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SUMIARY

A nonependular seismopraph is described, having a response
which depends apon the linesr strains between two points of
the ground., TEssentially, the saiémam@tar eonsists of two pilsrs
separated by an interval of 20 a&t&rs,@gg a norizontal har
wkieh 42 rigidly fastened to one pler ond wikekx extend®heariy
tﬁ the other pler. Ielative movenents of the two piers thus
actuate sn sisciromechanienl transducer which operstes between
the free end of the bar and %he'aégaﬁaﬁt pler. The resulting
induced currents sre recorded by two salvanomelers heving
different constants. Three different gelvenonster combinations
have been used suecessffully, the galvanometer poriods beling 0.2,
1.7, and 35 seoonds. The egulvalent pondular ssenifications
are 80,000, 10,000 and 100 vespectively.

A theory is developed for the linear strsin selsmograph

gnd related instruments.



{if The némﬁ'firﬂﬁ gi?ﬁn.tﬁ this iﬁﬁtrﬁﬁéntvéﬁﬁ'ﬁ@n@ﬁ4g§§&mﬁgr&§ﬁ@
beesuse of its anelogy to the wave antenne in radio, Howewver, the
analogy is not ¢lose and consesuently it seenmpd best 1o sdopt the
more accurate nanme given above, The instrument is mentioned and
deseribed in the Cernegie Institution of ¥ashington Yesr Pook

Ho. 29, 1920.50, end subsequent mmbers, It wes also described

in & paper read before the weeting of the Ssismologicsl Zociedy

of smerics held in Pasadensn, June, 1931,

The response of hitherto Lnown prociiesl forms of seismographs
deponds upon the relative notion of & pondulum and the moving
ground to which ite supportine structure is Lfastened. The verious
kinde of seismopgraphe differ in the type of pendulum used, such as
gravity, spring, torsion, etc., end/or they differ in the fype of
mopnifying and recoxiing elements which they employ. They all
measure 0y indigate the vibratory notion of the cround af g given
point. In contrest to these sarlier forms, the strain selsmosraph
ig & nonpendular instrumernt. 1% does not mﬁﬁgmn& directly to
vibratory movements., Its opersiion derends upon variations in the
distence betwesn two points of the ground. Such wvariations or
lineer strains ave sel by selsuic waves. & sghenmetice drawing of
the seismometer is shown in Fie. | + 4 and B are two plers se-
parated by a distance of 20 nelters. e end of the rod B is
rigidly fastened to the pler B, The other and extends to within

a short distance of Tler 4. FHarth strains resulting from o ssispic
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wave-train produece veriations in the separetion of ths two plers
gnd these wvariskions are cboerysble as changes in the distance
betwean the free end of the rod and pier A, Thepe siell novenenis
of the end of ithe rod relstive %0 the adjuncent pler serve Lo aolue
ate an elesirc-nechanical transducer which zencrates it 6.0
proportional %o the rate of change of the relative displscement.
Resording is accompliched by means of galvanometers, 4 photograph

of the selsnometer iz reprofuced in 7ig. :La.
DARLIER FORIS

'zﬂbﬁﬁquﬁﬁx t0 the Jdevelopment and construction of the instrie
ment herein described, it was breousht 4o the writer's aebtention
thet the basic principle had been uzed previously by John Hilne
and later by E. Oddone. It was Milne's my&niﬁﬁ that relative
movenents of the zround upon which Bulldings rested wers respofie
sible Tor some of the dewmapge caused by eardthouskes, In opder to

{1}

exhibit these relstive nmovements he st up a deviece consistine

A T I o T e . T O

{1} Jom iine, The Relative lotion of Heighboring Points of
Ground. Transaction of the Seismologieal Zoclety of Japen, Vol.
XI1, 1888, P. 63

of two piers separated by an interval of three feet, 7o one pler
he festened o rod which extended horizontally o within a saail
distence of the uvther pler. A lover sysienm having & megnlification
of six served o record the relative motion of the free end of the
rod with respoct 1o the &ﬁﬁa@aﬁﬁ pior. Yith this spparatus he
obfained trsces of » few nilimetors mazximum anplitude in some
thirteen largze loeal earthouaskes. It is spparent that his instru-



nent was very insensitive = in faet for esrth-porviads of one seeond
the ratio of recorded amplitudes to actunl esrth-displocenent was
17306, Oddonets instrument (1) was siniler o Milne's. He increased

s WNE B MM Wi BR mee BNE W a HAl i MBF MR W R dee e dek el e iy e aRke oen o o Bl oW e Mk we o

{1} ®. nddone, Ricerche Strumenteli in Sismomeiria eon Apparati non
Pﬂg@ﬁl&rin Bolleting dells Soolets Sismolopies Italiens, 19001801,
Tol. XI, Ty 188,

the pler separation o three noters and exployed a hydraulic deviee
for Indieation. %&iavhyﬁrauiiﬁ i%&iﬂﬁﬁﬁ%‘W&E)iﬁ1ﬁffﬁﬁ%)ﬁﬁ iron box
of 18 liters capacity filled with weter. 4 hole in one side of the
box sontained a plston Llexibly fastened to the box by means of &
diaphragm and at the sane time rigidly bolted to the fres éﬁﬁ 4 kg
the rod, MYovenents of the rod relative to the adjscent pler thus
changed the level of the liguid in & gluss tube of small bore

which commumicated with the water in the box. The srea of the
piston was approximately 3600 times that of the seetion of the glass
tube so that the negnification weas 3600, The instrusent wes sene
sitive enounh to show movements of the meniscus resulting fyonm the
passage of trains in the vieinity, The megnifiestion for earth
displacenments having pericds of 1 second was aéﬁraxiﬁaﬁely 15
Oddone 4id not suscsed in constructing s satisfactory resording
nechanisn and as o consequence he was unable to observe the be-
hovior of hiz instrument with respeot to oarthouvskes. G. AZomoee
nonne (2) sdversely criticised the instrument in regard to ques~

{2) G« Apsmenvone, Sulls Pretess Insulficienza degli spperetl
Pendoleri in Sismometria, loc. eit. Tol. XITI, 1902-1003, F. 49

$ions which, in the light of jpresent knowledse, sre no lopger of

COnSONSNiG.
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I% is clezr that neither of these early instrumonts was satise
Taotory for rontine operation ~ the one hogause of its exirenely
low sensitivity and the other beesuse of low pensitivity end lack
of o suitable rocording mechanisme. A Turther 44fTiculty lay in
 the fagt that o theory for this e ﬁf instrument 783 not awmil-
asble,

The &a-*m}:}manﬁ of & hishly sensitive olectronaenetic transe

dunaer (1) for the writerts new vertiosl selsmopraph opened the way

{1} Hueo Benioff, 4 New Verticel Seismogravh, Bulletin of the Seisw

mologieal Sociely of imeries, Vol 28, Fo. 2, Jupe 1988,

for the consiruckion of s sabisfactory sirsin seismogyaph, This
transducer in connection with suitable galvanomeiers provides mag-
nifications up to 1;0‘{‘&{3,%9 with ecomplete stability of operation.
Fﬂfl"? exanple ,Q/s;zz.ﬁ sueh a megnification ):awhmiml movenents of

10 ome or 8680 the wove~lencth of sodivsz light produce galvanne
meter deflections of 1 mm. Fithin its useful ranpe of frequencles
this devioe is considerably move sensibive 4o ﬁiﬁgmwﬁwms than
o Michelson interfervomeder. With the strain selsmograph, mepnifie-
eations of ghout 300,000 apre sulfficient o raise the sensitiviity
to the Wiﬂﬁl’: value allowable by the nicroseismic activity of the

ground in Pasadenn.
CORyTROSTION

The plers are mads of seetiong of 12-ineh standard iron pipe
Z meters in length, These are sunk approgimetely l.& mefers into
the weathered granite underlying the Leboratory, snd arc cemented

in with conerete, The submerped sections of the pipes are filled

'y



with conerete to the level of the floor. {Jee Fig. ). The
distance between the plers is approxinetely 20 meters, The rod is
made of Z«inch inside dianeter standard iron pipec snd is rigidly
gttached to one of the plers. In order to reducs shord periocd
femperainre ?s;rigiimns;' the rod iz swrounded by a@ thisk) layer
of asbestos insulations It is supported by 12 stimctures of the

