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RESUMEN

ABSTRACT

A criterion is presented for the probabilistic evaluation of seismic risk
‘When‘gedtectonic énd sgismoldgical information is available. The procedures
‘Suggested,rely'on use of géological evidence for the formulation of a set
of alternate hypotheses cohcerning anélytical models of seismicity, A

rObability distribution is assigned to that set and Statistical evidence

S Introdyceq in order to assess the probable validity of each hypothesis

B

dnd to modify the initial probability initially assigned to it,



1. INTRODUCTION

Ratlonal formulatlon of englneerlng decisions in selsmlc areas requlres
probablllstlc assessment of the max1mum 1nten51t1es that may occur at a 51te

[

in given time 1ntervals Un11ke variables that are relevant in many other

eXperiment, seismic risk estimatee §hou1d make'use of information stemming
from sources of d1fferent nature, some of whlch whlle being the object of
probablllstlc evaluatlons can not be 1nterpreted in terms of relative
frequenc1es Thus, geologlsts talk of the max1mum magnitude that may be
generated in a given area, by looklng at the dlmen51ons of the gologlcal
accidents and by extrapolatlng the observatlons of other reglons which
avallable eV1dence allows to brand as similar to the one of 1nterest
Follow1ng nearly parallel lines, some geophysicists estlmate the energy

that can be liberated by a 51ngle shock in a given area by making quantitative

-~



assumptions about source‘ddmensions,_diélOcation amplitude and stress drop,.
consistent with tectonic models of the region and, again, with comparisons
with areas of similar tectonic characteristics. Statisticians, on the
other hand, are prone to base their pred1ct10ns of the future exclu51vely
on the basis of observations on a sample, however scanty that sample may be.
None of these approaches,.by itself, suffices to provide a satisfactory
~answer to the requirements of decision makers: purely statistical analy51s
is unacceptable because 1t neglects a wealth of relevant 1nformat10n and

1t 1s not clear that bounds can always be assigned to maghitudes in given
areas, or that, when this is feasible, those bounds are suff1c1ently low
that designing for them is economlcally sound, even if they are not very
11kely to occur in the—near future. In fact some studles relating source-'
dlmen51ons, stress drop and magnltude show that con51der1ng not unusually
hlgh stress drops, it does not take very large source d1men51ons to get mag-

" nitudes 8.0 and greater.

A cr1ter10n for combining. the above approaches in the probablllstlc assess-
ment of selsmlc risk is presented in th1s paper Its phllosophy con51sts
in u51ng the geologlcal, geophys1ca1 or any other non- statlstlcal ev1dence

for produc1ng a set of alternate assumptlons concernlng a mathemat1ca1

(stochastlc process) model of se15m1c1ty in a g1ven source area. An 1n1tial,

or prlor probablllty is a551gned to each hypothe51s ~and the stat1st1cal
1nfonnat10n is then used for improving that probablllty a551gnment The
criterion is based on appllcatlon of Bayes theorem also called the theorem

of the probab111t1es of the hypotheses A previous formulation (1) has

e

AN

evolved through the 1nteract10n of mult1d15c1p11nary groups in the develop-=
ment of selsm1c risk studies performed in- the last few years in Mexico (2 4)

S1nce estlmates of rlsk depend on conceptual models of the geophysical -

process 1nvolved, and these are littlefknown at preseht, more questions are

~raised here than solutions given.

.

2. MEASURES OF SEISMIC RISK

Let y be a measure of earthquake intensity. According to the problem at

hand, y'may be peak ground acceleration, Velocity, spectral ordinate for a

“given natural period, or, shortly, any Variable:that determines the response

of the system under study. This means that a relation can be established

.

between the intensity.of a given earthquake and the corresponding loss D(y). -

A commontly applied’criterion assumes that seismic risk should be measured

fby the highest intensity that can be caused at the site by the largest-

magnitude - earthquake  that can'be_generated at any of the potential seismic
sources in the vicinity. However engineering systems cannot ~always be
de51gned for the worst p0551ble condition to'be expected. Instead, decisions
have to be based on cost-benefit studies..” When designing for earthquakes, |
a 51gn1f1cant cost term is made of the’ Value of the expected actuallzed

Cost of damage or failure, as given. by the follow1ng equatlon

-00

: ”.E.[‘F] =f §t_e;7t dtv‘ | , (1) ‘
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‘Here, e is a compound interest actualization fuﬁttion, Y the interest

rate and 6, the expected cost of damage or’failure perAUnit time at instant -

v

t. Its value can be obtained from Eq 2, where v, (y) (in general a function
of t) is the mean number of,earthquakes>per unit time whosé.intensity is

gfeater than y and D(y) is définéd‘aboVef
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From Eqs 1 and 2 and the corresponding cost—benefit‘studiés, it is cdnélud- 
ed that evaluation of seismic risk for engineering purposeS»implies the
definition of function vt(y) (henceforth called regional seismicity). This

can be done as shown in the sequel.

| 3. MAGNITUDES, INTENSITIES AND FREQUENCY FUNCTIONS

i

With the'possible exception of the rare cases where the record of intensi-

ties at a site suffices for producing reliable estimates of vt(y), evaluat- -

jon of seismic risk should include the following steps:

a) Identifying the potential sources of activity : - .
b) Formulating mathematical models of local seismicity for each source
c) Obtaining the contribution of each source to vt(y) and - adding up

contributions of the various sources.

* Egs., 1 and 2 iﬁply that every time that éome damage or failure occurs the
system is repaired or rebuilt in such a manner that the function D(y) re-

mains unchanged. Corresponding expressions can be obtained for more general .

conditions (19). In general they require no more information about the
mathematical model of seismicity. ' '

-

Thisgsection deals with step ¢). The test of .the paper is devoted to the
more difficult problems reievant to steps df and b). |

Let At(M)'(glso a func;ion éf'tiﬁe, as is‘regional seismicity) be fhe'mean
number ofjearthquakés With magnitude greater than M genefatéd per unit
volume and.per unit time in a given seismic source. If a deterministic
relatidnship_M(y, X)'hoids betweeﬁ‘magnitude M, intensity y at a site, and
focalycoordinates X of'an earthuake, vtfy) and XtGW) één béfréléted ag

follows:

w0 = [ Ao ae (G
vol - A

Unless some informatién is available conéerning systematic effects related

to'?'given_origin and a given site (attributable either to local soil or

to propagation path properties), the influence of X is a function only of

disfance'R} gither to the instrumentél focus or to the causative fault.

Eq 3 then becomes:

-

v = [ A MR N5

vol

A number of empiricalior semi-empirical expressions relating M, R and y
have been proposed. A‘summary‘of them is given in Ref 5. The author has
made use.of information in Refs 6-8 in order to derive éxpressions relating
magnitude; hypocentrél distance and various meésures of intensity on.firm

ground, such as peak ground acceleration and of .velocity (respectively a,

v, Aand V) (9).. These expressions are of the form

\ .
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where R' = R + R;; R must be given.in kilometers and bl, bz; b3 and R, are
given in Table 1, which also shows the mean m.and the.standard deviation

o of the natural logarithm of the ratio of observed to computed intensities.
[ .- L Iz .

4

TABLE 1. EXPRESSIONé RELATING,MAGNITUDE, INTENSITY AND HYPOCENTRAL DISTANCE

Fxpressionrfor: b~ b, b, R, m o

v (em/sec) . 32 1.0 1.7 25 0,124 0.74
a (cm/sec?) 1 5600 | 0.8 [ 2.0 | w0 | 0.04 0.64
V“(cm/slec) 250 | 1.0 | 1.7 | 60 | 0.058 | 0.6u4
T (cm/sec?) |69 600 | 0.8 | 2.0 | 70 | o 10,75

The significant dispersion of these expressions, implied by the hdgh’valueS'
of o , is due mainly to their having been obtained from data of'earthQuakes
originating in different sources and haVing’differentVmechanisms and propa-
gation paths. The.form of Eq 4 édves place, moreover, to a faster variation
of intensities with respect to magnitudes in the near field than what occurs ’
in nature because the .liberation of energy.is distributed throughout volumes
whose dimensions can be sigﬁificant with respect to the site-to-source dis-,
tance. This relatlvely low sen51t1v1ty of 'y with Tespect to M in the near -

field has been Ver1f1ed 1n practlce at least for earthquakes produced by a

strike—sllp mechanism (10, 11). This effect can be represented by expre551qns

as simple as Eq 4, if b, is;taken’-for,instance, qf_the form béfA + BR/(C“f'R). ,

For wide zones in the earth's crust, AQM), the average ualue'ofdkt(}ﬂ over
“long time intervals, can be approximated as follows,

. b_ _ﬁ [
AM =0 e . forM< M, | |
. - . J M '- - 5-—’ ‘—: N

4
-

where B ? Bl, Bg 1s a magnltude beyond whlch there is a hlgher rate of
decrease of AGW) w1th magnltude cont1nu1ty at N& requlres that a equal -
ozlexp((B-B)Ml] - | |
As a result of the statlstlcal dispersion in the expre551ons relating M,

X and Y, Eq 3 has to be changed to the following: .

Vo) = /f ) _,’tMcy,X)].so v 0T (®
vo . I, ) - - :

~

.where w(y, X) is a correctlve functlon that can be computed as descrlbed

- in Ref 21 o : o ' . ~

" 4. ANALYTICAL MODELS OF SEISMICITY

As has been p01nted out, when englneerlng dec151ons concernlng construction
in selsmlc areas have to be made, it does not suffice to express ‘local
se15m1c1ty in “terms of an upper‘bound for magnitudes;’the probability of
whose excedance is arb1trar11y assumed to be negligibly small Tnstead, ‘it
should be expressed in terms of the probab111ty distribution of the maximum
magnltude that can'be generated at given sources during given time periods.
These probabilities depend on the'fdllowiﬁg functions: ’

‘ o '
‘a) Frequency-magnitude relations for small volumes of the earth's crust

b) Statistical correlation functions of the process of earthquake generation
in time and space.

{



‘The analytical models of local seismicity postulated in this paper are
stochastic processes‘of the:renewal type: the time interval between occur-

i

 rence of successive earthquakes having magn1tudes greater than a given

value are mutually 1ndependent random varlables. Let T be any such time

interval. Its probab111ty dens1ty function will be assumed- of the gamma

type: | R : R

. fr(t)>= ____;g_f___ (vt)k-l ot ' 7
: (k- 1)1 _ S

Here, v and k are two posltive numbers and a! is the factorial function of
& N .

a. This distrihution was adopted because a wide number of distributions can .

be approximated by it, if parameters v and k are properly chosen (17). v
and X are related w1th the flrst two moments of the probability den51ty

function of T:

E(T) = k/v, V(Tj = 1/ | (8)

where E means expectation and V coefficient of variation.

lhe"probahility densityAfunction of the wainting time»T E from the:origin
to the occurrence of the first event, dlffers from Eq 7 since thehtime
elapsed between the 1ast pr1or event is usually unknown. The distribution'
'of T, co1nc1des with that of the excess,llfe in a renewal processcat an

arb1trary value of t that tends to 1nf1n1ty. The correspond1ng probab111ty

den51ty function has been shown topbe“(l8)

, (1-F@n RO
1. E(T) _

" where E.(t) is the probahility distribution function of the time between suc -

cessive events.,

N\

-

An 1mportant functlon in decisions under seismic hazard cond1t10ns is the
cond1t1ona1 dlstr1but1on of the additional time to next event when it is

“known that there have been no events for a time to. If t, is measured

~

from the instant just following the occurrence of an event and if
\ ’ - '

T %\(T - tb)/E(T) and ub~= tb/E(T),~then

: R {u+u) :
£ |T>t)=——L/AD 0 (10

L feem (_uo ).

The Poisson process is the partiéular case of the gamma process for which

k=1, In that.instance, Eqs 7, 9 and 10 lead to

) . . N  =-pt .
£, (t)= le (t)p— fT_to(tlT > tO')=le-t0 (tl 1= t(}— ve - (1)

which reflect the non- 1nformat1ve property of Poisson process: at any given
instant the condltlonal probablllty density function of the time to next
event doés not depend on the t1me>elapsed since the last. one.

Explicit express1ons for evaluation of the cond1t1onal and the unconditional

probablllty dens1ty funct1ons of T and T, for the general gamma process are

~given in the appendix. ) o N

- The Poisson process assumpt1on is ordlnarlly adopted in probab111st1c seis-

mic risk studies," It is difficult e1ther to substantlate it or to reject

it in general on the basis of statistical data -alone, since theSe are scanty;



particularly in small areas or for large magnitudes. After consideration’

of the geophysical processes in pléy it is reasonable to conclhde; however,
that if strain energy stored in a region grows in a more or less systematic
manner, the risk function should grow with the time elapsed since the last

"event., Préliminary statistical analysis of the waitingf‘tiﬁes between

‘earthquakes with magnitudes 6.5 or 7.0 and greater in some seismic provinces

N ’

in the southern'coastiof,Mexieo shows*that'if shocké occurred - in the:same
seismic provinee within a few months Of each other afe'lumpedltogether'aé”v
51ng1e events, the resultlng dlstrlbutlon of um1t1ng times can be ap-
proximated by a gumma funct;on w1th k=2, However, results have not been
uniform. Reliable evaluatiohs of alternate assumptions concerning k will

have to rest partially on simulation of the process of storage and liberation

of strain energy.

According to Eqs 1 and 2, the actualized value of‘the expected'eost of.

' damage or failure is a function of v, (y), which is a‘functlon not only of
A in the neighbouring seismic sourcés, but also. of the probablllty
distribution of T/E(T). The possible significance of the value of k 1n‘the.d

variables that affect seiémic design decisions can be'iﬁfefred from Table 2,.

which compares'the_initial and the conditional expected values ofethe'time

toxhext'eveht,‘as well as the actualized values of'the‘ekpected cost of .

N

failure for the Poisson and the gamma processes. These quantities were

compdted by means of the expressions develoﬁed in the -appendix. The actualized

value of the expected cost of failure was obtained from the expression that

follows..

RPN

CELF] et o '
, . b = > AT et
el - j; £t T2 ) e e D

. This eXﬁréésion is consistent with the aséumptions'that a structure fails |

when a glven 1nten51ty with retum period E(T) 1s exceeded ‘that the cost .
of that failure dis D, and that the system is not rebuilt after failure. k

was taken as 2, and two values of yE(T) were considered: 10 and 100,

;

TABLE 2,

" COMPARISON OF POISSON AND GAMMA PROCESSES
GAMMA PROCESS, k = zE(F)/D . POISSON PROCESS
_ > .

u_ E(T|T>tq) E(TIIT>tO)_ YE(T)=10 [yE(T)=100 egfiisziz) ye(T)=E(F)<E(T)=1oo*
0, 1.0 ~0.75 0.0278 0.0004 ' |
0.1 0.92 0.73 0.0511 0.0036

0.2 | o0.86 0.71 0.0675 . | 0.0059

0.5| 0.75 0.67 0.0973 |- 0.0100 A

1 0.67 | 0.63 0,120 0.0132 1.0 0.0909 0.0099
2 0.60 - |  0.58 0.139 0.0158 } |
5 0,54 0,54 0.154 - 0.0179
10 | 0.52 ©0.52 0.160 0.0187
dg' 0.50 0Q5o 0,167 ' 0.0196

- This. table shows very significant dlfferences between the expected cost of

fallure for both processes. At small values of t E(F)/D for the Poisson
process is greater than that for the gamma process, but as t1me goes on

and no earthquakes occur, E(F)/D grows gradually for the gamma process, until
thewactuallzed risk for the latter becomes nearly twice that for the Poisson
proeese.ﬁ Qlearly,vthe problem is slgnlflcant when maklng engineering

decisions. . . S R L | ' E
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Improved analytrcal models of seismicity should also cover those observed
cases where the sources of large shocks move systematlcally along faults., |
Th1~ can be done by means of Markov process models but extensive selsmolo-'i
gical and geophysical studles are requ1red before the range of- appllcablllty(

of those models can be establlshed and their parameters estlmated

-5, ELEMENTS,IN THE ESTIMATION OF LOCAL,SEISMICITY

Only exceptlonally can frequency-magnltude relatlons for small Valumes of the
earth's crust and. statistical correlation functions of the process of earth-
quake géneration be derived exc1u51ve1y from statistical ana1y51s of recorded
shocks ~ In most cases thlS information is too 11m1ted for that purpose and it
often seems to contradict geologlcal ev1dence Since the 1atter as well as its
connection with seismicity, is beset-with wide margins of uncertainty, infoz
“mation of a different nature has to be evaluated its uncertainty analysed‘
\-and conclu51ons reached that are con51stent with all pieces of 1nformat10n.

'A probabilistic criterion that accompllshes‘thls is presented here: on the
basis of.geotectonic information and of‘conceptual models of the physicai -
processes involved, a set of alternate assumptions can be made concerning

. the functions in question (frequency-magnitude time and space correiation)
and an 1n1t1a1 probability distribution assigned to it; statlstlcal 1nforma—
tion is-used to Judge about the 11ke11hood of each assumption, and a posterlor
probab111ty distribution is obtalned.
to the posterdor probabilities of the alterhate assumptions depends on the

extent of that information and'on'the'degree of uncertainty implied by the

¥

How statlstlcal 1nformat10n contrlbutes ‘

v

- general structure and evolution.

initial probabilities. Thus,. if the’geological evidence supports confidence
in a particular assumptlon or range of assumptlons, statlstlcal 1nformat10n ’
should not greatly modlfy the 1n1tlal probab111t1es. If, on the other hand,
a long and‘rellable statistical record is avallable, it may practically
determine the form and parameters of the mathematical model selected to re-
present local seismicity.A |

Analysis of geological information must consider local details as well as

In some areas it is clear that all poten-

tial earthquake sources can be identified by surface faults, and their dis-

- placements in recent geological times measured. When mean displacements per

unit -time can be estimated, . the order of magnituderof creep and of energy

liberated by shocks and hence of the frequency-magnitude law can be establish
ed (12, 13), the corresponding uncertainty eraluated, and the initial proba-
bility distribution assigned. The fact that frequency-magnitude-relations

are only weakly. correlated with the size of recent displacements is reflect-

ed in large uncertainties  (14).

Application of the criterion described in the foregoing paragraph ﬁay be

unfeasible or inadequate in many practical problems; as in areas where the

:abundance of faults of'different sizes, ages and activity, and thedinsuf-

ficient accuracy with which focal coordinates are determined preclude a dif-
ferentiation of all -sources. Regional seismicity may then be evaluated
under the assumption that at 1eaet part of the seismic activity is distri-
buted in»a given volume rather than concentrated in faults of different

importance, The same situation would be faced when dealing with active
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_zones where surface evidence of motions.does notzexiSt : Hence 'consider-
ation of the overall behaviour of complex geological structures is in -
general more: 51gn1f1cant than the 'study of, local details.

To the_authors'shknowledge; notumuch work has been done infthe'anainis of
the overall behaviour of large éeological structures with respeCt'to the
energy that can be expected to be liberated per unit volume and per unit
time in given portions of thoseastructures; Important research and “applic-
,ations should -be expected, however, since, as a result of the contribution
of modern plate tectonics theory to the understanding of large scale tecto-
_ nic_processes,‘the numerical values.of some of the variables correlated:
with energy liberation.are.being determined,. and can be used at least to-
obtain orders of magnitude of;expected'activity.along‘plate‘boundaries.
Far'iess‘understood are the'occurrence of shocks;in apparentiy inaCtive
regions oflcontinental shields '‘and the behaviour of complex continental

- blocks or regions of ‘intense folding, but even there.some progress is con-

templated in the study of accumulation of stresses in the crust (15).

Knowledge of the geological structure can serve to formulate initial proba-

bility distributions of seismicity even when quantitative use of geophysical

15

statistical information warrant Teliable- estimates of frequency-magnitude
curves (M. -In this manner we can, for 1nstance use the 1nformation

about the average distribution of the depths of” earthquakes of different
magnitudes throughout a seismic prOV1nce in order to estimate the correspon-
ding distribution -in an area. of that prOV1nce where act1v1ty has. ‘been low
during the observation 1nterva1 even though there might be no apparent

geophy51ca1;reason for the difference. Likewise, the expected Value and the

‘coeff1c1ent of variation of A(M) in a given area of moderate or low seis-

_ mic1ty (like a continental shield) can be obtained from the statistics of

the motions: originated at ‘all the supposedly’stable or aseismic regions in

thevworld (16).

Fig: 1 illustrates the kind of concepts that one hds ‘to consider whefi try-

‘iﬁg‘féfuéé“aii availablé’ information for the quantitative probabilistic -

anaiwsis of ‘seismic risk. The southern coast of Mexico is one of ‘the
regions of highest activity in the world. Large shallow shocks ‘are produced

by the interaction of the continental mass and the ocean bottom's plate

.(Cocos plate) that underthrusts 1t Seismological data shows 51gn1f1cant

gaps of act1v1ty along the coast during the present century and not much is

known .about previous history. Atgpoints_aiong those gaps seismic Tisk

information seems beyond reach. Initial probability distribution of*Iocal‘ ~ estimates based on observed;intensitie§”wwpu1d}be quite low., No significant

seismicity parameters o, B, M, (Eq 5) of the relatively small volumes of the difference is evident in the geological structure of these regions with
earth's crust that contribute significantly to the seismic risk at a site can respect. to. the rest.of‘the,coast,-with_the exception of,some faults trans-
be a551gned by comparison with the average seismicity observed in wider areas verse. to the. coast - that. lelde the continental formation 1nto several

of similar tectonic characteristics or where the extent and completeness of - blocks.: An.analysis of the locations ef preV1ous large earthquakes along
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Fig. 1 Gaps of seismic activity (after Kelleher et ak., Ref.20)

the coast has led Kelleher et al. (20) to conclude that those gaps are with
high probability the -locations of 1arge magnitude shocks in the near future.
The probabilistic evaluatlon of all these p1ces of 1nfonnat10n can be done

- as.descrlbed in the next section.

6. SIGNIFICANCE OF STATISTICAL INFORMATION

In the-proposed formulation, statistical’data serve to ascertain the pro-
bable'validity of each of the alternative models of local seismicity that -
can be'postulated oh.the grounds of geologiéal evidence.  Any criterion
that intends to weight information of diffefentvnature'and different de- -
vgrees of uncertainty Shouid pefmit'obtaining prbbabilistic conclusions con-
51stent with the degree of conf1dence attached to each source of inform- :
ation. This is accomplished through use of the concepts of bayesian statis-

tical analysis, as described in the sequel.

17

Let Hi’ i=1,...,n be 2 comprehen51ve set of mutually exc1u51ve as-

: sumptions concerning a glven 1mperfect1y known phenomenon and 1et A be

‘the observed outcome of such a phenomenon Suppose also that before.ob-
serving outcome A we assign.an initial probability P(Hi) terach hypothesis.

If P(A‘] Hi) is the probability of A in case hypothesis Hi isvtrue, then

Bayes' theorem states the following (17):

Y

o . - P(AH;) '
P(H, A)= P(H,) ‘ (13)
: - L P(Hj) P(AIHj) -
J : .

The first member in-this equation is the (posterior) probability that as-

sumption Hi is true, ‘given the observed outcome A.

In the evaluation of seismic risk problems Bayes' theorem can be used to

improve the initial estimates of (M), B8, Ml, and variation of A(M) with

_depth in a given area.

