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FINAL TECHNICAL REPORT 

During the course of subject contract we have reported on (1) 
design and construction of pressure measuring instrument, and 
auxiUary equipment for Studying earthquake aftershocks. 
Instruments were made for deployment by aircraft and by surface 
.HI,! 1   ^f1«" dnd construction of a vibrating string 
accelerometer instrument which AEC contractors installed on a 
snore cable near Amchitka to monitor earthquakes,  (The shore- 
cable has subsequently failed).  (3) The physical processes 

esuL-te^Tf ?he
ak:S mi^\^n  Sub----  We mLe preliminary estimates of the size of the effect; we surveyed the applicable 

literature, and initiated an important theoretical study of 
seaquake pressures by Dr. Paul Richards. y 

The present report completes work on subject contract with 

cllcu^on" 0H d S^marine Ha^ds Chart.  Although a hazard 
ouJ ti ho  '    ^0nt   exPerimental data on seaquakes may turn 
out to be wrong, it does seem important to produce a tentative 
hazard chart based on earthquake statistics plus the meager stron. 

earthauak^so"0"1 Continental earthquakes, and current models o?8 

Of the 1?W1?WH ^chanisms-  The chart gives statistical estimates 
*Ll       I   .     tu00J  ^hat a submarine will experience a 20% change in 
^ac^rs for'oth^"^ a ^^  Subme^ed operation.  Con^'f^n ractors for other pressure changes are also given. 

A ROUGH HAZARD CHART FOR SUBMARINES IN EARTHQUAKE ZONES 

Abstract 

f^>-, ona „ • ^  ^-"iaj. i, jiaü ueen CdlCUiatea 
nrespntJ fSSUre lnCrease' lastinß ^r  about 1 sec.  Factors are 
presented for converting to other pressures. 

Introduction 

of 2ar?hnn^^  nS1V%llteretUre exists regarding observed effects 
?L^ ?«q^J!? on surface ships (Richter, 1958), (Rossi, 1969), 
'^L6. L1 ^ÜJ! a!?y P,Jbllshed. information on what havens to a 



wore not described, but the actual presüurn excursion wa:. 
probably larger thai) the gauge indicated since the gauge was 
probably overdamped. 

The reason lor the pressure pulse can be described qualitatively 
in simple it_rnis; but an accurate quantitative statement cannot 
be given, even in statistical term,-., because lew accelerograms 
showing, motaon near to earthquakes are available.  Estimates of 
earthquake characteristics made earlier in the contract were 
based on discussions with Dr. James Brune, and on a number of 
theoretical and empirical relations for seismic motions (Aki 
1967, 1968), (Bradner 1962, 1963), (Brune 1968, 1970), (Batn 
and Duda 196U), (Fedosenko and Cherkesov 1968), (Haskell 1969), 
(Kanai 1961), (King and Knopoff 1968), (Newlands 1952), (Press 
1965), (Richards 1971). 

The present estimates are based on engineering tables of expected 
accelerations, areas affected, and other earthquake character- 
istics in a recently published book, Earthquake Engineering 
(Wiegel, 1970).  Though this book provides the primary data tor 
the present hazard calculation, other literature will also be 
cited where it may nave importance in more refined future cal- 
culations of hazard.  The engineering data show a rapid fall-off 
of acceleration with distance, and hence imply that the hazard 
to submarines may be smaller than estimated early in the contract. 

The reader is referred to chapters 1 and 4 of Wiegel for background 
information on earthquake waves in the vicinity of the earthquake 
source, and the character of strong ground motion. 

Strong motion earthquake information is being extended rapidly 
(largely by work out of California Institute of Technology by 
Housner, Hudson, Trifunac and others).  Present results indicate 
that accelerations may frequently be greater than the pred- 
ictions of Wiegel (1970).  The hazard to submarines should be 
reappraised in one i c  two years when a large number of strong 
motion records will have been analyzed. 

