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NAV’FAC Instruction 11012.138, 24 October 1975, has specified that,
for buildings designated as “critical buildings,” a site seismicity

study be performed , in lieu of the lateral load coefficients provided in

NAVFAC P355 , Seismic Design of Buildings , April 1973. Acceleration
response spectra developed from the study shall be used to determine the

magnitude of the lateral loads. This report is intended to provide a

methodology and automated procedure for computing site microzonation

studies and recurrence data needed for design.

This report cites the works of many authors. Much of the material

is included here to give the reader adequate background to understand
the developments and assumptions made . In particular , the work of

Krinitzsky (1974) was cited verbatim in many places.

The report is organized into nine chapters. Chapter 1 gives the

reader an introduction into earthquake causes, types of faults and

associated behavior. Chapter 2 gives dimensional relationships between

faults and magnitude. Such information is used in later sections.

Chapter ~ discusses fault movement and geologic slip rates as a proce-

dure for estimating earthquake recurrence. Chapter 4 discusses the

historic earthquake data base and its limitations. Chapter 5 presents

stochastic procedures for treating earthquake data. Chapter 6 presents

earthquake site-induced ground motion as a function of epicentral dis-
N 

tance and magnitude. Chapter 7 draws upon the previous sections as

background and presents an automated procedure for determining a prob-

abilistic estimation of site acceleration based on the historic data

base and adjusted to consider geologic data . The confidence limits of

I _ _ _  L



r~~~~~~~ the est imate are given. Such a process is the first step in specifica-
tion of a design leve l earthquake loading . Chapter 8 provides the
second step — the preparation of response spec tra. Chapter 9 discusses
risk analysis and an approach for economic selection of design cr iter ia .
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. CHAPTER 1 — EARTHQUAKES AND FAULTING

Plate Tectonics

The United States is located on the North America plate , the west-

ern portion of which mets the Pacific plate. The interaction of these
- two plates is responsible for the high seismic activity which has in the

past and continues now to take place in the Western United States.

Plate tectonic theory has explained much of the geologic activity. Also

explained in terms of plate tectonic theory is the seismic activity

experienced in the Central and Eastern parts of the United States. This

midplate activity can be very destructive.

- 
Figure 1-1 shows a cross section of the earth. The lithosphere,

composed largely of basalt , extends to an average depth of about 100 km.

Below the lithosphere is the asthenosphere which extends to a depth of

400 km. Because its upper portion is partially molten , seismic velocity

in that region is decreased. The lithospheric plates are able to

“float” on this plastic layer. Not all ‘ of the asthenosphere is molten ;

however, there is a tigid portion .

Most seismic activity is located at plate boundaries and , there-

fore, boundaries are of considerable interest. Walper (1976) is quoted

in the following paragraph :

Three kinds of plate boundaries can be distinguished
A 

by the three principal modes of interaction between adjacent

plates, and distinctive types of plate margins are identified

with each: (a) divergent or spreading boundaries with con-

structive or accreting plate margins ; (b) convergent or colli-

sion boundaries with destructive or consuming margins ; and

_ _ _  
‘1
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(c) transform or transcursion boundaries that form margins

known as conservative because there is no gain or loss of

crust (Figure 1-21.

Geologic Faults and Earthquakes

Since the San Francisco earthquake of 1906 and the subsequent work

on the elastic rebound theory of earthquakes, general agreement has been

reached on the close relationship between earthquakes and geologic

faults, lost tectonic earthquakes of the type that cause major struc-

tural damage are associated with fracture on a fault. Plate motion

causes stress in the earth’s rock crust. Earthquakes occur when the

strength of the fault can no longer withstand the stress that has built

up. Fault plane solutions and earthquake mechanism studies have contri-

buted to a consistent picture of the earthquake generation process which

satisfactorily explains most of the observed facts.

Krinitzsky (1974) states:

A fault is a shear rupture in the earth along whict~
opposite faces have been displaced relative to each other.

Relative motion is parallel to the fault itself. ~~ 1’ A

rupture without relative displacement is termed a joint.

The basic kinds of faults discussed above are illus-

trated schematically in ‘A’~’~ (Figure 1-3 showing appropriate

ter.inólogyl. They are defined in the following paragraphs.

a. Strike slip. Strike is the line of direction in a

horizontal plane produced by intersection by a fault plane .

Movement along ttu.s line ~~ (Figure l-3a ) is strike slip .

Such faults are usually high angle , that is near to vertical.

*~* The direction of movement is designated as ri&ht lateral

tAsterisks (***) indicate deleted material in quoted passages.
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or left lateral depending on the direction (right or left) the

opposite side has moved when one faces the fault. ~~ The

movement shown in -
‘
~~~~~ (Figure 1-3.1 is left lateral.

b. Normal. A normal fault *~~ (Figure l-3b1 is one in

which the hanging wall (the overlying side of the fault) has

moved downward relative to the footwall (the underlying aide

of the fault). For hanging wall and footwall ~~ ( see Figure
1-41. This movement results from horizontal tension. ~~ It

is also called a gravity fault. Note that AS in A A A  (Figure

1-3b J is !JJ15 AC is throw, and BC is heave.
c. Thrust or reverse. This is a fault **~ (Figure 1-3d

in which the hanging wall has moved upward relative to the

footwall. It is caused by horizontal compression. ~~ Its

movement AR is e.!~i. 
AC is throw, and BC is heave.

Most faults are combinations of strike slip and one

or the other of the above. Also , the fault plane itself is

likely to be curved . Blocks may be rotated relative to each
other.

Components of movement ~~* (Figure 1-3d1 are staged

as AR , net slip; AE or CS, strike slip; AC or EB, dip slip;

AD , throw; and X, heave .

The fault traci ~~ (Figure 1-41 is the line of the

fault at the surface. The strike of the fault is measured in
a horizontal plane as degrees of deviation of its direction

from north. The ~j~p is measured in degrees from the horizon-
tal plane to the fault plane and is given a directional compo-

nent that is perpendicular to the fault strike.

Features co only associated with normal faults are

shown schematically in ~~~ (Figure 1-51. Step faults are

blocks that are sheared like slices . The lowermost block is a
gra ben. An isolated high block is a horst.

-
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The movements illustrated in ~~~~~~~ IFigure 1-31 are

highly simp lified . In nature they may be very complex with
secondary and tertiary slippages related to prima ry fault

movements.

Some misunderstandings have occurred — and perhaps some significant

differences of opinion — about the direct relationship between geolog ic

faults and the earthquake hazard . There is much evidence dating from

1906 to suggest that destructive ground shaking is not necessarily at a

maximum in the i ediate vicinity of the causative fault (Hudson, 1972).

More often than not , the maximum destructive ground shaking is observed

to be some miles from the fault , as can be explained by a number of the

features of the generation and propagation of seismic waves . Classical

photographs of the 1906 major movements along the San Andreas fault , for

example , show horizontal surface disp lacements of as much as 15 feet

passing several feet from a smafl wood-frame house that received no

significant damage . Similarly, during the San Fernando earthquake of

9 February 1971 , a 5-foot vertical fault scarp passed directly through a

wooden barn just a few hundred feet from a single-story residence. The

barn was severely damaged , but no significant structura l damage to the

house was noted ( H udson , 1972). The San Fernando earthquake also fur-

nished numerous examples of surface faulting passing through heavily

populated areas. Although severe structural deformation , with a result-

ing economic loss , occurred in numerous cases, catastrophic collapses

leading to loss of life and serious injury were not directly associated

with these surface breaks . Hazardous collapses were in all cases the

consequence of severe ground shaking , which is pervasive over a large

area and is not limited to the vicinity of faults.

The focus or hypocenter is the point within the earth’s crust where

the initial rupture occurs and from which the first waves are released .

The projection of this point to the ground surface is the epicenter.

The epicenter and hypocenter do not necessarily indicate the center of

total energy release of the earthquake but rather the point where the

6
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sm c c energy ~~ i v . ’.- ~~
‘
~~‘ i t -  t i - s t  i e i  ed . F or sm.i I 1 es t h q ua k r s  t hr

.~n t  er of t o t a l  ene i ~~ release anti the e p  c t r i l L  c i  .i re nOt f~~r ~ip J  i t

h r .  .i u s r  I he t iu It break 1 engt Ii i s sho r t  however  , t h i s  is  ic he t i

ot 1.i rge ea rthtiuakes . The m a j o r  t v  - t ca t  t tt 1 i ,,hcs in  t he Un c t ed  ~~ ~
t I I V I ’  hid  r e l a t  t ve~ lv  sh a l l  cv t o r a l  t I~.pt  hs  0 t ~. . 0  km) . in  Cal  i t  O F f l  1 .1

eat h q u a k ~.s have oct - u tie d ii r e g i o n s  ‘~‘hr  I c  sti r t .it ’ t ’ t i i  i t  p~i t t cr ux  v e t -i ’

d e a r ly  vis ible. In the Puget Soun d .-irea , c a r t  h~ u .ik es .Ir e’ t o t  u se d ..t

t b ea t  i c i i s  v i  t h i n  the  ~~~ rt  li ’ s c i  I I S L  so t h a t  .i s t i r  I .~~‘e i u p t  U n’ is

not  observable. lii the ea st e t  it Un i ted  St .it e~ , t he  i’t’ 1.1 t c o n s h i  p t o

sur t ace rupt  u re has  n o t  bern  i - l e n t  c t i e d  P.o It , i t )  70 N c - ton i rk ~i nd

~~‘s c i i b i u e t h . l ’) ’l ).

A I .i I t  L I n ~I I ’ U .~c n~ t e ~‘ t o u t  c ~
‘ re’ep . o one v i  t h .i hi ’ up t ti i ~. p l .c t ’ern vn

t a u s e s  changes i n  t he  t e r r a i n  i t  .- l o s ses.  Vc ’u ~ d i s t  t n ~ ’t  l y e’ ~‘n t er n s  .,r e’

p 1  s t du c e t i  where . lt’l ive t ~iu1 t s ~ r o ss  s t  i r im s  • such .is t . ,u d s  I ides .

o ngo  t ug geo log i c  p r o c e s s  cau ses  s t ’ .i i p s  • t r e t i~ lu’s • sag ponds . i i i t l  s t ream

o t t  s e t s  - ~
‘ i gun ’  I —

~~~ sh cvs  a I .,n~i t o t  m t ’  i t  h an .u’t t V t ’ I t o  I t  ~~~‘~.-~- - -u et

a t.. l ’) ’~S) .

Est  tmate s  of t h e  max imum S i t’ i i i t i  ir e q u r n t ’v o t e~i r t h quakes  on a

f a u l t  are t ’ i s e . t  on t h e ’ g e o l c g t~ - .ii lv  . I r t e n n t t i t ’~l s l i p  I . I t C ’ J I i t l  t h e  h i s t o t  —

i~ r e c o rd o I gro und Jr t o  rm~ t c o n  (wh e r e  ava c I .~b l r ‘~ , t he’ Sc ’ i sni c~’ h i  st  o rv

of th e t tuit ~i t t t 1  s u r rou n d i n g  t e d  o n c e  reg ion . .t ~r o b o ~~t c a l  e’v.i lu .i t con o t

t h e  t et ’ t o n i c  s e t t i n g.  .i id cup i i i  c a l l  y Jr r i  ~rd re 1.1 Li tni sh t ~~ b et  ve’eil

e.i r t h qUJ ke iii gtt  t ude an~I t .iu i t  le n g t h  -

Su r t  i ce  F . f t e t’t s  o t  F . iu it  ~l~cveine t i t  s

Wh eti  f a u l t s  .t U t ’ c o n s id er ed , t he  ~i sscc mpt ion i s  conmionly urith’ t h a t

the creation of e n t i r e ty  new f a u l t s  by an e a r t h q u a k e  is u n l i k e l y

(Kn it i t  i sky ,  1’) ‘ -~~~ . Si g n i  f i  can t  s u i ’ t.ice f a u l t s  ~utl  t be t  r ai -t c v i  t y  m.iv

be f o u n d  by p r op e r  ~~t ’~ ’ l o g i  c c n vr s  L i  g.-i L i o n s  . C h i t  t , S lemuons • and