Consider A(M). If a model as given by Eq 7 is adopted, we start by as-

h suming for each M_and initial probability function for the actual, but

unknowh value of A(M). If the possible'assumptions concernihg the values
of \(M) forl a given M’ constitute a continuous interval, the initial
probabilities of the alternative hypotheses can be expressed. in terms
sumption is made concerhing the form of this probab111tylden51ty functiOn,
only the initial values of E(XGM)) and V(A(M)) have to be assumed., It is .

advantageous to assign to v = k/E(T) a gamma distribution. Then, if p and "
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are the‘parameters of this initial distribUtion of’n,'if k is assumed to be
known, and if the,observed outcome is expressed as the time t_ elapsed be- -
tween n + 1 consecutive events (earthduakes with‘magnitude >=WD; application
of Eq-13 leads to the conclusion that the posterior probability function of
v is also gamma, now with parameters 0. * nk and u +t. ~ The initial and

- the posterior expected values of v are-respectively equal to p/u, and to

(p + nk)/(u + tﬁ); When initial uncertainty about v is small'p and u will
be relatiuely large and the:initial and the posterior expected values of v
will not differ greatlyr On the other hand, if only statistical inform-
ation were deemed significant, p and u should be given very small Values in
the' initial distribution, and E(v), and hence A(M), would be practically
defined by.n, k and t . This means that the initial estimates of geologists
should not only include'expected or most probable ralues ot the different
parameters, but also statements about rangesdof possible vaiues and degrees -
of confidence attached to’ each. r. |

In the case studied above only a portion ofrthe statistical information was
“used. In most cases,’ espec1ally 1f seismic act1v1ty has been. low during

the observation 1nterva1 51gn1f1cant information is provided by the dur-
.atlons of the intervals elapsed from the initiation of observations to the
first of the n + .1 ements considerediand'irom'the last of those events until
the end of the observation period. Here, application of Eq‘1§/1eads to ex-

= pressions slightly more complicated than those obtained when only inform-

ation about t is used.. .

.

The particular case when the statistical record reports no events during time

t, comes up frequently,in'practical problems. Expressions applicable to

s

R

v that situation are'presented in the appendix.. Here, comsider their ap-

pllcation to one of the seismic gaps ‘in F1g 1.. An initial set of assump- .

tions and . corresponding probab111t1es was adopted as described in the fol-

lowing;' From previous studies referring to all the southern coast of Mexico,

local seismicity in the gapvarea-(measured in terms-of A for M > 6.5) was

i

~ represented by‘a gamma.process with k = 2,  An initial probability density

_\function'for v was adopted -in such a manner that the expected value of

A(6.5) for the»region coincided with its average throughout the complete
seismic province, Two values of p were considered: 2 and 10, which corres-
pond to coefficients.of variation of 0.71-and 0.32, respectively. The

values in Table 3. were obtained for the ratio of the final to the initial

' expected values of v, in terms of u ., the ratio of the length of the observa-

tion interval to the initial expected value of the return perior, E(T).

i

- TABLE 3. BAYESIAN ESTIMATES OF SEISMICITY IN ONE SEISMIC GAP

E"(v)/E* (v) - E'(T,IT, > t)
ug = tO/E(T? | p'='2 ‘ p =10 | p = ? ‘. p= JO‘
0 1.0 1.0 0.75 0.75
0.1 0.95 - 0.99 0.76 | o.mm
0.5 0,75 0.4 - 0.91 | ~0.71 .
e o.s8 | .o0.87 | 1w 073
5 0.20 | o.su |- 3a1 . | 1,05
10 o011 | 0.36 T sy 1.55
20 " 0.0 | o022 | 10.50 | 2:u8

“The last two colums of the table contain the ratios of the_gomputed values

of E(Ti);and E(T)fwhen’p is. taken equal respectively to its initial or to its
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posterior expected value. This. table shows,that, for'p,=_]0; that is, when
uncertainty attached to the geologically based assumptions is 10w; the
‘expectedpvalue of the timeitoynext event keeps_decreasing, im‘accordance
with the conclusions of Ref 20; However; as time goes on and no events
occur the statistical evidence leads to a reduction in the estimated riék,
which shows in the increased conditional expected values of fl. For p=2

the geological evidence is less significant and risk estimates decrease at

a faster rate.

Bayesian estimation of other parameters would run along the same 11nes.g,'
The most important problems emerging in pract1ca1 app11cat10ns are related

to the bayesian analysis of jointly distributed Varlables (21).

7. CONCLUDING REMARKS -

A common difficulty encountered in the solution of problems by interdisci-
plinary groups is the need to establish a clear formulation of the objec-
tives and a framework that permlts unified analysis of all viewpoints. In

seismic risk evaluation different especialists have in their minds differ-

ent models of seismicity. However, the objetive must be the same: estimation
‘of probabilities that given intensities are ekceededAat a site in giVen time
intervals. As suggested in this paper, those probab111t1es -are estimated from :
stochastic process models of the generation of earthquakes in different seis-

- mic sources. - Since néither present geophy51ca1 knowledge nor statistical ‘data

warrant adoption of a specific analytical model, decisions are based on the

- .21

consideratioh-of-a set of alternate hypotheses eoncerning that model, and -
‘a\probapility'oistribution'attached to tﬁat set; .EstabliShment of 'this
distribution can be done by applicatioh of bayesian statiStical'theory to
the processingtof all‘relevaht pieces‘of information,

~
AN

The_analytical models presented here serve only.to illustrate the possibi-

lities. More general models should be studied'as they are suggested by

‘considerations about the physical processes involved (21).

8. ACKNOWLEDGEMENT

The author wishes to recognize the valuable comments of E. Rosenblueth‘and

R. G.vSexsmith.

9. " REFERENCES

1. L. Esteva, Seismicity pred1ct1on a bayesian approach PnocA., 41th

Workd Conﬁenence on Ea&thquake Eng&neentng, Santlago (1969)

2. J. L. Trigos and L. Esteva, Riesgo sismico en Las Truchas (México),

Institute of Engineering, National University of Mexico (1973)

'3, J. L. Trigos and L, Esteva, RieSgo sTsmico en Managua, Nicaragua,,ML-

™

nistry of Public Works, México (1973)

/



22

10.

Institute of Engineering, National University of Mexico (1973) -

Rome (1973)

J. L. Trigos and L. Esteva, Riesgo sTsmico en E1 Sumidero (México), .

. N N. Ambraseys Dynamics and response of foundation materials in

epicentral regions of strong earthquakes, PnocA., 5th WOnﬂd Conﬂenence

on Eanthquake Eng&neen&ng, Rome (1973) -

D. E. Hudsqn, Analysis of strong motion'earthquake accelerograms,
Vol. III, ResponSe'spectra, part A, EERL, Caltech, Pasadena, Calif,
(1972) '

D. E. Hudson, Ed., Strong motion instrumental data on the San Fernando

earthquake of February 9,.1971, EERL, Caltech, Pasadena, Calif. (1971)

D. E. Hudson, Strong motion earthquake accelerograms, digitized ahd
plotted data, Vol. III, corrected accelerograms and integrated ground
velocity and displacement curves, Part A, EERL, Caltech, Pasadena, Ca-

1if. (1971)

L. Esteva and R. Villaverde, Seismic risk, design spectra and structu-

™~

ral reliability, Procs., 5th Workd Conference on Earthquake Engineering,

'J. H. Dietrich, A deterministic near-field source model, Pnch., 5th -

Workd Congerence on Eatthquqke Engineen£ng;.Romef(1973)

11.

12.

13,

14,

15.

16.

174

18.

19.

M. D: Trifunac"Characteriiatidh-of response spectra. by -parameters
governing the gross nature of the earthquake ‘source mechanisms, PnocA.,

5th WOaﬂd Conﬁenence on Eamthquake Engtneentng, Rome (1973) ~

'R.‘E. Wallace, Earthquake recurrence intervals on the San Andreas

Fault, Bufl. Geofogical Society of America, Vol.81 (oct-1970)

G. F.\Dauies and J. N. Brune, Regiohal and global fault 31ip rates
from seismicity, Natwre Physical Science, V01: 229, No 4 (jan 1971)

;

B. A.‘Petruéhevsky, The geological fundamentals of seismic zoning,

Seientific Thanslation Seavice, order 5032, Ann Arbor, Mich (1966)

E. Artyushkov (Institute of Physics of the Earth, USSR Academy of

Sciences), personal communication.

L. Esteva, Bases para la formulaci6n de decisiones de disefio sismico,

Inétttute 04 Engineerning, National University of Mexico (1968)

H. Raiffa and R.. Schlaifer, Applied statistical decision theory, MIT

Press, Cambridge, Mass (1969)

E. Parzen, Stochastic processes, Holden Day, San.Francisco\(1962)\

E. Rosenblueth, Optimum designgfor infrequent disturbances, submitted

for publication to ASCE" (1974)



24

20.

21.

J. Kelleher, L. Sykes.and J. Oliver,-Possible criteria for pfedicting
earthquake locations and-thei} application to major plate boundaries

of the Pacific and the-Caribeean, Joutnal of Geophysical Research,

" Vol. 78, No. 14 (may 1973) .

L. EsteVa; Probabilistic models of seismicity based on §e1smotectonic',

evidence, Imstitute bﬁ Engdineering, National Univérsity of Mexico (1974)

25

_ APPENDIX ‘1. PARTICULAR GAMMA PROBABILITY FUNCTIONS

Explicit expressions for evaluation of some of .the functions introduced in

the text can be obtained in closed form when k is an integer. Some of

- these cases are studied here. The expressions obtained are used in the

examples contained in the body of the paper.

- Probability density function of T,. Substitution of Eq 7 into Eq 9 and in-

tegration by parts lead to-

vt

k ‘ P
£ (1) = —%— 7 -(m'Y O™ o

1 i1 ! (A1)
whose expected value is -
CET) s S{ D @)

CondLiLonabenobabLtLty density 6unctian$ 04 T and T,. The denominator of

the second member of Eq 10 can be obtained in CIQsed form when k is an integer.

In that case,

e K e
. 1 ,
mi . @ -1

s,

[}

ff (ulT = tO)'= _
- » kuﬂmq

- ~



The corresponding cbnditionai_probability'density function for T, is
! . ‘ “\‘ ST S ’ - - v ¢

k k N : | 'm;I :
R R .

£o@IT >t) = = — — ™A

k m 1
’ m§1 n.§l (n - 1)! _

S

where fl = (Tl;_to)/E(Tj;.

The cond1t10na1 expectatlons of T and T can be obtained from welghtlng of

T and T, with respect to the probablllty den51ty functions of Eqs A3 and A4:

E(t1 T>t) = (A-Bu)/B @)

EQNTI>1%)=(% fB1%J/B | -.'Mﬂ
where

’ Lokt g el - 

A= m§1 - (m - 1)v (ku) (A7)

- k | 1 ' m=1 ~ku (AS)\

B = m§1 - N! (k) o g

»'. / .
1k omfl n P S :

A= 0 wdinb Ty KU e @9
S A S | n=1 -ku ,
Bl_ k ‘mél -nz"‘l, m - D! (k Uo) e © (A10)
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APPENDIX 2. BAVESIAN.ESTIMATION-OF v WHEN.T, > .t
Suppose that the ‘initial ﬁrdbabilit&*dénsity function of v 4n‘a given area
is gamma with parameters.pland]ﬁ, and that no events have occurred’in the -
area for t years. ,The probability of this-outcome given v is equal to the

probability that T, > t . From integration of Eq Al one obtains,

. . S kK m : :
P(T2tl v, k) = X R (n — 1), v t - "o (A11)
Application of Eq 13 in this case can be expressed as

£1(v) P(T; > tol v, k)

frevi T >t )
ff'(v) P(T, > t Iv, k) dv

(A12)

Here, f' and f" stand for the initial and posteribr probability density
functlons of v and f'(v) adopts the form of a gamma function w1th parameters
p and u. After performlng all.substitutions and 1ntegrat10ns, the follow1ng

is obtained:

- . ' £'v 1 T, > t)

]
=~
™~

b A13
m=l -nEI-Bn gn (V) ( )

Here,

k- - _
K= I . B | (AT4)



N L
B = m+tp-2)I . pp,tg (A15)
0o TN Aarmy T :
-1 =Dl + W |

and gn (v) is the gamma. ﬁrqbab'il'i_;y density function with parameters t + yu,

n+p-1, d
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INTRODUCCION T : .

Desde el punto de vista del ingeniero, los sismos representgn un
riesgo importaﬁte que debe ser considerado en el disefio de toda es-
tructura. En muchas regiones el riesgé de falla de la estructura
por sismo puede llegar a dominar ofras consideraciones de'diseﬁo.
Por lo tanto, es necesario conocer ciertos aspectos bésicos de sis-

mologia para fines de estimacidn del riesgo sismico local.

Las presentes conferencias trataridn de los siguientes aspectos, que
de ninguna manera agotan el tema de la sismologia;pero se han selec-

cionado por ser relevantes en el marco de este curso.

A, Sismologia y Sismotect8nica
B. Sismologia observacional
C. Prediccibn de temblores

Ante todo, es indispensable precisar gue no conoceﬁos la causa §
el mecanismo de'generacién de los temblores. Existen ciertas
hipbtesis y se ha avanzado mucho en los Gltimos. diez o quince anos;
pero se trata de fenémenos muy complejos cuyawnaturaleza exacta

aﬁh no llega a ser totalmente comprendida por la ciencia.



A. SISMOLOGIA Y SISMOTECTONICA -

Observemos la distribucién geogrédfica de los tembiores en un globo
(fig 1). Veremos que la actividad sisﬁicé va rodeando y delineando
ciertas grandes unidades geogré&ficas, que son piacas de la lit6sfera.
Se cree que estas placas pueden tener movimientos absolutos y rela-

tivos, ya que descansan en una capa viscosa: astenfsfera. Cuando

- dos placas se van alejando mutuamente, el hueco es rellenado por

materiales que suben desde la astenbsfera. En cambio, cuando dos

placas se van acercando su choque mutuo es acomodado mediante 1la

subduccibén, es decir, la absorcidn de una placa (la placa oceédnica)

por debajo de la otra (la placa continental). Si ambas placas en
proceso de colisibn son\continentales se produce una.compresidn
que piiega el borde continental y los deja'como un acordedn (ejem;
Elo: los Himalayas); los temblores se originan‘principalmente en

los bordes de placas, debido a estos procesos de tensidén o compre-

sibn entre las placas

Ve

Hay tambié&n sismos en el interior de las placas, ya que éstas no
son homogéneas y, por el contrario, contienen numerosas imperfec
ciones que son otras tantas causas de concentracidn de esfuerzos.
Algunos de estos sismos "ihtra—placas" pﬁeden ser altamente destruc-

tivos. Sin emBargo, la mayor proporcibén de la energia sismica se

localiza en los bordes de las placas litosféricas.

{

Fallas y fracturas. Una falla es un plano de discontinuidad mecd-

nica entre dos unidades geolbgicas; en cambio, un contacto es un
plano de discontinuidad deposicional (fig 2). Por ejemplo, una

falla puede desplazar un contacto, pero no viceversa., El desplaza-
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miento de los contactos a uno y otro lado de una falla, indica la

actividad de la falla. -

Préct}camente toda la superficie de la tierra ha sufrido deforma-
cién intensa; por lo. tanto, existen fallas en todas partes. La

sismologia gstudia la configuracién de las unidades geoldgicas en

relacidén a los sismos, y la sismotectdnica estudia la deformacidn

que dichas unidades han sufrido y su actividad sismica.

Un sismo es. una ruptura sobre un plano. Todo sismo se produce sobre
una falla, generalmente una falla pre-existente. El largo de una
falla y su-importancia regional, indican la magnitud potencial del

sismo que puedé generar. L s

Pero antes hay que determinar si la falla esactiﬁa. - Esta tareé

es de critica importancia y debe ser realizada por un gééibgo e#pé—
rimentado. Consiste en analizar las relacionés entre ia falla f las
formépionés cenozoicas, muy particularmente lgs del cqaterpariq:'
desplazamiento del curso de los rios, formacidén de terraczas, eroﬁk

sién y dep6sitos deltaicos, y otros indicios.

Hay fallas activas que atraviesan toda la corteza terrestre (fal;as
corticales), o toda la litésfera, como la Falla de San Andrés que

es un borde de placas. Para poder determinar la iﬁportancia rela-
tiva de una placa, es necesario complementar la sismogeologia re-
gional con estudios geofisicos especificos sobre la estructura de la
corteza. Por ejemplo, si existe1nuafuerte\aﬁomali§ gravitgcional,

y %i los estudios sismolbgicos revelan espesores diﬁg;ep;esgde}a

corteza a ambos lados de la falla, podri concluirse que la falla
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compromete todo el espesor de la corteza.

Existen sismos destructores que se han originado en fallas cortas.
La Ealla de Tiscapa, que produjo el sismo de Managua de 1972, tie-

€ un largo de unos 15-20 km. 'Sin embargo, la magnitud del sismo
A - e : : :
fue solamente ‘de 6 en la éscala de Richter. Los dafios despropor-
cionados se debieron a la cercania del epicentro y al tipo de cons-

trucciones.

Como ejemplo, veremos el anflisis sismogeoiégico y sismotectdnico

del terremoto de Tangshan (China),en 1976.

B. SISMOLOGIA OBSERVACIONAL

Las ondas sismicas se propagan en cualquier'medio,excepto en el va-
cfo, y su deteccibn se limita finicamente a la sensibilidad de los

aparatos y al ruido sismico ambiente.

El sismégréfo es un iﬁstrumento gque utiliza el principio del micrd-
fono: transforma vibraciones mecinicas en impulsos eléctricos. E1
sistema inercial del sismémetro se compone de una masa suspendida me
diante resortes o hilos: se mide la posicibn relativa del centro de
masa con respecto al suelo. Hay una gran variedad de tipos y mode-
los de sismémetros, segfin la direccidn del movimiento kde la éuspen—

sibén) y el rango de frecuencias.

TIPOS DE SISMOMETROS

(a] Frecuencia:

Acelerbgrafos 2 - 20 Hz

Sismémetros de periodo corto 1l Hz

' SismbBmetros de periodo largo 0.01 - 0.1 Hz
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(b) Tipo-de suspensibn:
Vefﬁical

Horizontal

Las caracterfsticas de amplificacién de un sismémetro pueden regular
ée;eléétrigamente} es decir, variando la impeaangia‘del‘circuito de:
éalida’y las caracteristicas del equipo de registro. En~princibio
e%TPOSibleiqbtener amplificaciones miximas del orden de 10% en térmi,
nos de desplazamiento a frecuencias de 11z (1a aﬁp}ific&cfbn se re-
fiere al factor de escala en el sismograma). En’ la prictica, el rui
do sfsmico ambiente reduce la amplificacién Gtil a una’ fraccién de la
serisibilidad. del equipo. La mayoria de las buenas estacidﬁéé operan.

a una amplificacibén del orden de 50,000 a frecuencias~de.in.

Ondds+ sfsmicas. En sismologfa,las ondas compresionales (sonido), se

dencminan "Ondas P";y las transversales (rotacionaleé o de ciialiehy
se denominan "Ondas S". ILas velocidades de estas ondas son muy di-
ferentes énﬁfe sf y varfan de un material a otro. Si p es la densi-
dad del material Y A,u son los nGmeros de Lamé (par@metros elésticos)-,

las velocidades de P y S se expresan como sigue:

vo= YA+ 2u)/0p -
p . ~
vy = /u/0

Adeﬁés de las ondas P y S, que se denominan "ondas de cuerpo", exis-
ten las ondas superficiales que se dan solameﬂﬁe en la interfase ent
éré dos medios diferentes. Las amplitudes de las ondas superficiales
decaen réﬁidaﬁente‘desde la superficie hacia el interior ael medio.

Existen ondas Rayleigh (en las que cada.éarticula~de.la superficie .

/ ~
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sigue una elipse retrbgrada en el plano vertical), y ondas Love -
(en que la trayectoria de la particula transversal a la direccibn
de propagacidn y esti en el plano de la interfase). Las ondas su-
perficiales son dispersivas y sus componentes de alta frecueﬁcia se
amortiéuan rédpidamente. Suelen adquirir amplitudes mucho mayores
para las ondas de cuerpo, y desempefian un papel importante desde el

punto de vista del dano sismico.

Prediccidén. A partir de 1966 se inici6é en China un programa oficial

de prediccién de temblores. Por ser el primer programa de este gé-

nero en el mundo merece un anélisis detallado.

El sistema chino de prediccibn se basa en las siguientes premisas:

1. TLas causas directas de los sismos se desconocen.

2. La interaccidn de estas causas con la estructura geolbgica da

margen a un cuadro muy complejo de sintomas y efectos.

3. En una regi6én dada la configuracifn general de estos sintomas y

efectos es estable y tiende a repetirse.

4. Para predecir temblores es necesario disponer de una informa-
cibén muy amplia y detallada, que permita al sismélogo abstraer
el cuadro geﬁeral de fenbmenos premonitores y analizar su sig-

nificado.

5. Esto significa que es necesario cubrir la regibn, Yy especialmen

te la posible zona epicentral, con una densa red de estaciones

de observacibn.

' Los chinos enfocan la lucha contra los sismos como un programa de

alta prioridad, en todo similar a una campafia militar. Han movili-



zado’ a-cientos de miles de voluntarios gque construyerdn aparatos

sércillds.en sus lugares de trabajo y-los controlan diariamente.

“En consecuencia, ya las brigadas y los bur6s sismolégicos provin-

cialés han aprendido a interpretar las caracterfsticas de sus res-
pgctivas fégiones, que'las ayudan a diagnosticar las anomalfas al
momento dg presentarse y a implementar medidas que ya han salvado

1

muchos miles de vidas.
Las mediciones que actualmente se hacen en China para detectar efec.
tos premonitores de los sismos. abarcan m&s de diez diferenhtes fend-

menos, €n su'mayoria relacionados con variaciones en el campo de

.esfuerzos-de la tierra:

observaciones geodésicas
desplazamientos en fallas geol6gicas
inclinacién del suelo’
- cambios de resistividad en rocas
.corrientes telGricas:
geomagnetismo ‘
campo gravitacional
meédiciones geoquimicas
fluctuacién del nivel de agua en pozos
e€fecto piezoeléctrico en sondeos , 1
cambios de velocidad sismica en rocas - -
cambios en la ocurrencia de sismos menores

cambios en el caudal de los manantiales .

cambios: en el comportamiento animal
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La mayorfa de estos efectos son cuantitativos e instrumentales;
unos cuantos son cualitativos y dependen de observadores humanos.
Existen cuatro etapas de prediccién, Y cada etapa utiliza otras cla-

ses de fenfmenos predictores.

A, Prediccibn a largo plazo
B. Prediccibn a mediano plazo
C. Prediccibn a corto plazo

D. Prediccién inmediata

Para la prediccibén inmediata se utilizan los cambios en el campo’
'geomagnético, en la resistividad de las rocas, en el nivel de-los
pozos, en la inclinacién del suelo, en el comportamiento -animal vy,
sobre todo, la ocurrencia de sismos premonitores., La prediccibén in
mediata es la més délicada ya que depende generalmenté de la efi-
ciencia y decisién de un pequefio grupo local, muchas veces de sis;

mblogos voluntarios.

Sin embargo, los éxitos reportados por el programa son impresionan-
tes. Se presentard un estudio de caso para aclarar el método uti-

lizado.

Bibliografia

C: Lomnitz, Global Tectonics and/Earthquake Risk (Elsevier, 1974).
F. Press y R. Siever, Earth .(W.H. Freeman, 1976)

E. Rosenblueth, Prediccifén en Ingenieria Sismica en China, Soc. Mex.
Ing. Sismica, Diciembre 1976.

X. Le Pichon, J. Francheteqn y‘J. Bonnia; Plate Tectonics
(Elsevier, 1973). T

1%



EFECTOS SISMICOS EN SUELOS GRANULARES

por

~Abraham Diaz Rodriguez*

INTRODUCCION

El comportamiento adecuado de los suelos y las cimentaciones duran
te la ocurrencia de temblcres es escencial para evitar dafios seve-

ros a toda clase de estructuras.

Las condiciones bajo las cuales los suelos (como parte de la cimen
tacibn o como material de construccién) pierden una parte significa
tiva de su resistencia, conduciendo a fallas inducidas por temblo-
res, no son, al menos hasta la fecha (junio, 1977) completamente
.entendidas y constituyen un campo fertil de investigaci®én y de gran

utilidad para la prdctica profesional de la Ingenierfa Civil.

La importancia de los efectos que los sismos pueden inducir en los
suelos granulares se debe a los graves dafios que se han observado

en numerosas ocasiones durante los temblores pasados.

* Investigador, Instituto de Ingenieria, UNAM

* Profesor, Divisibn de Estudios Superiores,
Facultad de Ingenieria, UNAM



) -

De 1881 a 1946 se ha informado de 229 deslizamientos, que causaron
el desplazamiento total de 25 miliones de m3 dé arena. En Holanda,
a orillas de los numerosos estrechos que existen, ha habido gran

cantidad de deslizamientos‘que'provocaron el rompimiento de diques

Y, por tanto, la inundacifén de grandes extensiones.