Calculation of Hazards Chart 

The calculation involves four1 main parts, (1) The ground accel- 
eration spectrum vs. distance and earthquake magnitude, (2) the 
water pressure vs. depth, acceleration, and oscillation frequency, 
(3) the statistics of earthquake occurrence, (4) the combination 
of the first three parts to produce the hazards estimates.  The 
steps will be discussed in this order. 

The reader is cautioned that the calculations are very rough. 
We feel that the resultant Tentative Hazard Estimates may be 
accurate to a factor of two or three.  They are probably not 
wrong by a factor of five. 



1. ground Accelerationi 

qualitative Armament - Acccloral ion vn. Pre:.r.uro 

When • vertical compressions 1 wave passer. J^jH.^i^J 
element ol fluid effectively inrreases or d«c^*"»i" W!*Sl- 
II  ^portion to Us vertical t^r^-^'aprea^^r^avfer 
thk'nlts^ic weigh"  If the wavelength O? th. compressional 
Jive   Is.reater than the depth of the submarine (a common sit- 
uation inTs'smic wave) then the whole column jf «atJT abOV« 
thP Submarine is acrelerated upward at the same time, and the 
ubmari™ be Tubjected to 'a large increase in compression 
force.  In the numerical example given above, the 1/M f Ye^^^ 
acce^ration would increase the pressure on the submarine by 2 5%. 

Quantitative Argument - Acceleration 

The increase of pressure on a submarine at any depth could be 
a c™dSif kl  earthquake acceleration ^UK^I^^ 

were known.  Ilousner (in Wiegel, chap. 4) discusses fisting 
^asurements of strong motion ground ^celeration and describes 
the accelerations qualitatively in terms of the earthquake mag 
nitude, fault slip dimensions, and distance. 

In Table U.3 of Wiegel, Housner tabulates ^^J^f^J^. 

ground accelerations and ff^^^^^rirSs"  pip r! S^usner 
This table is reproduced as Table I of ^e preseni g'^     with 
states, "Although the maximum ground accelerations dec'e*se "^ 
distance from tL causative fault, the rate of^creasj is rel- 
atively -all over a ^stance comparable to the vertical 

^ra^n^ 

San Fernando Earthquake indicate that Housner's data are on the 
loC side   More data are clearly needed.  We used Wiegel (1970) 
Charon'preparing the haZards, since that was the ^^ complete 
engineering appraisal of strong motion earthquakes available at 

the time. 

Table 4 4 of Wiege], Housner shows the area in thousands of 
Square ^iles that w^uld experience a given [--^.f ^  " 
Nation, for various magnitudes of ef thclufe " T Jh^ ' • ^de 
reproduced as Table II of the present paper  ™emagnitude 
entries are interpreted according to our Note 1 on Table 11. 

Housner also displays some observed ^^^^^^^f^1" ectrum 
Chapter 4, and discusses qualitatively the shape ^ ^ ^™ 

K   i ■      ,. ^F «^vi-t-bnu^Wp   Tn section 4.b, Housner stctLca, Prtt-i u«riinns sizes or earunquar-e.  in D«I«.V.J.>. n  • , 
"Although there is not a rich supply of recorded ground accel- 



■ •ration:-, ol destructive SArthqudkesi thon Art tnough pecordingi 
to iri'lio.itf )',<'n<>rvi J trends relAto-l in  m.i^ni tml^, dittMice fron 
faulti etc«  [dealized earthquake ground motions r.m then bo 
described that will portray t ho rmoraJ ■h^ractnisiics ol th« 
earthquake probUnn, • n .1 [<rot).it)i 1 i t •/ r.ens«'.  The recorded ground 
accelerations hav»1 been obtained mostly on relatively fina deep 
alluvium, so that the Idealized earthquakes described In the 
following paragraphs are representative ol ground motions on 
such groundt  Actual ground motionr-., ol course, may devi.tte 1 rom 
the idealised motion:-.." 

