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Seismic Hazards Studies for
Minuteman Missile Wings

I. INTRODUCTION

On 28 March 1975, an earthquake of magnitude 6. 1 mb occurred in the

Pocatello Valley of southeastern Idaho. Although located nearly 700 km east of

the earthquake epicenter and well outside of the limits of the felt area for this

event, the 90th Strategic Missile Wing, located at F. E. Warren AFB, experienced

significant operational status changes as a result of the seismic motions generated

by this event. This situation indicated the need for an examination of the seismic

hazard for each of the Minuteman Missile Wings. This report discusses the

seismic hazard evaluations conducted for the six Minuteman Wings located at

Malstrom, Ellsworth, Minot, Whiteman, F. E. Warren and Grand Forks Air Force

Bases (Figure 1). For each of these facilities, annual risk curves for intensity

and peak acceleration, velocity, and displacement are presented. The uncertain-

ties which effect these evaluations are discussed and horizontal design response

spectra based on these curves are given. Finally, a brief discussion of the local

seismic history for each wing is presented.

(Received for publication 9 September 1980)
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Figure 1. Mvap of the North Central United States Showing
the Location of the Six Mlinuteman Wings Studied in T'his
Report

2. SEISMIC HAZARD ANALYSIS

2.1 Seismici Haizard Estimaition

Seismic hazard analysis can be approached in two ways; using either deter -

minis tic or probabilistic mtethods. Deterministic analyvsis relies onl thet detailed

know ledge of earthquake faults inl the vicinityv of site of inte rest. Lu or each fault,

-a maximum credible earthquake is estimated andi the resultingl, groutnd mot ioti it

the site ot interest, using conservative assunmptions, are estimatedl or each olf

these;( ivenlts. Th'lis method )r'ovides an uipper- bound estimate for thet Qromtll motiml

at thet site ot interest with no colsideraiori of the frequetncy of' occur1rence .I ,

probabilistic approach uses thle historical seismlicity inl thle vicinlity ol Ill h

g en crate statis-tical es timates of future activity. Probabilistic es timlat sc2' 'to.11 I

mnotio~n at the site, can then btw catllated t-mil this infon)Ilation. 'I h .1t" 1

approach requi les' geto~nik fiet Studies, %%hich art, typically tlot ii l

rezinseam netl in this report. I-or this reason otvL% thlt prohalti Iti

w as a ppl[ied in)I t ev Ivt I I 1 ofCS eismic haIards to17it( -! tin' 1-tissl S ii ill-,'

lovI[oilli1it W :1 statistic-il l t 1tin A-ist1i -tiitv ill a I--in0 itnu01til tin'

sito of in1tert. Ising his4tor-cid ,Ar-tli-jitake &tii tris )!iimicottated siii-t

to ....



activity or common tectonic setting, known as seismic source regions, are iden-

tified and delineated. All activity outside of these regions is treated as a unit

called the background activity. As there is no geophysical basis for limiting the

location of the background activity, these events are assumed to occur with equal

probability throughout the area with the exception of the specified source regions.

It should be noted that the lack of sufficient geological studies, imprecise

epicenter location, and incomplete earthquake reporting make the boundaries of

all source regions somewhat arbitrary. For source regions at large- distances

from the site of interest, the effects of this uncertainty are negligible. As the

site-to-source distance becomes small, however, this problem can introduce sig-

nificant variabilitv into the seismic hazard estimation.
F:or each of the defined source zones and the backgroLInd, etimates of the level

of seismic activity were made by fitting the standard recurrence function

log (N) A - bll (1)

where

N = the number of events per year of magnitude 1\1 or greater,

a nd

A and b = the regression parameters.

Prior to evaluation of the recurrence curve pa rameters, the earthquake catallogue

for each source region was evaluated for temporal stability using a method developed
2

by Stepp. 2Where required to obtain stability, appropriate procedures were applied

to the earthquake catalogues. These involved the editing of the data ,.-!,r selected

time windows for different magnitude ranges to produce stable estimates of re-

currence periods within each magnitude range.

The uncertainties associated with the seismicity study are impossible to deter-
mine. X\ hile the stand.i rd error of fitting for the parameters of Eq. (1) to the dait ,

can be determined easily, this is only one source of potential error. Studies of

the seismicity of regions with long historic eatihquake records, such as China and

1. Richter, C. (1958) l' lementarv Scismology, \ i 1. 1 reeman and to.
San F rancisco, (A.

2. Stepp, J. (1972) Analysis of completeness ofthe earthquake sample mthe I'uget
Sound area and its effect on statistical esti mates of ea rthquakc hi,iz,,rds,
Proceedings of the International Conference on Microzonation f(: Sf
Construction Research and Application, Seattle, WA.
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the Middle East. indicate that the relatively short historic record in the United

States is probably not adequate to provide a complete description of the seismic

activity. 3'4 These studies have shown that the level and location of seismic

activity can vary over periods longer than that of the historic record in North

America. Apparentlv inactive faults can ret urn to activitv nd active regions be -

come quiescent. One prominent example of the former case is the San Fernando

Earthquake of 197 1 which occurred on a fault which appeared to be inactive. The

uncertainty associated with this condition is indeterminant but could be expected

to affect both the source regions bounds and recurrence curves used in the risk

analysis.

A maximum magnitude earthquake for each source region was also evaluated

as part of the seismicity studies. The magnitude of this event was typically deter-

mined by adding 0. 5 magnitude units to the largest event recorded within the source

area and then rounding up to the next higher integral or half magnitude value. This

value was used as the upper limit earthquake in the probability calculations. While

the method is arbitrary, it is not usually critical to the final risk estimation because

the inter-occurrence periodsofthese events are typically much longer than the

lowest level of risk examined, and contribute only slightly to the estimation of

ground motion at the site of interest.

For each base examined in this report, the seismic activity within 1000 km of

the site was used in the seismicity study. The source of the historical earthquake

data was the National Oceanic and Atmospheric Administration Earthquake Data
5

File. This file covers earthquake activity in the United States from 1683 to 1978

but with varying degrees of completeness. Prior to 1899 this listing is restricted

to earthquakes of epicentral intensity V or greater. For earthquakes of magnitudes

5.0 rnb or greater, completeness is reached in the early 20th century for the areas

studied in this report. Apparent stability exists for the range of 4.0 to 5. 0 mb in

the early 1960's with the advent of the \orld Wide Standard Seismograph Network

(WWSSN). In general, seismic activity below magnitude 4. 0 mb is reported only

erratically. The accuracy of epicenter determinations is several tenths of a degree

in most cases.

3. McGuire, R. (19;9) Adequacy of simple probability models for calculating felt
shaking hazard using the Chinese earthquake catalog, Bull. Seism. Soc. Am.

:877-892.

4. Quittmeyer, 1. , and Jacob, K. (1979) Historical and modern seismicitv of
south-central Asia, Bull. Seism. Soc. Am. 69:773-823.

5. Meye rs, if. , and von Hake, C. (19i6) Earthquake Data File Suninary,
National Geophysical and Solar-Terrestrial Data (enter Report KG tD-5.
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2.3 Ground Motion Attenuation

To relate the temporal and spatial properties of seismic activity to ground

motion at the site of interest, it is necessary to have a means of predicting ground

motion at the site as a function of arthquake magnitude and epicentral distance.

Numerous empirical ground motion attenuation functions have been developed for

this purpose. A typical equation has the functional form:

In gs = I + a 2 1N - a31n ( 1 + 1o (2)

it, hre

gs = the site ground motion,

\ = causative event magnitude,

11 = epicentral distance,

H a distance factor commonly set to zero or 25 km,

,nd

a2, 13 = empirically derived constants.

The groun_ motion descriptor, gs. is usually peak site acceleration, velocity, or

displacement; though other parameters have been used.

Virtually all of the available attenuation functions have one significant deficiency.

They have been derived on the basis of data primarily from Southern California

earthquakes. The ground motion attenuation in this region is not thought to be

typical of the rest of the United States. For this reason, these equations can not

be applied blindly outside of California.

To overcome this problem, two different paths were followed to obtain ground

motion estimates at the various wings. The first of these was to use Modified

Alercalli intensity (Table I) as the ground motion descriptor. As attenuation curves

for intensity can be derived on the basis of historical, non-instrumental earthquake

records, they are generally available for all of the United States. The difficulty

with this approach is the subsequent conversion from intensity to ground motion des-

criptors of engineering significance. As the intensity scale was based on subjective

and coarse gradations, wide ranges of acceleration, velocity, and displacement

have been observed for each intensity level 6 (Figure 2). The conversion from site

6. Trifunac, M., and Brady, A. (1975) (n the correlation of seismic intensity
scales with peaks of recorded strong ground motion, Bull. Seism. Soc. Am.
65: 139-162.
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i tt el ijty to jplak OkcelIe rat ion., %'('IoitV, a aid dis pI: icemient ce c an:! cl .,ing the

relationships derived by Trifunac and Brady'. 6Spcfaly

log A 1 l -0. 014 + 0. 301 mm (3)

log V1  -0.63 + 0. 251 M (4)

and

log D1 = 1. 13 + 0.241~ mm(5

where

A II VH' DH, = peak horizontal acceleration, velocity, and displacement
respectively, and

I ni = the site Modified Mlercalli intensity.

These relations were explicitly derived over the range of intensities from IV to X

but haive been assumed to apply over the full twelve-point range of the scale for the

purposes of this report. It should also he noted that the use of other empirical

relations can produce different ground motion levels.

The second approach that was used to develop the seismic risk estimates wAas

to attempt to derive regionally modified peak ground motion aittenuaition functions

for the aireas being studied. Only for acceleration was this procedure Successful.

A description of the method used for regional modificaition of pealk acceleraitioni

attenuation functions is given in Appendix A. Thel( results of this ;inalvsis ind]icate'

that only in the case of Wing IV, \\hitemanl AFB' 1, MS souri, IS thle regional aitt(enua -

tion so diffe rent from that in California ais to req ui rk' al aftt rnai n fumnction at her

than an empirical,* California data baised equaition. Since tlhe coliiplet loll of this

studY, several useful suggestions to imprlove tilie liodifieat ion 5 chlieui eof Appeuildix A\

haive been received (N uttli, persona' coalmmunicatioln, 198l0). Thel( p riaicq l ,ffec(t

of these changes would he to alter the flea i'-field accele rationl (St inliates fore the

Cent ral United States attenuatiion function. Th le ha If estime n f 151 ll of the Sites

except %khitenian AlF13 are not expected to he aiffected. 1' Iliia ilia r. results suggest

Iredaction of the estimated seismic risk att \% hiteinin Al I a 1IO%%keverI, thle degiee

Of ehinge is unce rtain. At the pre sent t' nie, the iaod ificaitions aire ht iig inco rpora -

ted into the technique aind ai new Central United Staites afttcuoti P n functio~n eVa 1hat od.