a Waggoner (1q70) have illustrated schemati cally the ’  character of tvpcc .c l

~~~~~
‘-
~~

- surface e f f e c t s  b~ faults. These’ ire s t iowi i  i n  F ig u r e s  1 — 7  t o  I - Q .

t~~~ I
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Strike-Slip Faults. Strike-slip faults are usually steep, nearly

vertical. Figure 1-7 shows the damage that is associated with strike-

slip movement. Some fault displacement pre-exists , and movement occurs

along the pre-existing plane . There Is very little vertical component

of movement; hence, there are negligible topographic effects other than

the slip itself. Kninitzsky (1974) descrIbes types of faults below:

The San Andreas is a nearly vertical strike-slip

fault that in recent times has had a cumulative displacement

of many kilometers. It has manifested this activity by pro-

nounced effects on the I regional) drainage . Where it passes

through mountainous country , for example in the Santa Cruz

Mountains , the drainage has cut a valley along the active

trace of the fault. In the Carrizo Plain of southern

California , ~~ the fault has had a dramatic effect in turning

drainage that crosses the f a u l t .  The displaced drainage now

is joined in a dogleg along the fault trace . This is a mea-

sure of the displacement that has occurred since the drainage

- 
was developed . Though drainage history has never been dated

precisely, interpretations are possible of the manner of

movement in recent times.

Strike slip faults (usuallyl tend to have greater

continuity along their fault traces than do other faults .

Also , strike-slip faults will occur within narrower fault

zones. Along the San Andreas the full zone in some places is

as much as 1.6 to 3.3 km wide . However, the most recent and

most pronounced fault movement is likely to be on single,

identifiable planes. A recurrence of movement has a high

probability of being along the same plane. Thus, the trace of

movement along a strike-slip fault is predictable to a far

larger extent than for other types of faults. —

_ _  -~~~~~~~~ ~~-~~~~~~~~—-~~~~~~ - 
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Var ious port tons of K r i n i t s a k y  ( 1974 ) are quoted below :

L.andsiidcm~ Where fault movement s are postulated
c an e ng in e er  l ug s it e  , the hum ru from I muds 11 item shou Id be

eva luated as a special category . They may be produc ed in
assoc tat ion with faults or , more c omaoniy , t hey may he t i ’ i g —

g.t•.iI elsewhere by earthquakes. Loose , sat urated debris , in

j ointed rock w ith  weakened planes , on steep siopea a t e  su m—
cept ihi. and have c ontributed to spectacular l ands l ide s  in the
past.

Norma l Faults. Norma l faults ~~ (Eigure I-ti , have

more pronounced topographic  ci fec t s, The downdroppec. block

brea ks along the dragged lip and forms secondary di splacements
in add f t  ton to those on the m.,~ or ;t 1 anc . Damage by tan It

displacement is concent rated in the dowodropped hlock~ The
upthrown block may remain relat ive ly intaet~ This  ass umes

that movement is c’ont ’ I ned to a single major tan It plane .
Norma l t a u l t  ing is susceptib le also t o  m u t t  i p l . ’— p l a n e  slep i ike

dtaplai’ementm,
Thrust Faults. Thrust faul ts ~~~~ ~Figurc I-’~I t end

t ~: break up in the upthr own blo ck.  The downt hrown hl oc’k

remains intau t , except that near the tace iii the major fault
plane there  is l an d s l i d t n g . Fie ld  measurement ot the amount

o I thrust I ng oft en is it i t t  I cu l t  because ot this dest t -ctc t I on ol
the faul t plane s The breakage In the upthr own block tends to
he highly arcuate and irregular. Thrust faults are likely t o

occur along mult iple planes~
Thrust faults may occur along a mount a in front by

} activation of a acarp—Iormtng proce ss , such as that which

~~ occurred during the San Fernando earthquake ot 1971 • Such
movement is  t o  suime degree predictable. However , thrust

faults may also occur in very complex and often unpredictable
assoc’ tat ions . A thrust tan It ou-cuc- t eut at Hatuc I ng Say during 
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the Alaska earthquake of 1966. It raised the bay floor and

cut across an adjacent ridge . The ridge contains a notch that

had been developed during earlier movements.

Geological , Seismological , and Soils Investigations and Fault Activity

The objective of the geological investigation Is to establish the

lithology , stratigraphy , structure , and history of the general region .

Tectonic structures underlying the region must be Identified , and any

evidence of fault activity determined . The seismologica l investigation

compiles a listing of all earthquakes of record which may have affected

-~ the general area of the site . The magnitude of the earthquakes , epi-

center locations , dynamic characteristics , and durations of the re-

suiting ground motion are determined . Epicenters within about 200 miles

of the proposed site are of particular significance . Geological fault

structures wi th in  this  approximate radius should be studied .
The type of information required includes Identification and delin-

cation of those faults that are active ; that is , capable of generating

earthquakes . Information about recency of faulting is useful in desig-

nating particular faults as active for specific land uses. Designation
of a fault as active can be based on the assumption that the more recent

the faulting (geologic time) the more likely that the fault will undergo

intermittent displacement in the geologically near future . Movement is

presumed less l ikely  to occur in the i~~ediate future (50 years) along

faults that have progressively longer geologic periods of demonstrated

quiescence . Because of the apparent great range in frequency of move-

ment , there is no agreement at present on the length of geologic time

pertinent to evaluation of the near-future behavior of faults. Selec-

tion of the timespan used to designate faults as active from age of

latest movement has been influenced by the potential consequence of’

seismic shaking of surface faulting on the specific structure . The

greater the risk to be incurred , the longer the timeapan that must be

10
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considered . Displacement during Holocene tlme* Is a generally accepted

criterion of activity for many land uses . This timespan is probably
inadequate, however, to assure recognition of all active fauLts. His-

toric offsets have occurred along faults , such as the White Wolf fault

in southern Californ ia , that had no previously recognIzed evidence of

Holocene faulting . Wentworth and Yerkea (1971) state that evidence of

displacement during late Quaternary t ime (the past severa l hundred

thousand years) should be considered evidence that a fault is probably
- active for low seismicity regions .

To quote Krinltzsky (1974) further :

Fault movements have occurred throughout geologic

time. The oldest geologic strata , it may be supposed , are the

most faulted but this is not a genera l condition . However,

faults which moved in the past will not necessarily move again

In the present.

*** faults I , for an engineering analysis ,1 are

either active or inactive . Active means that a fault may move

at some time in the near future. In engineering tterm sl, it

means it may occur during the life of a structure . Inact ive

means that it will not.

*** The Atomic Energy Coasiasion 11973b 1 has devcl-
aped a set of guide l ines. *** :

a. Datable movement during the pas t 35,000 yr. (The

lim it of reliable radiocarbon dating.)

b . Datable movement more than once in the past 500,000

yr. (Marine terraces on the West Coast.)

L 

c St ructural interrela t ion whereby a fault ca n be shown
to move if movement occurs on a different fault ~~th

proven activity .

*The most recent geologic time unit beginning of the last glacial
retreat 12,000 to 20,000 yea rs ago to the present .

11 ~~~~~~~
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d. Instrumenta lly determined macroseismic activity

relatable to a fault.

a. Projection of a proven active fault through or Into

areas where all evidence of the fault or its activity

is obscured , as by thick alluvium .

The International Atomic Energy Agency 119721 adds

two additional criteria:

a. Evidence of creep movement along a fault (creep is

slow displacement not necessarily accompanied by

macroearthquakes).

b. Topographic evidence of surface rupture, surface

warping, or offset of geomorphic features.

They would further classify active faults on a geomorphic

basis as follows:

Class A - High rate of movement , greater than 1 m per

1000 yr

Class B - Topography shows clear evidence of dislocation

Class C - Topography shows indistinct evidence of dislo-

cation

Class D - No evidence of amount or rate of dislocation on

which quantitative assessment can be based , but

fault is considered capable of causing surface

faulting.

In general engineering practice a fault is considered to

be active if there is displacement within Holocene *~* depos-

its regardless of datable evidence. (Examples: fault dis-

placements within surface gravels, alluv ium , or glacial out-
wash.) *** All of the criteria above are indicative of a

present-day hazard from renewed movement along a fault , and

they are sufficient to identify a fault as active.

12
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Geophysical and Geological Investigation

A general description of the types of tasks performed in geophysi-

cal and geological investigations will be given here as given in

Krinitzsky (1974).

Background Information.

Background information , ~~ which ~~~ ( may bel
assembled and studied A A ~ includes :

a. Imagery. Air photos and other (photos).

b. General geology. Available maps and reports on the

rock and soil types, ages, tectonic history .

C. Seismicity. Historic record .

d. Mapped faults.

* * * * * * *

Air Inspection. An efficient way to begin is to

overfly the area in a helicopter or small plane and inspect

the terrain carefully for whatever evidences can be found .

Early morning and late afternoon hours are best, since long

shadows may reveal faults that might otherwise be missed . The

faults should be scanned for appearances of fresh displace-

men ts and a notation made for checking the displacements on

the ground . The prime concern in checking faults for earth-

quake risk is to determine the presence or absence of activity

along the faults.

Ground Inspection. Criteria for determining recent

fault activity are :

a. Scarps. Freshness of fault breaks ; displacements of

surficial gravels or soil layers .
b. Turned drainage.

c. Sag ponds.

13
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d. Other hydrologic anomalies. Springs ; lines of

greenery in arid areas; groundwater barriers . 
- -

a. Land displacement. Anomalous displaced land blocks ;

drowned trees.

f. Tilted trees. Bends in trees along fault zones.

Bends may be related to recent movements. Tree rings

may help to date fault movements.

g. Sandblows . To determine inclusive areas of large

earthquake disturbance .

h. Harrowed ground. Intricate breakage of ground by

earth shaking ; usually on local topographic highs .

Associations. The information above must be placed

in context with:

a. Historic seismic events. A caution is that reported

epicenters are sometimes unreliable. They should be

rechecked wherever they contribute to important
judgments on location of fault movements.

b. Structural trends. An area of doubtful activity may

be determined to be a continuation of a structural

trend in which elsewhere there is proven activity .

Activity may be inferred by association and through

projection .

Dating. Dating calls for imaginative and resource-

ful approaches. Some of the more comon are:

a. Stratigraphic displacements. Borings may show net

displacements in young deposits of known age. Rates

of movement may be postulated for such faults .

b. Effects of datable geomorphic features. Breaks in

marine terraces of known ages. Displacements in

datable alluvial sediments or glacial deposits.

Similarly, these may give average rates of fault

movement .

C. Paleontology and palynology. Age dating of fossils

in displaced layers.

14
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d. Radiocarbon dating . Age dating of organic matter

(peat, wood , bones, etc.) in sag ponds , scarp

detritus , and displaced layers . Often such dating

can be related to specific earthquake events.

a. Paleosagnetism. Magn etic dating with relation to

-~ 

• 
polar wandering during recent times .

1. Uranium disequilibrium . Disintegration of radio-

active uranium with time .

g. Potassium-argon . Particularly useful for displaced

volcanic rocks .

h. Other. Associations with young cinder cones,

presence of fresh scarps without datable associa-

tions , etc.

h apping . Mapping should include as much as can be
determined of the following information :

a. Geometry of fault movement .

b. Age of most recent movement.

c. Frequency of movement or rate of movement.

d. Reliability of interpretation .

!~ 
Projected activity beneath masking deposits .

f. Association with landslides . In particular , one must

be certain that landslides are not mistaken for fault

movements.

* * * * * * *

Borings.

Correlations between borings provide a direct method
for examining a site closely for fault planes .

Caution must be exercised in determining the lithology from the need to
interpolate between bore holes .

Trenching. Trenching offers a procedure for uncovering faults not
seen at the surface .

~
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Strain Measurement. This is principally a research technique

consisting of installation of strain measuring gages .

-
~ Geodetic Surveys. Precision surveying of a series of monuments on

opposite sides of a fault is used to measure fault movement.

Geophysical investigations include the following :

Bouguer Gravity Survey. A regional survey of the earth’s gravity

in which corrections have been made for the effects of topography .

Anomalies are indicative of changes in the mass properties of rocks

where something unusual has happened in the earth’s crust. This

approach does not identify specific faults , but may help delineate areas

of faulting in the subsurface.

Magnetic Survey. A magnetic survey explores local changes in the

earth’s magnetic field. The results are affected by changes of rock

types (iron content) revealing abrupt changes such as those which take

place where there is movement.

Seismographic and Electrical Resistivity Surveys. These are the

various techniques for passing energy through rocks and monitoring

changes in rock properties. The property changes occur from either

stratification or inho.ogeneities in the rock mass or from displacements

in the rock mass .

:
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Figure 1-7. Damage associated with movement along strike-slip
fault (after Cluff , Sle ona . and Waggoner , 1970).
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Figure 1-8. Damage from normal fault; displacements induced in
the downthrown block at a distance from the fault
trace (after Cluff , Siemeons, and Waggoner, 1970).
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Figure 1-9. Damage from thrust (reverse) fault; earth
displacements induced on the upthrown block
at a distance from the fault trace (after
Cluff , Sle~~ons , and Waggoner , 1970).
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CHAPTER 2 — DIMENSIONAL RELATIONSHIP BETWEEN FAULTS AND EARThQUAKE
MAGNITUDE

Earthquake Magnitude

Engineers may define a design earthquake for a site in terms of the

earthquake magnitude H and the strength of ground motion. Factors which

influence the selection of a design earthquake are the length of geo-

logic fault structures, the relationship of the fault to the regional
tectonic structure , the geologic history of displacement along the

structure and the seismic history of the region.

The design earthquake in engineering terms is a specification of

levels of ground motion that the project is required to survive success-

fully with an avoidance of loss of life and acceptable damage and loss

of service. A design earthquake on a statistical basis considers the

probability of the recurrence of a historical event.

Earthquake magnitudes may be specified in terms of a design level

earthquake which can reasonably be expected to occur during the life of

the structure. As such, this represents a service load which the struc-

ture must withstand without significant structural damage or interrup-

tion of required operation . A second level of earthquake magnitude is a

maximum credible event for which the structure must not collapse; how-
ever, significant structural damage may occur. The inelastic behavior

of the structure must be limited to insure the prevention of collapse

and catastrophic loss of life.

The selection of a magnitude level may be based on:

1. Known design-level and maximum-credible earthquake magnitudes

associated with a fault whose seismicity has been estimated
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2. Specification of probability of occurrence for a given life of

the structure (such as having a 10% ~hance of being exceeded in 25

years , NAVFAC criteria)

3. Specification of required level of ground motion as in a code

provision

4. Fault length empirical relationships

Earthquake magnitude can be related to length of fault for shallow depth

earthquakes. Data have been plotted by Seed et al. (1969), Krinitzsky

(1974), Housner (1965), and Tocher (1958) to provide the curves indi-

cated (Figure 2-1). It is important to note that in some regions,

correlations of these types are of little value since many of the impor-

tant geologic features ma-’ be deeply buried by weathered materials.

Magnitude as measured on the Richter scale is calculated from a

standard earthquake, one which provides a maximum trace amplitude of I

~.a on a standard Wood-Anderson torsion seismograph at a distance of 100

km. Magnitude is the 10810 of the ratio of the amplitude of any earth-

quake at the standard distance to that of the standard earthquake. Each

full numeral step in the scale (two to three, for example) represents an

energy increase of about 32 times. Experience with past earthquakes is

presently the only useful basis for relating fault length and motion to

magnitudes of associated earthquakes.

Fault Length and Earthquake Magnitude

A useful insight into the relationship between earthquake magnitude

and length of observed fault slippage was presented by lida (1965). He

grouped faults of all types and obtained the plot shown in Figure 2-2.

He presents a spread of points for which upper and lower boundaries are

drawn. i ida ’s spread of values should be kept in mind when one consid-

ers the linear relationships that have been suggested by numerous

authors.
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Figure 2-1 shows several such relationships that were compiled by

the Bureau of Reclamation (1972) and reported by Krinitzsky (1974).
They differ from each other only to a minor extent . The curves appear

to be least reliable for low earthquake magnitudes. Krinitzsky (1974)

is quoted below :

(Figure 2-31 illustrates the concept that a small

earthquake may radiate displacements around a focus (that

point which is the center of the earthquake and the origin of

its elastic waves) without breaking the surface in any consis-

tent manner. In fact it may not brea-k the surface at all.

The energy release can be accoamiodated largely or totally in

the subsurface.

The spread of related data is explored further

in ~~ (Figure 2-4). The dashed lines were drawn to encompass

a spread of worldwide earthquake events gathered by Ambraseys

and Tchalenko L19681 *** . In addition , a selection of large

earthquakes generated specifically by thrust faults is shown

from U. S. Geological Survey (USGS) data. From the Ambraseys

and Tchalenko (1968) data there is a lower limit , or cutoff ,

at magnitude 5.4 below which surface rupture has no signifi-

cance in relation to magnitude . Fault movements below magni-

tude 5.4, with very few exceptions, are contained in the

subsurface as shown in AAA (Figure 2-3]. The corollary to

this is that if any active surface fault movement is found , no

matter how short it is, it might be evidence for an earthquake

capability of greater than magnitude 5.4.

Thrust faults ~~ present a more difficult problem.

• They are capable of huge irregularities between magnitude and

surface rupture even for large earthquakes (magnitudes greater
• than 7). In fact their greatest irregularity may be in the

largest events. This may result from energy release by break-
age along multiple parallel planes, much more so than is the

case in slippages of other types of faults. Thus, where

L
25
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magnitudes are to be estimated for thrust faults, one must be

prepared to apply values that can represent strong earth-

quakes, though the fault lengths may not be exceptional.

Fault Length and Displacement

Figure 2-5 shows the maximum surface rupture on main faults typical

of the United States with superimposed lines best fit of world and North

America data (Bonilla , 1967 and 1970). Maximum surface displacement is

related to earthquake magnitude in Figure 2-6 (Bonilla, 1970). The

displacements are total displacement measured after the earthquake and

thus may have a large amount of creep displacement included. This data

is limited and should be used only as a guide to minimums.

Figure 2-7 shows minor branch and secondary faults associated with

a major fault. Bonilla (1967) relates displacement on a minor fault to

the major fault. Figure 2-8 shows an envelope of the data.

The broad scatter shown by the data is partly due to (1) the vari-

ety of field conditions in the areas where the observations of faulting

were made , (2) the inadequacy of the length of surface fault rupture as

a measure of the length of faulting at depth, and (3) theoretical limi-
tations.

Bonilla and Buchanan (1970) combined the data, “the study of the

relationships between surface fault displacement, surface fault rupture,

and earthquake magnitude” to produce Figure 2-9. “Again, the data have

very large spreads.” Boundaries were added by Krinitzsky (1974). More

recent work by Mark and Bonilla (1977) reevaluated the data taking fault

type into account. The results are shown in Figures 2-10, 2-11, and

2-12.

It is important to note the spread in the data . Krinitzsky (1974)

concludes “Any fault break in competent rock, no matter how small ,

should be taken as indicative of the capability for at least a 5.4

earthquake.” It is important that consideration be given to the local

seismic history and the behavior of other analogous faults.

26
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Absence of Surface Faults

Consideration should be given to the possibility of not identifying

all the faults in a region which may be active. This is especially true

- i . in central and eastern United States. To account for this a “floating

-i earthquake” (one that may be assumed capable of occurring anywhere in
- 

. 
the r4ion) should be considered (Krinitzsky , 1974).

L 27 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _  -



_ _ _  - - - - - -----— - -~~~~~- - ---- - ~ -—~~~~~~~~~- •~ ~ - -~~~~~~~~~~~~~ - - - -

LD~G1H. KI1~~~TERS
0105 1041 LV 1L9 1047
9 T T T ~~ I I ~ I I T T  I I T I T T I  I 1 7

-
: - 

£

~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~HOUSNER

~ 
/~/
/ • STRIKE.SLIP FAULT

S NORMAL FAULT
3 - - + - - £ DEXTRAL.NORMAL FAULT --

~ REVERS E FAULT

0.5 
1 1 I 1 1 l I I I I I I I 

500
LENGTH (MILES) OF SURFACE RUPTURE . MAIN FAULT

Figure 2-1. Earthquake magnitude versus length of surface
rupture (from Xr initzsky , 1974).

1~~o —
0

0
• 0 0

5 - / Figure 2 —2.  Upper and lower boundaries
/ of earthquake magni tude and

- / fault  slippage (from lida ,
• / 1965) .

I I I I
• 7 8 9

EARTHQUAKE MAGNITUDE

28

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~ -



- --- - •—•—-- —-• —•——--- -,.---— ____________________________

~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 2-3. Concept of a spreading fault movement that occurs
during an earthquake (from Krinitzsky , 1974).
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Figure 2-7. Categories of faults

(from Bonilla, 1967).
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Figure 2-8. Displacement on associated faults as percentage of
displacement on main fault (from Bonilla, 1967).
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CHAPTER 3 — FAULT MOVEMENT

Prediction of Fault Movement

Prediction of movement along specific fault zones is being studied

by many researchers throughout the world. Their chief approaches thus

far are given in the following paragraphs taken from Krlnitzsky (1974)

and quoted below .

Field Strains

Where faults move , they are the visible displace-

ments that occur within much larger areas in which crustal

strain takes place . It is known that the Niigata earthquake

was preceded by vertical movements that went on at a steady

rate for half a century . Fifteen years before the earthquake

the movement became more rapid for about 10 yr. Then there

were 5 yr of very l i t t le moveme n t that ended with the earth-

quake. Studies of elastic strain accumulation may prove to be

a guide to predicting fault movements ~~~~~~~~~

Dilation

Fault zones, or the areas closely adjacent to major

faults , may dilate measurably prior to relief of stresses by

slippage . Monitoring the progress of dilation by Ilevel

surveys] adjacent to specific faults may identify critical

stages that preceded movement.

Seismologists in the USSR found premonitory changes

in the ratio V~,/V5 of microearthquakes prior to moderate size
earthquakes in Central Asia *** (where l *** V~ is the compres-
sional velocity and V5 is the shear velocity. 

A A A  Corrobora-
tive results were reported in the Adirondack Mountains of New
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York and similar anomalies were found to have preceded the San

Fernando, California , earthquake of February 1971. Tectonic

strain produces a steady increase in stress until dilatancy

occurs. **~ the forming of many small cracks ~AA takes place

at lesser stress levels than those necessary ~~ [for rup-

turd . Initially, there is an increase in pore volume without

a corresponding increase in pore fluid and V~ drops. V5 is
not affected by pore fluids so that V~/V~ also decreases. As

water flows into the new cracks, the ratio will return to

normal and pore pressure will build up. With continuing

tect.onic stress and the buildup of pore pressure , an earth-

quake will result.

Creep

Similar ly,  creep, or slow movements of faul ts
without earthquakes, may indicate the gradual relief of

stress *** . (It may indicate] the partial relief of a locked

condition that will later break and move abruptly . Clear

identification of the significance of creep is not yet possi-

ble, but creep may in time be related to earthquake potential.

Mic roea rtho~akes

Numerous small earthquakes along active fault zones

may indicate the approach of a large event, but this is an

[inconclusive) relationship. Of use, perhaps, is the plotting -

of microearthquakes. They may show a geographical spread

that, correlated with historic earthquakes, can suggest the

most probable locations for future events.

They may , however , indicate only afte rshocks of a previous large eveni.

Stress- and Strain-related Effects

The physical properties of rocks are affected by

the levels of stress and strain they are undergoing. Thus

electrical resistivity, magnetism, piezoelectricity , the
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trans.ission of seismic waves , the emission of radon, and

possibly other factors [may show changes] as rocks approach

the stage in which fault slippage is about to happen.

Geologically Determined Slip Rates

The offset of distinctive rock units establishes the rate of fault

movement within fairly wide bounds. Comonly these offsets average the

rate of movement over millions of years, and sudden slip Cannot be

distinguished from creep. Data for the San Andreas fault suggest an

average slip rate of 1-2 cm/yr (0.4-0.8 in./yr) over the last 20 million

years. But to predict movements in the ianediate future, the most

recent few hundreds to thousands of years are the most important (Wesson

et al., 1975).

The history and rate of fault movement have been obtained within
this brief time period in a few special circumstances in southern

California using absolute age dating techniques.

Figure 3-1 is a simplified sketch of a trench wall showing vertical

deformation of initially flat-lying sediments and sedimentary contacts

associated with predominantly horizontal movement on the Coyote Creek

fault of southern California (from Clark et al., 1972). The trench, dug

shortly after the 1968 Borrego Mountain earthquake, crosses a branching

break of the fault zone along which about 50 me (2 in.) of vertical

displacement and about the same amount of horizontal displacement took

place during the earthquake. Deposits at points A , B, and C were dated

radio.etrically. The vertical displacement of the sedimentary contacts

plotted against the age of the correspondIng deposits yields an average

rate of vertical deformation of about 0.5 iris/yr (0.02 in ./yr) for the
past 3,000 years. This suggests a recurrence interval for earthquakes

the size of the 1968 event of about 200 years (Clark et al., 1972)
(Figure 3-2).
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Recurrence Intervals From Geologic Slip Rates

Wallace (1970) presented an approach which has been used by Lamar

et al. (1973). The recurrence interval at a point can be estimated by

R = s~~ c (3-1)

where D = displacement

S = long-term strain rate

C = tectonic creep rate

Lamar et al. present the following quoted discussion .

The following assumptions are made : (1) Slip on faults occurs

incrementally during earthquakes and will continue at the same
rate as that determined from geodetic data and offset of

geologic units. (2) Elastic strain accumulates between earth-

quakes; the displacement during an earthquake represents the

release of this accumulated elastic strain. (3) Tectonic

creep is aseismic slip which reduces the accumulation of

elastic strain available for release during earthquakes.

*** Recurrence intervals determined by Eq. 3-1 represent a

long-term average; there is however, evidence of significant

local (Ambraseys , 1970) and worldwide (Davies and Brune, 1971)
time variations in the level of seismic activity.

For most faults, creep can be evaluated . Therefore, as an expedi-

ent, Equation 3-1 is simplified as

R (3 2) 
. 

-~
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Equation 3-2 is thought appropriate when the rupture length is large

compared to the distance of the site to the fault. When this is not the

case , Equation 3-2 is multiplied by the ratio of length of rupture to

total fault length to account for the spatial distribution .

Application of Slip Rate to Compute Recurrence Data

Lama r et al. (1973) have investigated the recurrence data for six

faults in the southern California area. Their data are sumearized in

Table 3-1. The displacement , D , used in Equation 3-2 to calculate

recurrence intervals at a given point on a fault were derived from

Bo~ti 1la and Buchanan ( 1970) , except in the case of the White Wolf and
Sierra Madre fault . For these two faults historic displacements were

available , and they deviated significantly from the least-squares-fit

curve for reverse faults.

Quoting from Lamar et at. (1973):

The determination of long-term slip rates and recurrence

intervals provides a new approach to earthquake hazard assess-

ment. The results can be strikingly different from those

based on the historic earthqua ke record . For example , the A l l

Garlock fault , which has not caused damaging historic move-

ment, may have accumulated suffic ient elastic strain for a

destructive earthquake . On the othe r hand , historic ruptures

on faults such as the ~~ San Fernando , have released (some )

accumulated elastic strain , so that a destructive earthquake

(may be less probab lel for the next few hundred years (depend-

ing on the amount of strain release and buildup ). The recur-
‘ rence intervals in Table (3 - i )  must be considered tentative

and are subject to revision as new information becomes avail-

able. For the most part , slip ra tes ar e poorly known , and the
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curves relating magnitude to surface displacement and rupture
-j length are based on meager data with considerable scatter. I 

--

I More accurate age-dates of offset strata on faul ts a re needed,
and add it iona l studies following ear thquakes throughou t the

world are required to refine the empirical relations between

magnitude , surfa ce displacement and rupture length. This

¶ research offers the prospect of more quantitative assessments

of earthquake risk.
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REDUCTION OF EARTHQUAKE HAZARDS. SAN FRANCISCO BAY REGION
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Figure 3-1. Sketch of trench wall (from Clark et al., 1972).
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Figure 3-2. Estimated recurrence data (from Clark et al., 1972).
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CHAPTER 4 — SEISMOLOGICAL STUDIES OF FAULTS

Introduction

The National Oceanic and Atmospheric Administration ’s (NOAA )
National Geophysical and Solar-Terrestial Data Center in Boulder,

Colorado, maintains a file of earthquake data in computer format.

This earthquake data file is a magnetic tape file of earthquake
origin times, locations , magnitudes, and related information on effects

that have been compiled from many sources. It is a useful tool for pro-

viding searches of the seis.icity of selected regions, for preparing

lists of earthquakes of given characteristics (large magnitude , inten-

sity, tsunami, e~~. ) ,  for plotting maps, and for making statistical

studies. It is updated as new earthquake data become available in

machine-readable form .

The earthquake data file (sometime s called hypocenter data file)

contains information on approximately 116 ,000 earthquakes for the period

June 11, 1638, through December 31, 1974. The file includes for each

event the date, origin time, geographic location, focal depth, Inagni-

tude, and intensity when available. It contains additional information

on the source of the data, quality factors, associated phenomena
(tsunami, volcanism, faulting, etc.), and seismic region number. In

addition to earthquakes, the file contains about 500 phenomena that have

surface effects similar to earthquakes , including known or suspected

• explosions and associated collapse phenomena , coal bumps , rockbursts ,

quarry blasts , and other earth disturbances. At present, data for the

1638-1899 period are practically limited to earthquakes in the United

States, a few hundred in number , which had a maximum intensity of 5 or
greater. A number of data fields for some events are unfilled because

~
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the information is not available . Information on cultural effects ,
intensity, and other phenomena associated with the event has been in-

cluded for earthquakes in the United States. This information has

sometimes been entered for non-United States earthquakes , particularly
since May 1968, although significant gaps still exist.

The quality of epicenter determinations varies significantly with

the time period studied . Before 1900 locations are usually noninstru-

mentally determined and are given as the center of the macroseismic
effects . h ost instrumental epicenters prior to 1961 , exc luding local
earthquakes in California , were located to the nearest 1/4 or 1/2 degree
of latitude and longitude . Reliable information on the quality of many
epicenter determinations is lacking. Beginning in 1960 , ep icenters have
been determined by compu ter , and the accuracy is generally better.
However, although stated to tenths or hundredths of a degree, the loca-

tion accuracy is usually a few tenths of a degree. Since May 1968, the

lati tude and longitude values fo r most events have been listed to three
decimal places . This precision is not intended to reflect the accuracy
of the location of events except fo r local California earthquakes and
special epicenter determinations. Where several sources have determined

an epicenter for the same earthquake , one solution has been designated
as the most reliable . Usually it is the source believed to contain the
best data set for the earthquake . In come cases , dat a f rom two sources
were combined to provide a more complete record .

Magnitudes from a number of different sources are included in the

earthquake data file. Gutenberg and Richter (1954) and Richter (1958)

discuss the development of the magnitude scale. Many magnitudes pub-

lished by Gutenberg and Richter (1954) were later revised by Richter

(1958). The revised magnitudes are used in the file even though the

source is identified as Gutenberg and Richter (1954) . The concept of
earthquake magnitude is not restricted to one value. Several defini-

tions are possible , depending on which seismic waves are measured .
Three different magnitude scales, BODY WAVE (MB), SURFACE WAVE (MS) , a~d

LOCAL (ML) , are distinguished in this file. In addition another data

46
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f ield , OTHER MAGNITUDE , has been included when i t  was unclear which

scale was used . Richter (1958) and other modern seismology references

p rovide detailed discussions of this topic. The d i f ferent  scales do not
give exactly comparable results , and different values frequently are

given for the same earthquake. It is comeon practice to average the

individual magnitudes from d i f ferent  stations to get a more uniform
value within each scale (MB , P15, and to a lesser extent ML) .

In general , the f i le  contains earthquakes of magnitude 4.0 or less
only for the United States region and for areas within dense seismic

station networks . However , no claim is made for the statistical homo-
- : geneity of these events. Inclusion of earthquakes of magnitude 4.0 to

5.0 also is influenced by the proximity of seismic stations to the
source or epicenter.

A maximum intensity is listed for many of the earthquakes. Each is
assigned according to the Modified !lercalli Intensity Scale of 1931.

Some of these values have been converted from reported intensities on
other scales.

Correction of Epicenters

Early records of earthquakes may show inaccurate epicentral loca-

tions. Also magnitudes or intensities may differ from values that would

now be assigned. As an example , Krinitzsky (1974) reports the

following:

The location of an NOAA listed earthquake of

15 May 1909 in southern Saskatchewan is shown in (Figure 4-1].

It has a maximum intensity of VIII and is the largest recorded

event in this general area . Its location was made when seis-

mograph stations were few, and those that operated were far

less accurate than they are today. The intensity of VIII was

assigned on the basis of the large felt area.
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The event was checked by referring to the newspaper

accounts of this time. This was not too formidable a task.

State archives, state university collections, and national

archives often have collections of local newspapers gathered

in central depositories . One may request microfilm copies of
these papers for the dates of interest , review them , and

assign intensity values based on their descriptions. This

exercise provided intensities for more than 50 communities

though this was, and still is, a thinly populated area. The

resulting iso-intensity map shows there was no intensity VIII.

The greatest was VI. Also the region of VI had its center to

the east by about I deg from the NOAA location. In (Figure

4-1) the revised location is shown in relation to three other

earthquakes of 1956 , 1968 , and 1972. Their locations were
accurate to begin with because of better instrumental capabil-

ity. One is associated with a seismically interpreted fault

that al so agrees with a geologically mapped fault .  Its trend
is toward the three other events. Thus the revised location

for the 1909 event helps to interpret a fault trend .

Seismic Arrays

Seismo.eters have been installed near known active faults to record

microearthquakes. Figures 4-2 and 4-3 show the location of recorded

microearthquakes for a year and major fault zones in California. The
events recorded ranged in magnitude from 0.5 to 1.5. The figures show
areas where the microearthquakes closely trace the faults. There are

also regions where few aicroearthquakes occurred. The San Andreas fault

north of the Sargent fault exhibits less activity than southern por- - 
-

tions, perhaps indicating it is locked. However, sufficient micro-

earthquakes have occurred to show the continuation of the fault. It may

be reasoned that small failures might occur before a major rupture —

I
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occurs; alternatively, the large number of microearthquakes demonstrate

active creep which may be suff icient  to prevent sizable strain accuinula-
tion and preclude a large event .

Since ea rthquakes are associated with faults , it might be thought
that they should precisely overlay the fault location. This is not the

case because the dist ribution of seismometers is uneven and has changed
with time. There are limitations in the accuracy of the techniques used

to locate epicenters , principally from variations in the assumed propa-
gation velocities. Further explanation for the location of epicenters

being off their associated fault comes from the simplified model used to

locate them . This is explained in Figure 4-4. Note that the center of
earthquake energy is located at the focus - For an incline~ fa u lt , the

surface location (epicenter) is a distance removed from the surface

fa ult location . It is only in vertical faults that one might expect the
epicenter to lie on the faul t .

Krin itzsky ( 1974) concludes that earthquakes can be related to
existing faults  and that the possibility of fo rmation of new fa ults

should not be considered in design . Large earthquakes require fault
breaks of considerable distance . The uncertainties that occur in the
association of earthquakes with faults can occur only for small events.

Generally in the western United States the extent of geologic investiga-
tion precludes the omission of a large fault  remaining unknown . How-

ever, there are uncertainties associated with eastern ea r thquakes . For

example , causative faults responsible for the New Madrid earthquakes of

1811 and 1812 have not yet been identified . This may be the result of

insufficient geologic investigations . The importance of considering the
extent and quality of geologic investigations is evident.

Limitations to Historic Data

A period of demonstrated quiescence over a geological time period
indicates inactivity of the fault and probable continued inactivity .

However, inactivity over a period of historic recording (50 to 100

LA _  _ _ _ _ _ _ _ _
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yea rs) does not imply future inactivity . Rather it may point to a
region which is locked and through which a major fault rupture may

propagate. The last two earthquakes producing damage in southern

California (Arvin-Tehachapi, 1952, and San Fernando, 1971) occurred on

faults lacking historic activity . With the exception of the San Jacinto

fault system, every known event greater than magnitude 6 in southern

California occurred on a fault without prior historic activity. Caution

must be exercised to recognize that the accuracy of an incomplete data

base is very limited when extrapolated for return periods greatly cx-

ceeding the length of the period of recorded data . Furthermore, after-

shocks must be distinguished from main shocks. An area having recently

undergone a large event releasing strain built up for hundreds or thou-

sands of years is probably safe against that size release in the near

future. Thus a recent large event on a fault might actually indicate

safety in the immediate future rather than an indication of activity. A

single event by itself cannot give an accurate measure of return time.

Krinitzsky (1974) is quoted below:

In the United States the history of earthquake

activity is greatly truncated. At best the record covers less

than 350 years. This it does in very few places. For most of

the country it is about 150 years. This, however, is general

earthquake history and not the record of movement on specific

faults or in fault zones . In other parts of the world the
record for both earthquake history and interpreted fault
activity is better.

N. N. Ambraseys ~~~ ( 1971] has studied the record

of damaging earthquakes for the past two millennia in some

portions of the Near East. (Figure 4-5) A A A  shows the cumula-
tive distribution during this time of damaging earthquakes

along (a) the Border Zone , which is a northeast-southwest
trend of faults that extends toward the Dead Sea along the

border of Israel; and (b) the Anatolian Zone that is roughly 
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an east-west  zone o f f a u l t i n g .  I t  i n ter se c ts  with the Border
Zone . Ambraseys point s out that during the first five centur-

ies the Border Zone was quiescent  while the A n a t o l i a n  Zone was
active . For the following s ix  cen tur ies  the pattern was

reversed onl y to  be rever sed again during the eleventh centu-

ry. In this case there is a factor of dependence o f a c t i v i ty

along one zone on that of the other. The two jo i n  to  eiwom-

pass a m inip late , and movement tends to shift from one side to

anothe r on a cyc l ica l  basis. This tends to discredit the

validity of p robab i l i s t i c  project ions  based only on a short

h i s t o r y .

Also , as noteil In Krinitzsky (1974) there are likely to be:

*** va r i a t i ons  In rates of sli ppage along various segments of

any one lo ng a c t i ve  fault or fault zone. This is known to tie

the case along the San Andreas . During its relatively short

historic period , it was noted that major earth quakes moved

from p lace to place a long the fau lt. Port i ons that once

moved , notably the segment that slipped during the San

Fran cisco earthquake of 1906 , have become locked whi le  s l i p -
pages occurred elsewhere . J F i g u r e  4-6~ is a schem a t i c  s tate-
ment of va r i a t i ons  in rates of ’ sl i ppage  i n i nches pe r yea r , as

given by Brown and Wal lace  (1968). The s l i ppag e is that  which
has occurred during an interva l of 60 years . Though thi s is

i n s t r u ct iv e  of I r r egu l a r it i e s  in  the rates of movement , I t is

not intended as a gu ide to the future . If anything , the

future is ~ery l ikely to  be d i f f e r e n t .  The segment between

Chola me and Camp Dix appears to he in a locked pos i t ion .
Stresses are b u i l d i n g  up. One day t h i s  segment will rupture

suddenly.

LI 
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Figure 4-1. Revised epicentral location used as a clue to
suggest association with a projected fault trend
(from Krtnitssky , 1974).
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Figure 4-4. Epicenter of earthquakes (from U.S. Geological
Survey, 1975).
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Figure 4—5. Time distribution of damaging earthquakes In
Turkey (from Ambraseys in Nature , 1971).
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Figure 4-6. Variation in rate of slippage along the San Andreas

fault (from Brown and Wallace, 1968).
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CHAPTER 5 — STOCHASTIC APPROACH TO EARTHQUAKE DATA

Earthquake Models

Oliveira (1975) suimuarizes as follows:

The generation of earthquakes as related to the geotec-

tonic mechanisms of faults and the timing, intensity and

location of future earthquakes, cannot be predicted with

certainty in a deterministic way. ~~~~ The generation of earth-

quakes in space and time falls under the general category of
stochastic processes *** (Cox and Miller , 1970; Lomnitz,

19741.

(Time Distribution.1 Both the tlarkov and Poisson repre-
sentations are used to simulate the occurrence of earthquakes

generated in time. These representations are stochastic point
processes. The Markov model differs from the Poisson model in

that the occurrences of new events depend on past events
whereas in the latter model these occurrences are independent
of past events. Results obtained using these two models
differ somewhat. The Markov model, better adjusted to the

elastic rebound theory A A A  (Reid (1911)), has some drawbacks

due to difficulty in setting the initial conditions and re-

quires more numerical treatment. The Poisson model, on the

other hand , does not always agree with experimental data for

small magnitude earthquakes, because it ignores the tendency

of earthquakes to cluster in space and time ~~ (Knopoff ,
1964). Nevertheless, the Poisson model seems to give adequate

results in many situations except for cases of very large
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return periods and cases when analysing structures that have

just been damaged (Rosenblueth, 1973). Emphasis is given to

the Poisson model in the present treatment.

* * * * * * *

_xt ,x 0
pN(n,At) = 

e 
~ 

t , 1(5-1)1

where = the probabilty of occurrence of n events of a given
magnitude range

A = the mean rate of occurences per unit of time t

The probability of the amount of time between two consecutive

events is given by the exponential law

= A e~~~ 0 ~ t ~ ((5-2))

Cornel (1974), Esteva (1968), and Mim e and Davenport (1969) have ,

at least for main shocks, verified the Poisson model favorably; however,

Knopoff (1964) reports after testing different regions in the world the

Poisson model is inadequate to explain the time distribution of low

magnitude shocks. Small magnitude earthquakes may contribute heavily to
-; the general seismic risk, rendering the Poisson model inadequate. A

more refined model of generation should then be used . In seismic r isk

analysis the Poisson model is generally an acceptable approach except

when working with return periods of several thousand years or in analy-

zing one structure that has just been damaged (Oliveira , 1975). The

Poisson distribution is intended to be used with National Bureau of

Standards Seismicity Tables (Culver et al. 1975). The ma in def iciency
of the simple Poisson model is that it ignores the tendency of earth-

quakes to come in groups which are often triggered by a large main

shock; magnitude is treated as a separate independent phenomenon.
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Figure 5-1 gives the probabil i ty of not exceeding specified values
during the life of a facility.

An improvement over the Poisson distribution is the Weinbull dis-

tribution suggested by Chou and Fisher (1975 )

- t y
P(t) = 1 - e

U

where u and y are sca’e and shape pa rameters , respectively. Severa l
methods a re available to estimate the pa rameters . The maximum -
likelihood method is recoimnended because it utilizes the avai lable
information in the most appropriate manner. The shape factor y is

estimated by solving the general equation :

-
I’

E (t ~~~~
n t . )

+ (in t . )  - n = 0 (5-4)
i=i 

~~~ (t v)

- 
i=i

and the scale parameter p is obtained by equati ng :

= 
n 

— (5 5)

i l

where n is the size of the sample and t .  is the time interval involved .
A graphical method of plotting historic earthquake data is very

useful and widely used in practice . A new random variable is introduced

as Z = ln(pt ’
~) ,  and

2
F(Z) = 1 - e~~ (5-6)
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The list of earthquake occurrence data is arranged in groups of in-
tensity or magnitude ranges. Within each group of earthquake events of

the same magnitude range the data are ordered by time intervals between

occurrences , the most frequent first. The plotting position of any data

point within a group is ( t , F ( i ) I  where t1 is the 1th longest time
interval and

F ( i )  =

where i = position on the list; I.e., first , second , etc.

n = total number of events in the group

The parameters p and y are determined by the intercept and slope , re-
spectively, of the plotted data following the relationship:

Z. = in p + y in t. (5-8)

where t .  is the ~
th longest time interval and is given by

I m  1
- F(Z)J

or

m m  ( ~‘ ‘~ 

~~ 

(5-10)

When y = 1, the Weibull distribution is equivalent to the Poisson dis-
tribution .