Bolt (in Wi^v'l, Se<'t. l.O shows that 1 Low-rigidity surface 
layer can increase the amplitude of ground motion by a large 
factor.  He calculates as an example that a 100 meter thick 
layer1 of alluvium over-lying shale bedrock will increase the^ 
amplitudt of a 3Hr. compressiona 1 v;ave by a factor of about five. 
Bruno (personal communication) notes that the situation Ls com- 
plicated further by the question of whether the oeean bottom in 
a particular earthquake is immediately against the faulting rock 
or Ls separated from it. 

Although Housner states that the Largest acceleration recorded 
in the United States during an earthquake of large magnitude 
was 0.33 g, accelerations in the order ol 1 g have been observed 
in other earthquakes; and, in fact, an acceleration ol 1.2 5 g 
was measured during the 19?1 San Fernando earthquake (Jennings, 
1G70) after Housner's chapter was published.  Comparative data 
on several large earthquake accelerations are presented in Table 
III (Data abstracted from Table U, p. 135, ot Jennings). 

A number of attempts have been made to develop empirical or 
theoretical descriptions of earthquake motion.  Kanai (1961) 
presented an empirical formula for the spectrum of strong earth- 
quake motions, taking into account a surface layer over a semi- 
infinite medium.  He assumed that the spectrum of ground velocity 
without the surface layer1 is constant between about lOHz and a 
lower limit that depends on the earthquake magnitude«  Aki (1967) 
assumed a flat spectrum of ground acceleration, in developing a 
scaling law of seismic spectrum for distant earthquakes.  Brune 
(1970) describes near and far field displacement-time functions 
and spectra by considering a simple dislocation node] of earth- 
quakes.  The theory implies a flat acceleration spectrum for 
periods shorter than a characteristic time  1  which is the 
order of the dimension of the fault break divide! by the shear 
wave velocity.  Brune (private communication) indicates that 
the spectrum can be taken as having an upper1 limit cut-off 
about 10Hz.  Bruno's theory seems to be generally accepted as 
giving an adequate description ot earthquake motion, when attenu- 
ation due to spreading and dissipation is taken into account. 
The dissipation (Q approx. 200) causes actual earthquake accel- 
eration spectra to be peaked, except at locations very close to 
the source.  This point will be discussed later, in considering 
the effect of acceleration spectrum on the change of pressure vs. 
depth. 



In a rrmarkabli' j"«i'«r, Richanlr. (I*»71) has developed .i thfoiet- 
i.al oxpression for the presr.tir»' tliHt will l>»' produced by a 
larfje class of r.^^Thqudk•, fault rupturta under the ocean.  Hi 
treatment is • •. i » t i i solid boundary und'-r a fluid halt space. 
He has calculatcl th.it th« maximurr. prstturt pulM on a deep r.ub- 
marine, from a rupture .icoorlin» I  Hrune's model, will be 
equivalent to a d»pth InorMM ot f>^0 f-.  This maximum pressure 
can b*» produced by moderate-si •  • irthquake:;, since according, 
to Hrune'". model, tti^ energy :■ ••  • per unit ar'»a of fault 
rupture is nearly constant.  Lftrgl oarthquakes imply the rupture 
oj lat,'- : iult trMti and, th-r.•:!••, will produce the pressure 
over lan'.e regions of the ocean.  Richarl ' theory can be ex- 
tendo.l to Lncludfl the case ol • ubmariti' (.• ir th" w.ti«r url.v . 