{ype shown in Pigs. D and 4, hese sre distributed at equal dis-
tances elong its length, H (Fige 3 ) is constructed of l.25-inch
iron pipe and is w&.mﬂ seourely to the concrete Tloor, R is a
ring of steel with set-screws 5 besring on the seismomoter rod P.
The ring ¥ is supported by three taut bieyele spokes B; These 12
structures effectively constralin the rod so thet it cen move only
in the longitudinsl direction. (1) Sinve the rod is clamped at

{1) %hen the rod is unclamped from the pier end sllowed to osecillate
longituadinally as & vendulum, its period is sporoximately 0.25 see.
The total mass of the rod is spproximately 3.&;? ks Hence fhe
reagtoring-foree due to the combined effects of the 12 aummrting
stryetures is mw = ¢ */075':"&3?1&@;& por om displscoment. (I = noass,

w =AM, and T = fres period of pendulum}. Then the bar is clamped
ta the g}ier; the foree reuuired to elongate it 1 om is ¥3/L, where
Y is Young's Hodulus, A the sffeetive section of the bar, in this
case €.0 em, and I the length of the baw, Thus Yi/l =5 ></09 dynes
arproxizately, The errective restoring-foree of the 12 supporis
actinz on the clamped rod is one half the value for the unclamped
rod.dience, the ratio of the restoring.fforce of the supports o the
longitudinal stiffness of the rod is 2+19/5¢10° = ¢x/6” or
gpproxinately one hell of one percent, Therefore the longitudinsl

restraining effects of the supporis may be neglegted.



one end, its lonzitudinal period is egual to the tine reguired
for a longitudinal woave to trsvel four times the lensth of the

rod, Thus for this instrument, the period is 80/5,000 = 0.018

I

second approximately.
BIECTRO-IE0HANICAL THANSDUDOER

The {ransduesr is g nodified form of the one devised Tor the
wpiterts ?iaﬁﬁrﬁﬁﬁﬁﬂﬁﬁiﬁ mndulan selsnopravhs. 4 detailed desgw
eription with thﬁaﬁy will appesr in & fubture paper snd consequently
only o brisf deseription is given here, Refervine o the sohonse
tie drawing of the transducer, ?ihgig'; M is 8 rermnent magnet

shileh suprlies mmemetic Tlux o the pols-pieces B, Be From the

pole-pleces, the flux crosses the aire-gaps dividing squally be-
tween the two armatures i, i. 7The structure consistine of mernetd
and pole-pleccs ig bolted to the free end of the seismometer rod,
and the armofure sssepbly is fostened rigidly o the adincent pier,
“ovenent of the rod velative $o the piler thus varies the lengths
of the gir-goaps, one relir inereasing vhile the other is decreasing.

The resuliine chance in flvy throurh the armsfures induces an s.n.70.
in the eoils €, © surroundinz the armetures,which is proportional
to the rote of change of the relsiive displacenent, The colls are
ponnected in series aiding. Sinee a fluax ineresse in one polir of
paps is offset by & corrvesponding decresse in the other palr, the
total Tluy through the marnet renmsins consient. In this mny,
diffieulties due $o the high reluctonce and hysteresis of the
vernsnent mosnet eireuit are entirely avoided. Ty virtus of the
pushe-pull structure of the transducer, the output ewum.t. is lineay

up to terms of the third order of the displacencnt divided by the

air-cen lenzih. & 7 f/d\\e W




THERMRETICAL DEMAVIOR OF THE ROD

During the early stages of the development of this instrument .
the theoreticsl problem of the bLehevior of the rod was taken up
with Dr. P. 5. Ipstein. 4s o result of an investigation which he
will report in another paper, he showed that the movement of the
frec end of the rod relative t¢ the dound end depends upon the
demping of the rod. Considering seismic waves with periods which
are long 1n comparison with the patural period of the rod he found
that with smell damping fhe free end of the rod moves essentially
with the seme phase and soplifude ns the bound end. In other words,
the undamped rofl behaves as o ripgld body in accordance with our
‘everv-gday experience. On the other hend, when the damping is not
" neglipibly small, the motion of the free end &iffers from that of
the bound end in both phese and anplitude, Thus o seisnometer
" eonstructed with a demped rod would exhidbit some very interasting
rroperties, one of wvhich would be an asyumetrieal response to
waves arviving from opposite directions. UHowever, in grder to de
effective, the domping must be of & type Ehicﬁ is inderendent of
freqgueney and this eondition connot be met exvent vwith the nid of
s mechanical frame of referencs whieh does not partake of the
seizmic wave motion., Henee it has not besn possible to build s
damped instrument, A simple theory of man undanmped rod is glven

in an arpendix to this paper,.
THEORY OF THE DORIZONTAL LINZAR OTRAIN SRIDMOMETES

In the Pollowing discussion 1t i ssouwmed $het the rod be-
haves g8 2 vizid body. The orizin of coprdinstes is teben at the
[ e The line

undisturbed position of the free pier.



Jdoining the plers defines the x-axis. Leb E be the horizontal
displacenent of the ground at the point x. If {3 is the angle
between E and the direction of xz, the component of the displacow
ment parallel to the rod is Eew (3 « The linear strain st any
point x is,therefors, cos P 06 . The total strain or relstive dis-
vineement of the piers parallel %o the line joining them is

ks
, A ok ..
¥ SDem (57)(& 1)
the .m0 iﬁﬁﬂﬁﬁﬁﬁin.%hﬁ tronsducer colls is
L 4
oY 0 S 0 >
k s kX — o0 ax {2
5t *¥a Le= RS =

¥ is the e.m.0 indueed in the coils {for unit relative veloeity

of rod sand pier. L is the distanes between the plewrs. Tauations
{1) and {2} represent the mechanical end electricsl response res-
peetively of the undamped strain a&isﬁamstarlfar all eonditions

in which the proper motions of the yod can be neglecied, Vhen

the disturbsnee consists of plane waves which are long in comparison
to L it is elear that (5 and %§_ are essentially constant over

the interval L., Under these conditions euustions (1) and )2} may

be integrated imnmediastely 50 thet we may write

X3
gz P 5y ©
el o
kog - kb 0BT, (e)

ot
In common with pendulum seismomeders, the strain seisnometer

doss noet respond to the true earth waves but rether to the spparent
surface waves which appear on the pround as a result of the ipeiw

dence of the true woaves. True waves which propagate horizontally



at the surfasce of the ground, sueh s Fevieigh and Love waves, are
identienl with thelr carresponding &@ggr@nt wares, Othor waves
which arrive at the surface with angles of incidence less than T77/y
pive rise o spparent waves which in peneral differ from the ariw-
gingls in type, ampllitude, and velooidty. Tor example, an OV wave,
that is, & vertically polarized transverse weve, is asccoumpanied by
gn apparvent wave of the longitudinal type. The veloeity of the
apparent wave is greater than thai of the true weve for all angles
of incidence less them T/2 « In the case of vertieal ineidence
the apparent veloeity is infinite. If € is the trus wave veloelty
and ¢ is the welosity of the apparvent wave, we may'writec::Cfuwkw
wheve 1 iz the angle of ineidence. In genorel the spparent vélos
eity is given by the slope of ithe iravel-time curve.