Magnitude Distribution. The number of earthquakes of magnitude ~ m
to be expected in a given interval of time can be translated into a

random variable using an exponential distribution . This distribution is
similar to a Poisson distribution ; however, it is continuous rather than
discrete .
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The magnitude distribution is exponentially related to magnitude

through a parameter ~1. The probability density function is

-~~(m-m )
f ( m )  = ~ e (5—11)

and the cumulative distribution function is

-~~(m-m )
FM (m ) = 1 - e m > m 1(5-12) 1

where ~ = b log~ l0

in0 = a constant  def ined by the lower magnitude lim it

b = the coefficient of Richter ’s law of magnitudes
(log 10 Am = a - bm) . (See Site Recurrence below).

Oliveira (1975) states “Experimental data show that the linear form ,

10810 ~~ = a - bin , of Richter ’s law does not hold fo r very la rge
magnitudes. This suggests the use of truncation at a certain value of
magnitude , in1, or the introduction of a quadrat ic  term (Merz and
Co rnell , 1973). ” Table 5-1 sununarizes the probabili ty law of magnitudes
for the above three cases .

Seismic Risk

The occurrence and magnitude mechanisms defined above cha racterize
the generation of earthquakes in time and intensity . Randomness in

space is another very important consideration in assessing seismic risk.

Earthquake activity might be connected with the presence of faults.

Only geological and geotectonic considerations associated with the past

history of occurrences of earthquakes can characterize the distribution

laws of epicentral locations . Spatial correlations among earthquake

source zones have been detected in several seismic areas (Ferraes,
1973). Sophisticated models have been developed to take into account ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1974)



I

if each source zone is considered to have a constant mean rate of
occurrence A1, following a Poisson probability law , the set of all

independent source zones will  generate another Poisson process with mean
rate A 1A~ (the sources ca n be reduced to point sources). This prin-
cip le has been used in studies of risk analysis at a site.

From the Poisson model of occurr ences a n d the exponential type
di st r ibution of mag n it udes it is possible to show that  the extreme
distr ibution of ma gn it ude follows an ext reme type I d is t r ibut ion
(GUiRbel , 1958) of the form

-~ (m-m~) 
in inGN(m) = exp - A e o (5-13)

Site Recurrence

Historical events within a distance around the site can be tabu-

lated to evaluate the site regional seismicity . This gives an average

measure of the earthquake proneness of a geographic area and is usually —

discussed in terms of an ea r thquake recu rr ence equation of the fo rm

108 10 N = a - b in (5-14)

where N = number of earthquakes per year exceeding a magnitude in

a = seismicity constant for an area

b constant for an area

The tabulated historical data may be arranged according to magni-
tude , no rmalized to 1 year by dividing by the timespan covered , and the
number of events greater than a magnitude in plotted against in. This
graph , plotted on semilog graph paper, can be used to evaluate the —

coefficients a and b. 
. 

- 
-

Some specific recurrence plots for major faults having historic

activity are available in the literature (e.g., Environmental Develop-

sent Agency, 1975). With this data it is possible to develop probabil-
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ity of occurrence data for selection of a design and collapse-level

earthquake magnitude . The distance of the site to the fault is impor-

tant in dete rmining the site motion as wi l l  be shown la ter .
Nut t l i  ( 1974) has compiled recurrence information for the central

United States . The recurrence equa tion for the region of his study

cover ing t he states of I l l inois , In diana , Ken tucky, Tennessee ,
Mississippi , Arkansas , and Missouri is

log N = 3.55 - 0.87(± 0. 11)m (5-15)

where N is the number of ear thquakes per year occurring in the magn itude

range m ± 0.2.  This indicates a return period of 6.3 yea rs for a magni-
tude S earthquake , 47 years for a magnitude 6 earthquake , and 347 years
fo r a magnitude 7 earthquake .

The National  Bureau of Standards (Culver et a l . ,  1975) has pub-
lished a guide for  the eva lua t ion of earthquake hazards. This guide

contains tables which contain the coeff icients  a and b and an effect ive
site distance for 1/2-degree squares of the entire United States. This

data was developed considering the seismicity of each sector and aver-

ages the results of the sector. When specific recurrence data is avail-

able for a specific fault within 200 miles of the site, the actual fault

data and distance to the site should be used .

A p robability distr ibution may be applied to recurrence data to
determine the probability of occurrence of a specified magnitude event
in a number of years (the Poisson model is the most coninon as noted

ea r l ier ) .  The cumulative probabil i ty of occurrence of an event ~ m in

time t is

P(t) = I - e~~
(m) t (5-16)

• where A(s) is the ra te of occurrence of an event ~ m determined from the
recurrence plots.
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Figure 5-1. Conversion factors as function of probability
of not exceeding y-values and of life-time
(from Olivelra, 1975).
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• CHAPTER 6 — GROUND MOTION

Earthquake-Induced Ground Motion Levels

The rupture of a fault generates body waves propagating within the

earth and surface waves propagating on the surface . The body waves are

composed of d i lationa l , longitudinal , compressional waves and distor-

tiona l , transve- - e , shear waves , both vertical and horizontal. The

su rface waves are waves which involve a surface layer in horizon tal
transverse vibration and Rayleigh waves comprising vibration in retro-

grade orbit. Each of these types of waves propagates at its own velo-

city and arrives at specific locations at different times. Body waves

travel fas test through the h igher veloc ity mediums a t depth (bedrock) . 
-

The waves tend to be refracted toward the vertical as they propagate

upward through increasingly softer materials near the surface . (This

foll ows from Snell’ s law because shallower layers generally have lower
wave velocities.)

Thus, shear waves tend to approach the surface travel ing in the
vertical direction and vibrating in a horizontal plane . Most structures

are well-designed for vertical loads by use of standard safety factors .

However , hor izontal shear waves induce motions and load in the structure
in the horizontal plane. Strong motion accelerograms show that vertical

accele rations are often about two—thirds as large as horizontal vibra-
tions. For this reason , ve rtically propagating , hori zontal motions are

considered of grea test importance and most work has centered on under-

standing them.

Rock motions beneath a particular site will depend upon the energy

released along the fault (characterized by the magnitude of the earth-

~1
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quake and type of fault and the distance of the site from the zc’ie of

energy release). Figure 6-1 shows the factors affecting seismic wave

transmission .

Having the estimated magnitude of a seismic event and i ts distance
from the site of interest , It is then possible to predict ground

motions.
In order to estimate the response of any po int~ on the surface , it.

is necessary to determine the surface topography and the underlying rock

configurations . The types o f soils and the i r cha racte r ist ics determ ine

the soil response under dynamic loading. It is important to consider

the mechanism of underlying soil deposits and the transfer mechanisms to

the surface . (For earthquake engineering purposes , bedrock may be

loosely defined as a material exhibiting a shear wave velocity of 2,500

ft/sec or greater.) However, ground motion prediction is an inexact

procedure ; this will be discussed below .

Western United States

Several correlations are ava slab le to relate earthquake magnitude ,

distance from causativ e fault , and peak acceleration . An early correla-
tion by Housner (1965) estimated peak acceleration for seismic motions

expecienced at the ground surface . At that time the influence of over-
lying soils on the peak accelerations could not be evaluated . Peak

accelerat ions represented by these curves are not , therefore , directly
applicable to the bedrock level. - :

A study by Schnabel and Seed (1972) evaluated the peak rock outcrop
motion-i . The curves given in Figure 6-2 resulted from th i s  study and
relate peak rock acceleration with earthquake magnitude and distance

from causative fault.

Seed et al (1975) show that for the range from 20 to 250 km all

measured accelerogram peak data from 6.5 magnitude earthquakes tends to

lie wi thin  a band of two standard deviations (Figure 6-3). Prediction

- _
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at closer distances is based on ex t r apo l a t i on . Figures 6-4 and 6-S show - 
-

similar data for stiff soil condItions and deep cohesionless s it es .
Figure 6-6 compares acceleration in rock to ac~t~1era t i on in var i ous so i l
p r o f i l e s .

Trifunac and Brady (1975a) suggest tha t peaks of ground mo ti on may
be scaled by the following , where Amax is in./sec2

H + iog 10 1A 0 ( R ) I  + log 10 I A 0 ( Mfl

They chara .terize site c o n d i t i on s  s as

0 = a l l u v i u m

intermediate

2 = basement rock

Tables 6-1 and 6-2 give values of 1og 10 $ A0(R)J and 1og 10 (A
0(H)I. They

extend the appl icab ility of the equation to include confidence level p,

site condition s , a nd component d ir ec t ion  v (v 0 for horizontal , v I
for vertical) as follows

Log 10 IA 0
(M ,p , s,v)~ a p + h H + c + d s

+ c v  +

The following coefficients in the expression are results of a least-

squares-fit to available strong motion data.
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= a p + b H + c + d s

+ e v t f M 2

- f (M - M  )2 M~~~Mmax max

log 10 t A 0 Ul,p , s ,v ) J  = ap + bM + c + ds

+ ev + f112 H ~~~~~~~~max mm

= ap + bM . + c + d smm

+ev + fM 2 M~~~M .m m m m

where a = -0.898

b = -1.789
c = 6.217

d = 0.060

e = 0.331

f = 0.186
Total N Data = 227

P1 • = 4.80mm
H = 7.5max

The Trifunac and Brady (1975b) equa tion results in ground motions

(Tables 6-3 and 6-4) near the fault much greater than Seed ’s estima tes
(Figures 6-2 and 6-6).

Page et al. (1972) reviewed ground motion records where the dis-

tance to fault was accurately known . They found that peak acceleration
-1.5 -2.0attenuates with distance r at a rate in the range r to r at

distances beyond 10 km for magnitude 5, abou t 20 km for magni tude 6 , and
40 km for magnitude 7 (Figure 6-7). For distances less than 10 km there

are no strong motion data for shocks larger than magnitude 6. They

estimate the near faul t, free-field , horizontal ground motion in Table

6-5 . The free-f ield peak acceleration values close to the fault are
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highe r than those estimated by Schnabel and Seed (1972). This table

reflects the analysis of the 6.6-magnitude 1971 San Fernando earth-

quake ’s Pacoima Dam record . Motions for magnitudes greater than this

were extrapolated considering that peak acceleration increased with

magnitude and that near-fault peak acceleration is proportiona l to the

effec tive stress caus ing slippage .
Table 6-6 (af ter  McGuire , 1976) sunm~a rizes d i f f e r e n t  a t tenuat ion

equations developed for ground motions . Figure 6-8 (after Donovan ,

1974) compares some of the attenuation equations for a magnitude 6.5

earthquake with measured data for the 1971 San Fernando earthquake .

Al though site condi tions are not defined , other than as soil or rock , it

is clea r that there is a range in predictions of motion at a given

distance . The estimation of ground motion is still an imperfect proce-

dure with upper and lower bounds differing as much as 1007, from mean
predictions demonstrating the statistical spread in the data . Since no

single relationship has been shown to give more reliable results than

any other , it is recoimnended that the data presented in this section be

reviewed to select the methodology most compatible with the intended

usage , site charac teristics , and importance of the structure .

Central and Eastern United States

Insofar as its effects on iandform are concerned , the most destruc-

tive earthquakes in North America , since its sett lement by Europeans ,
occurred in the New Madrid faul t  zone between December 1811 and
Februa ry 1812 (Nutt l i  and Zeliweg, 1974; Nu t t l i , l973a , b , c, and 1974).
This area includes southeast Missouri , northeast Ar kansas , weste rn
Tennessee , weste rn Kentuck y and southe rn I l l inois.  However , in th is

region the occurrence of earthquakes is very infrequent. The historical

data is limited to less than 200 years.  Thus , it is possible that there

are regions in the United States that have not experienced a des tructive
earthquake in the past 200 years but might suffer one in the next 100

_ _  -— _ _ _ _ _ _
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years. There is a significant lack in strong motion records in the

easte rn and central United States . Since most of the recorded data for
the United States have come from California , the characteristics of the

accelerograms reflect seismologic and geologic conditions different from

those of the east and central parts of the country. The tectonic forces

in Ca l i fo rn ia are dominated by the San Andreas fault system, a strike-

slip fault  more than 600 miles long , and no comparable fa u lt system

exists elsewhere in the United States.
Nutt li has compiled a list of earthquakes in the central United

States since 1843 . He concludes that the attenuation rate of motion

with distance is less in the central United States, and consequently a
given magnitude earthquake is felt over a larger area . Nutt li  (l973b)
defines geographic regions (Figure 6-9) and associates maximum credible

earthquakes of 7.2 with region 1, 6.2 with region 2 , and 5.7 with region
3. He further adds however, that there is no place in the central

Un ited States that can be considered completely aseismic .

For region 1 the maximum credible earthquake is equal to that of

the three largest earthquakes of the 1811-1812 New Madrid sequence.

Since the attenuation with distance is less in the central United

States, the earthquakes can be expected to be more destructive. Earth-

quake surface waves are dispersed which result in an increase in the

time duration of the wave motion with an increase in epicentral dis-

tance. This is not a problem in California because strong attenuation

of wave energy with distance reduces the motion to low levels at dis-

tances at which dispersion becomes important. The weak attenuation in

the central United States produces prolonged shaking of as much as 1 or

2 minutes at distances of a few hundred miles . Further, there is a

danger of developing resonant conditions for structures with natural
periods of oscillation near those of the predominant surface motion.

Nuttli has estimated the acceleration with distance for region 1 (7.2

magnitude) as shown in Figure 6-10. The acceleration given i.n Figure

6-10 for 0.3, 1, and 3 cps waves are the resultants of vertical and

horizontal components of the sustained maximum surface wave motion .

Li - _ _
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(The resultant is the vector sum of two horizontal and one vertical

components.) This work notes the attenuation as a function of wave - -

frequency . If the hori zon tal motio n is cons ide red as two-thirds of the

resultant , Figure 6-2 can be plotted as shown in Figure 6-10 to compare

Western attenuation with Central attenuation . As can be seen for dis-

tances of less than 60 miles (100 km) there is fair agreement. Within

these distances attenuation is controlled by geometric spreading rather

than absorption so that the attenuation does not vary much with geo-

graphic area . However , at greater distances , lower level, long-duration

shaking may be a significant problem , causing liquefaction .

Table 6-7 from Nuttli (l973a) gives displacement velocity and

acceleration resultant data for hard rock ground motion . It is impo-r-

tant to note that the active fault zones in the central United States

are not well-delineated , in contrast to those in California. There is

no known evidence of surficial fault breakage for any centra l United

States earthquake except possibly those of 1811 and 1812.

Earthquake Characteristics

~ In developing a ground motion prediction , it is necessary to define

the distance from the point of interest to the fault under considera-

tion. If the fault break is short in length and the site is located a

considerable distance from the fault , the significant distance from the

site to the zone of energy release can be expressed by the epicentral

distance . In the case of a long- fault this can be grossly misleading .

The rupture of the fault propagates along its length. When the site is

close to a fault the distance should consider the release of energy as

the rupture propagates along the fault length . In such a case, the

distance to the site from the zone of energy release is more appropri-

ately characterized by the shortest distance to the causative fault

rather than the distance to the epicenter. To give perspective to this,

consider Table 6-8 which gives an indication of magnitude and length of

slipped fault.
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After the design earthquake magnitudes and site ground motion —

- 
~
- levels have been defined by the geological and seismological studies,

characteristics of the earthquake motions must be defined for use in

engineering studies. Time-motion records may be used with complex
computer progr ams as input to anal yses which predict the response of

overlying soils.

-~ 

- The important characteristics of the acceleration record are its

-~ 

— 

duration , predominant period , and peak acceleration. A present practice

is to scale acceleration from an existing suitable record to provide

earthquake time histories. The general problem of scaling earthquake

records is treated by Seed, Idriss and Kiefer (1969). The acceleration

is linearly scaled to provide the design peak accelerations.

The duration of strong motion has been related in a general way to

fault length and the time required for the fault to shear, which can
also be related to earthquake magnitude . Figure 6-11 provides a rela-

tionship between duration of strong motion and earthquake magnitude

developed by Lee and Chan (1972). Note the definition of duration on

the graph. Data from Page et al. (1972) for near fault horizontal

motion is given in Table 6-4. Studies by Bolt (1974) and Kobayashi

(1974) have developed similar duration versus magnitude correlations

(Figures 6-12 and 6-13). In general the studies presented in Figures

6-11 , 6-12, and 6-13 show good agreement. Duration defined as motion 
—

greater than 0.OSg can be estimated by an average of the data shown.

The rate of rupture is believed to be on the order of magnitude of 2

miles per second so that, for example, a magnitude 7 earthquake result-

ing from a 25-mile (40 ha) fault break would have at least 12.5 seconds

duration. Nuttli (l973c) suggests that Central United States earth-

quakes do not have the same duration (of felt motion) characteristics as

Western earthquakes as a result of the increased dispersion effects and

weak attenuation. However, for distances less than 100 miles from the

fault this may not be significant.
Figure 6-14 provides a relationship between predominant periods of

max imum acceleration, earthquake magnitude, and distance from the causa-
tive fault. The scarcity of close-in data results in a constant period
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for a given earthquake magnitude out to a distance of 25 miles (40 ha)

from the causative fault. Figueroa (1960), however, indicates a very
wide scatter in predominant period data out to a distance of 50 miles

(80 ha).
An acceleration time history for use in seismic design studies can

• also be generated with desired characteristics by use of random number

programs shaped to the desired spectral characteristics.
Scaling an individual earthquake record has the disadvantage that

each record is representative of a specific event and site. Each indi-

vidual record will be deficient in some response frequencies. An ensem-

ble of scaled earthquake records can be used as a better average of the

individual records. Scaled artificial earthquake records that do not

exhibit a specific bias can also be used. Procedures for selecting an

ensemble of real or artificial records are provided in Werner (1970) and
Guzaan and Jennings (l975a and b).

Seismic Studies

As an example of available seismic studies, Greensfelder (1974)

shows contours of possible peak acceleration from active faults using

the attenuation after Schnabel and Seed (1972). The probability of

occurrence is not considered other than the fact that the faults consid-

ered active include Quaternary movement. Algermissen and Perkins (1976)

developed a similar map for the entire United States. This may assist

in predicting site motion. However, the relatively large area coverage

of the maps may not be sufficiently detailed for specific site studies.

Discussion

An in-depth geological and seismological investigation is desirable
at proposed sites to locate faults and evaluate the site soil profile.

t When historical data is available the design earthquake magnitude should
be determined in terms of the structure life and earthquake recurrence.

I
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For engineering analysis, use of the Poisson model should be adequate.
Figure 6-10 shows that although the attenuation in Central and Eastern

United States is less than in the West within the range less than 60

miles (100 ha), Figure 6-2 is probably adequate since this is the range

of most engineering interest. The earthquake duration can be approxi- . -

mated from Figures 6-11, 6-12, and 6-13. -
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Table 6—8. Magnitude Versus Length of Slipped
Faults (from Ferritto and Forrest~1977)

II

Length of Slip• Magnitude (miles)

8.8 1,000

8.5 530

8.0 190

7.0 25

U 6.0 5

5.0 2.1

4.0 0.83

L
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CHAPTER 7 — DEVE LOPMENT OF RECURRENCE ANALYSIS PROCEDURE

Requirements for Design

The current NAVFAC design procedure prescribes the selection of a

design level earthquake with 10% chance of being exceeded in 25 years .

As such, a probabil istic approach is specified which must relate site

activity to structural design levels. Chapter 4 demonstrated the li•i—

tations of historic data when used as the sole data source for recur-

rence trends. Chapter 3 pointed out the use of slip rates in the compu-

tation of recurrence trends and the associated limitations . The best

engineering estimate of earthquake recurrence can be made by use of

historic data supplemented by fault sl ip data.

Computer Analysis

An automated procedure has been developed to perform the seismic

analysis using the NOAA data base as input (Appendix A). The specific

region of the study is specified in terms of bounding latitude and

longitude. The general data file of earthquakes is sorted, and the

subset of earthquakes in the region becomes the data base for the spe-

cific study. The location of the site is specified. The methodology

proposed has been automated as a computer program. The program

(Appendix B) determines the distance between the site and each epicenter

in the study data base and , using the earthquake average magnitude and

the Trifunac and Brady attenuation relationship, computes the site

4
: acceleration for all historic earthquakes; a histogram is created . The

earthquake magnitudes are then plotted and a least-squares analysis used

to obtain recurrence coefficients. A map of epicenters is plotted.

~~~~~~~~~~~~

j  

These help ‘: TI IT°T~~

’T’t

~



Further study ran be made by specifying the location of a fault in

terms of coordinates of several points defining line segments. All

earthquakes within a specified distance from the fault line under study

are made a subset and the recurrence of the fault calculated as above.

A probability analysis is then performed to calculate expected site

acceleration and causative earthquake magnitude and epicentral distance.

The program randomly selects the epicenter of an earthquake. Using the

fault recurrence data in terms of Richter coefficients and maximum

earthquake magnitude associated with the fault, the program determines

an earthquake magnitude and the l ’ngth of fault break which would occur.

Using the random epicenter location and the fault break (assumed

centered on the epicenter), the closest distance of the site to fault

break is calculated. This distance, along with the acceleration-

magnitude attenuation relationship, gives the site acceleration. The

process is repeated to produce a list of site accelerations and related

causative magnitude and epicentral distance. A Poisson distribution is

used to compute a probability distribution. Random location, magnitude

and acceleration level are all considered in the determination of site

acceleration. Provisions are included to use recurrence data from slip

analysis or regional seismicity in lieu of fault specific data. Further

provision is included for floating earthquakes.

Experts disagree on whether main shocks alone or main shocks and

aftershocks may bt used to estimate recurrence; decision on which to use

is independent of the computer analysis. It is felt that the use of

aftershocks is a valid procedure since these events do represent the

release of strain energy. Further, the inclusion of aftershocks will

yield conservative results.

As stated above a single recent large event may release strain

built up over hundreds or thousands of years. As such it might indicate

a period of less activity in the inmediate future. However, since the

data base is relatively short, the return for this event might be erro-

neously indicated as much greater. For example, if this were a 500—year

- 

- 
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event and occurred during a 50-year data base its return might be esti-

mated at 0.02 rather than 0.002 . The plotted data points and line of
best fit are determined by the computer analysis using regression analy-

sis techniques. These should be reviewed and judgment used to adjust

this type of data point which will clearly plot significantly higher

than the linear portion of the recurrence data .

Comparison With Fault Slip Data

Chapter 3 presents procedures for estimating recurrence data based

on fault slip. Table 3-1 gives estimates of recurrence data for several

faults based on slip rate and fault length. Figures 7-1, 7-2, and 7-3

show maps locating the faults and epicenters associated with the

regions. Figure 7-4 gives plots of the recurrence data showing the data

points based on historic earthquakes and estimates based on slip rate.

For the most part agreement seems reasonable. Although this may not be

the case for all faults, agreement between slip data and historic data

gives confirmation and added assurance of the recurrence coefficients.

The San Andreas fault slip data were adjusted for the length of

fault actually covered in the region where historic data were taken. It

should be noted that the activity over its great length is quite vari-

able, covering the whole range from locked to very active.

The White Wolf fault is predominantly a reverse fault. The fault

was most active during the Pleistocene and Holocene period . The slip

rite was estimated based on 10,000 feet (3,000 meters) of vertical

displacement of Hiocene rock over a period of 7 million years. This

averaging is probably insufficient to account for more geologically

recent activity exhibited . The historic data is biased by the 1952 Kern

County earthquake magnitude 7.7 and its aftershocks which resulted in

vertical displacement of up to 1.2 m (Lamar et al , 1973). The Garlock

fault has had relatively little historic activity. The slip rate m di-

cates recurrence intervals greater than historic data.
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Combination of Fault Slip Data With Historical Data

The combination of the recurrence data based on fault slip rates

and the recurrence data based on the historical data is an area involv-

ing a great deal of judgment . Judgment may be used directly to adjust
the recurrence coefficients.

An alternative technique developed by Campbell (1977) utilizes a

Bayesian technique for estimation of seismic risk. This technique

combines the two data bases, which are founded on the uncertainty asso-
ciated with each. Campbell (1977) has derived a procedure for estimat-

ing slip based on seismic moment, shear modulus , fault area, and the
historical magnitude-frequency coefficients. Although based on empiri-

cal data in part , this model has not as yet been extensively validated
against known fault behavior. The calculated mean rate of occurrence

and coefficient of varia tion based on faul t slip is used as the prior
estimate. This is “updated” by the historical data. Although the

approach has been automated, considerable judgment is still required .
Great care is required to avoid arbitrarily biasing the results in favor

of either the slip rate estimates or historic data. The size of the

historic data base can totally dominate the procedure. Only main shocks

are used in this procedure. This will limit the number of events con-

siderably for less active faults.

The procedure developed by Campbell (1977) does provide a rigorous

means of combining seismotectonic data with local historic seismicity.

The procedure may be an improvement if applied with good judgment where
data are available.

Case Study

The Naval Construction Battalion Center (NCBC), Port Hueneme is

located in southern California at longitude 11.2W, latitude 34.15N. The

time period for the study was 25 years to comply with the NAVPAC design
instruction. During the 60 years of historic data, 3,394 earthquakes

~ 
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occurred in the region acound NCBC; most were very minor. The largest

event was the 1952 7.7 magnitude earthquake in the White Wolf fault.

This event produced a site acceleration of about 0.04g. The h ighest
site acceleration was from the 1973 magnitude 5.6 Point Hugu earthquake

and is estimated to have had a ground acceleration of 0.15g.

As an example of the methodology developed the following is pre-

sented. Figure 7-3 shows the California coast (longitude 118 to 120N ,

latitude 33.5 to 35N), NCBC , and all epicenters and faults. Figure 7-5

gives an outline of the computational procedures. Figures 7-4 and 7-6

give the regional recurrence data; Figure 7-7 the regiona l probability

data . The regional recurrence data although interesting are limited in

its applicability to engineering analysis. Further, the data are very

dependent on the area (or radius from the site) of coverage . Figure 7-8

shows the epicenters associated with the Big Pine fault. Figure 7-9

gives the recurrence data for the Big Pine fault. Also shown ia the

recurrence data from fault slip studies (Chapter 3). As can be seen,

agreement is very good in this case. Figure 7-10 gives probability of

occurrence as a function of magnitude ; Figure 7-il gives probability of

acceleration from an event on the RI5 Pine fault at the NCBC site not

being exceeded. Associated with the probability of acceleration is the

related causative earthquake magnitude and epicentral distance. in a

similar manner Table 7-1 was prepared for all the faults affecting the

site.

With the probability-acceleration data for each fault (such as

Figure 7-li) it is possible to compute the total risk P of not exceeding

an acceleration level from all the faults by

S 

~::I
t

where I I to n faults

= probability of not exceeding acceleration

In this example, Table 7-2 su arizes the data .
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This example shows a procedure for determining site acceleration.
Response spectra can be produced using the site acceleration for each

fault, which should be examined to determine local characteristics for

structural design. This will be discussed in the next section.

It is important to note that the procedure expresses a cumulative

total seismic risk and results in value. of acceleration at a confidence

level in excess of those for any individual fault. The more traditional

design procedure in use would simply utilize Table 7-1 directly in

constructing a design spectrum assuming the acceleration produced on one

or several faults would govern structural design. The selection of

individual fault risk or total risk ii independent of the procedures

specified herein. It is not the intent of this report to prescribe a
design criteria .
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Table 7-1. Site Acceleration

Maximum Peak Site
Acceleration in 25 yr

Fault Confidence Level M10% 25 yra Mmax cred

50% 84% 90%

-

. Big Pine 0.04 0.10 0.13 7.1 7.5

Malibu Canyon 0.05 0.09 0.10 6.3 7.5

Oakridge 0.08 0.14 0.17 5.7 7.5

L 

Santa Ynez 0.05 0.10 0.13 6.3 7.5
Arroyo Pan da 0.09 0.13 0.16 (6.8) 6.5

San Andreas 0.03 0.06 0.07 6.4 8.25

San Gabriel 0.07 0.13 0.16 (7.9) 7.7

Santa Crua 0.07 0.16 0.28 (8.3) 7.2

Santa Susana 0.08 0.13 0.14 (7.5) 6.5

aLimited by maximum credible event as shown in parentheses.
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CHAPTE R 8 — RESPONSE SPECTRA AND ANALYTICAL TECHNIQUES

• Spectra

Engineers have found it useful to examine the frequency content of

earthquake-induced ground motion. Strong motion accelerograms have been
p 

analyzed as a means of obtaining further insight into groun d motion .

The first technique available is Fourier analysis. The Fourier

spectrum of an acceleration shows the significant frequency characteris-

tics of the recorded motion . The Fourier spectrum is defined as

T . —

F(w) = fz(t) e 1Wt dr
0

over the interval 0(t<T. The acceleration is zero outside the limits 0

to 1. The Fourier amplitude spectrum is given by the square root of the

sum of the squares of the real and imaginary parts of F(w). Associated

with the magnitude F(w) is the phase angle •(w), defined as the arc

tangent of the imaginary part divided by the real part . Units of the

spectrum reflect the time integration; thus, for an acceleration in

ft/sec2, the spectrum magnitude will be in feet per second and the phase

angle will be in radians. The Fourier spectrum magnitude and phase —

angle represent only the input motion . Through convolution this may be 
—

• combined with transfer functions for other elements (such as soil struc-
* ture interaction) assuming elastic behavior. The Fourier spectrum

magnitude and phase are a complete record which is unique and maintains

the total time history record. The time history record may be recreated

by reverse transformation . Generally, only the magnitude of the Fourier

spectrum is shown in reference illustrations .

- - 129

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .4- -- -



- — — - --- - -.4—- —-- - - -- ----- -- . 4 — ——  - — ~~~~~ 
.4— -—~~

In earthquake engineering it is important to be able to determine

the magnitude of ma ximum response of a structure . This has given rise

to the response spectra technique . A single-degree-of-freedom , spring-

mass-damper system can be analyzed and its ti e history of displacement

calculated to determine relative displacement between the mass (the

structure) and the excited base (the ground). Relative velocity and

relative acceleration say also be calculated . However, of prima ry

interest for engineering applications is the maximum absolute values of

structure relative-displacement , structure relative-velocity and abso-

lute structure acceleration . These values SD, SV, SA are functions of

the critical damping . Plots of SD, SV, SA versus the undamped natural

period of vibration and for various fractions of critical damping are

called response spectra . In typical engineering structures the damping

is small and for harmonic excitation the following holds

SD = (-~ )sv

SA = (~.)sv

For earthquake-like excitations which are not strictly harmonic

excitation an engineering assumption is made that the above is still

accurate . The following definitions are used

~~sv (fl)sD

PSA (2)r
)

2 
SD

where PSV is the pseudo-relative velocity and PSA is the pseudo-absolute

acceleration . The term “pseudo” is used to recognize the assumptions

made concerning small damping and harmonic motion. Thus SD, PSV, PSA

and T make up a set of data; knowing any two makes it possible to deter-

mine the other two. This unique relationship makes it possible to plot
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response spectra in tripartile form . The response spectra shows the

response of a single-degree-of-freedom system (structure) as a function

of damping of the system and period for the given input acceleration .

A comparison of Fourier and pseudo-velocity response spectrum

reveals that both are of the same units. For an undamped oscillator a

similar mathematical relationship exists between the Fourier amplitude

spectrum and exact relative velocity response spectrum . (The Fourier

spectrum may be viewed as the maximum velocit; of the undamped oscilla-

tor in the free vibration following the earthquake ; however, the exact

velocity response spectrum is the maximum velocity during both the

earthquake and the subsequent free vibration.)

The Fourier amplitude spectrum is the quantity most frequently used

by seismologists in their investigations of the earthquake ground

motion . The response spectrum is generall y used by structural engineers

in the desi gn of structures. Generally the pseudo-velocity response

spectrum is the upper envelope of the Fourier spectrum .

In swmnary the most representative measure of the driving ground

motion is the Fourier spectrum , which may be plotted in tripartile form .

The response spectrum gives the response of a single-degree-of-freedom

structure to the ground motion. Amplification of motion occurs where

resonant components of motion interact with the structure . The response

spectrum is most widely used in structural engineering with the modal

analysis technique . This approach determines the eigenvalues and mode

shapes for a number of the modes of structure , and using the modal

period determines the acceleration to be used in computing an equivalent

maximum static force to be applied to the structure . A response spec-

trum cannot be used directly as input to a dynamic structural analysis

to generate a time history response because the response spectrum does

not contain a measure of the duration of excitation. The Fourier spec-

