emphasnzed that the effect of (T.F.)r is already included in eopy as indicated in Egs.
(17), (18), and (20). : .

" The explicit form of the functional relation of Eq. (22) is presented graphically in Fig. 5.
By plotting 1/epy versus d//\ @pt on log scales, as given in Fig. 6, and fitting the plot with a
straight line approximation leads to an expression of the form

A _B@mC - (23)

40

20 : - -

0-4 ./c'/ ' | - B

/

0o 02 04 06 08 10 20 40 60 80100 200
K%';, in 10" %psi™ '

Figure 6 Resonant Amplitude Response : Measured Phase Angles

For thewparticular‘ cohesive soil end footing systems teSted the values of the coefficients are
B =481 X 10~ and C= 121 with normalized value of q =1 psi.

In order to use the results given in Figs. 5 and 6 or Eq. (23) for a particular vibratory

- loading on a footing with the static stress level considered and supported on the cohesive soil

tested, it is necessary to know the value of ‘the resonant transmission faCtor in order to

}
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calculate. the value of opr. ‘However, the resonant fransmission factor is a function of the
soil-foundation system and the manner of loading. ‘ ’

From the coment;onal analys:s of the forced vibration of a lmear damped spring~mass
syStem it can be shown that the resonant value of the transmission factor can be written

»

mrg = 1+ () @
where e is the eccentricity factor defined as

with M, the eccentric mass, ¢ the eccentricity, and M the total mass of the footmg—machme

system.  Since A is an expressxon of the sonl—foundatn@n sys;cm and e relates to the footing-
machine loadmg system, Eq. (24) may be related. 1o the. actual resonant transmission factor
associated’with the prototype dynamic soil-foundation system, Comparison of the resonant

6.0

40

5 /
5 al— ‘.
Ny

o 02 04 o.s 0810 20 40
~ - g ini0*

2 Flgure 7 Resonant Amphtude Response Transmlssnon Factor By Equatlon 24

/
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transmission factors determined by Egs. (17) and (24) indicate that those determined by Eq.
(24) are approximately 89 per cent higher than those given by Eq. (17). The values determi-
ned with Eq. (24) range from 128 to 1'74 while those determined by Eq. (17) range from
1103 to 1-40. If the resonant transmission factors calculated with Eq. (24) are used in
Eq. (20) to determine the transmitted dynamic stress amplitudes, opy, the results
given in Fig. 7 are obtained. Approximation of the results of Fig, 7 witha straight
line representation leads to an equation of the form of Eq. (23) with the values
of the coefficients B = 379 x 10-% and C = 1'287. In Fig. 7, the response of the 5 ft. 2 in.
diameter footing is more compatible with the results of the other footing tests. This would
seem to indicate that the phase angle measurements for the small footing were indeed in error.

For the prototype study conducted, the response can be represented by Fig. 7 and Eq.
(24). It can also be represented by Figs 5 and 6 or Eq. (23) along with the values of (T.F.)r
determined from the phase angle response of the soil-foundation system. It is felt that these
analyses and representations shed insight on the estimation of resonant displacement amplitude
response of machine foundations supported on cohesive soil and subjected to steady state
vibratory loading. - The effects of footing size and total mass are included; however, the
possible effects of the static stress level are not necessarily included as the static stress was
maintained constant for the present study. Additional aspects such as the effects of resonant
frequency, static stress level, and response at frequencies other than resonance remain to be
investigated. |

CONCLUSIONS

Resonant vertical displacement amplitude response of prototype circular footings suppor-
ted on cohesive soil and subjectea to vertical sinusoidal loading of a nature prevalent in
machine foundations can be presented using the methods of dimensional analysis in conjunction
with kinematic and force parameters in phase diagram representation. The response is
nonlinear but can be presented in terms of a non-dimensional resonant amplitud'e parameﬂ',
dynamic stress amplitude transmitted to the supporting soil, and transmission factor of the )
soil-foundation system in both graphic and analytic form. The physical variables include the
size and mass of the footing, applied dynarhic force, - eccentricity factor, displacement and
energy dissipation. Size effects can be conveniently handled in non-dimensional form. Static |
stress level was maintained constant at 425 psi with footing diameters ranging from 5 ft.2 in.

‘to 10 ft. 4 in., total weights from 12,820 lbs. to 51,820 Ibs.,, and applied force amplitudes

between 525 1bs. and 52,000 1bs. The results can shed insight into other studies of resonant
amplitude response of machine foundations. :
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FOOTING RESPONSE' UNDER VIBRATORY LOADING
Robert L. Kondner* and Bruce B, Schimming**

SYNOPSIS

The dynamic response of a soil-footing system subjected to vertical vibratory loading is
analyzed using the equation of motion with the kinematic and force parameters represented in
phase diagram form. Large scale prototype circular footing tests on cohesive soil are analyzed.
Dissipation stress function amplitude is given as a function of the strain rate amplitude and the
- energy storage or restoring stress amplitude is presented as a function of a nondimensional
displacement amplitude. Dissipation and restoring response are both nonlinear. The physical
variables considered include size and mass of the footing, static stress level, footing displace-
ment, damping of the system, apphed dynamic force, phase angle and frequency of loadmg
The response includes diameters ranging from 62 inches to 124 inches, weights from 12850 Ibs.
to 51280 1bs., applied force amphtuncs between 525 lbs. and 52000 lbs ., and frcquenc1es up to
the resonant values.

INTRODUCTION

The degree of complexity of many of the problems currently confronting the field of
soil dynamics is such that the soil response under various loading conditions is extremely
difficylt to adequately estimate. Theoretical developments in the soil dynamics field, in general,
have been highly restricted with regard to their applicabilty to represent actual field conditions
because of general lack of basic knowledge of the response behavior of soils and soil-structure
systems under a variety of loading conditions.  This difficulty is due to the complexity ofsoil
as a structural material and also to the complicated interaction of the soil and the structure
being supported. . Dynamic studies in soil mechanics seem to fall into two catagories; namely,
. the response of soil-structure systems and the determination of dynamic soil properties. Present
knowledge of soil properties indicates that the general forms of stress-strain-time relations will
- probably be very complicated, nonlinear relations which may take the form of integral equa-
tions. In addition, nonlinearities may arise because of the soil-structure interaction as well
as the devclopmcnt of finite deformations..

*Associate Professor of Civil Englneerlng. Technologlcal Institute, Northwestern University, Evanston,
Ilinois, U.8.A: .

**Agristant Professor, Umverslty of Notre Dame. Notre Da,me, Indxana, USs. A formerly Instructor,
Northweatern University. : i
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The purpose of this paper is the analysis of the response of a full scale soil-footing
. System using the equation of motion directly, with the kinematic and force parameters repre-

sented in phase diagram form. Dissipation stress function amplitude and restoring stress

function amplitude relations are given for field situations.

There are a multitude of transient and steady state dynamic problems of practical im-

portance involving soils and soil-foundation systems which can be represented by the differential
equation of motjon

‘, BX + R; + R, = Fq (1) o o
where : . ,
X = acceleration of the dynamic system : ,
B ' = a function of the mass and distribution of mass of the dynamic
system ' ‘ '
R, == energy dissipation function

7
!

restoring function of the system ‘ ‘
Fa(t) = applied dynam_ic forcing function which is a function of time,
and the dot indicates diﬂ‘érentiation with respect to time. Although the form of Eq.. (1) is one

dimensional, it can be easily written in functional form in several dimensions. The variable x
is considered to be a generalized coordinate and

hence symbolizes a variety of motions inclu-
ding a rotation, g, about some axis. TSR

In order to attempt to develop sol.:utiohs to Eq. (1), one must know the "explicit form
of the function B as well ‘as the forms of the. energy dissipation function R, and the emnergy
storage or restoring function R,,. The functions R; and R,-are manifestations of the stress-
strain-time response of the particular soil under consideration as well as the geometry involved
‘and, hence, in general, unknown functions. . Tt is important:to note that the functions R, and
R,, as given in Eq. (1), may be quite general nonlinear functions and include 'geometry and
- relative mass effects. In addition, the functional B isa function of the interaction of the
particular soil-structure (s‘oil-,f_'oﬁndation-)\ system under consideration; that is, the soil type,
typesand geometry of the structure, and the type as well as magnitude of the loading. = Thus,
- realistic theoretical solutions to Eq..(1),.as well as other systems of equations applicable to
~ various static and dynamic phenomena in soil mechanics, require a knowledge of ' stress-strain-

time response of soils. No such relations are available at present. ‘

Theoretical solutions of Eq. (1) have been given for highly idealized, simplified,
assumed forms of R;, R, and B.  However, in general, these solutions are highly restricted
with regard to their applicability to represent actual field conditions, and they have faild to
agree in many respects‘with the results 6f experimenta] studies. In addition, the most exten-
sive experimental studies are on models or relatively small footings with prototype investiga-
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“tionis quite limited in scope. This is clearly indicated in the literature on 'soil dynamics. .
Since’ the present paper is concerned with \va‘rlioils‘ aspects of the determination
of the funcrions R, and! R,, the basic approach lies in the controlled utilization of the differ-
ential equation of motion itself. By testing soil-footing systems with a controlled or prescribad
forcing function of time, Fa (t), and making appropriate méashrements, it is possible to
‘determine explicit values of Ry and R, in Eq. (1), It would be desirable that these functionals
be expressed in the form of stresses in order to obtain maximum generality and a possible
correlation between various static and dynamic phenomena from both t‘”he load-deformation
and stability viewpoints. By ;tes'tin‘g soil specimens in the laboratory with similarly controlled
61' prcécribed forcing functions, it may be possible also to use the diﬂ'erentikaly ‘equatio‘n of
motion to obtain the energy dissipation and restor/ing functions and, hence, form a possible
correlation between the soil response properties,‘as determined by the two methods (laboratory
soil test and prototype foundation test). Such a correlation might allow extrapolation of the
prototype test results on specific soils to other soil types. An investigation of ‘vibratory testing
of soil specimens in the laboratory has been undertaken by the senior author with the initial
phase" given by Kondner (1961, 1962) and more recent results:;eﬁdrted by Kondaer, Krizek,

an,_(f Haas ( 196‘3)‘. \ :

Another method of greatly expanding the range of pr’abtical usefulness of the protofyp_q :
tést programs is to pkpand the range of variables by conducting simple sniall scale model tests,
designed and tested vsing nondimensional techniques. To insure realistic model representation,
similitude of model and prototype, the actual test results from'. the prototype studies can be
a control and check on'the modéi study. Such a model-prototyp'e ,fcedback{ controlvan'd check

~ system in conjunction with nondimensional techniques might greatly enhance the réliability of

“Joading are considered to be harmonic wave forms, the displacement, x, can be written

model methods as one of the tools of the soil-foundation field.
THEORETICAL CONSIDERATIONS

If the steady state displacement-time ‘records of prototype footings under vibratory

@

X = X0 COS ot

~while the applied forcing function, Fa, is given as a harmonic function of the same frequency

Fa = Fpcos (ot +3) L « ~ ~(3)
in which o a " o |
‘ X = footing displacement at any time

Xo = displacement amplitude
Fa = applied force at any time
Fp = force amplitude |

@ = frequency of loading

) ) — phase angle between the force and displacement vectors
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Inherent in such a harmonic consideration is the concept of linearity, since the motion in
nonlinear vibration may be periodic but not harmonic. . Previous research and the soil
mechanics literature indicéte that soil is a nonlinear material. Névertheles‘s, depending upon
the degree of nonlinearity, it is possible to use a harmonic” approximation for the response,
particularly when only amplitude data are being considered. ‘

The displacement and force given by Eqgs. (2) and (3) are simple .harmonic functions. of
time, It is often advantageous to represent a simple harmonic function in terms of a rotating
vector, In Fig. 1 the amplitude of vibratory displacement, xo, is taken as the length of the
vector and is rotated about an axis through the end of the vector and perpendicular to the plane
of the paper. By uniformly rotating the vector, its projection, x, on any fixed line in the plang
of the baper will change aCCOrding to Eq. (2). ‘ '

Figure 1 FROVté&ti?nkg Vector Représéntati’on of Harmonic Motion

_Utilizing constructioﬁis:‘”-simi]ar to that given in Fig. 1, it is possible to represent the
various terms in Eq. (1) as rotating vectors. Consider that R, (t) and R, (t) are functions of
‘the velocity, X, and displacement, x, respectively. The resulting displacement is written

X = Xo COSE w 1 o S @
‘While the velocity, x, and acceleration, X, are written as ' Y
i=fowsin6t ‘ ‘ ‘ - (5)
X=—xolcosat o - ‘ (6)
Consider the special case in which the forcing function is_generated by the centrifugal
force due to a rototing eccentrically mounted mass. The forcing function can be written as
Fa = Fp cos (ot + §) = Meu? cos (ot +§) . - %)
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‘in which M, is the eccentric mass , € is s the eccentr1c1ty, and ‘the force amphtude FD, s
FD—Moew2 ~ AV e ®)

Flgure 2 Phase Dxagram Klnematlc Parameters. and Force

Smce the dlsplacement is a cosine function, the velocity is a negative sine functmn and the
acceleration is a negative cosine function; the velocity and acceleratlon are 90° and 180°,
respectively, out of phase with'the dlsplacement Fig. 2 is a vector diagram of the displacc-
ment, velocity and acceleration. ‘The angles between the ‘vectors are called phase angles and
the diagram itself is called a phase dxagram Since all of the vectors in Fig. 2 are rotating at
the same frequency, they may be cons1dered as turmng like the spokes of a wheel, preserving
their relative pos1t10ns in the wheel.

~ Using D’Alembert’s prme:lple ‘the inertial telm Bx is a force whose direction is opposite
to that of the acceleration vector. The restoring function vector R, (x) is opposite to that of

the displacement and the dissipation. function vector Ry (x) is ‘in the .opposite direction of the
veloclty Thus, the phase diagram for the force system can be constructed as given in Fig. 3
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for the situation in which the forcing function Fq leads the displacement function by the
phase angle 5, By resolving the forcing function into two components parallel and perpendi-
cular to the displacement vector and then applying the equilibrium conditions at an instant of
time, one obtains the following relations:

i

R, (x) — Fpsin § = 0 ©)
and | ' | |

Bx — Ry (x) + Fpcos § = 0 o (10)
Egs. (9) and (10) give the amplitude of the dissipation function R, (t) as |

R; (x) = Fpsin § | ‘ (11)
and the restoring function amplitude as -

R; (x) = Bx + Fpcos § ' ’ (12)

: 0

Figure 3 Phase Diagram; Force Parameters
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The same relations can be obtained directly from the equation of motion. Substitution
of Eqgs. (6) and (3) into Eq. (1) gives

—mﬁwmm+mmﬂngwm@wa (13)
Since R,(t) and Ry(t) can be written as
| Ry(t) = Ry(x) sin ot | (14)
and: ‘ ' ’
Ry () = — R (x) cos ot, ’ (15)
substitution into Eq. (13) gives |
—Bu2x, €0s at-+R;(x) sin ot—Ry(x) €08 wt=Fp cos (at+3) ; (16)
For the condition ot=7/2, Eq. (16) gives
| R, (x) =—Fpsine §, . | . (17)
‘and for the condition ot = 0, it gives ,
R; (x) = — [Fpsin (90° + §) + B uixo] (19
or o SRR |
R; (x) =— [Fpcos § + B v*%] | | (19)

The negative signs in Egs. (17) and (18) mdlcate that the vectors R; (x) and R, (x) are
in the directions opposite the velocity and displacement vectors, respectively. The above
relations can also be developed for lag phase angles instead of lead phase angles. In the above
development, the explicit functional form of R; (x) and Ry (x) have been left open; that 1s,

specific form have not been assumed.
3
By Eq. (1) by a characteristic area A, one obtains.

Bx + R, (t) + Rz (t) ‘ Fa (t) | (20)
‘ A - A ,

which can be written in terms of stresses as- .

)+ o () +oa(t) =va(® | | 1)
where A ‘

o) (t) = inertial stress as a function of time,

o, (t) = dissipation stress as a function of time,

o, (t) = restoring stress as a function of time,

oa(t) = dynamic stressing function of time.

Dlvxdmg the dissipation and restoring functions of Egs. (14) and (15), respectively, by
the characteristic area A, one obtains

o () = o (x) sin ot : - : (22)‘
and | ‘ | |
o (1) = — o3 (x)cos ¢ . S (3)
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where o, (;() and o, (x) are the dissipation stress amplitude and restoring stress -amplitude,
respectively. These amplitudes can be written ‘

o (%) =Ri\f<) | o e
and )
' s () =8, feX)

where R, (x) and R, (x) are given by Egs. (11) and (12), respectively.
. PROTOTYPE TEST RESULTS

The senior author has been involved in the analysis of the results of g number of
prototype footing tests conducted using vertical sinusoidal forces generated by the centrifugal
force due to a rotating eccentrically mounted mass. The test results analyzed in this paper
were obtained from reinforced concrete circular: footings 62 inches, - 88 inches, 108 inches
‘and 124 inches ip diameter resting on the surface of a relatively wniform silty . clay.,
Unfortunately, extensive soil test data are not available for the test area. ' Each footing was
loaded Symmetrically with ballast secured to the footing to a static pressure of 4:25 pgi,
‘This static pressure included the weight of the footing, weight of the vibrator and ballast
load.  Sinusoidal forces were applied for frequencies ranging from approximately 6 cps to
30 cps, subject to the limitations of the vibrator, This corresponded to force amplitudes,
Fp, rangingfrom approximately 525 Ibs. t0:52,000 1bs., depending upon the magnitude of the
eccentric mass, the eccentricity, and frequency of oscillation. All footings were carefully
instrumented with various configurations of  transducers and pickups for both test control and
displacement measurement. Special instrumentation was used to measure the phase angle,
8, qbetween the applied force and the footing.dis,p]acgmtie‘nt. For a f()’OtiIlg test, a particular

ol(i), as a function of the strainfraf,te ,a,xhplitudc for the experimenta] program with the static

stress level of 4°25 psi. The dissipation stress amplitude, o,(x), was calculated by dividing
the dissipation function amplitude of Eq. (11) by the footing area ag indicated in Eq. (29)
while the strain rate amplitude is the product of the displaccmentjamplitude and the
frequency of oscillation, © - D , ; ~

The amplitude of the restoring function is represented in Fig. 5 by the restoring stress
amplitude as a function of the nondimentional displacement amplitude, xo/d, where d is the:
diameter of the footing, The restoring stress amplitude, oy(X), is obtained by dividing the
restoring function amplitude of Egq, (12) by the footing area as indicated in Eq. (25).
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3

Static Stress:
4.25 psi

0 L 2 3 4
Xo= Xow IN |n /sec. "
Flgure 4 stsxpatlon Stress Amphtude versus Strain Rate Amphtude Prototype Tests

' Figs. 4 and 5 include the amplitude-frequency-phase -angle data  with mcreasmg“
frequency up to resonant frequency. . For frequencies greater than - resonant. frequency, both
the dissipation stress amplidude and restoring stress amphtude decrease rapidly and fall
below the response given in Figs. 4-and 5. It is interesting to note that Figs. 4 and 5 include’
the effects of varying area, static weight, frequency, -eccentric setting, eccentric mass and
dlsplacement amplitude. The areas included are 20°97, 41:94, 62:92, and 83'89 sq ft: while