It will be sssumed that a selsmie disturbance consists of

spparent waves of the forn
r)
{ = ¢(t'”€§: (5)

where v 1s the coordinate in the line of propagation, and ¢ is the
arparent wave veloeity. In loncitudinel waves the ﬂiﬁyiﬁﬁﬁﬁ&ﬂt is
paraliliel to the line of rpropogation snd sccording to the usual cone
vention the sipn is positive wvhen the displagensnt is in the direde
tion of propagation, Thus, for longitudinel waves ("= Y 002 @

and henece the above emuation hocones

= (1t - xemb) (6}

From eguation {&) it follows that

DE _ _tmb o€ (7)

% ¢ ot
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o€
substitutine the value of ?X from equation [(?] into eonation {3)
we Tind thet the responese of the strpin seismometer 4o lonsitudinsl

apparent waves is

44 ()

In transverse waves the displacenent is normel to the direction of
propagation end therefore ( =) Coo (B-T%) = Xom (d . 'Thus,

for tronsverse waves sguation (5) is written

£ = ¢ (1 -ramby (5)

In this case .
pf __emf o
JX - ot (10}
I this welue of f;( is substiiuted into eguation (B) we find that

the response of the stirain sceismometer to trensverse apparent waves

is

{11}

In squations (8] and {11} &3 is the anzle betseen the rod and the
direstion of the sarth displavement. The eﬁm‘zmm% are more useful
if given in the form conteining o , the &m&e h&tmam ;:;gw\
the direction of propapgation. Tor lonpitudinal waves o - /‘S , and
the response of the strain seispongter to lonsitudinael ﬁmt»wem

woves is therefore D E

= —l:.. Wx(x % B
& >3 5F -

In the case of apparent transverse waves o = -7 , so that the
response of the straln selsmometer to these waves is
06 1
tgc—l:—wwot&wd\”g’t {13}

c



Yoot noite for Pace 11

{1} an interasting;werifieazian»af this behavior was obseyved
on records of an Indisn earthoueke, Surface weves which trave
elled over the long are were recorded, in mddition to those
which travelled over the short are. Thus in & single seismogran
of o single sarthounake, waves were recorded op the short period
galvanometier ﬁamﬁimatinn‘mﬁiﬁh arrived from opposite directions.
Upon compoardison with the QWﬁhtﬂrﬁi%ﬁ seisnogran it was found
that the southern group of waves {long arel were in phase on the
two seishoprans, whereas in the northern group [short are) the

waves were exsctly orposite in thase on the ivo seisnomring.
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It is evident from inspection of eguations {12) and [13) that
the response of the straln seisnometer differs in o number of ways
from thet of the pendulum seismometer. Attention will be given
first to differences in the divectional charesteristies. PFig. *7
shows a polar graph of the funckion Coo* , the directional resw
ponse choracterigtie of the strain seismometer o longitudinel
ayﬁarant waves. The response of the pendulun ssissometor varies
as o« and is shown in dotited line for eomperison. Oimilerly,
in Fie. % are shown polar graphs of tho funetions w4 oo and Lo
which are Ehﬁ,ﬁir&&ﬁiﬂﬂﬁi sharpeteristios of the strain and pen-
dulnm selsmopeiors o transverse apparent waves. It will be noticed
that the strsin seismometer exhibifs four directions of zZero rese
ponse for transverse waves as compared with two for the pendulum
instrument. The most striling difference in the directionel
characteristies of the two instrunents is found in the feet that
the pendulum response to s given seismle wave reverses vhen the
direction of propagation of the wave is reversed, whereas the strain
response remuins the sane, ?hus,'fnr sxanple, i two identieal
garthmuskes originste at eguel distances from the two selismometors
hut in oprosite directions, 0° ana 180° say, the responses of the
strain instrument to the two shocks are identieal, while those of
the pendulum instruent are opposite in sisn. This—propertyis
aaaﬁulﬁ~s%gg;”aam§ariamn of & strain selsoograph record with a
sinilar component record from s pendulum selssocraph resulis in
the eliminstion of the 180° arbiguity in the deternminntion of
epiventrel azimuth. The initisl wmovement in the rendulun response
to an earthousie indicatos the direction of the initial esrth nove~

ment, such as up or down, east or wesi, north or a@&th, whereas



the inltisl movement of & strain response indicetes compression
or rarefaction.

Another &ifference in the behavior of the two types of instru-
ments iz that the response of the strain seisnometer is inversely
proportional to the arperent wave veloeity, whils the pendulum
response is independent of wave velocity. Accursie comparison of
the records of the two instruments therefore provides the data for
the determination of apparent wave velocities from observations
at a sinsle ataﬁiaﬁ;

If standing waves are sof up in the ground upon vhich the ine
strunents are ploced, the strain response 1s maximumm et & node and
zero at en antinode, while the pendulum response is zers at a node
and maximam at an antinode, ‘

if the pround evecutes rendulsr vibrations such a8 the POVEw
ments of g shaking table, there is zero response with a sirain
saismometer and Dull resvonse with g rpendulunm seismonmeter.

Another styiking difference is the grealer sensitiviiy of the
strain scisnmometer for the ¢nse where the instroment period is
srall conpared $o the wave period, The a%yrﬁximata ratio of sene

sitivities is readily caloulated, I =0 , the response of the

strain selsmoneter to longzitudinel waves @u@»demj %oagNdiﬁﬁf W

L of
r S v (1e)
C, ot '
o . . 4 |
The natursl period of the rod is 71 £ -—E’ where C. is the
f‘

reloeity of loncitudinal woaves in the rod. To a first spproxinge
tion C, = @r~1 5“06¢muf$ﬁﬁf,ﬁhﬁﬁﬁ Q, iz the velooity of longitue
dinel waves in the ground. Substituting these values for —%1
in equation (14}, the response of the strain selsmometer in torms



mlﬁw
™ ¢
of the free period of the rod is E&: . ‘:i“ D4 anproximotely.
. iy
I § = AANWE;: %T, LN\'Ur&uL'Pig the period of the weave, the

maxioun instanteneous value of the strein resronse is
S T, m {18}

The maximss instantansous response of 8 pendulun selsnometer
having a peried T s Short in comparison with the seissico wave

period is
| \{ - O e |
Ly {18)

If the two instruments have the smne period, ’T: s the ratio of

the strain resyponse to the pendulunm response is

Rm Sl T A _ : -
:Yf-; T ., approximately | {17]

AS a conerete exampls, it will be assumed that ql = LSx/szsa&s,
whiﬁh is approximately the value Tur the present strein instrument.
#ith this yalue for 71 the ratic of the strain response to that

of & pendulum having the same period is for earth periods of 1
second, = (D0 s ayproximately. With longer sarth

2% l 516>
periods the ratio is still greater. Another say of expressing

this difference between the two insiruments is to note that the
e )

response of & strain seismometer with a period of /5X/0 sees,

to earth waves of 1 second period 1s equivelent to that of & pone

il
dulum having a period of /.5 X/0 sees, srproximately.