After this has been completed the seismiic hazlaid A ik hit e no: ii AF %%t ill , re -

evaluatedl arid, if significant changes Iresult, the ne a' risk e stiitt' w,%ill he proc-

senter iat a later date.
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Table 1. Modified Alercalli Intensity Scale of 1931

1. Not felt except by a very few under VIII. Damage slight in specially
specially-variable circumstances, designated structures; con-

(I Rosse-Forel scale. ) siderable in ordinary sub-
II. Felt only by a few persons at rest, stantial buildings with partial

especially on upper floors of collapse; great in poorly built
buildings. Delicately suspended structures. Panel walls thrown

objects may swing. (ito 1I out of frame structures. Fall
Rossi-Forel scale. ) of chinmeys, factory stacks,

Iii. Felt quite noticeably indoors, columns, monuments, walls.

especially on' upper floors of Heavy furniture overturned.
buildings, but many people do not Sand and mud ejected in small
recognize it as an earthquake, amounts. Changes in well
Standing motorcars may rock water. Persons driving
slightly. Duration estimates, motorcars disturbed. (VIII+

(111 Rossi-Forel scale. ) to LX- Rossi-Forel scale. )

IV. lDuring the day felt indoors by many, LX. Damage considerable in speciallY
outdoors by few. At night some designed structures; well-
ziw.kened. Dishes, windows, designed frame structures
doors disturbed; walls make thrown out of plumb; great in
creaking sound. Sensation like substantial buildings, with
heavv truck striking building, partial collapse. Buildings

Standing motorcars rocked shifted off foundations.
noticeably. (IV to V Hossi-Forel Ground cracked conspicuously.
scale. ) Underground pipes broken.

V. Felt by nearly everyone, many (MN,+ Rossi-Forel scale. )
awakened. Some dishes, windows, X. Some well-built wooden struc-

etc. , broken; a few instances of tures destroyed; most

cracked plaster; unstable objects masonry and frame structures

overturned. Disturbance of destroyed with foundations,
trees, poles, and other tall ground badly cracked, lails

objects sometimes noticed, bent. Landslides consider-

Pend-lun clocks may stop. able from riverbanks and

(V to VI tossi-Forel scale. steep slopes. Shifted sand

VI. Felt by all, many frightened and and mud. VAater splashed
run outdoors. Some heavy" (slopped) over banks. (

furniture moved; a few instances Rossi-Forel scale. )

of fallen plaster or damaged Xl. Few, if any, (masonry)

chimneys. Damage slight, structures remain standing.

(VI to VII Rossi-lorel scale.) Bridges destroyed. 13road

VII. Everybody runs outdoors. Damage fissures in ground. Under-
negligible in buildings of good ground pipelines completely
design and construction; slight out of service. Earth slumps

to moderate in a% ell-built ordinary and land slips in soft ground.

structures; considerable in Hails bent greatly.

poorly built or badly designed XII. Damage total, Waves seen on

structures; some chimneys ground surfaces. Lines of

broken. Noticed by persons sight and level distorted.

driving motorcars. (VIII Objects thrown upward into

Rossi-lorel scale. a sir.
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If the analysis of Appendix A is correct, however, it would appear that most

empirically derived functions, being based predominantly un data from less than

100 km., over-estimiate far-field accelerations. In Figure 3, the predicted peak

accelerations fur a magnitude 6. 0 earthquake in Califurnia have been plotted using

the attenuation functions derived in :\ppendix A\ and seven empirical functions listed

by MicGuire. The disciepency ait distainces greater than about 100 kmn is appa rent.

This p robleni is significaint in thait fori most sites studied in this report, the seismice

souie regions tend to be aM dista fles greate r than 100 kmn. In t urn. one must ajlso

be skeptical of the velocity and displacemnit relations fori the samew rca son. The

it oif %vloieit>% and displweiment aittenwationl functions %%hich predict the lowest meain

%JillIS It kiaege' (pjierlt t'i distances wire those developed b\ O rph~il and .aiaoiil.

Ie-a cqualctions Well iiuseu for risk estiimation it all wings escept Wing I\ . The

COflsittilt; iif Jll ground mioition attenuaition functiiiii use-d ill this report "re given

in Tahle, 2.

McIire, R., ( l9 6) lI- TRAN (ioifputer Pviugixuon for Seisic Risk Anailsis.
1S. GC0~1. Sore'. Open- File Hepo 17(-17

81. 1)rphal, 1). , aind I aiholud, A1. (1914) Prediction of' peatk g iiiiind imition from
earithqJuakes, Hull. Soisni. Soc. A\m. 64:156(3- 1,5,4.
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Figure 3. Plot of Peak Ground Acceleration vs D~isances for a MaIgnitude
6. 0 AIL Larthquake in Southern California as Predicted bY Seven loipi ric 11
Curves (dashed lines) and the Derived Cjurved (solid line-) H~ised on the
Analysis of Appendix A

Table 2. Ground Motion Attenuation Functions

(;round Motion Application Source In g5 = 'Yl + y2NI -x c 3 In (H - R 0

Intensity 1, II, 111, Howell arl 2. 29) 1. 42 1.3 36 0. 0 0. 68
V. v I Schultz

11nt (ns ty I V Howell and 1. 20 2. 2:3 1. 36 0. 0 0. 68B
Schultz7

A c c elevra t ioni I., II, IlI, Appendix A 8. 76 0. 812 2. 3 2 25. 0 (0. 7 0h

Aoceleration I\ Appendix A 4. 21 1. 40 1.57 257.1 0 (. 7 07

% locity I. IT. III, Orphial and -0. 32 1. 20 1. 34 0.80 (0. -,071
V.VI Iaho-ud

6

D i s placemnh 1 , II, 111, Orphal and -3. 06 1. 3 12 1. 18 0. 0 (0. 7 60 *

V. V,%I Lahoudj
6 I I II -

Conve'.rs ion from 1 0n (oM using relationships by llrazee 8

Assumed value.

17



2.4 eismc Rsk stimtio

Using a method proposed by Cornell 9and implemented in a F"ORTRAN (010 -

puter program by Mec ui re 7the tempo rat an(I spati at distrihution of' seismnic

i. i!mcld di(c ground tnotitn attenuation run( Lmois -an bt' siiiI i! ic

statement of the probability of attaining a given level of ground motion at the site

of interest. In this procedure, the probabilitY that the ground motion level will

r'each or exceed a specified level, mg. is defined as the integral of the product o,)f

the independent probabitity density functions for magnitude, fS distance, rIand

distance, r-. This can De stated as an equation:

P[M g\1 mg f P[ll m~ s and I]r S (~s) rR ( r) disad r (6)

where

P[ lNl it a1 and r) is the condition probabi titvy given event mttagn itulde and

distance.

The c-onditional probabilitY of Eq. (6) is a function of' the tgro unl moot ion attotiun -

tion equation and its standard deviation. The functionrt f (s) I. iscri vel f'ront e ach

source region recurrence curve while f 11(r) intcorporates the spait izl rlatiorishitn

betweenr source region and site of' interest. E~valuationt C( the, intccL:dlcl-

probafitlitv of one eventt froto the specified source regioti m-achimL tic . l 1

13y ttiutiplVingQ this vaLtIe 1w the vxpec tev tilither of' 'vents ini h.. i-c i~ Iitci I

accunmilatitit! I)' -r ;ill -;ourco areas, t10e totl I X [A tctelII ImT -- V I :' It,~ I' - , T L,

t heI 'ottdIit ions , F[ 11 ii is obtaiitl . *\-ciTIL, *vt -thctiic -. , Ill Ii11 I

P'oissont croc es s. the iiii trisk is- Qivont hiv

-F4 IL Pi i
fit~ Nit, I Q

Amirt~ l r-isks , an III o-rv -ti to risks !or amv gii iii ti, 1- 1h.,- jution:

N is Thie life~time it veacrs

R A is ie( atittual risk,

AA



and

RNis the N-vear lifetime risk.

One fi nal t erotl USed in des cribhing risk is the return pe ri od which is the reciprocal

ot the risk and des cribes the number of lifet ime pe riods,, onl the ave rage * between

recrrence of thte associated ievel of ground motion.

.5 Respons~e Spectra

F~or enginee ring purposes, the s pectral c'haracterist ics of' Lround motion arc'

vol all v presented inl the form of response spectra. These spectra represent the

ma3xi rouri response of a sunipie, viscous -dam) ped harmonic oscillator ov-~r a range

of natural periods for a specified percentage of' critical darmping. Method.s hiave

bteen developed to .'stirtmate trpper limit response spectra given the level of ground

root ion at thte site of interest, known as design response spectra. 10The I A F C

am p1 ili at ions f'ac tors, given in Table 3. a re used to nrti~ify the predicted g round

mootion levels aL a site to obtain the response spectra levels at the specified

I reqrre ncies. Threse facto)rs give thle mttean plus (one standard deviati on response

spe)cot ra.

'Table :3. Horizontal Design Response Spectra Amplification Factors

Acceleration lDrspLacemenit (cm)

Critical lDamping
/0~ 33 Hlz 9 lIz 2. 5 H1z 0. 25 Hz

0. 5 1. 0 4. 96 5. 9 5 3. 20

2. 0 1 .0 :3.54 .. 25 2. 50

5. 0 1.0 2. 61 3. 13 2. 05

7.0 1.0 2.27 2.72 1 .88

10. 0 11.0 1 .0) 2. 28 11.70

The le~vels of critical 'lmping 'or're-4i'spv l o soi , onmlitiows at the site withr

lo)wer' values associated Wrthm harder I-' k. fIs ourndat ion coonitionrs lie- between

2. 0 And 7. 0 percerrt )If ritral: damping. 1. wes darmpirtg is, always the higher

amnplitude spectrum. In all r'sprrrse sir'11% Ir los III this report the complete

10. 11ay. .Wk. , A 1L4(.rmni ', ni S. , F ~t I t '.. .A ., IrN k Iii s. It . Rr I nirrha rt, %V .
11.75) (,rrilelitr's 1w I If-%'lIrr ( lmsngn FVar'tliqualo ic iu Sprt rA,

I'.S ;en~7~i v J Iri~il~tiR j fy T-- -_____



range of damping factors given in Table 3 are plotted. Thus, the upper plot is

always 0. 5 percent and the lower 10 percent of critical damping.

It should be noted that when the design spectra is calculated on the basis of

independently evaluated acceleration and displacement levels corresponding to a

specified risk level, they are not necessarilv a spectral lim it for any one earth-

quake. This is because the ground motions on which they are based may be
11

generated by different earthquakes,. In this case, it is more accurate to view

the spectra as upper limits for separate frequency bands than as the upper limit

spectra for any one earthquake. The spectra, in this case, will be designated as

composite response spectra.

3. SEISMIC HAZARD EVALUATIONS

3.1 Malstrom AFB - Wing I

Malstrom AFB is located near one of the most seismically active regions of

the continental United States, an area known as the Intermountain Seismic Belt.