~~~ trum does contain the full earthquake representation and may be used in

conjunction with transfer functions to compute the structure response.

This technique is not used in genera l structural engineering because of
the difficulty in determining the transfer function The more co~~on
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- --- -- 

1

~1



-- — ‘ •~‘~~~~~~~~~~~~~~~~ —~~~ —•~ .-_~ -~ __- . ____-___-- --~w t • --.~~~~ _ - _  ~~~~~~~~~ - .~ _ .4.4~~p .4 _ _ ~~~~~ . 4 — - — —  -

structura l analysis techniques which produce dynamic time histories of
response require input acceleration histories . Random analysis programs

exist to generate time histories from a given spectra l envelope ; how-

ever , the duration must be specified . The resulting randomly generated

signal is not unique , and any number may be generated from a single

spectra l envelope.

Time history records of actua l earthquakes are available from the

California Institute of Technology Nationa l Earthquake Information

Center. These may be used when required for time history input of

ground motion . Care is needed in selection since most records are

recorded in structures which may Influence the recording . Also the

region around the site may influence the site response. The propagation

of seismic waves is influenced by the local geology and soil conditions .

The greater the extent of softer soils over bedrock , the less the bound-

ary effects of the bedrock will have on the site . The depth of soil

overlaying bedrock affects the period of vibration of the ground . This

establishes a fundamental soil frequency of particular importance on

soil-structure interaction . Further , this is a factor in determining

the frequencies of waves filtered out by the soil , thus directly affect-

ing the time history record .

Newmark-Hall Procedures for Elastic Spectra

Newmark (1967) based on studies of response spectra noted that

response spectra could be related to peak ground acceleration , velocity,

and displacement. From this study it was possible to develop standard

shapes for use in structural analysis. The standard ground motion

spectra (Ig, 48 in./sec , 36 In.) could be scaled , based on peak hori-

zontal ground acceleration expected at the site . Figure 8-1 gives

amplification factors which could then be applied to estimate structura l

response.

NcGuire (1977) also demonstrates ratios of damped apr ra. He
p 

found that the 5% damped pseudo-velocity spectra have values approxi-

mately 70% to 80% of the 2% damped spectra and that the 10% damped

- L i  
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spectre have values of approximately 55% to 65% of the 2% damped spec-

tra . These ratios are constant throughout frequency range independent

of the type of earthquake distance from site and magnitude . This con-

firms the Newmark-Hall approach.

At a frequency of about 6 cpa , the amplified acceleration region

line intersects a line sloping down toward the maximum ground accelera-

tion value and intersecting that line at various frequencies, depending

on the damping. The intersection is at a frequency of about 30 cpa for

2% damping. These lines are designated as the acceleratiin transition

region of the spectra . Finally, beyond the intersection with the maxi-

mum ground acceleration line , the response spectrum continues with the

maximum ground acceleration value for higher frequencies .

The spectra so determined can be used as design spectra for elastic

responses . The spectra are completely described when the maximum ground

motion values are given for the three components of ground motion , and

the damping is known. When only the maximum ground acceleration is

given, the values used for maximum ground velocil, and displacement are

taken as proportional to those in the figure , or as scaled by the same

scale factor relative to the maximum ground acceleration compared with

1g.

An assumption is made that acceleration , velocity , and displacement

values are proportional to one another, independent of magnitude of

motion . The shape is thought correct for sites on firm ground, soft

rock , or competent sediments . However for soft sediments , the veloci-

ties and displacements must be increased . Garcia and Roesset (1970)

performed studies comparing actual spectra with those estimated by the

Newsark-Hall procedure. Results show favorable comparison indicating

the utility of the Newmark-Hall procedure .
• Vertical spectra may be estimated by taking two-thirds of the

horizontal spectra when fault movements are horizontal and by taking

horizontal spectra when large vertical motions are expected .

.4
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Newmark-Hall Procedures for Inelastic Response Spectra

The elastic spectra discussed in the previous section may be ad-
justed to approximate inelastic behavior of a structure . The displace-

ment region and the velocity region are divided by the structure ductil-

ity p to obtain yield displacement D’ and velocity V’ (Figure 8-2). The

acceleration region (right side) is relocated by choosing it at a level

which corresponds to the same energy absorption for elasto-plastic

behavior as for elastic for the same period of vibration .

The extreme right-hand portion of the spectrum , where the response

is governed by the maximum ground acceleration , remains at the same

acceleration level as for the elastic case , and therefore at a cor-

responding increased total displacement level. The frequencies at the

corners are kept at the same values as in the elastic spectrum . The

acceleration transition region of the response spectrum is now drawn

also as a straight line transition from the newly located amplified

acceleration line and the ground acceleration line , using the same

frequency points of intersection as in the elastic response spectrum .

In all cases the “inelastic maximum acceleration” spectrum and the

“inelastic maximum displacement” spectrum differ by the factor p at the

same frequencies. The design spectrum so obtained is shown in Figure

8-2. Both the maximum displacement and maximum acceleration bounds are

shown for comparison with the elastic response spectrum .

The solid line DVAA
0 shows the elastic response spectrum . The

heavy circles at the intersections of the various branches show the

frequencies which remain constant in the construction of the inelastic

design spectrum.

The dashed line D’V’A’A Q shows the inelastic acceleration , and the

line DVA”A” shows the inelastic displacement . These two differ by a

constant factor p for the construction shown, but A and A’ differ by the

factor ,‘i~-l , since this is the factor that corresponds to constant

energy .

_____  .4 
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Applied Technology Council Spectra Example

Using the Newnark-Hall procedure the Applied Technology Council

(1974) developed basic response spectra for the “damage threshold” and

• “collapse threshold” earthquakes. Using a structure life of 70 years

ground acceleration was selected for that study (representative for a

number of sites in southern California) such that probabilities of

occurrence of 50% and 10% for damage and collapse thresholds respective-

ly (Figures 8-3 and 8-4). Ground acceleration values of 0.24g for the

damage threshold and of 0.28g for the collapse threshold were used for

their specific site.

Table 8-1 shows three categories of structure with ductility p ’ and

damping ~~‘ specified . Figures 8-5, 8-6 and 8-7 show inelastic design

spectrum for the three types of structures.

Regulatory Guide 1.60 Procedures

Newmark (1973), Bluine (1973), and Newmark, Blume and Kapur (1973)

presented studies of the response spectra. These form the basis for the

Nuclear Regulatory Coimnission (AEC) Regulatory Guide 1.60 (1973). The

approach is similar to the Newmark-Hall procedure. The response spectra

are suiim~arized in Shannon and Wilson (1975) quoted as follows:

The response spectra bounds are established by five

straight lines, similar to the Newsark-Rall method , but the

control points are designated by letters A , B, C, and D, and

have definite assigned frequencies for all horizontal spectra.

Amplification factors for constructing the response spectra

are again a function of the percentage of critical damping,

and are specified in *~* (Figure 8-81 for the four control

frequencies. Response spectra for 0.lg maximum horizontal

ground acceleration have been constructed according to

Regulatory Guide 1.60, and are provided in A A A  (Figure 8-81.
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Vertical response spectra are constructed in the same

manner as horizontal response spectra ; however , the frequency
for control point C is at 3.5 Hz rather than at 2.5 Hz, and

the amplification factors are different ~~~~~~~ ~Figure 8-9).

Also , the maximum horizontal components of displacement and

acceleration are used as scaling factors in constructing the

vertical response spectra ***. The amplification factors in

Figure ~~~* f8-91 have been established so that the resulting

vertical response spectra will be two-thirds of the values

computed for the horizontal spectra, at frequencies below 0.25

Hz. In the range of frequencies from 0.25 Hz to 3.5 Hz, the

ratio of vertica l to horizontal spectral amplitudes varies

from two-thirds to one; whereas, for frequencies between 3.5

Hz and 33 Hz, the horizontal and vertical response spectra are

identical . Beyond 33 Hz, the vertical spectral accelerations

decrease from a value equal to the peak horizontal ground

acceleration at 33 Hz to two-thirds of the horizontal acceler-

ation at 50 Hz.

This specification of the vertical spectral acceleration amplitudes

above 33 Hz represents a correction to that currently indicated in

Revision 1 of Regulatory Guide 1.60. As pointed out by Valera (1974),

this correction results in a vertical spectrum shape that is consistent

with the original Newmark, Blume and Kapur (1973) paper. The resulting

family of vertical response spectra are shown in Figure 8-9.

Approximately one-quarter of the records considered in the develop-

ment of the Regulatory Guide 1.60 spectra were recorded on rock sites,

several were recorded on deep cohesionless soil sites, and the remaining

records were obtained on stiff soil sites. It should be noted that

Newsark Serv ices (1973), and Blume and Associates (1973), in the course

of their independent investigations that led to Regulatory Guide 1.60,

considered potential effects of local soil conditions; in fact, the

Newmark study provided spectra that indicated important differences
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betwee n not ion s  r ecord ed  on s ed imen t s  ~nd on competent rock , p a r t i c u l a r -

ly t o r  t requein- i t ’s below abo ut 1 ) i~ However , the rvconinended design

spe ct  r ,i contained i ti the subsequent paper by Ne~ u ark  , HI  ume , and Kapur

( 19 73 ’) -tud i n  Regu 1 a o iv  ( i i  ide I .60 i to  not di  t i c  F o n t  I a t e  between v a r i o u s

l o c a l  soi l  p r o f i l e s  m u , t h e r e f o re , r epresent  a s t a t  i s t i c a l  samp le in
w h i c h t he  s u b s u r t i t  e soi .1 ~o n d i t  i o n s  are  an uncont ro l  ~ed v.u ~a b I e .

Si t i  — M a t  I iod l~i i i , d s

fh e  da t .~ base of st rong mot on r eco r ds ca n he a useful source of

se i s m i c  i t i t a  - Rc -~~or i1s  may be s e l e c ted  t o  represent  SO i smo log ic , g e o l o g —

I c , .mnuI l o c a l  s i t e  c o n d i t  i o n s .  ~ ( ‘1 e ct i o f l  I s  comp l i c a t e d  by a number of

‘ci o t  s - I p lea I l y , t h e  records should be so 1 i ’ct ed t o  match s o u r c e — s  i t e

I n s f i u s s i o t i  p i t  f t  source m e c h a n i s m  .,nd t o c a  I s i t e  c o n d i t i o n s . Fhese ir e

i t i t  r e i d i  ly  qu a n t i  l i ab l e .  Thus , rd t a n c e  i s  made on c a i t  Ii t i . ,ke  magr i  —

0 a cc o  I e r a t  Ion 1 eve I , site c i  ass  i f t  c a t  ion , and  d u t a t .  t o n  Of

i i  - I On .  Jud gment i S an import a n t  f Ic  t 0 I~ in  so 1 oc t  ing a I t t I  SC~I 1 1 ng

records.

Append ix C present s .m CEl~ ~ 
r P ) g i a n l  wh I cli uses  t h e  av,i i i  .-ihie d a t  a

opt i m t i n i g  t he  —.u’ le~ I ion ~t i s , d o r i i i ~ magnitude ~lis t .tiite , ac~-e lera t t o n ,

an d  s i t e  u t e g o r y . T h i s  s h o u l d  , , s s i s t  in  i t ’ d i m c i i i g  the problem of

s e l e c t i n g  the c lo se s t  recor is  ta V S t I aM e . Appe n d i x  I) d t ’sc t  i hi ’s a CM.
p l o t t i n g  ~‘ i  ~‘ tam -\ p~u u m 1 i x d e s  i i  h i s  a CE L p r o g r a m  t o  p l o t  t inc

h~~s t o t  t e s .

( ; u -,m.,n and .Jenn I ngs 1. 1 ~) iSa . m i ~,i b) des c i - I he :~ p r o i e d i i  ,e  fo r  ( level (~p 
- 

-

t u g  u n  (eri-~ sp o u t r , m t i s , - d  on s i t e — m a t c h e d  records . G e o l o g i c a l  and

se I smologi c a l  -~~~ I or s  s i m o n ! . )  be eva I n a t  i’d - A group o t  st t o n g  not ion

recor-Is is sol e ct e d  r r p i  i ’sent  I ug co mpa r ab l e  m a g n i t u d e , distance geology ,

and so 1 condit i o t i s  • .-\ ic I erograms a rt ’  a d de d  t o  the group t int  ii co n di —
tions u m n l i - i  which t h e y  were r et -or -dod are  no longe r representativ e of the

earthquake or nut i I no idd i t ott., I re ii abi lit v is obtained by further

additions . Attenu.i t ion curves are used to adjust the peak acceleiat i on
.4 - -

magnitude ~titI d i s t a n c e  more closely t o the desi red earth quake .
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Seed, Ugas and Lysmer (1974) studied 104 records broadly classified

into rock (28 records), stiff soil (31 records), deep cohesionless soil

(30 records), and soft to medium soil (15 records). The spectra were

normalized to 5% damping ratio and O.lg zero-period acceleration.

Figures 8-10 and 8-11 show the effect of site conditions . The soft-to-

med ium soil sites and deep cohesionless soil sites show larger ampli-

tudes than the others for frequencies less than 3 Hz. The Applied

Technology Council (1976) have normalized these spectra as shown in

Figures 8-12 and 8-13. The spectra have been compared to Regulatory

Guide 1.60 by Shannon and Wilson (1975) as follows:

These comparisons indicate that differences between the

site-dependent spectra and Regulatory Guide 1.60 are most

pronounced for frequencies below 2 to 3 Hz; less significant

but still noticeable differences are noted at higher frequen-

cies. For rock, stiff soil , or deep cohesionless soil sites,

higher frequency components of composite spectra differ from

Regulatory Guide 1.60 by as much as 25%. Higher frequency

components of spectra from soft-to-medium soil sites exhibit

larger differences relative to Regulatory Guide 1.60. Figure

8-14 shows the effect of shaking intensity.

Variability in Site-h atched Records

Practical limitations in the number of records available limit the

selection process. Figures 8-ISa and b show the extent of variation

possible. The differences are probably caused - by variations in the

source mechanism and transmission path . It is only through obtaining a
number of records that it is possible to achieve sufficient reliability .

The scaling of spectral shapes implies that the shapes are indepen-

dent of the intensity of motion. !lcGuire (1977) has performed a regres- ‘

sion analysis giving interesting information . It is known that larger

magnitude events tend to produce relatively more or stronger long period
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motions than do small magnitude events. Further, the h igh freq uency
components of ground motion attenuates with distance at a faster rate

than the low frequency component .
Figure 8-16 shows the mean psuedo-velocity spectra computed for

earthquakes of several magnitudes and distances , expressed as a percent-

age of the maximum pseudo-velocity observed at any frequency for that

value of M and R. McGuire (1977) notes the following :

In general , it is observed tha t longer hypocentral dis-
tances imply decreased relative spectra in the high frequency

region , and a lower frequency at which the spectral velocity

is a maximum . Small magnitude earthquakes have higher rela-

tive spectra in the high frequency region , and lower relative

spectra at low frequencies , than do large earthquakes observed

at the same distance.

Influence of Site Conditions on Response Spectra

Seed and Idriss (1969) give response spectra for sites whose soil

conditions are shown during the same or similar magnitude earthquakes ,

Figure 8-17. All of these represent motions recorded at very consider-

able distances from the epicentral regions . The spectra are arranged in

sequence from A to F, corresponding to increasing degrees of “softness”

of the soil conditions underlying the recording stations . To eliminate

the inf l uence of dif fe rent ampl itudes of surface accelera tions , the

ordinates of the spectra have been normalized by dividing the spectral

accelerations by the maximum groun d acceleration at each site . Thus the

different forms of the normalized spectra reflect primarily the differ-

ent frequency characteristics of the motions from which they were ob-

tam ed .

• It may be seen that for the recording made at Site A , the peak

ordinate of the response spectrum is developed at a period of about 0.3

second, indicating a predominantly high frequency in the ground motion.
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However, for the still stiff (note high values of standard penetration

resistance) but slightly softer soil deposit at Site B, the peak ordi-

nate of the spectrum occurs at 0.5 second ; and , as the ground conditions

become progressively softer, as evidenced by the ~resence of increasing-

ly greater depths of soft and medium stiff clays and silts , the periods

at which the peak spectral accelerations are developed change as

follows:

Sites Approximate Period

A 0.3

B 0.5

C 0.6

D 0.8

E 1.3
F 2.5

The sites are arranged in increasing order of softness of soil condi-

tions. The period is that at which maximum spectral acceleration is

developed. It is thus apparent that the frequency components of the

motions at the different sites and the form of the response spectra —

change in a reasonably consistent fashion, depending on the softness or

hardness of the soil conditions. The natural period of structures in

seconds may be crudely estimated by dividing the number of stories by

10.0. For the sites underlain by deposits of stiff soils, the peak

ordinates of the acceleration response spectra tend to occur at a low

value of the fundamental period , say 0.4 or 0.5 second (see Figure

8—17), indicating that at these locations the maximum accelerations

would be induced in relatively stiff structures five or six stories in

height. On the other hand , for the sites underlain by deep deposits of

softer soils, the peak ordinates of the acceleration response spectra

tend to occur at a rather high value of the fundamental period, say 1.5

to 2.5 seconds (see Figure 8-17), indicating that at these sites the

maximum accelerations would be induced in multistory structures 15 to 25
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stories in height . Thus, lateral forces on structures and related

building damage in the same general area may develop selectively; multi-
story structures may be severely affected where they rest on relatively

soft soil deposits but adjacent stiffer structures on the same deposits

may be hardly affected at all; conversely , multistory buildings on

shallow , stiff soil deposits may be only slightly affected while adja-

cent atiff structures are subjected to large lateral forces (Seed and

Idriss , 1969).

Seed and Idriss (1969) also demonstrate the effect of local and

distant earthquakes of magnitudes to produce the same level of site

ground motion . One example they cite is as follows . A strong local

earthquake may produce high frequency rock motions having a maximum

acceleration of about 0.l3g and a predominant period of about 0.25

second . On the other hand , a great earthquake located some 75 miles —

away might also induce a maximum acceleration in the rock of about

0.13g. but the motions would have a lower frequency and a somewhat

longer predominant period , perhaps of the order of 0.7 second . The

computed ground surface accelerations at the site during two such earth-

quakes are listed :

Maximum Maximum
Acceleration in Ground Surface AmplificationType of Earthquake Underlying Rock Acceleration Factor

Strong Local Shock 0.13g 0.08g 0.6

Great Distant Earthquake 0.l3g 0.13g 1.0

The acceleration response spectra for these ground surface motions are

shown in Figure 8-18. The maximum ground surface accelerations differ

by some 70% but more significantly, the spectral accelerations corre-

sponding to the fundamental period of the building of the site, about

1.3 seconds, differ by several hundred percent. Clearly other modal

effects need to be considered , but these figures indicate the potential

significance of the characteristics of the basic rock motions in deter-

mining ground surface and structura l response (Seed and Idriss , 1969).

*
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The influence of the characteristics of the base rock motion on

ground response, as indicated by the spectra in Figure 8-18 is somewhat

typical of that found for other site analyses. In some cases the accel-

eration spectrum shows its major peak at a period corresponding approxi-

mately to the fundamental period of the soil deposit, while in other

cases the peak seems to develop at a period corresponding approximately

with the predominant period of the base rock motions . Which of these

situations will develop in any given case will probably depend in large

measure on : (1) the difference between the predominant period of the

base motion and the natural period of the deposit and (2) the duration

of the ground shaking. Because there will always be some uncertainty

concerning the form of the base motions likely to develop at any given

site , it is clearly desirable that analyses should be made for a range

of possible , but realistic , base excitations to bracket the range of

surface accelerations to be expected. It is clearly shown that because

the predominant period of the rock motions for the strong distant earth-

quake would be larger than that foc the local earthquake, a soft soil

deposit would tend to emphasize these long period effects, producing a

much higher damage potential for multistory buildings than would the

shorter period motions of the local earthquake. Such a result would be

expected since the large amplitude motions produce greater strains in

the transmitting soil deposit, resulting in correspondingly lower moduli
and a longer fundamental period of the soil deposit (Seed and Idriss ,

1969). Short period structures develop their highest damage potential

when they are situated on shallow or stiff deposits. Long period struc-

tures develop their highest damage potential when they are situated on

deep or soft soil deposits. Both reflect the undesirable effects of

similarities in the fundamental period of a structure and the soil

deposit on which it is constructed. Seed et al. (1975), Figure 8-19,

gives approximate relationships between maximum accelerations for dif-

ferent soil types for the same depth to bedrock. For low intensity

motion virtually all soil deposits tend to amplify underlying rock

accelerations. For extremely high intensity motions many soil deposits
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say attenuate underlying rock acceleration . Soft soil deposits are more
effect ive  in attenuating peak rock accelerations than shallow stiff

soils.

Gates (1976) reports the influence of soil depth (Figure 8-20)

based on analytical procedures. A Soil Amplification Factor was deter-

mined as a function of acceleration level and site description. The

Soil Amplification Factor is the spectral ratio between the computed

surface motions and the input rock motion for various frequencies for 5% —

damping. The ratio is primarily dependent on the soil properties and is

not influenced to a great extent by the frequency content of the input

motion.

Computer Analysis Techniques, One-Dimensional Models

A soil profile may be analyzed as a one-dimensional shear wave

problem , assuming the stress wave to be only a vertically propagating

shear wave (generally this is true for deep alluvium sites and not true

for shallow sites near the fa u l t ) .  The differential  equations of motion
can be solved in closed form for linear elastic soil properties. This

has been done by Seed and Idriss (1969) and Kanai (1961) to provide a

one-dimensional analysis of sites of simple geometry. However, the

stress-strain characteristics of a site are highly nonlinear , hystere-

tic , and strain-dependent.

Streeter et al. (1974) developed a computer program using the —

method of characteristics for calculating one-dimensional dynamic behav-

ior of soils. A soil profile is divided into layers down to bedrock.