Durante-él temblor de Chile, en 1960, se formaron/extensas zonas

de falla. La tierra fue arrastrada hacia el mar a lo largo de la
costa de 600 m, llevando consigo todas las estructuras de retenciébn;
las paredes del muelle con secciones de 5 m de concreto reforzado
fueron abatidas y luego arrastradas. En este mismo temblor, falléd

una presa debido a la licuacién del suelo. de cimentacién.

En México existen evidencias de que durante el sismo de 1959 (Mar-
sal, 1961), un gran tramo de la margen izquierda del rio Coatza-
coalcos tuvo desplazamientos verticales y horizontales de importan
cia. Muchas instalaciones de la zona de astilleros sufrieron hun-
dimientos bajo la cimentacidén y el asentamiento general fue notable
después del sismo. Algunos tramos de los muelles cimentados sobre
pilotes metdlicos de 10 m de longitud sufrieron desplazamientos
apreciables en direccibén horizontal. Uno de los muelles se despla
z6 hacia el rio mis de 1/2 m. Tales movimientos se han atribuido
al fenb6meno de licuacibén en los mantos arenolimosos y limoarenosos
que alli se encuentran entre 0 y 8 m ae profundidad. En vista de
las altas relaciones de vacios y de la granulometrfa uniforme de

dichos suelos, no puede descartarse esta posibilidad.



En Alaska, en 1964 (Seed, 1969), se produjo un deslizamiento debido
a la licuacién del suelo que movié 70 millones de m3 de material,
destruyendo muchas de las instalaciones de la bahfa de Anchorage.
La superficie del terreno fue éompletamente devastada por los des
plazamientos, produciéndose una nueva superficie irreqular. El1

40 por ciento de las casas f edificios comerciales fueron seriamen
te danados debido a las fisuras que se extendian bajo las construc-

ciones.

Durante junio de 1964, en Niigata, Japén (Seed y Lee, 1966), hubo
danos muy graves causados por licuacién de la arena. Muchas es-
tructuras se asentaron mis de 1 m y se inclinaronvnotablemente;
hubo un edificio que gir6 80° (fig 1), quedand9 prédcticamente ten
dido en el suelo. Ademds de estas fallas, hubc otras evidencias
fisicas de licuacién. Poco después del sismo se observd que bro-
taba agua del suelo por grietas que se formaron, en las cuales lle
garon a hundirse casas y autombviles; al mismo tiempo, se vefia émeg
‘"ger a la superficie estructpras que debian permanecer bajo el suelo,

como fue el caso de un tanque para tratamiento de aguas negras.

Durante este sismo, en la extensa zona licuada se produjeron dafios
en edificios, puentes, caminos, muelles, vias de ferrocarril, etc.
Debido al asentamiento que se produjo, la parte de la ciudad cer-
cana al rio quedd cémpletamente inundada. Se estima que en este
sismo 2,130 edificios sufrieron fallé total, 6,200 fueron seriamen

te danados y 31 200 sufrieron dafios ligeros (Seed y Lee, 1967).






FENOMENOS INDUCIDOS POR SISMOS

El comportamiento din&mico de los suelos granulares constituye, den-
tro de la dinémica de suelos, uno de los problemas que actualmente
estd lejos de ser comprendido totalmente y es mucho lo que falta por
dilucidar en torno a ello, al grado que es posible ver interpretacio
nes diferentes y afin contradictorias de los hechos experimentales
disponibles, y por lo tanto, constituye un campo fertil para la in-

vestigacidn en ingenierfa sfsmica.

Dos de los principales fenfmenos que la ocurrencia de temblores,

pueden inducir en dep6sitos de suelos granulares son:

1. Cambios de volumen (Densificacibn-asentamientos)
2. Reduccibn de la resistencia al esfuerzo cortante

(Aumento de la presibn de poro-licuacifn)

En lo que sigue se tratard de dar un breve panorama del estado de
conocimiento que guardan estos dos temas. No se ha pretendido en
estas notas hacer un anélisis exahustivo y completo. Para mayores
detalles se ha elaborado una lista de referencias actualizada (ju-
nio de 1977) para que sirva de gufa a aquellas personas que esten

interesadas en profundizar en el tema.



ESTUDIOS DE DENSIFICACION

Esvun hecho bien establecido que la aplicacién de carga ciclica a
una muestra de arena, da como resultado un decrecimiento progresivo
de volumen, ain en el caso de arenas densas, las cuales se compor-
tarian -dilatantes bajo carga unidireccional o monoténica. Varias
técnicas, tanto de laboratorio como de campo,. se han desarrollado

(Broms y Forssblad, 1969).

El uso de vibraciones verticales para producir la densificacifn de
muestras de arena se ha utlizado en el pasado (D'Appolonia y
D'Appolonia, 1967; Whitman y Ortigosa, 1968), estos estudios han
mostrado que los cambios de peso volumétrico de las muestras son

pequenos para aceleraciones menores de 1 g (figs 4 y 5).

Los cambios tanto de volumen como de caracteristicas friccionantes
de arenas seéas inducidos por grandes aceleraciones horizontales

Yy un gran nimero de ciclos de pequefia amplitud se han investigado
utilizando cajas de corte pontadas sobre mesas vibradoras (Barkan,

1962; Youd, 1970), ver fig 6.

Otros estudios basados en ensayes de corte simple y mesas vibrado-
ras, con niveles de aceleracifn y amplitudes de deformacibén seme-
Jantes a los esperados en temblores intensos, han mostrado que: la
amplitud de deformacibn, compacidad relativa y nfimero de ciclos de
carga son los principales factores que gobiernan la compactaci6én de
suelos granulares secos o saturados bajo condiciones drenadas

(Silver y Seed, 1969; Youd, 1972) ver fig 7.



Pyke, Seed y Chan (1974), realizaron una serie de ensayes de corte
simple tanto en una (x) como en dos (x,y) direcciones. Se utili-
zaron dos patrones bdsicos de movimiento, en los ensayes bidireccio

nales.

Los resultados de los ensayes utilizando movimientos aleatorios se
resumen en la fig 8, en donde se encuentra el asentamiento para

10 ciclos de carga como funcién de 1la relécién, rh/:v, en donde, th,
es el maximo esfuerzo co;tante horizontal vy, cv, es el esfuerzo ver
tical aplicado. ' Estas pruebas confirmaron las conclusiones de Silver
y Seed (1971), que para un nivel de deformaciones cortantes el asen
.tamientd inducido es independiente del esfuerzo vertical. Sin em-
bargo, si se reali;g una prueba bajo condiciones de esfuerzo con-
trolado, las deformaciones cortantes ciclicas,y por lo tanto los
asentamientos, se incrementan con el incrementc de la relacidn de
esfuerz . Para un valor dado de la relacién de esfuerzos se puede
ver que el asentamiento causados por dos componentes de movimiento
es aproximadamente igual a la suma de los asentamientos causados por

cada una de las componentes.

Sobre la base de estos resultados parece razonable postular que para
arenas saturadas ensayadas bajo condiciones no drenadas, el incre-
mento de la presibén de poro serd aproximadamente dos veces m&s répida

bajo dos componentes de movimiento que bajo una sola.

Tomando en cuenta todo lo anterior, se puede concluir que los aspec
tos mis importantes relacionados con los cambios de volumen de sue

los granulares, son los siguientes:



a) Los esfuerzos cortantes ciclos constituyen el medio mas efectivo

de densificacibn

b) Para un peso volumétrico dado, la amplitud de las deformaciones
cortantes es el par&metro mis importante que afecta la velocidad

y magnitud de la densificaci6n

c) A mayores esfuerzos de sobrecarga la velocidad de densificacién

generalmente resulta menor

d) La densificacibn es independiente de la frecuencia del movimiento

CALCULO DE ASENTAMIENTO

La accidn de los sismos puede causar asentamientos considerables en

depbsitos de suelos granulares. Durante el temblor de San Fernando,
J

ocurrido el 9 de febrero de 1971, se tuvieron asentamientos de edi-

ficios, los.cuales variaron de 10 a 15 cm (aprox. 4 a 6 pulgadas).

Mayores asentamientos e incluso inclinacién de edificios pueden ocu-
rrir debido a la licuacibén de los depbsitos de arena saturada, pero

este problema se tratari en el capitulo siguiente.

Los asentamientos de depbdsitos de' arena seca, resultantes del movi-

miento del terreno son rara vez uniformemente distvibuidos, Y, €n
general causan asentam*entos diferenciales en las-estructuras, los
cuales, en algunos casos, pueden llegar a clasificarse como dafos

mayores. Darnios severos de grandes estructuras en Skopje durante



el temblor de 1963, fueron atribuidos a los asentamientos diferen-
ciales causados por la densificacidén de lentes de arena suelta bajo

las cimentaciones (Seed and Silver, 1972).

Los asentamientos de edificios cimentados sobre arena seca, conside
rando la accién de cargas estdticas, se estima empiricamente y gene
ralmente, se pone poca atencién a los posibles asentamientos debidos

a los movimientos del terreno inducidos por sismos.

Se han propuesto dos procedimientos semi-empiricos para estimar los

asentamientos provocados por temblores. Uno de €stos propuesto por
Seed y Silver (1972) permite estimar el asentamiento de arenas se-
cas, Pyke et al (1974) ampli6 el método para tomar en cuenta movi-
mientos multi-direccionales. Lee y Albaisa (1974) propusieron un

método aplicable a arenas saturadas.

El procedimiento de Seed y Silver (1972) para estimar el asentamien
to de un estrato de arena debido a carga sismica, consiste de los
siguientes pasos:

a) Calcular la historia de deformaciones de cortante en varias

capas del estrato, usando un método de andlisis dinémico lineal.

b) Convertir la historia de deformaciones de cortante en cada capa
a un nfimero equivalente de ciclos de deformacién cortante de

amplitud constante.

c) Aplicar el nGmero de ciclos de deformacién cortante, determinado
en (b) a muestras de arena ensayadas bajo condiciones de corte
simple y determinar las deformaciones volumétricas a deformacio

nes verticales resultantes.



d) Repetir el porcedimiento de (c) para cada capa del estrato e in
tegrar las deformaciones verticales para obtener el asentamiento

total.

El paso (b) involucra una aproximacién. Martin et al. (1975) ha de
mostrado que el efecto de una historia irregular de deformaciones
de cortante depende no finicamente de la magnitud de los puléos en
el registro, como también del orden en que ellos son aplicados.

El procedimiento para determinar el nfimero equivalente de ciclos

no toma en cuenta el hecho antes mencionado.

Al expresar‘analiticémente la relacién—entre deformaciones de cor-
tante y los cambios de volumen, se pueden eliminar los pasos b, ¢
y d como sucede con el método de Martin et al {1975), el cual es
aplicable al cédlculo de asentamientos de estratos de arena seca o

parcialmente saturada.
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PERDIDA DE RESISTENCIA DE SUELOS GRANULARES

- LICUACION DE ARENAS -

Probablemente uno de los efectos més costosos y espectaculares que

se puedan encontrar en ingenieria sismica se deban al fenbémeno de

la licuaci6n de arenas.

El fenbmeno es complejo y ain no es claro y completamente compren-
dido, al grado que es posible encontrar interpretaciones diferen-

tes y afin contradictorias de los hechos experimentales existentes.

I
i
i

La discrepancia empieza con la propia definicién del término licua
cidn. Mi;ntras gue para H.B. Seed (1966) el t&rmino "licuacibén ini
cial” es la condicién de una muestra de arena en la cual la presién
de poro inducida por la aplicacién de carga ciclica alcanza el valor
de la presién de confinamiento y el término "licuacidn total" es

la condicibén correspondiente a que la muestra alcance una amplitud de
deformacibén del 20%; A. Casagrande en 1969, utiliza los té&rminos
licuacibén y mobilidad ciclica que después modifica (Casagrande,1976)
definiendo por "licuacidn real" a la respuesta de una muestra de
arena suelta y saturada cuando se le somete a deformaciones o im-
pactos que dan como resultado una pérdida sustancial de resistencia
y en casos extremos a flujo de taludes, y por "licuacién ciclica"

la respuesta de un espécimen dilatante de arena cuando se le ensaya

en c8mara triaxial ciclica y la presibén de poro se eleva en forma

incremental hasta alcanzar la presién de confinamiento.
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En esta platica entenderemos por "licuacién de arenas” al fenémeﬁo
mediante el cual una arena saturada pierde una gran parte de su re
sistencia al esfuerzo cortante (debido a carga monotdénica o ciclica)
y fluye o se comporta como un liquido hasta que los esfuerzos cor-
tantes actuantes en la masa de suelo disminuyen a valores compati-
bles con la resistencia del suelo licuado, el movimiento se detiene,

y el suelo recupera su resistencia y estabilidad.

Por lo tanto, un talud que se lica llega a estabilizarse, cuando

la pendiente se ha reducido a pocos grados.

Descripciftn del Fenbmeno

El fen6meno de licuacidn de arenas es causado por el desarrollo de
grandes presiones en el agua que ccupa los poros del sﬁelo. Estas
grandes presiones de poro son inducidas cuando se apiican a la masa
de suelo esfuerzos o deformaciones de cortante, en condiciones tales

que no se permite su disipacién immediata, es decir pré&cticamente

a volumen constante. 'La forma de aplicacibén de los esfuerzos cor-

tantes puede ser moncténica, ciclica o transitoria.

Factores que influyen en la ocurrencia de licuacibn

Los factores més importantes que influyen en la ocurrencia de licua
cibén son:

a) Tipo de suelo

Y
\

Los suelos uniformemente graduados son més susceptibles de sufrir
licuacibn que los suelos bien graduados; dentro de los primeros, las

arenas finas se licuan mas facilmente que las gravas o suelos
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arcillosos aluviales. En el temblor de Alaska se observd que las

estructuras de puentes cimentadas sobre arena sufrierongrandes des
plazamientos, mientras que las cimentadas en grava no tuvieron

danos.

En la fig 9 se muestran las envolventes de las curvas granulométri

cas de los suelos que se han licuado.

b) Compacidad relativa (Cr) o relacibén de vacios (e)
Un depbsito de arena suelta es més susceptible de sufrir licuacién-

que un depbsito de arena densa.

En el temblor de Niigata hubo licuacibén en zonas cuya Cr era del
orden del 50 por ciento, o menor, en tanto que en las zonas COn una

C,. > 70 por ciento no se presentd ninglin daho.
En la fig 10 se ilustra el concepto de compacidad relativa.

c) Esfuerzo confinante inicial

La susceptibilidad de licuacidén disminuye al aumentar el esfuerzo
confinante. Ensayes de laboratorio han mostrado que para una rela
cibébn de vacios inicial, el esfuerzo cortante requerido para comen-
zar la licuacibn bajo condiciones de carga repetida, se incrementa

con el aumento de la presién de confinamiento.

d) Magnitud del esfuerzo repetido
Cualquier depbsito con una relacibén de vacios mayor que su €,¢n €5
susceptible de sufrir pérdida parcial o total de resistencia, si la

excitacibn es de intensidad suficiente.
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Eyidencias de campo demuestran que depSsitos de arena suelta han re
sistido sismos de poca intensidad (0.005g) y se han licuado ante la

accién de sismos intensos (0.16g), (Seed, Idriss, 1971).

La resistencia a la licuacién decrece al aumentar la magnitud del

esfuerzo.

e€) NGmero de ciclos de esfuerzo

Todos los estudios de laboratorio indican que en una muestra sujeta
a carga repetida, con un nivel de esfuerzo o deformacién prescrito,
el inicio de la licuacién dependeri de la aplicacién de un nGmero

requerido de ciclos de esfuerzo.

Esto se confirm6 en Anchorage, durante el temblor de 1964, va gue

los deslizamientos ocurrieron después de 90 seg de iniciado el movi

miento,.

TRABAJOS EXPERIMENTALES

Desde el punto de vista experimental, el fenémeno de licuacién ha si .

do estudiado por varios investigadores utilizando diversos aparatos

(triaxial, triaxial ciclica, corte simple cfclico, torsién ciclica

'y mesa vibradora).

El concepto de reliacidn de vacfos critica

La evidencia experimental ha demostrado que las arenas "sueltas" dis
minuyen su volumen bajo la accibén de esfuerzos cortantes y que, por

el contrario las arenas "densas" lo aumentan.
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Tomando en cuenta lo anterior, A. Casagrande lleg6 a la conclusién

de que el decremento de volumen de una arena suelta y el incremento
de volumen de una arena densa tenderian a la misma relacidn de va-
cfos, en la cual la arena puede deformarse sin cambic de volumen, a

la cual denomind "relacién de vacios critica".

Puesto que la curva de relacibén de critica divide el comportamiento
dilatante (bajo la curva) y contractivo (arriba de la curva), Casa-
grande la propuso como una medida para investigar la susceptibilidad

de licuacidn de una arena.

Posteriormente Casagrande al analizar la falla de la presa de Fort
Peck se dio cuenta que la curva de relacibdn de vacios critica no
dividia realmente el comportamiento contractivo y dilatante de las

arenas.

Castro (1969) modificd el concepto de relacidén de vacios critica y
ogtuvo, a partir de resultados de pruebas triaxiales consolidadas-
no drenadas con medicién de presién de poro (pruebas cu), la curva
de estado critico. En la fig 11 se muestran las l;neas e_de ...

£
estado critico para varias arenas.

Prueba triaxial ciclica

Seed y Lee (1966) fueron los primeros en utilizar c&mara triaxial
ciclica, con objefo de reproducir la condicidn de esfuerzos a que
se halla sujeto un elemento de suelo durante un temblor (atribuyen
do el estado de deformaciones del suelo a la propagacién de ondas

de cortante).
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Si la superficie del terreno es horizontal, antes del temblor no hay
esfuerzos cortantes en planos horizontales (fig 12a). Durante el
temblor, los esfuerzos normales permanecen constantes, pero se gene

ran esfuerzos cortantes (figs 12b y 1l2c).

En una c&mara triaxial ciclica, la condicibén de esfuerzos sefialada

antes se produce en un plano a 45°, como se indica en la fig 13.

El comportamiento de las muestras de arena suelta, sometidas al en
saye propuesto por Seed y Lee, se caracteriza por un aumento gra-
dual de la presibn de poro sin que haya deformacién axial aprecia
Qle, hasta que se produce el incremento que eleva la presién de po
ro al mismoc valor de la presibdn confinante, momento a partir del
cual la muestra se deforma subitamente m&s del 20%. Las arenas en
estado compacto exhiben un comportamiento similar al de]las arenas
sueltas, pero al llegar a la "licuacién inicial" no se presenta una
defofmacién grande en forma sfibita, sino que la deformacibén se in-

crementa gradualmente.

Seglin el concepto de Seed y Lee, cualquier espécimen de arena es
susceptible de licuarse né importando su compacidad relativa.
" Los pardmetros mis importantes seglin estos investigadores son: el
nGmero de ciclos de esfuerzo (Ndc) para alcanzer la condicién

u==9 la relacibén entre el esfuerzo cortante maximo y el esfuerzo

(0]

3!
dc

confinante, y la relacibén de vacios.

203

Castro (1969) al realizar sus ensayes en cémara triaxial ciclica
observd que durante la prueba se desarrollan heterogeneidades en

las muestras, ‘de manera especial en la zona superior. Atribuye &
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estas heterogeneidades, inducidas por el ensaye, el que especimenes

densos alcancen la condicibén u = ES'

Al comparar los ensayes realizados por Castro y por Seed y Lee, se
aprecia que la frecuencia de aplicacién de carga hace que el com-
portamiento de prueba Quasi estftica sea diferente al de prueba ci-

clica.

Prueba de corte simple ciclico

La prueba de corte simple ciclico se desarrolld con la idea de con-
seguir mayor aproximacidén a las condiciones de campo que la lograda

con c&mara triaxial.

Uno de los primeros aparatos de corte simple fue el desarrollado

por Swedish and Norwegian Geotechnical Institutes (Kjellman,1951).

Sin embargo, este aparato tenia el inconveniente de utilizar mues-
tras cilindricas (los esfuerzos cortantes en una seccién horizontal

no pueden ser uniformes).

Roscoe (1953) modific6 el aparato, utilizando muestras de seccibn

rectangular y paredes rigidas.

En la Universidad de California, en Berkeley, Peacock y Seed (1968)
desarrollaron un aparato de corte simplel que utilizaron para exa-
minar la tendencia a licuarse de una muestra de arené sometida a
este tipo de esfuerzo. También en la Universidad de British Colum
bia, Pickefing y Finn (1969), Finn et al (1970 y 1971) han utilizado

corte ciclico simple para el estudio de licuaciln.
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En las figs 14 y 15 se ilustran los resultados obtenidos por Peacock

y Seed.

Este tipo de ensayes generalmente consiste en colocar un recipiente
o caja con arena saturada, sobre una mesa vibradora y medir la ace-

leracién de la mesa a l1a cual ocurre la licuacibén. Estos valores

se relacionan con las medidas de_aceleracibén en el CampOs.:.atii-

Whitman (l9f0) menciona los factores que afectan los resultados Y
su influencia en la interpretacién de los mismos:

1. TFrecuencia de vibracién

2. Duracién de vibracidn

3. Tamafio y geometria del recipiente

4. Caracteristicas de deformacién del recipiente

5. Método de colocacién de la muestra

g

6. Control del drenaje
7. Aparatos de medicién de deformaciones

8. Presi6n confinante

Finn, Emery y Gupta (1971) mencionan las ventajas de usar grandes

muestras y mesa vibradora.

Tal vez la principal objecidén al uso de recipientes rigidos sobre

mesa vibradora es que no representan las condiciones de campo.

Con objeto de superar esta dificultad Diaz, Weckmann e Iturbe (1973)

proponen combinar 1a utilidad de las condiciones de corte simple

(inciso b) y 1la ventaja de utilizar muestras grandes (30 x 60 x 90 cm)
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en un recipiente de paredes méviles para ensayar arena saturada en

mesa vibradora.

METODOS PARA EVALUAR LA SUSCEPTIBILIDAD
A LA LICUACION DE LOS SUELOS

En relacién a la prediccién de la susceptibilidad a la licuacidn de
depb6sitos de suelos granulares saturados considerable cantidad de
investigacién se ha dirigido hacia el desarrollo de mejores métodos

de prediccidbén y técnicas de ensaye.

Los métodos se pueden clasificar en tres categorias:

1. Métodos empiricos, basados en la comparacidn de las condiciones

de los sitios en donde ocurrid® o no licuacidn con las condicio-

nes del sitio que se desea analizar.

Dentro de esta categoria se clasifican los primeros cuatro méto

dos que se describirén en este capitulo.

2. Métodos simplificados. Consisten bisicamente en comparar la re

sistencia obtenida en pruebas de laboratoric, con los esfuerzos

que provocard el sismo.

En esta categoria se clasifican los métodos propuestos por Seed

e Idriss (1970) y por Casagrande (1976).

-

FseT,
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3. Métodos de anflisis de respuesta del terreno. Son mis refinados

que los anteriores, utilizan programas de computadora.

Criterio del WES (Waterways Experimental Station)

Este criterio fue desarrollado para analizar la estabilidad de terra
plenes a lo largo del Rio Mississipi, en el que se producen flujos
de material producidos por el incremento de la presibén de poror ori

ginada por los cambios del nivel del rio.

Criterio de Florin e Ivanov

Esté criterio, desarrollado en Rusia, permite estimar la suscepti-
bilidad a la licuacibén de suelos por medio de pruebas de campo. Se
investigan los 10 m superiores de suelo haciendo explotar sucesiva-
mente tres cargas de dinamita de 5 kg ceclocadas a una profundidad

media de 4.5 m y determinando después de cada explosidn, el asen-

tamiento medio de la superficie dentro de un radio de 4.5 m. La
cantidad y profundidad a la que se coloca el explosivo se eligen

de forma que no haya expulsibén de suelo durante la explosibén. Si
el asentamiento promedio es menor de 8 a 10 cm y la relacibn de
asentamientos entre explosiones sucesivas es meaor que 0.6 se puede

afirmar que ese suelo no es susceptible a licuaciébn.