~ the static weights included 12,820, 25, 640, 38,460, and 51,280 lbs,, respectively. -

'A“lthot‘l‘gh’*ai’pomt*b‘y“‘ point linear approximation was” uséd” by  virtue of ‘the dssumed’
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Figure § Restoring Stress Amplitude versus Non-Dimensional DiSplitude; Prptotypc Tests’

harmonic wave form and subsequent representation with phase diagrams, the prototype
footing response of Figs. 4 and 5 is definitely nonlinear. Thus, linear approximations may
be useful in studying various aspects of soil-foundation response. It must be emphasized
that although the presentestudy is relatively extensive for a prototype investigation, it is quite
limited in terms of the many factors that influence ‘dynamic response of soil-foundation
systems. The loading was restricted to sinusoidal and may be associated with" that of
interest in problems of machine vibration. Further analysis must be conducted to study - the’
" effects of §ize of footing, mass. of the system, mode of vibration, magnitude of displacement,’
static stress level, magnitude and type of loading, frequency, resonant, fr,équenqy,:;j;and the
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characteristics of the soil on which the foundation is supported. It is felt that some of these

effects are responsible for the seatter in Figs. 4 and 5; hence, the necess:ty for a more detailed
analysis,

CONCLUSIONS

Prototype response of circular footings subjected to vertical vibratory loading can be
convenijently analyzed with an amplitude linear approximation of assumed harmonic motion
. using the equation of motion and kinematic as well as force parameters in phase dlagram
form. The energy storage or restoring stress amplitude can be represented as a function of a
nondimentional displacement amplitude and the dissipation stress function amplitude can be
related to the strain rate amplitude. Both the dissipation and restoring aspects of the
cohesive soil-footing response are nonlinear. The response includes dxamet@rs ranging from
62 to 124 inches, weights from 12,820 to 51,280 bs., applied force amplitudes between 525 to
52,000 Ibs., and frequencies up to the resonant values.
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_ THE VIBRATIONS OF A CLAMPED RECTANGULAR PLATE WITH
i CONCENTRATED MASS, SPRING AND DASHPOT

K.T. Sundara Raja Iyengar*® and K.S. Jagadish*

SYNOPSIS

An approximate analytical method has been given for the determination of natural
frequencies of a composite system consisting of an isotropic rectangular plate with a concen-
_ trated mass, spring and dashpot attached at any point of the plate, the plate being clamped at
all the edges. This method makes use of a double series expansion in ‘terms of the beam
function. Numerical examples are given for a square plate with (a) concentrated mass at the
cgntre‘aﬁd (b) a spring at the centre. This method is applicable to many other edge conditions
and combinations of mass, spring and dashpot. ' ’
Nomenclature | ;
2a, 2b sides of the r'eyctangular plate n
h.. plate thickness - , =
D flexural rigidity of the plate
E  Young's modulus of the plate material
Y Poisson’s ratio
- Kp spring constant of the plate
K. constant of the plate per unit area
o P mass of the plate per unit area
... Mp total massof the plate
concentrated mass
¢ dashpot strength
v  bla ratio
s . exponential decay constant
P circular frequency of the system -
W(x,y,t) deflection of the plate -
Xm, Yo beam functions '
'\ the frequency parameter

2

*D_epartmenb of Civil Enginegring. Indian Institute of Science, Bangalore-12
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1. Introduction.

In engineering instrumentation or in structural analysis, problems often arise where the
natural frequencies of lateral vibrations of a rectangular plate of appreciable mass which
carries a concentrated mass are important, especially when the attached masses are comparable
In magnitude to the mass of the plate ijtself. Under such circumstances the natural frequencies
of the plate-mass system may be considerably different from those of the plate without masses,
- For a vibrating beam with concentrated mass, spring and dashpot an analytical solution has

been given by Dana Young (1948). This method makes use of a series expansion in terms of
the set of orthogonal functions which Tepresent the normal modes of vibration of the beam
alone. ~ This method is very general in character and may be applied when the beam has any

type of end supports. This method"*has been extended by Das and Navaratna (1963) to

isotropic rectangular plétes with attached mass, spring and dashpot. ‘They have considered a
rectangular plate simply supported along two parallel edges and supported in any manner
along the other two parallel edges. A Fourier series expansion in terms of the corresponding
Plate-cigenfunctions has been utilised to represent the ‘modal form of the plate system, An
independant analysis for the problem of vibration of a plate with attached mass has been given
by Thein Wah (1961 ). Even here the plate is simply supported on two opposite edges.  An
extension of Young’s procedure is possible only for plates treated by the above authors where
the two opposite edges are simply supported. Only in this case a_series expansion in terms
of the plate eigenfunctions is possible. For other types of boundary conditions such an expan-
sion is not possible as the plate eigenfunctions are not known. “This paper'is devoted to an
analytical solution for such plates. R e ‘

A fourier series procedure has been made use of in solving the vibrations of a clamped
rectangular plate with concentrated mass, spring “and d%islipdt:“ It lezfdéjto the:same results
as given by the Galerkin method when the same functions are used. - Thé procedure may be
applied for any combination of clamped and simply supported - edges. WHhen there are free
edges it is not possible to use this method and the Rayleigh-Ritz method may h~ziVe to be used.

2. The equation for the composite system,

i

Let the mass, spring and dashpot be attached to the plate at a point' (x1, y1) (Fig. 1.).

During vibration the plate may be considered to.be under forced vibration due to-the force of

interaction between the plate and the mass-spring-dashpot ;System.. Then the motion of the
plate is described by

D V‘W+P/%~;h=f(x,y) (THtip)t e L D

Where « is the ¢Xponential decay constant and f x,y) e(—"_Hp ) trepresents the force of in-
teraction. o -

PN
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The differential equauon for the mass- sprmg-dashpot system can be written as

Y Foel™ —itip) t

M- +e -thw_ - )

Where W =W (xy, y1, t)

f(x,y) =8 (X, y1) Fo; & (X1, Y1) being the Dirac-delta function in two dlmensmns
c and. Ks are the dashpot strength and the spring constant respcctxvely. :

Combining (1) and (2) we may write

i S TR I
‘Thé solution may now be assumed in the form ' T
@ (—w+ipt .
W=3%BumXnYae e @

m=1 n=1

where Xm, Yn are the elgenfunctwns of a clamped beam We now\ expand 3 (Xn Y1) by a
fourier series—
$GELy)= 3 3 AmnXm Yn - o (5)
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where Amn=— 4;b Xm (1) Yn (1)

Substituting (5) and (4) in (3) we have
w o ‘ e (—-M-Hp)t ) N ("”+lp)t
%% B {a4m+ﬂ4n+@5"~’”}xmne +

anXmYn 5]

m~] n-1 =1

Lm8
. -'5 M8

2
m

1 ® o #+ip)teo
+ ibab % EXm(Xl)Yn(Yx)XmYne 2 2 B Yo Mlp—s+eip -0 +K.) ]

i~1j=1
=0 6)
. Expanding X" and Y’n by Fourier series in terms of beam functions we can write
Xm*—am\ ElKi X ; ; Yn——,Bn 2 Lj Y; )
isz J__l

where ap, and Bn are the parameters in Xm and Y, the numerical values of which will be given
later, :

Using (7) the equation (6) becomes

~—u+ip)t
[an {otin +.£_<u>_ }+2 3 z ByesfiKuln | Xn Yae
m-=1 n-1 e J-—
1 @ww (—u+ip)t
+m 3 3 Xm(x)Yo(y)XmYne 2 2 BlJXI(xl)YJ()h) M(lp””)2+c(lp‘”)
40 m-1 n-1 i-1j=1
Ks }]: 0 (8)
Putting ‘ | |
. _mn . m n,
Cuun=2%b? (am-+Ba+2amffs K Ln )
mn 1 g
Cu =2 a?b? ai® ,312 Kan, 1=}=m, or _]:#:ll
] _ T . ‘ - v
Er:; = Xm (x1) Yo (y;) X1 (x1) Y (1) - - and collecting the coefficient of
(—s-+ip) t - | | |
each Xm Yye - in(8) and equating to zero we get T =
. ® 2._p%atht mn MO0 | | _ |
? .leu [Cu +__P_(g__%_)_a_b_8m +Eu ab{ M (u2~p*)+Ks—ch }] =0 . (9
=l Ll e
m=1 2 3...cceee.. .

wtoey Ly

~,
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and

o @D 2 22 mn
S S By [M Su +E1j "aD 5, oM — C“p):‘ —0 (10)
i1 -1
' m=1,23 e
D o=1,2 3ererun

Thus we get two infinite sets of homogeneous equations in the unknowns Bi;. The
non-dimensional parameters involving 1 and p can be found from the condition that the two
infinite determinants of coefficients shall vanish for non-trivial solutions.

3. Plate with a single concentrated mass M,

We get this case by putiing Ks = ¢ =& = 0in the above eq‘uaiions. The set of
equations (10) vanishes identically and the set (9) reduces to

w W mn mn M mn '
% By Cy — A8y + 55 Eu Yt =20 (11
i=1 j=1 Mp : : :
m=1,2,3..
n =1,2 Jeiieiaiens

Numerical work has been carried out for the case of a square clamped plate with a concentra-
ted mass at centre. Considering only symmetric v1brat10ns the beam functions selected are
‘cosh amXx €OS amX

Xy 2 TmA "
M= "cosh apma COS ama

_. cosh Bny  COS Bny ’ .
Ya= cosh fab ~ cos fab ‘ 12)

The values of ama and Bnb are given in the Table-1, below.

-

TABLE 1
m apd = PBmb
1 2.3650204
2 5.4978039
3 '8.6393798
m>3 (4m—-1)§

Taking third order determinats, approximations to the first three symmetric modes
have been given. The convergence has been studied by allowing the first order determinant,
the second order determinant and the third order determinant to vanish successively. These
calculations have been carried out for several values of M/Mp ratio and the results have

“been given in the figures 2 and 3. It was found that the convergence of the values for A for
- the ﬁtst mode is good. . To obtain better values one will have to consider higher order deter-
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minants. It was also found that for M/Mp = 0.0022 values of A for the sc:coxid and third
modcs are equal. This happens because of the presence of a nodal point at th

¢ centre in the
second mode of an ordinary plate without concentrated mass,

The presence of mass leaves
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the frequency of this mode unaffected while that of the third mode is reduced. Hence for
values of M/Mp >0'0022 the order of the modes get interchanged.

When the M/Mp ratio is very large it is customary to approximate the system by a
single degree of freedom system for the first mode of vibration. In the approximation the
plate is replaced by an equivalent spring having a spring constant Kp. This spring constant
(Timoshenko Krieger 1959) Kp has a Value of D/0°0224 a® for a square plate of side 2a.
Using this we may write down the square of the circular f requency of the system as

p? = Kp/M = D/00224 Ma? R
This may be rewritten as
_p- (2a)* (2a)? _ 13-4
“VDjp «/M/Mp

The variation of this frequcncy parameter has been presented in Flg 2. in dotted Jines. It may
be noticed that for values of M/My - greater than unity this approxxmate theory differs from the
exact theory by less than 5 pcrcent The two frequencies become indistinguishable for M/Mjp
greater than 2.25. " B

4. Plate with a spring.

The solution for. this case is obtained by putting ¢, » and M equal to zero in the set of
equations (9) and (10). The set (10) vanishes identically and the set (9) reduces:to, . .

o

o, 242h2 mn b
2 EBu Cu —JPfIi;——Sij ﬂ i ] = 0 13)
=1 j=1
m=1,2, 3. eeen. .
n =123 ) N
Again putting Kp=W£’m‘this set can b(e_‘ writtgn as
W W mn o p2a2b2 mn mn b Ks : o
3 SByfcy — LR S Ry ] =0 1)
j=1 j=1 D | a’"Kp 00896 ,
m=1,23.........c.
I] == l,'z, 3 2000 ven

Here again we obtain an infinite determinant and the approximation to A are determi-
ned as described in Art. 3. The numerical calculations have been carried out for a -square
plate with a spring at the centre, considering symmetric vibrations just as in Art. 3. The
_results are given in Fig. 4. It may be noticed that the centre of the plate happens to be a
nodal point for the second mode.
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- 3. Plate with a dashpot-

We obtain this case by putting M and Ks equal to zero., The following non- dlmensio-
‘nal parameters have been introduced for convenience,

2 _n2) q2h2 b
A1=P(u p?) a%b X— CHha

D ’ - 4D ; ‘
—_ 2upra’®® < cpab | | (15)
n= PPy oo | v

D ’ 4D

We now obtain the infinite sets of homogeneous equations from (9) and (10)

2 EBIJ [Cu + A 81: —X By ] =0

(16)
i=1 j=1

m=123..........

n =12 3.........
and .
@ oo — mn  _  mnq
i 21. .ElBu' M &y — X By ] =0 (7
I=s j=.==’ - .

= 1,2, 3uerrniveenen.
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From the relations (15) we have
P (p+ip)? a? b?

=X +ik ' ‘ (18)

. D
and )
. 16 D o
b+ ip) = — (X +iX ) | 19 -
Using (19) in (18) we get i
A =]6:282 (X2———_)Z2) ' (20)
Aj=i2__éf;.P_, XX @l

The values of_Xl, A1, X and X must now be determined such that the determinants correspon-'

ding to (16) and (17) vanish and the relations (20) and (21) are satisfied, The numerical
labour in such a determination is quite involved and would require the use ofa digital
computer.
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- DESIGN OF DlSPLACEMENT PICKUPS

AR ‘Chandrasekaran* and B.L. Mehrotra**

SYNOPSIS

o . .
This paper deals with the design and fabrication of a seismic displacement pickup.

INTRODUCTION

Vibration pickups are required in connection with instrumentation of various researeh
projects currently planned to be executed at the Barthquake Engineering Laboratory at
Roorkee. ~The principles of design of such pickups are well known. These pickups are now
commercially available in foreign countries. Taking into account the following factors, namely,
availablity of materials locally, ease of fabrication in large numbers, simple auxiliary instru-
mentation and ease of calibration, a pickup has been designed and fabricated at the Earthquake
Engineering Laboratory at Roorkee. This paper describes the details of the pickup.

PRINCIPLES OF DESIGN'

In the variety of applications ‘where pickups would be used, more often than not, a
fixed reference. would not be available for . measurement of absolute motion. Therefore a
seismic type pickup is chosen in which the relative motion between the mass and the support
could be made proportional to the motion of the support (for a particular range of frequencies).

" From the equation of motion of aseismic pickup, it can be shown that (Myklestad,1956)
Z = You* sin (ot + a) R | o a

where. Z . = relative displacement between the mass and the support |
Yo = maximum amplitude of the support which is assumed to move sinusoidally
7 = 'rat,io of forcing frequency to the natural fr_cquehcy of the system |

i = dynamic magnification factor .

1
[A—7R + @ L) R

* Reader in Civil Engineering, School of Reseatch and Training in Earthquake Engineering, University
of Roorkee, Roorkee: - [ - N S C
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damping in the system expressed as a fraction of critical damping e
forced frequency of the support

time , o ‘

phase difference between relative motion Z and base motion y

I

4
()]
t
a

I

Figures.1 and 2 show respeétively the frequency response and phase response curves.

It can be observed that /Z/ is almost equal to y, for 7 greater than 4.00 and ¢ between 0.00
and 0,70,
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FREQUENCY RESPONSE OF DISPLACE MENT PICKUP

-« Figure 1

Displacement pickups cannot have flat frequency response below their natural frequency.
The size and weight of the pickup increases with decrease in natural frequency of the pickup.
Therefore the natural frequency has to be chosen as a compromise between the size of the
pickup and the low frequency response. The natural frequency that is adopted is 4.5 c.p.S.

If the damping is zero, there would be no phase distortion, Howévér, zero damping 4
is not advisable, as the pickups would pass through resonance every time it operates. If 7 is .
large, phase distortion is negligible for damping, (£), beween 0.00 and 0.70. ‘A damping of 0.15
has been adopted in this case, |

MEASUREMENT OF RELATIVE DISPLACEMENT

Of the various methods of measurement, ‘Electrical Gauging’ in which the mechanical
quantity is converted into an equivalent electrical quantity, is best suited for vibration pickups,
The various methods of measuring relative displacement have beén discussed in detail by
Mehrotra (1964), where it is concluded that linear variable differential transformer (L.V.D.T.)
type is most suitable for displacement pickups.
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' PHASE RESPONSE OF DISPLACEMENT PICKUP.
Figure 2

PRINCIPLE OF L.V.D.T.

: The'Oﬁtput of L.V.D.T. depends upon the mutual . inductance between a primary and
‘secondary coil. - The basic components are shown in fig. 3. It consists of a core of magnetic

A o
\‘ !

” }
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B seT R
- Figure 3

material, a primary coil and two secondary‘ coils. - The centre coil is energised with alternating
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‘current. This causes a magnetlc flux to be produced, lmlung the centre coil (primary) with
each of the others (secondanes) The secondaries are ‘connected such that the voltages
induced in them by mutual inductance oppose each other, As the core is moved up or down,
the inductance and induced voltage of one secondary coil are increased while those of the
other are decreased. The output voltage is the difference between two induced voltages. For
some core position, the voltages balance and the combined output of the secondary combina-
_ tion is very very small. This position is called the balance point. In this type of transducer,
the output voltage is proportlonal to the displacement of the core over an appremab]e range.

L.V._D.T. CORE PREPARATION ;

The core used in the pickup consists of a large number of circular discs of 15/32"
diameter. These discs are cut out of a metal sheet used for core stampings in the audio
frequency transformers. Though other core materials like jmumetal, dustcore etc,, are more '
efficient from the point of view of lesser lossés in the electrlcal circuit, metal sheets have been
used because they are easnly avaﬂable.

The discs are insulated from one another to minimize eddy current- loss and are kept
in position to form a "eylindrical core by ‘means of a nonmagnetic brass bolt passing tightly
through them. This assembly is turned on a” lathe to give a smooth finish to the core. As
the desired small size of the pickup anda particular ratio of length to diameter of the effective
core does not allow a larger effective core size, additional brass and lead attachments had to

be provided to bring the core weight to 0.24 Ibs. so as to-get the desired natural frequency.

- DETAILS: OF .SPRING

A helical spring of ”rectan‘gulax‘ cross section was found to give the least .value of spring

constant in conjuction with small size. ‘The desxgned sprmg is also. glven a hardening. treatment
to increase its ductility.

PROVISION OF DAMPING

Damping has been provided by filling up the pickup casing with thin transformer oil.
A damping value ( { ) of 0.15 has been obtained from the observed frequency response curve
for forced vibration. However, damping could be mcreased, if necessary, by using a more

viscous oil, = IO
CALIBRATION | " *
The process of calibration consists in obtammg a proper relationship between the

quantity to be measured and the electncal output of the . pickup. In this case, the electrical
output is a voltage and the mechanical 1nput isa dxsplacement.