Dynamic excitation of the soil is introduced at the rock-soil interface.

The response of the soil can be evaluated on the basis of elastic ,

viscoelastic , or nonlinear (Ramberg-Osgood) soil behavior. The program

determines shear, velocity , and displacement information.

• An analytical technique for analyzing the response of horizontal

soil profiles to earthquake motion is described by Seed and Idriss

(1969, 1970a, l970b) and Idriss and Seed (1968, 1970). The soil profile
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is idealized by a series of discrete masses and springs with linear

viscous dampers . The nonlinear and hysteretic stress-strain character-

istics of the soil are introduced by using an equivalent shear modulus

and an equivalent viscous damping factor which can vary with each layer

of soil profile and with the strain level within the layer. The equiva-

lent shear modulus for a given strain level is taken as the slope of the

diagonal line (average slope) drawn through the hysteresis ioop, which . 
.4

is shown in Figure 8-21 for a cyclically loaded laboratory specimen .

The average equivalent viscous damping coefficient is proportional to —

the ratio of area of the hysteretic loop , as shown in the figure, to the
max imum stored energy dur ing the cycl e .

An iterative procedure is used to obtain strain compatible values

fo r shear modulus and damp ing. The response of the soil p rof ile modeled
as discrete masses is computed , and strains are determined . :1

Another automated-analysis technique , more widely used today for 
.4

treating horizontal soil layers , has been developed by Schnabel , Lysmer ,
and Seed (1972), based on the one-dimensional wave propagation method.

This program , SHAKE , can compute the responses for a given horizontal

earthquake acceleration specified anywhere in the system. The analysis

incorporates nonlinear soil behavior , the effect of the elasticity of

the base rock, and variable damping . It computes the responses in a

system of homogeneous viscoelastic layers of infinite horizontal extent,
subject to vertically traveling shear waves . The program is based on

.4 the Continuous solution of the wave-equation adapted for use with tran-

sient motions through the Fast Fourier Transform algorithm . Equivalent

linear soil properties are obtained by an iterative procedure for values

of modulus and damping compatible with the effective strains in each

layer. The following assumptions are made :

1. The soil layers extend infinitely in the horizontal direction .

2. The layers are completely defined by shear modulus , critical-

damping ratio, density, and thickness.

144



- - -—---.-- ~‘-— ‘~~~~~~~~~~~~ ‘~~~~~ V---- - - -~~~ -

3. The soil values are independent of frequency .

4. Only vertically propagating , horizontal shear waves are con-

sidered.

The soil model is similar to that developed by Seed and Idriss

(l970c), using data similar to Hardin and Drnevich (1970). The absolute

range of soil parameter vatiation may be stipulated by merely in-putting

factors whose numerical values may be derived from simple soil strength

properties . These strength properties may be the undrained shear

strength of a clay or the relative density for sands . The program

requires the definition of the soil profile down to bedrock (assumed as 
- 

-

seismic velocity 2,500 ft/sec) as well as an earthquake time history

record in digital form .
The motion used as a basis for the analysis can be given in any

layer in the system, and new motions can be computed in any other layer.

Maximum stresses and strains , as well as time histories , may be obtained

in the middle of each layer. Response spectra may be obtained and

amplification spectra determined .

Effects of Soil and Site Parameters

Frequently, the pa rameters needed in the response studies are
poorly defined at a given location. Often, the values of these parame-

.4 
ters must be assumed in order to perform the ground response analyses.

Experience has shown that variations in the value of any one of the

parameters may affect the solution differently from site to site, and no
general rules may be formulated at this time to establish the influence
of the variables.

Earthquake motions are produced by a stress wave , which is trans-
mitted more rapidly and with less energy loss through the bed rock than
through the overlying soils. When the bedrock has a horizontal surface

r of great extent and the overlying soil layers are also horizontal, it is
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frequently assumed that the earthquake motion within the soil is pro-

duced essentiall y by horizontal shear waves which propagate upward

through the soil from the bedrock surface. This assumption greatly

simplifies the analysis since the problem can be reduced to a one-

dimensional shear wave problem . This is a simplifica tion , since verti-
cal components of the earthquake motion are always present and the wave

transmission problem may be more complex than can be simulated in a

one-dimensional model.

When the bedrock or soil layers are inclined , a one-dimensional

shear wave assumption is questionable , and a two-dimensional model may

be required to account for the more complex geometry and wave motion.

Lysmer, Seed, and Schnabel (1970) have shown tha t under -identical

boundary conditions , the lumped mass solution and the wave propagation

solution are basically the same. Arango and Dietrich (1972) have inves-

tigated the variation of parameters for the two methods . They note

close agreement in pesk levels of motion with some differences in com-

puted t ime histories.

Depth to Bedrock

In many cases the depth to bedrock is not well-defined . A prelim-

inary analysis may be required to assess the influence of depth to

.4 bedrock on the ground response. Dezfulian and Seed (1969) have shown

that an increase in thickness of the deposit may or may not cause a

substantial change in surface motion . Their studies show that for

shallow deposits, an increase in thicknes s of med ium sand from 38 to 50
feet (12 to 15.6 meters) reduced the response significantly . Increasing

the thickness to 80 feet (25 meters) reduced the response still more ,

but a further increase from 80 to 100 feet (25 to 31.2 meters) did not

produce any additional reduction in the response.

For much deeper deposits, 1,000 feet (330 meters), ICiefer et al.

(1970) analyzing the conditions at Osaka , found that the response was

not very sensitive to the range of depths investigated .
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Arango and Dietrich (1972) studied the variation for depths to
bedrock equal to 600, 800, and 900 feet (180, 250, and 270 meters). The

values of the maximum acceleration and the velocity and acceleration
spectra are shown in Figure 8-22. The acceleration spectra for two

depths to bedrock at Study Site A are also shown in Figure 8-22.

The above examples show that f or shallow soil deposits , the depth

to bedrock may or may not significantly affect  the response ; deep soil
deposit s a re , in general , less sensitive. Preliminary studies using a

reasonable range of depth to bedrock should precede any ground response

calculation when uncertainties regarding the actual depth are present.

Influence of Soil Profile

The frequency characteristics of the ground motions and the form of

the ground response spectra may be influenced by the nature of the soil

conditions underlying the sites. This is illustrated by the studies by

Arango and Dietrich (1972). Different soil profiles were used in the

response analysis as shown in Figure 8-23. The values of the maximum

acceleration and displacement obtained are shown in Figure 8-24. The

corresponding response spectra are shown in Figure 8-25. Significant

changes in response can result from variation in soil profile, and great

care must be placed on the correct site stratigraphic representations.

The importance of the time history of the ground motion on the response
val ues is also apparent by comparing the spectra from Figure 8-25a to
that of Figure 8-25b. -

Soil Rigidity

Since the s t i f fness  of the soil deposits can only be approximated,
it is often desirable to run preliminary response analyses using the
most reasonable values of the shear soduli for the various soils and —

values (say 50% to 100%) greater than those judged to be the most rca-

sonable . Arango and Dietrich (1972) calculated the maximum ground

LI
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surface acceleration, ground displacement, the fundamental period of the

soil column , and the response spectra by using the average values of the
shear modul i and values 50% higher. The results of the calculations are

shown in Figure 8-26 . In some cases, errors in the estimated shear

moduli cause minor differences in the calculated ground response which

have no practical significance for engineering purposes. In other

cases , however, it has been found that great differences may occur as a

result of varying the values of the shear moduli.

Amplitude of Rock Acceleration

Scbnabel and Seed (1972) have indicated that spectral acceleration

values are often not significantly influenced by substantial reductions
in maximum acceleration levels in rock. It was found that generally a
reduction of 15% to 25% in maximum rock acceleration values will affect
the spectral acceleration by less than 10%.

Frequency Con tent of the Rock Motions

The form and frequency characteristics of the base input may have a

very significant influence on the response of soils. Arango and

Dietrich (1972) studied a site under two different earthquakes (Figure

8-27). As shown at the right side of Figure 8-27, the two acceleration

histories applied to the outcrop rock had the same peak acceleration and

the spectra were similar. However, the small differences in frequency

caused the motion to be amplified differently in the three soil columns.
Therefore, two or more histories of acceleration should be considered in

any given response study in order to define the relative magnitude of

the ground response at any given location.

I
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Computer ~nalysis Techniques, Two-Dimensional Models

As pointed out earlier , when the ground surface or the soil layers
are inclined , one-dimensional wave assumptions may not be valid and a

two-dimensional model may be required to represent the more complex

geometry. Although two-dimensional liquefaction analyses are not in

rou tine soil practice , the same procedures for evalua tion of a stress
history can be utilized . Finite element representations have been used

to study dams and embankments.
Idriss et al. (1973) have developed a two-dimensional finite ele-

ment program — QUAD-4 — for the evaluation of seismic response of soil

deposits. This program allows for variable damping in each element

using a Rayleigh damping expression for that element. The damping

matrix for the entire assemblage of elements is obtained by appropriate

addition of the damping submatrices of all the elements.

The response is evaluated by the solution of the equations of

motion using direct numerical integration methods with a time increment

small enough to provide stability . The program uses plane strain quad-

rilateral and triangular elements. An iteration procedure is used to

determine the strain -dependent modulus and damping for each element,
based on the average strain developed in that element. The relation of

modulus and damping is based on Seed and Idriss (l970c). The solution

is obtained using the modulus and damping for each element which is

compatible with the average strain . The developers of the program

report that comparison with one-dimensional methods shows that the

finite element solution values of shear stress are about 10% greater.

The response spectra of one- and two-dimensional methods are of similar

shape. Major differences on response spectra occur only when the input
~~~~~~~~~~~~~~~ _ mot ion has large amounts of high frequency components or when the finite

element model is very coarse . The addition of variable damping makes

the response calcu lat ion resul ts i~ better agreement with recorded data.

- - 
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Lysmer et al. (1974) have developed a two-dimensional finite ele-

ment program , LUSH (revised version called FLUSH), which solves the

transient response problem In soil sites by complex frequency response.

It can calculate the response of sloping soil layers and can include the

soil-structure interaction effect. The program accounts for the non-

linear effects which occur in soil masses by a combination of the equiv-

alent linear method described in the section on one-dimensional analyses

(Seed and Idriss , 1969) and the method of complex response with complex

moduli allowing for different damping properties in all elements.

The model consists of plane quadrilateral or triangular elements.

Three different material types are provided for: nonlinea r clays and

sands, elastic solids , and rigid solids . Typical relationships between

stiffness, damping , and effective shear strains for sand and clay are

provided within the program. These are similar to the curves used in

SHAKE . Viscous damping is introduced by using complex moduli in the

formation of the s t i f fness  matr ix  which leads to the same amplitude

response as nodal analysis with a uniform fraction of critical damping .

The initial soil properties are specified at low strain level (‘j

strain) and the program iterates to find material properties at strain

levels compatible with the specified motion .

The mesh size of elements in the model should be small compared

with the wavelength of shear waves propagating through the model. A

suggested maximum height element is

h = (1/5) A =

whe re h = element height

A = wavelength of shortest shear wave

V = velocity of shear wave at strain level of earthquake

w = highest frequency of the analysis
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Ca se St udy

Chapter 7 presented a portion of a case study as an examp le of the
computational procedure . This section will demonstrate the preparation

of response spectra . Assume it is of interest to generate the response

spectra associated with motion from the Santa Cruz fault. Table 7-1

shows a 90% confidence level of 0.283g. Associated with the accelera-

tion is a causitive magnitude 7.2 and epicentral distance 25 miles.

This information is used as input to Program OPTIREC. The program using

the weighting specified by the user (in this case equal weights),

sea rches the l ist of records , and produces an ordered list of records

representing the site conditions . Table 8-2 gives the first eight

entries . Figure 8-28 shows time histories of the records obtained by

Program TIPIHIS. Figure 8-29a gives the response spectra for 5% damping

for each record . Figure 8-29b gives the mean value and the mean plus

one standard deviation . Figure 8-29c gives the maximum envelope of

points. These were obtained using the Program RESPLOT.

As can be seen by Figure 8-29a there is some variability in the

group of records . Previously, the randomness of the site acceleration

in  terms of a t tenuat ion and dispersion , source description , epicentral

location and size of event have been considered . This section must only

consider site characteristics which may cause amplification of motion .

The best cho ice of spectra from a des ign viewpoint would probably be a
mean plus one standard deviation . Care must be taken that the inclusion

of acceleration dispersion not be taken twice ; however , there is no

practical way of separation of these effects . Superimposed on Figure

8-29b is the response spectra which would be indicated by the Newmark-

Hall procedure . Judgment would indicate that the mean plus one standard

• dev ia tion should be appropr iate for des ign usage .
- - 

-~ The results in Figure 8-29 were dominated by the San Fernando

• earthquake . Additional data were included from Santa Barbara ,

Long Beach , Eureka , and Taft earthquakes . Results remained essentially

the same .
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Table 8-1. Structure Catego~ es and Modification Factors
(from Applied Techn’ logy Council. 1974)

Struttural Categories Modif.Cit ion I:actors Project Buildings

CATEGORY A NO. LATERAL FORCE SYSTEM

Space Frame I S stories
Ductik Moment Rcsisting—Conctet~ ductile reinforced concrete frame

(Code K - 0.67)
2 19 stories

Damage Collapse ductile steel frame E-W
- (See also Category B)

Space Eramc
Ductile Moment Resisting - Steel ~‘ ~ I) U C “C .4

(Code K — 0.67) t~SO 10% 4.00 10% 3 10 siories
ductile reinforced concrete
frame N-S. ductile reinforced
concrete frame with shear walls i~-w

Duct ile Moment Resisting Concrete
Frame with Concrete Shear Walls 10 2 stories

(Code K — 0 80) ductile steel frame

CATEGORY B NO. LATERAL FORCE SYSTEM

Ductile Moment Resisting Stccl 2 19 stories
Frame with Vertical Bracing Damage Collapse braced steel frame N-S

(Code K — 0.80) (See also Category A)
MD IrD MC ~CConcrete Shear Walls with 1.50 7% 2.00 7% 8 9 stories

Vertical Load.Bcar ing Frame reinforced concrete frame
(Code K— 1.00) with shear walls

CATEGORY C NO. LATERAL FORCE SYSTEM

Vertical Load Steel Frame 4 14 stor ies
With Vertical Bracing concrete shear walls

(Code K - 1.00)
5 7 stories

concrete shear walls

Conceete Sheat Bearing Walls Damage Collapse 6 
%tccUrame with vertical bracing

With Rigid Diaphragm M D ~ D M C ~c
(Code K — 1.33) 1.50 5% 2.00 5% ~ ~ levela

masonry shear walls

9 Istory
concrete tilt-up shear walls

Flexible Diaphragma on
Masonry or Tilt-up Walls II I story

(Code K 1.33) masonry shear walls

L-t
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Table $~~~
)
~ Earth quake Records From San Fernando Earthquake

(Magnitude was 6.6.)

CEL Record Epicentra l
Identif ication Distance (mi) (~~

682 25.23 0.245
557 25.16 0.242

292 25 .64 0.239
683 25.23 0. 224
173 22.13 0.210
322 23.86 0.201

622 17.44 0.246

293 25.64 0.195

I:

I,

I
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l’ercent of - - -
- - - I)*splacement V~-lu~ it ~ Acceleration

1 r,t ical I)aniptng -

I, 2.~’ 4.0
o. c 2 1  3.6 3.8
I 2.0 3.2 5.2
2 1.8 2.8 4.3

1 4  IV
7 1.2 1.5 1.9

10 1.1 1. 3 1.5
20 1.0 1.1 1.2

(a) Relative values of spectrum amplification factors
(from “Seismic design spectra for nuclear power plants ,”
by N. N. Newmark, J. A. Blume , and K. K. Kapur , in
Journal of the Power Division , ASCE , vol 99 , no. P02,
Nov 1973, table 5).
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(b) Velocity versus frequency.

Fi gure 8-1. Basic design spectra normalized to l.Og (from
Applied Technology Council , 1974).
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Figure 8-3. Elastic response spectra , damage threshold level

(from Applied Technology Council , 1974).
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Figure 8-4. Elastic response spectra, collapse threshold level

(from Applied Technology Council , 1974).
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Figure 8-5. Modified design spectra for Category A buildings
(from Applied Technology Council , 1974).
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Figure 8—24. Response of soil models (from “Soil and earthquake
uncertainties on site response studies ,” by I. Arango
and R. J. Dietrich [formerly of Shannon 6 Wilson , lnc.I,
in Proceedings of the Internationa l Conference Ofl
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. CHAPTER 9 — DESIGN LEVELS AND ALLOWABLE RISK

Risk

It is generally impossible to design and construct a building with

a 100% guarantee that the building will not fail in some way and en-

danger people as a result of an earthquake; the resources available to

construct buildings are limited. The anticipated benefits of various

life protecting programs must be weighed against the cost of implement-

ing such programs. Further, it is impossible to specify with exact

certainty the strongest earthquake ground shaking that might possibly

occur at any specified location. As long as uncertainties exist in the

loading it is impossible to design for exactly zero risk. A decision to

design a building for a specified capacity has associated with it an

implicit risk. This implied risk may be quite small (e.g., 1 chance in

10,000 that a building will fail during an earthquake), but it is

greater than zero. In general, losses may be in the form of damage and

repair costs, injuries and fatalities, and the indirect adverse effects

upon the area. The emphasis of seismic design should be the risk of

failure of buildings, where such a failure would imply a threat to life

and the risk of failure of critical facilities to function at the re-

quired level to insure operational requirements.

Both the time of occurrence and the magnitude to affect a particu-

lar region is unknown. Future losses are uncertain, and some measure of

probability must be used in evaluation of the losses.

One way is the use of average annual losses, which can be expressed

as the average dollar losses per year, the average major casualties per

year , the average number of building failures per year, etc. Losses

expressed in this way are annual risks. However, large earthquakes are

j
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very rare events , and losses averaged over such infrequent events may
not give a meaningful portrayal of the large loss that might occur over

one such event .

The second way is to define a threshold of loss and to estimate the
probability that the threshold will be equalled or exceeded during some

earthquake . For example , we might speak of the probability that the

dollar cost of damages and repairs will exceed $1 billion during at

least one earthquake during the next 50 years. The threshold might

alternatively be failure of a number of critical facilities .

Chapter 5 discusses the use of time as a random variable. Using an
exponential distribution the probability of exceedence may be expressed

as:

-ATe -T /T
P(E) I - e = 1 - e

where A = average rate of occurrence

Tr = average recurrence interval or return period

T
~ 

= exposure period

If AT = T / T  (< 1, then:

PfEJ ~ A T/T

The following results are of particular interest:

T/T

2 86%
1 63%
0.5 39% .

0.2 18%
0.1 10%
0.05 5%

196



_ _ _ _ _ _ _ _ _ _  
______________ 

_ _ _ _ _ _ _ _ _ _ _

tiote that T, * •i
~ 

means that it is quite (63%) certaIn that the event

will occur. If the probability of the event I. to be less than 10%, Tr
must be more than lOT .

Acceptable R isk

No law In the United States puts an amount on the acceptable number

of fata lities per person exposed p.r year , or on any other proposed
definition of acceptable risk.

Th. Applied Technology Council (1976) su ariaes data for the
probability of man-made and natura l disasters causing a greater-than-

specified number of fatalities (Figures 9-1 and 92). Ii the total

man-caused” and total “natural ’ curves are reduced by 1,000 (so as to

giv, a level of risk that would not contribute significantly to total

overall risk), the “acceptable ” rate of events causing 100 or more

fatalities would be about S * ~~~~ With a 50-year exposure period ,

ther, would be a 2.5% probability of one or more such events.

Considering all of the relevant factors, judgment would indicate

that the following risk levels should not b exceeded; that is, risk
levels above those indicated should be considered unacceptable.

1. The highest level of safety attainable with present technology

is requ ired for cri tical mission essential facili ties and those contain-

ing nuclear material which could be released Further, explos ives
manufacturing facilities with large quantities of sensitive material

that could detonate should be included . Critical sea walls, failure of

which could inundat, a base must also be included. Redundant facili-

ties must be considered when a high en- gli level of survivability cannot

be assured.

2. The second category of structures — those needed after a

disas ter - should also embody a high level of safety, although less than
in the prev ious category . The princ ipal safety goal shoul d be struc-
tures and facilitie, that will continue to function after experiencing

j  
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an earthquake disaster. Examples would be sea walls , important utility

centers , hospitals , fire , police , and emergency co unication facili-

ties , and crttical t ransportation elements such as bridges and over-

passes . These should be designed and built as safely as modern technol-

ogy permits. An extra project cost of 5% to 25% to provide that level

of safety would not be excessive , in some cases , where present technol-

ogy cannot assure maximum attainable safety, redundance may be neces-

5 a ry.

3. In a third category are other structures that have occasiona l

high occupancy or are needed for use after a disaster. These should

have as little risk of collapse as Is economically possible and also

protect the occupants from serious hazard to the highest degree possi-

ble. Under these criteria , such structures could be damaged to a point

where their functions were impa ired ; but their continued functioning .

though under difficult circumstances , would still be possible. Some
Injury would possibly occur from falling articles and other hazards , but

loss of life would be rare . Facilities in this risk category would
Include schools , churches , theaters, other places normally attract i ng

large concentrations of people, secondary utility structures , extremely

large structures , roads, alternate or noncritical bridges and over-

passes . The degree of safety required in this class of’ structures would

be attainable by a 5% to 15% increase in construction cost.

4. The vast majority of structures consist of industrial build-

ings , quarters , or family housing, for which an “ordina ry” degree of
:‘isk should be acceptable. These criteria require that buildings should

be able to:

a. Resist minor earthquakes without damage

b. Resist moderate earthquakes without structura l damage, but

with some nonstructural damage
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c. Resist major earthquakes , of the intensity or severity ot

the strongest experienced without collapse , but with some

structural as well as nonstructurat damage

In most structures , it is expected that structural damage , even in a

major earthquake, could be limited to repa i rable damage.

Building Failure and Total Risk

Exceeding the design earthquake by itself does not determine the

risk of failure of a structure; total risk is also a function of the

inherent building strength. The seismic hazard may be represented by a

probability distribution of site accelerat ion . This must be related to
the damage done during each acceleration occurrence . The probability of

fac il i ty damage may be estimated from structural analysis. Having
defined both the seismic hazard and the probability of faci l i ty failure ,
the total risk could be obtained by su ing for all accelerations the
product of probability of facility failure at a specific acceleration

t imes the number of occurrences of that acceleration .
Wh it man et at. (1975) illustrate one approach for computing total

risk. They construct a damage matrix (a variation of which is shown in
Figure 9-3a) In which a damage state is shown as a function of ground

motion . Damage probabilities are estimated , based on uncertainties of

facility constructLon . For each ground motion level individua l damage

probabilities are multiplied with their corresponding damage ratio and

su ed to give the total expected damage for that acceleration . This is

plotted in Figure 9-3b. This data can be combined with the probab ility

that a site will experience various ground acceleration levels to deter-

mine total risk and damage for all ground motion possible. Thus, site

acceleration may be included by use of the computational technique

described in Appendix B for determining site microaonation analysis.

One of the output items in this analysis technique is data on accelera-

tion and probability of not being exceeded in a number of years