.Criterio de Kishida

Este criterio esti basado en el anglisis de las condiciones del sue
lo de 3 sitios en los que ocurrid licuacidn, (Xishida,1969). Bajo

sismos de igual magnitud, puede ocurrir licuacidn si el nivel fre&ti
co estd cerca de la superficie, si las caracteristicas granulometri

cas satisfacen las relaciones: 2mm > D_. > 074 mm; Cu < 10 y*
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ademis se cumplen‘las siguientes condiciones:

~ El espesor del estrato de suelo no licuable, arriba del es-

trato, licuable es menor que 8 m.

- La relacién de los espesores del estrato no licuable al 1li-

cuable es menor que 1. >,

Kishida también concluye que los suelos no son susceptibles a la

~

licuacibén si:
- La presidn efectiva de confinamiento es superior a 2 kg/cm2 o,

- La compacidad relativa es superior a 75%.

Criterio de Oshaki

Este criterio (Oshaki, 1969) establece que los suelos con nivel freid
tico cercano a la superficie pueden licuarse si se presentan las si-

guientes caracteristicas granulométricas:

“2 mm > D60 > 0.2 mm; D10 < 0.1 mm

Adicionalmente, establece que estos suelos tendrén poca probabilidad
de licuarse si el nGmero de golpes Nsp en prueba de penetracibn es-

tdndar es mayor que 2z, en que z es la profundidad en metros.

Método de Seed e Idriss

‘Este método consiste en comparar los esfuerzos inducidos por el sis
mo en los estratos licuables con los que puede resistir el suelo
sin que ocurra licuacidén. Para determinar lqs esfuerzos inducidos
in situ, debe contarse con el acelerograma del sismo de diseno, la

estratigrafia y las propiedades indicr: v mecédnicas de los suelos.

Seed e Idriss proponen un procedimienvo simplificado para estimar
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la magnitud de los esfuerzos que origina el sismo. La magnitud de
los esfuerzos que pueden provocar licuacibfn en el suelo se obtiene
a partir de pruebas de laboratorio, tanto triaxiales como de corte
simple, con esfuerzos repetidos o bien se estima con gr&ficas de di
senno obtenidas por Seed e Idriss. La comparacién de los esfuerzos
i;inducidos por el sismo con los que provocan licuacidén del suelo per

mite juzgar la susceptibilidad de un suelo a:sufrir este fendmeno. |

Se calcula el esfuerzo cortante mé&ximo (Tméx) a una profundidad =z,

conocida la aceleracidn m&xima (améx) en la superficie del terreno,

/

.o . .
'y suponiendo que la masa de suelo se comporta como un cuerpo rigido,
mediante la expresidn:

=Yz
"méx g méx

nAx aceleracidén midxima en la superficie del terreno l

Yz presidn vergical total a la profundidad z

g aceleracidn de la gravedad

-

T esfuerzo cortante médximo a la profundidad z

max

Como el terreno es deformable, en general se tendrd que:

_Yza r
"max g max “d
siendo ry un factor de correccién, menor que 1.

El an&lisis de varios sismos en sitios que presentan un estrato de
arena en los 15 m superiores ha mostrado que r; cae dentro del in-

tervalo de valores de la fig 16.



22

Seed e Idriss proponen calcular el €sfuerzo cortante promedio 1
que, en un nfimero dado de ciclos, produce el mismo- efecto que el

sismo con la expresidn:

- Yz
Tp = 0.65 g aax Fa
Por su parte, el nfimero de ciclos significativos en el comporta-

miento del material depender& de la duracibn del sismo. Para fines

practicos se puede usar la siguiente tabla:

Magnitud del sismo N° de ciclos significativos, N
7 10
7 1/2 20
8 30

Previamente a la realizacibn de pruebas de laboratorio, es preciso
conocer la compacidad relativa del material in-situ. Para ello se
utilizan los resultados de las investigaciones hechas por Holtz y
Gibbs. En la fig 17 se presenta una gréfica modificada por Seed

e Idriss que permite conocer la compacidad relativa.

Los esfuerzos que provocar&n la licuacibén en un suelo a una compa-
‘cidad relativa dada, se pueden deducir en forma aproximada de los
experimentos llevados a cabo por diversos investigadores, tanto en
cémaras triaxiales como en aparatos de corte simple. A partir de
pruebas en cémaras triaxiales se han obtenido gr&ficas que permiten

estimar si ocurriri licuacidén en un suelo sometido a cierto n@mero

odc)
20
c

de ciclos (10 6 30 usualmente) para una relacicén de esfuerzos (



23

dada y determinado tamafio de las particulas (representado por el
Dso)‘ En las figs 14 y 15 se presentan estas gr&ficas para una com

pacidad relativa de 50%.

Para determinar la relacibén de esfuerzos correspondiente a otra com

pacidad relativa se usa el hecho experimental de que la relacién de
g
esfuerzos (zic) es aproximadamente proporcional a la compacidad rela
c .
tiva (fig 14 y 15). En las mismas figuras, se observa que el mate-

rial menos resistente corresponde a un D50 = 0.074 mm.

Tomando en cuenta que el esfuerzo m&s significativo, en la licuacidn
de un suelo bajo la accidén de un temblor, es el esfuerzo cortante

actuante en el plano horizontal; la prueba de corte simple es la que
mejor asemeja las condiciones de deformacién in-situ. Es por tanto
importante correlacionar los resultados antericres, obtenidos en cd
maras triaxiales, con los obtenidos en pruebas de corte. Las inves
tigaciones llevadas a cabo por Seed e Idriss, permitieron concluir

que, para fines précticos:

9

(151) corte simple = c (——S) triaxial
oy- r 20c

en que c depende de la compacidad relativa (fig 18).

Comparando los esfuerzos producidos en el terreno por un temblor y
los esfuerzos que el material es capaz de soportar, es posible de-
terminar si el suelo presentar& o no el fenémeno de licuacibn, para

las condiciones particulares supuestas.

Seed e Idriss presentan un procedimiento simplificado que permite

aplicar el método anterior en forma expedita mediante gréaficas de
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penetracibén estandar contra la profundidad, elaboradas para 2 pro-
fundidades tipicas del nivel fre&tico y para 2 aceleraciones maxi-
mas del terreno (figs 19 y 20). En estas grdaficas se delimitan tres
zonas: una, en la cual no habra licuacibn; otra, en la que podria o
no presentarse licuacibn dependiendo de las caracteristicas granu-
lométricas del material y de la magnitud del temblor; y la tercera
en la cual es m:y probable que el material se licfie. Las fronteras
entre las zonas anteriores se detérminaron para una compacidad rela
tiva de 50% y corresponden’a condiciones extremas en cuanto al nlme
ro de ciclos significativos producidos por un temblor y a la granu-
lometria del material. La frontera a la izquierda de la cual se con
cluye que habrd licuacidén fue obtenida usando el minimo nfimero de
ciclos razonable (NSp = 10) combinado con la granulometria del mate
rial menos susceptible a la licuacidn (D50 = 2 mm) ;» la frontera a

la derecha de la cual se dice né habré& licuacifén se obtuvo combinan
do el m&ximo nGmero de ciclos razonable (NSp = 30) con la granulo-

metria del material mas susceptible (D

50 = .074 mm).

Método de Casagrande

En esencia el procedimiento consta de los siguientes pasog:

1. Se ejecutan pruebas triaxiales con aplicacifn de carga monotbéni
ca (o ciclica, dependiendo de la compacidad relativa de la are
na), en muestras inalteradas labradas de bloques obtenidos ma-
nualmente, y se determina su respuesta. De preferencia las prue
bas deben ejecutarse en un equipo que disponga de extremos lu-
bricados v los especimenes deben estar con:olidados con una rela

cibn de esfuerzos principales de 2.
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Se determina la linea de estado critico, linea e_, si es que los

£
resultados de las pruebas lo permiten. N

A partir de pruebas de compresidn unidimensional, se estiman las

combinaciones de esfuerzos efectivos Yy compacidad relativa (re-

lacibén de vacios) susceptibles de desarrollarse en el campo.

Se compara la posicifn de los puntos estimados en el paso ante-
rior con la posicibén de la linea €r. Los puntos situados arriba
¥y a la derecha de la linea e son susceptibles de experimentar

licuacidén. Puntos situados a la izquierda de y sobre la linea e

)

.no son susceptibles de experimentar licuacién.

En suelos no susceptibles de experimentar licuacidn por su posi
cibn en relacibébn con la linea ef, es posible estimar el increc-
mento de presién de poro inducido por la aplicacién de cargas
ciclicas para un cierto nGmero de ciclos. A. Casagrande estima
que el nGmero de ciclos necesario para inducir presiones de poro
superiores al 50% de la presidn de confinamiento in situ, es su
perior a cuatro veces el nlimero de ciclos observados en el labo
rato?io (valor a partir del cual la influencia del fenémeno de

movilidad cicl@ca en los resultados, es muy importante).

Si se requiere una estimacién de las deformaciones inducidas por
carga ciclica en el campo, es necesario ejecutar mediciones pre
cisas de las deformaciones en el laboratorio, hasta que la pre
sibn de poro alcanza el 50% de la presibn de confinamiento, y
utilizar estas mediciones como una gufa de las posibles deforma
ciones in situ, teniendo en cuenta que solo una fraccifn de las
deformaciones medidas en el laboratorio son causadas por el me-

canismo que controla el desarrollo de presiones de poro y delor-

maciones ¢n el campo.
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CONCLUSIONES

La licuacibn se presenta fundamentalmente en arenas finas, uni-
formes, de origen reciente y aluvial, y con compacidades relati
vas inferiores a 40 6 50% dependiendo de la presibén de confina-
miento. La experiencia de que se dispone indica qﬁe arenas con
una compacidad relativa > 50% no son susceptibles de evperimen-

tar licuacidn.

Para estimar la susceptibilidad a la licuacién de arenas existen
procedimientos empiricos y analiticos. Ambos hacen uso de la
experiencia, y el segundo tipo hace uso de los resultados de

pruebas de laboratorio ejecutadas sobre muestras representati-

vas del suelo.

Los procedimientos empiricos relacionan el comportamiento del
suelo con factores tales como el espesor de los estratos bajo
consideracibn, sus caracteristicas granulométricas, etc. Su
aplicacibn es limitada a condiciones similares a las que les

dieron origen.

Los procedimientos analiticos hacen uso de la experiencia, la
teoria, y los resultados de pruebas de laboratorio en donde se
determina la respuesta de muestras del suelo, sujetas a condi-

ciones de esfuerzo y deformacidn que se supone duplican las

condiciones existentes in situ.

Los procedimientos analiticos responden a dos enfogues princi-
pales: (a) el basado en el concepto de relacibn de vacios cri-

tica; aplicable para identificar la susceptibilidad a la licua
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ci6én de arenas bajo carga monotbnica y ciclica, y (b) el basado
en los resultados de pruebas cficlicas; de utilidad para estimar
el aumento en la presibén de poro y las deformaciones in situ
después de éonsiderar que el meéanismo que controla el desarro
llo de estas variables in situ es diferente al mecanismo que
controla el desarrollo de estas mismas variables en el labora-

/

torio.

Parece ser que un enfoque diferente y realista al problema de
la licuacibn de arenas consistirfa en efectuar investigaciones

detalladas de depdsitos naturales.
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Chupiter 10

, .
SEISMOLOGICAL INSTRUMENTATION
THOMAS V. MCEVILLY

Department of Geology and Geophysics, Universily of California, Berkeley, Calif., U.S.A.

10 1 INTRODUCTION .

This chapter presents general information and guideline hopefully useful
1 selecting instruments for seismological research and engineering applica-
tions, Two main aspects are considered: (1) defining the measurement re-
quuements in a particular situation; (2) understanding the principles and
capabilities of available sensing, signal condilioning, and recording systems
and (he degree to which requirements can be met by available equipment.
mphasis is on widely used conventlional scismological equipment. Special
devices, such as strain gages, seismoscopes, and digital acquisition systems are
menboned where appropriate.

10,2 APPLICATIONS

The following stand oul among the many abpii&ntions of'seismnlogi(:nl in-
struiments in the assessment of seismic risk and in providing bases for the
making of engincering decisions.
= Scimotectonic mveshigations: use of carthquake source parameters and
spatal distnbution of hypocenters to infer local or regional tectonic charac-
tenisiies such as principal stress directions, extent of potential carthquake
zones, deformalion rates, depth range of crustal or upper-mantle earth-
qui'aes, and temporal varialions of carthquake source parameters or medium
properlies,

- Noonitormg of Taull creep: detection and measurement of long-term ascis-
e Slip on polentially active recent fault traces. .

— I rlhquake prediction research: monitoring temporal variations in carth-
guake characteristics and physical propertics in the source region.

-- Saort-range seismicily studies: use of portable or temporary equupment in
gathernng spatial and temporal data on occurrence of small local carthquakes,
detecting and mapping aclive faulls, or monitoring effects of reservoir load-
ing behind dams,

— Shallow subsurface investigation: use of a variely of active or passive scis-

Rosenbluth  ,y poage 1 first proof
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mologreal methods in measuring soil properties, overbwden thickness, lal,mal
viination in near-surface geoltogy, depth of waler table, elc.

- Aftershock sequence study: study of characleristics of aftershock se-

quences, the nature ol fauliing, and local ground effects.

Strong-motoin recording: deteclion and hroadband r(\cmdmu of moderate
LaTRTrong grotmd motion in seismic regions for specilying bases of structural
design in Lhe area,

- Delermination of dynamic properties ofstruct,uu- measurement of struc-
Lural responses Lo stalio orgdynamicprrtarbations-including, among the lat-
tor, impulsive excitation of free vibralions, forced harmonic or quasiharmon-
e excitation, ambient disturbances, blasts, and earthquakes.

-- Model sturdies: monitoring of shaking-table motions and of lhe responses
of WO TS dYnanic excitation. ™

These applications require the measurcinent of motion or force cither at a
pomt (e.g., an aceeleromeler) or belween two points (e.g., a suoain gage). We
shiall concentrale on the former class of requirement and will thus treat the
convenlional inertial seismometer in some detail. Strain monitoring Lech-
mygues for struclures or across faull zones are well<Cover N Sjccialized
toxts, A series of papers presented at the 5th World Conference on Farth-
quake lngineering (1973) provide an excellent review of earthquake instru-
mentation for recording strong motion,

i 0.3 REQUIREMENTS: GENERAL

The nature of a particular application will usually specily the type of sen-
sor required, the frequency range of inlerest, the accuracy and resolution of
the record produced, and any requirements for possible inlerconneclion of
instruments, remote data telemetry, or provisions for automalic processing.
Additional constraints are always present in the available budget as well as in
tne operational and maintenance condilions.

An importanl ecarly decision involves recording requirements. Al times a
simple measurement of the peak value if sufficient — in other applications
the time history of the parameler variation must be retained. Ordinarily
direel. measurement of peak values is far less expensive than time-based re-
cording. We consider next a group of special-purpose instruments, including
prak-reading devices, and follow with a more extensive discussion of widely
used conventional inertial seismometers and seismographs.

e e

i0.4 PEAK-READING INSTRUMENTS

10.4.1 Peale ground motion

T

The information contained in the peak value of a ground-molion para-
meter (maximum displaceinent, velocity, or acceleration) is usually insulfi-

Kogenbluth & page 2 first proof
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cient for much analysis beyond threshold monitoring or event counting. In-
struments measuring such peak values serve ficquently as complements of
standard seismographs capable of supplying full time histories of ground
motion, In some applications, however, these data are of great vaiue, A
prune example is the simple low-cost shock (acceleration) indicator widely
used to monitor the vibration environment during commercial transportation
of delicate equipment. Another application is the peak velocity indicator
used Lo monitor (l:ll‘l'l.l;_'(‘ potential of vibrations from blasting and heavy con-
sthiuclion. Slmplc counling of microcarthquakes larger than a given magni-
tude also provides a valuable activity indicator [or volcanocs.

I'or strong-molion recording, interest is ordinarily cenlered on the peak
honizonlal ground acceleration or the peak responses of oscillators with
specihie periods and damping ratios. A precise measurement of peak around
acceleration is not sought. In keeping with the goals of low-cost and simplicr-
ty, and in view of the unsophisticated analysis of the resulling data, a rough
estimate of peak acccleration is usually adequate. This can be obtained from
several Lypes of devices.

A falling-pin sel is a primilive vibraltion-indicating instrument consisting
of a sel ol slender, rigid prismatic rods of different heights, standing on a
horizonlal surface. Roughly, the rod slenderness determines Lhe horizontal
acceleralion required to topple it. If b = diameter of rod base, it = rod height,
and g = gravily, a slatistically applied horizonlal acceleration of bg/h is re-
quired to topple the rod. While the peak earthquake acceleralion actually
required Lo topple Lhe rod in an carthquake may differ substantially from
this value, by noling which rods have toppled over we gel a gross idea of a
range in which lies the maximum horizontal acceleralion. The maximum and
minmmmum values of peak pground aceeleration in which we are interested
determine the range of rod slenderness and The precision with which we wish
to bracket the peak accol;lmlion governs the number of rods used.

A seismoscope is an instrument which records the occunrence of an earth-
quake. A wulviy used model due Lo Wilmot (shown in Fig. 10.1) 1s a damped
two-degree-of-freedom  oscillator capable of recording the pendulum trajec-
tary in the honzontal plane. Recording by stylus on a simoked watch glass,
the instrument traces a hodogram representing the response of a lightly
damped pendulum to the earlthquake excitation. A reasonable model of a
{yvpical structure is embaodied in a natural period of 0.75 secc and a damping
factor of 0.1 critical. Having no time (nor frequency) scale, the seismoscope
record cannot be reduced to ground motion, i.c., the same record can be
produced by an infinite family of widely differing ground motions. At high-
frequency excitation, the seismoscope trace deflection is proportional to
ground displacement, while at low frequencies it is proportional to ground
aceeleration, For any excitalion, however, 1t fulfills the intended purpose
of providing a point (0.75 see period, 0.1 damping) on the response specs
tram for the carthquuke motion recorded. A series of such seismoscopes

Rocenbluth w0 page 3 first proof
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with different periods and damping can be used to oblain scveral points on
the response spectrum directly.

Scismoscopes with natural {requencies above aboul 20 Hz produce, for
typical earthquakes, records with amplitude directly proportional to ground
accelerabion and can thus be calibrated as peak-reading accelerometers.
Vannus designs exist based on different types ol oscillation, e.g., pendulums
with stylus and smoked glass, cantilevers with magnetic indication of maxi-
mum deflection, elastic spheres wriling ink impressions on a confining box
upon flattening due to acceleration, etc.

10.1.2 Peak structural motion

P— et

When conducting harmonic-excilalion tests of a structure, oflen only the
maoiion amphtudes al. different points are of inlerest for various excilation
hiequencies, The oscillations are usually of sufliciently low (vequency and
Lo amplitnde; they can be measured divectly at the seismomeler output.
Wioen the structure s man-exciled, visual observation of the seismomeler
ovnpul allows the operators Lo control their swaying. IFor earthquake exci-
tidion, any of the devices deseribed in the previous sectxon can, of course, be
insoalled at various points within the structure,

'ucases where Lhe structure’s damping ratio is to be measured, an accurate

Rosenbluth to  poge 4 first proof



record of the decay of free oscillations must be made and peak-reading de-
vices are inadequate. With modern instrumentation ‘it should be casy to ob-
Cun natural frequencies and damping factors for structures Lo an accuracy of
i few pereent — quile adequate for such measurements within the linear-re-
sponse range ol struclures.

One of the most significant structural response parameters in carthquakes
v he maximum acceleralion developed al sclected points. Using the peak-
reading aceelerometers discussed in Lhe previous section, such measurements
should be possible with errors of 10% or less.

10.4.3 Peak struclural deformations

We are oflen interested in measuring a building’s maximum inlersiory rel-
alwve displacements and the strains at selected sections of structural members
or at joints, The former have been successfuily recorded by using the device
depicted in Fig. 10.2. It consisls of a diagonal bar extending the whole story
hewht, connected ab the lower end to a‘ﬁrevcr that magnifies relative displace-
ments five-fold. The lever has a pen that records on a drum possessing a
clock mechanism which requires rewinding once a week. Records are ob-
Lamed on paper replaced when rewinding the clock mechanism. The reason
lor the rolating drum in licu of a stalionary scratch device is that tempera-
Lure changes and wind effects cause some story drifts which it is desirabie to
isolate from carthquake response. The latter is confined Lo such a short time
inierval on the record that it is impossible Lo derive a responsc-hislory record
but the accuracy with which maximum drifts are read is quite sufflicient for
pmaeclical purposes.

A J
el E ‘—-} }__3

pivo!
rod

e
\ adjustable screw

/-recordinq mechanism
for defiection device

Fir 10.2 Stractural strain recording device. Diagonal clement detects relative motion
acioss entire story in building (aller nd Newmark, 1956),
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When strains due to phenomena other than carthquakes are negligible rel-
alive Lo earthquake-caused strains, a very convenient, inexpensive, and coimn-
pact instrament. is Lhe serateh strain gage, shown in Fig, 10,3, 'Fhis 15 essen-
tradly a bar connecting two fixed plales stiached Lo a member up Lo weveral
meters apart. A stimple magmifymg device, endimg in a stylus which soradehes
on i smoked glass or metal plate, is incorporated in the connecbings rod and
provides a permanent record of the slrain. ''he record is ordinanly read
Livough a microscope or a powerfud magmfying glass.

Although the instruments described provide only peak values and their ac-
curacy is not high, their costs are so many times smailer than those of more
conventional and complex equipment that a great many can be installed in a
struclure for the price of a single sophisticated instrument. 14 would seem
that, there is much to recommend the use of these simple instruments,

10 5 CONVENTIONAL SEISMOGRAPIHIC SYSTEM — DESIGN CONSIDERATIONS

S t——s

10.5.1 Basic design paramelers

Bandwiadth, sensitivity, and dynantic range are the hasic parameters one
must define in specifying a scismographic system. A difficully hes in their in-
tradependence. Bandwidth is the frequency interval of greafest inlevest: dy-
namic range is the span. of the Jargest (full scale) to the smallest (wxl(m
nmw) usable signal recorded and is expressed as the ratio (often in dB) of
these Ltwo signals; and sensitivity refers to the absolute gan {magmiication)
01 the seismograph within the range. Generally all three cannot be oplimized
stimultaneously in a reasonably simple instrument. IFor example, the special,
high-gain, long-period seismographs used in the detection of teleseismic sur-
fice waves from small nuclear explosions and carthquakes exhilnt very high
gaun (ca. 10% magnification) in a very narrow frequency band around 40 sec
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(0.02-0.03 112). The same long-period scismograph, operating at the same
site, bul in the conventional WWSSN (world-wide seismographic station net-
work) long-period mode (15—100 sec) would be capable of operating at
maximum magnification of the order of 3 « 10, giving the same amphiude
of background motion on a record as produced by the high-gain confligura-
tion. On Lhe other hand, if we could faithlully record the hasic seismometer
input with a dynamic range of 10°%, we would capture the information in
both of the foregoing configurations and we could’ produce cither record
through an appropriale playoud,

A second example of parameter control can be seen in the recording meth-
ods commonly used for local earthquake motion. The bandwidth required
for recording strong ground motion near Lhe source of a major carthquake s
essentially the same as that used in microecarthquake recording — about 0.1
30 Iz, The actual ground motion, however, will be several centimeters for
the former and several nanometers (1072 m) for the latter, a ratio of 107, A
single instrument designed Lo do both measuring tasks simuliancously would
demand a dynamic range of 107, or 150 dB (20 dB is a faclor of 10). Tins
desin near-impossibility gives rise to the two different system Lypes in coms-
mon use, ;

10.5.2 Bandwidth
RGOt ——

Bandwidlh can usually be specific early-on in the consideration of a seis-
mographic system design. The required frequency range of ground molion 1s
gencrally clear from the inlended use of the data. Modern instruments allow
great flexibility my this seleclion. However, if the recording medium is a visi-
ble record (as opposed to digital or analog magnetic tape to be processes
laler), one must take care not to attempt extreme wideband recording, as the
resulting earthquake records would be of ragged appearance and difficult to
inlerpret. Background noise amplitude also’ increases with bandwith, often
obscuring small events that could be seen clearly on a visible record from a
narrower-band instrument. An obvious example is the 6—8 sec microscism
hand, which is effectively avoided in the conventional short-period/long-
period seismographs employed in most observalories.