The fabricated pickup has been calibrated for‘the following conditions :

(i) "Static Calibration—*Pickup Open”
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( ii) Dynamw Calibration—*Pickup Open”
that is undampcd

- (iii) Dynamic Cahbratxon-—“l’xckup Closed”
’ that is damped.

~ Figures 410 7 give the calibration curves

DISPLACEMENT s OUTPUT

STATIC CALt ‘R’AT ‘ :
BRATION & ' suppiy VOLTAGE =015 vOLT AS RMS
- SUPPLY FREQUENCY= R K C

’

]

OUTPUT VOLTS (PEAK TO PEAK) -

[ S 4 ‘ 4 - N
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Figure 4 . g
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SPECIFICATIONS OF THE PICKUP

Figure 8 gives details of the pickup. The detailed specifications are as follows :

(1) The overall size of the Pickup is —(a) length — 31°

(b) diameter— 15"

(i) Weight 0.505 Ibs.
(iii) Natural frequency ... - 45c.p.s.
(iv) Mar. Amplitude of Displacement ... 1/4*

(V) Calibration factor ...

() L.V.D.T. Details —

(a)
(b)
(C)

@

4 Millivolts R.M.S; per 1/1000”
displacement per R.M.S. Voit
supply at 2 K.C. supply

| frequency. '
Number of turns in primary... - 400
. »» Secondary 1200.

Spool dimensions—17/32" bore,, 13“ long, The finished coil is encased in
a bakelite cylindrical casing of 15/16” dia. and 1/32" thickness. }

Transformer core dimensions - 3/4" long,

‘ 15/32" dia stampings
Attachments to core — | .
Interior lead pleces 15/32" dia: 1/2" long —2 Nos.
Brass pieces ' 15/32" dia. 1/4” long —2 Nos,
Outer lead pieces with flanges 15/32" dia . 1/4” long cylindrical

o pieces with 1/7* thick flanges
of 7/8" dia. — 2 Nos,

T}.xe core stampings and all the attachments being tied tegether by means of a brass belt
~of 1/8" dia. with 1/4* dia. nuts at either ends. This makes a total suspended mass of 024 Ibs,

{(vi)) Spring Detajls—

The core is suspended on four helical springs of rectangular cross section, one:‘énd of
which is fixed to the casing and the other, fixed to the centre of the core. . RS

The spring diamensions ape—

Outer dimeter - 7/8" dia

Inner dimeter . 47/72* dia
Thickness of spring 5.5/1000”

Number of turns 0'887
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(viii) Housing detallsr-

The entire assembly ﬁ:ith the coil is housed in a cylindrical sleeve of 15/16" inner dia-
meter and 1/8” thick walls. The sleeve is made into five parts as shown in fignre 8 so as
to allow for proper placing of springs' and to allow for ease in repairs. Adequate keys
. and screws are provided to make the assembly leak proof. A coil-adjustment screw is pro-
vided which when tied fixes the coil at a desized balanced position.

(ix) Damping—

Two holes are provided for filling thin transformer oil which provides viscous dam-
ping value of 0.15. ‘

&

Rubber stops at the end walls are provided to absorb shocks and prevent damage to
the springs.

PERFORMANCE OF THE PICKUP

The linear behaviour of the transfer characteristics with respect to more or less all the
involved parameters as seen from the characteristic curves indicates that the pickup performs
satisfactorily. The auxiliary instrumentation necessary for recording the output is an audio .
frequency oscillatior, an A.C. Amplifier, a phase sensitive demodulator and an oscilld’écope. |
~ These equipments are of standard variety and should be available in any instrumentation
laboratory. Knowing the natural frequency of the pickup, the calibration could always be
checked even in the sealed condition, by giving a known tilt to the pickup.
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STUDY OF SHEAR BEAMS UNDER DYNAMIC LOADS

A. R, Chandraeekaran*

SYN OPSIS

Beams in which deformatrons due to a load are essentially due to shearmg action
are known as ‘Shear Beams’s In practice, cantilever. beams’ of very large cross séctional
area and of small length have predominantly shear deformation. Such type of structures,
however, would have very high natural freqnency and therefore would be - very:. htt]er affected
by ground motion.

The equation of motion of a shear structure is of second degree and so .is the
equatron of motion of multistoreyed framed structure, Therefore, there isa possrbxhty‘that
cantilever shear beams could. bewthebretical fodeld of ‘tultistoreyed structures
paper, it is proposed 10 study shear beams and compare them with multistoreyed frames.

Lo e

1. ‘Basic Equations of the Probléin = = =+ i,

‘The following assumptions are made in solvmg the problem: The material of which

the beam is made is homogeneous, isotropic and behaves elasticallys The deformatlons are '
in shear only.

Considering the equilibrium of elastic and inertia forces, (adoptmg the proccdure

outlined by Rogers (1959)). o \
ov_ _ IR . 12
a2} 0w (5, e
“From 1.1 and 1.2 e i )
3 ad a2 0 IR
~5x AG y atg-}-w(x. t) | e 1.3

* Reader in Civil Engineering, School of Resenrch and Tra.mmg in, Earthquake Lngmoermg.
Umvermty of Roorkee, Roorkee (India). ’ :

+ The letter symbols adopted for use in thrs paper are deﬁned and are_ hsted Blphabatxcally in the
Appendlx. : , oy . S Ty
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FREE VIBRATION

For the free vxbratxon problem, w(x t) will be equal to zero. If a harmomc solutlon
in time, with circular frequency p, is assumed, thcn equatlon 1.3 reduces to

% (o AGd )—{-pAp’y-.-:O B ' | ' 1.4

The solution of equation 1.4 would give tha frequenc_]es pr and corresponding meode
shapes $r(x). Since a beam has infinite degrees of freedom, there will be infinite frequencies.

In gcneral the free vnbratxon solution has the form

Y(X t)==2 ¢r (x) Dr sin (prt+¢r) . et | 1: 15

GROUN D MOTION EXCITATION
For ground motxon excntatxon

Substltutmg 1. 6 in l 3 and if Z represents r_e.htivg displacement, with respect to ‘the ‘base, °
" at any sectxon X, then A G e e b :
( AG )"""P(x) A(x). +P(x) A(x) a(t) ERRRE T O W L
LetZ s, t)-" 3 ¢r (x)s © R

.. Substituting 1-8, in17

_§° s.(t){ (oAGd¢r }=._~ m(x) g,(t) $e(x)+m(x) a(t)v‘ B

where m(x) has been taken equal to P(x) A(x)
© ¢ From 1.4 and 1| 8,

) {dx( ‘AG - ‘ﬁ)} €r(t)~'—'2 ) p’r.qs,(x) g,(t) CLI0
o combmmg 1.9 and 1.10, . . !
5 (sr+prﬂgr) m(x) ¢,(x) =m(x),at) = S nn

" Expressing the right Kand side of 1. ll in terms of modc functlons ¢,(x), and making
use of the relationship of orthogonahty of modes, namely
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] () . 400 . 9ol - dx=0 forrgsand

f qu(x) m(X) dx ’

~m(x) a(t)-'- za(t) ) - i) - o L12

B f (¢,(x))z m(x) dx '
from 1 ll and l 12

e | / <;l>r(x) m(x) dx | e
T Eedphée=a(t) % e e 1.13
[ @) m(x) dx | - | o

The solution of 1.13 is

f d’r(x) m(x) dx Lo g 00 Tren Bl Attt

€r————~ f a(t) .sin prt—v) dr - 1.14
e Pro / (¢'r(X))2 . m(x) dx .
e o |
from 1.8 and 1.14 . o
D de(x) o [ 6. mdx e e T
Z(x, )=— X p f a(t) Slﬂ pr(t——‘f) dT ‘ : 1.15
£ r=1 ¥ f (¢x(x))* . m(x) dx ° | poao T
If there is damping in the system such that mode superposition -is still . applitable,
then B

H )
J ér(x) . m(x)dx oy
Z(X, t)“"‘ %J gbr(X) o ‘ ft' a(t) e §rpr( )

r=1 P gop . moax®

~ From 1.16, the maximum relative displacement at any sedfioh»x, due to rth mode of
vibration could be expressed as :

" 1 : - Vet
'Z;_(A(r)l"—-"—""Bx(r) . ‘—15; . (Svx ' 1.17
From 1.1, the shear force, V, at any section x is, H i

L AZ® | o
Vx(r)a==ol AG —a;—“ 5 "‘L. » -:' | ,r ' . "_1.18
" The bending moment, MT, at any section x, is
MTx®= f Va®.dx - - T O

whete h is measured from the free end.

sin par(t—7) d - L16,

e
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2. Theoretical Solution

To find the effect of ground motion on a shear beam, its frequencies and mode shapes
are to be determined. 1In certain cases, where the properties of the beam vary in a regular

fashion along the beam, theoretical solutions are possible: (Conway, 1948). Some of tpese
cases are discussed below, Where - theorctic,al solutions are cumbersome or impossible,
numerical methods could be adopted with success,

Let the area of cross section ‘A’ be a function of the length of the beam, that is
A=f(x) ’ o2
Substituting 2.1 in 1.4

d®y f'(x) dy i . Y

where prime denotes differentiation and

__°p? | | 2.2a
Y=T5 -
UNIFORM BEAM

Here fix) is constant. Hence 2.2 reduces to -
2 ' B

Tat+Yy=0 e 23

.+ .Fora cam'ilever’fbéam:with*bouhdéiy‘condiiions;‘“ o

y=0atx=H

.,,' | 2.4
and ra—y~=0 at x=0> , ff" all t . P
the frequency equation is given by R
cos }'H(:O;cos}v?r‘;ll,agr_ v te e R Co- 25 |
that is 71—1-:2%11 T : o IR 26
| where r=1,23...» .
from 2.2a, el .
pr.' 2 . H n’J"*‘p_’ . R } . ‘ ) . R S

The mode shape is given by

@—1). 7. x

fﬁr(x)f-cos >0 ' e 28
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The general free vibration solution is given by - R : o
o v . -
yxt)= 3 {Dr . Sin (prt—}—er)} cos (2_r .m.x 2.9
r=1 2H
NON-UNIFORM BEAM -
' Consider the case when |
 A=f(®)=Ao (a+;’;‘ - 2.10

Where x is measured from free end and Ao, a, b and s are constants.
, Then 1.4 could be written as
‘ dzy . S b/H dy

P tYy=0 e \ 2.11
L = dx +b( ) " dx , _
Lt m (a+_ﬁux)=¢- o
then from 2.11 and 2.12, R | "
d2 s d‘] ‘ AR R TN . R ) )
ity ap Y=o EEE R B o BB
“This is Bessal equation of order q where
1=
= \ |
The solution of 2.13 has the form
y(x)=D, . J(x)+-D; . Y (x) ’ ’ ' 2. 14
- In particular, consider the case when s=2. This corresponds to the case of hnearly
, tapermg beam, then
_los_
=73
and y(tl')=D1 . J-*(4‘)+Da . Ji(\li) ‘ ‘ o ‘ o . 2.15
\‘ = -4‘1— (D', cos ¢+Dz; sin ¢) o : S 2.16 |

The boundary conditions for a cantilever beam are, for all t,
at free end,

{x =-0"*~¢—(7H)“/b} |

oy oy__ . . :
ax-—0, 5 =0 AT o 2T

at bunlt in end
{x=H; ¢="H (14-*/v)} A ) . ‘
A ‘ ‘ ‘ et g
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Using boundary condmons and so!vmg for arbitrary coastants D," and D2, a
frequency equation is obtained which Is of the form

a . ’ l ‘ N ‘J, » ‘
tan YH=—yH (—5) | 218

This is a transcendental equation and can be solved graphically.

For other cases of non-uniform beams, not covered by equation 2.10, the solution is
cumbersome and numerical methods may be adopted.

3. Numerical Solution

If the variation of area f(x) along the length of the beam is a complicated function,
then the theoretical solution of equation 1.4 is practically ruled out. - It is therefore desirable

to adopt numerical techniques in solving such problems. If, however, a high speed computer
is available, even simpler problems are better solved by numerical methods,

The method consists in replacing a continuous system with a dxscrctc system by
concentrating the mass distribution into an equivalent set of discrete point masses embedded
in an ideal massless substance possessing the same elastic properties as the body simulated.

ERROR ANALYSIS OF THE NUMERICAL APPROACH
t

Errors are due to approximating an infinite . degree of freedom system to a finite
degree of freedom system and not due to the numerical technique involved. One type of

error .involves the number of masses used. The other type mvolves the derermmanon of
equivalunt masses and stiffnesses.

To make an error analysis one should know the exact value of items_.under investiga-
tion." The errors in frequency would be investigated here for uniform cantilever shear beams
for which exact theoretical solutions are available.

ERRORS IN FINDING EQU[VALENT MASSES

There are generally two proccdures adopted i in finding out equivalent masses. In one
case, the mass of a segment is divided equally and concentrated ~at the ends (Flg 3.1). In
‘the other case, the mass is concentrated at the centre of a segment. (an 3 2).

F16 3.1

FI1G 32
It has been shown (Duncan--1952) that for a uniform shear beam, 1f the mass pomts
are located at mldpomts of equal segments, the error in frequency varies inversely as the

square of number of segments whereas if the masses are placed at the ends the error varies
as mVerse first power of number of segments. :

[
f
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ERRORS DUE-TO ‘NUMBER OF SEGMENTS

In the case @f shear beam in addition to having an exact solution for the continuous
system, we also have an exact solution for the discrete system (Karman and Biot—1940).

For the continuous system, frequency parameter

P _
G ) >
(A is proportional to p?) - |

For the discrete case, with mass points concentrated at the middle of segments

Arn=2n2 [I—cos &%ﬂ] ’ : 3.2
C @r—Ipa Q—1)t.at |
..—:( T 4) T _( T 19]2)112_7_T +Small terms » 3 3.2a
Here n is the number of segments

Error ésm:i‘%ﬁ—n : ) « 3.3

. ' ; r '

Q2r—12 . 7% . : :
='(:“"r'"’&8)h~‘ll +higher inverse powers of n . 3.3a

This shows that the error in A (thatis, p?) for any given mode ultimately varies:
inversely as the square of number of segments and that proportional error for a given 1
increases rapidly ‘\for higher harmonics. Fig. 3.3 shows a plot of ern versus ‘number of
segments fof the first four modes of vibration. o

In the problemsattemp‘ted by numerical method, n was chosen as. 100. Even if n
had been chosen as 40, it is seen that error wqgmd be negligible.

In the case of n‘on;unif&rm beams, if the mass is assumed to be concentrated at the
centre of gra"vit‘y‘fofv the segments instead of at'the middle of the segments, results obtained
are extremely close to the exact values. (error in frequencies is less than 0.25% in all cases
considered for this im}es‘tigatibn).‘ Bven for the assumption that the mass is concentrated
at the middle of fth'e segl‘nents,_wthek errorin frequcnéiies was- less than 0.85% in all cases
considered for this investigatioﬁ.' ' T ‘

- HOLZER METHOD

This technique is very suitable to solve equations of this type numerically. Consider |
‘equations 1.1 and 1.2 and assumeé - that a “harmonic ‘solution »in time with frequency p i
-applicable.: - Then, for the free vibration problem
V=—o'AG L | b 3

&;__mpy . ‘ ) | . . :;“' M3,5
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Let the beam be divided into a number of equal segments and one typical -section  of

~beam be as shown in fig. 3.4.

A finite change of shear force occurs at each mass Wthh 1s equal to mema force
of mass

AV=mpty 3.6
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Generalising the result and writing expression for the pth section in terms of values
at (n—1)t" gection |

Va =Vn-1+mn-1p2Yn-1 ‘ 3.9

yn.'..—_yn_l——-(a-TAX—é‘)nVn ‘ : 3.10

Thus, for any frequencyvp, if the values V and Yy at a particular section is known, then.

the corresponding values could be found out at all other sections.

’ ’ o m
L '
(-
TRy Meum
1 : '_*__2’(;;‘ R 2Y? :
; -y .
L 2'1(1/::‘ - PMHam -

(2D (1- o) '
4 Q’-Ei_—{',:‘-) &+t -4
i m___
=

5= !Aﬂ’gz;‘_»sz | Y
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BUILDING MODE) wWHERE MASS AND SPRING CONSTANT
ARE ASSUMED To waRy LINEARLY OVER HEIGHT N BUYLDING,

Figure 3,7 '

PROCEDURE FOR CANTILEVER BEAM

In general, it would not be possible to guess the value of p correctly. ‘However, various
values could be,eir'bitra“rily assigned to p and then Ve evaluated. A plot of p? versus Ve would

. R -
have a.gener‘al appearance as in fig. 3.5, The correct value of p? are those which correspond
Yo the interséction of the curve with the p? axis. : U

&
S
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4 qpemﬁcatmn of the Problems

Lmearly tapermg beams of the type shown in ﬁg 3.6 have been considered for dynamxc
analysis. :

) In all cases, the frequenc1es and responses of the beam like relative displacement with
respect to the base, shear and moment at all sections due to ground motion have been
calculated by the mumerical method outlined above,

5. Discussion of Results

In practice; no beam would have predominantly shear deformations. However, shear
~~ beams could be theoretical models of multistoreyed framed structures as the equatxons of
. motion goverping the behaviour of the two systems are analogus.

UNIFORM CASE

For a uniform multistoreyed framed structure, the frequency of vibration in the s
- mode is (Chandrasekaran- 1963)

pr=2'Jk/m n2 +1‘.w/2 B : : 5.1
'For a uniform shear beam, N
the mass of the beam = p AH . S 5.2
cons1dermg the beam to be dmded into n equal parts
* equivalent mass of element = PAH v :. | , .53
the spring constant of the beam =—é%9~ : o " o | ' ‘ 54
equxvalent spring constant element-—t—]éf%9 ‘ o | . _ ' A5..S

Subsmutmg 5.3 'and 5.5in 5.1, and qbserving that as n is Very large for the shear
szr-——l 1~~2r"‘;‘ 1
204+1 27 2n41

“InAd G _ n 2r—i : )
pr=2 ,\/ H *7AH X o1 ™2 5.6

@@= 7T A/o'G
- g < w * P

- Equation 5.6a is same as.equation 2.7

/2, ' then

5.6a

NON- UMFORM CASE 4 ; S
me 5.3, the variation of mass along the helght for M.S.E.S. (mult:storeyed framed
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structure) should correspond to variation of pA along the height for C.S.B. ,(P-Q,Dtilév!éf shear
beam). Similarly, from 5.5, the variation of spring constant along the‘ leght fqr M.S.F.S.