2,  Water i ressure Due to a .a'ir.mic Wave 

Consider a ver t i il i ane wave 'i  tv*-ling through the water and 
reflect inr tron a :-mooth ait-wat<'r interface.  In steady state, 
the acceleration at any point in Cha witer can be written as 
tha sum of the upward and downward waves, 

" = -j2 A cos (.t-Mj) ♦ .• A cos (wt ♦ kh) 

= ?u»? A    (.♦) eoa (^ ) 

Thi       m be raifrittan I   tha  aurface acceleration • o 

<» = u0 cos (kh) 

The pressure at any depth, h,  irs l'v  viewed as the wei/.ht ol the 
:olumn of fluid ifovf h.  Upwar ; ■ • . •  ion of an element of 

:v and    Lty o la »^x» tlv aquivalant to an increase 
cipdv  'f it. wei.l.» .  Henrp th^ ; lanr- WT.T wi.l produce a 
pressure Ap at ■ lepth h, 

Ih 

Ap  ■        pa th 
Mi = 0 

=  puo sin(kh) • 

The hydi     I itic pra   tura at    h    i-     , 

Ap/p    =     i     Ln(kh)/Kkh o 

: fi. r..>dr the f:ut t i •■, thr f« i •; nil ir. raaaa in pressure is 
aqual to the fractional g accalaration« At rr^ater depths 
tho effect is raducad bv th*» factor Fin(kn)/K,h. 



i'i   r.i«- WIVIT. will   (i av« i   tn'.u-lv  vitii.lv   iii   t h<-  ocean  l-t    i i-■ 
of the ptfraeti •> pi   !<*<<: s-v tM  IMI%V  li! I-M • n-«• in lound ve- 
Lo  i^v in witri    »s. ticcan bolt im t .    Tfi«- »Ml«, t  of   thil   non- 
ver'ti.il  .nmpoiHMit,  mi  •!.•   «::•   i    •:     • i nurfacf rourjm«-:..     u. 
both h«- shown to b« r.mull.    Pooutini effects ol   '.: lividudl ««rth« 
qudk(*£ l>y ocean-hot torn inhomof.<>n<'it icb may L>-  lar^.c,  hut   ir«- not 
thought   to chatu*,«'  t!..-     tritii.r.   <•-.vl-,   i« n    -I   'il.  BtuJy very 
much. 

The  Bh.ijn«    !   • ti.   tseismic spectrun  will   i: :•'«-♦   tin   itopth   »t  which 
in(KI.)/Kh    term b«Cf»mr .  imp. r t.it.t.     If   Mrune's  I lit   BCC«1- 

eration spe-trun. with  10 Hs hii'h  FrffquMlcy cut-'>I : .     .-..•  ., 

without dissipation,  ti.rn thfl   :orr«cti<m factor of   -p    sit 
ippr Kiaat«ly 0.«»   for a  pubmit it.-    il   100  ft.   d^ptJu     How.      •. 
ac";ti  observe'  tartl . »aki-   i    I  tl   'ion 8p»-tf i  arc not   Jlat. 
The spectrum of th«  1971 '„jn !•      .        • •!,!.l.»r.   (J«nningt|  ;.   18) 
wan i •• iK«d  sharply betwr.T.  ..'    in'     .     Hz«     AiT.   ,   :    .:   out  of   th<' 

ix 'n    hown  in Wieg«>l, pp.  PS--• WM •   peak«       I   •; "..  tMt«M«n 
abou«        in. k Hz.    The tisa     :   Ui«'  p:.      .«.••...      • :•.    :^pth 
from such ■]     tra will only ba raducad 2n\,       .:   .   ;v    ;. w      ii- 
cul f ilues of  '•.in(kh)/Kh  It    i n imber     •   r ntativi     :■ ; ths 

• :. :   • rcqu**ncies,     *:i  tl.«-   U ..on- >■     f HOI ■ .   :       - ; •    • i   :. 
ol  0,9 will   be arbitrarily ado; •    : ..•:•:..      in the 

• i.- ir i calculation. 