If both bandwidth and visible records are required, il is often possible to
split the output from a single scismometer into several desirable frequency
bands, with individual gain adjustments, and to record Lhe bands separately.
A pertinent example lics in the use of the commercially available force-bal:,
ance acceleromeler for moderale-to-strong-motion recording. Such units ex-
Iibit flat response to ground acceleralion over the frequency range 0—50
Hz with the limiting instrumenlal noise background smalier than 1076 g (g =
gravily) for high-quahty units having a full-scale capability of 1 g. Any de-
sired frequency bands can be derived from its oulput on visible records al
gains consistenl with the inherent device output noise. Another illustration
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of modein wideband sensors 1s the new series of long-penod scismopietens

capable of operating ab natural periods of B0 see BT MO 1 COs 1 et

vicomnments, BEqumipped with appropuale tiansducers these instruments can
produce simullaneous records of solid-cath Lides (perniod of about 12 hours),
e oscillations and mantle surTace waves (L00—3000 sec), convenlional
long-period waves (5—100 sec), conventional short-period waves (0.2--5H sec),
and microeavthquake signals (2—-20 1z). This exemplified Lhe need Tor sepa-
rate qecords of the different bandwidth sipnals, with indwidual gans and
recardmg speeds il visible records are the prime data medium, His clear that.
use ol digital or analog magnelic tape for primary recording provides a means
oi recovering the desired bandwidth in postprocessing and Uns reduces the
requurements for continuous visible monitoring of all bands.

10 5.3 Sensulivity
G sttt

Selection of the operabing sensilivity Tor a scismograph would appear
shiughtforward once the bhandwidth is specified. Tn most apphceations Lhe
seamologist or engineer can define the maximum and minimum signals Lo be
recorded; the interdependence of the fundamental design paramelers of sen-
sibiviby and dynamic range is apparent here,

Modern high-quahily inertial seismomelers with moving coil transducers
have mherent dynamjc range capahlitics of 105—-10% (100—120 di3) over
which the oulput is an adeqguately linear and undistorled representation of
the mput ground motion, Only the most sophisticaled and state-of-the-art re-
cording systems (such as the digital systems in exploralion seismology orn
larpre nuclear detection arrays, with 16—19 bit word lengths) approach these
values. Conventlional seismographs use only a part of this dynamic range of
the sensor itsell,

A pood quality, conventional, visible smsmograph has a dynamic range of
J0=50 dB (roughly, a measurement resolulion in the trace position of about
0.2-0.5 mm and a full-scale swing of 50 mum). The best analog I'M magnetic
tape recorders exhibil roughly the same dynamic range, bul generally over
a wider frequency bandwidth., With digiial recording the range depends on
the number of bits in a data word, while the bandwidth i1s set by the sam-
pling rate and scismometer response. Ten- Lo Ltwelve-bit words are commaonly
uscd in seismology for dynamic requirements of about 54 and 66 dB, respece-
Lively.

In this discussion we have assumed thal the fundamental noise limitation
i mmposed by the recording systems, i.e., that the inherent scismometer
noise (nol ground noise) and the noise m Lhe signal- processing elements (gal-
vanomeler or amplifier) are at or helow the recorder noise level or resolu-
Lion. This situation should be a design criterion Lo avoid wasting part of the
usable recovder range on sysitem noise.

ilaving selected the recording medium and its dynamic range, we can now
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spectly  the sensitivity required or our overall system, This is often done
casily al the smalt-signal end of the range, wheré we can usually define the
smallest motion we want Lo detect. Frequently this level is simiply set al the
loeal microseismic backpround level. Jlowever, in some applications il 1s im-
portant that earthquakes of a given size be recorded withoul “chpping” the
record. This 1s particularly true for strong-motlion recording where, for
example, we may wish Lo stay on scale up to 1 or 1.5 g#. If the recorder range
iv not large, this requircinent. will resull in records with no visible microseis-
mie background. This should be carefully considered in setting the system
sensilivity, Having established the operating sensilivity, ils realizalion is a
siniple matler of gain between seismometer and recorder,

{'mally, some scheme must exist in order that the system response can be
measured in ils operating configuralion. "This is important both s the inital
set up and in the maintenance program where periodic checks of perfor-
neence are made with the system installed and operational.

10.5.4 Response curve

A reasonable estimate of the nature of the motion Lo he recorded by o
moposed system thus allows specification ol the fundamental mstrument
pmamelers, These charactleristics are embodied in the instrument response
cuive, wiach contains all the relevant information about the scismograph's
hehavior under excilation, The common representalion of the system re-
sponse is a magnificalion curve M(f), where f is [requency, in herlz, of the
excitation motion, assumed harmonic. M is the ratio of record amplitude to
excitation displacement,; it is thus a displacement sensitivity. The record am-
plitude can be measured in many ways, such as millimelers of trace displace-
ment on a record or film viewer, ouiput voltage from an amplifier or tape
recorder on playback, or the numerical value of a digital word generated by
an analog-to-digital converler. The denominator in M can cqually well be
excitabhion velocity or acceleration. These choices define than V() = M)/
2af = velocily sensilivity, and A(f) = M(/)/(27f)? = acceleralion sensilily,
where we have used the relation | dx/dt] = 27| x| f in harmonic motion.

In complete statements about magnification curves lend themselves to
confusion. M, V, and A curves can apply to the same nstrument, diffeving
solely by factors 2nf. I is important thal the precise meaning of the ordi-
nates of the magnification curve be made explicit. This source of conlusion
is related to the practice of referring Lo some seismographs as “velocily
meters” and Lo others as “accelerometers™. This terminology apphes to Lhe
Liequency range of interest. If the M(f) curve is flat in this frequency range,
the instrument is termed a “displacement meter”; if V(/f), a velocily meter;
and if A(f) is flal, an accelerometer, Figure 10.4 shows & setl ol generalized
A, V, and A curves for a hypothetical scismograph; this single mstrument
may be called a displacement meter, velocilty meler, or acceleromefer, de-
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i 104, Magaification (M), veleciby sensilavity (V), and accclerabyon sensitivily (A) re-
soonse curves for a seismograph, generalized to strawht line sepgments The seisinoyraph
v be desenibed as an acceelerometler, a velocity meter, or a displacement meter in the
Liequency ranges 1, 2, and 3, respechively,

Fie 105 Top, Approxamate spectinl range, 0.1~ 100 Hz, of ground displacement expect-
ed brom ecarthguakes m the magmtade range 2-5 Boltom. Alternate system magifica-
Linn curves Lo record shaded signal range in toplgure, requnng 100 dB dypamic range
i 1L’ response of system 1) or 60 dB (‘pre-whitened’ response of system 2).

pending on whether we are interested i frequency ranges 3, 2, or 1 respec-
11\’1‘ly.

Analysis of the intended application of a required seismographic system
suould lead to the design response curve, both in shape and 1n absolule level.
"t ae shape refllects the bandwidih of the motion Lo be measured and, if pos-
sbley it should compensale for any severe frequency-dependence 1 its ex-
pected motion (it should “pre-whiten” the input, in the sense of malking its
spectrum essentially flat in the frequency range of interesi). The latler consi-
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ceralion is more important the smaller the available dynamic ronge of the
system and the wider the bandwidih desired. The response curve’s . olute
wevel 1s the system sensitivity and must be seb recognizing the expec: . vange
ol the motions to be recorded. There are upper and lower limis Lo thie sive
of the motions Lo he recorded (their ratio being the required mumimuin dy-
namie range). Fiygure 10.5 illustrates these coneepts with a generalized range
oi expected carthquake signals at two possible response curves for the band-
width. The hHgure cisplays an earthquake-like displacement spectrinm assiun-
. that recording over three orders of carthquake magmitude 1s required.
Fiom the maximum signal at low frequency to the minimum al high fre-
queney there are five orders of magnilude (100 dB). If we allempled Lo re-
cord in accordance with the desired bandwidth and signal range {or response
cuive 1, we would need a resolution of 107% of full scale to delect the mmi-
mum signal ol interest. After prewhilening the response (curve 2), we require
only a resolution of 10 3 of full seale Lo record the same motions. Mos!t visi- |
ble records offer little more than two orders of magnitude, and the ground-
displacement spectrum is typical for earthquakes. Hence i is nol surprising
that diffically is encountered in {rying to record wideband earthquake
ground-molion dala (in the 0.05--50 Hz band, say) on systems with limited
dyvnamic range. Bven digital recording with system response curve 1 in the
Iyaure would need an 18-bil. word lengih for the fuli 10° range while 12 bits
would sulfice for the shaped response of eurve 2.

Another slep in defining Lthe required response eurve for a griven applica-
tion hes in idenlifying potential noise sources, in the ground or in the sys-
tem, that might linit Lthe sensitivity. The classic example of such noise pro-
blem s the 6—8 see microseism so prominent in most scismograms. With
naagnttudes up to 10 mm during high aclivity, these ubiguitous surface waves
have resulted in the traditional long-period/short-period division in seismo-
metry, which effeclively avoids high gain in the troublesome rango.

The wide viniation often resulting in response curves as we allemptl o
cowver the useful frequency range of earthquake ground motion is illustrated
e Figs, 10.6—10.8. The Dgures display a range of magminication curves of
systems operating within the observatories of the University of Califop
Sasmographic Stations and  are representalive of current lechnigques for
vide-range applications. An entire complex of instruments for recording
carthguakes in the magnitude (M) range of —3 Lo 9 covers a phenomenal
stan of ground amplitudes and frequencies: 10712 4o 1071 m or more in dis-
piacements and 3 - 107* to 102 Hz in frequencies, where we are excluding
eirth tides, fault creep, faull rupture, and secular strains at the low-[{requen-
cy exlreme, and high-frequency acoustic waves at the high end.

10.5.5 Setting specificalions

The application for which a seismographic system is Lo be designed delines
the key instrumental paramcelers required to furnish the data sought, as we
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h.ve discussed. handwidih, sensitivity (with possible variations over the
bondwidth), and dynamie range. These osult 1n a response curve, the ab-
sonttle sensibivity levels, the required resolution al the small-signal extreme,
arvi the sull-seale capabibity. Bandwidth and sensitivity parameters are mat-
fers of mechameal and clectneal charactenstics of {he seismomelers and sie-
n... conditiomng deviees, Dynamic range, along with timing resolution and
constraints on record duration format, scis addibional requirements on the
recording system,

T he most important admonilion in setong specifications for sewmographic
wyoems s o ascertim as completely as possible the natuwre of the ground
tebions we wish Lo record, Manufacturers of scismoliogicad equipmeni
s kd not be placed in the position of interpreling requests Tor quoiations
o Oshorb-period seismograph systems”, for a “strong-molion sensar™, or a
Broadband seismograph”. The resull, can be a purchased system thai does nol
da the job or that s far more claborate and thus more expensive Lhan

- e N

nevded,
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A common mistake is the assumption that one should apply a *‘safety fac-
tor” of, say, two Lo the requirements in all directions to be sure of gelting
the system actually needed. This is seriously objectionable because seismo-
graphic design does not use a continuous spectrum of building-block compo-
nents. The components are widely spaced in capabilities and in cost, and a
factor of two in sensitivity and bandwidth may necessilate major steps in
several components of the system and imply an order of magnitude cost
nerease,

When the particular application allows some flexibility in sysltem para-
meters it is advisable to request quotations on packages designed for the ex-
fiemes in the aceeplable range. ‘The manufacturer usually also suggests an
iniermediote system as optimum. On the other hand, if one knows precisely
the required instrumental paramelers for the application, it is well to state
them exactly from the beginning. This will ordinarily insure that the most
economical design will be adopted.

In this discussion of system specification we must also mention the exis-
t-nce of “standard” seismographs — widely used systems developed in re-

———
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Fiye. 10 9, Examples of commercially available specially packaged seISmOpr, hic sys slems:
n) wlrong-motion accelerometer; b) 6-channel engineering seismogr nph. o) nal-enhance-
ment refraction seismograph; d) ficld station for FM telemetry with amplifier, voltage
controlled oscillator, calibrator, and RF transmilter (inside case); ¢) portable microearth-
guake seismograph; £) digital data acquisition system with 1/2 in. magnetic tape; g) digital
event reconding system with memory and enssette magnelic Ltape (courtesy Kinemelrics

(a.f). Nimbus Instruments (b,c), Sprengnether Insirument (d,e,g)).
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nse Lo parbicular apphceations and winch consequently offer maximung
y o lovmance forthen cost, Several are illusitabed m . 1009 1ts often eca-
oenued advanfageous Lo use such packa,es when their specifications cover
Hureguirements of the application m mind.

1+ 5.6 Peripheral consideralions

cne precedimg diseussion deall with what can be ealled the fundamental
1 rramental parsieters. There are usualty severa) additional consuiecriaons
m selecling a seismographie system for a iven application. The more spocilce
L apphicalion, the more signilicant these peripheral considerations may be-
¢ aeThe following hist provides some examples,

o, One shoutd stale Lhe reqguined precision and resolulion of the
(I :_E‘,{{Eu,m_ Precision involves stabilily ol the elock, peneraliy erystal-con-
Hio'led, and its absolule Lime error. Resolution involves hota ine merement
i ceference pulses from the clock and the speed of the recording system,

- Hecord duration. This includes the time clapsed from the physical enang-
e of the paper, Nilm, or magnetie tape.

‘hysical size, The total volume and weight of the complete system are
ofsen amporlanl, especially  for nstruments for recording structaral re-
spenses, and Lhe malter becomes paramount in office and comiacreial huilld-
e,

vower requirements. Eleclrical-power consumplion is ciucial when one
it operate the system on Dallerics I Femote Torativns or with perfable -
shrmments, When maintenance costs Tor more convenbional solulions e par-
Oeularly high, use of solar cells can be appropriale.
= clemetry. I is becoming commonplace Lo transmib dala from a remole
wLocalialion Lo a central or convenient. recording site using land lLine, tele-
pneome hine, or low-power radio links. ‘There are many advantages in this prac-
Lie *:

(1) Reduced maintenance costs for instiuments at locations of diliicull ac-
e ndindity, )

(2) 'T'he use of a common time base for an entire network of stations,

{3) Continunous momtoring of the instruments’ operation, which allows
i mediate detection of conditions requairing attention,

(1) Conlinuous recordmg of all data on a common medium. I magnchie
tape, the uninteresting portions may be ervaged, retammg complete records of
cveals only, thus avoiding the use of excensive lengths of paper, hlm, or Lape
waile attaining excellent timmg resolution,

(5) Reduced system costs due to elmination of Jocal clocks, recorders,
ana elaborate vaulls, wilh atltendant power requirements. For stalion net-
woiks, Lhese cost savings are usually not compensaled by telephone-hne
charges, resulling in a net cost reduction for the telemelered system.

— Rvcording system. There is much varicly in this system component. One
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may seleet smoked glass or paper; photographic film; pen and helicad record-
o on drum; stnp chart; cassette; 1/4", 1/2", or 1" recl-to-recl magmetic
tupe, analog or digital. The user generally has several constrainis that incline
his preference toward a particular recorder., Thus, magnetic-tape recording
adds the expensive requirement of a playback system and associated hard-
wiare but in many applications it is well justilicd m vicw of the increased dy-
namic rangem bandwidth, and timing resolution along with conciseness in
processing.

- Triggering and memory. Modern sensors and circuitry allow a wide selec-
Lion of (riggering thresholds and background noise/signal ratios to be incor-
porated into systems designed Lo record only sporadic events of interest. In-
expensive semiconduclor memories are available that permit relention of the
initial portion of the signal; yel their use is by no means widespread at pre-
sent. In the coming years, however, such systems promise Lo become stan-
dard in scismology where the information desired consists ol discrele events.
Many shortcomings in present triggered seismographs, due primarly to
missing the onset of the event, are eliminated by the incorporation of such
memory systems,
= Instrumental prolection. Instruments used at construction or near blasling
sites or installed in locations exposed to vandalisin or mere curiosity dcmand
special considerations concerning their protection.

The [oregoing and other additional considerations are necessary ingre-
dients in the selection of a system confituration once the fundamental para-
melers have been specified. Often they drastically reduce the number of
alternalive system types for a given apphicalion.

10.6 CONVENTIONAL SEISMOGRAPHIC SYSTEMS — COMI"ONENT ELEMENTS
-

B 0 bt N b s Pt N P e

10.6.1 General constraints

The preceding section treated the general problemn of specifying perfor-
numnee and physical characteristics in a seismograph. The following discus-
sion dealt with available components used in the design of specific seismo-
graphic systems. Upon cursory analysis, it would appear that virtually any
desired response curve is attainable. In theory thus is the case. Any seismo-
meter, of arbitraty natural frequency, damping, mass, and sensilivily, pro-
duces a non-zero oubputl in response Lo grownd motion of any amphiude and
frequency. Conceivably one need merely select, by some signal conditioning
method (amplification and selective filtering), the sensitivity and bandwidth
of interest., The concept is perfectly correct. The neglected factor is noise. As
long as a syslem so designed will produce, in response 1o ground motion al
the desired delection threshold, an output sufficiently above system noise,
tihe design concept is sound. Unfortunately, this condition is not easily ob-
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trned when high sensibivity and low frequencies are mvolved. If it were,
seimologists would need only an inexpenswe exploration-lype geophone, an )
aovmhier, and a variable filler to work the cutire seismic band from solid-
carid tides to blasl vibrations. .

Reahzable (as opposed Lo ideal) designs for seismopgraphs are based on
careful consideration and definition of the system requirements, as discussed
eariier, followed by a common-sense evalualion of performance capacilities
m components available for use. There will always be more than one design
Lo accomplish a given measurement task. Satisfaction comes in oplimizing
the interplay of capability, complexily, and cost with the requirements of
Lthe application. Variations in the resulling solutions are evident when one
considers, as an example, the wide range of scismographs in routine use
worldwide as “long period” instruments. Subsequent discussions outline in-
formation en system components that, hopefully, will be helpful to the seis-
mologisl, geologist, or engincer faced with the task of specifying a seismo-
praph for a particular use.

10.6.2 The complele scismograph

The bhasic elements integral to a !s'(_“,.i..";'plffgi.'_lnl_l'_ill’(: three, The sensor, nor-
mally a seismométer of some deseriplion, produces a measurable syymal inore-
sponse Lo a motion of ils base. The response of a smismometer is character-
tred Lypically in terms of a sensitivity and some frequency dependence. This
fundamental hehavior can be stated compactly in ils Lransfer funclion, i.ce.,
the output (in whatever unils are appropriate — KON \m'f.-::"z]ﬁ;f;«"?«_‘:dvﬂc(:-
tion of an optical or mechanical lever, ele.) per unil excitalion (again in ap-
propriate units — e.g., ground displacement, velocity, accelaration, strain, ro-
tation, ete.), as a function of the frequency (in 11z) of the excitation. Gener-
aliy, the transfer funclion is presented for convenience as a complex func-
tion of angular frequency, e.g., S(w), where w is in radians per second (w =
2af where [ is in Hz or cycles per second). The complex nalure of S(w) in-
dicates that. the outputl of the sensor may be out of phase with the excita-
tion, and S(w) could be given as |S(w) o), where ¢(w) is the phase lag.
S(w) completely defines the response characteristics of a scismometer. For
the conventional design using a spring-mass mechanical oscillator, S(w) can
be written i Lerms of its natural frequency, damiping, and sensilivity.

The seeond element in the seismograph acts on the oulpul of the sensor
and s Joosely desenbed as the sipnal condthioning device, 1. may be no more
Lthon amechanical or optical system ol TeverEar, more often in modern in-
struments, an clectronic circuil or galvanometer providing amplification and
Mltering of the electrical oulput of the sensor. In any case, the signal con-
ditioning element can also be charactenzed by its transfer function, say
C(w), giving output/input as a function of frequency in appropriate units.

, While we shall sce that most S(w) are very similar in form, C(w), on the
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other hand, can range from the simplicity of a numerical constant to the in-
tricacy of an involved chain of amplifiers with low- and high-pass filters,
yiclding a complicated, complex functional representation. Despite potential
complexity in C(w), it is usually a straightforward procedure to wrile the
mathematical expression for it.

The third and final element in a complete scismograph records the condi-
tioned output of the sensor. The output of the recorder is a record. In its
simplest form it is the deflection (e.g., in mm) of a trace from some zero
position on a sheet of recording paper, film or glass. It may allernatively be a
dygital word (in counts) an FM tone (in Hz) or voltage writlen on magnetic
tape. The recorder also may have a characteristic frequency response. We de-
fine 1ts transfier function as R(w), in the same sense as for the Lwo previous
clements. The outpul of the recorder is the seismogram, the fundamenial
medium of data presentalion in scismology.

Assuming Lhe system elements are themselves linear systems, we can de-
fine the response of the complele seismograph in terms of ils components.
The transfer funclion T'(w) of the complete seismograph is:

T(w) = S(w)C{w) R(w)

where T(w) is the oulpul of the recorder divided by the input to the sensor,
in Lhe appropriate unils for the system. Virlually always a complex quantily,
T(w) is usually presented as | T(w)l, the amplitude response, in a magnifica-
Lion, velocity sensitivily, or acceleration sensitivity curve (see Fig, 10.4),
along wilh ¢(w), the phase response,

T(w) complelely describes bhe performance of a scismograph, excepl for
system noise, I s sufficienl to produce synthetic seismograms from a known
inpul, I{w) (where /(w) is simply the Fouricr transform, or spectrum of (1),
the inpul ground molion time funclion). It serves as well Lo recover the
input. motion (in the frequency range where the inpul ground molion ex-
ceeds the equivalent system noise) from the recorded output O((), or its
spectrum O(w). The nature of the system transfer function is thus seen clear-
ly v ils definition:

O(w) = I(w) T(w)
or:

I(w) = O(W)/T(wW)

It is evident al this stage thal, in designing a required syslem response, all
three syslem elements, S, C, and 12, must be counsidered in shaping T'(w).
With regard Lo the syslem noise level, each element also contribuices. Either
a level of background noise (e.g., [rom an amplifier) or a basic resolution
(c.g., the smallesl measurable signal in a recording mediun) will characlerize
cach clement. These limiling values, which generally are [requency-depen-
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denl, can be “taken through” the system bransfer function to give ihe oper-
dabng noiwse level oresohibion i O(w).
We shall discuss the system elements i turn,

1) 6.3 Seismomelers
AL AL S
The seismometer as the basic sensor of ground molion, say u(x, y, 2, {).
Foe maerhial (spring-mass) Lype scisimonmelers, Lthe measurementd s made of
relative distance between the seismometer frame (ground) and an nerliai
reference point on the suspended mass. Normally only one component of u,
sy, 15 detected with a given seismomeler. The scismomeler output s thus
prroportional in some way (o w, (1), and it may, depending on the design and
on Lhe type transducer used to detect the relative motion, aclually produce a
sumal very nearly proportional to u, (t) or the Lime derivalives u, () or i, (1)

m the bandwidth ol interest (see Seclion 10.5.5).

lixtensomelers or strain gages, on the olher hand, measure e change in
cnc ol the components of 1, usually i the direction of the measired com-
ponenl, c.g., du, (1)/9x, usually denoled as the extensional steain component
ey Aman, depending on Uhe ransducer, which is the integrad part. of a seis-
mometer converting mechanical motion into a usable oulput signal, Lthe ace-
tual outpul may be a titne derivalive of e (1), c.g., ¢, ().

The respense cguatiang for the conventional inerbial scismomeler are easi-
Iy develaped. FFor convenience in analyzing data, we desire Lhe response in a
form S(w), where w is angular frequency of the excitalion (sce Seclion
10.6.2),

The equilibrium equation for a damped single degree of freedom seismo-
meter, responding to ground motion uw,(t), can be wrillen:

mi+cy +hky=20

where, as shown in Fig. 10.10, x is the absolute displacement of m, y = x--
t,, the measwable relative displacement of m, m is mass of the system, ¢
the damping coefficient (forcefvelocity), and k is the spring constant (force/

displacement).
Rewnribing the equation in the familiar form:

Y 2{w,y + wly =i,
vhere @, =V k/m, the undamped natwal frequency of the system in radian/
sec, and § = ¢/2muw,,, the damping factor, i.e., the fraclion of critical damp-
g for the osaillator,
The solution Lo the equation-ol molion is readily obtained by application
_of the Laplace transform, i.c.: )
_Y(0) ¥ y(O)s + 26)

Yis) =oAL T el A
) 82+ 2fw,s + wl §%+ 2fws + W2
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IFFig. 10.10. Mechanical schematic of conventional inertial seismometer.

where s = fw, Y(s') is ‘the Laplace Lransfor of y(l), and I'(s) is the Laplace
transfor of —u, (!).