This zone runs along the northern Rocky Mountains in western Montana through

Yellowstone National Park and along the Wasatch Front in Utah. The location of

Malstrom AFB relative to these active regions, as shown in Figure 4, suggests a

high level of seismic hazard at this facility.

For the purposes of this studv, the Intermountain Seismic Belt has been

divided into three subregions, Montana, Yellowstone and Utah. to compensate for

the variations of seismic activity thi oughout the zone. In addition, several other

source regions were defined by anal sis of epicentral clusterin g and tectonic setting

of all earthquakes within 1000 kmn of Mlalstrom AF13. These source regions are

depicted in Figure 4. The area, recurrence curve constants and maximum magni-

tude earthquakes for each source region are giv en in Table 4 almg with the back-

ground seismicitv parameters. The background recurrence curve is asiled to

hold in all areas not explicitlv in a seisitc source zone. Thus, while the, prob-

tbilitv of an v ti-thquiake occurring outside of a defined source is low. it ia aaiicd

that i ctivitv can occur a nvwhere within 1000 km of tim site ; inter(,st including

a reas with no kno%% n historic;l r'ep()rts (of ;Ictivit.v. "i'h( site us ed to pl('.tIit

Malstroib A- i in the risk calculations was 47. 5 N and t I. 0°w. 

11. ltattis, .. ( 1971a) (;eophvsical Studies F(r Missile Ilasig Sisni Risk Studies
in the Western l i,, .tates, "'xas Instriiit,.n l t . ccTb ' lpit N. 2
Al ,F X(02) -- 151-78 --- 7
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l OREGON ANA/ . 277

E ~ 40
l Y/X//I ,COLORADO-'/l/H

r \\ . \-- .¢//Y/// ,NORTH DAKOTA:

125*W 120 115 110 105 100

Figure 4. Seismic Source Regions Used to Evaluate the
Seismic Hazard at Malstrom AFP (indicated by solid
circle)

Table 4. Matstrom AFB Source Region Parameters

Area log (N/y) A - bM MAX

Source (1[04 km 21 A Al L

Wvoming - Colorado -

South I)akota 43.05 2. 869 0. 592 7.0

Nevada 16. 66 4. 541 1.031 7.0

Washington - Oregon 26. 66 2. 806 0. 597 7. 0

Central Idaho 4.41 3. 177 0.792 7. 0

Yellowstone 6. 11 3. 652 0.765 7.0

Montana 7.70 3. 101 0.682 7.0

U'tah 20. 05 3. 236 0. 690 7.0

liackg round 2. 636 0.74 8 6.0

loL (N/v,,'10 km 2
)

lh,- ,stimated annual risk curve for Molified NIercalli intensitv is shown in

FiL~m- 7, ,m l thc :e'l k ac'o ration, weln itv, and lisplaen lnt Ilives at". dispia,.,d

it] IJrir
"
irf 0. ' ,' Lt romtl 11t)tioln IlVels at s.pi il'id ;mtiniill risks 5 TI ' also labllt-I

in 'I ,al' 5. In 1 all, ( thn Lro. iund m titl)n levols ased oIn lII, rmveo sim 0 \'II i1I.

Md ,,alll ilntelr-otv ;1i',' Livri. (onsidering 1he l:irge stant-lard ri'... r.rwat
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IMP-1

with the conversion of site intensity to the peak ground motion levels, the values

in these tables are believed to be in good agreement.

1.0

0.1I

:n0.01

0.001

0.0001,
Ix 17 7KY:i

MODIFIED MERCALJJ INTENSITY

Figure 5. Modified Mercalli Intensitly Seismic Risk Curve for
Maistrom AFB
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0.001
0.01 0.1 I 10 100

PEAK GROUND MOTION

Figure 6. Peak Ground Acceleration, Velocity, and I)isplac .ment,
Seismic Risk Curves for Malstrom AFIB

Table 5. Peak Ground Motion Annual Risk Levels for Malstrom AF'3

Return
Annual Period Accelerat on Velocity Displacement

Risk (years) Intensity (cm/seet) (cm/sec) (cm)

0.9 1. 11 II 2.7 0.22 0.06

0.5 2 I1 5. 1 0.48 0. 14

0.2 5 III-IV 8.7 0. 91 0. 27

0. 1 10 IV 12.3 1.34 0.40

0.05 20 IV 17.0 1.87 0.57

0.02 50 IV-V 25.4 2.80 0.86

0.01 100 V 34. 1 3.69 1. 13

0.005 200 V 45.4 4.79 1.46

0.002 500 V-VI 65.4 6. 61 2.00

0.001 1000 VI 85. 5 8. 33 2.50
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'Fable 6. Peak G;round Motion Annual Risk Levels for Malstrom AFII
B~ased on Intensity Levels

Annual Fractional Acceleration Velocity Displacement
Risk Intensitv (cmn/see 2 ) (cm/see,) (Cm)

0.91 1. 8 3. 5 0.7 0. 2

0. 5 2. 9 6. 9 1. 2 0. 41

0.2 3. 6 11. 6 1.9 0. 5

0. 1 4.0 15. 3 2. 3 0.7

0.05 4.4 19. 5 2. 9 O. 'l

0.02 4.8 26.7 3.7 1.1I

0.01 5. 1 32. 8 4.4 1. 2

0.005 5. 4 :3 9. 8 5. 1 1 .5

0.002 5.7 49. 6 6. 2 1 .7-

0.001 5. 9 57. 8 7. 1 2. 0

Tlhe proxiniitv of the Montana source region to the site of intetrest, is shovm

in Figure 4, suggests that a strong spatial gradient of the seismic hazard should

he observed in the vicinity of Malstrom A FB. This, in fact, is the case with

s ha rplv incrceasing ground motions at each level of risk ohs erve to 1 warid the southt-

west of the facility. In Figur e 7, the peak ground accelerations, for, an -annual risk

of 0. 002, or return period of 500 \'ears , are contoured over a one -delre e squall

c'enteredl onl Zalstrom) AFVB. For other levels of risk thte contours fellow in the

same trend. The same characteristics are ob)servedl for peak %veie1 itv and dis-

placement althtough the gradient is less se vere than for acceleration.

It should he noted that the contour locations are deiened by tihl location of' ile

Miontartan sourc I'l't' V l1it0lilltttaries. Ills ie of the hlotndarv, nelc th ie effectsI

W,! other sourc-e legions. thte seismlic' hazardi is tnitot'ln. .As the lbourdal'v

aiplroa. tled Allat could he termled anl elde( 141(l' edill to reduce the hazard.

lovitlg" away froml tite slltiCe- tile IM~7ard leoleiseS 4 l';idtlll\' - ai 1110 oll level

dot,-rt n e Ia' thet baclkgrolundl(i lt ivitv\. M~ov ing the 51)11cc l'' '111 iltltlhl'\ 1 Wfl '11

Owt S ill I %0[t els Initcrease ill seismic lil'/al'. :t tile s ie allil, llv'~'

l~t 14tilt I)oLundaty- awayv fromt tilte site will 111011' tht i 27111. ~lIII,- Stli1

It1111't t~lill' ' 1'.1 *-~' ~ 1 li ofi tilt'i ' l' w til 111 i'll drLl l .1 IlV III
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I I 48.0*N

30KM

Figure 7. Contours of 500-vear

6 Return 1Priod Accelerations in
a One-degree Square Centered

7 0 47.5o on Malstronn AFB. (Solid
8 ircle); (units in ' - g)

10

In12ue a b n e h opst oiotl einrsos etr

In Fig ure 8, 85 eahquaes teen 1mp 72t aoind a es78 rpreinie etra

Dlata File within 200 km of' Nlalstront AFB1 are plotted. The closest c entero ,ar

activi v to ihe site is 120 kmn to the southwest near He lena, Montana although an

earthquake with no recorded magnitude or intensitly was reported within 75 kir )f

the base. Tire largest event reported in this particular area was a m agnitudic

6. 25 Al e "vent wich occurred on 19 October 1935 and is one of' the largest (airth

9tra kes reported itt the northern extent of the Intercmountai n Seismic BelIt. VI;i

earthquake was one of a series of' events occturring in late 1935 of which four events.,

including the maanitude 6. 23 1 L earthquake, had epicent ral intensities of betw een

V I andt VI1I1. At the 90 pe rent con fidence lev el the predicetetd ground miotions at

Maist rom A FB Hfor this event are 2 1. 9 cm!/ sec, 5. 1 cm Isee and 1. 5 cm /.sec. The

horizontal design response spectra for this event is shown in Figure 10. An aver -

age sito( intensitv tdetermin ed from these values, M~odi fied Mterealli lnternsi tv V.

agrees; with the intensity level observed in the vi iiv of G;reat Falls,, Montana. 1

12. .N urann. F. (1937 1 United States Ear-thquakes. 193.5. I )'pa rt a ct oI'
Comm~erce, Coast and] Geodetic Suvy eiN.600
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I Figure 8a. Composite
Li Horizontal Design

Response Spectra for
Maistromn AFB Based
on 10-year Return Period
Ground Motions

I.-

FREQ~UENCY (HZ)

La Figure 8b. Composite
Horizontal Design
Response Spectra for
Maistrom AFB Based
on 100-year Return Period

C1 Ground Motions

to

FREQUENCY (HZ)

A IIL~ "WIN

LI- Figure 8c. Comnposite
Horizontal Design
Response Spectra for
Matstrorm AF13 Based o-n
1000 -vear Return Period

Z Ground Motions

FRL14LUENCY (HZ)
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00

Figure 9. Reported Earthquake Epicenters
Within 200 kn of Malstrom AFB

At a greater epicentral distance, 170 km, an even larger earthquake, magni-

tude 6.75 m, was reported on 28 June 1925. The 90 percent confidence ground
2

motions at the site of interest are estimated at 17. 2 cm/sec , 6. 0 cm/sec, and

2. 0 cm. The lower acceleration and higher velocity and displacement as compared

to the Helena, Montana Earthquake are explained by the longer travel path and the

resulting greater attenuation of the high frequency components of the signal. Again,

the predicted site intensity of this event at Great Falls, Montana is intensity V.

The horizontal design response spectra are shown in Figure 11. The higher

amplitudes at low frequency than for the Helena event are the significant feature of

this event.

:3.2 FJ sworth AFB - Wing !1

In Figure 12, the seismic source regions used in the hazard evaluation for

Ellsworth AFI3 are shown and the associated source parameters are given in

Table 7. Several of the source regions have 1een redefined as compared to those

used in the previous section. This results from the change in the earthquakes

included in the seismicity studies due to the 1000 km radius search limit Iron the

site of interest. fnaddition, as a result of the greater influence on seismic hazard

27
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by near site source regions, greater care was used in defining the Colorado and

Wyoming area source regions. The point used in all calculations for Ellsworth AFB

was 44.2°N and 103. 0°W.

a Olta ~10i

9.5
7..

l'a.