~~~~~~~~~~~~~~~~~~~~ 

(Figure 9-4). 

~~~~~~~ ~~~~~~~~
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With Figures 9-3b, 9-4, and 9-5 it is possible to examine minimum

loss conditions for various levels of earthquake ground motion. The

methodology proposed is as follows:

1. S~:lect design level acceleration

2. Using Figure 9-5, estimate cost increase

3. Estimate loss for design level

n Probability site acceleration a. (Figure 4)
Loss = ~~ Damage a. (Figure 9-3b) sumsed over n incre-

i 1  ments in1site acceleration level

4. Compute total: Cost = Loss + Construction Cost

5. Repeat for various design levels

The result for a typical example is shown in Figure 9-6. They

indicate the most economical approximation is about 95% confidence of

not exceeding a site acceleration for the acceleration probability shown
in Figure 9-4. This is also expressed as approximately an event with a

500-year return period . These results are extremely crude using only

approximations for cost and damage. Further effort sh ’uld be spent in

this area to obtain the maximum return and minimum risk. The optimum

design level will be a function of site acceleration . The problem was

repeated using different site acceleration levels. Figure 9-7 shows

least total cost (expected damage plus increased construction cost)

return periods for 90% confidence level site acceleration. Figure 9-7

clearly shows with site acceleration it becomes more economical to

accept greater risk. For example, if a 90% probability site accelera-

tion were O.2g, the least cost event return period would be about 210

years. This event could be determined from the computer program output

listing. Economics is not suggested as the criterion for design of

structures. However, any criteria proposed should be reviewed on an

economic basis as well as a structural basis.
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Appendix A

NOM
- ; PROGRAM CH42C

Program CH42C is a CUC 6600 COBOL-FORTRAN program used to search
the National and Geophysical and Solar-Terrestr ial Data Center ’s (NGSDC)
hypocenter data file. This data file contains hypocen ter data from 1638
to the present . The tape records are 90 characters long (punched card
images) blocked 50.

There are five types of input cards (search set ) n.e1.d to search
the file As many as 50 different searches may be made durinp a single
pass through the tape. i~ separate printout , ca rd deck , or t ape f i l e  is
penerated for each of the searches The input cards must be sequenced
as follows :

Type (Output card) This card is used to specify the types
of output desired for each set .

CC*l use a 1 if tape output is desired
2 use a I if a listing is desired
3 use a 1 if punchout is desired
4 use a 1 i i  plotter tape is desired

Type 2 (Header card) This card Is used to print a header
on the printout for each set.

CC I suit be blank
2-80 free form (area, customer name , etc.)

Tvoe~~JParameter carda) These cards are used to search the
file for specific types of events .
At least one of the 15 different types
of parameter cards (A thru P) must be
present for each search set. A
description of the parameter card formats
is attached .

Tv~~~4 (Spec t.l Parrnmeter Combination/”or” card) This card ii
used to combine parameter card sets in an
“or” condition (e.g., magnitude 4.0 or
intensity IV). This card is optional .

CC 1-2 or
3-80 blank

- Card Column
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Type 5 (End card) This card is used to end each search set.

CC 1-3 ZZZ

INPUT TAPE UNIT: TAPE 10.

OUTPUT TAPE UNIT: TAPE 11. for block 50

Parameter Card Formats for Program CH42C

The parameter cards A thru P described beiow may be in any se-
quence. Except for card K (of which there can be several) there can be
only one of each for each search set. All parameter cards used in a
search must be satisfied before a record is considered a hit. However,
if more than one magnitude card (C,F,G,H) is used , only one of the
magnitude cards need be satisfied for a record to be considered a hit.
For those parameter cards with several items (cards B,I,K ,L,P1,N ) ,  a hit
on only one of the items is needed to satisfy the parameter card .

Card A (Interval)

This card is used to search on dates , only the low and high year
must be present on the card .

C C 1  A
2 blank
3-6 year (1964)
7-8 month or blank
9-10 day or blank
11-12 hour or blank
13-16 year (1973)
17-18 month or blank
19-20 day or blank
21-22 hour or blank

Card B (Area)

This card is used to search for events in specific geographic area
or areas. From one to four different areas can be indicated on this
card .

C C 1  B
2 blank
3-5 low latitude , example 900 = 90.00 

- -

6-8 high latitude
9 direction of latitude (N or S)

10 blank
11-14 low longitude, example 1500 = 150.0°
15-18 high longitude
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19 direction of longitude (K or W)
20 blank
21-23 low latitude
24-26 high latitude
27 direction of latitude
28 blank
29-32 low longitude
33-36 high longitude
37 direction of longitude
38 blank
39-41 low latitude
42-44 high latitude
45 direction of latitude
46 blank
47-50 low longitude
51-54 high longitude
55 direction of longitude
56 blank
57-59 low latitude
60-62 high latitude

- - 63 direction of latitude
64 blank
65-68 low longitude
69-72 high longitude
73 direction of longitude

Card C (MB Magnitude)

This card is used to search for events with MB magnitudes within
specified range.

C C 1  C
2 blank
3-4 low MB magnitude , examp le 55 = 5.5
5-10 blank

11-12 high MB magnitude

Card D (Depth)

This card is used to search for events with depth within specified
range. If low and high depths are blank , all tape records with blank
for a depth will be considered hits.

C C 1  D
2 blank
3-5 low depth (in ha)
6-10 blank
11-13 high depth .(in ha)
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Card K (Quality)

This ca rd is used to search for events derived from the specified
minimum number of stations. Any tape record whose number of stations is
equal to or greater than the number indicated on the card is considered
a hit.

C C 1  E
2-10 blank
11-13 number of stations

Card F (MS Magnitudes )

This card is used to search for events with MS magnitudes within
the specified range.

C C 1  F
2 blank
3-4 low MS magnitude , example 55 = 5.5
5-10 blank

11-12 high P15 magnitude

Card G (Magnitudes From Other Sources)

This card is used to search for events with magnitudes from other
sources wi thin the specified range .

C c l  C
2 blank
3-5 low magnitude, example 500 = 5.00
6-10 blank

11-13 high magnitude

Card H (Local Magnitudes)

This card is used to search for events with local magnitudes within
the specified range.

C C 1  H
2 blank
3-5 low local magnitude , example 500 = 5.00
6-10 blank
11-13 high local magnitude

Card I (Associated Phenomena)

This card is used to search for events with various associa ted
phenomena . Whateve r is in CC 2 indicates the field to be searched .
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“D” diastrophic phenomena
“T” tsunamis
“S” seiches
“V” volcanism
“N” non-tectonic events
“0” infrasonic waves

Whatever is in CC 11-17 indicates what that field is being checked
against. Therefore , this card allows search of one of six different
fields and allows search of that field for from one to seven different
items .

C C 1  I
2 field to be searched either D, T, S, V, N, or 0
3-10 blank

- 11-17 item to be searched for. If search is made on only one
item put symbol in CC 11. Items which can be selected
are as follows :

Diastrophic Tsunami

F = surface faulting T = tsunami generated
U uplift/subsidence = possible tsunami
D faulting and uplift/subsidence

Non-Tectonic Seiche

R rockburst S = seiche generated
C coal bump or rockburst = possible seiche

in coal mine
M meteoritic source Volcanism
K explosion or suspected explosion
I collapse . V = earthquake associated
L lights or other visual phenomena with volcanism

Infrasonic

T T-wave
A acoustic wave
C gravity wave
B ~ b o t h A & G

Card J (Intensities)

This card is used to search for events with intensities within the
specified range . Any tape record whose intensity is equal to or greater
than the intensity indicated on the card is considered a hit.
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C C 1  J
2 blank
3 intensity (1 thru 9 = I thru IX , X = X, E XI ,

T = X I I )

Card K (Flinn-Engdahl Regions)

This card is to search for events falling within the specified
Flinn-Engdahl geographic region. Several K cards can be used; however,
not more than 120 different Flinn-Engdahl geographic numbers may be
used.

CC 1 K
2 blank
3-5 first Flinn-Engdahl geographic number
6-80 next 25 Flinn-Engdahl. geographic numbers (acceptable to

have many K cards with less than the 26 F-E numbers)

Card L (Sources)

This card is used to search for events derived by specific sources.
From 1 to 13 comparisons can be made .

Cc l  L
2 blank
3-5 first source
9-41 next 12 sources

Card H (Cultural Effects)

This card is used to search for events with cultural effects. From
one to four different cultural effects may be searched .

CC 1 H
2 blank
3 first cultural effect
4 second cultural effect
5 third cultural effect; C = casualties, D damage ,

F = felt
6 fourth cultural effect

Card N (Depth Control)

This card is used to search for events with specific Depth Control —

Designations. From one to four different depth control designations may
be searched.

CC 1 N
2 blank
3 first depth control designation

i i  
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4 second depth control designation
5 third depth control designation
6 fourth depth control designation

N held at 33 km
C depth restraiaed by geophysicist
D restrained depth based on 2 or more reported pP’s
A assigned

Card P (Radius Card)

This card is used to search for events within the specified radius
from the specified geographic point .

CC 1 P
2 blank
3-6 latitude , example 8900 = 89.00°
7 latitude direction (N or S)
8 blank
9-13 longitude , example 10,000 = 100.00°
14 longitude direction (K or W)
15 filler
16-20 radius in km
21 blank = radius in km

H = radius in miles

Type 5 (End Card) This card is used to end each search set.

CC 1-3 ZZZ

- 
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Appendix B

CEL
PROGRAM RECAL

This program uses a subset of data obtained from the NOAA histori-
cal data (see Appendix A) as input . The program computes and plots the
annual recurrence interval as a function of magnitude for the region .
It then, using this data and assuming a Poisson distribution , computes
the cumulative probability of not exceeding a magnitude over a period of
time . Faults may be defined as line segments, and all events within a
specified distance are associated with that fault; recurrence data and
cumulative probability are computed as above for each fault input. The
program has options to omit or include regional analysis and to calcu-
late an input fault recurrence . Using the fault recurrence, the program
(by use of a Monte Carlo technique) assigns 2,000 years of earthquakes
random in magnitude and epicentrally located to the fault. The shortest
distance from the fault break to the site is calculated and an accelera-
tion (mean and standard deviation) is determined . A Poisson distribu-
tion is used to account for acceleration uncertainty . Where faults are
not clearly defined a floating earthquake may be assigned for the re-
gion .

In assigning line segments to a fault one should take care to
assign all events in the area to specific faults; thus, events will not
be overlooked or recurrence interval reduced. Uncertainties exist in
the actual location of many epicenters. Further discussion of this is
in the text.

It is intended that the historic recurrence data calculated be
adjusted based on judgment, taking into account recurrence intervals
estimated by other techniques such as slip rate, etc. Provisions are
included to allow for input of recurrence coefficients.

Since the program uses random number generation and the Monte Carlo
technique, there will be some variation in solution , particularly for
values of confidence above 70%. However, below this number , sufficient
samples have been taken to insure good repeatability .

User’s Guide

Card 1 Format (110 7FlO.0)

Col Col
1 10 NPT number points in data set if not specified

seek hlank card after earthquake data
11 20 SEALEX scale for plotting inches per degree

longitude
21 30 SCALEY scale for plotting inches per degree

latitude
31 40 XMAX left side maximum longitude
41 50 XMIN right side minimum longitude first plot

- 
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51 60 1/MAX top maximum latitude
61 70 1/PUN bottom minimum latitude
71 80 XMINN last longitude covered for multiple plots

Card 2 Format (8 Fl0.O)

1 10 A}IIN minimum magnitude default = 0
11 20 MIAX maximum magnitude default = 8.6
21 30 TIME time interval for probability

default = 25.0 years
31 40 SITEX site longitude
41 50 SITEY site latitude
51 60 FAC plot scale miles per inch
61 70 R distance from fault for inclusion

default = 10 miles
71 75 OPT1 option to omit regional analysis
76 80 OPT3 option to perform regional analysis

(floating earthquake)

Card 3 Format (7 F8.0 4X, 2A10)

1 8 westaost fault longitude
9 16 westmost fault latitude
17 24 center fault longitude
25 32 center fault latitude
33 40 eastmost fault longitude
41 48 eastaost fault latitude
49 56 maximum fault magnitude
57 60 option to read A and B from next card
61 80 fault name

(Repeat Card 3 as required; end group with blank card.)

Data cards compatible with output from Program CR42.

Data Cards (All fixed point)

Col Col
5 6 first two digits of year
11 12 second two digits of year
20 25 latitude
26 32 longitude
36 38 body wave magnitude
54 55 surface wave magnitude
61 63 other magnitude
73 75 local magnitude

NOTE: If NP? not specified , supply one blank card after data.
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Appendix C

CEL
PROGRAM OPTRKC

This program uses the data in Tables C-i through C-4 in selecting
the closest records to a prescribed magnitude , epicentra l distance ,
acceleration , and site category . Weighting factors are used to combine
the effects of magnitude , distance , and acceleration . By assigning zero
weight to a variable , that variable may be excluded , thus it is possible
to search by magnitude or distance or acceleration or any combination of
these. Default parameters consider equal weight.

User’s Guide

Group l Data Set

Col Col
I S ID record i
6 12 D1ST epicentra l distance , miles
13 19 DUN record duration , see
20 24 NU!1 CALTEC record number
25 29 DIR direction , degrees
30 37 ACC acceleration peak , cm/sq sec
38 45 VEL velocity peak, cm/sec
46 53 DISP displacement peak, cm
54 63 11 ,12 reference
64 68 AIIAG magnitude
69 70 ISITE site category

0 unclassified
1 alluvium
2 intermediate
3 hard rock

(Repeat for all. End with blank card.)

Group 2

Col Col
1 10 SM magnitude

11 20 SD site distance, miles
21 30 SA acceleration , g’s
31 35 ICODE(l) 1 = include unclassified site ;

0= omit
36 40 ICODE(2) I = include alluvium sites ;

--
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41 45 ICODE(3) 1 = include intermediate sites ;
0 o.it

46 50 ICODE(4) 1 = include hard rock sites;
O osit

51 60 WPI weighting for magnitude
61 70 WD weighting for distance
71 80 WA weighting for acceleration

~~itting all weighting defaults to equal weighting, set any weight to
0.0 to oit from weighting.
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Y aA ~O .On ~n•e~ pt~ ~ ~~~~~ .,Qu ;~lae ~O .O0 30 .00 75 en .p* ,nn ..*? .611 i ?‘i
IC, ~0.fl0 *C ,00 p74 n .5,*5 • C3 •~~I I ~ O
75; ~~~~~ ~~~~~ P7’, n ~~~~ ,c; ,ai t ?0
7A~ PA •AP 7i .a~ p*~ ~ •~~S • 50 ~~~~ ~~~~~ ¶ P0 e ,~ .n
7*; ~~.ap ti .~ n pes en •~~* ,S0 .e,,nc ~~~~~ i ;n s ,’.n
iSa ~~~~~ *‘n.In *7 0 ~n~ an .~ .ee .t .sc t po
7*5 ,p,~~. ~e•,n p*7 en .;~~ ‘,t’ .~ ,ne 1. 00 n
7*7 ?~3* S$,,00 p55 0 .i,P~ •i,an 1 ,31 pe ’ s .~~n
755 7 ,3* ss~~0n ;*i e~ ~~~~~ .‘,,3 .t ~~5i I PA
iso •3.Ie 77 .70 P-AS o ~~~~~ ~.? 7 .,~~nn I P-l~7,I 5 3 .15 ~~~~~ P - S S  ~~ A I,.0~ .3~~i7 .*7 I ~n ~~~~~~~ti~ sa •mo s..mn pen m .~ n • an ~~~~~~~ •,. t Po
iCa 15 ,50 D •S~ P- CA •s .~~ ,e 

~~~~~ .~~~ ¶ ~~7S~ 15 ,101 •a •~~I ~QI 0 .* ,se ,, 3* ~~ ‘u ¶ PA 3 ,5.0
is p $ D • I0 •R • 00 pci en ~~~~~ • 7~ I ,O~ I Pfl 3 ,0,0
755 1,50 S I . 3 0  ;e~ n .~ ,,5n .~~,5I P.~~* I PA 5 ,5.0
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~
I 14 ,110 O* ,S0 PO P 00 .71 , 11 .5, 1’, P ,P0 I PA 5 .11.0

A~ 2 C?.I5 75 .40 70* — I* .’~ .P ,Uu P .04 1 P-fl A ,*.A
en~ sp,~~a ,c , *n pq* Qo ~~~~~~~~~ ,11) I,A7 I PA
SPA PP.71 0,1 ,50 P01 005 P- * Oo , 00 p 1. 10 .* ,7~ I P-~ c ,e.n
SPI p, 7a ~~~~~ P05 m*’ ~7~~~0i~ 21, 70 .* ,l? I ,1 c,..n
5p~ j ;•3I (4 ,30 *0 1  Pit •~~5Q ,00 ~~~~~~~ .~~,4#t P-I d,*.A
S~~P ~~ 3l 5 ,*0 *01  I~~ l 110 ,n1’ .5 , 7 1 ,72 I P-i
0135 i..,74 57 .*~ ~05 P71 57 ,00 h .P-Il P. 75 I P-i 5 ,3.0
5*5 t * . 7* c 7 5 oo~ *05 i* i oos ,eO a ,d* 1 ,3’, I ‘~ 5 ,3.0

4 • l0, 74 , 70 *07  P71 ~~~~~~ ~~~~~ I• l5 i ~~ 
5.0 _ A

545 10 ,00. ?‘,,YA *07 I~~I .35 ,30 .* ,Aa .1,? I ~ %
*7 ,50 *;• 30 *0* 3111 57 ,0.0 .3 ,1; 1 ,71 I P- i

014* 37 .30 5 , *A *0* ?~~11 7* • *0 .4 ,61 1 ,1*  1 P- i
*50 I ,7 7 57 ,0,0 *110 ?‘I I’,I• A 0  —1 0 .50 4.00 I P-~ 5,7.11

015 % I?. 77 57 ,0,0 40~ 1* 1 .7U ,5~’ .*.?A .l ,77 I P- I 5 •7.Ii
0153 I3~~** ‘U S $ 0  * 10 laS  •ç7 ,70 ~~~~ •p .c’, I P-i 5,5.0
nsa 13,~~* 711,111 * 111 3* .77 ,41’ 0,3’, .5,a~ 1 ,t
*5’, 06 ,51 77 ,40 * 1 1  P- I .* ,II P- ,1O 7,5* I P-~ c ,*.0
P~~? e’,.SI ?P ,110 * 1 1  I I I  1I .P0 — ‘ ,Pt .I ,sn i P- I  ~~~~~~~
0155 10 .01 03~~00 *%P 3111 I 0 4 , I~ II~~A f l  .1 ,70 I P- i  5 ,5. 0
01~~o 10 ,01 •4 ,A f l  * 1P  P- P- a .p~~p ,n’ I t , an ‘ ,*e~ i ,

~ 
5 ,5.0

A ’ ,S *5~~67 110 .0(0 *14 *0 ‘,P .* .17 .30 —~~.?I I PP 6, 4.0
SAS 35. 67 1 15 ,00 * 14  400  05 ,0,1’ .;3,i0 — 1~~.*0 I PP ‘,,4.0
0141 17 ,0.4 1* 1 .0 0 *1* ~In IQ* ,.01’ .?l .110 PP ,70 I P-P
s~ e i7 ,as 131 ,0(1 41~~ 1’~ •$5~~,1’~’ IS.~~0 11 ,00 I Pp 0,,4.0
$7 1 P.1* 0,6,0.0 ~~~ 0 30 ,i1’ .7 ,0,P- )

• 47 1 P2 6,a.0
$7? 2 , % *  ** ,A0 *1* 00 .ç* ,7~ 0 , 3? 3 • 57 I 7?
5*0 sY ,?? 55 ,50 3l~~ *~~ a c,.~ 1’ 3 ,34 ..*0 I 7 4 ,0.0
5*~ a? .?? al ,00 *10 2400 .~ s~~ur P- ,0~ •I ,P7 I P- P- 4 ,0.0
01*~ C,00 35 ,70 *711 4 5 .P- , A P — .201 .3? I P~ 3 ,01.0
5*s 0.00 5,~~n *10 4 15 P.11? .33 ,~~3 I ? * ,*.0
S Ot  14 .11* ?S.aO 3 4  Po, P- .5? .,01P .~~P- s ¶ )~ 10,4.0
Sop ,11.4I* ~,.11A *75 % I ’ ,  .3,5* .,50 .4~ I PP
501? l1.3I 26.10 *P-~ 05 ~, , — .47 .,*l I P-~ a ,n.o
~~0’l t j , 3t ?4. ?0 *?~ 115 .0,01’ •e~ .,s* , P~ 11,0.0
113 P I?. Sa 56 ,30 3*0 70 .~ 5,31’ .4 ,5~ 1 .71 I P-~e t a  P’p, sa • 4• P-~ 33 ( 1  ¶t . q .117.30 .P- •6 ?  .1 ,10 1 2? 5,0.0
II’, 11,17 7 ,15 33 1 1*0 .40 ,40 P. 1 - ’ .57 I PP 11,0.0
01? iI,17 7,11 ~~3I On .35~~0(1 .1 , 13 ,4 P- I P-P 4,0.0
175 5,2* I*.7~ 4311 115 135 ,011 .5,5* .7.P-i I P-* 5,4.0
SP0. 5,2* 16, 70 *35 P-AS ~qs ,A ( 1 •Q ,5~ I,n~ 1 P3
C*a 15 .5* P0 ,50 4* 01 0 . 114 .00 .11,75 .1 ,7 ’, I P3 5 ,4 .0
135 ~$.S3 ?C ,50 335 S,t .57 ,50 .3,10 I,bd, 1 P3 5,a.n
.37 IS .~~S SP ,00 *35 I*~ .aO , C’ .2.55 .,15 I P4 5,4.0

• ~~ 01 %0 •33 aP- ,00 *30 CO .IS,410 .1.~~ •• ‘ñ i 73
05(1 1• 7 ~4• * 0 •t~~.40 ’$ I.!4 1.75 P3 5,11.0
CII 3a ,ie ps,~ o ~~ 50 15 ,7(1 1,115 IS IS ¶ 24
050. *~~,6a ;3,4n 3us O S .14 .501 1 ,013 •1. 113 I P-3 5,1.0
047 ~6,5O P3 ,10 ‘as 1 501 pu ,t A  .2.00 7,35 1 P3 5,a.n
ISP 50 ,15 511,50 370 %Ifl .21.50 .3 ,53 5 ,75 1. P5 6, 11.01
553 10,15 sa ,sn ~in en ps,~~o P,71 — ? . I t  ~~ .1.11_ n
•5S j07 ,?p 5P,30 37 1 17b .13.,A .1,35 4 ,47 1 75 6 ,11.0
•56 l017~~7P $ P- .30  4?’ P6.1 ~i,? O .5 ,201 .),A~ I 2! 6,11.0
055 77 ,SS 51 ,50 37 335 ~,7I 3 .10 .1,15 1 25 5,4.0
CCI 1P7.5S 51 ,50 47 pie 5 ,51 — P .57 ‘2,1? I PS 6.1.0
CC % 137.01 SP,10 373 IA 7, 40. .1,35 •,55 I P-5
•ep 111.01 12,1(1 37 1 III .7,0) .1.32 ..le I 2% 4.1.0ee~ 132.1’ 511,10 375 0 1,53 — P.20 1,7 1 I ,5 ~~~~~05$ t32.IC 31, 50 *75 •o .10.40 —#.P3 .I ,51 I 2! 6,4.0
C’s i*t . CP 50 ,30 4 7* 150 .~~.010 2,10 ~,03 I )5 5, 5.0
•7~ 131. 4? ~~,5o 476 270 ~~~~~ .?,Ie — I , SP I 2s 5,5.0
‘is ~s;,os *~~,I0 370 ~7? 15 ,50 5,7? .2,50 t p~ ~~~~
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10 0Th Due W ij$  V€ 1 111501 5’, M501 7 .16 5~~.70 1 1*0 *112,00 33 ,50 10 ,00 I I 4 ,4 I
2 7 .%* i  33.50 i 27n P10 .00 .34 .50 .11.50 I 1 4 . 4 II ~~ ,00 55,00 P P74 .t 0 P - ,00 4 ,5 % .01,3* I I 4 ,0 I
S 35.00 55 ,5(1 P 4 1a 110 .010 .7 ,3q .p,7i~ i t 5,0 1II 55, 01 7’.So C 1~ .57 ,50 — t i ,*o a,s, I I 7 .7

IS 55, 01 75,50 ~ 1)2 1-25 ,00 15 ,30 .C,?~ 1 1 7.7 I
75 P5.00 17 ,30 0 II 156 ,00 3’ ,.10 .% 5 ,~~A I I 6, 5 I
P4 P5.00 a? ,1n 0 314i 157 ,010 .16 ,001 •.,6P I I 4 ,5 1
01* 5.1? 40 ,50 IA 325 , lAA ,0I0 0 ,501 2,010 1 1 5.5 I
2~ 5.17 51,50 t O  50 10l.,0(~ .4 , 44 .1 ,47 I I S.! ¶
~ 01 .111,5% ,,SP0 20 ¶01( 1  p5 ,50 5 ,07 .11,54 1 t 5,5 1
50 44 ,43 70 ,20 ~ O 00 P5 ,50 ~ ,fl7 .4 ,05 I I 6,5 I
is 14.37 71, 10 7.1 hIt •Iul ,010 ..1,501 — 1 ,50 I P 5 ,5 1
77 ~~~~~ 71 ,410 20. 135 .57 ,10 ~~~~ ~ .50. I 1 5.5 I
75 501.23 57 ,40  P7 45 .0.1 , 30 .5, 5 % .i ,oo i 2 ~~~ I
*0 to ,a* 57 .30 27 ¶35  311,401 .3.115 P .IS 1 2 6 ,0. 1012 ~5,ft5 0.4,50. P~ i S P - 64.50 5,P; P,II 1 ~ 7 , 1
*4 43 ,55  6.1,70 2’ P72 •0.5,0(I ? ,Q~ P .57 I ~ 

7 , 1 I
5* Ps,75 ~l ,00 301 ao .s3 ,ln .. ,e~ ;,oo~, ~ ~ ~~~~II Pe ,7* 51,00 591 1411 700 ,1’ .4 ,75 .1,*6 1 1 5, 5 I
5 % ~~~~~~~~~~~ .1.1,00 31 7~ .‘,4,00 5,03 1 ,0.7 I p s,e I
Op 75,5* *5 ,50 31 III 4.1,5~ .3,’,S 1 ,0’, 1 ~ 

5 ,0 I
00 * ‘ , OP- 5, . Io  4P I?’, 1~~4I ,00 5 .0.1 .P- ,73 $ 2 4 . ’ I
45 47 ,,p 5P- ,In IP P-AS .1011,00 13 .10 .* ,*a I P 4 ,5 1
IP 15,40 sl ,10 44  45 .4050 ,010 —~~