The ?nsl. term is the complementary solution, representing transicni mo-
tion due to inilial condilions at ¢ = 0, while the second is the particular solu-
tion for the forcing acceleration —it, (1),

The transient molion, or natural vibration of the oscillator can be trans-
formed back to the Lime domain, giving:

»0) , (0)5) sin pico, ]

¥(1) = exp(—{eon) 7(0) cos peont + 23
whm’c = (1—-¢2)'2,

The physical significance of critical damping (¢ = 1) is clear in this form as
the value of ¢ (= 2¢mw,) for which the natural vibralion ceases and the mo-
tion becomes a simple exponential decay as y(0)e “n’. This is termed critical
damping. For ¢ > 1, the natural motion is described by exponentially decay-
ing functions, always taking a longer time to reach a given amplitude reduc-
tion than for the critically damped case. In most seismograph designs, the
natural frequency w, of the seismomeier falls within the frequency band of
the ground motion to be recorded by the system. In such cases, damping is
usually set near-critical Lo eliminate prolonged (ransient oscillations which
tend Lo mask the desired response to the ongoing forcing ground motion.

Similarly transforming the forced motion back to time yields, for a gener-
al form of —ii‘(t)'

Hw

y(ty == [ ii (1) exp[—Ywa(t = )] sin[pwa(t —1)1dr

This is Lthe famllmr convolulion integral scen in the analysis of lincar system
response. 4 is clear that the output at a given time depends on the total prior
time history of excitalion. With dampipg near-critical, however, the response
Lo a given input is reduced significantly by times of the order of several times
ihe natural period.
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Rather thim a general form of u,, i 1~ convenienl Lo consider 1he sevano.
meler response Lo, sinusowlal exaitation ab a particular requency. For har-
mome ground motion of the form:

S (1= A sin w,l
or.

o (L) A-sin Wt
0)2

L

whiere o), s Lhe angalar frequency of Torcing motion (radians per second),
the steady-stale response (neglecting transienl motion) is:

—

A .
yit)y=-— _-. -0 - e SiN( Gt F @)
[(w) = wi) + (2fw,w,)* ]
wihoere:
2{ 0, w,
g tan! o
w3y Wi

prves the phase shiflt.,

This expression represents Lhe basic measurable molion ini seismomeler,
bnoring for the moment any cffecls of the transducer which debeets Hhis
molion, we can defime the basic seismomeler displacement sensitivily, or
maymilicalion M(w,), as:

]

IO, the phase lag ¢(w,)

M(w,) Ill,(l)l

W}
(Wi = wl)? + (2 wawe)]"?

Sunilarly, the velocity sensitivity is:

, M(w,) -
Viw,) = . +-addiltional n/2 phase lag over M

c©
W, -
(W) — wi)? + (2fw,w,)*]'"?
anvdi the aceeleration sensilivily is:

M(w
Moy) = —--(—-;52 + additional 7 phase lag over M
[} .
R -
l((‘j;}\ - wz)’ + (wanwe)zlwl

i
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The equivalent expressions in the form of complex transfer funclions are:

2

S
Splw)= -
! 52+ 20w,s + W}

—is
S(w)=-5-- ~*
s+ 2¢w,s + w?

. -1
AS,“U))=‘2"“ - >“—-'-~_2-
s+ 28w,s + W3

where s = jw.

These fundamental sensitivily curves are presented for various damping fac-
toi~ m Fig. 10.11. The corresponding phase curves are shown in Fig. 10.12.
Note that an arbitrary specification of pirase must be made, corresponding

2 N I I /
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i 10011, Normalized seismometer response curves for Lhree damping factors in lerms of
maaalicabion (M), velocily seastiivily (V), ad aceeleration sensibivily {A) vs. frequency
ol excilalion (£,) relative to scismometer natuinl frequency (/). Unprimed symbols for
semometer with displacement transducer, primed symbols for velocily transducer, insets

gve asymplolic siopes,
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Foe 10,12, Phase_response () for Lthe magnification curve M in Fig. 10.11 for four
tamping values. High-frequency asymplotes are set by convention at 0°,

to the sign definition on y relative Lo x and u, in Fig. 10.10. In scisinometry
it is conventional to specify the asymplolic phase-delay value as zero for
hph-frequency displacement sensilivity; i.e,, we usually Lap the seismometor
in a given direction and identily the oulpul polarity with the Lap direction.
This convention produces the phase relations shown in Fig. 16.12 (or y rel-
ative to n, and illustrated for high frequencies in g, 10,13,

The seismometer thus provides us with the measurable quanlity y, which
is related Lo the ground motion u, as shown in Figs. 10.11 and 10.12. Sip-
nal condilioning, as will be discussed in the next section, is normally applied
to y in the form ol amplification and filtering. A very common [orm of such

o) /\ /t\ ’
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/

I 1013 Nustration of high-frequency (f, > £,,) phase response of scismometer dis
placement ¥ to sleady-state simusoidal ground displacement u,, velocily v, and accelera
tion uy, ligh-frequency limit is 0° by convention,
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coadilioning 1s apphed within the seismometer in the process of mea-aring
». The device which performs this measurement within the seismomctor is
feimed the {ransducer. Transducer in gencral use are designed Lo menture
citaer v (Lthe displacement of the inertial reference) or y. The former Ly, e,
the displicement transducer, consists normally of either a passive lever sys-
tem (optical or mechanical), or of an active (requiring externai ciectrcal
power) electronie circuit to measure change in capacitance between a fined
aud a moving plate. The velocily btransducer is Ly pically a coil of wure moving
in o hixed magnetic field generated by a permanent magnet, aud pioducing
an oulput voliage directly proportional to Lhe relative velocity y. In 1his case
the seismometer output is differentiated, and the response curves A1V, and
A w Fig. 10.11 are multiplied by w, = 2af,, shown as M’, V', .nd 4" the
figure. Note thal it is not possible Lo obtain a fiat magnification curve from
the velocity-transducer output, unless further shaping is apphied to the symal,

All the response curves in Fig., 10.11 exhibil asymptolic demands with
slopes proportional Lo fif where nis a posilive or negative inleger or sero (scee
insert in figure), Furthermore, these asymptotes always intersect at [/, = 1,
i.c, ab the nalural frequency of Lthe seistnomeler. Nole also thal, for heavy
dionping (see curves for § = 10), a third straight segment appears around [,/
[ 1. 'This segment extends from f,/2¢ Lo 2¢ f,, and is often used in re-
sponse shaping, For example, Soviel stron: lon.i enls use the curve
A" (¢~ 10) while U.S. designs use the curve A (¢ = 1). Willmore (1961) and
Rodgers (1967) present a complete disc of the graphical representation of re-
HPONSE CUTVES,

10.6.4 Signal conditioning

We have reviewed the nature of basic output signals presented by conven-
tienal seismometers. If the shape (frequency response) and absolute level
(sensitivily) of one of these curves if essentially that required {or a particu-
lar application, we nced only record Lhe signal. More often we have need for
a different shape and/or sensilivity and musl investigate methods of signals
condilioning,

In virtually every requirement for a seismograph there exisls a range of
ficquencies Lo be recorded with reasonable difelity. This specification al-
most always implies injection of unwanicd background noise  (from cither
the system or the ground). In Fig, 10.14 wé show a generalized background
noise curve for a very quicl site. Superimposed on roughly a £, ' or f7? wide-
hand noise distribulion are the microseiim peaks, particularly the 5—8 sec
bond related to ocean waves. 1L is this curve which has had the greatest in-
fluence on high-gain scismograph design. The common long-period —short-
penod  division is obviously molivaled by the necessity of minimizing re-
spronse aronnd G-see pernod, The rationale for sharp peaking of the response
at 3D =40 see in the modern high-gain long-period systems likewire s based

hosenblutls ¢o  page 26 first proof



(=~

i
P

1078 |-

MoLEY

-8
R10T -

L
(73]
(@]

R

1077}

~
~

Y]

10°% 1 1 I
0.01 ol i 10 Hz
fe
Fie 10,14, Average background microseism for a very quiet site, in mm of ground dis-
placement, as a funetion of frequency.

\

on background motion consideralions. Peterson and Oising (in press) de-
seribe these considerations in the design of the modern Seismic Resenich Ob-
sivatories (SRO) which are beng installed in the world-wide network. '

The degree of conditioning necessary 1 a system will depend on the sub-
sequent recording of the signal. As discussed earlier in Uhis chapter, the con-
venhional visible seismogram used in routine seismological observations has
Innited dynamic range. Such records aie more readable with correspondingly
narrower bandwidihs than are more broadband seismograms. At the other
extreme, a digitally recording system with very wide dynamic range, say 100
di3, can record with a wide frequency range. —

Hignal conditionmg i its most common implementation consists of am-
ithication and/or filtering of the signal Lo produce the desired sensitivity and
hondwidth, Basie parameters Lo be considered in conditioning are (he her-
enl noise levels at the seismometer output and in the conditioning device,

A typieal moving-coil velocity transducer with several hundred ohims resis-
fance will have a generalor constant G of around 100 volls per meter poer
weond, or 100 newtons per ampere. This quantity 1s a fixed property of the
permanent magnel and coil, equal to tie product of the flux densily I3
iwebers/m?) and the lenglh of conductor L (m) in the magnetic lield. The
quanbities Vm™'s ™! N/A, or Wh/m are numerically and dimensionally iden-
bical, and all specify G. From Fig. 10.10, the typical background velocily at
a quict site al 1 Iz is 2@ - 10™% mm/sec or 2mrmu/sec (or nm/sec), producing
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a peak voltage of 0.6 uV. The inherent Johnson noise in the coil by virtue of
s resistance is smaller by more than Two ma;,:TlLudc thap this vollage in a
hasdwidth of a few herts, yiclding a fairly clear and uncontaminated signal
from the smallest ground motions we nught wish to measure in the short
period range. With £, ground noise, the background particle velocily will
remain essentially constant excepl for microscism peaks, and, so longas y =~

(/e > [4), the velocity-transducer oulput gives the most noise-free mea-
surement of y over a relatively wide frequency bandwidth.

A conventional displacement transducer using capacitance plates is inher-
ently a device wilh greater noise than a coil by virtue of the fact that it is an
active clectronic cireuit measuring small capacitance changes, thus subject to
noise contributions from ils components, power supply, cle. In bandwidths
of a few herlz, with very careful design utilizing phase-sensitive detection,
noise levels equivalent to 1077 mm have been achieved. For the older- -siyle
design using balanced resonant circuits, a practical equivalent noise level
would appear to be 107°—=107% mm. See Dratler (in press) for a discussion
of capacilance-displacemoent {ransducers.

Modern .L_\_]ﬂllwrs are capable of operating over bandwidths of several
hertz with equivalent input noise levels of something less than 0.1 uV for dis-
crele components, and less Than 1 1V for the best integrated circuil ampli-
fiers (cost about $25). Clearly, the state-of-the-art now allows substitution of
solid-state_amplificts for galvianomelers where high sensitivity is required-and
DC power (Lypically much less than 1 watt) is available. This development,,
in very recenl years, has provided a new dimension in flexibility for scismo-
graph design, ‘

tinbil around the middle 1960’s there was no substitute for the galvano-
meter as a low-noise amplifier. Equivalent input noise levels below 0.1 pV
were readily available. Equally important, the galvanometer derives its
dnving power direetly from the moving-coil transducer, with external power
required only for the light source. It is this combination of low noise and
hiygh gain (2 to 20 mm/uV) that sets the seismometer—galvanometer combi-
nation as the standard electromagnetic seismograph for many years. It also
led Lo the pholotube amplifier (PTA) when high-level electrical signals were
required for subsequent visible or tape recording and other signal processing.
or Lransmission.

A conclusion apparent in the preceding discussion is important in the
desiim of signal-conditioning electronics following a seismometer output. It
is that available velocily or displacement transducers can be used with equal-
ly salisfactory resuils in the range of frequencies about 0.01-—10 Hz. where
the seismometer relative displacement y can be made essentially equal to the
ground displacement u,, i.c., where the M-curve is essentially [flat. In this
ranye either transducer can be designed with inherent noise levels cquxvalcnt
lo ground displacements well below background in the quietest sites. At (re-
quencices above about 10 iz, by virtue of decreasing ground noise, the dis-
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placement - transducer noise approaches levels equivalent to backgraund. -/\l.
low lroqm neies, however, by virtue of the more rapid decrease in vvlnuty
(7 than in displacement (y) (/3 vs. %) with longer-periou ground molion
(compare M’ with M in Fig, 10.7), the displacement transducer rapildly be-
comes Lthe betler delector and is the logical choice for measurcment of
mentle surface waves, free oscillations, gravity, carth strain, and solid-cavth

e e
l [ {RTRRIN
—

“he above considerations of noise limitations in su'n I| condi lmm..u o
co e more important as higher sensitivities are required. For most srong-
1o -m‘.m(l enginceering-seismology applications, however, the ;,muml mo-
Licns Lo be measured are sufficiently lacge that noise levels in signal condi-
Lo aang deviees are not normally a serious concern,

'be basic rule governing sclection of signal-sonditioning compaaenis is
that the Tull dynamic range of the recording device is used for ground mo-
Lon in the bandwidth of interest. An example would be in digital recording,
where one would want the least significant bit in the digital dath word (o
represent ground motion and nol system noise. Similarly, the mechameal
and oplical design in a conventional strong-motion accelerometer should be
sulficienlly clean Lhat the smallest measurable defieclion of the photo-
graphic trace represents seismometler mirror deflection due to ground motion
and nol spurious noise in the mechanical [ilim drive or oplical systems.

e

10.6.5 Recording
ﬂ‘

The decision as to recording method lor a seismograph is usually reachesdd
carly in the systems design procedure. Dictaled by the planned use of the
dada, as well as by the form and quality of the signal available for recordinyg,
the recorder selection is normally straightforward. Frequency bandwidth,

dynamic range, and record length, in addition ot physical and electrical con-

straints, are the principal parameters governing the choice.

The major division in commonly used recording systems separates visibie,
or had-copy, recorders from those which record the signal on magnetic tape
of some type. The former designation includes: (1) devices in which a stylus
inscribes the record on smoked or otherwise coated paper, glass, or metal;
(2) pen and ink recorders: (3) heated stylus on special paper; and (4) hght
spot. on photographic film or paper. Dynamic range is limited Lo about 40--
50 dB in the best cases. The highest [requency measurable depends on the
speed of the recording medium relalive to the slylus, pen, or light spot, as
weil as on the actual size of the trace being wrilten, Typical recordings
speeds range from 0.1 mm/sec for frequencies about 0.05 1z, up to 10 mm/
sce for frequencies as high as 20—50 Iiz (depending on trace width). In
geoeral, the finest trace, about 0.1 mm wide, is wrillen by a stylus on
smuked paper or glass. The problem of pen [riction and associated deadband
is climinated in photographic recording where high contrast is also oblained,
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The convenience of pen-ink recorders, using inexpensive paper, is often prcs
feveed ana tradeoff analysis considering resolution, contrast, and friction
along with cost and convenience, A compromise with the convenience of pen
and paper, bul improved resolution and contrast over ik, is the heated s1y-
lus on special coaled paper, which is naturally more expensive than the plain
paper used ‘with ink. A popular multi-channel recorder uses 16-mm [lm
wineh is processed in the unit. Unless The sesmopniphiis designed for a Lpe
cific recordmyg technigue (e.g., the 70-mm film in many strong-motion sys-
Lems), Lhe selection of visible recordoers is normally based as much on per-
sonal preference as on delails in specifications.

Visible recorder, in general, are designed for low cost plus the convenieneoe
of viewing and m;}nitnring at least one day’s data on a single record. They al-
low measurement of time and amphtude, onily esltimalions of frequency con-
tent, and by and large are not well suiled for digitizalion and subsequent
processing. An exceplion is the high-qualily strong-motion accelerograph
Nim record, which contains a single event on three well;spaced Lraces al rel-
atively hagh recording speed.

Mapnetic-tape systems constitute the other principal class of recorders
(:()Tffmnnly uscd in scismological measurements. Developments in low-power
analog and digital circuitry during the 1970%, plus the increasing access of
workers Lo analog playback facilitics and Lo small computers with magnelic-
tape playback capabilities, have resulted in groatly increased application of
maaetic-tape recording in a wide range of seismological efforts. Recording
is accomplished in three fundamentally different modes: (1) analog direct;
(2) analog I'M (frequency modulated); and (3) digilal,

in direct recording the analog signal is converted divectly inlo a propor-
tional magnetization on the tape. A conseqguence of the dependence on tape
to head velocity in the playback process 1s that DC signals cannot be record-
ed and recovered on playback, thus the method has a low-frequency culoft
of «everal hertz. Very low recording speeds of around 0.1 mm/sec wiih up
to 20 dB dynamic range have been used Lo record data al frequencies up io
20--30 Hz. For %-in Lape with seven data tracks tius is a very efficicit modic
of data storage. The lack of DC response and relatively low dynamic range
are the major limitations of direet analog recording. A

FM analog magnelie-tape recording offers the advantages of DC FOSPONSE,
precise amplitude information, and 40—50 dB dynamic range, at a tradeoff
in tipe speed, 0--10 Hz bandwidth can be obtained at 1 mm/sec Lape speed.
Conmdering again seven data tracks on a Y5-in tape al this slow speed, a single
reel ol Ltape can conlain several weeks data from up Lo seven scismographs.
White such recorders are used widely in seismology, Lhey are in reality preci-
sion laboratory devices not well-suited to 1he rigors of [icld installations un-
less manbinned constantly by qualified technicians.. :

Dagital magnetic-tape recording suffered initially from the low informa-
tion densily possible relalive to analog methods. FFor example, a 12-but word
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(GG dB dyninne range) b 25 samples per second (barely adequate for, 10
iz response, Wilh adequate anti-ahas filtering), recording on the sume V-
7-track tape, wilth seven dala channels multiplexed (cach at 10 1z band-
width), would require a tape speed over T-(,m/soc — an order of m.lg'mtudc-
lews information densily than for I'M. Even though the lower depsity is bal-
anced by an order of magnitude improvement in dynamie range, the required
frequency of tape change for mullisstat:on contlinuous recording poses a
severe problem for seismographic dala acy nsilion,

I'wo recent developments may well revolutionize the use of digital mag-
netic-lape recording in seismology. These me the advent of low-gost reliable
disital_casselte transports along with the development of integraied civeuit
\l.nll re {.(I‘h r modules whereby thousands of bits of information can be hele
M pomory on a sinple printed circuit board, providing a delay in the data
.slum: the decision is being made regarding ils sigmificance and the
necessity of recording it permanently on tape. Such “self-editing” data nys-
tems, which can be used with low-cost casseble or %-in tape recorders for
event recording, have finally brought the unquestioned superior fidelity of
diyatal recording Lo routine seismographic recording where the desired data
coasist of discrele events, comprising bul a fraction of the lolal monitoring
titne. Ambuter and Solomon (1974) and Prothero (1976) describe syqtcms
of this type.

As a final suggestion Lo those who wouid design systems based on magne-
Lic tape as the prime recording medium — a monilor record of some type, re-
cording continuously, is invaluable in the lask of identilying, locating, and
processing the eventls stored on the tape.

10.6.6 Timing
CETR——.

Timing systems commonly used in seismographs are of two types: (1) a
precision oscillator driving a clock; or (1) continuous reception of a radio
time signal. Bven in the case of the oscillator and clock, regular radio recep-
tion is needed for time check.

Crystal oscillators with temperature compensation for time bases are avail-
:lhlu at relatively low cost and low power drain with long-term stabilily of

< 107% at constant temperature. This stability makes available simple
lmnm_ systems which exhibit drift rales in normal service of as little as 0.1
wvmfﬂ'ﬁf The complete giming program derived from such an oscillator
can be as simple as a series of minute and hour pulses for visible recorders, or
as complex as a du,llal {ime code wilh day, hour, minule, second informa-
tion repealed once per “second. The basic precision is the same in either case.

Radio lime signals exist in a variety of forms. Perhaps the most common is
L WWV-lype periodie or conlinuous time data transmission in the 2.5-20
Milz standard time broadeast bands. These short-wave sigmals can usually be
received, with adequate equipment, anywhere in the world, at some time of
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the day, Whale adequate for chronometer Lime checks, these symals are too
eriatic in reception quality for use as a primary time signal. Low-frequency
time broadeasts in the 15—100 11z range, such as WWVB, can be received
reiiably enough for continuous recording over arcas of continental dimen-
stons. Another source of continuous time data lics in the navigional broad.
ciwls such as the Loran system. In many areas, standard broadicast stations
(H00—1500 Uz) trasnmit daily reference signals at regular times. A micro-
hower timer can be incorporaled casily and at very low cost into field sys-
tems Lo turn on a pretuned receiver daily al a present lime stable to a few
seconds per month,

There is the occasional system that does nol require synchronizalion to
universal time. Special-purpose microcarthquake networks, such as those
used in geothermal site investigalions, recording events scen only by that net-
worl, ulmmm’plc. Another example is the array of deformation and
pressure pages oflen installed in large dams or struclures to recoid response
Lo strong earlhquake shaking. In these cases a system is adequate which pro-
vides a reference for relative timing amony data channcls, and sufficient pre-
cision for the analysis comtemplated (e.g., high-resolution response spectra).

' i

10.6.7 Telemelry
M

In many cases it is advantageous to emplace the scismometer some dis-
tance from the recording site. The distance may be as hitle as 1—2 km,
where cullural noise is unacceptable high in the recorder area, or as much as
hundreds of kilometres when central recording of a network of stations is
desired, Modern Lechniques of data telemetry, FM or digital, provide a
sunple refiable solution to this need.

The most commonly used telemelry system for seismological data is based
on frequency modulation (FM) in the audio range of 300—3000 (12 which is
readily transmitted by commercial voice-grade telephone lines. ‘Typically,
senmomeler signals in the 0—25 [z range are converted by a vollage-con-
trolled oscillator (VCO) to tones in the audio band modulated £125 1z by
the signal, Up to nine (bul preferably seven or less) independent Lones (mul-
ti-components al one station, different gams, or mulliple stabions) can then
he multiplexed onto one telephone line. At the recever, the tones are demo-
dulated by narrow-hand discriminators which deliver the oviginal analog seis-
mometer symal. Dynamic yange of 5060 (B can be obtamned with relatively
simple system, The signals are then available al the central recordmng sile
for recording and processing. A variation on this method uses intermediate
recording of the multiplexed tone bundles on magnclic Lape at 15/186 ips (24
mm/sec), with demodulation upon playback. This is probably the most
dease packing of information available in magnetic tapc recording,

The_telemetry link may consist alternatively of low power (0.1--0.5 watt)
Wﬂcally transmitting in FM mode somewhere in the 50—500
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. e . . . . [T
Milz ranjwy vequiring line-of-sight path, and effective up to 100 ki distance

m favorable circumstances. With radio telemelry, as with special land lines,
the 300—3000 Iz bandwidth limitation on voice-grade telephone lines can
be extended, allowing more channels per link.

I the requirement exists to telemeter data with a dynamic range grealer
than about 60 dB, digital lechniques should be investigated. While digital
data telemetry s not presently in widespread use for modest scismological
installations, the rapid advances in the ficld of digital datla transmission and
acquisttion virtually assures Lhal such mecthods are coming is seismological
praclice,

10.7 CALIBRATION

Aller careful consideralion of the requirements and components of a pro-
posed seismographic system has produced detailed specifications and the re-
sulling eqiupment. has been installed, the inevitable question is asked, *“What
is the system response?” This question frequently arises, sometimes as soon
as the system is operational; in other cases it may be months, or cven ycars,
belore data from the instruments are processed in such a manner that any
more than a rough magnification value is required. Neverlheless, this ques-
ton will anise sooner or later in the case of virtually any modern installation
of seismographic instrumentation.