.....should correspond to variation of o' GA along the height fora'CS.B,

Consider building models for which the mass and stiffness varies linearly along the
height and the linear variation is represefited by parameter a (Refer fig. 3.7). Tfitis assumed
that for an equivalent shear beam p and o’ G remain constant over the height of the beam,
then the variation of A should correspond- to a. Since the variation of A is represented by
(T.R.)%, (refer fig, 3.6), a corresdonds to (T.R.)% s

COMPARISON OF M.S.F.S. AND C.S.B. FOR LINEARLY TAPERING CASES
o ,Dynvamic‘anal‘ysis: has been carried out for M.S.E.S. (Chandrasekaran-1963),  ~ The
- natural frequencies of vibration and responses of the system like relative. displacement’ with
Tespect to the base, shear and moment at all sections due to ground motion have been
_ calculated. . | el : :

~* Also, dynamic analysis of C.S.B. has been carried out for various taper ratios. - .
The various quantities could be expressed as follows;—

MS.F.S. ___ CSB.
in the rth HE e i G el
! 1\.Iatur'al frequency in the rt® mode of C,o, )/ k o 1. 19 '\/[:]
vibration, pr e N THCH BTN

Relative Displacement at any section i, A/—n—f s A/ ‘E. A,/Tf oy
16 ) T il O e f o B

- in the r*® mode of vibration, Z,® , } Car®®. K-S Ca®. oG N E - HSv
} Cst :ﬁA/ km, Sy Cla "/E E.EA. Sv

} Cu®. Vkm. h.S, C'41<f>.J?EG-Jg.EA;HSV

Shear at any section i in the rth mode
of vibration, Vv,

Moment at any section i in the ' mode
of vibration, MTy®

The following quantities of M.S.E.S, “(mli‘l‘t‘istOreyed framed structure) and C.S,B.
(cantilever shear beam) are analogous to each other.

M.S.F.S. S . CS.B.
m ' PAH
n
k . l’l (TIAG
a : (T.R.)2

Figures 5.1 t0 5.4 show respectively plots of p, Z, V and MT versus a: To all ‘the ¢ases; it is
observed that a C.S.B, could be an analogous theoretical model of M.S.F.S, o

bk
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Figure 5.1

Figures 5.5 to 5.9 show plots of shear diagram. It is also observed that shear diagram
for a C.S.B. is very close and similar to that of a corresponding shear diagram of M.S.E.S.
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COMPARISON OF M.S.F.S.-C.S.B.
TOP RELATIVE DISPLACEMENT
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“Figure 5.2
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SHEAR DIAGRAM: MSFS. -C.S.B.
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Figure 5.7
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CONCLUSION
Cantilever shear beams are analogous theoretical models of multistoreyed framed
Structure. The concept of shear beam indicates that once dynamic properties are calculated

for a multistoreyed framed structure (say for n=>5), then the behaviour of similar multistore~

yed structures (that is for all values of n above 5) could be easily predicted.
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APPENDIX
Notations
A — Area of cross section
a(t) — Ground acceleration
H - e
v/ ¢ (x). m(x)dx
Bx — Mode factor = ¢@o :

I @0 m ) dx

C.,Cy'— Frequency coefficients .
Ca,Cai ~  Displacement coefficients; subscript “T” used along with this represents values
at top :
_+C3,C3"—  Shear coefficients; subscr{pt ‘B’ used along with this represents values at base
G — Cy/1.2732

(N
|
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Moment coefficients; subscript ‘B’ used along this represents values at base
arbitrary constant to be determined from initial or boundary conditions

modulus of elasticity
modulus of rigidity

Total length of beam
spring constant

mass

moment at any section
number of masses |
natural frequency of system

damped natural frequency of system; ~ p if ¢ is small, say, < 0.20

index representing mode of vibration

~ Response velocity spectrum

= ” Z a®. o 2P sinpa (t—

time interval

Taper Ratio, defined as per fig. 3.6
shear force at any section

intensity of load at any section
distance measured along the length of

t) d .
maximum

the beam

displacements measured transverse to the longitudinal azis of the beam
relative displacement of any section with respect to the base
mass and spring constant variation parameter defined as per figure 3.7

phase angle between input and output
normal coordinate

mass density of beam

1

~ coefficient of damping expressed as a fraction of critical damping value

ratio of average shear stress on a section to the product of shear modulus

and angle of shear at the neutral axis.
mode shape coefficient
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A NOTE ON THE EARTHQUAKE OBSERVATIONS
| | PN. Agrawal* -

The importance of earthquake observations has been discussed, and a questionaire has
been prepared with a view to rve‘pd_er‘ipg,,_&_the -reported observations more objective.

In the absence of an adequate net work of seismological observatories it"‘is"‘“’h:a“rdly“
necessary to emphasize the importance of earthquake observations, as obviously -these alone
can provide the data necessary for earthquake studies, We broadly know the seismic belts of
the world, and also the particular regions where earthquakes have occurred most frequently
in the past and . where they are most likely to occur again. We also understand something
about the various geological and geophysical activitiés connected ' with their origin, In order
to determine more precisely as to where ‘they are most likely to “originate, as well as the
conditions which may minimise the damage ‘caused by them, earthquake observations are of
immense importance. - In the seismic regions-of this country, we have only a few seismological
observatories and as the cost involved in building, equipping and maintaining them is
enormous, one cannot hope that their number will increase in the near future.” “Moreover,
the instruments normally installed in these observatories -give hardly any ready data to' earth-
quake engineers regarding the displacement, acceleration and strain of the ground in the wake

"of an earthquake. Also the instrumental records do not directly yield any information of

public interest. The benefits of instrumental records are thus slow in materialising. Whereas,
at times, quicker and more practical information may be obtained from the earthquake obser-
vatations. It can therefore be stated that the importance of the earthquake observations does
not diminish even when the instrumental records are adequately available. -

" An earthquake may occur :_‘a}n,yw—hqfq and at any time and one cannot expect an obser-

ver to be ready at the spot for making observations. This difficulty can be overcome by

employing a fairly large number of observers or, even better, by getting the information

" through those who have observed the eatthquake. The short- duration of the earthquake

vibrations imposes some limitations on the ‘observations made, but if ‘one starts -looking into
the effects of earthquakes onpeople; objects and structures built by man, as well as on

B NI

* Senior Seientific Officer, Regional Research Laboratory, Jorhat, Assam. Attached to School of

Research and Training 'in ‘Earthquake Engineering, University of Roorkee, Roo:lfeg (India).
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make the observations more useful and reliablé.” With this in view the following questionaire
has beep Prepared and would, it js hoped, prove very useful to the engineering studies in
Connection with earthquake effects, : : '

EARTHQUKE QUESTIONNAIRE,

L. General, |
() Location of the Observer‘ : s o |
(i) Nature of ‘the ground N An‘uvial’/.Sagdy / chky /’Swa-mpy / Loose /

(i) Type éndﬁ cor{dit-i}on _of the: Masonry / Timber / Reinforeed-concrete /Steel. .
' construction in the area_of obser.. . Single/Double storjed. o Lt

B Vatiqn. el - v Poor/Satisfactory/Good condition, .
'+ (iv). Density of inhabitation, -~ . . Thick/Normal (as in that region)/thin, -
_ 2 Ea{rthquiké Effect on People, . . DI
- @) Date and time of feeling ‘ the

earthquake .« ;. g
(i) Estimate of duration of shock'(s)
~ their number, interval” between

successive shocks

- (i) Soundheard L No/Booming/Roaring
(iv) Nature of vibration o Slow-rolling/Sudden/Rapid and continuouys/
S | Violent/Destructive,,

(v) Direction of approach of wave ) "Observéd/Np‘t observed, Directioh.......‘.‘.‘.‘..,...1

(vi) People felt ear‘th,,qcuake‘_ - A,t;,:;csf;tllnxt car/Unable to walk/Stand,
- People frightened o oot None/Few/Many/AlL ~
- People died - i ot None/Few/Many, '

3. Farthquake Effects on Objects and Structures Built by Man,

() Hanging objects r"llik‘e‘,  pictures : ‘bid/DidhOt swing, In.............direction._'
doors R |



(i)
(i)

(iv)
)

(vi)

(vii)

(viii) -
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Wall clocks

AN

Rattling of windows, doors and :
dishes

Loose objects like furniture :
Crack (s) in Plaster/Wall (s)

Fall/Swing of building(s)/Post(s)/ :
Chimney(s)/ Tower(s)

Rail Road / Road / Telegraph line :
out of line

Damage to bridge/Culverter/Under-:
ground pipe(s)/Cable(s)

Stopped/Not stopped/Not available for obser-
vation, ’

Observed/Not observed.

Not shifted/Shifted/Overturned'.‘ In....direction

Observed/Not observed in wall (s) facing..e...
direction. '

Observed/Not observed. In............ direction.

Yes/Ne, Give direction of bend....ccceesirernnes

Observéd | Not observed / No such objects
Present.

4. Earthquake Effects on Animals and Rl‘ants. ,

(i) Animals disturbed
(i1)

Animals died

(iif) Trees broken/up rooted

5. Earthquake Effects on Topography etc,

(i) Settling of Loose earth land slide/ :

(ii)

(iii)

(iv)

Fracture

Depression(s) Uplift(s)/Pond(s) / :
Crack(\s) along crests of waves
in ground formed

Change in well/Ground/River/Pond :
water level

Change in ground level

6. Remarks.

7. Observer, ’
Name, address and Signature of observer with the date of entries.

(Note: Directions should be approximated as N, NE, E, SE, S. SW, W and NW).

The above questionnaire is’ not intended ‘to give an exhaustive list of what could be

observed, but only to render the reports, as far as possible, free from personal error and
. prejudice. It is hoped that it will greatly enhance the value of the data provided by a voluateer
who wishes to participate in the great venture of understanding the nature and consequences
of earthquakes. |

. Yes/No/Not observed,

None/Few/Many,
Observed/Not observed. Size...... ...Height of
bl'eak... sesone .-.Difection of falli'- xveven ssonmyOES

Observed/Not observed

Yes/No.

Observed/Observation not possible/Not obser-
ved. v ‘
Obeserved/Not observed.

§
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STUDY ‘OF EARTHQUAKE SEQUENCES IN ASSAM' AND
NEIGHBOURHOOD FOR THE PERIOD 1918 -62.

T. K. Dutta*

SYNOPSIS

' Frequency drstnbutnon of earthquakes in Assam region has ‘been studied for ‘the period
-1918::1962. Earthquake sequence in general, and "after’ shock ‘sequences of major shocks
“in-particulr, indicate the'influence of" regnonal structural features on the nature of release of
earthquake strain‘energy. : : %

INTRODUCTION

‘ Placmg of Assam regton in one of the known sersmlc belts of the world presents _
',dlﬂiculnes That Assam Hnmalaya rs a part of tran-Asnatrc Alplde belt of . tectonic feature ‘
is evident enough. The seismicity of Assam 'however, is so closely lrnked with Burma that
it is difficult to view these two features separately, It was mamly to avoid thrs difficulty
that Gutenberg (1954), overriding sersmlc and structural “data to’ the contrary, considered
the Himalayan and Burmese areas ‘as commg under the Hrmalayan system The author
(1964) in his exammatxon of seismic regtonaltsatron ‘of Assam pomted out the basic differences
in ‘the two arcuate actnvmes of the regnon. It was also pomted ‘out that these two arcuate
features are separated by a ‘block’ tectonic environment running along the length of Assam
ina general north-easterly. direction. This view, based malnly on seismic data, is. supported
by the frontal pattem of, mountam arcs of the, reglon Alpide belts in Asia (of which
_,Hrmalayas form a part) all show eonvexrty towards south whlle the Burmese arcs, in close
re:emblence to the Sunda arc. contmuanon, show west- ward convexrty. Gutenberg ( 1954)
has however _pointed ; out that seismic evndences are, msuﬂ“lcnent to establish. a direct
connectlon between the activities . of Burmese and Sunda arc sectors. From all these
indications, it appears that the Burmese activity should be. consrdered as a feature different
from that of Himalayan activity.

The regional: complexity’ of ~Assam ‘thus: arises out. ‘of the ‘positioning of the fold

k resistant Archean wedge sandwiched between two compressxve stress fields. The process
B results in the deveIOpment of complex force ﬁeld wrthm and around the basrcally stablc

" -Senior Scientifie ‘Oﬁicer, Reglonal Researoh Laboratory, Jorhat. (Assam)

el it
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|

Platform. The four zones of tectonic activities of this region, earlier discussed by the author
- (1964), are based upon both structural complexities and stress field distribution of this area.

| In the present study, an analysis of the frequency distribution of significant tectonic
movements of the region has been made and the influence of the environment of such
frequency distribution examined,

DATA AND METHOD OF ANALYSIS

The period covered in the present study is from 1918-1962 (45 years). All significant
tectonicdisturbancesIwith lower magnitude limit 4 on the. Gutenberg-Richter scale of seismic

all checked afresh on the basis of available data. Travel time values used for all determinations
were those given in “Seismological tables by Jeffreys and Bullen” (1948). The table at the
end gives year and region wise distribution of earthquake epicentres in and around Assam,

~outstandingly valuable ; ,

1. International Seismological Summary, |

. Bulletin of the B_ureau‘Cem‘ralzlnternat’ional de Seismologie, -
3. éismolog"ivéé;libul\l‘;é;ins of India Meteorological Department, .
: Bulletins and other publication of the United States coast and Goedetic Surveys.
Uhpublished\ records and data of India Meteorological Department.

N

s

| Prior to 1951 o seismological station was operating within the region and the |
efficiency of the recbrding"Sei'smographs‘, both within and outside India, was rather low.
" With the commissioning of ‘a powerful seismograph station at Shillong and a subsidiary
station at Tocklaj (Jorhat) from 1951, considerable improvement 'in the recording efficiency
of the earthquakes of the region was noticed, Data used in the table for the period 1952
onwards are quite complete for the purpose of present study, but for earlier periods such
high order of completeness cannot be claimed, ' J

~ FREQUENCY DISTRIBUTION OF EARTHQUAKES

For the purpose.of present study, anqual occurances of major shocks and  the total

number of shocks of .ajj categories, for all four regions, have been treated separately. Shocks
- of magnitude =7 and above have been treated as major shocks, This criterion: has baen used
mainly for the understanding of the frequency of occurance of earthgnakes which are capable
of causing damages to engineerihg strycn\zrés over wide areas, Major shocks have been



Dutta on Farthquake Sequence in Assam 79

106

©

ONES OF TECTONIC ACTIV TY (AssAm) .

///

et s v o g - oo o T ATt = e Y 2 e N T

A haagng Rever

Se oy
By SRRt ed e s diey,

- flif".'#?"‘ tep e dri)
u.' "l." .': LT H4IA s,
'...q.llf:.':g::. 8, :u,}-‘if

¢ Ayl

S
2y
ecdae e "'00
Sragresyiis

ey
Srateg e
sesad

Yy - ) ’ ] ads ol

S _ Figure 6 ‘ ,
represented in Figs. 1 through 35, by vertical columns with lengths proportional to the
number of such shocks. The continuous curves in all figures give the frequency distributions
of total number of earthquake shocks, Total number of earthquakes used for the present
study is 473, ‘Fig. 6 indicates the foui' zones of seismic activity of the region as discussed
earlier by the author (1964). B ’ : : - o
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The frequency dlstrnbutlon curve of a zone mdrcates the general sequence of earthquake )
. energy release and are related to the stress field responsxble for the process ‘as well as the
- structural state of the matenal of the disturbed region, The author (1964) earlier showed
that the stress field i in Assam region is fundamentally compressive and uniformly dnstnbuted
The shear type stress in 1solated areas originate only out of local reaction of stable and
resrstant strata to the. fundamental stress field. Mogi (1963) studied -the nature of brittle
fracture of model materlals under umform compressive stress and pointed out an intimate
connectlon between structural state and nature of fracture. The mterpretatron of the nature
of earthquake sequences of dxﬂ‘erent areas on the basis of Mogi’s experimental results are
based upon the assumptlon that earthquckes are caused by brittle or semi-plastic - fractures
or fallures along planes of weaknesses in earth’s crust or upper mantle. Recently Evrson

Shuclure

| Homogeneous

‘ ;ﬂé(eroéevréou 5 ' L

IN - in'some Degree |

e Exiremaly
g . hetevogeneous

5

o
: 7]
. W0 Of fractures

-
\’4

'Flg. 7 Schematlc Representatlon of Frequency Curves of Brrttle Frac;ure in Dlﬁ‘erent Model
Materials under Compressrve Stress (based on Mogi’s experrmental data)
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'(1963) "r.eViewed the weakness“of‘ ‘such assump_tion but nevertheless observations: of both
earthquake mechanism at source and surface effect near epicentral regions of major
carthquakes still seem to overwhelmingly support this view. Mogi’s experimental data can

thus be used for examining the effects of ‘structural inhomogenity upon the earthquake
sequence of zones of tectonic activities in Assam. Fig. 7 above schematically presents the
frequency distribution curves of elastic shocks, under. compressive stress ‘(based’ on Mogi's

experiments).

Frequency distribution of earthquake of different regions . of earth shows striking
resemblance to the above schematic presentation of brittle fractures. - As the stress field in
Assam region is basically compressivé in nature, the frequency distribution curves of this
region may be examined for an indication of the structural state of the different zones of
the region. But because of inherent incompleteness of the basic data, it is possible to
. examine this aspect of seismicity on general terms only, 1f the earthquake sequences of the
four zones ‘of Assam Tegion are examined in the a‘b;ovev light,\f@hen it is observed that
sequences of both zones'I and II resemble the fracture pattern of type II while sequences
of zone T1I and TV resemble that of type I in Fig. 7 above.. - However for this purposeit is
riecessary to ‘treat the uph’ca\"/'al of 1950 on a different footing. . The iknst,abgi‘li‘t,y' that resulted:
in the earthquake sequences of 1950 effected the_pgighboﬁring areas also through elastic
rebound and analysis of aftershock ’éc‘quenccs? of "the main‘s't‘;o‘ck of 15th August 1950
(Epc-28'7N 96'6E, origin time-14b 09m 30s GMT Magnitude—8'6) show that the main
shock originating from Zone IV had in"ii‘tsgzggﬁét»xcg of aftershocks a series of shock (some
" of them major) originating from bordering areas of zone I and I1. o g

From Figs. 2 and 3 it will also be seen that generally major shocks of zones I and 11
are preceeded by a slight increase in the normal seismic activity of the' regiqh and that after
shock sequences for major shocks are either absent or fall off rather rapidly. Agéin from
Figs. 4 & § it will be observed that major shocks of zonmes III and IV are generally
preceeded by a period of quiescence during which the seismic activity is lower than the
normal level, However all major shocks from zones 111 and IV are followed by large trains
of after shocks which die off slowly. In some cases energy levels of a few aftershocks are
quite high and thé sequence of aftershock is complicated by the presence of such secondary

-

sequences.