5 ,10 ~ A ,50 I P 5,6 I
001 15, 110 114,50 1* 45 .~~A 0 ,fl0 .7~ .10 P8. 50 I P 5,4 I

100 *11,45 114 ,00 40 355 •4~~l, (10 ‘?4 ,Po .5 ,3, p ‘,* I
* 0 1  to ,05 1111,0(1 311 55 . 1 1 4,00 .~~S ,ao .7 ,11 1 P 5 ,0. I
104 i5,7s ,‘,.;o 45 510 .74 4 ,00 10 , 50 0 , 40? 1 P 5 ,5 I
$ 011 15 ,75 P.1,P(1 45 320 • P -70 ,00 1 1 ,010 .3 ,03 1 2 5.5 ¶
¶ 4 0 4  4 3 , 3 3  1040 ,3(1 40, 50 .SP ,IA P ,Op 11,05 1 P 5 .~ 1
$ 0 7  44,34 114,40 *0. 4 P 1O .54 , 71’ .5 ,07 5 ,50 I 2 S, 0. I
14, 14. 910 50 ,50 04 5 11 .P5~l , 0~ — * 0 ,010 •IhI .5n I 4 .1,0. I
111 3 1 3.0 1  5 5 .0 . 0  45 770  • I 3 P .A 0  7 4 . 50 14 . 5 0  I * 6 .4  $
151 p5,le 52,50 SI Is 07 ,50 t i,1o .1.22 1 3 4,5 *
*52 73. 70 52.30 St 30* IP3 ,00 Pl ,~~0 ¶1 .4 0  I 3 4,6 1
10.0 72.11 $2.10 37 Iso 105 ,00 • % 7 ,00 01,53 t 4 4,5 I
170 12.15 $2.10 57 CD 115 ,010 •~0.ao .14 .10 1 4 4 ,4 1
1,1 P2 .14 75,3(1 5* %50 ¶ 0 . 7.00 — 1 6 ,50 5, 01% 5 4 .0. 1
17) 012 % ) 71,So 30 00 .pol Y ,00 .21,10 .11,70 I Ii 6.4 1
175 73, 10 57 ,40 ~0 3 111 134 ,00 5 ,~~5 7 ,51 1 5 4 .5 I
174 73 ,10 57 ,3(1 55 224’ 117 ,00 .14 ,70 .12,20 1 11 ~.è I
$01 1 73 ,50. 55 .10 42 3PP .1101,00 14,10 %~~,0(1 I I 5.4 I
155 2S.60. 51,7(1 42 23? .130 ,00 •17 .4O (,,5h0 1 11 .1,0. I
$05 73, 55 111,10 65 150 .1107,001 15 ,101 10 ,10 I II .1,0. 1
$51 73~ $* 41, 00 45 270 .Ir6.0~ 22 ,10 ‘.50 I 4’ 5.4. I
POP P0 ,5% 3’,,0n 45 0% 51 ,70 IP - ,*0 .5,13 I 40 .1.0. 1
103 P0 ,5% ~is ,Io 45 00 .55,00 .14,30 — 7 .17 I 40 6. 4 1
?i~ Cii ,20 ps.5o 7$ ISO .p’,,tA — 1 ,57 1, 111 1 5 4~ 4 Ia lIp Sa ,le 21.50 71 001 25 ,30 .?,S01 .P,05 I 5 6,0. I
2013 71,01 I~~,70 75 (1 .1)4 ,010 P P . 4 0  11 ,40 I 5 5.0. 1
PPII 71,01 41,0.0 7~ pin $ 1 1 ,001 I~~.5O .11, 0.0 I ~ * ,~
~a7 013~ I7 ~P ,5(1 *4 150 •$511,(10 ,* ,401 0,015 1 5 .1,0. 1
2s5 P5, 47 .17,40 * 4 .0 .10.1,01” .1.1,601 .111,00 I S 4 .0~ I
255 P5 ,77 701 , 10 5.1 ~ 77 105 ,00 ¶ 7 ,501  14 .50 1 .1 5,’, I
157 011,7 7 71,010 50. 15? I0 ,5i~ .15 .10 10 .010 I ~ 5,0. I
~C0 Ca ,$ I  *1 .10 07 7~ 7’,,SA 5,A~ .1,57 1 0. 0 .6 1
20.0 55 .11 *1.10 *7 ?ss 5 ,~~A .7,IC .S , S I ó 5,0 1
p0.5 76. 40 * SS ,PA *5 I~~~ •I5P-,0~ .201.501 — 1 4 ,50 I 0. 5.5 1
20.6 75. 40 * Se ,3 0 •5 117 •lS5 ,0n .P-0 ,70 .11.0.0 1 * 4. 0. I
153 P2 .35 64 ,40 ~~ OP •0* .~~° •I4 ,A fl .10 ,0.0 I S 0,0. I
•*a PP.34 4.1.40 05 lA p  *3 ,50 ~ * 7 , 00 17 ,10 I oo 6,6 I
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20? 013.64 54 ,P0 IA IP7 .744 ,010 .pI, *n —~~s ,pn I .1 5,4 ¶
15) 75,44 50 ,201 00 P- I? .157 ,00 •1A ,tfl 13 ,50 1 0, 5,0 1
3~1 0.6.35 •,5 101 lA O 37 ,50 .1,52 1 ,05 I 0 1,0 I
301p 0.6,3.1 ¶ 1 ,20 101 1 501 .30 ,flO 1,21 —~~.?$ 1 0 4 .6 I
307 70 ,05 p7 ,40 $ 0 4  0 .01,50 4 ,444 .7,53 I 0 0 ,6 I
5o~ ~~~~~ 7 ,400 ¶ 0 3  2701 121 ,001 .6,4010 ?.110 I 4 4 .4 $
315 73,21 64,10 105 1*01 11,10 .5,54 41,015 I 4. 4 .4 I
31 40 PS ,21 44,0.0 ¶015 001 77 ,40 5,IIA .o,05 I o, 5,0 I
3t I  p3, 5* p* ,~~O $ 0 7  01 04 .50 .7 ,07 P- ,Co 1 7 4 ,0 1
3701 73,55 701,511 1 07 °O .1(17,00 ¶ 4 ,40 .7,37 1 7 0,4 I
32? 013,014 50,70 $ 0 0 1  0 •Iql,100 .0 ,A~ P ,7P- I 7 0 ,5 ¶
373 P-3•0.4 00,3(1 $05 001 .I5P .Ofl .I4 ,~~O — 4 ,00 1 7 4 .01 1
3*4 015,50 SP,00 I~~P *5 $ f lP ,00 17 .001 11 ,00 I 7 4 .0 I
345 p5, 50 51 ,50 l IP  3~ 5 75 ,50 •tS.io .0,P-5 1 7 4,6 1
310 10 ,17 57 ,70 1111 ¶ 7 0  1 1 1 , 00 ii ,P0 .4 ,*a 1 7 4. 01 I
310 1 70 ,27  7.7A III pIn 130 .00 .0 ,35 P- ,?o~ I 7 0,4 I
314 17 ,15 5 0 .10 l It  II 0 1 ? I • 00 .P-* ,P- o .13.~~0 I A 4•0,
34 14 1 7.40 4 1101,10 ¶ 1 5  751 .146 ,00 .p4,So .~~fl,40 I A 0 ,4 1
)5~ *0 ,35 50 ,40 l $ *  14* *1,7(1 •1$ ,~~n 5,5 4 I 5 5 ,5 I
353 40,3k $0.30 I % 5  ?,5 .32, 71’ 0,01k 7,sP I * 6.0 I
3sI ~S. 4I 4 5 ,7 0 I 1  ~~7l1 •II~~,O~ .17 ,20 .5 .0.5 I I 4 ,0 1
31.? 75.01 £l5 ,70 121 ¶ I n  I~~P ,00 .~~0 ,5f l  4 ,440  1 5 5 .6 I
370 o5,55 33,410 124 P70 .34 ,00 11,4~ 7 ,14 1 5 6 ,6 I
3’t 44,50, 33, 10 I~~4l 1010 .411,50 — 5,50 •P• 7~ I 5 6.01 I
370 72.2* 27,50 PS fl .60 ,00 13.2 (1 .7,P~ i C 6 ,0 1
3*eo 72,24 ?,10 ¶ 20 2701 .Q’ ,40 It ,00 ~ .10 ¶ 0 4 .4 I
3*5 72, 017 4• ,*0 13 $  50 •$ *4 l ,4l(1 I,.?0 0.2* 1 0 4,5 1
350 7~~,I7 4* ,401 13 1  3~~0 .14 1 ,00 .14 .1 0  01,13 $ 0 4 ,4  1
307 73 ,~~# 40,501 $541 544 .57,5(1 10 .70 11 .110 1 0 6 ,1 I
3001 73,15 40 .50 1 4 1  % 1144 .*P ,*0 .10,70 .A,?5 I 5 01.6 I
404 17 ,25 54 ,00 ¶ 4 7  55 $ 4 0 ,910 .16 ,10  .7 , 10 I 0 0 ,4 I
400 7 17 .25 54 ,40 II? 1*0 .I?0 ,00 PP.5 0 .0,45 1 0 0 ,0 I
10) 7 P0 .01; 00,0.0 114 5 1*0 ¶ i 4 0 ,00 31 ,601 .17 ,0.0 1 10 4 ,6 I
4O7 5 P-fl,AP - 00 ,40 IllS 2791 1114 , 010 •?~~,A O 15 ,40 I ¶ 0  0 ,5 $
44*5 73 ,07 ¶ 1 ,410 140*  01 . I 0 5 ,Of l  $ 5 ,201 7 ,~~p I 10 4 .6  1
444 7 73, 07 ~A ,4o ~g* P70 l17 ,0~ j 7 ,~~O .11,10 1 ¶ 0  6,6 1
41*7 p5, 74 SI IPO 17 0 .  47 .54 • 4 01  P0 ,591 11 .10 I II 5.5 I
a** p6, 74 **,;o $?s 1,7 • I I O . nfl —1 , .5(1 .i4 ,7o I 15 4,4, 1
4150 51 ,54 1401,0 0 1010 ~~~ P1,00 — 5 ,7 1 •‘.‘5 I $ 4  5 ,4. 1
300 C 1,Su $44 ,010 ISA p7(~ p0,00 .5,114 0 ,55 I 13 6,01 1
517 42, 711 15 ,70 I S A  1 0 3  05 ,70 .5 ,7~ •40 ,0~ I 1 4 0  0 ,4 I
515  12, 74 55 ,701 1501 213 .0A ,7~ .0,74 5,0? I 114 6. 0 1
57(1 ‘$4 ,?? 50 ,010 ¶ 0 7  15 .55 .,V~ .5,015 — .71 I 1 4 0  AS.  ¶
SPI 4140 .27 30, 00 1*7 255 75 ,00 .4,67 — .701 1 14 0.0, 1
373 013,4P 45 ,20 III 511 .1111,00 17 ,00 ¶ 1 0 ,5(1 1 III 4,0. I
57 40 P4 ,32 ~5,0fl 155 374 ¶ p 7 ,00 1~~,70 5,413 I 14 01 ,0 I
3111 73,37 •I,~~0 105 *4 .~~A~~00 .1,54 •P ,30 I ¶10 6, 0 I
54I5 75,37 Q* ,50 ¶ 0 5  301 5 .3I , 4 t (  44 ,640 •P-,413 I ¶ 4  4, 01 ¶
~ sjy 45 ,07 54 . 10 1 00, psu 45,910 0,440 .7,07 1 III 4 . 5 1
5~~5 p5 4, 55 30 1001 1011 . 3 $ , p O  •0 ,P0. 4,740 I III 0 ,5 1
Sb 114 .55 47 ,50 107 445 •M. 0~’ .7,10 — 1 ,1* ¶ 14 6 .6 I
551 % t a ,65 11~~,tfl 107 515 •35 ,Ufl .P,.1P .1,00 I ¶ 4  6.4 1
355 P 5. I A  40 ,10 ISO PS I3* ,0~ .17 ,60 0 ,701 I ¶ 5  4 .4 I
557 75 .10 .  40 ,110 ¶ 0 0  1$ P40,0(1 11,30 101.40 ¶ 15 6,5
3.15 aS. O0 401 ,7 0 p011 0 •Pli , 010 .5 ,1? .5 ,SP- ¶ 15 5 ,4 ¶
SAl 45 .00 45 ,~~0 ?OU so p0 ,01(1 0 ,55 •7 ,P7 1 1! 0 ,4 I
545 54 ,010 ¶1P. 0~ 010* 340 .P-~~,h10 .7 ,101 0 , 1001 I ¶ 5  4 ,4 $
541 011,015 ¶ 1 7 .00 701 700 .;5 ,I1’ ¶ 9 1 ,400 .~~.75 I 15 6 ,6- I
5? 1 001.07 5’,~~0) 704 0 37 ,01’ 4,45 .1,31 I 1! 6.6 I
Sip ~o.S2 501,*0 100 40 .43, 50 7,01? .1,04 1 ¶ 5  4 ,0 ¶
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5*0 53,55 5* ,so 710 I~~5 34 ,50 ~~*4 1,67 1 13 6,6 1
~5I 53.56 54,’0 Pl O P7~ 30.41~ .7 ,711 •I,1P I 13 4.6 ¶
555 73,.? 11 ,101 P17 1*0 .I0l,0~ .111,10 .1,51 1 II 4 ,4 I
S56 71.47 51 ,5(1 71? 00 .55,70 .16,20 5 ,00 I 15 6.
SIb 54,26 30,10 PR ISO .~5,l0 7,14 .0,5* I 16 5.
b It 10,26 30,10 0121 ??0 25 ,20 3,5* .I.0~ I 14 4.4 I
öto *1,31 11,10 0131 0 ~~~~~ ~0,7e .5,75 I IS 01,01 I
SIP ~1.3I 115,50 PSI 270 47,00 I’,1fl %A ,3(l I 15 0,4 $
62? $7.11 36.50 0134 1I~ •~~a~~,e0 51 ,40 Iø .4~ ¶ ¶7 01,0. I

• 4?) 17 ,15 501,60 ~34 ?~ P ¶57 ,010 .17 .60 5,57 I 17 01,1. I
III 010 ,?~ 57 .111 0115 % 5 t ~ .147, 001 .14 ,50 •4,II $ I? 4 ,01 I
43? 01(1,73 •p,4o ~34 00 lpp ,00 %01 ,4o 5,54 I I? 6,0 I
6*0 7~ ,40 *5,40 P5S 1~~(1 111,00 .17,20 .5 ,10 I $ 7 6, 01 ¶
411 ~~~~~ 54 ,50 755  00 167 ,0101 .10,10 .1 1 .60 1 ¶ 7  6,6 I
5*5 016.04 51,0(1 PIS 307 111,00 ¶ 5 ,40 0,50 ¶ IA 6,6 1
650 P5,05 11 ,10 11 Pt? .117 ,010 •~ A ,70 1.51 I II t.,b ¶
651 011.10 54,301 0156 1001 •I%5 ,00 —1 4,70 0,410 1 IS 1,6 I
64? 71.1(1 11,601 .01. 001 .1017,010 .10,10 •~ (1 ,501 I 101 6.01 1
60,? P1,?P 45,00 750 ¶ 5 ( 1  $51 ,0~ ~~~~~~~~~~~~~ 7,44 I 15 4.6 I
6015 )1.21 •~~,(10 11* 001 .1711,00 .15 ,21% .10 ,10 I 1$ 6.6
470 03.301 .1,10 0100 Ii .70 ,00 ¶ 5 ,20 * 1 ,50 I 15 4.5 I
6,1 015,30 11,0101 7*5 III .5I ,~~0 10.10 — 7 ,13 I ¶$ 4,5 I
6*~ 73,j3 46,1(1 013* 440 01*01,00 15,40 1I ,’0 I IS 65. 1
65) 015,~~3 36.10 0134 P10 .P~ t ,0O 11.10 .101,50 1 IA 6.4 I
407 014,50 15,101 755 14 •tS,10 I7 ,~~(1 •l” ,IO I 10 4,4 I
615 ~4,S0 50 ,1(1 ISA Ill .54 ,501 — 15 .60 .1 01,6(1 I II 6.6 I
704 013,71 35 ,0(1 psi so .07,50 .11.40 .17 ,010 I ¶0 4.6
7017 013,71 35,5(1 261 325 .IO* .0~ 11.2 0 5 ,55 I ~I 5.4 I
7PI $ 3, 010 4 1 ,00 260 0 ~5e~ fl0 .17 ,50 5,0111 % II 0 ,5 1
7012 013.0* 12,010 261. IPO .130 ,010 P1 ,30 .11.60 1 II 6,6 1
7011 41,11 11,5(1 016, 01 35,501 — 14 .50 5,40 I II 0,4 I
77! 41,41 15,70 ~7 50 41.50 —t 4 •A0 5,44 I II 5.1 I
II? 106.35 74,50 015* 315 5S ,S0 5,01* •,40 I 21 5,7 1
$10 16,31 75.10 P40 275 35 ,50 1,72 .00 1 21 5,7 I
$75 00.17 4?,loo 4010 411 .1~~0,00 4,., ~~~~~ ~, 6,10 1
$0110 50.41 67,00 3010 215 1* 1,00 .3,73 01.3? I 11 6,11 I
$6, 711,10 41,4(1 III 171 •I1.t~ 01,65 .01,2? $ 011 3,7 I
$63 ~I,$5 41,40 3*5 IA I ~~~~~ 1 ,74 2,0(1 I 21 6.? I
$71 16.13 601,05 417 ¶101 .15 ,50 1,34 ,*5 I PP 5,11 I
$75 16,03 6P,P10 4I~ 17o~ 11 ,101 1 ,14 10 ¶ 2? 5,1 I
ISO ~~ 0% ,?01 55 ,70 4?? *5 ~~“~‘ .~~‘ ~~~ I 22 S. I
$05 10,10 *5,70 4?? 515 .pI ,4,A 1,41 1 .17 1 2? 1,1 ¶
410 3,0* 45,00 5~~~5 *5( 1 •Iol ,100 • I? .’O 0,013 $ 1? I,? I
I I I  3,41 65,40 4?I ?tot 54,50 01,05 1,61 ¶ 01? 5 ,7 1
414 00 .15 IP.C0 3401 I~~1I 15 .501 .1 ,57 • ,?O 1 01? 6,1 I
0010 01.16 01,30 3301 ~0 •*‘.5~ .1,76 .,75 I 012 6.3 ¶
473 *46 ,101 04,60 977 410* 7.47 .2,30 I ,5$ I 016 4,11 1
071 114.1? 04,1.0 377 110 .11,10 .4,00 01.1? I PS 6.~ I
474 *46.1? 11,501 175 I01~ 4,07 1,1* .1,07 1 25 4,5 1

• 477 146.1? 11,50 475 il l •~~1 ,501 1,001 2.51 ¶ • 013 6,5 I

.4-

231



-— ~~~ - - - - :~~~~~~~~ 
-- --

- - - - - -_  -_ -____ -S -~~~~~ -- —---—~-—— -

~~~~~~~~~~~~~~~~ U PRAC?1~~~~~ 3
Table C-3. Inter.ediate Sites

Ifl 01$? ~u’ ‘~w’ ‘IT. arc ~~ øçç “ A G SI?!
15 7, 14 50,S0 I~ 10 .01 ,40 .0 ,07 .2,25 I I 5 .4 P
41 7,15 40,00 %5 *01% .105, 410 •$,4l •,*4 I 1 5,3 1
sib 5.50 1441,0(1 II. 171  .54 ,40 .5 ,05 .1 ,14 I 1 5 .4 01
07 1,50 440 ,10 1*. I~~1 35 ,10 4 .0* ,l~~ I I 5 .4 1
05 1 6 ,03 40 ,10 * 1 P~~ 35 ,00 .03 .1,5(1 I I ~.4 P
3(1 13 .05 401,10 %7 114 ~ 4 ,7f’ 1,10 .1,13 1 * 3.3 P

$I~ 4~~,3P 40 ,00 ~* 4710 .11,010 .I,0~ 1,01? I P 6,6 P •
$ 13  010 ,37 p0,00 3* P441 11 ,4(1 ,A 0 ..~~* I ~

- ~,6 Pt I~ 41 .100 *0,10 II ISO .~ 0,50 .P,3P- .,A0 I 
~ 5,5 1

114 11,~~l 10. 10 30 74 10 ,t f l  .1. 5? 1 ,31. I P 5 .5 1
ISO P5,%S 57 ,401 541 *00 107 ,01(1 ¶ 7 ,40 1l .~~0 I 5 4~ 4 7
141 ‘~~.I5 3?~~5(1 30 11$ .117 ,00 — 1? .’ 11 ,~~0 1 3 4.6 P
161 IS ,31 01l ,S0 b~ 1* •~ O5 ,n(1 .~ 7,7o 0,13 1 a 6,0 1
147 0 . 30  ~~I. 50 s-” PSI .P~ 5,0(1 .?7,*41 0,110 I II 6.4 1
I1 014,4* 5~~,*01 7) 2*6 .57,70 201,00 ~11,70 I 5 4,4 P

?I~ 73,44 53 ,70 77 1 $1 5 ,011) 21 ,50 11 .010 I 3 5,4 P
247 013,34 54 ,00 15 311% I~~4,0(1 23, 4001 l’.7(1 I S (‘.6 01
2~4 75,33 57 ,00 71 2 7 0 %  .165 ,00 .15 .10 A ,001 I 5 4 ,6 2
2II 70 ,7? 30 ,50 A l  1 7 0 1  7~~3,0.) 0,5* 7 ,07 I 5 01,4
24~ 70,77 ~ 0 ,~~t0 A l  ~67 ¶ 0 0 .0”  4,140 .1,401 I 5 5 ,4 1
?SP 70.25 111,00 ~5 110 0144,001 .40 ,00 1 1,10 I ~ 6 ,0 2
244 0101.2* *4 ,00 0* 2( 10 .20S,Rfl 24 ,30 .5,10 I 6 5,6 ?
2710 75,07 53,70 5) II * 0,5~~70 .15. 00 .101,40 1 6 5,4 P
175 )3,$7 44 ,70 ‘P ~A* 75,10 .11.40 5,41 ¶ 6 4,0. P

- 

- 
3101 *5.1~ 5,71 10141 0 .55 ,71’ 4,50 .2,06 I 4 6,6 01
311 ~3.26 ¶1 ,00 l O S  2~~0 104 ,00 5 ,1? 1.53 * 6 6.4 P
3)0 IS .?’ 0,,0110 1 101 0* 700,1001 14 ,001 .0,4* I 7 6,6 P
3010 iO ,77 47,00 1 101 % * $  130 ,001 0 ,7(1 .~~,SO I 7 5 ,5 2
170 15 .14 *0,70 110* 011 •4~~~,(1I 15 ,70 1 ,77 I 101 0 ,0. 01
1073 15,14 45 ,70 1110 201 775,OA .12 ,10 * ,S~ I t O  6, 5 P
4 5? ‘5 ,11 05 ,301 10.4 o .I410,0 *1,40 .a,Ai I lp 6 ,4 p
4*1 15 ,11 55,10 140 270 1111,001 * 5.001 .5,114 I 17 4 ,5 2
I

~~ ? Ss , 01 57 ,50 III 14 I P ,0fl l,~~1 2, 04 I 2 5,4 P
17) *4,05 57,501 17 1 40* .15 ,00 P ,$I .01,10 I 12 4 ,4 01
050 114.71 ¶ 7 ,50 III 1~~0 ~ 0 ,*1’ .1,111 

~~~ 

I 13 0 ,4 P
407 54 ,74 17 ,00 1 75 50 .45,701 P5.0 .~~i I IS 6,5 P
30* ia4 , 710 111,00 III P55 417,40 4,53 1,17 1 14 5 ,f, P
305 u3, 70 P0 ,00 113 015 56,10 P,55 ,*7 I 14 5.4 7
Sb 44,11 104,50 1*1 I~~0 0,7 ,40 .4,54 I ,7l I Ia 4,1, P
SI~~ 44 ,10 41,501 III 2201 4’.V~ 10,105 P.017 I Is 6 ,0 P
34? l1.3~ 10 ,701 1 41 45 .pl ,701 0 ,15 1.50 I Is 0.5. P
35) 41 1.35  70 .10 III ItS .a0 ,I0 0 ,05 .4 ,15 I 140  4 ,4  p
345 oa 3* 75 ,11% lOP 20 54,701 •%0 ,A0 7,72 I II 4,0 01
356 0110,35 15,10 ¶ 4 7  )0S 04,50 t0 .sO .7,57 I II 6.6 P
317 *5 ,~ * 41, 101 1O~ I~~ .14.501 P.60 1 ,51’ ¶ IS 4 ,5 P
37* *3,2* 51 ,01% 705 It? *‘ ,0~ .4.57 01,57 I IS 4. 01 01
3l~ 011 ,40 *5,40 214 0154 ¶ 5 1 4 ,0(1 13.30 1,03 1 ¶0~ 4,4 P
3*7 7l.4~ 57,00 ?%a 175 156,0(1 16,40 7,05 ¶ IA 01,4 P

.0* SA ,40 40 ,00 P11 100 .~~~~~,701 .7,0~ 0’,07 I 10. 01,6 01
4013 *01,64 ~ ft ,40 P~ 11 50 5I , 4 1 %  .5 ,75 ~~~~ I IA 4.4 P
40f, 015,05 00 ,00 Po t 17 •~~,S01 17 .00 0 ,7* I Il 4 ,6 01
407 01~~,1%5 05.40 III 3017 140,0(1 0,41% 4,44 $ 17 4 .0 P
670. 013, 00 *7 ,10 01St 4? I0* ,0~ I6,~~0 ~ ,I3 I II 01,0 P
477 015 ,00 107,10 PSI ¶ 0 1 7  .105 ,00 .10 ,001 .0 ,114 I IS 4 ,0 01
6*0 013, 3, 0 4 ,10 255 I 1011,010 17 ,50 .%t ,501 I il 0i ,6 7 . -

4*0 0~~~,30 1  114,101 0155 ~~~ .115,010 21.011% %0 ,00 I ~0 4,0 P
7015 73,4? 14,10 Ps) ~77 .~ *,a 01 15.701 .16,40 I II 4,01

7 10 73 ,37  45 ,10 PO P I~~? •~~,70 .p7 ,00 .14,50 I II 4,0, 01

III P3.4P ~A ,00 P1.5 %4 0 •IOS ,00 •I7 ,40 .0,40 I ¶0 4,5 P
III 73,47 ~s,I0 ‘~~ PIn 1P* •001 I~ ,P0 .101.70 I IS 4,5 P
$57 5 ,60 ~~P,SO 4 0 1 4  *1 •l5 ,70 .5.7 •5.S 1 PP 0,0 01
$04 4 ,60 ~P,S0 4,1 4~~l I* ,6~ ,0* . 77  I P~ 0,0 P
I4I  14,01* 110 ,70 4*01 ¶ 20 66 ,010 75.5 .1* I 13 5,0 ?
4U l3 .S4 10 ,Pft ~ 36 Plo .40 ,00 1,44 .1,017 I 23 Ss I
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Table C-4. Hard-Rock Sites

I” DII? OioS ~4UM (170 v!L (1750 0~~1 MIG SIT~
10 5 41,$0 30,I~ 5? P05 .p~~i,*fl .11 .30 11,66 I 2 6.4 4
ItO 41,16 40,0(1 37 ~ (I3 .401 ,001 12,30 .6,30 1 2 3.6 3
1,1 5,00 11 ,01% 11 140.1 1S0 ,00 .liS,010 41,75 1 5 4.4 3
1,? 5 ,10 S$ ,1~ I I  ~~51 ~o3* ,010 •57,70 •t 0 1,00 I 4 0,4 *
1,I 0 ,1* 12.40 52 P~l .17,10 P,54 — 1 , 7* 5 5, 0 3
115 a .0~ 11.60 01 140 .?0% ,7~ •1.’P •.01 I 1 5, 01 4
$7? 0,1* 17 .10 S~ PSI .~~5,*0 2,45 ~~~~ I 3 10,7 3
$20  0,05 17 ,101 1* ¶40 .51,10 1,46 .1.66 1 5 4 .? 1
%411 0,00 30.50 II ~t4 .IIA ,0~ .6,65 •P ,1? 1 3 4.1 S
1*1 10.55 50 ,S~ 10 1410 115 .001 .0 ,7* .1,25 1 4 4 ,1 S
$43 0,105 1*,I0 l~ 2*1 .l?,S0 1,64 •5.~ 1 3 1,5 3
*41 0,1* *1,30 OS 1 440 .3~~~,I01 .1,41 —1 ,1? 1 3 11,5 5
114 ~ ,I0. ¶ 0 ,50 *0. ~6a .~~3,1.Q 1,13 .15.1 1 5 4 ,01 4
$1? *5.5 15 ,So 04 1540 50,OC .1,05 .,54 I 5 40 ,01 5
145 •,o 5 14 ,70 *7 ~54 .10 ,2~ •,5P .11 I S 40 ,1 *
1 100 5,50 16,101 07 141 2? ,5~ .45 .1.27 1 S 41 ,1 1
300 *3, 30 10 ,11% lO P 4$ .241,60 .1,411 .,5s 1 ~ 6.6 ~
30% 111.35 101 ,10 ¶0, 001 .,O ,~~01 1,31 •,?0 ¶ 5 5,6 ~
III 2~~,5* 101 ,010 $04  $ 01E% .*7,5~ .6,00 1.43 1 1 6,5 3
SI? )I,SS ¶ 01, 00 ¶00. 270 .1(15,00 .11,40 1,47 1 7 4,6 s
016 11 .10 6A ,P0 Ill Pt .114,001 ¶ 01 ,0101 3,01 I 1(1 01,0 3
$11 10 ,11 5*5.0 III III 100,00 .11,50 •P, 56 I *0 4.0. 4
11* 17,34 37,01% $17 III 1A’,0~ 6.75 ‘.21 I 10 6,5 4
0%. 17 ,34 47,00 lIP 1(11 .111 ,0(1 .S ,s p 1 ,7* I 10 6,6 S
17j 17 .1* *5,05 II’ 21 $15 ,001 1,00 .1.45 $ 141 4,6 4
0P~ 17 ,11 35.00 III PSI .104 ,00 0 ,31% .01.11 * 10 6,4 5
3*4 P0 .10 01,010 III ISO • I77 ,0~ .p0 ,50 75.5 1 13 0,6 ‘
531 20,11 04,10 ISA ~7fl .167 ,00 11,60 •5 ,I I IS 6, 0 1
3~ a PI.IP 41 .1 0 010, Se .ss ,?0 ~,5S .1,20 1 15 6,1. 3
576 0 1 $ , $ P  51,70 ~ 07 3P. .47,10 S,3s I.?? I IS 6.6 4
503 153,34 Pl .30 0111 143 .50 •.P? .011 I 15 4,0 1
3*0 ~43,S4 p~,,o 7~ 4 p013 .1.15 .24 .,I5 I IS 6.4 3
40? ~e , t*  10.10 271 3 .1*0 ,011% 3.10 .5.15 I II. 6,1. S
64*0 24,$l 20,50 lii 273 .146,001 .4,67 .5,Sp I lb 6.4 3
614 54,47 401,001 7~ 4 0% .~l,?01 0 ,40 .~~,017 I 16 fs .6 a
411 10,6? 41.50 214 123 31,101 .0,00 1,52 1 14 6,4 3
III ~,70 55 ,00 PS ? 0 .10 .50 .5,2? •,5a I Pt 0 ,5 3
*13 3,101 ~t,55 701 01% .03, 10 .3,5* ..14 1 II 6.6 3
420 ~1,75 34,1 0 450 05 •(‘0,001 .5,55 .~~,17 1 73 3,0 S
424 I $ ,75 55 .10 435 ¶03 31,0(1 15.1 .P,Ot $ 13 3,0 5



Appendix D

CEL
PROGRATI RESPLOT

This progra. uses the CALTEC spectra data and plot Fourier and
response spectra. The program can produce SCR 4020 plots or CALCONP
plots. Options exist in the program to plot different records on the
same plot, to average records or to plot an envelope. Data may be
displayed in acceleration-period plots or tripartile plots.

User ’s Guide

Card I

Col Col
1 10 0 CALCOMP plot

1 SCR 4020 plot

Card 2

Col Col
1 L = last of group for plot

S = stop after plot
2 5 ID f ile (see Appendix C)
6 10 code

1 Fourier spectra
2 07, damping response spectra
3 2% damping response spectra
4 5% damping response spectra
5 10% damping response spectra
6 20% damping response spectra

11 20 scale value (default = 1.0)
21 30 response acceleration (scaling), g’s
31 40 ground motion acceleration (scaling), g’s
41 45 0 = plot acceleration-period; 1 = omit
46 50 0 = plot tripartile; 1 = omit
51 55 1 = average group; 0 = omit
56 60 1 = maximum group; 0 omit

(Repeat as required.)