_in this final section the two general and most effective approaches to an-
swering the question of system calibration will be outlined. The two meth-
ods are: (1) theoretical, a consideration of the expected response of cach ele-
ment i the system and their syntheses inlo the overall system response; and
(2) empirical, a direet measurement of the system response Lo an inpul equi-
valent Lo a known ground molion. In the former approach we need Lo know
all the parameters which defime the response of each component, must be
known, i.e., seismometer natural frequency, damping, coil resistance and in-
ductance, transducer sensitivily, amplifier and [lilter characteristics, and
recording-system consltants. Many or all of these will have to be measured in
the laboralory, to a precision consistent wilth the desired aceuwracy of the
theorelical response calculabion. In the latter empirical method, only the
means Lo ingeel a known equivalent ground-motion inpul, with the requived
precision, ato the system is necded, The standard modern approach to this
is the use of an independent calibration coil on the scismometer. A current
passed Lhrough the coil, whose electromapnetic constant is known ov can be
casily measured, produces a known force on the inerlial mass of the seis-
mometer which is equivalent Lo an acceleration of the ground, While many
apparently differing schemes flor calibration are used, they are, virlually
without exceplion, simply varialions or combinations of these-two methods.

With carcful procedures, either approach to calibration is capable of pro-
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ducig response curves accurate to betior than 5%. Iaving performed such
a cahbration, it 1s common #ood practice Lo check system response periodi-
cally with a simple weight hfl or known electrical signal in the calibration
coil. Variations in the system response are seen easily as changes in the re-
sponse (“cal-pulse”) of the system Lo this standard test input.
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80 WAVE PROPAGATION IN ELASTIC MEDIA CHAP. 3

(distortional) propagates at the same velocity (rg = /G_/p) in both the rod
and the infinite medium.

3.3 Waves in an Elastic Half-Space

In Sec. 3.2 it was found that two types of waves were possible in an
infinite elastic medium—waves of dilatation and waves of distortion. In an
elastic half:space, however, it is possible to find a third solution for the equa-
tions of motion which corresponds to a wave whose motion is confined to a
zone near the boundary of the half-space. This wave was first studied by
Lord Rayleigh (1885) and later was described in detail by Lamb (1904).
The elastic wave described by these investigators is known as the Rayleigh
ware (R-wave) and is confined to the neighborhood of the surface of a half-
space. The influence of the Rayleigh wave decreases rapidly with depth.

Rayleigh-Ware Velocity

A wave with the characteristics noted above can be obtained by starting
with the equations of motion (Egs. 3-42, 3-43, and 3-44) and imposing the
appropriate boundary conditions for a free surface. We define the surface
of the half-space as the x-y plane with z assumed to be positive toward the
interior of the half-space, as shown in Fig. 3-12. For a plane ware traveling
in the x-direction, paiticle displacements will be independent of the j-
direction. Displacements in the x- and z-directions, denoted by x and w
respectively, can be written in terms of two potential functions ® and V'

u=@+a—lp and w=—a—(-b—2‘—?

ox 0z oz Ox

" The dilatation ¢ of the wave defined by uand w is

du oJdw 9 /0d ¥ ¢ [0d ¥
€ — — —_—= = — 4 — —_—— — — | = V2(D
€ x + z ax’(ax T az) oz (az ax) _

and the rotation 2@, in the x-z plane is

du Ow _ 0 (a(D 6_‘%) 0 (5(1) o¥
ox

v _ o0 _ —) — vy
oz dx

dx oz

Now it can be seen that the potential functions @ and ¥ have been chosen

T e e e e e 4 v e e .

SEC. 3.3

Figure 3-12, Coordinate cor
tion for elastic haif-space.
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Figure 3-12 Coordinate conven-
tion for elastic half-space.

such that @ g associated with dilatation of the medium and ¥ associated
with rotation of the medium,

Substituting « and u into Egs. (3-42) and (3-44) yields

0 (3*D 0 (0¥ . 0 o d
Alas)+Fp—[—) = 1) PAAPE v 9 oour i
pa,x(atﬂ) i ”az(aﬁ) (/.+~G)ax(\7 (I))+GaZ(V ) @3 49)
and
¢ (0°D 7 [y ? 5
-~ 1 == - M mared =3 2 - P — fadl 72 .
Pa:(atl) pax(atz) (4 + 26) oz (‘ (D) Gax (\— l{f) (3 50)

Equations (3-49) and (3-50) are satisfied if

PP 2426

o= Vi = 22 (-51)
and
- ik (< W
- (;) VY = vy (3-52)

Now, by assuming a solution for a sinusoidal wave traveling in the
Positive v-direction, expressions for ¢ and {* cap be written

¢ = F(z) exp [i(er — Nx)} (3-53)

Ena b S,
e e s e ———r e <y T e e~ e s o
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82  WAVE PROPAGATION IN ELASTIC MEDIA CHaAP, 3}

and
Y = G(2) exp [i(wt — Nx)] (3-54)

The functions F(=) and G(z) describe the variation in amplitude of the wave
as a function of depth, and N is the wave number defined by )

N==C
L

where L is the wave length.
Now, substituting the expressions for ® and ¥ from Egs. (3.53) and
(3-54) into Eqgs. (3-51) and (3-52) yields

2

— S F(2) = —N*F(2) + F(2) (3-55)
vp
and .
2
— = G(2) = —N*G(z) + G(2) (3-56)
Us

By rearranging Egs. (3-55) and (3-56), we get

F'(z) — (N2 — %2) F(z) = 0 (3-57)
vp
and
2
G'(z) — (1\’2 — 5";) G(z) = 0 (3-58)
Us

wherc F7(z) and G"(z) are derivatives with respect to z. Now, 15:(tmg

2
gt = (N*2 — 9;) (3-59)
vIJ
and
2
§2 = (Nﬂ - 9—) (3-60)
v

Eqs. (3-57) and (3-38) can be rewritten as

F'(z) — ¢ (z) =0 (3-61)
and

G'(z) - 5°G(z) = 0 (3-62)
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- Nx)] T(3-54)

1uon in amplitude of the wave
ber defined by

» and ¥ from Egs. (3.53) and

+ F(2) (3-55)
- G"(2) (3-56)
2) =0 (3-57)
(z) =0 (3-58)

spect to z. Now, letting

) (3-59)
i‘, (3-60)
.0 G-61)

- 0 (3-62)

et o ae —mmam—pom e B r—m rm = mta mamemm = Yogh o e o
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The solutions of Eqgs. (3-61) and (3-62) can be expressed in the form
F(z) = A, exp (—gz) + B;exp (g2) (3-63)

G(z) = As exp (—sz) + By exp (52) (3-64)

A solution that allows the amplitude of the wave to become infinite with
depth cannot be tolerated; therefore,

BI=BZ=0

and Eqgs. (3-53) and (3-54) become

D = A, exp [—gz + i(wt — Nx)] (3-65)
and
Y = A,exp [—sz — i(wt — NX)] (3-66)

Now, the boundary conditions specifying no stress at the surfacc of a
half-space imply that o, = 0 and 7,, = 0 at the surface z = 0. Thercfore, at
the surface,

o, = &+ 2Ge, = 76+ 262 =0
(0)4
and
,zz_GyI_G(a_w+f9_") o
dx 0Oz

Using the definitions of v and w and the solutions for @ and ¥ from Eqgs.
(3-65) and (3-66), the above equations for boundary conditions can be
written

oo = A1 [(2 + 2G)g® — N2} — 2iA4,GNs = O (3-67)
and ' ,
Toy o = 2014, Ng + Au(s2 4+ N?) =0 (3-68)

Upon rearranging, Eqs. (3-67) and (3-68) become

Ay (L 2G)g° — AN

—— =0 (3-69)
A, 2iGNs

and
/_11 _2qi/\’
Ay (s* + NF)

—-1=0 (3-70)
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Now we add these two equations to get

P 2 sag2 AL inT
(A + 2(?){] AN - n-qu‘\ G-71)
2iGNs s°+ N?
and cross-multiply in Eq. (3-71) to obtain
49GsN? = (s* + N?) [(2 + 2G)g?2 — iN?] (3-72)

Squaring both sides of Eq. (3-72) and introducing ¢ from Eq. (3-59) and s.

from Eq. (3-60), we get

2 2
16G2N* (1\/2 — %) (N2 — ﬂ)
3 UI)

~ [(;. + 2G)(1v2 - ‘%2) - ;.NZHN? + (N2 - ‘vi)]z (3-73)

Up S

Now, dividing through by G2N®, we obtain

2 2 19 2 2 2 \2
o) (3w = - (55) ) [ - )
vpN tgN G vpN* \ vgN-®

(3-74)

Then, using the following relationships derived in the footnotc* gives

w? VR els
= -2 = o*K 3-75
vpNE oh (3-75)
(02 Uiz 9
=-==K 3-76
VNt o} (3-76)
l—{—ZG:l__I_Z_—_Zv 3-77)

* By definition,

N 27
L
or
L=
N

(Let Lg and v, be the wave length and velocity, respectively, of the surface wave )

sec. 3.3:
Eq. (3-74) can be written
C16(1 — «*K®)(
After expansion and rearra;
K8 — 8K* +
Equation (3-79) can be cor

solutions can be found for gi
between the velocity of the

Also,
and, from above,
therefore,

and

Let X and « be defined such that

2
¢ Ya _
2
Then
and

Substitution of »5 and vp from Eq
1
;i ==
and using

we gcl

~



SEC. 3.3 WAVES IN AN ELASTIC HALF-SPACE 85

Eq. (3-74) can be written

_1«1—fxm1—xﬂ=(m—%fmﬁz—xw (3-78)
¢ §

After expansion and rearrangement, Eq. (3-78) becomes
K8 — 8K+ (24 — 162)K* + 16(22 — 1) =0 (3-79)

Equation (3-79) can be considered a cubic equation in K? and real valued
solutions can be found for given values of ». The quanuty K represents a ratio
between the velocity of the surface wave and the velocity of the shear wave.

Also,
v 2ap '
Lp=-2=C""%
f w
and, from above,
2 Upiw
L,=__ =
£ N w
therefore,
w
N=_
vz
and
Ne= 2
: v
Let XK and « be defined such that
2 2
v v
2=k and -f=oak?
v vy
Then
F s
L R a?K?
v;!\n 2
and
L
viN? o}

Substitution of ¢y and v, from Egs. (3-46) and (3-48) gives

2 +2G
1 vy _ P 7+ 2G
@ 2 G G
. P
and using
7 .
Y= ——————
2(2 + G)
we get

—e Sl

ey e ¥+ a5 = % o St < mmrt ot g < pmpre = meam e e o e e e el e
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oy ]
>l>"’
K
g 2 1
2
o
>
) S - Waves
R_W Figure 3-13. Relation between
- waves Poisson’s ratio, », and velocities of
propagation of compression (P),
0 0. 0'2 013 0{4 D.5 shear (), and Rayleigh (R) waves

in a semi-infinite elastic medium

Poisson's Roatio, v (from Richart, 1962).

From this solution it is clear that K2 is independent of the frequency of the
wave; consequently, the velocity of the surface wave is independent of fre-
quency and is nondispersive.

Ratios of tgftg and v pfvg can be obtained from Eq. (3-79) for values of
Poisson’s ratio » from 0 to 0.5. Curves of these ratios as a function of v are
shown in Fig. 3-13.

Rayleigh-Wave Displacement

So far, a relationship for the ratio of the Rayleigh-wave velocity to the
shear-wave velocity has been obtained, but additional information about the
Rayleigh wave can be determined by obtaining the expressions for u and w
in terms of known quantities. Upon substituting the expressions for ® and
¥ from Eqs. (3-65) and (3-66) into the expressions for u and w, we get

L2 Y
ox 0z
= —A,iN exp [—qz + i(ot — Nx)] — Aps exp [—sz + i(t — NX)]
) - . (3-80)
and
_ao o
9z ox

= —A,iNexp [—qz + (w1 — Nx)] + A,iN exp [—sz — i(w! — Nx)]
(3-81)

i 4

stc. 3.3

From Eq. (3-70) we can get

and substitution of A, into E

u= Al[——iN exp (—qz)

,and

2gN*?
w=A,| ——cxp(~s
l[s'+ N? p(

Equations (3-82) and (3-83) ¢

q
u= A;Niy —ex — = (=N
1 P[ N(

and
e

w= A, N\~ N exp [——f
[]—il—z+1 :

Now, from Eqs. (3-84) and {
expressed as

U(z) = —exp [—-
and
24
. W(z) = — €
31
N%

* The significance of the pre
in the expression for » (Eq. 3
phase with the w-component of
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" From Eq. (3-70) we can get

2qiN A,
Ay = — =
s+ N

and substitution of A, into Egs. (3-80) and (3-81) gives

2“1511:;2 exp (—s:):, exp i(wr — Nx) (3-82)

u = Al[—-iN exp(—gqz) +

and

2
s

— 4,[ 29N : )| exp (et — N (3-83)
w=A, F N exp (—sz) — g exp (—qc) exp (et — " x) -

Equations (3-82) and (3-83) can be rewritten

,4s
]
u = A;Ni{ —exp [— Q—(ZN)] + 2N N exp [_ i(:.»\')]
N s N
F-*—l
X exp i(wt — Nx)  (3-84)
and
24
N s q q J
w= AN eXp| ——(E=N)| — Zexp | — L (=N
N e [ Sem| -4 Pl LN
TR

X exp i(wt — Nx) (3-85)*

Now. from Eqs. (3-84) and (3-85), the variation of 1z and » with depth can be
expressed as

24 35
T

U(z) = —exp [——- I%(ZN)J + 2N N exp l:—— %(:_\'):I (3-86)

# +1 :
and ~
2% '
"y Sa 4 4N .
O = ew |- tem] Lo [- L V] e
T

* The significance of the presence of + in the expression for u (Eq 3-84) and its absence
in the expression for w (Eq 3-85)1s that the u-component of displacerent 1s 90° out of
phasc with the » ~component of displacement.
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The functions U(z) and (=) represent the spatial variations of the displace-
ments # and w. Equations (3-59) and (3-60) can be rewritten

q? (:)2 )
=1 3-88
N? Nl (3-88)
and
2 2
5_0 -1 ": . (3-89)
N- N-vg

and then, using Eqgs. (3-75) and (3-76), Eqs. (3-88) and (3-89) can be reduced
to
2

;"\,—2 =1—22K? (3-90)
and

s2

S=1- K? (3-91)

Now, U(z) and W(z) can be cvaluated in terms of the wave number WV for °

any given ‘alue of Poisson's ratio. For example, if v = {, U(z) and W¥(2)
are given by

U(z) = —exp [—0.8475 (zN)] + 0.5773 exp [—0.3933 (zN)] (3-92)

and

W(z) = 0.8475 exp [—0.8475(zN)] — 1.4679 exp [—0.3933(zN)] (3-93)

Figure 3-14 shows curves for U(z) and W(z) vs. distance from the surface in
wave lengths of the Rayleigh wave (Lp) for Poisson’s ratios of 0.25, 0.33,
0.40, and 0.50.

Wave System at Surface of Half-Space

In preceding paragraphs expressions have been determined for the wave
velocities of the three principal waves which occur in an elastic half=space.
Knowing these velocities, we can easily predict the order in which waves will
arrive at a given point due to a disturbance at another point. In addiuon to
predicting the order of arrival of the waves along the surface, Lamb (1904)
described 1n detail the surface motion that occurs at large distances from a
point source at the surface of an ideal medium.

e e e

stc. 3.3
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Amplitude ot Depth z
Amplitude ot Surfoce

Figure 3-14 Amphitude ratio vs. dimensionless depth for Rayleigh wave,

Under the conditions considered by Lamb, a disturbance spreads out
from the point source in the form of a symmetnical annular-wave system.
The initial form of this wave system will depend on the input impulse; but
if the input is of short duration, the characteristic wave system shown in Fig.
3-15 will develop. This wave system has three salient features corresponding
to the arrivals of the P-wave, S-wave, and R-wave. The horizontal and
vertical components of particle motion are shown separately i Fig. 3-15.
A particle at the surface first experiences a displacement 1n the form of an
oscillation at the arrival of the P-wave, followed by a relatively quiet period
leading up to another oscillation at the arrival of the S-wave. These events
are referred to by Lamb as the mumior tremor and are followed by a much larger
magnitude oscillation, the major tremor, at the ume of arrival of the R-wave.

The time 1interval between wave arrivals becomes greater and the
amphtude of the oscillations becomes smaller with increasing distance from
the source. In addition, the minor tremor decays more rapidly than the major
tremor. It is evident, thercfore, that the R-vwave 1s the most significant dis-
turbance along the surface of a half-space and. at large distances from the
source, may be the only clearly disuingwishable wave.
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7.10. LOVE WAVES

In the Rayleigh waves examined in the previous section the material
particles move in the plane of propagation. Thus, in Rayleigh waves over
the half-space y > 0 along the surface y = 0, propagating in the x-direction,
the z—componcnt of displacement w vanishes. It may be shown that surface

waves with displacements perpendic-

=‘H1 ular to the direction of propagation
i\.\\\}\ ‘> (the so-called SIf waves) is impossible
NG Cr \\ in a homogeneous half-space. How-
NONY \\\

/ ////

y 0 ever, SH surface waves are observed

M C..Cr as prominently on the Earth’s surface
/ as other 'surface waves. Love showed
// that a theory sufficient to include SH
/1 surface waves can be constructed by

having a homogeneous layer of a
mCdlum M, of uniform thickness H,,
overlying a homogeneous half-space
of another medium M.

Using axes as in Fig. 7.10:1, we take u = v = 0, and

Fig. 7.1G:1. A layered half-space.

v

¢)) w = A exp l:—k /1 — f:-y} exp [ik(x — c1)]
T

in &f, and

T ¢ ¥ . c Y
2y = iAlexp ':-—k 1 - :(;,) y] + A, exp [k 1— ( m) y}}
T Cr

x exp [ik(x — c1)]

in M. 1tis casily verified that these equations satisfy the Navier's cquations,
e < rp then waa 0 35 y == 00, a5 desired.
The boundary conditions are that w and o,, must be continuous across

the surface y = 0, and o,, zero at y = —H,. On applying these conditions
to (1) and (2), we obtain

3) A=A + 4,
(4) GAQL — (c/er)2 = Gy(A, — ADIL — (c[ePHHM?,
(5 Ayexp {kH,[1 — (c/c'")*]V%} = Ajexp {—kH,[1 — (c/[cF)*]"3).

Eliminating 4 from (3) and (4), and then using (5) to eliminate 4, and A4,
we have
Gl — (cler)']® A, — A]
Gl — (c/ePYT? 4, + 4

= itan {ikH,[l — (c/cF)*]2}.
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Hence, we have
(6) G[l _ (C/CT)2]1/2 G [(C/C“) 2 1]112 tan {kH [(C/C(” 2 1]1/2} =0

as the equation to give the SH surface wave velocity ¢ in the present condis
tions.

If ¢V < cp, Eq. (6) yields a real value of ¢ which lies in the range

¢ < ¢ < cp and depends on k and H, (as well as on G, Gy, cp, and ¢i})),

bccause for ¢ in this range the values of the left-hand-side terms in (6) are
real and opposite in sign. Thus, S/ surface waves can occur under the
stated boundary conditions, provided the shear velocity ¢¥ in the upper layer
is less than that in the medium M. These waves are callcd Love waves.

Love waves of gencral shape may be derived by superposing harmonic
Love waves of the type (2) with different k. The dependence of the wave
speed ¢ on the wave number k introduces a dispersion phenomenon which
will be considered later.

PROBLEMS

7.2. Derive Navier's equation in spherical polar coordinates.

7.3. From data given in various handbooks, determine the longitudinal and
shear wave speeds in the following materials:
(a) Gases: air at sea level, and at 100,000 ft altitude.

(b) Metals: iron, a carbon steel, a stainless steel, copper, bronze, brass, nickle,
aluminium, an aluminium alloy, titanium, titantum carbide, berylium, berylium
oxide.

(c) Rocks and soils: a granite, a sandy loam.
(d) Wood: spruce, mahogany, balsa.
(e) Plastics: lucite, a foam rubber,

7.4, Sketeh the instantaneous wave surfnes, partiele veloeltles, and particle
paths of a Love wave.

7.5. Investigate plane wave propagations in an anisotropic elastic material.
g P propag P
Apply the results to a cubic crystal. Note:
a2, du, R
—_— = — U = e 1+
P FIE [£3%1 3x,3xk [} 1 [}

where k(k,, ks, k) is the wave vector normal to the wave front.

7.6. Dctermine the stress field in a rotating, gravitating sphere of uniform
density.
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CORRELACTONES ENTRE DI {ERSOS PARAMETROS DE LOS TE{BLORES

4
1

MAGNITUD EN LA ESCALA DE RICHTER
R = DISTANCIA FOCAL (EN KM)

Vs, = VELOCIDAD MAXIMA DEL TERRENO (CM/SEG)
a .. = ACELERACION MAXIMA DEL TERRENO (CM/SEG?)
V .. = VELOCIDAD ESPECTRAL MEDIA MAXIMA,CM/SEG (PARA £=0)
A sy = ACELERACION ESPECTRAL MEDIA MAXIMA, EN CM/SEG® (PARA
z=0)
I = INTENSIDAD EN ESCALA DE MERCALLI MODIFICADA
W = ENERGIA DISIPADA, EN ERGS
M -1.7
Voax = 32e (R + 25)
_ 0.8M -2
a .. = 5600 e (R + 40)
M -1.7
Voax = 250e (R + 60) B}
_ 0.8M -2
A s, = 69600e (R + 70)

NOTA: ESTAS CORRELACIONES CORRESPONDEN A LAS COMPONENTES HORIZONTALES

DE TEMBLORES REGISTRADOS EN TERRENO DURO.

=
i

1.45M - 5.7 LOG R+ 7.9

10
LOG 14 VoAx

LOG 2

-

APROPIADA PARA I<10. ©PARA I>10 SE SOBRESTIMA I.

LOG10W = 11.4 + 1.5M
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ac between the reported observations and calculations is good. The two measurcments
LAen deviating most from the calculations were recorded at Lima and Koyna. It is noted that
~erv peak accelerations measured at Lima have been interpreted by Cloud and Perez (1971)
’ to be anomalously high.
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, are well . .
mbraseys The comparisons shown in Figures 3 through 5 are encouraging and suggest that :
cquation equation (6) may be useful in predicting peak earthquake accelerations for a reasonably ’f
h magni: wide range of magnitudes, epicentral locations, focal depths and focal distances. As new 3
) reement earthquake ground-motion data are recorded, it is hoped that more extensive analyses 3
£ will confirm the usefulness of equation (6) as well as delineate its range of validity. E
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motion accclerograms versus the corresponding data computed using equation (8). For
this data sample, although there is considerable scatter, equation (8) generally under-
estimates the mean of the data by about a factor of two The reason for this discrepancy is
not known and requires further study However, analysis of the data and the fact that
the discrepancy between the data and equation (8) 1s approximately a constant factor
suggests that the scahng of peak displacement with magnitude and focal distance is not
substantially in error. The discrepancy may be due to an inaccurate determination of the
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CALLULATED PEAK DISPLALEMENT (M

FiG. 9. Comparison between peak displacements derived from the CALTECH strong-motion accelero-
- .grams and corresponding calculations using equation (8)
bl it :

constant factor in equation (8) or to the influence of local site amplification effects in the
CALTECH data, an effect not included in this analysis.

L3

-
DiscussioNn

Itis of interest to examine equations (6), (7), and (8) in terms of the classical correlations
between carthquake magnitude and epicentral intensity, radius of perceptibility, and
maximum epicentral acceleration.