Both Dhubri earthquake of 1930 and Assam earthquake of 1950 (originating from
Zone 11I and IV respectively) gxhibited such complicated phenomena. Thus in both zones:;

III and 1V the mechanism of elastic strain release is in the form of intense energy bursts
followed by periods of quicscence, while in zones I and II though the normal level of

‘‘‘‘‘ k A

activity, in terms of frequency of disturbances, is relatively high yet the burst of high energy
releases are not as high as in other two zones and viewed on frequency distribution curves
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the energetic bursts are very much less conspicious for Zones I and II as compared _ to

Zones III and 1V, | o
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- EARTHQUAKE EPICENTRES IN AND AROUND

ASSAM (1918—1962)

Year

No. of shocks ori

~

ginating - Major shocks Magnj,  « - - Remarks
from Region A . tude =7 & above ’
I II NI 1V Tota] - - e
918 — T 1 1 - Major shock  originated from
| - S - Zone III
919 0 i — - L
1920 i p L = — | -
1921 . e T B 1 " Major' shock ‘originated frOm
2 2 T el . Zone I
1922 — — . _  _ - e .
1923 11 — 2 1’ Major shock originated from _
o A ' : 111
19241 “eqing g ool 5 - :
1925 o o 0 _ - —_ —_
1926 — gy - - o el
1927 0 — 9 v 14 g4 1  Major shock originated from I
28 1 1y 50 rg — -
19290 qougo L R SR (/I — —
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{Continued) “ |
Year = No. of shocks originating ~ Major shock Magni- | ‘Remarks
from Region tude =7 & above
I II I 1V Total ;

1930 — 16 9 — 25 1 Major shock originated from 1L
1931 — 9 1 4 14 1 Major shock originated from I1
1932 1 5 4 — 10 1 Major shock originated from H
1933 — 7 1 2 10 —_ —

1934 - 3 —-— — 3 — -

1935 1 3 1 — 5 —_ - .

193 1 3 2 — 6 _ —

1937 2 4 — — 6 1 Major shock originated from IT

1938 2 3 11 7. 2 Both major shocks originated
from It

1939 _ 2 = - 2 1 Major shock originated from lI

1940 2 1 — — 3 Major shock originated from I

1940 6 4 1 1 12 , 3 - One major shock originated

- ’ | from I and two from I

1949 1 — 1 — 2 —_ . e g

1943 1 — — — 2 1 The major shock originating

‘ \ from near Jorhat and outmde
the marked rcglon.

1944 1 11 — 3 ==
1945 20— — 1 ~— 1 - -
1946 1 8 — 1 11 2 ~ Both thc major shocks orlgma-

“ted from 11, one shock orxgma-
“ted from near Nowgong and
outside the marked region.

1947 2 6 — — 8 1 .- Major shock originated from I

1948 1 2. 2 - 7 — . Two ' shocks originated from
near Jorhat and outside the
marked region, '

1949 — 41 1 6 1 Major. shock originated. from .

1950 33 11 2 42 88 13 . Major shocks :~ 4 from I, 2

: o SRR ‘ ~ from II and 7 from IV
1951 9 5 2 9 25 2 i " Major shock +~ 1 from I and”
. ’ “ 1 from IIT ‘
1952 3 6 — 2 11 - e
1953 —~.1 1 2 — ' _
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(Continyed)
Year  No. of shocks originating - Major shock Magni- "~ Remarks
from Region tude =7 & above '

T I 1L IV Tota) | | o S
1954 1 1 —~ 2 4 1 The major shock originated
R ‘ . from 11 ~
1955 2 7 3 1 g3 — - | o
1956 2 12 3 3 20 1 The major shock originated

. ' from 11 '
1957 — 10 1 2 13 1 . The major shock _originated

| from I -
1958 5 10 1 - g4 ~ =
1959 9 12 1 9 .31 — -
1960 4 11 3 4 o — —
1961 9 14 3. 28 f — —
1962 2 10 3 5 3 —~ — |
45 104 212 54 99 475 38 Four shocks with origin out.
Years - ~ | . side marked region,
REFERENCE

Banerjee, S. K.; (1957) * Earthquakes in the Himalayan Region’

> Indjan Association for
the Cultivation of Science.

Dutta, T, K;, (1964) “Seismicity of Assam-Zones of Tectonic Activity” (will be published :in:
st next issuc of Bulletin of N. G, R. L)
Evison, F,E., (1963) “Earthquakes and Fayjss*
Vol s, No.s. . -
Gorshkov, G, P, (1959) «Onp Seismic Regioning of Assam Countries” I, U. G. G. Travaux |
Tt Scientifiques Fascicule 20, ‘ ' |

Guténber‘g,- ‘B and Richter, C. F., (1954) “Seismicity of Earth Princeton University Press,
‘ 2nd edition, ‘

Bulletin, Seismological Society of America‘

Mogi, K., (1963) “Some Discussions of Aftershocks, Foreshocks and Earthquake Swarens-
i the Fracture of Semi-infinite body Caused by an_ Inner stress origin, and .its .
" Relation to tﬁé Earthquake Phenomena” Bulletin of the Earthquake Research
o Inlstituté,'Voil“i.Zﬂ,‘ Part 3, |
Division of 'EafrhquakeeEngineering and Seismology,
-Regional Research Laboratory, Jorhat, Assam..



Dutta an Barthquake Sequence in Assam h ‘ ‘ 85

Annvar 0isTRIBUTION 0f EARTHQUAKES Omiama nnG sron Agsam s NeraHBOURHOOY

(1918-1982 ) o

- R VO . . . I e

R

‘Or_Swocks

Ko

w

) D Lo

RO 0
M ‘33 ‘33 L» ‘o8 Be ar e wh ub 21 w2 %> we %43 46 47 g #a

ah eb el b

Figure - 1







Dutta an Barthquake Sequence in Assam 87

. ~ -
o0
20
g
X
| Lo
X
0
3 . .
9|7, "
albg, ) (S
Yol — — P iy . ;
1 + 4 1 i | | [ [} U J 1 L} | i U [} i U 0 ' t 1 [ 1 t L 1 1 UL U U } 1 1 1
s 49 RO 2% 22 23 2s ® Be ‘27 ‘a8 @B ‘BO ‘31 88 DS B4 35 do 57 by 3¥ We Ni 83 B3 4a 45 46 A7 .4 49 50 W, B2 53 b4 BL be o7 m‘v 85 We ‘61 ‘ep
_ YEAR .
— .
REGION I _» Figure 2
30
0 5
1 ©
i Y
-
8
3 v
oy,
a3 L1 1t |
2 2 - . ,
v \ Voo \

RN R U () [ [ 1 [ J t S ] 1 [l 1 ] [ L [N U K . , K ...r... . ,
199 %0 30 @1 @@ ‘23 "S54 SRD 26 27 28 29 VO B4 B2 33 54 56 B8 B7 BE B KO 41 W3 43 44 45 46 47 48 A3 30 51 32 53 64 56 dé ‘o7 b 53 ‘00 ‘61 ‘B8

_ YEAR

<

REGION I _ Figure 3






3

- MO, QF SH

No. UF SHOCKS

P 89
Annuat__DistrRisution OF Eartuquakes ORicinating  from REcion - 111
v (15181962 ~ .
W
2
10
~
!
¥ v\/T /\I.I/ll"l&\/\
wm -
IR e L e N
AN U S R T 11 F .y b PO D U Vo 1y -
1B 19 20 21 a2 29 24 29 26 27 28 29 30 '3} b2 55 24 '35 36 ‘37 'S8 39 40 4t 42 43 aa ad 46 47 43 49 i 11 52 85 54 ‘AR 86 57 BB 59 6O ‘61 (.3}
RA
Figure 4
Awnuac DisTriBuTioN ofF [ARTHQUAKES ORIGIHATING FROM ?o.oz.~<?9w.5»®
«@ v i
40
20
¥,
W-b ) [ P e .
R \ § v b A A S s S [ [ [ i [ U ) 0 ¥ t ] ' ) t | \ [
g e @0 M 2 @3 04 45 ‘Bae B7 B8 89 MO 41 42 43 44 43 e 47 4B %% %0 & 32 b3 B4 55 ‘b6 ©7 58 DO 6a ‘ol 62 X
- ¥EAR . e e -

Dutta an Barthquake Sequence in Assam

Figure S






GROUND DIQPLACEMENT ‘AND ACCELERATION CAUSED BY
EARTHQUAKES -

“Vinod Kumar f’Ga‘ur‘** “and Umesh Chandra* *

SYNOPSIS

This:paper is-an- outcome ‘of an enquiry imo the processes whrch lead to the attenuatmn
of seismic waves in the earth. A knowledge of the variation of their- -amplitude with * distance,
and with depth, in the case of surface waves, would be of consrderable 1nterest to Sersmology

: amphtude of the ground drsplacement ata, grven eprcentral

‘ distanceé Have  been examined ‘in detail, ‘However, asa ‘progressive wave -suffers from the

cumulative - effeéts ofiiall: these ‘causes; thé individual eﬂ'ects canﬂbe inferred dnly mdirectly

;f'!'ypwal‘ vralues* repﬁesehtimg the dissipatrén of seismrc energy arc also drscussed. n

INTRODUCTIQN

Most of the studles on the amphtude qf seismic wayes have been made with.a. View to
understanding the structure of the cithi”'and the nature of ‘earthquiakes, To an Earthquake :
Engmeer the, p;oblem is. an inverse ohe:iiéstoestimate the: amplitude of the sersm{c waves or
the displacements caused: by them when'they emerge at the surface ’Energy traVels outWards
from a focus, - usually: regarded as being smahl ‘enough o ‘approximate toa pomt, ‘in the form
.of waves. ., These include body. waves which may penetrate to all parts’ ‘of thé ‘Barth's’ ‘mterior,
as wall as surface waves which only travel along surfaces of* ‘discontintity, - eSpecially ‘over ihe
free surface of the earth. . An advancing wave is normally" ‘atténtiated ‘as its energy spreads
out over the enlarging wavefonrt, and also. by the partitioning of energy at the: elast conti-
nuities. Other factors contributing to: this mclude diffraction;’ scattering, drspersron and'

dev:auon from perfcct clasticity.

Geemetrical Spreading of the’ Wavéfrdnt T ,‘

“iIn the simplest ' case of Spherncal symmetry about a focns, the solution of the waven

‘equatron, for waves advancmg outward from the focus, has the form A = -—l—~ F (r—vt), where

F is a funcétion’ representmg ‘initial conditions. The solutncm rmplres that A decreasbs inversely

as the distance.  This accounts for most of the decreass in amplrtude at- drstances not too
close to the focus, where more complrcated phenomena predommate. . od

‘*Departmens of Geology and Geophysics, University-of Roorkes; Roorkes; U.P., Indiéi A
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The expression for the displacement of the outer surface arising from a wave travelling
towards it from a focus without change of type can be written as (see Appendix),

’

Sin e. Sin ANdE o

where K = a constant ,c;Qpegg;§ng;,ggpp,_the@f;act;ion, of the energy E passing into the wave
7 = __ground displacement (y)
amplitude of the incident wave -
A = epicentral distance |
7o cir=angle which the.ray.leaving: F-makes with the Ievel surface through’it
' € = angle between the emergent ray and the surface.” .. .- o

y=KTZ A/'E.‘“

 Part of the energy released by an Eartiquake travels along the frec surface of the Earth
and along other surfaces of discontinuity in the Ear th (effreys, 1963 pp. 56-57). The
ﬂccordmg ée_ factor ¢~G , mhere:a:h-is\,gthc. depth.of focys and G ' furtetion of ‘wave velocities
(Jeffreys 1959 pf{g@ 58). . :gfg};us__whgniv.thg_ fggus‘iﬁ.‘;n?tﬁtqq¢,«d£¢p. s‘urfacc,:'w.tiv:s'r;will:spread

o]

Ifising from ‘a sHoek of 'a given size decrease ‘ﬁv‘t{it‘y,\f@al’ depth

outward over the other surface falling in amplitude according to the inverse square root of the
distance, However, surface waves exhibit considerable “dispersion; '

y at the Elastic Discontinuities .

2, Partitidnmg‘ofEnergy T T
| At pach discontinuity encountered; Wwhere:. either the velocity changes discontinuously
or its ;gradient. is abnormally high, a wave is partly reflected and partly réfracted 'into the new

11‘1;eqium;‘cz_;{psing, a division.of jts energy. In gen¢ral an incident wave Tesults'in “four trans-

fgt;g;‘e‘q .;ngg@g,ft_he reflected and the.- refracted P-and'S waves except in »cert'ainf :“’spec’ié;l: cases
~ when the pature of the incident vibration may preclude some of thése’ components (Jeffreys,

1 263, pp:;2;9:30)._ In order to calculate amplitude of any of these derived waves, it is only nece-
sgary _tp apply the boundary. conditions corresponding to: the continuity of ‘stress and d:vsplacg-
~If;i3\e%nt across the entire boyndary at-all instants of time (Jeffreys;1963 Pp.31-32). For the limiting

case when the differences in the physical properties of the region'vary but ‘slightly; the atialysis
shows that loss of energy by transmission amounts to.a second -order quantity only,:.and-if the:

medium can be considered homogeneous enough within a ‘Wavelength, the energy is trans-

T & g g i) n. ;..'.';. S P v BN
v The ratio' of the’ refracted wave ‘amplitude to the incident wave amplitude can be
‘ h ‘ . . B e FRI R T

Tepresented by..an':apﬁroptifateé'ir&ﬁSﬁiéSibn factor - - ,

TRE I TR S0 S A @ R E LA R i

* In genera] an {émé;g'ént.wave'may‘-have changed type at thé varioys discontinuitiés. The
foregoing argument, however, still holds but the appropriate transmission factor has to be

PR
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. calculated for'every encounter and introduced in equation (1) to allow for the losses dlscussed
- here. The resulting expressron for the drsplacement WOuld now be grven by, B

= . RTZs, ;(E,.Fg. F,,)E o Soss:n x( SRR
3 (a) Diffraction - v

However, 1f the drscontmurty encountered mvolves a curvature large compared with
“that of ' the mcrdent wavefront the reﬂected and the refracted wavefronts will be sharply
curved Thrs is the case of drﬂ'ractron.g 1t assumes great mgmﬁcance in. the vicinity of the
“source of drsturbances where the condmons of the ray theory do -not obtam. ‘The : mathemati-
"cal’ theory requrred to explam drﬁ'ractron eﬁ‘ects tend N be comphcated .owing 10 a: wide
variety of problems 1nvolved No experlmental work seerns to have been done 1o elucxdate
these eﬂ‘eelsﬁ s B R T R e N '

3 (b) Scattermg O It P L g ,
- Scattermg arises when the rrregulantres, very: mich’ smaller ‘than t‘he‘ predommatmg

[ oy
T T

wavelengths, are encountered. - In such a case the incident: wave will be’ m-egularly scattered -

and partially degenerate into. heat, - Jeffreys (1963 p. A1) Jhas developed .a. quantltatrve treat-
‘ment of this eﬁ‘ect with analogy to kmetlc theory of gases and presents a quantrty, o
ce ey ' o R )
corrésponding to the kmematre vrscosrty in- gases to be rncorpor ;‘ ! ed m a ﬁrmovxscous law;
“where l'is the average grarn drameter, a thc longxtudmal wave ve ,,clty, and itis assumed
‘that the wave velocities vary from grain’ to gram by a factor of c .. The ﬁrmovrscous law in
its srmplest form may be wrrtten as

Pu = 2u Bu + 2v %%ﬂ-

and corresponds to the Kelvin model;,

e

where, Pij = deviatoric stress : .
| Efj = deviatoric strain -+ 1 SRR AR
= rigidity*r | |
L= vrscosrty
_ The perfect elastxcrty stress-stram relauons and the elastic - afterworkmg equatrons are
réspecttvely, ‘ o et e i :

and; PlJ + T ddfj f"‘ El] + 2v ddEtU PR TS D '.',-";xl"‘.’rtk?;-' : ' (6,

It can be shown that the replacement of (5)yby (4) introduces a dampmg factor of the )
order ot‘ exp (—v Y8x[2s v) in’ the - amplitudes of waves of period 2a/Y and speed Vv over a
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distance x. For waves in the cerust of the earth, a ‘comparison . with ‘pbserva;ien-s;fitgiyesfaan
effective value of /1=0,003 secs. . For deeper. portions . of the carth. the value; seems: to:be

still less. - For surface waves with Speeds of the order, of 3.km/sec., . the damping factor would
be (1/e) over distances of 50 and OOOkmmwavcs of ..periods 1-and 10 -Secs., respectively,
For body waves penetrating deeply into the carth, damping is stjll less, ,
Fauation (6) similarly involves a damping factor,

tion, short waves wouldnotbemqre severgly affeated than longer.ones, as.in the case of firmo-
viscous relation (4),  From this result Jeffreys _concludes th:

his result Jeffrey, tes that, scattering rather than the type
of imbérfectioxis’bbs‘er"‘\}é“ci"'i'ﬁ‘ laboratory eriments is the main. source of departure from_ per-

fect elasticity theory in elastic wave Propagation, He estimated the linear diameter of &rustal
irregutarities responsibe for scattering to be of the order of 5 mters.

velocity. Using the firmoviscous law equation (4), he has shown that at a f’given point, the
.most fapid Change of ,ngplgggmgnggiig xx_;;he,{\q)x;_se‘t‘; “would take place at: the:instant “given by the
perfect elasticity. theory. based. on cquation (5) but the blunting would bespread. about this

S B B TR : o § iy ‘;»'\" - \‘? Y3 ! A‘ V‘ R Ll P X
instant over 3 time-interval of the order of « (2wt/i), Where | ( ;*) may be taken. to
g ‘,cilinrin,g a time of transit ¢, For the. miqn_;g._j'_;pqingl waves tra-

»

be 2

measure of the average scatteri
velling through the cartly's centre to the anticentre, t o 20

pread over about 2 secs., which
ol 1 With the of rams. 1t js, therefore, concluded that scattering
,i?é‘?lé?gelif"ébﬁﬁﬂéd'?'to t‘”/‘eﬁoutermbst 40 km, of the earth, = L e L S
Rayleigh Scattering will predominate if the grain size gg;s,;manef than the wavelength A

of the seismic wave concerned. Scattering in such g case wil} be’ proportional to (1/2%) being

rvatioy

L

Ereater for shorter wavelengths and smaller for longer ones, it

4. Internal Friction

Besides these effects ‘both laboratory experiments on rogk: samples as.welt a5 / field mea-

Surements on rocks in_ situ, point to the elastic absorption in rocksiie;, ‘ina steady state

vibration, the amplitude js found to decrease with time, The corresponding. loss.. of energy
appears as heat and the Processes causing this age collectively known as internal 'frictio_n.

Internal . friction may be cxpressed-in térms of 3 function Q analogous to that. of an_

electrical system and can be similarly obtajned from the shape of the tesonance curve, Al

ternatively, the relation betweeq Q and one of the following quantities may be used:
T T T Coa

2, Tl!ﬁﬁ:’,@;@jﬁ%ml»lgss\,»Qf..;;sn.gqux;pprau,m‘t c:ycle(énEE } |

;e
A SRR

but in this case contrary to observa.