Ln

Figure 10. Horizontal
Design Response Spectra
for Malstrom AFB

2Assuming a Recurrence
,-i I, -f the 1935 Helena, Montana

Earthquake (6.25 M L

FREQUENCY (HZ)

C.' t- 

- TTM

In, Figure 11. Horizontal
F + Design Response Spectra

for Malstrom AFB
7Assuming a Recurrence of

C. ,the 1925 Earthquake
C (6. 75 Al

F-NE[Li NCY (H:)

28

iI

i i
I

. . . . . . : + i I III I . .. ... . . .. .. .. . .... I . ... . .. . ..



I ilI . lK1sworth AFB11 Source IHe !ior 1ar'arnetors

log (N y) - b Al

A re a 2MlN AX
104i kin A 1) 1.

Cnrllm4.41 3. 177 0. 792 7. 0
Mlontana 7.70 3. 101 0. 682 7.0

Y okmstunt. 6. 11 3. 652 0. 765 70

Clor)ado 15. 83 3. 4 19 0. 700 7.0

%Vvorinfi 18. 05 4. 465 ?. 114 6. 0

Uth26. 19 :3. 598 0. 7025

Nevaida 7. 58 1 . 662 0. 5 16 7 )

.New Mlexico 'I exas 9. 15 2. 574 0. 68:)

liackground 1. 721 0. 199 6. 0

log(N /Y, 10 4krW)

50*N

ENTRA0 STLONE ELLSWORTH 450

NEWOMING - ES

35-

130

120*W 1150 110* 105* 00o

Fjitloe 12. Seism;nic S501112 t*gori ,lo 1, lhli , i

Seisir fhazaird it 1.lkworrth :w:1J.i p.n c lro Air~w
iscs (;rrclrcatod Iby "odit, Is)
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The annual risk ('U!-v s for Modified M erealli intensity and peak ground accelIera-

tion, velocity, and displacement for Ellsworth AFB are displayed in Figures 13

and 14. Table 8 gives the ground motions calculated at specific levels of annual

risk for Ellsworth AF3. A second set of peak acceleration, velocity, and displace-

ment motion levels was constructed by conversion of the estimated site intensities.

These values are given in Table 9. Given the limitations of calculating ground

motions from site intensity, the two sets of values are considered in good agree-

ment. This is especially true in that the site intensity values are i,:ly mean values

at the specified intensities. For example, while the 0.001 annual risk accelera-

tions appear to be significantly different the value calculated directly is within the

90 percent confidence bounds for site intensity V.

1.0

0.1

U)
2: 0.01

0.001 7

0.0001I
fl M I I II

MODIFIED MERCALLI INTENSITY

liVure 1:3. Modified Mercalli Intensity Seismic Risk Curve
for Ellsworth AFB
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VELOCITY

0.1 (cm/8c)

DISPLACEMENT
(cm)
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z
z

0.01 .

0.001
0.01 01 I 10 100

PEAK GROUND MOTION

'igure 14. Peak Ground Acceleration, Velocity, and l)isplacevment
Seismic Risk Curves for Etlsworth AFR

Table 8. Peak (.round Motion Annual Risk l,evels Ir Ellswor'th A F13

R eturn
Annual Period Acceleration V elocitv l)is placeni.nt
Risk (years) Intensity (cm/ sec

2
) (cm Isec) (em)

. 1.11 1 1 .6 0. 1 0.03

0.5 2 II 3.4 0.2 0.07

0.2 5 if-III 6.4 0.4 0. 14

0. 1 10 III 9.3 0.6 0.21

0.05 20 111 13. 1 0.9 0. 20)

0.02 50 I%, 20.3 1. 3 0.45

0).01 100 IV 27.9 1.8 0.60

0.005 200 IV 38. 2 2.4 0. 79

0.)002 500 57. 3 3. 6 1. 11

0.001 1000 V 77.2 4.8 1.42

3 1
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'Table 9. Peak Ground Motion Annual Risks Levels at Ellsworth AF 13
Based on Intensity Levels

An1n1UAlI Fractional IAccele ration %, (locity IDisplace oen

.9112. 1 u. 4 j U.
0.5 2. 1 4.0 0. 8 0.2

0.2 2.8 6. 5 1. 1 0.3

0. 1 3.2 8. 8 1. 5 0.4

0.05 3. 6 11.4 1. 8 0. 5

0.02 4. 1 15.8 2.4 0. 7

0.01 4.4 19. 3 2. 8 0.8

0.005 4.7 23. 5 3. 3 1. 0

0. 002 5. 0 30. 6 4. 2 1. 2

0.001 1 5. 3 1 37. 5 1 4. 9 1.4

For this wing, the acceleration levels for, annual risk are, to a large degree.

deermined by the background seism icity (haracteristic's. For peak velocity and

displacemnent, which attenuate slower than ac cele ration, the set sm tc source re l-

gions in Wyomning and Colnorado contribute to t ite risk in a greater amount. Ini

neither-case, however, do the nearest sources plav a domijnan t role In 's tahi Ishitig

the seismic risk. In this c-ase, the( spatial change in seimic hazard is expected to

he negligible. Little change in the acceleration values would Ia'- ixpuctei l aithin

50 kmi of the site in any direction. V erv gradual i ncr'eases itl \clic i tv attd dit.,-

placemtent could be expected towards the southw est, us the definet(d sources are'k

approached, but within 50 kml the changes are not expe'cte'd to be solistarit ial.

In F~igures l~a. 151h, and 1 ~c, the( 10-, 101)- :Itand 10(10 -vcar1 c'(t urn period

coniposite horizontal d'sigtt ''l oi( spectta de(terine 1111( 1o' :llswmlt A1; lit-l

shown. These stpectra are balseil o tihe grotind t1itioti levels i'ti itll (I, .

Twelve moderate sized earythquakes (h~i%- lil'li lelitlilir 2001 k:!

Fllsworth AI 113hltwl'n 1895 anod 1978. ' 't c ie , 's 11 tSi'-IC

in Fig~ure 16. 'III 115151t evint wais 4t ncgni'tl'd I. 1 I It .pI , l titCI inlc '

for thIe SC-itt II' ' ilt.
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Figure 16. Reported Earthquake Epicenters
Within 200 km of Ellsworth AFB

3.3 Minot AFB and Grand Forks AFB - Wings III and VI

As with the previous studies a search of the NOAA Earthquake data file was

madle for all earthquakes within 1000 kmi of these two facilities. While 1100

events are located within that radius of Mlinot AFI3, only 124 earthquakes were

found in Grand Forks AFB3. The difference in the number of reported events is

due to the preponderance of earthquakes in the 600 to 1000 kmi range from) Minot,

including the activity f'rom the Montana, Y ellowstone, andl portions of' the Wvom lug

and Colorado source regions depicted in Figure 12. The seismic sources shown

in this figure were Used to evaluate the seismic risk at Mi not AFB21 and portions of

the last two were within the 1000 km radius used to evaluate the risk at Grand Forks

A F13. thel( selvicitv parameters, for these source regions are given in Tabhe 7.

Outside of, these sources. tilt, seismic activity within 1000 km) of both bass

is a, low incidene. of olirnc ith ;, wide scattr rc ofearthquake, epicont irs.

Together these conditions make Hte identi t cationi of seismoic trcends or, source

aIreas Ilioill.Inl this situation it is necessary toc issunle thftt tic It0ivitv

oll' irs I'Midlily throughout tiW n'til- ic lginQ IlitSidt' Orf cXlfli it Source('s. All

altivi tv not inlu11ded inl the source regions listed above werf, lumpledl into -iw(data]

s(-t for evaluation of a single recurren care This orvi' wals ulsed as tue



brackground activity level 1fo' all sites except Whtemoan AF 121 ju the paralir'o't.rs;

o' lit, curve are gien cii i Table 7 under the label B~ackgroundI.

this assuniption of' random distribution (, activity , uli 1w 'eratie I m

the sense that tire act ivitv is assumted to have in eAl(quat pe.)il l 1% It ), ,crrr

311IAI1wher' irnciuditig at the site at interest. While Itli ' sutfi, wlt kt lip

"orrerning the earthquakt, ictivity in this region preludefis atyi th'rapqroati1, it

is pssll that tihe conditions requi redi to gtrrat' in bi'tqr~k r'it e-xist

anywhere neat Oire sites of' inrte rest and %%oidd prolic a redulct ott oIf lit, e isiS

htazardi at thres e w i rgs.

It is apparent trion the range of ire( closest s4eisni siiV 0irc regirt. aptpi xi

tiately 500 km~ tot' \litro)t A 121 and 750 krtl 1tot G rarnd Fo)rks AFB1, that !Ire ia,-;

g~rourtI sei stIIiiity lo IIi riates the sei sItIIic hazard ( at -a ch Ii Ie arid that tre o itza rl

is ('ssetrtiallv equal at both faci lities. The lit tereit tbeitng so taltthat tiny torrlst

Ire, considered frgill. it ViLirre 17, thre sijte itrtettsitv risk (er tot, ht' lose

iissis plotte '011 rititine Ittuc 1 the pe(ak< grountd accelerathior, %eoitv, :Itrd Its -

trlactrretrt ntv are shrownr. Tire ground mrotiont antilitrrrlS at specific levels oI

attttrri risk atre atso givent in Tahle 10 antd irt Table I1I thre grorrrr ritiri levelIs

est imated otIt tireIrsi of itttetrsitv are( given. For accele'rationr the values aIro

%% ithtin I tactw ito two ttr'mrgirout the enttire rainge arnd cart he cottsiderel it) ,roid

aLgreerrettt. Btotht 'eloci tv atnd di splacemrent tend tor converge at ftre lower levels

ol risk but a re sutrstartiallv if ferent at the hrigher risks.

Ill Fi gtires t ~a, l~b, aunt 19 c, thre coutposi te htori zontal respirt spectra tn,

10-. 100-. and 1000 -year return pi on ground mrot ions are show i. 'iot iree igures

are based on the grournd motions givent in 'Table 10.

'Thre closest reported earthquake activity to either facilitY was anl epicent ral

irrtens i v IV' earthtquake reported at Willistrrn, North Dakota.itt26 Octobe'r 1946 atn

was loeated approxiniatelv 175 kill to tire west of M\iniot AF13l, iert i'y n tit Molrntaria-

Nor'th D akota state line. TIhe near'est aetivi tv to GIranrd Forrks A 113 roccurred onl

23 D~ecembrer 1928 in north c('nti'al Minniesota at anl epi central distance orf 260 ktnl

Fach site is within 300 krn or' sever'al otirer events aill of' whi ch were smtall tin

moiderate in tragnitude with the largest event htavinrg an epi centrcal itrterisitv itf' %'II.