THRORY OF THY HORIZONTAL BLICTROMAGIITIC
LINEAR STRALN SEISHOORAPH

Hegleeting the directional faetor, the response of the horiw



o] o

zontal linear strain selismometer fo longliudinal arperent swrfece
waves iﬁ'frﬁﬁiéﬁﬁﬂtiﬂﬁ {12}
| 9L
4= "€ ot
The e.n.T. indueed in the coils of the transduser is
ot = 21

feglocting the boek m.n.?. of the {ransducer and also the respte-

ances of the irensducer and palvanomeder ¢olls it may be assuped
that the current is in phase with and provortionsl %o the e.n,f,
Henee the diffsrential egustion of a galvanometer connected to the

troansdncar coils {8

| B
Q'i‘% + 1E féf + wﬂzé) 2 '%7'/” (19}

where
H = engular deflection of gelvancmeter in rediasns

€ = dsping constant

(o, = gt » T, = free period of gelvenometer
)

4 - clectrodymemie constant of palvanometer - the product
of the ares of the soil, the number of fturns, and the
field=stirongth,
= the sum of the galvenometer and transducer resistances
The moohanienl damping of the galvenometer ig neslected In compari-

pon with the eleetremapnotic danping. Seidting

b - £ab

mrc

and introdueing the walue of E from ecuation (18) into {19) the

differential equation of the eleetronmacnetic strain ﬁﬂi&ﬂﬁgrapﬁ
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£3
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e

T e e ¢ ¢
M {20}

i 2 ) - ¢
8 d9F26%$4J819:—b&£

Bguation (20} discloses & most remarkeble property of the electrom
magnetic strein selsnmogranh, for it is evident by inspection that
this souation is identiesl in form with the differential esuation
of the simple pendulum seligsnopranh. 1) The significance of this

{1} k is positive or nepstive depending uwpon the polarity of the

galvenometer connections,

Al I R B T R I T T
identity is that the frecuencey response choracteristic of an
eloctromagnetic strain selignorraph having ¢ salvenometer with

peripd Ty and demping constant ¢ is identiesl with thot of e simple
pendylum having the seme period 7, snd the some dempine consinnt €.
Thus, Tor exemple, & strain selsmogreph with & eritieslly demped
galvanometer of 12 secs, poriod has o fﬁﬁ%ﬁﬁﬁﬁ? response charasiers
iztic which iz identical with thalt of g Milne-Uhay selsmoeraph.

Tith # eritically damped galvanoneter of 0.8 pees, pericd the strain
frequendy cherssteristie is identiesl with that of the Yood-inderson
short-period torsion selismosraph.

The slectromasnetle strein ssiswosraph offers s number of ade

vantazes over the esulvalent simple pendulum selsmograph as
1. figher mapnification: Tor exanpls, ong of the insteunents in
roautine operation at this Laborstory has a period of 0.2 speonds
and an eoulvalent static magnifiention of 80,000, The hichest
maenification availeble for routine proctice with simple pendulum
instrumente is approzisetely 2,000 (Vood-inderson torsion selsmoe-
Zearhe ).

Z2s Drenter flexibility: Instrmuments of & great voriebty of charach-

E 3



eristies nre avsilable by merely changing golvanometers or guspen-
sions.

%. Construactional simplicity: the concentrieslily balanced galvano-
meter suspension system with electromarnetic domping is substituted
for the excentrie system of all types of pendulunm seismographs.

4. Complete sbsence of response to earth-tild: the strain selsno-
meter itsell does not respond to $ii% and in addition the trans-
ducere-galvenometer systenm does not respond to such slow movements.
Az a result of thié shsente of tilt sensitivity it has been possible
to build, for roubtine operation, an instrument heving the charscter-
isties of 2 pendulum seismograph with s period of 54 seconds, orie
tienl demping, and an equivalent static magnifieation of 100, Tow
tniled deserintions of the wvarious gﬁiﬁgnametﬁr pombinations which
have been tested will be given later.

The linear dellepdtion of the palvanometer light spot is
.Y (21)

whera 4 is the distonee Prom the palvesnometer lens 0 %ha recordineg
drum. Introducing the value of 4 from (21} into ecuntion {20) and
setting \J:2J¥b s the resulting differentisl equation of the

sleatropapnetic strain selismopranh is

_:Z--I’.léd-— +a) —-\/aé:L {22)
A AF . ot
The guantity N =2hb :%Q%g%ﬂ is thus the enulvelent pendulum

static nagnificetion of the elegtromernetic strain selsmopraph,.

vheg [ = aaim wt . eguation {22) is written

d% _Lléj—f:‘-LJ—waz \/awM/nwt (23]



w1 T

Jince enuation {23) is identiesl with the well known penfulunm seis-
mopraph equation it is umnecessary to diseuss the general solution

here. The stesdy-state solution is

Y—c:oo1 A,(M@JJE4 )

2 = ; {24}
% i ol P22V
= vl —3 {28}
60"6‘)3
Satting
(_07.
P = = ; {ES}

[&)a’-u} 4w

{“ee pope 18]
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equation {(24) ecan be written
= -\/—F O M(L()YI: +§)\ {27}

? is thus the frequency cheracteristic of the eleoctromapnetic strain
selsmozrarh {and slse of the pendulun seispographl. It mey be axe

preszed in another farm, Thus if

_g> W  awnd _,.# f,

D,
%M 120 ) Yy I wnibtzy
P e
T gt (2e)
Yhen the damping is eritical, b » 1, and P reduces %o the ﬁimﬁi@
fornm ]

‘;s‘ig;aq shows A graph of the fuonetdion P for h = 1 end h %ﬁ: = (h7¢7
wn the form B
¥ - aAg kL
771r‘ i
the expression for the enulvalent stetic masnification coninins
the gelvenometer constanits g and m. These are us aallv‘uaknawn or
diffienlt to deterwine and conseouently it is desirable fo substie
tute practisal eonstants ©or them. Thus 1f U is the linear de-
flestion in ems. of the galvanometeyr light srpot for unit current

{1 snpere or 1 c.mett., Say) then it is easy to shor that

s 25, {30}
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The somstents I, ?é%, and v may be obtained directly from nanulache
urerts specifications or {ron ensy measuronenis. The response of
the selemogreph with any desived palvanomoter con thus be readily
galoulated., It should be resembored that v is the sum of the
galyvanometer resiztonce and the fransducer resistance., The value
of the latter is ehosen Lo conform with the desired demping cone
stent h, If D is given in oms deflection per sumperse, v should be
expressed in ohms.

& poather wiﬁ&'vaﬁiéty of galvanometric combinstions have heen
assembled for experimental study of the instrument¥s characteristices.
Only three of the more imporikent ansscublies wiii-h@ deaerived, since
the observed characteristies of all the combinations conformed
elosely with theoretiesl predietions. A combination whieh has been
found wvory satisfactory for iaﬁﬁi\aar%b@umk@ﬁg uses & gulvanometey
having 2 period of 0.25 seconds, The galvanometer and its asso-
ﬁiﬁt@é-reﬂarﬁiﬁg‘&pﬁaraﬁaa is ﬁhﬁ%ﬁ.iﬁ ?i@#ﬁd@iﬁﬁﬁLWMm¢, The gole-
angmeter pedestal is nade of € inech iron yiﬁe and iz oul off at an
angle of B0 deprees to pornit the recording-besm to full conveni-
ently on the upper surface of the recording ﬁxﬁm, This nrrongenent
makes for essy inspection and ﬁﬁjuatm@nﬁ of the light-spolt during
operantions The gelvancmeter is held to the mounting plate by the
tension of a stiff helieal spring whieh hooks into the bese of the
galvanometer, This fype of golvanomeder wountineg is sufficlently
strons to withstand severe sarthguokes and yet permits delicate
ad justment of the levellins serews, The oylindricel lens near the
drum is focused by & rack and pipion. The gelvepometer lens is
foeused by sliding the mounting plate glong the eut swrface of the

redestal, An automotive type teil lomp nmownted at the end of the

b Lhas Ww deassond jordly o W Dadley ang Ge wniity,
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long evlinderical tube serves as lizht source. The light beam from
the lamp is deflocted at rightlanglma toward the galvanometoer
mirror by & prism whieh is mounted within the tube. Tine merke
consist of 1 millimeter deflections of the recording lichi-spot
and are produced by the slis ght bending of the flat spring smounting
of the prism, The bending fTorce is fransmitted by a phosphole
bronze yibbon from the srmeture of a nodified Haldwin televhons
receliver, The period of the tine marker is spproximately 1/50 see,
The operating eurrent is & millisnperes at B vﬁita. In addition
to its low power consumpiion snd high @:ﬁﬁiﬂiaﬁﬁ'thiw tg@& of tine
marking mechanise hes the fuarther asdvantage of yeouiring no ra&ﬁn
Justment when the recording lamp is chanped, ?ig,f, shows &
photograph of the time marker. Figs\»is & copy of a portion of
& ssismosran written by this eombinstion with an equivalent sta¥ie
magnilication of ﬂﬁ;ﬁéﬁg ' |