1., and if -v/u has. everywhere the
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3. The phase dtfl’erence between the applred stress and the resultrng d:splacement s.
N Accordmgly, B :

| Internal frlction 3 ——E—-r— 2e —Q- = 27 tana o L o ™

One may also deﬁne lnternal frietron in terms of the attenuatlon ofa plane wave. The
-,?amphtude Ax of a damped wave at a distance x from a reference:position Xo, including the effect
:of,édlyetgc‘rnce of the wave front ts normally expressed by the followrng relatton
Axo)eka /;‘

xm,

Ax-— | ,(8)

'vvhere k is the absorptron' coefficient and m the appmprrate geometrrcal factor for the wave. _
If k varies in the body, it has to: be replaced by the correspondmg mtegral f k(x) dx. ‘

A relatton between -%E obtarned from a rock bar sample and 'k’ obtained from the

damping of a wave in the field follows from a suggestlon by Born (1941) whrch states that

(bar) =@ E (bulk), L B ©)
» B (bar) h___ (bar) I R T i ,v"”(‘u)

: No general theory is available to descrtbe the actual physrcal mechanrsrﬂ‘s' ‘ resfﬁon'sib’le
* for causing dissipation in"a. medium for .obvious mathematical’ difficulties. - However, ‘the
-simplest way to:introduce drss:panve eﬁ'ects in the equation of motion'is-'to represent them
‘either as d function of velocity or of the absolute value of all acttng l‘orces, .e. COULOMB

f,r RICTION (Fortsch 0, 1956)

Followmg this srmple models have been proposed by varrous authors whrch suggest the ,
elastic behaviour of solids for the particular mechanisms, some of these rmportant models are
briefly summarized in’ ’l'able 1. "The mathematrcal form wherever posstble, 'has’been translated
in mechanical terms as a cornbmatron of sprmgs (elastro elements), and dashpots (viscous
elements). : . SRR

, Models 1105 produce a frequency dependent varratron in, the mternal friction.
Model 4 proposed by Bolt7mann lmplres that the behavrour of a sohd under stress is a functron
“of its entire previous history. “The solid may be visualized as a combmatton of sprmgs and
dashpots, but the resulting equations, in general are not “soluble. This drﬁiculty has been

‘ ;t;.-partrally gvercome by Sokoloff and. Scrxabrn who: assumed on' expenmental evidence,’ that the
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f "fiv:iict“io'n's!rv (sée ?Tablé l);nay bé expre'ssed‘as a ncgatii;e expéi‘x‘en‘ti’al‘ invélvihg cbgstan’ts of the
rocks, ¢ (T—t) = ge—02(T—t) S P o (12)

Models 5 and 6 were specifically designed to render Q independent of the frequency in

. order to satisfy the results ‘obtained from some of the laboratory -experiments such as those by

, ‘Kimballan‘d*Lowel] (1927), Ide ( 1937, 8,000 cps.), Birch and Bancroft ( 1'938; 120-4, 5‘00-‘_0ps.)-

Knopoff and Mac Donald (1958) ‘have shown that the dissipative characteristics “of

_many solids cannot be accounted for by any linear mechanism o{ dttenuation, | A particular

- model explored by them involves a nonlinear hysterisis loop reéulti:ig“’frbm nonrecoverable

deformation at small stresses, ‘The model, ‘as they conclude, is by no means unique anq__pt;!ger

"'models 'invol\fing vgqmg.;fgjptjgnal dissipation -could also account. for the “observation. -Fortsch
(1956) attributes the Coulomb Friction to be a mechanism for attenuation,

“1 oy Lomitz (1962) observed, “there is no evidence that the ~'d{§form-at'ion of solids is gover-
ned by linear mechanism at the intercrystalline or molecular level, therefore a linear empirical
relation for the creep'function in such as Boltzmann’s equation, o

Z(t)=q loge (1+at) R L RTELIAN (13)

can be expected to fit only a restricted region of the strain-time continuum”, He further em-
Phasized the need for more detailed data and that jt would seem premature to reach any
;reonclusions or to introduce further refinements into the mathemat"ic‘aktrgatm:en‘t% ) '

However, in most measurements of this type the errors are relatively large i.e.. of the

{ order of 20 percent, Bruckshaw and Mahanta in '] 954, working:in the frequency range of 40-
120 cps., noted a small increase in Q with decreaSing'freqixency, the gradient being greater at |

f’fg:"-'hef»lgy_,"%ﬁ? fr@quenqips. Usber in 1962 (2-40 cps‘i)»not‘ed::aasimila’r:ffneq;nemjﬁ dependence of Q by

-an improved apparatus reducing ithe error-to within 10, percent, .The variation of Q:amounted
+10-as much as 100 ‘pereent;but most. of; it occurred : between 2-and:10-cps.; thus: explaining -the

+failuse of other worker %, using higher frequencies, ‘o observe:it, A’ brief review.of laboratory
measurements of internal friction in different rock types over +different frequency ranges. by

R R

various investigators is given in Table 2, Usher (1962) s_‘tudied‘the‘ effect of oil and water also
‘owinternal friction/(Table 3y, - oo oo crdiedt e

" “Thc, yééiatiénjof Qj,fifn;‘ rocks:in fsifl;;p};‘;c'ﬂa;n\‘bé studied by -th»?diﬂ‘,etrg;:nt; means,-..... .

Ca (1)by Mmeasuring the - amplitude as a function of the.distance, and . .

(i) by examim‘ug the frequency spectrum of the wave at various distances,

. The firs'type of exper ments were performed by Bvison (1951), ‘Collins and Lee (1956)

e oy o8l (1959), 020 point 9. the frequency independese ot G o these result
“are largely ,i:‘iiéoii“clftiéivg. IR R L | T

P Gu,tc,‘nbérg (1935), Kendal ( 1941); and:Ricker =x('l953)‘,-‘ have followed: the ‘second ‘line of
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approach using frequencies below 50 cps. and have found a lmear relatlonshrp between Q and
the time period. ‘Born (1941), using freqencxes in the range (200-4000 cps.) also concluded
““that Q ‘was mdependent of frequency but varied when a certain ‘amount of rnorsture was
“present.” Internal friction would thus appear to have two components, one suggestmg a solid
friction type of mechanism and the other a viscous type. ‘Usher’s (1962) results are more
- relevent:to the: seistic wave propagation 'as they pertain to low  frequencies encountered in
_seismic work, They suggest a solid viscous type of mechamsm operating at ‘low frequencies
" which are probably associated with the grain boundarles However, more experimental work
"'in the low frequency region under varying- pressure would permxt ‘more- realrstrc correlatron
between laboratory.rock samples and the rocks in situ. : :

* 'Table 4, containsa valuable set of field results giving’ absorptxon coeﬂictent k and the
correspondmg internal friction (1/Q) for different waves with- ‘different periods. ‘The data
show that the absorption in the case of surface waves, varies considerably with .period, :being
smaller for longer periods : and vice versa. Karnik (1956) combined data for Rayleigh waves
“with pertods of between 0.001 sec, ' (k= =200 per krlometer) and 200 secs ( '00002 per krlo-

.........

meter) and t‘ound that all data can be rep‘csented fa:rly well by the followmg expressron,

: k=0017(’[“‘“ i b o L e
Furthermore, the value of the absorptton coeﬂiclent depends on the path which the

correspondmg wave has travelled:  ‘Gutenberg (1945a) obtamed the followrng value of k

corfespondmg t0.20 secs. period:for different, paths. bt i
_:Continental path, : Km0 “016

Around the earth or aeross the Pamﬁc k = 0.00030
Along the boundary of the Pacrﬁc, o, k=0 00050 ..

He attnbutes the loss of energy along dnﬁ‘erent paths, just® menttoned ‘to reﬁectlon and
diffraction of waves along the part of the path which crosses and recrosses .repeatedly the
drscontmmty between the Pacificand the confmental structure. The G waves with wave
_Jengths.of several. hundred kilometers, much..in excess., of - the probable maximum depth: .at
which there is a distinct difference in elastic contants and density between the:material ‘below
the Pacific Basm and the surroundmg contments, do not seem to show any srmllar loss of
‘energy. o S E
‘ However, the avaxlable data seem to be very scanty and more data for the value of
absorptton coefficients correSpondmg ‘to different periods and paths, would be . required.to
extend the methods of magnitude determinations of Gutenberg and Richter for maximum
amplntudes of surface 'waves wrrespondmg to 20 secs., to. that correSponding to other pertods

© On the othér hand the data for body waves show that lt = 0 00006 is, faxrly constant
over waves of different perlods.

S8 Equation (2); could now ’be furthet modrﬁedx as- follows in order to tnclude the dissipa-
tive effects discussed above,’ Thus,



R .. Bulletin ; Indian Society of Rarthquake Technology

oy i N _—3EA .
y =K1z »/(F*"'F“)B‘ ‘Sin’céo.ssm Alar )™ , A P )
The distance along the wave path hag been_replaced by the epicentral distance A, as
this involves only a small error within. ‘tolerable limits, for most seismic \waves which do not

_encounter the core mantle boundary, ‘

The various quantities involved in equation (15) can be computed for various conditions.

‘Thus the ter”m‘(a%’) is a function of velocity along the path, Z isa function of the angle of

emergence and the ROESOn?s ratio just below the surface, andthe Fu depends: upon the ‘angle |

of incidence at the discontinuity, the wave type, and the value of ‘density and wave velocity
on either side of the ‘discon{tigui_t»y, It is, therefore, possible to- prepare tables of Z and Fy, for
given types of waves and discontinuities, RECITIR I,

8/ Dispersion

"The change of wave velocity with period is known as disﬁ@rsion. ~This '{bl;enbmqnon in

fact does not lead to any dissipation of encrgy, but to a_lengthening of the pulse. The life-

time of a pulse undergoing dispersion is thus increased at the expense of fts amplitude, We
may consider the dispersion of surface waves and body waves separat*ely:; o

4
E

. SURFACE WAVE DISPERSION . « . S
Whenever the velocity of seismic waves changes with depth h- in the éarth, the surface
waves undergo dispersion, as the veloeity of surface waves depends on ' A/h lwhere X is the wave
length} o ; T e e A VR

- The equation for the velocity of Rayleigh waves, prob;aé‘ati“ng along ‘the free surface,
. of the earth;rcgar,dcd.a‘s»;pl.ane,\i;s givenby, oo R S Rt

i) (- 8)=0

‘where-a, 8, 4nd C are respectively ‘the Tlongitudinal, transverse and the “Rayléigh ‘wave yig!déi; o

-ties in the medium, -

‘i’ﬁ# 'exprw“feé:s’ionvfbr C does not show any dispersion effect, but the earth is not homoge-
neous as is assumed here, The theory of Rayleigh waves in the presence of two. and three

‘that the waves are dispersed,

 layers have been worked out by Stoneley and Tillotson, and the equations for velocity show

- The equation for the velocity C’ of Love waves in the presence of a: surface layer  with
transverse wave velocity g’ overlying a homogeneous . medium_ with. transverse -wave. velocity

B, 50 that B'<C’ <, s given as;

i
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where K —‘ 2»,\ , A bemg the wave length
‘ Equatron (17) shows that the Velocrty ‘depends on K i.e., the wave length and hence on
thé period, causing dispersion of Love waves.

The disturbance, in surface waves, propagates in groups of waves which tend to become
smusordal as the travel time T and the epicentral distance A increase, the periods being

approxrmately the same at different stations for groups whose group veloclty C = 71.4— is the

same. The gro'up 'velo'city‘ C'in terms of phase velocity C' is given as

The surface wave equations as cited above and the more generahzed ones may be used
to fit the broad features of the observed dispersion of earlier arriving surface waves. The
equation (17) for the velocity of Love waves entails a smusorda] drspersmn of an initially
confined disturbance. o

Jeffreys (1959, page 39), has given an approxtmate expressron for the drsplacement
caused by a surface” wave undergomg drspersron The main features of the expressmn mclude
a factor commén to all 'wave groups whrch will cause the ratios of the amphtudes of waves
of given periods to be constant on the Barth’s outer surface However, ‘the amphtude would
vary accordrng to the Wave group, the nature of the m1t1a1 drsturbance and that of drspersron.

& . BODY: WAVE DISPERSION

“The cause of rrregular drspersron, of body waves or more correct]y of thelr oscrllatory
motion, is not yet clearly understood. Teffreys ‘has consrdered ‘the effects of scattering, the
complex initial conditions at the focus, fluctuations: in the local gravity value during the passage
ofa drsturbance, rmperfectrons in elastrcity and the departures from homogenerty within the
earth If th‘ orrgmal drsturbance at the focus is assumed to be oscrllatory, it would explain
oscrllatrons n P and S, but in such a case the duratron of the, oscnllatrons should be the same.
for all drstances whereas it is actually observed to rncrease w:th drstance. ‘The cause of bodily
wave drspersron must therefore be sought m terms of heterogenemes msrde the earth, most
probably i the outermost 40"' km., but the precrse way in which it occurs must await more
detarled knowledge of the crustal structure than lS yet avarlable. The followmg suggestrons “
seem to hold promrse '

(i) , 'drﬁ'use refraetron at 1rregular mterfaces in the crustal layers,

,(ii) subsrdrary waves arrsmg from .the fact that the travel tlmes of . reﬂected waves,
_though stationary are not.true, mlnrma. e

@iii) The longitudinal and ' transeverse - wave velocltres have been derived on the’
assumption that the density p, compressibility k' and rigidity # are constant.
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But these conditions do not hold rigorously as they are functions of initial strain,
temperature and chemical composition. To a first approximation we may take p,
k" and 1 as slowly varying functions of depth between a limited' number-of : sur-
faces of discontinuity within the earth. Since in.the - derivation of - the equation. -
of motion, viz.,

pli=(k + %) 2 1 uvw | a9y

terms -invblving. -g% and ?a:T are assumed to be zero,-which.no longer  holds if}

k’ and u are taken as variables, additional terms would appear in the wave

equations, g
%07 k+4su - = G
= (" :p_)vée . R o
=5 )7 @

‘The result would be ké:vdisber"siéhbf bggy‘wav"es analogous to the dispersion of ‘sﬁr.facq

waves, Such an effect would be | pronounced if longitudinal and transyerse wave. velocities

dispersion of body waves., The details are not yet clearly-understood. In the mantle, except
perhaps in the neighbourhood of a limited number of discontinuities P, k" and u change

suﬁi‘éi‘ently‘ slowly and thcdlspersxon /cﬁ‘ec'jts‘ may be neglected. ‘

CONCLUSION ~ «i v o

‘Damage to ‘s‘;tr\lic'thrgs"is:? rijéfhly"fcaus‘éd by th,:é'héfrizbntaf‘édtﬁhb'n‘ent of the ground

acceleration, Tbe'lqngitudinal waves are, therefore, r'el‘ativély;"‘(harm];e‘s's to;_‘s_yty"rgpt“ureks__a_s' the
re'su!tingaCCclgré‘tion\is“‘mai‘njy in the vertical direction and “hardly ever cxceeds that due to
gravity, which the structures are nd‘rihally"éblc* to withstand, We are thus, chiefly interested

in the various attenuating effects on shear waves. These will include the bodily transverse
waves and t’he"surfééféfw&\éqs. The ground acceleration depends both uponthc f‘requcn‘cyi of .
vibration and jts amplitude, At greater distances from the epicentre the Jsur‘fagcz whves,; inspite
of their longer periods have greater effect as they lose their energy less rapidly by divergence;
It is also commonly assumed that both the effects of scattering and of internal friction are
more‘.ﬂsigniﬁcantf"for shear:waves: than for the compressional Waves as'the stresses involved are
deviatoric rather thap symmetrical, However’,ﬁi‘t‘is:"ektr‘eme]y difficult to give'a quantitative
definition of uthese“feﬁ”ects':"‘pfarticiJIarlyv of . scattering «in th”e.:s,crus,ts*::whiChy:widely‘ varies in
character, SRS S G S IRE e

B
ik
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Furthermore, the amplitudes of ground motion arising from nearby shocks are of great

interest to Earthquake Engineers. But no general theory can be produced for these owing to,
extremely complicated conditions obtaining near the source. The amplitudes of near earthquake

phases, however, seem” to fall something.like the inverse of distance, with an irregular varia-
tion superposed-on it. An estimation of this‘latter effect seems to be fraught with difficulties
at this stage-owing to our lack of clear understanding of the ‘actual mechanisms of the Earth-
quakes involved. : .

So far the general processes which contribute to. the loss of energy in a progresswe wave
have been: outlined. However, for partxcular cases additional terms would force consideration.
Thus, while discussing. the divergence effect, it was assumed that the energy is. transmltted
equally in all directions: Besides the anisotropy of the region surroundmg the focus, the nature
of the source and the manner of energy release may prevent the eqmpartmon of energy
by all azimuths.

Furthermore, it has been observed that the amphtudes of waves (Kaznm Ergln, 1953)
reflected at the mantle core ‘boundary show anomalous behaviour i, they. have:larger ampli-
tudes than could be predicted theoretically.  This' may’ be' caused’ by a partlcular type of
“anisotropy which, however, lacks a general theory.

“Similarly, while eomputing the amplitudes of surface waves it W'ould:‘bo essential to
consider additional factors which- may arise from circu«mstances such:as the ,l'inoar,;ex:t;cnsion
of the focus, and from the occurrence of disturbances, under varying depths of the oceans.

APPENDIX

An expression for the ground dxsplacement at an epicentral distance A due to energy
propagated in body waves can be obtained under simplified conditions. = ‘These are,

(i) that the Earth is spherically symmetrical about its centre,
(i) - that the conditions of ray theory obtain, and ' vrovdions i ‘
(i) ‘that the shrfaces -of dlscontmmty are distant’ enough frém ‘the source ‘to ipermit

the apphcatlon of plane wave theory of reflection and refractnon.
‘Let us consider a group of waves which travel outwards from F in all directions between
the angles i and (1+dx) forming a conical shell (see ﬁgure 1) which " will subtend a solid angle

27 12 Cos i di
.rﬂ

equal to

JIf E be the energy passing through umt sohd angle, the total ener,gy in - the shell. wnllf‘
be equal to 2#E Cos i di. , RE T AR et
If'the earth is treated as being spherically symmetrzical and’ FO -a polar axis (figure 2)

these group of waves will emerge on the surface of the earth bounded: by the colatitudes A
and (A+dA). Using spherical: coordinates; the area of this region: can: be: readily seen to be:
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Figure 1 , 7 Flgure 2

equal to 21:~R2 Sin. AdA: and that of the emergent wavefront to 211-R2 Sm AdA Sme :
Therefore the energy per unit area of the wavefront emergent at E can be, wntten as

E Cos i di

WSmﬁMAdA . | | o ‘
“It-can be futther shown that tbe mean: energy per unit wavelength of a train of waves .

is dlrectly proportlonal to the square of its" amphtude ‘and mversely proportxonal to the )
amplitude of its period and therefore, iy 7

+

T B Cosi / "md«i* O O TN T R
A==5 A/ R*SmASme\,dvA“. . - A=y
where, C is a constant,

If K denotes another constant: determmmg the fractron of the energy, - E,  actually
passing: into the wave under ¢onsideration (P,,SV, or SH) and Z the ratio of  ground displace-
ment to the wave amphtude, we, can wrlte the resultant ground dlsplacement yas,

; ECOS,]H h e o i
;"‘}.‘{};‘HTZ ,\/ R2 Sm A Sm e ( | S | (A"—3)
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TABLE 1
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Model Strain-Stress relation

MECHANISM

EFFECT UPON S5 we

STRAN TIME GRAPH

————— e

-

» Maxwell : (elasticoviscosity) 2ue=p+p

om0 —

€« CONSTANT AT L F

maw AT HF

¢

Voigt : (firmoviscosity) e+ te=rp/

Ho -

€xf AT L F
€ = CONSTANTAT N F

w

. Solido-fluid :

Boltzmann : (creep function, ¢ and memo-
ry function, y)

m?vﬂl_._l_‘l.ﬁ?vxT h p & (t—t) dt Hﬂ , p(r)=n hn?vl .\R” lcﬁaiﬂva@

VISCOUS COMBINATION OF
SPRING AND BASHPOTS OF
VARIABLE RELATIVE
SIZE

AT L F
(LARGE T)

€x f
€—=0

T e~ (IDEAL SOLID)
T —= O (DEAL FLUID)

A COMBINATION OF
SPRING S AND DASHPOTS

WOT GENERALLY SOLUBLE
THE GENERAL EFFECT 1S
YO PRODUCE A MAXIMUM]
AT SOME FREQUENCY

—b(r—1) .