As stated earlier, tire locations (rf the activity is e rratir an pir'ov'ide's lilttle intfoiia -

tiuit oun the location of future activity near' lite facilities. Thel( epicerrters of tire

earthquakes within 300 krln uif Mitinot AUB I atil( Grarnd Forks AI13 ar'e plortterd itt

Figures 20 and 21, respecti vely. 'These u'venrts cover th pt' erirod rot 19 17 to 11711.
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Figure 18. Peak Ground Acceleration, Velocity, and Displacement
Seismic Risk Curves for Minot and Grand Forks Air Force Bases

rable 10. Peak Ground Motion Annual Risk Levels for Ali ot AF13
and Grand Forks M-13

Return
Annual Pecriod Acceleration \elocitv Displacement

Risk (Vears) lntensitv (cm / S(e 2 (cm /sec) (cmn)

0. ! 1. 11 - 1.5 0.06 0.02

0. 5 2 1 :1. 4 0. 14 0. 04

0.2- 11I 6.4 0.28 l).08

0. 1 10 11 9. 3 0.42 0. 13

0. 05 20 111 13. 1 0. 61 0. 1ll

0.02 5 0 111 20.3 1.00 0. 29

0.01 100 [11-1\ 27. 9 1. 43 0..4 0

0. 005 200 Ik 38. 2 2. 06 0. 54

0.002 500 IV \ 57. :3 3. 30 0. 812

0.001 1000 77. 2 4.66 1. 11

:17



Table 11. Peak Ground Motion Annual lisk Levels at Minot AFB
and Grand Forks AFB Based on Intensity Levels

Annual Fractional Acceleration Velocity Displacement
Risk Intensity (cm /sec 2 ) (cm/sec) (cm)

0.9 ---.. ..

0.5 1.4 2.63 0.54 0.17

0.2 2.2 4.55 0.85 0.26

0. 1 2.7 6. 18 1. 10 0. 33

0.05 3. 1 8.27 1.40 0.41

0.02 3. 6 11. 56 1.85 0. 54

0.01 4.0 13.93 2. 16 0.63

0. 005 4.3 19. 14 2.82 0. 81

0.002 4.8 26.85 3.74 1.06

0.001 5.2 34.20 4. 57 1. 28

I ~~~~~~~Tf -_ -rrF-I---T-I1----rTT-T7T----1--- 7T-,rT~t

S riteW,W6

21

F-e

I:~

0~~ 0 .0-. IL-.1

FRE LUNCY .HZ)

Figure 19a. Composite Horizontal Design Response
Spectra for Minot and Grand Forks Air Force Bases
Using 10-year Return Period Ground Motions
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Figure 20. Reported Earthquake Epicenters
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Figure 21. Reported Earthquake Epicenters
Within 300 km of Grand Forks AFB
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3.4 Whiteman AFB - Wing IV

Whiteman AFB is located near What is probably the most active seismic region

in the United States east of the Rocky Mountains. The area near the confluences

o" the Ohio. .Missouri, Znd 70;,sissippi River encon-.passes ia ag,. ,-'ontago of

the epi-,,-nter xs of .,arthquakes rported in th , -entral Uni!,d States. A.. )n g -he

events reported in this region are several of the largest e'vents to have occur-red

in the continental United States during historic times. The location of Whiteman

AFB relative to this source region, the Central Mississippi Valley area, is shown

in Figure 22. In addition to this source region, only a source region designated

as the Southeastern United States has any extent within the 1000 km radius of

Whiteman AFB. Outside of these two regions the seismic activity in the central

United States appears to be randomly distributed and was treated as background

seismicity. All risk calculations were conducted for 38. 96°N and 92. 35°W, the

coordinates of Columbia, Missouri. As discussed at the end of Section 2. 3, some

modification of the risk estimate for this site is expected due to changes presently

being made to the attenuation function modification procedure.

45ON

400
WHTE AN

"~CENTRAL

0

95ow 90* 850 800

Figure 22. Seismic Source Regions Used in
the Evaluation of Seismic Risk at Whiteman
AF13 (indicated by closed circle)
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Previous seismicity studies have been conducted for both of the source regions

included in risk evaluations for, Whiteman AF3 and these studies were used to

define the recurrence curves for the source regions. The Southeastern United

States source area was investigated by Hollinger. 13 The recurrence curve

generated in this study was converted by Modified lMercalli intensity to local niag-

nitude. NIL, using a relation derived for the eastern United States by Brazoe . 14

For the Central Mississippi % alley region several studies have been condluctetd and
15, 16, 17the recurrence ,_urves are in reasonable agreenent. 6 lhe recurrence

17curves developed by Battis for this sour'ce regiion and tor the central United

States background seismicitv were used in this report. The parameters delinirg

the seismic activity for these areas are given in Table 12.

Table 12. Whiteman AIFB Source Region Parameters

Area log (N!Y)= A - b M l MAX

Source (104 km) A b 1.

Central Mississippi Valley 15. 9 2. 12 0. 62 8.0

Southeastern United States 43. 2 3.09 0. 85 7. 5

Background -0.58 0.56 6.0

flog (N/y/104 k n 2 )

The seismic hazard for Whiteman AFB was calculated using both site intensity
and regionally modified acceleration attenuation functions for the central United

States as given in Table 2. At present, no satisfactory independent means is

available to estimate peak ground velocity or olisplacement risk curves for the

central United States and these curves could only be obtained by scaling of either

the acceleration or intensity risk curves. Scaling based on intensity is (lone using

Eqs. (3). (4), and (5). Given the acceleration risk curve, velocity and displacement

curves can be estimated using the "standard" earthquake values as determined by

Newmark and Hall. 18 The "standard" earthquake assumes a ratio of acceleration

to velocity and displacement of 0.5:60.96 cm/sec:45. 72 cm. The same ratios are

assumed for all other levels of acceleration. This procedure is open to question

for several reasons. These ratios were determined by analysis of records of the

1940 Imperial Valley, California earthquake. The ratio of high frequency, motions.

or acceleration, to longer period motions of velocity and displacement at the source

(Due to the large number of references cited above, they will not he listed hi're.
See References, page 57.
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appear to be dependent on many factors such as fault rupture length, rise time,

and stress drop which vary with the magnitude of the earthquake and regional

tectonics. Away from the source, regional variation in frequency dependent

attenuation will also affect the validity of these ratios. However, there does not

appear to be a clearly superior method for evaluating the velocity and displace-

ment risk curves.

The site intensity risk curves and evaluated peak acceleration and scaled

velocity and displacement risk curves are shown, as the curves labeled "a, in

Figures 23 and 24 respectively. Values of these ground motion descriptors at

specified levels of annual risk are also given in Table 13. In Table 14, the equiva-

lent peak ground motion values determined by conversion from site intensity are

given. Comparison of the two sets of values given in Table 14 indicate a large

discrepancy between the seismic hazard as indicated by site intensity and peak

ground acceleration. To determine which risk curve is more reasonable, a com-

parison was made between the predicted recurrence periods for site intensities and

the periods based on historic observations. The source for the historic data was

a compilation by Brazeel4 covering a one-degree square, including Columbia, for

the 45-year period from 1928 to 1973.

Historically, the Columbia area has experienced intensity III or greater six

times, IV or greater on four occasions, two V or greater, and one intensity VI

during this period. The intensity based risk curve predicts 24 occurrences of III

or greater, 12 of IV oi- larger, 6 V or greater, 2 intensity Vf or greater and

1 intensity VII or larger earthquake. Though the actual historic and predicted

rates should not be expected to parallel exactly, the departure between historic

record and prediction is significant especially at the low intensities which, due to

the frequency of occurrence should be reflected more accurately in the risk curve.

Using Eq. (3) the mean value of acceleration at each intensity can be determined

and the expected number of occurrences in the 45-year period determined. These

calculations yield 9. 4, 2 and 1 occurrences of intensities Ill, IV, V and VI ar

greater, respectively, at Whiteman AI"H. While this comparison is only approxi-

mate, it suggests that the intensity risk curve overstates the risk at Whiteman AFBI

and the acceleration risk curve appears to be more realistic in representing the

ground motions experienced at this facilitv.

43
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Figure 24. Peak Ground Acceleration, Velocity, and Displacement Seismic
Risk Curves for Whiteman AFB. Curves labeled (a) assume the maximum
magnitude earthquake can occur anywhere in the Central Mississippi Vallev
source region. Curves labeled (b) restrict this event to the southern extent
of the source region. See text for fuller discussion

'Fable 13. Peak Ground Motion Annual Risk 1Levels for Whiteman A -I"

Return
Annual Period Acceleration V elocitv isplacemncti

Risk (years) Intensity (cm / s,,
2 ) (cm / sec) (cm)

0.1 1 1 --- 0.8 0. 1 0. 1

0.5 2 II 2. 5 0. 3 0. 2

0.2 5 IV 7.2 0.11 0.7

0. 1 10 14.0 1.7 1.3

0.05 20 VI 26.4 3..3 2.5

0.02 50 \II 51.7 7.3 5.5

0.01 100 \ III 10-4..5 13. 0 !1o 8

0.005 200 IX 11. B1 22. :1 16.7

t.002 500 X 335.3 1 1. 8 11.4

0.001 1000 X. 0t 0t .3. .43. 6

.15



Table 14. Peak Ground Motion Annual Risk Levels for
Whiteman AFB Based on Intensities

Annual Fractional Acceleration Velocity lDisplacement
Risk Intensity (cm/sec2 ) (cm/sec) (-1)

0.9

0.5 2.6 5.8 1.0 0.3

0. 2 4. 2 17.7 2. 6 0. 8

0.1 5.2 35.2 4.7 1.3

0.05 6. 1 65.0 7. 8 2. 1

0.02 7.3 152. 1 15.8 .4. 2

0.01 8. 2 279.3 26. 3 6.

0.005 9.0 498.9 42.7 11. 0

0.002 10. 0 968.0 74. 1 18. 6

0.001 10.53 1396.4 100. 6 25.0

As with most of the areas studied in this report the direct correlation of

earthquake epicenters with known faults in the Central Mississippi Vallev region

is not possible at the present time. In this sonse, the boundaries of source region

are arbitrary in their assignment. To indicate the possible variation in the

seismic hazard at Whiteman AFB due to this factor a contour plot of the 500-year

return period accelerations for a one-degree square centered orn Whiteman AFB

is shown in Figure 25. By reciprosity, expansion of the source region towards the

base is equivalent to moving the base towards the source. Cwnve rsely, reduction

of the source area is equivalent to moving the site of interest to the northwest of

its present location. 'I he gradient in this region is not very steep and changes of

the order of a few tens of kilometers in the bounds of the Central Mississippi

Valley ;ource region would not substantially change the seismic hazard estimate

at Whiteman AFII.