Anothey useful combination is nmede with 2 galwvanomeler having
a neriod of 1.5 seconds. The frequoney-response ﬁ%ﬁraatﬁriatiﬁ of
thiz enobination is very nesrly the same as that of the short period
torsion seisnogreph, For routine mam% it h&# been operated with an
eguivalent statice nappification of i“,ﬁﬁ$‘ A portion of the Rayleigh
waye group of the Baffin Day earthnouske of Vovember 20, 1833, ls
shown in Tig. 1% » Dection A was written by the N3 short period
torsion seismogranh (T = 1 second approxzimately) while B was written
by the P53 strain seisny ﬁﬂrayh*wit% the golvanometer of 1,3 seconds
poriod, Sinee the periods of the seisnie waves are long in comparie
son o $the Instmment poriods, the theoreticsl responses of the twe
instrunents are proportionnl to the ground acceleration snd consee
guently the two records should be identieasl, The faect thet they

x

are go very nearly the same ig sonvincing evidenve of the coryecinpss



(1}

of the sssumpiions congerning the behavior of the sirain seisnosragh,

{1) turing this test the magnification of the strain selsnopraph

was refduced o conform with that of the torsion selsmopraph.

S
ﬁm@tﬁaﬁ‘vﬁry aseful corbinetion uses 2 gulvenometsr with g period
of 35 geconds. ¥ith this galvanometor an sgulvalent static meaeni-
fiontion of 100 is readily neintaiped in very stuble form, {2)

{2} Durinc raln storms water lesks into the seisnoprarh tunnel and

panders the instrument iﬁﬁ?&ﬂ&%t?%%

This eovbinstion is well asuited Tor registration of feleselsms,

supecislly those with very long weves. TFigs.\d and | § are reduced

govies of portions ﬁ? *@&ﬁﬁﬁ B rﬁﬁﬁrﬁﬂﬁ with this instrument. QA{
Ty m&»&iﬁdmﬁﬁ ﬁﬁiJﬁﬂ4;&

minentas well-as the labor- aurface vaves with peTiod

£

gcm Rl O L L i i e ¥
ﬁ 3‘ 1;)* o | g%@;zé‘ét pise

AT
i %ﬂxﬁé&; %

Althourh s verdical component sirsin seismosravh has not yed
besn constracted, sn outline of ite theory will be glven in addi-
tinn to o description of o propossd structure. 4 possible fﬁm&
of vertiesl strain seismometar is shown in the &i&grﬁm of Figellon
However, 1t is pot very satisfectory becguse it has a zero response
for & waves frmvelling horizontally snd for P waves travelling vor-
tieally. The S wave responss is pero s & yesult of the Poet thet
the mobions st A and B are egual in vhase and smplitude, The ¥
weve respounse is zero bhecsuse the free surfoce of the enrih 18 &
node of sirain Por vertically ineident wavos.

By tilting the seismometer of Fig. |[some 45 deprees as shown



in Pig. (s 8 partial response to vertical components iz obfained
for all wgvﬁs exgept those of normel incidence. Such an instrue
ment would be sxpensive to oonstruet and is therefore ﬁat PO
mended, ‘

Another possible instrument is shown in Mgzl 14 « If the rod
ig suffieciently rigid, the &ifference In vertiesl elevation of the
two plers may be utilized for the response, Then the {ransverse
vibration periods of the rod are shord in comparison with the
shortest aﬁgnﬁfﬁa&ﬁ% 3&&&%&& peritds, the systen behaves subsion-
tinlly as thourh the rod were infinitely rigids By dividing the
rod into two sections as showun in ?ig,\ﬁ s the rod pericds ave much
shorier for & given smount of structural material. An instrument

of this type i3 to be built ia the near future.
THEORY OF THE VENTICAL STRATH SPISHOGRATH

Tet C: be the wertical displagement of the ground st the p@iﬁt
whose horizontsl coordinate in the direetion paralilel to the rods
i¢ %, The difference in vertical displacewent of two neishboring

pointz of the ground whose covrdinates nve x and x1~d& iA
0C i\
OX
and comsenuently the difference in vertigal elevation of the two

riers distent L. from esch other is
\
= {72k i (z2)
o X

If the seisuie waves are plane, and if 1L is ssell conpared fo the

shorfest significent seismic wave length, QQ:m&y ba considered

ox

constant and equation [(352) becomes

{38]

0 G
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It is elear that the instrument responds $o the vertical traensverse
component ol the apperent surlace waves. Transverse spparent woeves
are ”eﬂazﬁteﬁ by both P and 3 body waves rhiech sre incident at the
surface, I r is the coordingte salopns the line of propugation of
an apparent surface wave and o is the ansle betwesn r and the
direetion of 1. we nmey write

2 - 2C& ook

—

AR

Hende
{54}

If { 1s expressed ss & plane wave of the form qb (T~ )%)

we have $he yelstion

)C 1 oL
Fe T e ot

andl the response of the verdlical strain seisnometor is therefore

%: \”Cmdag {55}
ot
The sutout e.mf. Trom the transducer is
.t 0 L%@mxac -
_i S (56)

It will be notad that for thisz form of vertical seismometer the
response varies with the agimuth of the inconming weves. Tuorther-
more, its response to P waves is quite small because those vhich
have larpe vertical amm?aﬁ%nts,afrigﬁ gt the surfasce with stcep
sngles of incidence snd thus produce appevent surfsace wavesn of

hizh velooity,.



THREE-CONPORENT STRAITN BTSSR

With & single instruoment of the $ronaverse rigid bsy type
shown In Fig. |9 , all three components of the ground motion may
ve derived by means of three properly arronged transducers. %Yhe
horizontal eomponent parallel to the rode is derived from the
relative lonpitudinal motion of the rods. The borizonisl corponent
perpendicular to the rods Is derived from the reletive horizontal
transverse motion of the rods, The wertienl cosmponent ls derived
from the velative transverse verticel motion of the rods as des-

eribed in the preceding povagrarh.
DILATATION SEISUOORATH

inother type of iostrument vhich is supgested by the linesr
strain selemograph is s devies which may be designeted a volune
strain or dilatation seimaopranh. In the form which the wrifter
proposes to build, & contalner of any convenisnt shape is buried
praferably in rock in such & mamner that firm contact with the
surroundine mediw: is meintained. Jee Tig." L0 » The condainer
is filled with » liguid and sesnled with a dlaphragm oy silphon,
A side tube of cepillary dinensions serves to ecualize slow
pressure variations due to tempersture, barometric changes and
other causes. Yolume strains of the grouwnd change the eapacity
of the container and thus vroduce movements of the dlsphreps which
are recorded by means of an eleoctromegnoetic frensducer and goalve

anometer,
TRRORY OF TIE DILATATION SRISHOOEARE

T2t the condensation bs

ou 4+ 0V o

OX 3\1 771

—



in which 4, v, and w are the ground displascesments parallel to the
eoordinates axes, x, v, and 7, rospestively., Oonsider sn elementary

restangular parallelopided with sides dx, &y, and dz. Iis guiescent
volmse is
aV = Ciﬁf 6&7 éZ?L

| tV/
"men strained, its volume is (A V (/ 19) . Thus the volume incre-
ment rosuliine fronm strein is O (}V « i Vo is the volume of the

unstrained ﬂmmizzéi’ s 1ts tofal voluwme insrenent is
Ve
§ = serat (57)

Then the ssismie disturbence sonsisis of nlene waves vhich sre long
in comparison with the dicensions of the container, o is B8

eonstent, and eguation (B7) is written,
S = Q_'\[o
Thus & strain O forees & guantity of liquid S into the outlet

pipe and displaces the diavhrags throurh a distonce

A iz the effeetive arese of Lhe diaphrem. Honce,
.o

The o.m.0. indueed in the transducer coils is

S {s8)

4 0s _ & Ve d¢ {59)
ot = T ap ot

Considering & plane condensationgl weve propogating horizontally

with the form

w = Olt -%)



P, A

it een be showm thet

o = oK
X
and  §£& _ __L\ éﬁf .
DY ° ot
Consequently ‘\[J ou
s =%

7or this ease, therefore, the response of the dilatation scisnmometer
iz identicel in type with that of tﬁ&llinaﬁr strain selsnonetor oXe-
eept that it is independeni of the azbmuth of the iInconins waves.