W

- Sokoloff and Scriabin : Simplification of | ¥ =B ¢
Boltzmann’s memory function.

constants.

in Boltzmann’s relations,

where B, b are

€—=0 AT V.L.F.
€ —~0 AT V.H.F.

(s

&

. Pan:Nm Simplification of Boltzmann’s
creep function,

d=qlog(l +at)

in Boltzmann’s relations, g, a are constants.

€ » CONSTANT

=~

. Jeffreys : Modification of Lomnitz’s law
of creep in Rocks.

fo=3ffrenrf 1]

€ = CONSTANT

oo

. Knopoff : Solid Friction.
forces.

Dissipative forces proportional to applied

€ = CONSTANT

-]

. Thermal Mechanisms :

THERMAS ISOTHERMAL
AND ADIABATIC

MAX € AT V.A.F,

Not:—The functions ¢ and ¢ in models .A. 5, 6 and 7 are related as follows:

L@W=L@/1+L$]
where L (¥) is the Laplace Transform of .
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Internal :Friction for' D,iﬁ‘erent Kinds

TABLE 2

of Rocks in Different Frequency Ranges.
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Rock

Investigator

. Frequency ‘Range
- (Cycles per sec.)

Internal Fri-
ction
1

Q x107%.

‘Sylvan Shale

‘Hunton Limestone

- Amherst Sandstone

" Cockfield Yequa -

Born

2
i,
A1)

3000-12,000

2000-10,000 -
900-4000

3000-11,000

14.3
14.3
17.5
14.3

0,09
- 0.09
0.11
- 0.09

Solenhofen Limestone.

Slate (Pa)

"Quincy branife'"
. . Rockport Granite
- .Diabase

Quincy Granite .

”
",
»
»

L 44

[Birch and Bancroft

‘about 10,000

: i
»” 2

SUESTRIN S

2 -
.
;99" 124

»” 2"

140 -;.w]‘600

6.7
38
10.0
(i
1.7
15.0-10.0.

" 0.042
S 0.063
0,048
40,011

1 .0.03-0.06

(Very soft) Sandstone

Oolite N
. .Shelly. Limestone

‘. Granite

Dolerite
Diorite’

Mahanta

L1

3
SR

TS
e

Bruckshaw and: }: . 0 1,20 -

b 24 L34
” bEd
'“ R L[’«‘,'-b“
. HE NS TRt
. »
SR O

» »

47.8
23.9
159
159
9.6
1.2

0.3
0.15
0,10
0.10
0.06
0.045

Chalk

Various Sedimentary

Roeks
B ” : ,; :

Pierre Shale ~ *

Evison (seismic)

Born N

Howell ,,
MacDonal,,

600
Seismic -

29

500

127
12072191

(PR ;
5 B
—

S by §

8t

0.08-0.12
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Dolerite
“ ‘\ Diorite

Old Red Sandstone
-Micaceous Sendstone |
:Qolite Limestone
iSlate
‘Chalk

. Shelly gimest_pne
;M@{les tonegrit .

- Tufnol | ¥
++Wood : |
< Asbestos

T L33 »’
44 13 ”
[N I 7 TSR

3 1 {99

Usher | 2 40

1 4]

LI »” ”
L 2 12} FY)
TR CERT B YIRS

L4 PET)
2 1o
9 ’
b4 ] i

U 4

114

Average
1/Q

2 _(2¢/S)
2.2
24
8.0
5.6
3.2
1.9
5.6

7.9
6.4
3.8

L6
591

Average
(40 0/%)
5.4
51
13.5°
11.8
6.7,
4.1
9.1
.38
23.9
9.5
7.0
8.9

) Average
AE/E
(2 ¢/S)
0.014
0.015

0.050

0.035 )
40,012,

0.035

0,010

0.10
0.05
0.040

0.024

Average
AE/E
@S
0034
0,032
0.085
. 0.074
0042
0,026
- 0:057
.. 0.024
0uls
0,06
1.0.044
0.056

TAELE 3

Effect of Water and 011 on Intemal Fnction

l,;iock» .

H
¢

Saturatxon
Moisture
(by weight)

Dolerxte

. EE,Oglmc anestone

Mxllstoge grit
.Micacepus Sapdstone
Qld Red Sandstone

‘Old-Red Sandstone(OIL) |

0 25° /

5/

9%

1.0%

4.0% -
~3,0%

E

40 C/S dry
TAE 1

Q X 10-3

£ 0,032
1 0.14
. 0.08
£ 0.07
~0:07 -

TR

o pqt measurable

54
22,3

~11.1 L

0.30
0.32
0.24

041

40 C/ S,' Sauﬂ'ated

—

1 T

Q x10-3
\

9.6
:47.8
50.9

382
653
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TABLE 4
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Absorption Coeflicient (k) for Amplitudes, and the corresponding internal friction

(= Q ) for different waves with different periods, obtained from the earthquake Records.

' I ‘ ion
Reference Wave Period |Absorption Coefficient nternall Friotion .
Type -(Sec) K (km™") e} -3
| x10-8 Q xI0
(a) Surface Waves
Gutenberg (1924) Love | 100 4+ 100 14.29
/3 ‘New Guina | Kamchatka|New Guina Kamehatka
Sato (1958) G | 360 23 28 13.5 19.0
2 » G 216 25 31 8.3 12.0
” s G 108 58 35 9.0 11.0
» » G 72 77 71 8.0 8.0
E) » G Sg 79 — 6.0 -—
b4 (2] G 4 e 4 0 -
Press, Ben-Menaham and G | 400 7_5 10.95
Toksoz (1961) G | 200 —_ 10.52
2 " ' G 100 —_— 8.19
Bath and A.L. Arroyo (1962) G | 300 28.2 13.76
»” »” 1) G 200 25.6 7.92
2% c99 L1} G 150 34.9 ’.90
» ” s G 120 53.0 9 47
2 » ” G | 100 69.4 10.25
» » » g gg 823 10.35
9 » 88.7 9.72
Gutenberg (1945 a) Rayleigh| 20 200 5.0
Ewing and Press (1954 a) Rayleigh| 215 22 6.65
» » : Rayleigh| 140 36 6.73
Ewing and Press (1964 b) Rayleigh| 250-350] 8 4.10
Bath (1958) Rayleigh | 120-260 —_ 4.80
Press, Ben-Menahem, and Rayleigh| 400 — 6.96
Toksoz (1961)
”» ’ Rayleigh 200 - 572
) L1 M_i_g_h 100 _ 8.92
. (b) Body Waves ‘
Gutenberg (1945 b) P,PKP 4+ 60 .8
Gutenberg (1958) P,PP 2 60 4
[1) ’» P:PP 12 60 L 2.5
. ., S 12 60 1.4
. . S 24 60 2.5
Press (1956) S 11 (90) 2.0
Benioff Press and Smith(1961){ Free Osci-|375-5001  — 5.7
llations — 7.5
. . . , 666
Jeffreys (1959) - Nutation |37 x 10° — 25.0




Spe——

% i

e
o i
TG B B - ’ ’




/

A STUDY OF LONGITUDINAL WAVE VELOCITY VARIATION IN THE CRUST

M. R, Thapar*

SYNOPSIS

In different parts of the earth seismic wave velocities in the crustal layers have been
‘determined from mainly two sources (1) Seismic refraction technique as applied in explosion
seismology (2) The observational or Barthquake Seismology. For the Indian Region, travel

time curves have been drawn for different parts which show different velocities of transmission
of longitudinal waves in the crustal layers under these parts.

INTRODUCTION

* Various Geophysical and Geological investigations have shown - that the crust of the
earth can be divided into layers of varying thicknesses. It has been shown on the basis of the
velocities of seismic waves obtained either from a natural earthquake or explosion seismo-
logy, that the crust can be divided into various layers. The main layers above the Mohoro-
vicic discontinuity are called (1) Granitic Layer (2) Intermediate layer and below these
layers is the Mantle and termed as Basaltic layer. The thicknesses of these layers vary
accordingly as the thickness of the crust varles from 33 Km. to 50 Km, under the continents
(exceptional thickness under the mountain ranges upto 70 Km.,) to 16 Km. under the sea.

The longitudinal waves travelling through these three layers are termed as Pg, P* and
Po. It is known that the crust possesscs large amount of lateral inhomogeneities i.e. the elastic
constants vary according to the distribution of material and thus accounting for the different
velocities of Py, P*, P with which these waves have been found to travel in different parts of
the earth’s crust. Subsequently, from the calculated velocities of these waves, from observed
travel times, give us an idea about the elastic inhomogeneities in the ‘crustal structure.

DETERMINATION OF SEISMIC VELOCITIES IN THE CRUSTAL STRUCTURRE

o Seismologists have resorted to various measuring techniques in order to determine the
crustal structures and the seismic wave velocities under the continents and oceans. Refraction
techniques in explosion seismology and travel times in earthquake seiémology have been used
in the determination of these wave velocities. | ‘ S T

1. Seismic Refraction Technique in Explosion Seismology as Applied in the Oceans

Seismic-Refraction Measurements in the Atlantic ocean, in the Mediterranean Sea, on

*Senior Seientific Officer, Regional Research Laboratory, Jorhat, Assam—Attached to School of
Research and Training in Earthquake Engineering, University of Roorkee, Roorkee (India)
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the Mid-Atlantic Ridge, and in the Norwegian Sea, have shown the following values for
seismic wave velocities and the crustal structure under the oceans.

U Western Basins of the North Atlantic Ocean _ N
| (a) Crustal section of 1/2 to 1 Km. thick of low velocity sediments,
(b) Crustal rock 4 to 6 Km. thick and of seismic velocity is about 6.5 Km/Sec;

(c) Sub bottom reflections have shown that there is a layer of 1-2 Km. thick and of ~
4.5 - 5.5 Km/Sec. between layers (a) and (b).

(d) Below these layers is the mantle with a velocity of 8 Km/sec. at the Mohorovicic
discontinuity." _ :

(i) Measurements in the eastern basin show similar values except a’ velocity of

7.7 -7.8 KmJsec. at the Moho’s di‘scontinuity. o A

(ii)) Measurements in the Mexdi‘tevrranean Sea show only low Qe]ocity’sedime'n'ts under-

' lain by a refracting layer in which the average velocity is about 4.5 Km/sec.

* (iv)'"On the Mid ‘Atlantic Ridge the sediments are undeflain by two refracting layers
© ' with velocities averaging 5.6 and 7.4 Km/sec. respectively. The results indicate -
 that the ridge has bé'eti-' built by the upwelling of the great amounts’ of basalt
‘magm‘zi-‘borﬂei”frbm convection ‘currents deep in the mantle. Low velocity layer
170 - 1.80 Kitfsee! is assumed. W e i J ’
(v) Between North America and Mid Atlantic Ridge.
. SI5Km.ofwater s
1.49 Km. of sediments velocity 1.7 to 4.5 Km/sec.
4.02 Km, of ““Oé‘éaﬁiic-ly;_ayér"’:yro_cks, o
~ Mean velocity 6.36 - 6,88 Km/sec. )
* Subcrustal mangle has a velocity 7.81 to 8.08 Km/sec. | |
(vi) . Seismic refraction, measurements in the Gulf of Mexico show that the layers with
o - velocities between 2,25 and 6.0 Km/sec. are the only additions to a standard
., Atlantic Oceanic column, = The third layer has been found to be of 50 Kmj/sec.
“velocity and predicted to ‘be'a thin limestone underlain by huge thicknesses of
sediments; because the wave with the velocity of 5.0 Km/sec: disappears from the
| travel time curves after greater distances, S o
II. Seismic Refraction Technique in Explosion Seismology as Applied in the Continents

(D) Measurements over Emerged and Submerged Atldntjg Coastal Plain ‘

Seismic refraction profiles shot on the continental rise and slope south of the
Grand banks show great sediments thickness which. reaches a maximum of 10 Km.
and thins down under’ the banks, 'These sedimentary layers are present, with
average velocities of 1,83, 2.47, and 3,97 Km. per second. ‘The basement is

A
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thickest under the south edge of the continental shelf and thins downto 2or3
““Km. to the north and to the south. Tts average velocity is 5.77 Km’/sec. : and on“

the soﬁthernmost profile where it is 6.70 Km/sec. Sub-basement js reached ata

depth of about 13 Km. and has velocity of about 7.76 Km/sec. to 7.24 Km/sec.

Unconsolidated ‘sediments have got a thickness of 0.5 Km. and an
average velocity of 1.83 Km/sec. Semiconsolidated sediments are of 2.7 Km.
thickness and average velocity 2.47 Km/sec. Consolidated sediments have an
average velocity of 3.97 Km/sec. and the "thickness is 6.8-3 Km. The average
basement and sub-basement velocities are 5.73 'Km/sec. and 7.53 Km/sec.
respectivély. | - a h -

S (i) Measurements on the floor of Yosenite Valley California
» The uppermost layer in the valley fill has a velocity of 1.7 Km/sec. a;nd
~isonly 150 m. in thickness. The intermediate layer in the valley fill has a veloqity
of 2.5 Km/sec. and 220 m. in thickness and at the Bridalveil Meadow where it -
‘becomes the surface layer having a velocity of 2.1 V'Kmlslec. The basal layer§ is
- 300 m. in thickness and of 3 Km/sec. velocity. o

(iii) Seismic Explosion and refraction measurements in the Vancouver Island-strait of
Georgia_area of western Canada. ‘

-

PR “The average structure derived for the area congists of a ‘layer of volcanic
: <_uand«gr_ani{t‘e, strata less than 5 Km. in thickness ‘and an intermégli:ate layer witha
~ constant velocity for compressional waves of 6.66 ‘Km/sec, 46 Km. thick. ‘A
B ’velqci,ty of about 7.7 Km/sec. for the mantle has been observed. j

(iv). A seismic surveyin the Canadian shield

Average velocity for the intermediate layer has been found to be 6,234%&
0.012 Km/sec. ‘ :
(v) Rock bursts at Kirkland Lake Ontario ;
| “«p* velocities for the intermediate layer and at the Mohoronicic discOntimiity
. are 6.246 4- 0.015 ,Km/Sec. and 7.913 4 0.125 to. 8.176 1+ 0.013 Km/sec.
respectively. The average crustal thickness of this crust, based on the ‘P’ waves
is 354 £+ 5.5 Km.

I11. . Nuclear Detonations and their Recording at Seismological Observatories. .

" Seismological Records of Nuclear detonations have been an lysed for crustal investiga=
tions. Some measurements have also been done by this technique in Japan.- The Seismic
Refraction technique has been more successfully and commonly employed than the Earthquake

-Se_’ismology“i“ﬁ detémining the' seismic. waves velocities and thicknesses of different crustal
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layers. Many more examples of the 8uccessful application of this particular technique in this
field can be cited, ‘ '

VL. Earthquake Seismology o _ !

records can be carried out with the help of different phases of the record, Pg, P*, P, waves
velocities can be calculated from the records of earthquakes and then used for determination
of crustal thickness, Shear wave velocities have also been used along with longitudinal waye
velocities to determine the ‘thicknesses of the crustal layers. Dispersion curves of surface

waves have also been used to find out the thickpesses of the crustal layers,
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Velocities for the longitudinal wayeg Propogated through different crustal layérs can be
known by plotting trave{ time curves for a region. If the distances involved -are small then
the travel-time curves are straight lineg which is quite a good approximation. It ig evident
that these different phases known as P, P*, Pg were discovered from the observation of earth-

quake records, A. Mohorovicic (1909) found out from earthquake records of Kulpa Valley,

Grotia, on 1909 October 8, that two distinct P and two § pulses were present. The faster
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pair were indentified with the P and S traceable to large distances. The new pair were denoted

by P and S, a notation still extensively used and this has been termed as P, and Sg for conve-
nience, P and S, however were refracted down into the deeper layers and propogated ata
greater velocny and later on refracted upto the surface.

After thrs work of A and S. Mohorovicic and Gutenberg the next great advance was
made by V. Conrad (1925) in a study of the Tavern (Austria) earthquake of 1923 Nov. 28.
He discovered a fifth phase P* in addition to the above mentioned phases. This “appeared to
have travelled in a intermediate layer having a - velocity of propogation between P and Pg.
P.L. Willmore (1949) made a detailed study of the Heligoland explosion of 1947 April 18.
His results for the velocities were in Km/sec. P, 8.18 - 0.14, P*, 6.4 £ 0.16, Py variables.
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Extensrve studres of near earthquakes have been made by Gutenberg, Byerly and theu- '

icolleborators in California, ~Gutenberg’s data (1932). for Pg, correspond to 5.58 4 0.023

Km/sec. for P, 7.92 + 0.05 Km/sec.: For mtermedrate ‘layers. Gutenberg assocrated two

~ . velocities of 6.83 and 6.05 Km/scc. ‘Extensive studies of near earthquakes in Japan ‘have ‘been
.. made by Matuzawa etal (1928). . Velocities in Km/sec. are’ given as : Pg, 3.0 P*; 6.2, P, 7.5,
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; | Many" more seismologists have made some studiesf‘gegard’ing,the ‘velocities of these
| phases,, in Japan, Elnglan\d‘ and California,

'INDIAN REGION i
~_ In this continental partvo’f_' the earth no Seismic Refraction Technique in explosion
‘,s‘els'x«no]ogy has" been used to investigate the crustal layers. Seismologists engaged in such

FROM THE ‘ASSAM EARTHQUAKE OF AUG. 15, 1950
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Figure 4" T vs: A for the Himalayan Region
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studdies are left with no other alternative than to use eartlﬁqu\ajke seismology as their only

tool. As regards this particular aspect of crustal investigation little amount of work has
been done for this region,

mainly from the Assam Earthquake of 1950, August'15 and its fiftyfour aftershocks. From
"'the traveltime curves, he showed the valules 6f velocities in ‘Kmisec. as’ shown':'p, 7.91, P*,
1 6.55, Pz 5.58. ' In the Asian continent, values of these’ﬁ?velobi‘tieS"Vary’duite “considerably. P,
»»3‘-‘56:&0 5.55 K‘m/sec’;',"PifS.QSE 10 16.30 Kmy/sec. P 7.4 to-8'5 ‘Km/sec.” The avthor has. made
Investigation for the velocities ofwlongitudinal waves in the crustal layers in the Indian Region.

This study has been done on:the basis of data obtained from the Assam earthquake of 1950,
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. Aug, 15 and’ 1ts fiftyfour aftershocks and thrrty iore near earthquakes aslisted in the
$ Table l ; L ) Cad : .