I«     Earth^'iake     tat ist ic« 

The pround ac«    LaratJ :.own in  : i: .• imply -.ht* 
shallow ■• r • of »er nagnitudt   ••     i:. I a:   .•••.•;■ 

•. •.     Cr.        ».-nituJe will  hereartr:   :• »ed as Mg^j.) 
' i.. • . . i ■       :  Mgnituda batweai     ■'. ". ^    I »    tiso 

give largi ;.•     «    ■ ."tations to present   . hasai I   »ut  tc   ..  - 

list •••..!•• ; : -     • .   . "udc   in! 
Ion*?!* .      Lfitai   ..        i   u.e Worl ll    ".;     (BaraxangJ 
u : Dorman,  1969) ha    :   an used to find the r.uml • :    »I   ihall 
tarthquakaf ir. ea •   lo-dep.re« square    •   Latitude   md Icmgitudi 
duri-      i    •   •:-.   ii   pari   ..    Doraan (j-t     : i. »tion) 

i"      that tihil«   •l'    lapthf and lo   itJ ufficiantly 
accurata« th< tatiatic i canr.  •   I      ..: erred accurately 

•.••?,•• widely spac i* .   n .t.iti  r.   . 
• • .   ■ •     ;  earthquak« . .       : . .   •      :<••• i >  n 

ralativa nui .. •        ••     in the 10*dagra<     ^uaraa« 
• .• ' . • • r.        : : •    •      ,    r   ;   •        - i   : . •     .•     1 i   • t i- 

, has been i linf '    tha Gutenl        and Richtai 
;urat (196S) for woi •      nunbai hallow parth- 

(uakt   ,   (Tabla  V),    Th«*v    I   -   .       irly tiuml^r     :   "»I;] shallow 



piwd with 7l,Tl.i in ihr       t tor tlMi Itorid tolMirity 
.. ,,..   \iffret\r   i      •   •»•:   J.   i-    hi.   ■     ■'   M  MTj   - 
,.,>..   th4t ma BUMö b) "■    - »; u» ;•    ••-'•.    .'  •«»»*»• 

4s«umoa thit  th^ tru# ^ort-       I »iu»b#r of rarth^uoko of 
in 4 lO-d»i?r«»* tqu«r# it ■.»,«♦ I//1,7t0 11»*% '»»-  Hr^d nurt^r, 
.   • further,  thai  xh* " . » nuot^r *>t #«rthqu«Ui 

M7  - M-  .   It  70.7/21,710  t iwr*   Ut»  ll»l-l liu^«r O« ««rth^UAK«« 

M > u  (S#« Tahl- V). 

Gutenberg and Hi-'htrr give -an r«| lr£«.il «»qii4t Ion for »hr world- 
wide yearly numt«»r of shallow nhockt. The preaant »tudy uae* 
a slightly different relation for th*» nu«h»r n of earthquakaa 
pT unit iMRnitudr: 

In n «  17.8!» - 7.OS M 

which fits the region above M. v^rv well, a« shown in coluon 3 
of Table V. 

The total yearly number of shocks in any Mgnitude interval 
M^ - Mb will th*»n be     « 

N   • ei>.es - 2.0iMdH 
'   a 

This empirical relation has been used to . i. .»ate the relative 
numbers of shocks in th*» hall-marnltude ranp<»3 of Table II. 
Tdblp VI r.hows the result of multiplying thete relative numbers 
of shocks by the areas affected, and thus is indicative of the 
relative probability that an area will experience a given accel- 
eration during a year. Mote for each level of acceleration, 
that the contributions from the different magnitude earthquakes 
are quite similar. 

The last two columns of Table VI rh^w the ratio of total area 
affected by all earthquakes to the area affe-ted by earthquakes 
of M7 - M7 5 and by earthquakes of Me - M8 b, respectively. 

u.  Hazard fr-tinules 

Hazard charts are present"! ir. rirur«  i md 2. These are the 
Barazanp,i and Dorman (196J, 1970) rhart- overlaid witn numbers 
that show the calculated percent probability that a submarine 
will experience a 20% pressure change during one year of submerged 
operation in seismic regions lha» are shown as dense areas of dots. 
Regions of less than l/2\ probaMlity are not marked. 