In sheay waves ¢ is zerp and aansaqnantiy)thﬁy*@rﬁﬁame no TESPONSe .
Foweyer, whon lhey are incident on the sarface with engles between
Zﬁz and zﬁr@)ﬁh@ﬁr waves produce reflected lonsitudinal woves and
the ingtrument responds fo these in fhe some nenner as $o the prie
mary longitudinal waves. Thus it is impossible sonpletely, o sé-
parate longitudinel end shear waves by menns of instrments of



Appendix

THEORY OF THE UNDAWPED ROD

The well known differential equation for longitudinal
waves in & rod is |
U~ e oU
ot ox*

when u is the displacement, x the ctordinate parallel to the

rod and ¢ a constant.

Assume a solution of the form
W = Eﬂwﬁ wncf + Bm@—gl MN\@LL.

For a rod clamped &%t one end and free at the other end the

boundary conditions are

‘?_; =0 at the Tree end wheire X:f and W < aMwi’
X

at the clamped end, when the ground displacement is adl(xmoi“ >

From these boundary conditions we find that

# o= &

and

flence



*2%

The displacement at the free end whewe X:f is therefore
f . wl
U, = Aawm ol anc 24

In the case of the seismometer rod }% is small (Ca -, ,

so that for long waves Axc.%§ is approximately equal to

/ « For waves having & period of 1 second Axcg% is approxi-
mately J.003. It is clear therefore fhat for long waves the dis-
placement of the free end of the rod is substantially the same

as that of the clamped end.
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THE PHYSICAL EVALUATION OF SEISMIC
DESTRUCTIVENESS*

By Huco Beniorr

The problem of designing structures to withstand destructive earth-
quakes is not in a very satisfactory condition. On the one hand engineers
do not know what characteristics of the ground motion are responsible
for destruction, and on the other hand seismologists have no measure-
ments of seismic motion which are sufficiently adequate to serve for
design, even if the destructive characteristics were known. Consequently,
engineers have been forced to proceed on an empirical basis. From past
experience, chiefly in Japan, it has been found that buildings which are
designed to withstand a constant horizontal acceleration of 0.1 gravity
are, on the whole, fairly resistant to seismic damage. It is fortunate that
such a simple formula works at all, in view of its inadequacy from the
point of view of precise computation. We know that seismic motions do
not exhibit constant accelerations; that instead they are made up of ex-
ceedingly variable oscillatory movements. A formula based upon con-
stant acceleration may thus lead to large errors, especially when applied
to new types of structures which have not been tested in actual earth-
quakes. In the following paragraphs a new formula for seismic destruc-
tiveness is proposed, in the belief that it is more accurate than previous
ones. In addition to providing engineers with a more rational basis for
design procedure, it determines a new type of seismographic instrument
for recording and measuring the destructive characteristics of seismic
motion.

The actual destructiveness of a given earthquake might be defined as
the sum of all the material damage caused by the seismic movements.
Such a definition does not lend itself to physical measurement and is
therefore unsatisfactory from the physical point of view. The idea con-
tained in this definition may be extended to permit physical measure-
ments. Thus, if strain gauges were erected on all members of all the
involved structures, the measure of seismic destructiveness could be taken
as the sum of all the indicated strains. These definitions of destructive-

* [Received for publication May 26, 1934.]
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ness, though ideal from the point of view of completeness, are imprac-
ticable to carry out. They do suggest, however, a formula having a high
“degree of practicability. Thus, suppose we substitute for the engineering
structures a series of undamped pendulum seismometers having fre-
quencies ranging from the lowest fundamental frequency of engineering
structures to the highest significant overtones. During an earthquake
each component seismometer would write a characteristic seismogram.
Plotting the maximum recorded deflection of each pendulum against its
frequency, we obtain a curve which may be termed the undamped pendu-
lar spectrum of the earthquake (see Fig. 1). We now define seismic

PENDULAR SPECTRUM

DESTRUCTIVENESS, S

MAX. PENDULUM RESPONSE, Y

O
2 PENDULUM FREQUENCY, V, b

o

Fic. 1.—Pendular spectrum and seismic destructiveness

destructiveness as the area between this curve and the axis of abscissas.
More precisely, seismic destructiveness is the integral with respect to
pendulum frequency of the maximum displacement of an infinite series
of undamped pendulums extending over the significant range of fre-
quencies. Since the duration of violent movement is in general short,
there will be no narrow humps in the pendular spectrum and conse-
quently the integral will be closely approximated by the polygon given
by the maximum deflections of a small finite number of pendulums.
Probably twenty will be sufficient.

The application of this formula to design is straightforward. We
shall first consider a pendular structure such as a water tower, in which
the mass is effectively concentrated in the tank and the restoring force is
concentrated in the supporting members. Such a structure responds to
seismic movements substantially as a simple pendulum seismometer.
Hence, if its frequency is known, the maximum displacement of its center
of oscillation is given by the observed amplitude of the pendular spectrum
at the same frequency. With this displacement given, all of the resulting
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structural strains may be readily calculated. Thus, with this formula the
problem of design is reduced to the computation, or measurement, of the
vibration frequencies of the structure. ;

Complex structures having more than one mode of vibration may be
considered as made up of a group of pendulums with the frequencies of .
the individual modes. The resulting maximum displacements are given:
by the sum of the individual displacements, due regard being given, of
course, to the existence of nodes and loops. In the case of structures’
which may be approximated by rods vibrating transversally, the natural
frequencies and strains can be calculated by the formulas given by
Le Conte and Younger.! The more complex structures are now being
studied experimentally, or theoretically, by a number of investigators
and it is to be expected that their results will be of great value in the
application of the pendular spectrum method.

In the preceding discussion, structural damping has been neglected.
In general, the errors introduced by this simplification are quite small.
Thus, for example, we may consider the effects of damping on a single
vibration mode of a structure. When subjected to a resonant vibratory
force, it responds with an amplitude which increases asymptotically with

the time to a maximum value determined by the damping constant. The

1

time constant, defined as the time for the amplitude to rise to 1 — 7

of its final value, varies inversely with the damping constant. It is clear
that if the resonant force acts for a time interval which is short compared
to the time constant of the system, the resulting amplitude is independent
of the damping. Now in the case of most engineering structures the
damping is small. Furthermore, the time interval during which a finite
resonant force may be effective in an earthquake, though not known pre-
cisely, must be quite short. Consequently we may expect the structural
vibration amplitudes to be substantially independent of the damping. At
any rate, calculations based upon the undamped pendular spectrum de-
termine the upper limit for strains in any structure.

