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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
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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,
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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
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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




108 - Bulletin ; Indjan Society of Farthquake Technology

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