The Barazangi md Dorman seisrr.iriiv huts are based on a seven- 
year length ol observations; and tnarafOPt are not truly represen- 



KlJv* of lone-i-i« stfiMirlty in BOM p<irtf. ol »h.- wori i.  !(..• 
«•Uni< . •Ivily *pit—ru  4ttoiMl<> i .ly high «rom. i u,. weHU.n 

»h# AIeuiJ4n ••hail» b«c«u.i#» of th.« Pdi . . .1.1 earthqiMk« . 
rh» long t#r« ••isaic activity jruunü Japan may h« roughly a 
faitor of thiw hl^h. r tr-m h wi  Jwi in»: ih« 1961-1907 Mrlod. 
Th« activity ar^-ml ChU# »  fiortad to he  sporadi^aHy high. 
t#ith «xtamtod qulc» period! .  i ^1-1967 wa-, .1 qui^t j. 1 i |, 

■ttouaptiont aada in ealculatini' thr oharl are listed briefly 

») The worl -    .umber o:   ..low «vir t huuakes is corractlv 
flv#n by Cvtanbarg and Richter (1^6S). 

magnitul« liMritutlor rverywh.-rp follows th**  rel- 
ation,  In n B 17.8S - 7,05 M. 

1) The Harazangi-Doman (iJtn, 1070) I .: ..uions ot  aarth- 
luaKe« are valid in location and Jnpth, bul not in mapnitide or 
tal number.  Many earthquakes of M,.  u  M.  wfre omitted. 

*•)    The bata.Mn»!i-Dorm«n ■hallOM oarthqudk« dittrlbution 
idtitude-1 mgituda rcgio».   ir. bt  '-rrrcted by applyine 

(1) in! C) to thr». r    rr J    m 

The area eovarad by grojn«! acrelorritions ot diffarant 
percentages of       r'.>rro. tly givan l.y Housner (in Wiepel, 
lt?0),  ("ee discussion below). 

fi) The relative total araat ai•  tad al liffarant levels 
of »»roun'l acceleration can be obtained by ••ombinine (2) and 
(^), to get Table VI. 

7) The total area affected at any one Itvci of found accel- 
• ." on can be found by calculating xho  actual area affected by 

•Mithquakes of M7 tc M7tI.$ in-; Mltipiying by Ch« appropriate 

ratio factor in Table V!. The taM procedure win work with 
earthquakes of Mg to M8#5, but with probablv less accuracy. 

8) Tn.-  ibaarina win  pcrian s an effective fractional 
change m depth *»qual to 801 of the Ira. tionaJ a    acceleration. 
(See discussion bMow). 

The probability ol experiencing IU h 1 pressure pulse is 
■». to the ratio of a::- ted irea to the 0 eanic irea of hiah 

seiimicity in the 10° latit ide*longi1 tde region, 

10) The hazard is taken to be the probability that a sub- 
■•:.••: submarine will experien. •• ,it Leaat 20* increase in pressure 
•' some time during one year ol submerged operation in the 
immediate region of high •   •• :  activity. 

ID An area of high saismj Ity is considered to be a region 



with • concentration oi earthquake epicenter dots on the chart. 
Operation 100 miles outside a well defined area oi high seis- 
micity will recuce the hazard to a negligible value.  (Gee 
discussion below). 

12) The hazards of other values of pressure increase can 
be calculated by multiplying M. entries in Table II by Table VI. 

o 

13) The probability of a 201 pressure increase in any 10 
latitude-longitude square will be taken as 

Hazard = TNKArf cos L 
FS 

where    T  is time of submerged operations (in years) 

N  is uncorrected number of earthquakes of 0-100 km 
depth per seven years in 10° latitude-longitude 
zone; from Barazangi and Dorman.  (See assumption 3). 

K  is correction factor for converting  N  to the true 
number of M7 - M7<5 earthquakes.  (Taken as 70.7/ 

21,780.  See discussion below). 