Whenever greater precision is required, it will be necessary to set up
an additional series of critically damped pendulums for recording the
critically damped pendular spectrum. This damped spectrum determines
the lower limit of strains, since, in general, the damping constants of
structures lie between zero and the critical value. With the two spectra

1 Joseph N. Le Conte and John E. Younger, “Stresses in a Vertical Elastic Rod
when Subjected to a Harmonic Motion of One End,” Bulletin of the Seismological
Society of America, 22, 1, March, 1932.
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given, the strains.can be computed with engineering accurac}y‘ﬁfor any
value of structural damping. Observations with a set of seismographs
designed by the writer for use by Professor Martel, of the California
Institute of Technology, have shown that the tops of buildings exhibit
vibration amplitudes of approximately three times those of the ground

at the bases. Oun the basis of these experiments we may expect the un- -

damped pendular spectrum to have amplitudes approximately three times
those of the corresponding damped spectrum.

It should be emphasized that the formula of destructiveness defined
in this paper refers solely to elastic deformations in which stress and
strain are proportionate. In the event of actual destruction, elastic limits
are exceeded and in this condition strains cannot be accurately calculated
by this method. This limitation is of no serious consequence, since it is
customary in good engineering practice to keep strains within the elastic
limit.

It might be well to consider some of the characteristics of seismic
pendular spectra which may be predicted on the basis of present knowl-
edge. In the case of very small earthquakes, observations at a given point
should indicate very nearly identical spectra for all shocks originating at
a common focus. Larger shocks with a common focus may be expected
_ to show greater spectral differences. In addition, the spectral energy of
large earthquakes should be shifted toward the low frequencies, as com-
pared with smaller shocks. The spectrum of a given earthquake changes
from point to point, depending upon distance from the origin and upon
ground characteristics. Increasing distance from the focus shifts the
spectral energy toward the lower frequencies. A free vibration of the
ground will be indicated by a sharp maximum in the undamped spectrum,
which does not appear in the damped spectrum. This will be true regard-
less of whether the free vibration exists in the region of the focus or in
the region of the observing station.

To be most useful, observations on pendular spectra should be main-
tained throughout populated regions for a long enough period to record
strong earthquakes from all active foci. The resulting records of seismic
spectra would then be sufficiently complete for all future engineering
purposes. It may be, however, that a much less ambitious program would
suffice. Thus, for example, a few observations on strong earthquakes
may demonstrate a sufficient similarity in their spectra to warrant the
practical use of a single generalized spectrum for all foci. Variations
would be necessary, of course, to allow for differences in ground condi-
tions at the building site. Furthermore, we may find that spectra of large
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and small earthquakes with a common focus are regularly related in such
a way that the spectrum of a large earthquake may be easily computed
from that of a corresponding small shock. If this be true, the time re-
quired for an adequate series of observations on the spectra of a region
will be greatly reduced. v

The spectral formula for seismic destructiveness has been developed
in the preceding paragraphs on the basis of an intuitional argument.
Originally, however, it was derived from a fundamental physical concept
which will now be indicated briefly.

A wave disturbance f(t), existing only in the finite interval
0 =1t =T, is represented analytically by the Fourier Integral?

f(t) :ZIOOF(V) cos [2mvt 4+ O (2nvt) ] dv (1)

in which

[Biw) = [fo(t) cos 2mvtdt } 2—[- [fo(t) sin Zmvids :I 2

The significance of this Fourier Integral lies in the fact that it represents
the sum of an infinite nuniber of simple harmonic components of fre-
quencies v extending from zero to infinity, with definite phase angles ¥.
Furthermore, the amplitudes of the individual components are infinitesi-
mally small. Thus, we see that the Fourier Integral (1) represents a con-
tinuous spectrum. The response of an undamped pendulum to a simple
harmonic displacement of the ground is

2
y:_v__ acos 2nv (t -+ 9) (e
Vo2 — vE
in which
@ = the maximum amplitude.
v, = the frequency of the pendulum.
v = the frequency of the earth-wave.

d = the phase angle of the earth-wave.

2J. R. Carson and O. J. Zobel, “Transient Oscillations in Electric Wave-
Filters,” The Bell System Techwical Jowrnal, 2, 1, July, 1923; and J. R. Carson,
“Selective Circuits and Static Interference,” ibid., 4, 268, April, 1925. Also M. Biot,
“Theory of Elastic Systems Vibrating under Transient Impulse, with an Application
to Earthquake Proof Buildings,” Proceedings of the National Academy of Sciences,
19, 262-68, 1933 ; and M. Biot, “Acoustic Spectrum of an Elastic Body Submitted to
a Shock,” Journal of the Acoustic Society of America, 5, 206, January, 1934,
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From Equation 1 we find that a single component of the seismic disturb-
ance is given by

2F (v) cos [2mvt + 9 (2mv) ] dv
Hence, the response of a pendulum to a single component is

——&2——}7(\/) cos [2mvt + 9 (2mv) ] dv
Vo2 — V2

‘and the response to the whole spectrum is -

yzsz_o_%}?(v) o 2wt -+ Bty ] A (3)

At some time during the passage of the seismic wave-train the response
of the pendulum will indicate a maximum value, ¥. Taking an infinite
. number of pendulums, the pendflar spectrum is given by the function

Y = (v), (4)

and seismic destructiveness is defined by the integral,

S:fb)’dvo (5)

These are both shown in the diagram of Figure 1.

The limits ¢ and b must be determined from observations on buildings.
The integral S defines a new intensity scale based upon physical measure-
ments. For statistical study and comparison of earthquakes it should be
much more accurate than the present scales based upon random observa-
tions. In effect it measures the potential destructiveness of a given earth-
quake to a standard city composed of simple standard structures.

From the engineering standpoint in the calculation and design of
individual structures, the pendular spectrum, ¥, is the function of pri-
mary interest, since it determines the structural response to earthquakes.

= The use of this function in the calculation of structural strains has the
very great advantage that the true grourid displacement (or its deriva-
tives) does not have to be measured or calculated.

CARNEGIE INSTITUTION OF WASHINGTON
SEISMOLOGICAL RESEARCH
PasapeEna, CALIFORNIA
May 17, 1934
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A Hethod Tor the Instrumental Determinstion

af the Extent of Faulting

When a fault displacement is ¢learly visible at the surface
of the ground, there is no diffieuliy in determining the extent
of faulting. Thus for ezxample, In the San Franciseco esrthquake
of 1906, Taulting was observed on lsnd %o the axtent of some 180
miles, If the faull is deeply covered with sediments so that
displacement san not be vhserved at the surface, it is necessary
to employ indirect methods of measuring the extent of faulting.

The Long Deach earthquake produced no visible evidenece 1o
indicate the extent of Pfaunlting. The instrumental epicenter as
determined by Gubenberg, Wood and Richter, is located a fow kilow
meters off the coast at ﬁgwgﬁr&. An instrumental epicenter
determined, as this one was, by the arrival times of the first
weves, gives no evidence as to the extent of faulting nor the
point from which maximum energy radiastes, It indleatss solely,
the point at which foanlting originates.

The distribution of destruection in this esrthguake was such
as to suggest that fauliting extended Northwest slong the Inglewood
fanlt in the direction of Long Beach, Long Beach and Compton,
ﬁiﬁ%&nﬁ 18 and 25 miles from the epicenter respectively, exhibited
spvere damage. Vith the most liberal allovances for poor GOon-
struction and bad ground, 1t is difficuli %o beliesve that an sarth-
guake of such small magnitude eould produce damage of this char-
acter at such large distsnces from the epicenter, unless fauliing
extended & substantial distance toward Long Beach. The total

energy liberated by the Long Beach esrthauake is estimated by



Dr. Richter, for ewample, at 1/1000 the energy of the San Fran-
ciseo earthquake., The sharp falling off of destruction south of
the epicenter indiecates that there was no signifieant extension
in that direction.