It has been attempted to divide the Indian sub-continent into different parts ‘such as
the Himalayan Region, Indo-Gangettc plams Assam Reglon etc. This has been done for the
purpose of drawmg travel-trme curves separately for these reglons The object of this

* study is to get an idea about the behawour of the crustal layers m dxﬁ‘erent reglons, to the
longrtudmal wave velosities.

PLOTTED FROM ASSAM EARTHOUAKE AUG 15 1950 » o I
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Frgure 5 T Vs. A for the Directions of Propag“‘a‘tior')" ff_‘r,‘o’i;ﬁ Nlé Asserh to Bombay,
" _ .+ . Poona and Hyderabad ..~ ' A
Travel-tlme curves for Pg has been constructed as shown in ﬁgure 1, It is quite evident

that different regions have got different velocities of Pg. Hlmalayan region has been found to -
_have Pg to be 4.95 Km/sec. and the’ lndo-Gangetrc plams regron has a veloCtty of 5.5 Km/sec.
“as a value of Pg. Tt may be mdlcated that this indirectly’ supports the theory of isostasy which
enunciates deﬁcrt of matenal under the mountains and excess of ~mass_under the oceans, .
“‘Atleast the first: 'part of ‘this theory ‘¢an' be supported by the anomaly obtamed from the .
values of Py and P* (figs. 1&2) under the- Htmalayan Regron and under the Indo Gangetic plams '
For the region of Assam, it'is noted that the’ velocmes of Pg and’’ P* (ﬁgures 1 & 2) are. greater
*‘than’ ‘these velocities in other regrons ’Thrs mdlcates better transmrssnon ‘of elastic energy to -
“the surface and thus to some extent accounts for gteater damage. “Also, thls may be "one of .’
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Y

the reasons why even smalj) local shocks which otherwise may not be felt are. frequently felt
Assam.  Values for velocities in  different crustal layers are found to g good approximatio
in Km/sec, as P; 4.95 - 5.80, p* 6.5 _ 6.85, P 7.4 - 8.35, (figs. 3, 4, & 5), -

- DISCUSSION AND CONCLUSION

In Earthquake_Seismology; for almost any type of study to be made, we require acc

Tate observational data ip a large amount, Thjs helps in making out some Inferences from th
study,

This study is based on about 85 shocks, and as it is ciear, the data seem to b
just sufficient for the construction of travel times for P, p+* & P. But, still it will be

safer to use more data for this purpose in order to draw some inferences regarding velocity o
Propogation under different regions, Inspite of the fact that usua] errors which creep int
the calculations, because of uncertain determination of Epicentre and the depth of fbcus, it ca
be seen from the travel-time curves that there is a definite anoma
- gation of longitudinal waves under different regions of India. This change in velocity o
transmission in the Crustal layers may be attributed to the distribution of mass under th
mountainous regjons and under plains, Further research work has to follow to ascertain thj
point, e o
It may be suggested at this stage that because it js quite clear by now that differen
regions have got different travel-time curves, it becomes essential either to make corrections
to the Jeffrey-Bullen travel time curves frequently employed for carthquake analysis in the
Indian Region or to construct fresh travel-time Curves seperately for each ‘region so that
detailed study of earthquakes may be followed with ease and accuracy,
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TABLE 1

Data from the following earthquakes have been nsed for drawing the travel time curves

for different regions of India.

SL.No. Epicentre Date Remarks
1 2 3 4
1 - 28.7° N, 96.6°E Aug 15,1950 | Assam earthquake with 54 aftershocks.
2 20.0° N, 95.0°E Jan 3,1951 |From Seismological Bulletin of - India
e B Meteorological Department.
3. 29.0° N, 95.0°E Jan 4, 1951 ‘ do
4, 27.2° N, 95.0°E Feb 8, 1951 do
S. 30.8° N, 97.0°E Feb 15, 1951 do
6. 28.0° N, 93.5°E Feb 21, 1951 do
7. 29.3° N, 94.8°E Mar 6, 1951 do
8. 28.2° N, 94.0°E Mar 12, 1951 do
9. 3149° N, 96.7°E Mar 16, 1951 do
10. 32.0° N, 96.5°E © Mar 17, 1951 do
11, 26.0° N, 90.5°E Apr 17, 1951 do
12, 19.2° N, 70.8°E Apr 8, 1951 do
13, 333° N, 824°E - Jan 28,1955 |Taken from International Seismelogical
: _ Summary. '
14. 33.0° N, 83.0°E Feb 9, 1955 do
15. 30.3° N, 67.1°E Feb 19, 1955 do
16. 28.0° N, 85.5°E Feb 23, 1955 do
17. 28.5° N, 85.3°E Feb 24, 1955 do
18. 36.8° N, 71.3°E Mar 5, 1955 do
19. 38.1° N, 729°E Mar 6, 1955 do
20. 340° N, 780°E Mar 10, 1955 do
21. 34.6° N, 74.2°B Mar 12, 1955 do
22, 23.8° N, 93.0°E Mar 15, 1955 do
23. 29.9° N, 90.2°E Mar 27, 1955 do
24, 324° N, 76.1°E Apr 14, 1955 do
25, 26.5° N, 90.0°E Apr 17,1955 do
26. 32.5° N, 78.6°E Jun 27, 1955 do
27. 36.8° N, 71.0°E Jun 3, 1955 do
28. 30.8° N, 86.4°E Aug 2, 1955 do
29, 31'0° N, 71.5°E Aug 23, 1955 do
30. 25.2° N, 90.8°E Aug 29, 1955 - do
31. ~27.0° N, 9L0O°E Nov 23, 1955 do
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A NOTE ON FLEXURAL VIBRATIONS OF AN INTERCONNECTED BEAM SYSTEM

R. Radhakrishnan*

SYNOPSIS

A methodis developed to find “the lowest “natural ‘*fréquenéy of vibration of an inter-
connected beam system (Fig. 1) with diﬁ‘ereht edge conditions. The -analysis is based on the
elastic equivalence of a grid frame work-to an - orthotropic plate. . The_.method used for the
analysis is Galerl&fin’s;mc;_thod which belongs to the same class as that of Rayleigh and R{itz.

But this method makes the formulation of the physical problem simple and suitable for nume-

rical calculation.

4

| INTRODUCTIQN

The elastié cduivalencé; of a rectangular gridw‘brk to an }orthotropic P]a‘te‘\"e‘;‘a\sv ﬁrst
suggested by ‘Timoshenko (1959). Yonezawa and Naruoka (1958) used this principle for
studying the free vibrations of bridge decks made of intefconrie"cted beam systems by the
frequency analysis of' the équifv'aleﬁt“““d‘t'th”\o'ftfdﬁib“‘“‘pl‘atef’“: ' Ré‘c\én’tly,.;; ~Rajappa- (‘1;964)w~~vhas ~used

this method for finding out the flexural wvibration ofan’ intercorifnected beam system point
supported at the corners. The principle applied in“this paper is the same and the Galerkin’s
meth,?fl,,‘.WhiEh,DQ,;S.P%R}}S‘?d by Stanisic and McKinley (1961) for isotropic plate, is used here

to determine the frequency of the orthotropic plate. "“Iﬁfféqlienéieé"""ﬂéi‘i"éi"ééléﬁlﬁted"fOf“"two '

different types of edge conditions. .. . .. . . . .

p

A—— 3

ANALYSIS

_ The equiyalencéil'v(:')lf a beamsystem to thcorth(’troplcﬁlate ha
in a paper by Rajappa (1964). The expression for ‘p’ is given by:

en described in detail

ek

P™= "yh 2h . R

where, S

, Bw e W iw_) RS S
X2 -_-,.” (Dx o<t +2 ox” 0y® + Dy oy f(x, y) dx dy BV
| []f(xy)ydxdy. o

Y PR 1 L TR

*Deptt. of Civil Engineering, Indian Institute of Technology, Madras—38. - ;
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R

© 0 FIGL SIMPLY SUPPORTED RECTANGULAR GRID

. e

and- -g£ is the mass per unit area of the plate and ‘k’ is the coefficient of, viscous damping.

The value of ‘p’ can always be found whenever the value of ‘X’ is calculated for any plate
whose characteristic function f (x, y) is givenv: » o

v f 5 -

CASE 1. T e e

For.a..plate‘..simplyﬁ.supported on all sides, f (x,y) for ’t‘he fundamental.mode of vibration.
is given by : : TR e ey R "
7y

S | . E
f _(xv, y) = Asin re Sin 5 e 3)
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where, x==0, x=a, y=0 and y-—b are the edges of the plate. Substxtutmg the v'tlue of f (xy)
~ in‘equation (2), we' get ‘

e[ B %] - ;ey;;~ﬁ~-w
~ and, .
gﬂ“’ D ‘ i i mnw
= ‘)’h x +a" b”+ b4 ] (Zrh C S L (5)
For the 1sotrop1c plate Dy =Dy = H D and hence* ;.}f
= Yh ﬁm+w] (hh o (6)
and for a square isotropic plate where damping is‘neglected : o
4gDa! T SN ERE R (1o I I L o
2 = n . i s s
P “yhat ‘ O T TR SO T kI A F B Y
which is a well-known restlt (Tfmoshenko 1959). - R '
CASE 2. o |
For a plate clamped along its sides - B
f(x, y) =B ( 1—cos ~—-—) ( l—cos 5 ) . - ®
" and substituting in equation Q2 : -
16n* [ 3b D« 2H  3bDy
2 — - 2
A - 9 a4 + a2b2 + b4 \ - (9)

On simplifying :

)\“-=5235(Dx)+349( ,b,)+5235 (~ ----- A) | o

By employing an algebraic function for f (x, y) as :

f(x,y) = x*(x—afy’(y—b* . | | o
the frequency will be obtained (Rajappa, 1963) as : | h ‘ ) ’
= 504 (D")+2xs(,b2)+504( (12)

which is smaller than the one obtained in equation (10). Hence, the value of f (x,y) given by
equation (11) is preferable for practical purposes.
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. 1=:NOTATIONS

a,b — Dimensions of grig along x and y axis

D — Flexural rigidity of an isotropic plate

Dy, Dy,H — Flexura] and Torsional rigidities ‘of an, orthotropic plate
g = Acceleration due to gravity

k ~ —  Co-efficient of viscous démping

Y — Weight density of the plate /-~
~h ‘ = Thickness of the plate material

IS —

Spacing of the beam along x and y axis .

o,
i
o
~



SEISMOLOGICAL NOTES

A.N. Tandon*

Earthquakes felt'in and near ébout India during January-March, 1964.

Date Origin time Epicentre Region Approx.dep. Magnitude  Remarks

(GMT) Lat.  Long. - (Km,) .
J h. m, s. (°N) (°E) S
1 2 '3 4 5 6 7 8 9 .10 .
Jan. 17 03,25 02 35 69 Hindukush — 5.5 Recorded at a few observa-
.. (Shillong) (N.DLH) tories in India.
03 25 00.6 368 714 Hindukush - 94. 52 - o
- (USCGS) o ' (CGS)
Jan. 21 16 40 24 20Kmstothe  — - .21 -
‘ (N. Delhi) NNW of Delhi. (N.DLH) > '
Jan, 22 15 58 45 22 93 Arakan Hills — 5.9 : = Recorded at all Indian ob-
(Shillong) L Burma - ., (N.DLH) ' servatories. -
15 58 46.5 224 92,7 Burma 88 6.1
- (USCGS) : +(CGS). o
Jan, 23 15 19 38 37 73  Hindukush, — 5.0  Recorded at a few observa-
(Shillong) , b AN.DLH): tories in India.
15 19 31 369 71.2 Hindukush, 28 4.4 I
UscGs) (Gs) -
Jan. 25°07 '13 35 27.7 858 Nepal - —  Recorded at many observa-
-4 - (Shillong) | - _tories in India.
07 13 30.8 28.5 868  Tibet 44 4.5 SN
(USCGS) L (CGS)
Jan. 28 14 09 15 365 70.6 Hindukush 220 = —  Feltin west Pakistan and
(Shillong) .. large parts of NW India,
14 09 17.1 365 70.9 Hindukush 208 6.1
(USCGS) , - (CGS) |
Feb. 1 12 26 23 44 Kms away - — . — - - Feltin Delhi -

(N. Delhi) from Delhi © .. .. (MM. intensity II)

Feb. 205 38 05 27 Kms tothe - - = e
' '(N. Delhi) © ‘west of Delhi . SO

* Director (Séiétnology), India ]ﬁ‘éyeoyogical Deptt., New Delhi-3
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Burma.

1 2 3 4 3 6 7 8 9 10
13 05 28 13 Kms to the —_ - 2.1 -
(N. Delhi) wWsw of Delhi - (N.DLH) .
17 35 00 27 Kms tothe - - — -~
(N. Dethi)  west of Delhi
Feb. 8 11 54 929 29 82 West Nepal — 4.9 Recorded by many obser-
(Shillong) | v (N.DLH) vatories in India,
Il 54 23,1 290 82.2  Nepal 33 —
(USCGS) | - L
Feb. 10 17 11 27 100Kmstothe .« — 38 Felt in Delhj
(N. DLH) NE of Dethi - (N.DLH) (M.M. intensity II)y
Feb. 16 10 06 48.4 90 Kmsto the = - — 42 Felt in Deihj o
(N.DLH) WNW of Delhi (N.DLH) and neigbouring areas,
: M.M. intensity II])
Feb. 18 03 48 356 275 91,1 Bhutan 30 5.6 Recorded at a few Indian
(USCGS) BRI (CGS) obse’rvatories.
Feb. 20 01 16 s3 32 Kms away - — — —_
(N. DLH) from Delhi
Feb. 26 06 24 133 32 Kms to the - — 24
(N. DLH) NEof Delhi k(N.DLH)f
Feb. 27 15 10 45 21 o4 East of — 71 Recorded at all Indian
(Shillong) Arakan Hills (N.DLH) observatories.
' " Burma '
15 10 48.4 217 94.4  Central } 102 64 .
(UCGS) " Burma (CGS)
Feb- 28 17 47 10 185 94  Arakan coast — 62 Recorded at many
(Shillong) Burma (N.DLH) 'observatories, in India.
17 47 059 182 943 Near west 43 53 '
(UCGS) ' ' coast of
Burma
‘Mar. 4 18 00 16 17 Kms away - - — —
. (N: DLH)  from Delhi
Mar. 15 17 41 47 30 Kms away - — — L -
(N. DLH)  from Delhj. _
22 50 10 20 Kms away — — _— ‘ —_
(N. DLH) from Delhi. | ‘
Mar. 20 19 01 0o 93 Lushai Hills — —_ Recorded by many
(Shillong) . Assam observatories, in India,
19 00 527 236 944 North- 186 5,7
(UDGS) western (CGs) . —

(Continued)
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1 2 3 4 5 6 7 8 9
Mar.22 21 31 10 30 Kmsaway —_— - - —
(N, DLH) from Delhi.
Mar. 24 17 52 06 40 Kms away — — — —_
(N. DLH) from Delhi.
Mar.27 04 30 35 26 95 Naga Hills- — 6.3 Recorded at many
(Shillong) ’ Burma Border (N.DLH) observatories in India
04 30 33 259 958 Northen 93 54
(UCGS) Burma (CGS)
Mar. 30 16 34 29 13 Kms away. — —_ —_ —
(N.DLH) from Delhi
16 35 03.5 15 Kms away — — " —
(N. DLH) from Delhi.
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' Instructions for Authors

MANUSCRIPTS
1. Only papers, which have not been previously published or offered for pubhcatlon e]se-
where, will be considered. The authors must agree not to publish a paper elsewhere
when it is under consideration and prmt in the Bulletin of the ISET, ~ Two copies of the
manuscript must be submitted.

2. Manuscripts must be type written in Enghsh or Hmdl with two-line spacmg on one side
of the paper only.

3. - The use of the first person should be avoided, the writer being referred to as “the Author”,

4. All mathematical symbols should be defined, where they appear first in the text.

5. Drawings or sketches should not be included i in, or pasted on to the pages of the manus-

- cript, but should be entirely separate.

6. Each article should be accompanied by a “Synopsis” of its subject matter, with special
reference té any conclusions, and it should not exceed 300 words,

7. A set of conclusions must be given at the end of the “article.

8. Bibliographical references should be standardized as follows:—

(a) In the text the author's name and the year of publication should appear in parentheses
as (Krishna 1960) or Krishna (1960).

(b) In a list of references (un-numbered) at the end of the article, the references ehould
be listed in alphabatical order of authors’ names, the general form of a- complete
reference being :—

' Name, initials, year of publication. ‘
Title of work, Source (in full), volume number, page number (beginning)—page
number (end) ‘
Examples: —

Prakash S. and U.K. Bhatla (1964), “A Review - of Machine Foundauon Behaviour”’,
Bulletin, Indian Society of Earthquake Technology, Vol I No. 1, January,

1964, pp. 45-64.

Sekaran, ARC.. (1962) “Effect of Joint Rotation on the Dynamlcs of Multistoreyed
Frames’’, Proceedings, Second Symposium on Earthquake Englneerlng, Unrversxty
of Roorkee, Roorkee, Nov. 10-12, 1962, pp. 305- 316

. - ILLUSTRATIONS

1. Drawing should be made on tracing linen or paper in dense black- dra,Wmsz-mk the thickness of lines
being consistent with a reduction to one half or less in the process of reproduetlon. details shown should
represent the minimum necessary for a clear understanding of what it is desired to illustrate.

2. The maximum final size of asingle drawing. or of a group of drawings which are intended to appear on
the same page, is 73 inches (19 centimeters) by 5 inches (13 centlmeters) Drawings should - be submitted
larger than final gize, the ideal being twice final sizei.e. up to 15 inches (38 centlmeters) by 10 inches
(28 centimeters). ‘

3. Tt should be ensured that pnntmg of caotmn in the illustration is large enough go. that it would be leglble
after reduction to one half linear size. 3/16” ( 0.5 ¢m,) size letters are recommended.

4. MSS. may also be accompanied by photdgraphs (glossy priuts) which should. however, represent the
minimum number essential to a clear understanding of the ‘subject. ' No lettering of any kind should be
added to the face of a photograph: the Figure number and ca.ptlon being printed lightly on the reverse
side or upon the front of the mounting if mounted.

5. All illustrations should be numbered consecutively without dlstmcnon between photographs and drawings.
Each illustration should have an appropriate fererence inthe text, and the figure number order should
follow the order in which references appear in the text, ' .

GENERAL

1. A total of 25 reprints are supplied free to authors Additional reprints may be ordered well in advance @
Rs. 5/- per additional 25 reprints.

2. Reprints from the Bulletin may be made on the condition that full title, name of author, volume number
‘and year of publication by the Soclety are gwen. The Socxety is not responsnble for any statement made
or opinions expressed in the Bulletin.
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quarters at Roorkee. Rs, 10.00 of a member 8 dues are epphed as a subscnpbxon to this Bulle%n.
‘ ‘ DITOR

A



.ﬁu‘ﬁ:él“ -

GAUTAM PRINTING PRESS, ROORKEE (U.P.) .

/5y