A second potential modifier of the risk curves involves the non-uniformity of

earthquake activity within the Central Mississppi Valley source region. Insufficient

data is presently available to subdivide this region into smaller areas, and thus

account for the non-uniformity of the activitv. However, another approach was

used to ,)btain a limiting lower bound to the risk curves. It was assumed that the

earthquake process in much of the Central Mississippi Vallev source region could

not generate the maximum magnitude earthquake of 8. 0 M1 for this region. These

large events were restricted to a region at the southern end (if the source area in

the vicinity if the Missouri - Arkansas - Tennessee junction. For the remainder

if the source area ;i maxintum niagnitude 'arthquake if 6. 5 M was allowed. The

seismic risk curves for this case are given in Figurres 23 arid 24 as the ctrves
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t!,
• +. ~ij +

i~gi - . ail+i-i11 . . -



labeled "b". In Table 15, the ground motion Levels at specified annual risks are

given. These should be considered only as the lower limiting risk with the true

curve lying somewhere between these two curves.

3966N

275

Figure 25. Contours of the 500-year
300 Return Period Accelerations in a

325 One -degree Square centered on
325 Whiteman AFB (closed circle);

+ 0 ui. fc/e 2 ). Accelerations
350 (nt3o r/e

calculated assuming the maximum
375 magnitude earthquake can occur

/ 400, anywhere within the Central
+ Alississippi Valley source region

425/

450

92.50 92*W

Table 15. Lower Limit Peak Ground Motion Annual Hisk Levels of'
Whiteman AFB3

R eturn Acce lerat ion Velocity Di splacemoent
Annual Period Intensity (cm! sec ) (cm Isec) (

0. 9 1.11 -- 0.8 0. 1 0. 1

0.5 2 1I 2. 5 0. 3 0.2

0.2 5 IV 6. 9 0.9 0.7

0. 1 10 V 13. 0 1. 6 1. 2

0.05 20 V -%V 22.7 2. 8 2. 1

0.02 50 %*[-V11 43. 8 5, 5 41.1

0.01 100 % if 67.7 8.4 6.3

0. 005 200 % II -VIII1 100.7 12. 6 !1. 41

0.002 500 VIII 161. 5 20. 1 15. 1

0.001 1000 % III-_I. 224. 7 28. 0 21. 0

1000-VM 1-flU11 [Wturn piri Ir al'howl i Figuures 26;1, 26h, in I 26. '1Ih so t,

a r c a h a g nd I) t e g.0 o u n d i lllo t i iakt tL o o u un T~ h 1:tr. I O itI h : s hi \ i I v0 " III, po t 'u.1:
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In Figure 27, all earthquakes reported in the Earthquake Data File with epi-

centers within 200 km of Whiteman AFB are plotted. Of these 27 events, the

largest reported magnitude is one of 5. 6 mb which occurred in March 1974 at a
distance of 198 km from the base. The nearest event is at 108 km but has no

reported magnitude or intensity. The concentration _)f epicenters to the south-

east of Whiteman AFB lays within the Central Mississippi Valley seismic sourc(e

zone. Several earthquakes not shown in this figure should also be noted. The

most important of these was the 1811-1812 series of shocks which occurred near

New Madrid, Missouri in southeastern Missouri and northeastern Arkansas.

Nuttli estimated the magnitude of the three principal shocks to be 7. 3, 7. 1 and
74 19

7.4 mb " 19In the meizoseismal zone it is thought that Modified Mercalli intensity

XII was reached. The first of these events was reported felt as far away as Boston

at an epicentral distance of approximately 1800 km. 20 For purposes of compari-

son, the area enclosed in the Modified Mercalli intensity V isoseismal was esti-

mated by Nuttli to be 2. 5 X 106 km 2 while the 1960 San Francisco earthquake pro-

duced this intensity over an area of only 1. 5 X 105 km 2 . 19 Assuming that the

maximum magnitude earthquake, 8. 0 M l l were to reoccur near the epicenter of

these events, the predicted ground motions at Whiteman AF1} would be approxi-9
mately 428 cm/sec, 53 cm/bec and 40 cm. This corresponds to a site intensity

of VIII - IX, approximately one unit higher than that obtained by extrapolation of
19

Nuttli's isoseismal map for the first event in this series. 9The horizontal design

response spectra for this event does not exceed the 1000-year return period

spectra shown in Figure 26c.

3.5 F.E. Waren AFB1- Wing V

The seismic source regions used in the hazards evaluation for 1-. E. Warren

A1B are identical to those used for f'llsworth AFB and a,-e shown in Figure 12.

These regions are based on an examination of all seismic activity within 1000 km
of the facilitv. The associated seismicitv parameters for these areas are cIiveti in

Table 7. The coordinates of CheVenne, Wkyoming, 41. I'N and 104. 9°V were used

as the location for which the seismic risk was calculated.

The annual risk curves for F. E. \Warren A .I3, for Modified M\ercalli intensity

and peak grotuml acceleration, velocitv, and displacement are shown iil Figures 28
anu 29, respec.tivlv. As with all sites excopt Vor Whiteman A P'1, each risk curve

is indpenlntlv evaluated using the appr'opriate attenuation finction as specified

19. Nutth. t0. (1973) The Mississippi Valley earthquakes of 1811 arnd 1812:
Inten sities, _,rouindr motion and magnitudes, ill. Seism. Soc. An).

,U:227 -248.
20. \on Ilako, C. (1974) Varthquake histrv of' Missouri, .:arthquake Information

IMulI. (:25 -26.
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Figure 27. Reported Earthquake Epicenters
Within 200 kml of Whiteman AF1B

in Table 2. For s pecific levels of annual risk, the calc(ulated ground Imlotions at

F. E. Warren AFB I are given in Table 16. In Table 17 the ground motions for these

same annual risks, as eval uated b~y conversion of site intensities, are given. The

two sets or values, giv en the li mitat ions of the conversion procedure, arno coniS de red

to he in reasonabile agreement. Thle ground motions ,alculated dirent Iv, howeIver,

are the pre fe reed values.

As canl he seen iII Vigure 12 the location of I.. \Warren AFB is ill (-lost, proxi-

Inetry to the boundaries of two source regions, those designated ats Colorado and

%%'otllL ig n this figure. Ill Figure :30 the contours of the 500-vear ye(atrlet urn

period accelerations within a one -degree square centered on Wing % are, shoa n.

The geoneral characteristics of this field also hold for other risk levels arnd vroundl

notion parameters though typically the gradient is shallow&er. lievoind the spatial

variation oIf seismic risk inl the vicinity of V. V. Warren A FR, this figue also

provides information onl the effects of relocation (If the borders rif the Colorado)

arid %
1
vVollilqn soutrce regioins. Movement of the sitoi towards or awav from) the

IIIuld~i rv of these source regions is equiv alent to moving the horde rs eel at ive to

the site. As these borders are, arbitrarily assigned dJut, to various factors udis -

cussed in Section 2 of this reporit, this tig~ure prrrvides an indlicatio~n of' the rlicer -

tainrtv inr tile risk evaluation which is associated with these factors;
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Figure 29. Peak (iround Acceleration, Velocity, and Displacement Seis'mic
Risk Curves for F. F. Warren AFB

TFable 16. Pleak (,round Alotion Annual Risk Levels for F. P. Warren AFB]1

Return
Annual Period Acceleration Velocity I is placement

Risk (vears) Intetnsitv (cm/sec
2

) (cm/see) (cm)

0.9 1.11 1-1I 6.7 0.2 0.05

0. 5 2 11 10. 8 0, 5 0. 13

0.2 II 1G. 1 0, 9 0.26

0. 1 10 I\ 21.0 1.4 .41

o. 05 20 I\ 27.3 2.0 0. 61

0. 02 50 \ -\ 38. 5 3. 3 0. f'7

0.101 100 V 50. 1 14. 5 1. 35

0. 005 200 65. 3 6.3 1. 8.1

0, 002 :00 ! 93. 1 9. 3 2. 70

0.001 1000 \1 121. 8 12.4 3.5.
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Table 17. Peak Ground Motion Annual Risk Levels for
F. F. Warren A FB Based on Intensity Levels

Annual FractiortaL Acceleration Velocity Displacement
Risk Intensit; rse 2  (cm / s ec) i

0. 9 1. 8 .3.3: 0.7 0. 2

0.5 2.7 6. 3 1. 1 0. 3

0. 1 4.0 15.7 2.4 0.7

0. 05 4. 4 20.7 3.0 0. 9

0.02 5.0 29. 9 4. 1 1.2

0. 01 5. 3 :37.7 5.0 1.4

0. 005 5. 6 47.-4 6.0 1. 7

0. 002 6. 1 63. 8 7. 7 2. 1
0.001 1 6.4 1 78.0 1 9. 11 2.5
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Figure 32 is a plot of all earthquakes which have occurred within 200 km of

F. E. Warren AF 13. A total of 63 events are plotted covering a period from 1892
to 1978. The closest event was located approximately 8 km from the site of
interest but had no reported magnitude or intensity. ie Largest event is oil(- of
7;,tnitude 5. , nn 1and epicentral inten-itv ,! \ II .%hich ,. ut'rc d i: A: ],ust 1 7.

It was located at 135 km fromn F'. E. Warren Al 13 in th, (luster of epicenters due
south of the site. The vast majority of the events reported have body-wave mag-
nitudes between 4. 0 and 5. 3 mb and were reported since 1963. Only five earth-
quakes are reported prior to 1963 indicating the incompleteness of the data set.

0.

Figure :32. Reported Earthquake Epicenters
Within 200 km of I.'.1E. Warren AV13

Virtually all of the activity loc ated in the tiluster due south of the sit( is
associated with fluid in iection at the Roky Mountain At'senal outside of IDenve r,

Colorado. It is assumed that the deep well injection of waste fluids from the
Arsenal operation acted as a lubricant on faults within this region and allowed the
rupturing of faults which would otherwise have remained locked until greater

stresses could have accumulated. In a sense, this indicates that the inclusion of
area in the Colorado source region may be inappropriate as these appear to be
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induced earthquakes. However, at least two earthquakes have occurred in this

region prior to the fluid injections, in 1882 and 1924, and the post-injection

activity itself suggests that accumulation of sufficient strain in this region for sig-

nificant future seismic activity. Thus, it is felt that this area should be included

in the Colorado source region.

4. (ONCLUSIONS

Using standard methods of probabilistic seismic risk analysis, estimates of

the seismic: hazard at six Minuteman missile wings were conducted. For four of

the six sites, the dominant contribution to the site hazard is the general background

seismicity. These sites were Malstrom, Ellsworth, Minot, and Grand Forks Air

Force lases. The background activity is used to represent earthquakes which

appear to occur randomly throughout the regions surrounding the sites and which

can not he associated with any distinct source region. The apparent randomness

of these events is, at least in part, the result of low rates of occurrence anld a

short historical record which, taken together, greatly limit the ability oi the in-

vestigator to isolate these events within a source region. The assumption of

random occurrence for these events which was used in these studies, is to some

degree, conservative a§ this activity may be more limited in areal extent and thus

the estimated risk curves may also be conservative.