A rather crude but definite instrumental indication for
gxtension of faulting is furnished by comparison of seismic wave
periods in the prineipal shock with those in the aftershocks.

At Pasadens the main shock was recorded on a strong motion seismow
graph having & period of 10 seconds, critical damping, and a mage
nification of 4. Aftershocks were recorded on a torsion seismoe
graph having substantially the seme constants with the exception
of magnification which was approximately 600. It was clear from
& casual inspection of the seismograms that the principal shock
exhibited much longer periods than those of the aftershocks.
This effect indicates that in the principal shock the fault dis-
placement either took place more slowly than those of the after-
shocks or extended an appreciably greater distance, Since the
first alternative requires the prinecipal shock to have less
energy than the aftershocks it must be assumed thet fault ex-
tension was responsible for the leonger periods,

A more precise method for determining the extent of faulting
can be derived from the mechanism of faulting as given by the
elastic rebound theory. Referring to Fig. 1,4 we nay suppose
that in the neighborhood of a fault, indicated by a dotted line,
a series of perpendicular lines is laid out on the ground at a
time when the region is in an unstrained condition. With the

passing of time, strains are set up and the consequent configu~



ration of the region will be given by Fig. 1,B. 4s the strains
inerease further, there comes a-%ims when the stress at some
point exceeds the cohesive strength of the fault and in consew
gquenge the two fanlt surfaces slide by each other, See Fig. 8.
This initisl movement genserates two seismie waves as shown in
Fig 2, where the outer circle represents the front of a come
pressional wave and the inner cirele represents the fromt of a
slower shear wave,  The immediagte effect of the longitudinal

wave is to increase the existing strains at the neighboring
polints slcng the fault. This effest is evident in Fig. 2 vwhere
the arrows indicate the direction of motion of %the ground pari~
leles in the weve~front of the initial longitudinal wave, Yhen
the additional siress dus to the wave is sulficient to raise

the total stress to the bresking point a wave of faulting is
propagated along the faulit. The fauliing velocliy must necw-
gssarily be less than the longitudinsl wave velocidy, sincee the
wavesfront is not rectangular and in consequence g Tinite tinme

is required for the incremental stress to build up Bo the slipping
value. Sinee the faulting veloeity does not differ greatly from |
the wave velocity, the elementsry waves gonerabed from successive
slipping points are approximately in phase and consequently thelir
effects are cumulative, TUnder such conditions, the incremental
stress generated by the waves may be sufficient o cause the
fault movement to overshoot the equilibrium F&sﬁ%iaﬁ.in the
region of the end point, and thus to leave the strueture in a
state of strain onposite in dirsction to that of the original

tectonie sirain. DBvidence will be given later %o indicaie that



this was the condition following the Long Beach earthquake.

IT the mechenism of faulting just described is correet the
observed events at a glven station may be predicted with the
help of the disgrem in Fig. 3, where E is the epicenter, O is
the observing station, a is the lsngth of the aetive segment
of the fault, b is the distance from the station to the end point
of the fault segment, and A is the distance of the epleenter o
the station. We sssume that the earthqueke begins at T at the
time zZero. A wave of fauliting is generated and proveeds along
the fault with a veloelty Vyp. The Taulting movement will there-
fore arrive at the end point P at a time %y = a/Vp. The shear
wave which iéﬁﬁeﬁerataﬁ at the end point arrives at 0, the
observing station, after an interval %s = b/Vg, from the time
it started, where Vg is the veloeity of chear waves. The total
apperent itravel time of this shear wave is therefors
%y %5 , &/Vp Bb/Vg. Under favorable conditions, this wave may
arrive at the observing siation earlier thap the initial shesary
wave from the epicenter, for although its total path is longer
than that of the direet wave, it has, in effect, travelled part
of the way along the fault as & faulting impulse with a veloslty
which is higher than that of the normal shear wave. hen the
oboerved travel time is less than that of the direct wave,
gquation (1) ecan be used to wvaleulate a, the sxtent of Taulting.
The simplest procedure is to plot the Tamily of ellipses deters
mined by equation {1) on a map of the region using faulting
velogity as a parameter. The interseection of a given =llipse

with the fault gives the eztent of Faulting for the assuned



faulting velocity. The minimun extent of faulting is given by
the ellipse whieh represents a fauliing veloeity equal to V ,
the velocity of longitudinel weves. As the assumed faulting
veloeity is reduced, the corresponding ellipses become smaller
until finally a limiting value is reached at which the ellipse
is just tangent to the fault., With further decrease in faulting
velocity the curves no longer intersect the fault, The limiting
tangent point represents therefore the maximum extent of fault-
ing, TFig. 4 represents a map of the region of the Long Beach
earthguake. The Inglewood fault is indicated by the heavy
dotted line. The ellipse designated with the number 1 is dew=
rived using & Teulting velocity equal to the velocity of longli-
tudinal waves, 5.55 km./sec, The other curves were constructed
nsing faulting veloecities as indicated, The limiting value is
approximately 0.75 V = 4.2 ku/ sec. The corresponding maximum
limit for the extent of faulting is indicated by the large dot
near Signal Hill, Although it is known that the faulting veew
locity is less than the veloecity of longitudinal waves, the pree-
elise value is not given by this method. Conseguently the extent
of faulting is determined only as to upper and lower limits.
However, in the case of the Long Beach earthguake, there is
evidence to indicate that the upper 1limit represents the actual
1imit of fauiting.

The mest relisble evidence comes from observations on alfter-
shoeks. DNecent determinations of epicenters by Dr. Richter have
shown that the aftershocks have been uniformly disiributed

throuchout the length of the segment indieated by the large dots.



This distribution was maintained from the very first hours followe
ing the principal shock. No aftershocks occurred beyond the
segment in either direction. The largest aftershock occurred on
Oectober 2. It was responsible for some minor damege in the
region of North Long Teach. Its epicenter is shown on the map

of Fig, 4. The direction of movement in this shoek as indicated
by the seismograms was opposite thet of the wincipel earthguake,
It is reasonable to believe therefore that during the main earthe
quake, the Tault movement actually overshot the eguilibrium
position and that this large aftershock represented a return to
equilibrium,

Further evidence Tor the extension of fauliing %o the mexi-
mam point is furnished by some cbservetions of Dr. Thomas Clenments
which were published in Seience. He measured the direction of
fall of tombstones in & number of cemeteries located in the des-
truetive region. In general, he found that for a given cemelery,
the stones fell in two favored dirvections at right angles %o
each other. The number which fell in one direection was congids
erably larger than the number which fell in the other direction.
Clement assumed that the epicenter of the sarthguske is given by
the intersection of the directions corresponding to the maximum
number of falls. In other words he assumed that the larger number
of stones was overthrown by longitudinal waves. The epicenter
which he found in this manner was locatsd nesy Compton., It is
common experience, however, that the transverse waves of earth-
guakes exhibit larger amplitudes than the longitudinal waves,

It is to be expected therefore that transverse waves are respon-



sible for the lerger number of falls. On this assumpition Clement's
data glves results in substantial agreement with those given in
the preceding paragraphs,. Clement®™s observations are shown in
Fige. 5. The cireles with the intersecting lines represent, the
five cemeteries which he studied., Lach lins represents the dip=
esction of fall of one or more stones. The thin dotted lines are
drawn at right angles o the more common direction of fall and
represent the azimﬁtns o the source at the various cemeteries

on the assumption that transverse waves ave responsible for the
larger number of falls., It is clear that all bub one of the cene-
teries indicate directions in excellent agreement wiith the resulis
of this paper. 7The one discordant cemetery is loeated on the proe-

jection of the fault and would therefore receive much less senergy

ot

n the iransverse wave form. It ¢an not be expected to indicaie

true direections.
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