A  is area that will experience an acceleration of 
> 0.2 5g from an earthquake of M7 - M7 g,  (See 
Table II and assumption 5). 

is ratio of total area affected by all earthquakes, 
to area affected by earthquakes of M7 - M,^. (See 
Table VI and assumption 6). 

f  is fraction of seismic events of 10° zone that occur 
in the ocean. 

F  is fraction ot 10° zone that shows seismic activity. 
(See assumption 11, and discussion below). 

L  is latitude of the zone (for calculating its area). 

S  is area of 10° latitude-longitude zone at equator. 

c    Discussion ol Factors Used in Hazards Calculation 
(Assumptions 5, 8, 11 and 12) 

Groun 1 Acceleration  (Assumption b) 

Table II has been used for ground acceleration in this hazards 
estimate.  It is thought to present reasonable values for_ 
expected accelerations from undersea earthquakes, though it 

r 



■loos not .-how the highest acceler 
e lerat ions me« 
5g) and the 1< 

large as extra- 

:ight occur.  Note 
casured in the 
1940 El Centre 
S 1 a r P P ^ Q o v +- 

aoea not .how the highest accelerations thai mi 

97l"^" "' "'f the  hi8he", acceleratioh Z 

earthquake (0.33g) were at least rive times as 
polataons oi Table II wuuM lead om. to expe«. 

^n^l^iiS^^M^UiL^^ (Assumption 8) 

the   correril™   T^t  for^   ^ ^   ^  P""!'   -P^sizei   that 

^Ätra^^i€f L "s-rL--^^ 
estimate^o? presste ^ ^"t^^s^^f in ^p^ÄS. 

Region Of High Seismle-t.ty  (Assumption UJ 

The fraction of seismic eventH In > mO , 
the ocean and the fraction  ^^ * o'.^l^lT^ ■ ^ ■    ■ 
were both estimated hv lnnk-in.  + i!  •;clUdr( Wlth high seismicity 
Dorman World Jap of epicente?f at ^nlT'"?0^  ^^^  and 
the highly seismic zoniw-c«! fL  2° ^ depth'  The edg« of 
number of epicenters Serun^^id€Jed Lc be reached whe^ ^he 
concentration insiSe the zone  ?h ^^ t0  about 1A of' th«^ 
in a 10° square aJe snhLn?       .' estimates of active zone area 

factor of ^In-^^:;^-1^^:-   ^^ ^ « 

Istim^^d in ^fimiuriai'^ Jf1^" ab?Ve 700 N-th — Arctic map.    Slm11« «»Y from the Barazangi and Dorman (1970) 

^I^abiUt^^ (A,sumption ^ 

SL^^im^ ^ SherC^^u^^frea ^^^^ ^l1—: 

last co?umn of Table VI  T.r        appropriate entry from the 
to give the foil w np  nr-J  •   ^ltnU' ValUeS have bcen normalized 
efft=tivrLp?J

1chin|es0?h:n2
i?S:faCt0r8 f0r haZard 0f di"««nt 

in 



To find hazard of 12% pressure increase, multiply chart figures by b.U 

11 it     it "2 0%     "       " "       "      " " 1 

ti ii     ii "  ? U % "       " "       "      " " 0 '+ 5 

it II     II "  0 8"' "       " "       "      " " 0 ] 8 

II II     II "32 %     "       " "       "      " " Ü. UM 

Hrune's theory would imply a less rapid fall-off ol acceleration 
with distance.  For conservatism the last entry should be increased 
to 0.1 or 0.2 instead of O.OU. 
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5.0 

5.5 

6.0 

TABLE I 

MAXIMUM GROUND ACCELERATIONS AND 

DURATIONS OF STRONG PHASE OF SHAKING 

Peak acceleration 

Magnitude {%  g)      Duration of strong motion (sec) 

Q ? 