234 t.
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Appendix E

CEL
PROGRAM TINHI S

This program scales plots and punches time histories of the
California Institute of Technology accelerograms.

User ’s Guide

Card 1
— 

Col Col
1 5 ID number
10 20 SCALE; default = 1.0
21 30 AIIAX,g ’s
31 35 flag to plot CALCONP
35 40 flag to PUNCH
41 45 flag to plot 4020
46 80 format for punch output

235
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DISTRIBUTION LIST

AF HQ Pree~ Washington DC (5 P Reid)
AFB AFCEC/XR.Tyndall FL; CESCH . Wnght.Patterson; MAC/DET (Col. P. Thompson) Scott. IL; SAMSO/MNNF.

Norton AEB CA; Stinlo Library . Offun NE
ARC1’ICSU BLAB Code ~4T. San Diego. CA
ARMY BMI)&’.RF (H. McClelIi,n) Huntsville AL; DAEN~MCE-D Washington DC; ERADCOM Tech Supp Dir.

t t)ELSD4.) Ft. Monmouth, NJ ; Tech. Ref. Div.. Fort Huachuca. AZ
ARMY ~CERL Library. Champaign IL
ARMY (‘OASTAL ENGR RSCH CEN Fort Belvoir VA ; K. Jachowski. Fort Belvoir VA
ARMY CORPS OF ENGINEERS MRD-Eng. Div.. Omaha NE; Seattle Disi Library . Seattle WA
ARMY ENG DIV ED~CS (S.Bolin) Huntsville. AL; HNDED-CS. Huntsville AL; Hnded-Sr. Huntsville. AL
ARMY ENG WATERWAYS EXP STA Library. Vicksburg MS
ARMY ENGR DIST. Library. Portland OR
ARMY ENVIRON. HYGIENE AGCY Water Qual Div (Doner). Aberdeen Prov Ground. Ml)
ARMY MATERIAL.S & MECHANICS RESEARCH CENTER Dr. Lenoe. Watertown MA
ARMY MISSIL.E R&D CMD Redstone Arsenal AL Sci. Info. Cen (Documents)
ARMY MOBIl. EQUIP R&D COM Mr. Cevasco. Fort Belvoir MI)
ARMY-PLASTEC Picaimny Arsenal IA M Anzalone. SMUPA-FR-M-D) Dover NJ
ASST SECRETARY OF THE NAVY Spec. Assist Energy (P. Waterman). Was hington DC
BUREAU OF REcL.AMArIoN Code 1512 (C. Selander) Denver (‘0
CINCLANT Civil Engr. Supp. Plans. Ofr Norfolk. VA
(‘NM NMAT 05T246 (Dieterk) Wash. DC
CNO Code NOP-%4. Washington DC; OP~417J (i. Boosmani. Pentagon
C1)MOCEANSYSPAC SCE. Pearl Harhor HI
DEFENSE CIVIL PREPAREDNESS AGENCY J O. Buchanan. Washington DC
DEFENSE DOCUMENTATION (‘15 Mesandria. VA
DEFENSE INTELLIGENCE AGENCY Dir.. Washington DC
DNA str i. Washington DC
DOD Explosives Safety Board (Library), Washington DC
DOE Dr. Cohen
LYINSRDC Code 1706. Bethesda MD ; Code 172 (M. Kren,ke), Bethesda MI)
DTNSRDC Code 4 121 (K. Rivers). Annapolis. MD
FLTCOMBA1TRACENLANT PWO. Virginia Scit VA
HEDSUPPACr PWO. Taipei. Taiwan
MARINE CORPS BASE M & R Division. Camp I.ejeune NC~ PWO. (‘a m p  S. 0. Butler. Kawasaki Japan
MARINE CORPS DIST 9. Code 043. Overland Park KS
MARINE CORPS HQS Code LFF-2. Washington DC
MCAS Facil, Engr. Div. Cherry Point NC; Code PWE . Kanei’he Ray HI; Code S4. Qm.amntico VA ; J. Taylor. Iwakuni

Japan; PWD. Dir, Maint. Control Div., Iwakuni Japan; PW() Kaneohe Bay HI
MCDEC P015 Div Quantico VA
MCLSBPAC 5520. Barstow CA
MCRDPWO.San Diego Ca
NAt) Engr. Dir. Hawthorne. NV
NAP PWO Sigonella Sicily; PWO. Atsugi Japan
NAS CO. Guantanamo Bay Cubs; Code 114 . Alameda CA; Code 153 (Fac. Plan BR MGR); Code 1117. Jacksonville Ft.;

Code 15700. Brunswick ME; Code 70, Atlanta. Marietta GA; Dir. Util. Div., Bermuda; ENS Buvhhol,. Pensacola.
FL; Lead. Chief. Petty OUr. PWISeIf Help Div. Beeville TX; PW (J. Magtire), Corpus Christi TX; PWI) Maim.
Div.. New Orleans. Belle Chasse LA; PWD. Willow Grove PA; PWO(M. Elliott). Los A~amilos CA; PW() Belle
Chasse. LA; PWO Chase Field Beeville. TX; PWO Key West FL.; PWO Whiting Flu . Milton FL; PWO. Dollas TX;
PWO . Glenview IL; PWO. Kingsville TX; PWO. Miramar. San Diego CA; SCE Lam Fleet Norfolk. VA ; SCE
Norfolk. VA; SCE. Barbers Point HI

NAIL RESEARCH COUNCIL Naval Studies Board. Washington DC
NATPARACHUTETESTKAN PW Engr. El Centro CA
NAVACT PWO. London UK
NAVAEROSPREGMEDCEN SCE. Pensacola FL
NAVAL FACILITY PWO. Barbados; PWO. Brawdy Wales UK; PWO. Cape Hatteras , Buxton NC
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NAVCOASTSYSLAB (‘0, Panama City FL; Code 423(t ). Good). Panama City FL; Code 715 (J. Quirk) Panama (‘ity.
FL; Library Panama (‘ity, FL.

NAVCOMMAREAMSTRSTA PWO. Norfolk VA ; PWO. Wahiawa HI; SCE Unit I Naples Italy
NAVCOMMSTA Code 401 Neim Makri. Greece; PWO, Adak AK; PWO. Esmouth. Australia
NAVED15AIIWDEVCEN Tech. Library
NAVEDU1RACEN Engr Dept (Code 42) Newport . RI
NAVFACENC.COM Code 1)43 Alexandria. VA; Code 1)44 Alexandria, VA; Code 0451 Alexandria, VA; Code 045.t ( D.

Putter) Alexandria. VA; Code 04545 Ak*andria. Va; Code 04B5 Alexandria. VA; Code 101 Alexandria. VA; Code
101.0 ~i. leirnanis) Alexandria. VA; Code 1023(1. Stevens) Alexandria, VA ; Cede 20l4(Mr. Taam). Pearl Harbor
HI; Moatson Yap, Caroline Is,; P W Brewer Alexandria. VA ; PC.22 (E. Spencer) Alexandria, VA; PL.~2 Pence
P.R. Alexandria. VA

NAVFACFNGCOM - CHES DIV . Code 101 Wash, DC; Code 402 (R. Morony) Wash. DC; Code 405 Wash, DC; Code
FPO- I (C. Bodey) Wash , DC; Code FPO-I (Ottsen) Wash. DC; Code FPO-ISP~Dr. L.ewis) Wash , DC; Code
FPO- ISPI3 (1 F Sullivan) Wash, DC; Code Flk).IPI 2 (Mr. ScoOt). Was hington IX; Scheessek. Code 402. Wash,
DC

NAVFACENGCOM - LANT DIV .; Eur. BR Deputy Dir. Naples Italy; Rt)T&FLO 09P2. Norfolk VA
NAVFACENGCOM - NORTH DIV. (Boretsky) Philadelphia, PA; Code 09P(LCDR A.J. Stewart); Code 102$.

RDT&ELO. Philadelphia PA; Design Div. ~R. Maxine), Philadelphia PA; ROl(’C. Contnwts . Crane IN
NAVFACEN(ICOM - PAC DIV. (‘ode 402. KDT&E. Pearl Harbor HI; Commander, Pearl Harbor. HI
NAVFACENGCOM . SOUTH DIV. Code 90. RDT&F.LO. Charleston SC; Dir.. New Orleans LA
NAVFACENGCOM - WEST DIV . Code 045; RDT&ELO (‘ode 2011 San Bruno. CA
NAVFACENGCOM CONTRACT AROICC. Point Mugu CA; AROICC. Quantico. VA; Eng Div dir. Southwest Pac .

Manila. P1; 01CC. Southwest Pee. Manila. P1; OICC/ROICC. Balboa (‘anal Zone; ROICC (Ervin) Puget Sound
Naval Shipyard. Bremerton, WA; ROICC AF Guam; KOICC L.ANT DIV., Norfolk VA ; ROICC. Diego (‘marcia
Island; ROICC. Ketlavik. Iceland; ROI(’C. Pacific. San Bruno CA

NAVHOSP IT K. Elxbernd. Puerto Rico
NAVMAG SCE. Guam
NAVMIROOIC. Philadelphia PA
NAVOC EANSYSCEN Code 409 (I). G. Moore). San Diego CA; Code 5311(T) (E. Hamilton) San Diego CA; Code

(uSóS iTch. Ub.). San Diego CA
NAVORDi~TA PWO. Louisville KY
NAVPETOFF Code 30, Alexandria VA
NAVPGSCOI.. Code 6IWL (0. W ilson) Monterey CA
NAVPHIBASE CO. ACS 2 Norfolk. VA; Code SLIT. Norfolk VA; Harbor Clearance Unit Two, Little Creek. VA ;

OIC. UC1’ ONE Norfolk, Va
NAV REGMFDCEN Code 304 1, Memphis, Millington TN; SCF. ID. Kayc); SCE ~L.CDK B. F. Thurston). San Diego

(‘A; SCE. Camp Pendleton CA
NAVSCOLCFCOFF (‘35 Port Hueneme. CA; C44A (5. Chinenden), Port Hueneme CA; CO. Codc C44A Port

Hueneme. CA
NAVSEASYSCOM Code OOC(LT K. MacDeugal). Washington DC
NAVSEC (‘ode MDI (Library). Washington DC
NAVSECGRUACT PWO. Torn Sta, Okinawa
NAVSHIPRFPFA(’ L.ihrary . Guam; SCF Subic Bay
NAVSHIPY() Code 202.4. Long Beach CA; Code 202.5 (Library) Puget Sound, Bremerton WA; Code 400. Puget

Sound: (‘ole 44)4t1TJ. Riccio), Norfolk, Portsmouth VA; Code 410, Mare Is., Vidlejo CA; Code 440 Portsmouth
NH; ComIc 440. Norfolk; Code 440. Puget Sound. Bremerton WA; Code 410.4, Charleston SC; L.D. Vivian;
library, Portsmouth NH; PWO. Mare Is.; Tech Library . Vallejo. CA

NAVS TA CO Naval Station. Mayport FL; CO Roosevelt Roads P.R. Puerto Rico; Engr. Dir,. Rota Spain; Maim. Div.
Dir/Code 531 , Rodman Canal Zone; PWD(LTJG.P.M. Motolenich), Puerto Rico; PWO Midway Island; PWO.
Ketlavik Iceland; PWO. Maypoti FL; 501CC. Rota Spain; SCE. Guam; SCF. Subic Bay. R.P.; Utilities Engr Off.
( L u G  A.S. Ritchie). Rota Spain

NAVSU BASE LuG D.W. Peek, Grotcm. CT
NAVSUPPACT CO. Seattle WA : Code 413, Seattle WA ; Engr. Div. (F. Mollica). Naples Italy; LuG McGamsh.

Valkpo CA
NAVSURFWPN(’EN PWO, White Oak. Silver Spring, MD
NAVTECHTRA(’EN SCE, Pensacola FL
NAVWPNCEN (‘ode 2636(W. Bonner). China Lake (‘A; PWO (Code 26). China Lake CA; ROICC (Code 702). China
lake CA
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NAVW PNSTA EARLE ENS G A .  Lowry, Fallbrook CA; PW Office (C”Jc O9CI) Yorktown. VA
NAVWPNSUP P(’EN (‘ode 09(Boennighausen) Crane IN
N( BU 405 OIC. San Diego, CA
NCB( ( FL.( CAPF N. W Petersen). Pen Hueneme. (‘A; CFI AOIC Port Hucncme CA; Code 10 Davisville, RI:

Code 155 . Port Hueneme CA; Code 156. Port Hueneme. CA; PW Engrg. Guliport MS; PWO (Code 80) Port
Hueneme. CA

NCBU 411 OIC. Norfolk VA
NCR 20, Commander
NMCB 133(ENS T.W Nielsen); 5. Operations Dept.; Forty. CO; THR EE . Operations Off.
NORDA Code 440 (Ocean Rsch Off) Bay St. Louis MS
NRL Code 8400 Ii. Walsh). Was hington DC; Code 844 1 (R.A. Skop). Washington DC; Rosenthal. Code *440. Wash.

DC
NSD SCE, Subic Bay. R.P.
NTC Code 34(ENS P. G. Jackel). Orlando FL; Commander Orlando. FL.
NUSC Code 13 1 New London. CT; Code EA I23(R.S. Munn). New London CT; Code TAI3I (6. De Ia Cruz). New

London C1~ONR Code 700F Arlington VA; Dr. A. Laufer . Pasadena CA
PHIBCK I P&E. Coronado. CA
PMTC Code 4253-3. Point Mugu. CA; Pat. Counsel, Point Mugu CA
PWC ACE Office (LTJG St. Germain) Norfolk VA ; CO Norfolk, VA; CO. Great Lakes IL; Code 116 (LTJG. A.

Eckhart ) Great Lakes. IL; Code 120, Oakland CA: Code 120C (Library) San Diego. CA; Code 128. Guam; Code
200. Great Lakes IL; Code 200. Oakland CA; Code 220 Oakland, CA; Code 220.1. Norfolk VA ; Code 30C
(Roettcher) San Diego. CA; Code 400. Pearl Harbor. HI; Code 680. San Diego CA; Library. Subic Bay. R.P.; OIC
CBU-405. San Diego CA; XO Oakland. CA

SPCC Code I22B. Mechanicsburg. PA; PWO(Code 120) Mechanicsburg PA
U.S. MERCHANT MARINE ACADEMY Kings Point. NY (Reprint Custodian)
US DEPT OF INTERIOR Bureau of Land MNGMNT - Code 733 (T.E. Sullivan) Wash, DC
US GEOLOGICAL SURVEY Of f. Marine Geology. Picelcki, Reston VA
USAF SCHOOL OF AEROSPACE MEDICINE Hyperbaric Medicine Div. Brooks AFB. TX
USCG (G-ECV) Washington Dc; (G-ECV/61)(Burkhurt) Washington. DC; (3-EOE-4/6 l (T. Dowd). Washington DC
USCG ACADEMY 1.1 N. Stramandi. New London CT
USC6 R&D CENTER I). Motherway. Grocon CT; Tech. Dir. Grocon. CT
USNA Ch. Mech. Engr. Dept Annapolis MD: Ocean SYS. Eng Dept (Dr . Monney) Annapolis. MD; PWD Engr. Div.

(C. Bradford) Annapolis MD; PWO Annapolis Ml)
AMERICAN CONCRETE INSTITUTE Detroit MI (Library)
CALIF. DEPT OF NAVIGATION & OCEAN DEV. Sacramento. CA (C. Armstrong)
CALIFORNIA STATE UNIVERSITY LONG BEACH. CA (CHELAPATI); LONG BEACH. CA (YEN)
COLORAIX) STATE UNIV.. FOOTHILL CAMPUS Fort Collins (Nelson)
CORNELL UNIVERSITY Ithaca NY (Serials Dept. Engr Lib.)
DAMES & MOORE L.IBRARY LOS ANGELES. CA
DUKE UNIV MEDICAL. CENTER B. Mugs. Darham NC; DURHAM. NC(V ESIC)
FL.ORIDA ATLANTIC UNIVERSITY BOCA RATON. FL (MC ALLISTER); Boca Ra on FL (Ocean Engr Dept., C.

un)
FLORIDA ATLANTIC UNIVERSITY Boca Raton FL (W. Tessin)
Fl ORIDA TECHNOLOGICAL UNIVERSITY ORLANDO. FL (HARTMAN)
GEORGIA INSTITUTE OF TECHNOLOGY Atlanta GA (School of Civil Engr.. Kahn); Atlanta GA (B. Mazanti)
IOWA STATE UNIVERSITY Ames IA (CE Dept. Handy)
vtRc;INIA INST. OF MARINE SCI. Gloucester Point VA (Library)
LEHIGH UNIVERSITY BETHLEHEM . PA (MARINE GEOTECHNICAL LAB.. RICHARDS); Bethlehem PA

(Fritz Engr. Lab No. 13. Beedle): Bethlehem PA(Linderman Lib. No.30. Flecksteiner)
LIBRARY OF CONGRESS WASHINGTON . DC (SCIENCES & TECH DIV)
MICHIGAN TECHNOLOGICAL UNIVERSITY Houghton. MI (Haas)
MIT Cambridge MA; Cambridge MA (Rm 10-500. Tech. Reports. Engr. Lib. ; Cambridge MA (Whitman)
NEW MEXICO SOLAR ENERGY INST. Dr. Zwibel Las Cruces NM
NORTHWESTERN UNIV Z.P. Bazant Evanston IL
NY CITY COMMUNITY COLLEGE BROOKLYN. NY (LIBRARY)
UNIV. NOTRE DAME Katona. Notre Dame. IN
OREGON STATE UNIVERSITY (CE Dept Grace) Corvallis. OR; CORVALLIS, OR (CE DEPT. BELL);
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CORVAL LIS. OR (CE DEPT. HICKS); Ctwvalis OR School of Oceanography)
PENNSYLVANIA STATE UNIVERSITY UNIVERSITY PARK. PA (GOTOLSKI)
PURDUE UNIVERSITY Lafayette IN (L.eonarda); Lafayette. IN (Altsc haetfl); Lafayetle. IN (CF Engr . L.ih)
SAN I)IF:GO STATE UNIV. I. Noorany San Diego. CA; Dr. Krishnamoorthy. San Diego CA
SEATI I.E U Prof Schwaegler Seattle WA
Sot’ tHWEST RSCH INST King. San Antonio. TX; K. DeHart . San Antonio TX
STANFORD UNIVERSITY Engr Lih. Stanford CA; Stanford CA (Gene)
STATE UNIV. OF NEW YORK Buffalo. NY
TEXAS A&M UNIVERSITY COLI.FGF STATION. TX (CE DEPT); College Station TX (CE Dept. Herhich)
(‘NIVERSITY OF CALIFORNIA BERKELEY. CA (CE DEPT. GERWICK); BERKELEY . CA (CF DEPT.

MITCHFI.I. : Berke ley (‘A tB Bresler); Berkeley CA (Dept of Naval Arch.); Berkeley CA (K. Williamson);
DAVIS. (‘A(CE DEFT . TAYLOR); L.IVERMORE, CA ILAW SENCE LIVEI MORE LAB, TOKARZ); La Jolla
CA (Aeq. Dept. L.ib. C475A); M. IXincan. Berkeley CA; SAN DIEGO, CA . LA JOLLA. CA (SEROCKI)

UNIVERSITY OF DEL AWARE Newark. DE ( Dept of Civil Engineering. Chesson)
UNIVERSITY OF HAWAII HONOLUlU . HI (SCIENCE AND TECH. DIV.); Honolulu HI (Dr . Szilard)
UNIVERSITY OF ILLINOIS Meti Ref Km. Urbana IL; URBANA. IL (DAVISSON): URBANA, II (LIBRARY);

URBANA. II. (NEWARK); Urbana IL (CE Dept. W . Gamble)
UNIVERSITY OF MASSACHUSETTS (Heronemus). Amherst MACE Dept
UNIVERSITY OF MICHIGAN Ann Arbrw MI (Riehart )
UNIVERSITY OF NEBRASKA-L INCOLN L.incoln. NE(Ross Ice Shelf Proj.)
UNIV ERSITY OF NEW MEXICO J Nielson-Engr Matls & Civil Sys Div . Albuquerque NM

- I”. I- RSITY OF TEXAS Inst. Marine Svi (Library). Port Arkansas TX
UNIV ~.KSITY OF TEXAS AT AUSTIN AUSTIN, TX (THOMPSON); Austin TX (K. (~son); Austin, TX (Breen)
UNIV~-RSITY OF WASHINGTON Dept of Civil Engr (Dr . Mattock). Seattle WA; SEATTLE . WA (MERCHANT):

SEATTLE. WA (OCEAN ENG RSCH LAB. GRAY); Seattle WA(E.  L.inger); Seattle. WA Transportation.
(‘onstruction & Geom. Div

AL FRED A. YEE & ASSOC. Honolulu HI
AMETEK Offshore Res. & Engr Div
APPLIEDTFCH COUNCIL. R. Scholl, Palo Alto CA
ARVID GRANT OLYMPIA. WA
ATLANTIC RICHFIELD CO. DALLAS. TX (SMITH)
AUSTRALIA Dept. PW (A. Hicks). Melbourne
BECHTEL CORP. SAN FRANCISCO. CA (PHELPS)
BELGIUM HAECON. N.V.. Gent
BETH I.EHEM STEEL CO. Dismuke , Bethelehem, PA
BROW N & CALDWELL E M Saunders Walnut Creek. CA
BROW N & ROOT Houston TX (I). Ward)
CANADA Mem Univ Newfoundland (Chari). St Johns; Surveyor, Nenninger & Cheneverl Inc.. Montreal; Warnock

Hersey Prof. Srv Ltd. La Sale. Quebec
CF BRAUN CO flu Bouchet. Murray Hill. NJ
CHEVRON OIL FIEL.D RESEARCH CO. LA HABRA, CA (BROOKS)
CONCRETE TECHNOLOGY CORP. TACOMA. WA (ANDERSON)
CONRAD ASSOC. Van Nuys CA (A. Luisoni)
L*AVO CORP Pittsburgh PA (Giannino); Pittsburgh PA (Wright)
NORWAY DET NORSKE VERITAS (Library). Oslo
EVALUATION ASSOC. INC KING OF PRUSSIA. PA (FEDELE)
FORD. BACON & DAVIS. INC. New York(Libraty)
FRANCE Dr. Lkitertre. Boulogne; 1. Pliskin. Paris; P. Jensen. Boulogne
GEOTECHNICAL ENGINEERS INC. Winchester . MA (Paulding)
GL iDDEN (‘0. STRONGSVII.LE. OH (RSCH LW)
GRUMMAN AEROSPACE COR)~. Bethpege NY (Tech. Info. Ctr)
HALEY & ALDRICH. INC. Cambridge MA (Aldrich. Jr.)
HONEYWELL. INC. Minneapolis MN (Residential Engr Lib.)
HUGHES AIRCRAFT Culver City CA (Tech. Doe. Ctr)
ITALY M. Caireni. Milan; Sergio Tattoni Milano; Torino(F. Levi)
MAKAI OCEAN ENGRNG INC. Kailua. HI
JAMES CO. K. Girdley. Orlando FL
LAMONT- DOHERTY GEOLOGICAL OHSERV. Palisades NY (McCoy); Pali~udes NY (Selwyn)
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L OCKHEED MISSIL ES & SPACE CO. INC. Mgr Naval Arch & Mar Eng Siatnyvale. CA ; Sunnyvale CA

~Rynewa ’); Sunnyvale. (‘A (Phdhps)
t. K KI*:EDOs’EAN L ABORATORY San Diego CA (F. Simpson~
M.~RAtH(*4 OiL CO Houston TX tC. Seay)
MU’ (‘L.EL.LAND ENGINEERS INC Houston TX (B. McClelland)
MCDONNEL. AIRCRAFT CO. Dept 501 (RH. Fayman), St Louis MO
NE DAL I. & ASSOC. INC. iT. GAFFEY Il SANTA ANA. CA
MEXICO K. (‘anknas
MOBIl PIPE L INE CO. DAt L.AS. TX MGR OF ENGR (NOACK)
MUESER. RUTLEDGE. WENTWORTH AND JOHNSTON NEW YORK (RICHARDS)
NEW ZEALAND New Zealand Concrete Researc h Auoc. (Librarian), Porirua
NEWPORT NEWS SHIPBLDG & DRYDOCK CO. Newport News VA (Tech. Lib~)
NORWAY I*T NORSKF VERITAS(Roren) Oslo; I. Foss. Oslo; .1. Creed. Ski; Nor~~gian Tech L’ niv (Bnrndtiaeg).
Trondheim

OFFSHORE DEVEL OPMENT ENG. INC. BERKEL.EY, CA
PM’WlC MARINE TFCHNOL.OGY Long Beach, CA (Wagner)
PORTI.AND(’EMENT ASSOC. SKOKIE. IL(CORELY); Skokie IL. (Rsch & Dcv Lab. L.ih.t
PREStON CORP TOWSON . MD(KFL.LER)
RANI)CORP. Santa Mon.ca(A (A. Latça)
KAYMONI) INTERNAT IONAL. INC. F ColIc Soil Tech Dept. Pennsauken. NJ
1(1% ERSII* CEMENT Ct) Riverside CA (W . Smith)
SANDIA LABORAfl)kIES I.sbnir) Di~ .. Livermore CA
SCHUPACK ASSO(.’ SO. NORWALK. CTtSCHUPACK)
SEATE(’H CORP. MIAMI. El (PEKONI)
SHEL.L DEVELOPMENT Ut) Houston TX F - Doyle)
SHELL. Oil. (‘0. HOUSTON , TX (MARSHAL L.)
SOUTH AMERI(’A N. None). Valencia. Venezuela
SW EDEN tirolech In~.i . VIIIt~ I..hn.ry). Stoskho)m
TiDEWATER (‘ONSTR. CU) Not folk V A ~Eowkfl
ThW SY STEMS CL EVELAND. OH tI-NG ( lB.). RFDONDO BEACH. CA(DAI)
UNITE I) KINGLX)M (‘ement & Concrete A’.soc Wesham Springs. Slough Buc ks: (‘ement & Concrete A’.’.oc (I.il.

F s .  Bucks; U. New . G. Maunsell & Partners. L.ondon: L ibrary . Bristol: Shaw & Hatton(F. Hansen). t.ondon;
Taylor. WoisMiw Consir tOl4P . S~uthiIl. Middles’s: t ? nI,, of Bristol ~R. Morgan). Bristol

WA I 1 BRIAN ASSDC INC. Houston, TX
WESTINGHOUSE ELECTRIC CORP. Annapolis MD tUcranic Div L.ib, Bryan); L ibrary . Pittsburgh PA
WISS. JANNEY. FL.STNFR. & ASSOi. ’ Niwthtwook , It. (D.W Pfeifer)
WIX)DWARI).CLY DE CONSULTANTS(A. Harrigan) San Francisco; PL Y MOUTH MEETING PA (CROSS, III
Al SMOOTS Los Angeles. (‘A
RARA. .R)HN P. Lakewood. CO
BROWN. ROBERT University, AL
BLI L.O(’K La Caniahi
F HEUZFBiuldrr CO
(‘API MURPHY Sunnyvale. (‘A
GREG PAGE EUGENE, OR
RE. BESIER (lId Saytwook CT
1W. MERMEI Washington D(’