The site having the greatest seismic hazard is Whiteman AFB, Missouri.

Though not commonly considered to be a region of high seismic hazard due to the

lack of recent major earthquakes, the combination of low seismic wave attenuation

in the central United States and the potential for major earthquakes in the central

Mississippi Valley combine to produce high expected ground motions at this site for

long inter-occurrence periods. For short return periods, less than 20 years, the

expected ground motions are lower than those at the western United States missile

wings. The uncertainties in ground motion estimates for this region are larger

than for the vest coast and it is expected that future studies will modifv the results

presented in this report. The changes presently being incorporated into the tech-

tique used to generate the peak acceleration attenuation function which was used

for this site are expected to reduce the seismic hazard although a quantiiative

evaluation of the effect is not possible at present.

I. V. Wkarren AtF H has the highest level of risk at the remaininu sites. Both

for this wing and for Malstrom AVi., significant changes in the predicted levels of

risk can be obtained by relativelv minor changes in the boundaries of close seismic

source regions. As the b umnlaries of these regions are not well establihed, the

variability associated with altcration of the hotindaries must be considord itt any

application of th-ese risk ,fsimates.
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Appendix A

Regional Modifiration of Acceleration
Attenuation Functions

Al. INTRODUCTION

To convert the spatiAl and temrporal clraracteristi s ifwsismiic :), ivirt ito iny

estimate of thle seismic hazard at fte site of interest it is riecess-arv 1(, liavi a

method for- the deter-mination of LtiooLnd Motion at a IOeat ion 1-e1i10ti 1rn V01 01 Hp -

center of an earthquake of speCified niagnitode. A tgrro vab set o'ItilOt liris I)'!t

formi:

g ( M1'1l) 0l1

where _ist fitle groutndb motiorn at thle site of Mtrs,\ i.s III(' tri~ieirn

tuide arid I? is ie S ite ricirit ab or. liv)rirttii- itaie h'ive hIti iri

eiirtiricaliv for tis '] bVIr':ilIV. the L rrrurd 1It111 ii d s p i * III

teris )f peak a ceeberainir.l velocty.i iiiirti -ittvi or )Ier eaus

bave boeon uiseud I Mbc(; i 'e, l)7 61.

A pi-rhieyn If itr at siijnjfiranre is assoriateb a% inthr rIse It.) tins4' lirintiorisz.

Most of, Owr data upon MwhiP ielse equations are biased ;Ire Itimie1 illtai rra

Only aI vi-rv limited nunb-t )I' strong tuition rec ords are' ;iiiIbahte- irow tin rest

oif the ronirirrntal U:rited States . At the sarure tine, It., ir uarv tines ,It -I

rience that gr-ound nrotion attenoati ii iri Canl ifria is :itvprab oiir, Iare toithr

Tote-. rec page i2 for Apipendbix Ateflie.
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areas of the United States (Brazee, 1976; Nuttli, 1973). Thus, the direct applica-

tion of attenuation functions based primarily on western United States Observations

to other regions is at best only a gross approximation of the real situation.

A2. PAST MODIFICATION SCHEMES

Several methods have been suggested to ovetrcome the di fficul Itie~s of' riiohS

variation in ground motion attenuation. 'lhe rirst solution was the Use Of Modiftied

le realli intensity as the ground motion desc ri ptor, , .I tensitv attenuation

functions of the form:

5 0

where I1 is the site intensity and] 1I the epicentral intensity, replaced the groind

motion attenuation functions. The advantage of' this miethod is that historical

reports of' earthquake damiage can be' interpreted in terms of Miodi fied M ercal Ii

intensity, greatly expanding the data base for analysis as compared to the 1use of'

ground motion descriptors requiring inst rumoental observations. This feature' is

significant for areas of low seism icity such as the cent ral or eastern United States.

in addition, the use of' intensity appear's to eliiinate the dependence on western

United States data to estimate seismic hazard.

This method, however, is highlyj unsatis factory. 'The primar'v problm with

this technique is that Mlodified M ercatl Iint ensity desecribles ground motion on a

very coarse scale which is based on subjective evaluations of damage. 'Taken alone.

intensity is ext rem elY vdi ffic(U It to interpret in termns of' th(e 'ogiil(('iing unplicaiiiions.

What knowledge that does exist of the e'ngine'e'ring parame (teris associ ated'i with

given levels of Miodi fled Mlercalli inte'nsity is, toit large deigr'e'e, tiased onl st idies

of western tonited States earthquakes. Thus, t'e Me't hod lOt'S not CH'limAW nte o

cross -regional coto pa r'i sons.

TO eliminate the enginee(ring application problems of' tusing intensil v, att erpts

have been made to correlate Site intensitv ilir'ectlv with peak accoe'ratioii, vt'lo('ir\'

and~ displacement (Guttenbear-L and] Richtter', 143; Trifunac an(I llradv, 1975;

M\c~iui re, 19177). Given at cor'r'elation be'tween one, of the g~round motion Ipianetei's

andI site' intensity:

f'(l 5)(A3)

it would be possible to ((nvert fte intensity atteuation functions to ari'inid miotion

atte'nuatioin as:
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= ((M 0 (A4)

It is obvious fromi the data shown in Figure Al that the expected trends, in-

creasing ground motion am plitude with increasing site intensity, )(,cur on the

average. However, the wide spread of' values observed For a given intensity level

result in only weak correlations between each of' the ground motion parameters

and intensity (Trifunac and Brady, 1975; McGuire, 1977; and Murphy and O'Brien,

1977). Velocity does correlate with intensity to a higher degree than acceleration

or displacement. Unfortunately, most seismic engineering codes are written in

terms of' acceleration

Acceleration

lcnh/sec2t

2 ~Figure AlI. Means of Observed
S10 Peaki Ground Acreleration,

Ivelocity Velocity, and Displacements,
(cm/sec) With One Standard Deviation

E Me irloitteAnst

DslcementEro asPlteAgit

Modified Mercotli intensity

In part, the jiw correlati) i-an be explained by the iinirsenvss oIi the Nlodified

Nli Ii initensity si-al('. Another- significant i'leriiert, howeve r, is Ilie idispersion

of' the wave train as it travels away from the epicenter. [h'le level or' damage which

results, from a singVle, imnpulsivye motion can also result from a liiwo'r am pli tuide

flintrin actIinpy over more cvycles. 'Io incorporate this distant-e effect, t-orrelations

havie also been ma1,de uISin both site intensity and epii'ntral distancev:



gs G(Is' R) (A5)

The use of distance significantly improves the correlation with peak acceleration

and, to a lesser degree, with peak displacement (McGuire, 1977; Murphy and

O'Brien. 1977).

Still, the use of either type of site intensity -ground motion relationship, Eqs.

(A3) or (A5), outside of California, in conjunction with a'regional intensity attenua-

tion function, provides only limited improvement over the direct application of

California based ground motion attenuation functions. In both cases, the effect of

distance has not been completely removed. In the first form, the distance effects

are completely ignored. In the second type of relationship, an assumption is made

that the dispersive effects are regionally invariant.

A3. TIlE METIIOI)

To overcome the problems which effect intensity based ground motion esti-

mates, a new technique is proposed for the estimation of acceleration attenuation

functions for regions with inadequate strong ground motion data for the generation

of empirical functions. This method incorporates a site intensity-acceleration

correlation but on a much more restricted basis than previously used techniques.

A limited amount of instrumental observations is required hut in a form which can

generally be obtained for regions of low seismic activity and short histories of

instrumental coverage. The method is dependent on three assumptions.

The first, and least significant of the assumptions, is that some functional

form exists which can depict the characteristics of peak acceleration attenuation

in any region. The most ommonly used function for acceleration attenuation

equations is of the form:

In a s 1 (VI , (, 2 M - ln( t I Ho ) (A6)

where a is the site peak acceleration, M is the magnitude of the causitative ,arith-
s

quake, H is the epicentral distance, R 0 is a distance factor tvpi cally st-1 to cith11 "

zer(o or 25 km and Y I. (Y2' (Y. are regression parameters hased on ohsi ',t tional

data. In this report, only this Form of attenuation function will be considereo. I ite

explicit fotm, however, is not critical to the m.thod. It is assumed tlh;at this

equation, given the appropriate regression parameters, will adequateiv I harace.r-

ize attenuation in any region. To obtain the regionallv ad.tisted (Ys  for th , area

being studie(d, a data set used to e-valuate thevse paraneters is onistrucled on the

hasis of the other two assumptions.
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The second assumption is that, at short epicentral distances, equal epicentral

intensity earthquakes have equal levels of peak acceleration, regardless of regional

source variations. Given a correlation between epicentral intensity and accelera-

tion in some reference region, then this assumption implies that the relationship

also holds in any other region. This is a restricted application :if a site intensity-

acceleration correlation in that only the more impulsive accelerations are assumed

to correlate across regional boundaries. In this way the regionally dependent

effects of distance on wavetrain dispersion are either eliminated or at least greatly

reduced.

The use of epicentral intensity, as opposed to magnitude, as the basis for

inter-regional comparison of near-field accelerations is significant. If magnitude

were used thenan implied assumption would be made that earthquake source char-

acteristics, such as depth of occurrence, are regionally invariant. 3y using the

surface effects, expressed as epicentral intensity, for comparison between regions

and then converting intensity to magnitude using empirical relations, compensation

for these source variations can be made.

A far-field acceleration estimate can be made by assuming that the peak

acceleration at the radius of the felt area is a constant, or nearly so. The basis

of the third assumption is that the minimum acceleration which can he perceived

by a human is a function more of the human anatomy than geology, and thus should

be regionally invariant. The radius of the felt area as a function of epicentral

intensity can be obtained from historical, noninstrumental records. Again.

empirical relations between epicentral intensity and magnitude permit the coiivcr-

sion of this information to a magnitude basis.

The question then arises as to what level of aicceleration is a)1)rol))l'iate e 1 I he

limit of perceptibility. Expe i ments have been conducted whir h have found that the

limit of perception of earthquake type motions is approximately 0. 8 cm /sc , o e"

the frequentv range of 2 to 0. 4 lIz (Ishimoto and Ootaka, 1933). The lvpical por -

ception curve which was found is shown iri Figure A2. As these experi enlts wet,

conducted under laboratory conditions this valuc should be considered a lower

bound. Field experimlenlts conducted at the same ti ur follld a threshold valle Iot

22
earthquake perception of' 1.7 cnm/se,'  (Inouye, 1933). (GuttvnbcrK4 andH lithe r

(1956) repor t accelerations over the tantge of 1. 6 lo ,. 0 cm/sec 2 lot. Nloditietd

Mr'calli intensities of I and I1 in California. Based oIn Ilie definitiots )I i ein rl
-

sitv scale, the limit of the felt area should ite hetwen these two int'rn ilitc-. 'I It,

.tonsistricv of these valles suggest that a reasonal .al o for use at Ile radios )1'

the feli area should be hetween 1.7 and -4. 0 tnt/sc2 . 
,The hiphtet value Would b.

tnore ;ipplicabli, in a ,lgion of low seistiic ac:'vitv whtere Ith associalii oflt sligh

vibt:llions wilh earthquakes lllt otl to ntaile as retelilv si it a tt aclive ttLo iott.