15 6 

27 12 

6.6 2" 1P' 

7.0 37 2U 

7,5 45 30 

8.0 50 W 

8.5 50 37 

H 



TABLE II 

AREA IN 1000 mi2 COVERED BY GROUND ACCELERATION {%  g) 

jration 

M(" 

Accel« s.o 5.5 6.0 6,5 7.C 7.5 8.0 

> 5 0.4 1.6 3.6 6,8 13. 28. 56. 

1 10 0.6 1.6 3.6 7.6 1U, 32. 

>_ lb 0.6 2.0 U.U 9.6 21, 

> 20 0.9 2.5 6.0 1U. 

> 2b 1.3 u.o 10. 

> 30 0.25 2.0 6.4 

> 3b 

UO 

0.6 u.O 

1.2 

Note (1)  M 7.0  is taken to mean the magnitude range  7 - 7.5, etc, 
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TABLE III 

Peak 

Acceleration 

Earthquake Magnitude 

6.1 

Distance, 

5 

km G 

San Pamando 1971 ].2rj 

Ll C(!r.t.ro 1940 f..1* 10 0.33 

ParKH.-ld 1966 5,5 0.2 0.^5 

Koyna, India b- (..3 5 0.63 

TABLE IV 

CALCULATED | ^-i-—) i CORRECTION VALUES 
c I 

FOR VARIOUS DEPTHS AND SEISMIC WAVE FREQUENCIES 

Depth (feet) 

1 

Frequency (Hz) 

2 3 M 

200 1 1 0.9 0.8 

bOO 1 0.8 0.5 0.2 

1000 0.7 0. 2'"' 0. 2* 0.2 

"The first zpi o of - 'n * —^ occurs Lfetweon 2 and 3 Hs , at a d«pth 
r. n 

of 1000 ft.  It lie:; beyond u Kz at 500 tt depth. 
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TABLE V 

FREQUENCY OF OCCURRENCE OF SHALLOW EARTHQUAKES 

Magnitude Range 

3   -   4 l4(, 

jMvjv,rs   per   yj 

,000 

H  -   5 G ,200 

6  -  6 
SCO 

o   -   7 
108 

7-7. 8 
13 

3/'t-   H. 7 
2.2 

Calculated 

Number0 ) 

50,000 

6,500 

800 

106 

13 

3.3 

7 -  7.5 
10.1 

(1)  Nuafcr ol   shocks  has  l.en  calculate by   th. ««pirlcal  relation 

In n =    17.85 -  2.05 M. 

this  differs from Qttt«^, and Wcht.r». relation but fits their t«buUt«J 

values Letter. 

TABLE VI 

RELATIVE TOTAL AREAS AFFECTED BY EARTHQUAKES DURING 7-YEAR PERIOD (J) 

Accelerat ion 

% of ^ 

_ 15 

- 20 

— . 

- 30 

- 

L40 

ilagnitude (2) 
Ratio Of Ratio of 

6.5       7 .4 total to r:7 total  to M 

B       5.(       u.-i 3.u 2.7 4.7 

8 

8.C 

2.5       2.5 i.e 3.6 5.3 

1.3 l.H 1.3 3.1 3.1 

0.. 5 0.7 0.82 7.1 2.15 

0,2: O.M 

0. ] ', 

  1.4 

1 

H) Normalized to a value of 2.1 for D > ,. i 
'or ( celeratlon fro« M7 quake, 

(2) Mafnitud« 7 „«an« ln th, ^pnItude 

17 



Fig 1 

Fig 2 

ear 

Earthquake Hazards Chart 

Calculated probability that submarine „ill experience 

20% pressure change during one year of submerged opor 

ation.  Calculation, are based on world-wide seismic 

network observations tor 1961-1967.  The 23% value n 

the western tip of the Aleutian chain is anomalously 

hign because of the Kat Island series of earthquakes. 

The 2% and 3l  values near Chile and Japan are anoma- 

lously low compared with long-term observations in those 

regions. 

JarthaMgJiiZjrds Chart - Arctic Region 

Calculated probability that submarine will experience 

20% pressure change during one year of submerged oper- 

ation. 
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