I
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(iven these assu i ptions and an epicentral intensitv-acceleration correlation

tor the refe rence region, a data set can be constructed for use in the regression

it the d's of a regionally modified attenuation function. The data set would consist

,,I a near-field acceleration cstimate based on inter-regional correlation of epi-

enitral intt- itv and a constant level of acceleration at the radius of the felt area

whi . is a function of earthquake magnitudes. By constraining the distance factor,

R , in lKt. (Al6), the evaluation of t he constants of the attenuation function can he

carried out by a simple least squared error fitting procedure.

Trhe proposed method was used to generate attenuation functions for five sub-

divisions of the tnited States. These region,, are shown in Figure A3 and are the

same as those used by Brazee (1976) to develop Ithe equations relating epicentral

in!ens iy and magnitude and radius of felt area which were used to generate the

modified attenuation functions. The development of a relation for California was

considered a partial test of the method. This application could only test the ade-

quacy of the far-field assumption and of fitting the attenuation function to a limited

data base. The near-field assumption could not be tested as the available epicentral

intensity -acceleration correlations are based on California data. This, however,

is not considered significant as all other procedures for' obtaining acceleration

estimates on the basis of site intensity make use of a more liberal form of this

assum ption.

Before proceeding with the application, two Foints should be disctussed. The

first concerns the distance at which the near-field estimate of acceleration is

made. This evaluation can he mad, either at some fix,,d distance or at a distance

which is a function of the event magnitude. The variable distance schemne could

result in such large distances for lar'e magnitud( events that dispersion world

bec(ome an important factor or, for' small ritagniud(l evernts, such smal distanc,,S

that anv method of ('stimating ac('eleration wotrld ie invalid because of v'trv near-

field effects. Using the fixed distanc( require's nly o that the( distance usid be
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5tttiallvk inallel. thtan the radius I't the fe(lt area or the -niitiilest ma~gnituflt usc(1

to develop Ohe data se t. lIn the t*ollitvInig applications of' the motthod, a distance of'

15 kil was used.

lFigure A3. f-egional Lti\',i5ions i-sed Ili the
Development of Derived .Accelerationi Attenua -

tion Functions

Two methods are also avai lable 01r the evaluat ion ofthe lc~otl zw,-ta -

tionls. 'I'll jeist of, thtese is to use a site ittosttcee'lttt ' lt i ot) tulner ol

of the toem or Hq. (A5) or, to convert epicentral itttensitv to eqilienttatot d

n the te te rene e region and to use a tefeore to regiol mitt( stoat io 11n 1 Otio Ili

Lzeneral, attenuation f'unctions have lower standard coneos 111t1 xai ltd Sit, ill-

fettlsitv relations, hut thle tWO methods ate prohahlv quol Itei 11t( ti~ )I .t )[-

vorsion frott eiciltral intensity to tuai.,ttitttdo is incititfded. "I~ he is, 'd aItltetittatiofl

ittlictin %)N5ias seet t r Iie tolloi l" att~;pplications5.

Caif ornia - A hit basic equat ion l't evaluatio ft!a(ii Cit 10 tt ' ateit Ii iut* i iw

izti' oinctioll dehljt 8 l ti- th aditis if1 Owe Wit itez, N t 0,tt5 't ~tt I i'ttti

ott fill! )tit (aliforuji, tetFedaccefecratiotis, canlfl I)( t -t t I t

sutt. IAOiltiatiion oI* 1!1, ticl-fieolf aceolerat lolls wit tide stt a
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both of which wcre developed by McGuire ( 1978 and 1974, respectively). B~oth 2. 0

and 4. 0 cmn/sec 2wNere used as the acceleration at the radius of the felt area. Trhe
2

smallest standard error of fitting were found using Eq. (AS) and 4. 0 tmn/sec.I

The best fit equations, based on the standard errors of fitting, are- given by

In a 3. 725 ,1. 026 NI -1. 603 In R (A 10)
S

and

In a T.044 1. 155 IM -2. 300 In(M 25) (Al11t

where Ro was set either to zero or 23 kmn. The curves generatcl frorn E-qs. (A8)

through (All) are plotted for the pur-poses of comparison in Figure A4 evaluated at

3,.0 M and, at 7. 0 NIl in Figure A5. The derived curves indicate a laster f'all off' of

peak acceleration than either of' the empirical functions. This becomes most

apparent beyond 100 kmi. If the far-field assumption is correct, this difference canl

probably be explained by the fact that the empirical equations are b~ased oni data

predominately from shorter epicentral distances.
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Figure A5. Derived (solid curves) and Empirical
(dashed curves) Peak Acceleration Attenuation
Functions for California Evaluated at 7. 0 M1.
Numbers on curves refer to equation numbers
given in text

In Figure A6, all four equations are evaluated at 6. 55 1\l and plotted against

sixtv-one rock anti stiff soil peak accelerations recorded during the Horrego

Mountain (6. 5 Mi) and San Fernando (6. 6 Mt) Earthquakes (Seed et at, 19"'6). It is

a pparent thle curves derived I1w thle method proposed in this report dto a better job)

of predicting t be data beyond 100 kmi. 'The mean squa redl residuals of the natural

logarithms fof the data are 0. 367, 0. 587,* 0. 1914. anti 0. 220 for EqIs. MA), (A9),

(A 10), and (All ) respecti velv. Inside of' 100 km) thle two ,(ts or equations are

essential lv equal with me an squared cesiduals betw\een 0. 135 and 0. 195. Outs ide

of this distance a significant cllarige occurs wit P nw':n squared residuals of 0. 775,

1. 26), 0. 2941, and 0. :345, respec-tively.

Based on this t'st , it would appear that the in~ot , an produce a reasonable,

attenuation function 'or use over- a wide r'ange oW histan'ls . In additioni, the success

of tie far-field assumption would siugit that it c ould bs used as an additional

r'(strjctioit in ti'e de'velopme'nt of ('pi acat tunc-tiors Iit a-lti('ld data is tackinij.
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F~igure A6. Derived (solid t-urves) arid Empirical
(dashed curves) Peak Acceleration Attenuation

Functions for California Evaluated at 6. 55 -M, and

Plotted Against Rock and Stiff Soil Accelerations
Observed for the Borrego Mountain and San Fernando
Earthquakes. Numbers on Curves refer LO equation

niumbers give(n in text

Other Regions - Attenuation functions were also developed for four other re-

gions of the United States. The relationships used in the development of these

functions and the resulting functions themselves are given in Trable Al. 'Ihe de-

rived functions, including those F-enerated for California, were evaluated for a

magnitude of 6.g0 and plotted in Figure Au for those with R set to 0 and in

Figure A8 for those with 1? set to 25 ki. At the present time virtually no data

exists for the testinh of these functions. The functions a ree with the onsualy held

concept that the atttenuation throughout the western United States is failv uniform

and that attenuation is much lower in he Central United States with the Easten

United States Reing soatewhere in between.

Vinallv, a c ~Obparison or the accelerations predicted 'or ma nitude 4.0 I and

6.0 N earthquakes in the entral United States using the proposed mthod and site

intensitn based methods is shown in i ure A9. The ste intensity m thods shown

in this figure se ti e intenuitv-acceleration ae inls ensitv and dista e-acclo rati,

correlations developed b McGuire (1977) in conlunction with inlensitv attsnuatio

functions developed bv Howell and Schultz es)75. W ile it is impossibe at tde-

pestst time to determine which o n the equations is more realistic, it is appa ht

that significant differenc s exist between them.
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6.0 M

Figure A7. Derived
Attenuation Curves, Using

~ aR Set to Zero, for the
to' Five Subregions of the

United States as Given in
Table Al. All curves

Northwest evaluated at 6. 0 NI

~ La'

1010
10 102 10 3

Epicentral Distance (k m

'0-

Figure A8. D~erived
Attenuation Curves,
Using ft0 Set to 25 kin,

for the Five Subregions

E of the United States as
tIORTWESTGiven in Table Al1.

0 All curves evaluated
0. 10 at 6. 0M

01K

10 10 2 10

Epicentral Distance (km

6.0 M *. .~~)Figure A9. Derived

Attenuation Curves and
Site Intensity [f(I)I and

to0 Site Intensity and Distances
[ f(I, R)j Acceleration

...f (1,R) Attenuation Curves for the
Cetral United States.

0 40MEach type of curve is
evaluated Lit 4. 0 M and

t o' 6. 0 M

0 1 102

Epicentral Distance (km
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A4. ERRORS

It is not possible to directly evaluate the errors associated with the attenuation

functions derived using the method proposed in this report. One scheme which does

seem reasonable, however, is to assume that the distribution of accelerations about

the derived curves is similar to the distribution about the empirical Curves for

California. A standard deviation equal to those evaluated in California, or perhaps

increased to be conservative, can be assigned to these functions. A typical standard

deviation, based on the values listed by McGuire (1976) is about 0.707 for the

natural logarithm of the peak acceleration and might be appropriate for use with

the regionally modified attenuation functions.

A5. CONCLUSIONS

Although there are many significant problems associated with the use of strong

ground motion attenuation functions, they do provide an important means for con-

verting knowledge of seismic activity into estimates of engineering seismic risk.

In this report a new method for the regional modification of peak acceleration

attenuation functions has been presented and the method applied to derive attenua-

tion functions for five regions in the United States. The method relies on two

primary assumptions. First, in the near-field, the level of acceleration causing

a given epicentral intensity is regionally invariant. Second, that the level of

acceleration at the radius of the felt area is a constant. Available data tends to

support the second assumption while the first is a restricted application of the

assumption used in previously suggested methods.

The application of this technique to the development of an attenuation function

for California indicates the feasibility of the approach. The derived functions

predict peak accelerations for the Horrego Mountain and San Fernando Earthquakes

at least as well as the two empirical equations to which they were compared. Be -

yond 100 km, the derived functions were found to be significantly more accurate

than the empirical functions.

Peak acceleration attenuation functions were also generated for four other

regions of the United States. While the errors associated with these functions can

not be directly calculated, it is suggested that the errors might be similar to those

found for empirical functions. One advantage of the proposed method is that. is

observational data becomes available in the region for which the modification is

conducted, it can be inco-porated into the data base used for regression of tHe

attenuation function parameters, thus providing an improving estimate of the

regional attenuation function until the point is reached where the observational

data alone is sufficient.
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