Gutenberg and Richter (1956) suggested that earthquake intensity is best related to peak
ground acceleration. Using the Gutenberg-Richter intensity-acceleration equation and
equation (6), assuming a focal depth of 15 km, one derives an equation relating magnitude
and epicentral intensity. The equation so derived differs significantly from Gutenberg
and Richter’s empirical relationship. This suggests that earthquake intensity may not be
closely related to peak acceleration, a suggestion that has been made previously by many
researchers.
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TRAZO DE ESPECTROS DE DISENO ELASTICO

RECORDEMOS QUE LA ECUACION QUE RELACIONA LAS ORDENADAS ESPECTRALES

SUAVIZADAS PARA UN AMORTIGUAMIENTO ¢ CON EL DE AMORTIGUAMIENTO NULO
ES

D A .
L=_% = (1+3.77 £54-0.45 _ (1)
Do AC=0 T T
_ _ 0.74M
DONDE S = DURACION DEL SISMO = 0.04e +0.3R

4 RELACION DE AMORTIGUAMIENTO

T

PERIODO NATURAL

CONSIDERANDO QUE EL ESPECTRO PARA t= 0.20 COINCEDE EN PROMEDIO CON
LAS LINEAS QUE DEFINEN LA ENVOLVENTE DEL MOVIMIENTO DEL SUELO SE
TIENE QUE
. - \
DE (1): Ao = Rp.20 A0.20 (2)
SUSTITUYENDO LA EC. (2) EN LA (1) SE PUEDE OBTEMER EL ESPECTRO PARA
CUALQUIER VALOR DE ¢

_ £S,-0.45
A, = Ry 50 Ag g0 (W *3.77 )

(3)
PARA ESPECTROS ELASTOPLASTICOS DE' DISENO BASTA CON DIVIDIR EL ES-
PECTRO ELASTICO ENTRE u O ENTRE V2u- 1, SEGUN EL CRITERIO QUE

SE ELIJA PARA ELLO.
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2.

18.

Una explicacién breve de los pasos del método es:

Interpolar el acelerograma a intervalos de tiempo cons-
tantes, 4t. Para registros en terreno durc se tomd

A{=0.02; para suelo blando, At=0.04 seg.

Trasladar la linea base original hasta situarla a la
altura de la aceleracidn media nula, restémdole a cada
ordenada el promedio aritmético de todas las acelera-

. \
cidnes.

Diezmar el registro reteniendo 1 de cada N puntos con
objeto de reducir el tiempo de computadora empleado para
la correccidén. El valor de N depende del contenido de
frecuencias que visualmente sz puedan detectar en el
registro. Asi, para los acelerogramas registradcs en
terreno duro se tomd N:=5, v en blando, N=3, es decir los
nuevos incrementos del tiempo fueron At=0.1 y 0.12 seg,

respectivamente.

Obtener una linea base preliminar, L PERTRE eliminando
parcialinente las ondas de alta {recuencia del acelero-
grama mediante el empleo de promedios mbviles de orden’
n (fef 13). En todos 1los casos se usd n=2%, con 1o cual
se elimind parte de las ondas de periodos menores de

25 x 0.1 = 2.5 seg en registros.obtenidos en terreno

duro, y 25 x 0.12 2 0.3 seg, en terreno blando.

,

Obtener una nueva linea base, tz(ti), pasando a £1(ti)
por el filtro digital do Crmsby (xef 14}, c>n frecuencia
de corte de 0.07 Hz, con el cual s= climinan casi poHv

completo las ondas con periodos megnores de 16 seg.

. 2
e
v







7.

10.

19.

Interpolacién de £,(t;) a cada At original. La linea

base resultante se denotara con LyCt).

Calcular el acelerograma corregido, resté&ndole al obtenido
en el punto 3 la linea hase £3(ti). Por 1lo tanfo, este
nuevo acelerograma casi no contendrid ondas con periodos
mayores de 16 seg, que son las que se pretende eliminar,

‘

de acuerdo con lo descrito en capitulos anteriores.

Ajustar una nueva linea base al acelerograma mediante una
pardbola de segundo orden, tomando velocidad inicial dife-
rente de cero, tal como se describe en la ref 12. El

acelerograma resultante se denotard ag(t;).

Obtener las velocidades y desplazamientos del terreno
integrando el acelerograma una o dos veces, respectiva-
mente, y el espectro de respuesta para amortiguamiento

nulo. -

Graficacidn automética de los acelerogramas y las funciones

calculadas en el punto anterior.

Analizar las gréficas'para jﬁzgar si la correccidn es
adecuada. En caso de que la oscilacidn dz las acelera-
ciones a todo lo largo del registro sea alrededér de la
linea base, se puede considerar que la correccién es acep-
table y pasar al punto 16. Si no sucede asi, sino que
aparece al principio o final un tramoc que evidentemente

no quedd bien corregido, como ocurre en ia fig 2, entonces



12.

13.

iy,

15.

16.

En la fig 3 se presenta el diagrama de flujo de" este proce-

VAR

hay que pasar al punto 12. Esto se puede confirmar -
observando también los tiempos en los cuales ocurrieron
las aceleraciones espectrales correspondientes a periodos

largos (mayores de 5 seg, por ejemplo).

Obtener promedios mbéviles de orden N' en los tramos que
se juzga que la correccidn no fue adecuada, en donde N'
se escoge a criterio de.la persona qﬁe pf@cesa los datos,
y se fija de manera de no eliminar ondas de periodos que
obviamente no son espurios. En los casos aqui presen-
tados; en que hubo necesidad de aplicar este paso, se

usé N'=101 cuando se requirid esta correccién adicional
en el tramo inicial del registro, o  N'=2%51, cuando sé
requiridé al final (se empled 4t=0.04 seg). Este proceso

conduce a una nueva linea base, £y(t;).

Calcular el acelerograma nuevo, a&(ti), restédndole al

anterior, ag(tj), la linea base £4,(t;).
Ajuste parabbdlico igual al del punto 8; el acelerograma

resultante se denota ajy(t;).

Cdlculo y graficacibén de las nuevas velociciades y despla-

zamientos del terreno. Repeticidén del paso 11.

Cédlculo y graficacidén de los espectros de respuesta para
periodos, T, desde 0.1 hasta 10 seg, ¥ fracciones de amor-

tiguamiento 0, 0.02, 0.05, 0.10 y 0.20.

-

A

.dimiento.
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CLASIFICACION DE TEMBLORES:

REGISTRADOS EN TERRENO DURO Y DE PROFUNDIDAD FOCAL Y MAG-

NITUD PEQUERNAS.

REGISTRADOS EN TERRENO DURO O ROCA, DE PROFUNDIDAD Y DIS-

TANCIA FOCAL GRANDE Y DE MAGNITUD GRANDE.

REGISTRADOS EN TERRENO BLANDO Y DISTANCIA FOCAL Y MAGNITUD

GRANDES.

REGISTRADOS EN SITIOS CON CONDICIONES DEL SUELO ALTAMENTE

INELASTICAS (LICUACION DE ARENA, POR EJEMPLO)
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1.3 Caracterfsticas de los temblores

Cualquiera que seé el origen de los temblomes, se generan
ondas que pueden clasificarse en cos grupos principales: e@ndas de cuerpo
y ondas superficiales, Esta clasificacién se basa en la forma de transmi
sién a través de la tierra: las ondas de cuerpo producen diesplazamientos
- sea en la direccidn de propagacién (onaas P) o en dos direccicnes mu—
tuamente perpendiculares, normales a la direccién de proéagacidn (ondas
S); las ondas superficiales se transmiten a lo largo de laos planos de
frontera entre dos medios (Bullen, 1963) .

Debido a que la velocidad de propagacién de los diversos
tipos de onda son diferentes, los sismogramas (gréficas de desplaza-
mienté del terreno contra tiempo) muestran mas o menos definido el arri-
bo de tres fases principales de ondas .que dependen del mecmnismo de gene
racién y de su transmisibn a través de medios estratificados con fronte-
ras irregulares.

La contribucién de las ondas superficiales a la acelera-
cibén del terreno es pequefia y, por tanto, el efecto principal sobre
buena parte de las estructuras se debe a las ondas de cuerro. Las ondas
superficiales son, sin embargo, muy importantes en trabajos de sismolo-
gfa tales como el estudio de disipagiﬁn de energfa y de mecznismos de
temblores,

Puede demostrarse que pafa una relacién de Foisson del
medio igual a 0.25, las ondas P viajan con una velocidad %.7 veces la
de las ondas 5, la cual es del orden de 3.5 km/seg en la corteza terres

“tre (Housrer, 1562).

. Aun cuando la parte intensa de los temblores consiste en
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movimientos muy irregulares, ha sido posible encontrar ciertas caracter{s

>

1

ticas comunes para algunos de ellos permitiendo una clasificacién general

en cuatro grupos (Newmark y Rosenblueth, 1968):

1.

2.

3.

1,

mos con caracterf{sticas intermedies o que condiciones locales no origi-

Temblores de corta duracién

Movimientos extremadamente irregulares de dumacién moderada

Temblores de largas duracién con periodos dom#inantes de vibra-

cidn’

Novimientos del terreno produciendo grandes dieformaciones per-

Esta clhasificacidn no implica que no puedan ccurrir sis-—

manrntes del suelo y/o yrandes ondas de aguaa.

nen un movimiento con caracterfsticas difer 'ntes a las esperadas.,

A continuacién nos referiremos a esos grupos como tipo 1,

-

2, 3, 6 4, respectivamente.

Tico

s

Temblores 4e corta duracién. Regic.tros de este lipo ¥
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son tfpicos de temblores poco profundos y de pequefa magnitud registra-
dos sobre terreno duro a distancias epicentrales muy carias (el término
"terreno duro" tiene una interpretacién bastante general y no necesaria-
mente se refiere a rocas; la distincibén se hace principalmente con res-—
pecto a suelos suaves estratificados, tales como el del Valle de México).
Cuando esta condicién no se cumple, las reflexiores maliiDIQF de las on-
das cambian la naturaleza del movimiento (Herrera, Rosenblueth y Rascén,
1965) . Ejemplés son los temblores de Puerto: Hueneme (1%357), Agadir (1967L
Libia (1963), Skopje (1963), San Salvador (1965) y el ¢e Parkfield, Cali
fornia (1966). Todos ellos han ténido magnitudes de 4.7 @ 6.2 y han mos-
trado mayor intensidad en una direccién. Para mayor infformacién acercs

de estos temblores ver Housner y Hudson (1958}, Despayroux (1960) Mirnami
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(1965), Ambraseys (1964), Rosenblueth y Prince (1965), y Housner y
Trifunac (1967).

En el temblor de Parkfield se observd mayor intensidad
del movimiento del suelo en direccidn caesi perpendicular a la de la fa-
1la en les estaclones locelizadas a distancias menores de 6.5 Lm. Esto
ede explicarse en parte por la configuracién espacial de 1as ondas S
generadas por un mecanismo de doble par a los puntos cerca ds los plgnos
de falla (fig 1.1). Las figs 1.2 y 1.3 muestran el acelerograma y el re-
gistro de sismoscopio obtenidos en la estacién situéda a solio 60 m de 1la
lfnea de falla. En este sitio la aceleracién méxima del terreno fue del

orden de la mitad de la aceleracién de la gravedad, siendo 31a mayor que

\

se haya medido durante un sismo, Este temblor fue y 2gistradn en doce esta
ciones situadas en una 1fnea perpendicular s la 1fnea de fella; la fig
1.4 muestra sl acelerograma registrado en la estacién situads a 16 km ds
la falla., Se observa que la naturaleza del movimiento cambi® radicalmen-
te y puede considerarse del tipo 2.

Newmark y Rosenblueth (1968) han calculado la respuesta
de sistemas lineales a excitaciones de este tipo representadus por fun-
ciones prescritas del tiempo, especificadas por algunos parésotros tales

como su mAxima aceleracién o velocidad,

Tipo 2. Movimientos extremadamente irregulares de dura-

cién moderada. Movimientos de esta clase se asocian con distancias foca-

les moderadas y se registran sobre terrenc duro; un ejemplo vl4sico es
el temblor de E1 Centro, California, 1940, (fig 1.5). La porte intensa
de las excitaeciones es mayor que las del tipo 1. Sismos de e=ia clase

ocurren con mayor frecuencia que los otros por lo cual existrn mas re-
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gistros disponibles y han sido mejor estudiados. Filtrando este tipo de
perturbaciones a través de medios estratificados es posible obtener exci-
taciones del tipo 3.

Existen diferencias bien definidas entre las formas de los
espectros suavizados obtenidos para diferentes distancias‘Focales; estas
difrrencias dan idea del contsnido relativo de ondas de diferentes fre-
curncias del movimiento. La fig 1.6 muestra las especiros suavizados para
tres dintancios focales diferentes; se obéerva gue a distancias focales
pequenas las estructuras con periodos naturaleg cortos son mas afectadas
nue }as de periodos naturales largos (Housrer, 1965) .

En la fig 1.7 se muestran los espectros medios suavizsdos
calculados por Housner (1961). Los promedios = calcularon después de
normallizar cada espectro en tal forma que los no amorti guados tuvisran
la misma ordenada media. Estos espectros medios han sido utilizados por
diferentes autores para ajustar los resultados obtenidas de modelos de
simulacidn dg sismos.,

En el capftulo 4 se muestran algunas diferencias cualita-
tives entre los registros obtenidos en diferentes sities y direcciones,
relativos a la posicién de la falla que origina el sismwa,

. El tipo 2 de movimiento del suela ha sido el mas suscepti
ble de idealizaciones como procesos estocésticos. En esiz truhajo se si-
mulardn registros de esta clase de excitacién.

Tipo 3. Temblores de larga duracién con periocdos dominan-—

tes de vibracifn. Esta clase de movimientos resulta de Tiltrar temblores

-

del tipo 2 a través ds suelos suaves estratificados, con la concurrencia

de las ondas miltiplemente reflejadas y refractadas (Kobagashi y Kagami,

e S———
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1966); esta es la razén por la que se obtienen registros de msyor dura-
cién que los del tipo 2; como ejemplo se muestra en la fig 1.8 un regis-
tro obtenido en la zona de alta compresibilidad de la ciudad dle México.

Herrera y Rosenblueth (1965) y Herrera, Rosenblueth y Rascén €3965) han

realizado estudios analfticos de este tipo de perturbacién parm suelos de

comportamiento lineal o casi lineal,

La existencia de periodos dominantes largos puede verse en

las densidades espectrales calculadas por Arias y Petit—_auremit (1964)
para algunos temblores registrados en las ciudades de México, Hi8xico y

Seattle, Washington.,

“ Tipo 4., Movimientos del terreno produc .endo gramdes defor-

maciones permanentes en el suelo y/o grandes ondas de agua. Grmndes ondas

de agua, deslizamientos del suelo y/o licuefaccién del terreno son causa-

Jas por este tipo de exictacién. Algunos sjemplos son los temblures acu—
rridos en Valdivia y Puerto Montt, Chile en 1967 (Rosenblueth, 1961), en
Anchorage, Alaska en 1964 (Seed, 1966) y en Niigata, Japén en 7964
(Falconer, 1964). Es impréctico disefiar estructuras para soport.ar tales
fendmenos; 1o me jor que puede hacerse es construir donds la prebabilidad
de gue ocurran es pequefa, 0 tratsr el suelo antes de la construccién

para evitar fallas locales.

1.4 Antecedentes sobre idealizacién y simulacién de temblores

1.4.1 Procesos estoclsticos, Antes de entrar a 1a revi-

s16n de trabajos previos sobre idealizacién y simulacién de temblores
intensos, es conveniente dar un brevs resumen de los conceptos ue teo-
{a de probabilidades que serén utilizados posteriormente, La m-yorfa

del material de esta seccifn fue obtenido ds los trsbujos de Crandall
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y Mark (1963) y de Newmark y Rosenblueth (1568).
) Muchos fenémenos se caracterizan por cambios imprevisi-
bles con el tiempo, los cuales no pueden describirse antes de que ocurran.,
Sin embargo, si el mismo fendmeno ocurre varias veces, pogria encontrar-
se una cierta rBQQIaridad estadf{stica entre los resultados pudiéndose
di:scribir mediante un conjunto de distribuciones de érobabilidad y/o es-
timarse las esperanzas de algunas caracterfsticas del proceso.

Sea Xi (t) una funcién real del.tiempo t, e i un {ndice
que identificas una funcibn particular. E1 conjunto infinito de funciones
Xi t) constituird ur proceso estocéstico‘si no podemos predecir sus va-
lores en ningdn tiempo., Por tanto, un proceso estocdstico es un conjunto
infinito de funciones individuales descritas por un conjunto de distribu
ciones de probabtilidades. E]l proceso define una variable aleatoria x (t),
para cada tiempo fi jo tk' En particular, si para cualguier coleccién fi-
nita de tiempos tk' las variables aleatorias x(tk) pertenecen a una dis-
tribucibn conjunta gausiana con valores medios iguales a cero, entonces
se dice que el proceso eslocistico es gausiano,

Esperanza. Sea g(xk) una funcién de la varisble aleatoria
X .= x(tk). La esperanza (promedio a lo largo del conjunto infinito de

k

funciones individuales) de g(xk) es, por definicién,

Efq(x) = _/‘;(Xk)¢(x/g)a'xk

donde <#(xk) es la distribucién de probabilidades de primer orden de
XY E['] denota esperanza.

Er particular, si g(xP) = %
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se llama esperanza o valor medio de X, Si g(xk) = X

16

£[si] = [54 $G)

2
k 3

Q@
EfxE] =/‘sz B (Xp) x g :
Lo

es el valor medio cuadrdtico de x . 5i g(xk) = (xk - E [xk] )2 se obtiene

£ffi-e6)7 = o £/ ]) ()

Esta cantidad es llamada variancia de X y sucle desigmarse por o?[xk]

Puede demostrarse que

)

o ?/x, ] E[x] - E%[x4]

A GW}K] y al cociente GWBK]/E[xk] se les conoce como wiesviacidn esténdar
y coeficiente de variacidn respectivamente.
Sea f(xj) otra funcién de la variable aleatoria xj = x(tj)

Por definicidn,

E[g(x/,)f(XJj]=//Q(Xk)f(zy)qé/*‘k,{/)a"«%‘k oxj

donde ¢(xk, xj) es la distribucién de probabilidades conjunta de segun-—

do orden de X Y xj. En particular, si g(xk) = X y/fﬁxj) =’xj, la espe-

K
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[o4
E[\'kXJ]=/XkXJ¢(Xk,Aj)kad)fj
-

se llama funcién de autocorrelacién de XY xj.

si g(x) = x - E[xk] y f(xj) = x; - E[xj], resulta

i E L) €G] | G BB EED) ) ey
. = £[qx] -E[xn ][]

que se conoce como covariancia de X, Y xj. Si E [XPJ = E [xj] = 0 la cova

riancia es igual a la autocorrelacidn. Cuando tk = tj la covariancia se

reduce a la variancia y la autocorrelacién se hace idéntica al valor me-

dio cuadrético.

Estacionaridad y eroodicidad. Se dice que un proceso esto

E28

cAstico es estacionario si sus distribuciones de probabilidades son inva
riantes bajo una traslacidn de la escala del tiempo: de otra forma el

proceso se llama no estacionariao. En un proceso estzcionario la distribu

cién de probabilidades de primer orden ¢(x) del pruoceso, es independien
te del tiempo esto implica gque la espefanza y la va:riancia son también
constantes); la distribucién de probabilidades de smgundo orden,

¢(xk, xj), es solo funcién gel intérvalo entre tk y tj y no de los va-
lores individuales de tk y tj'

N&tese que un proceso estrictamente estacionario no tiene

[
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principio ni fin, esto es, cada muestra va desde t =-0 hasta t =00 ., Los

efectos de no estacionaridad asociados al camienzo y final de un proceso

a menudo se desprecian en la préctica si la duracién de la fase sensiblg
mente estacionaria es larga en comparacién con los intervalos del comien
zo y final.
. °

Un proceso estacionario se llama ergddico si sus promedios
tzaporales a lo largo de cualquier muestra representativa son iguales a
los promedios a lo largo del conjunto infinito de funciones individuales.
Cuando es diffcil, costoso o imposible obtener un ndmero grande de fun-
ciones muestra, es comin suponer que el proceso es ergddica, ya gue esto
permite estimar promedios a lo largo del conjunto infinito de muestras

tomando simplemente los promedios con el tiempo de una sola muestra.

Andlisis arménico. Una herramienta muy Gtil =n el andlisis

de procesos estocdsticos es el llamado andlisis arménico de un proceso

estocdstico. Por definicidn, la funcidn de autocorrelacidn cie un proceso
———— o 1

estocédstico (Parzen, 1952) estd dada por '

@

A’fr}’=/e[wrdF(w) ; ~o<r<w

/7
-

donde i =./-1, T= tj - tk (tj > tk), w = frecuencia circulassr y, para
cualguier par de Frecuencias,(u1< w2, F&uz) - F(w1) puede interpretarse
como una medida de la contribucién de la banda de Frecuencias,cuz - w,

al contenido del proceso estocdstico. Si F(w) es diferenciable, su deriva

da, S(uﬂ, se llama densidad espectral del proceso estocéstiqg. En tal

-

caso puede escribirse

@

A(t) ==/ eiwrS(w) dw

-

[ STE P
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Se puede demostrar que la densidad espectral y la funcién

de autocorrelacién forman un par de Fourier, esto es

: @
S(w)=§£fe WtA’(z')dz'
-@

Si T= 0| (tj = tk),

o -
R(0) = / 5(w) dw
-

y, por tanto, el valor medio cuadrdtico del proceso es igual a la suma,
sobre todas las frecuencias, de S(aﬂdu& asi que S(wﬂ puede interpretarse
como una densidacd espectral para el valor medio cuacirdtice. Se puede de-
mostirar que F(aO es una funcidn par no negativa de «:,

Oe las definiciones dadas se deducem las siguientes con-
clusiones (Crandall y Mark, 1963):

a. S5i el proceso no contiene ninguna componesite periddica, F(w)
es finita para toda .

b. Si él proceso tiene una componente armdnica de frecuencias ab,
la densidad espectral de potercia deberi =er infinita en
ai=(uo. En particular, si el valor medio 3l proceso es dife-
rente de cero entonces hay una componente de frecusncia cero,

y el espectro tendrd um pico en w = O,

Ruido de escopeta. Un ruido de escopeta es una serie de

pulsos instanténeos (Parzen, 1964, Newmark y Rosenblueth, 1968)

Xp(t)=2 a;8(t~¢;)



20

donde aj y tj son variables aleatorias independientes y 8§ es la funcién
delta de Dirac. S5i la probabilidad de que un tiempo tj c=iga dentro de un
intervalo de tiempo dt, es independiente de los tiempos tj previos, la
familia de Xk(t) constituye un proceso de Poisson (ver apéndice). Si

£ [aj] = 0 y los intervalos tj - tj tienden a cero cuando la dura-

+ 1
. » . . - 3 3 - 2 '
~ién del movimiento y la intensidad por unidad de tiempo E[hj]/E[tj+1 — %]
permanecen finitos, el tiro de escopeta tiende a un proceso gausiano.

Cuando la intensidad por unidad de tiempo es constante el proceso es esté

cionario y el ruido de escopeta se llama ruido blanco.

EYl ruido blanco puede también considerarse: como Qna super
posicidén de un ndmero infinito de ondas senoidales de differentes frecuen-
cias distribuidas uniformemente entre cero e infinito (ezta es la razén
del nombre del proceso). Esto puede inferirse analizando su densidad es-
pectral la cual es una constante SO, para todas las frecuoncias y, por

tanto, su funcién de autocorrelacién es

R(z)=2mr5,8(t)

1.4.2 Antecedentes sobre idealizacidn v si-wnlacién de

temblores., Reconociendo la importancia de tener una técnica confiable
para simular temblores Gtiles para el disefio estructural, algunos inves-
tigadores han desarrollado un conjunto de modelos analfticos y experimen
tales. Estos pueden clasificarse en una o mas de las sigu.entes formas

a. Superposicifin dc ondas o pulsos
b. Ruido blanco
c. Ruido blanco filtrado

d. Ruido blanco no estacionario
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APENDICE

PROCESOS DE POISSON
En este apéndice se hard un resumen de los procesos esto-
casticos de Poisson, gue se usaron en el capftulo 4. El1 material de esta
\
seccién se tomd del libro de Parzen (1962) y de la tesis doctoral de Cor-

nell (1954). Se estudiard el proceso de Poisson simple, y sus derivadaos,

tales como el compuesto, el mdltiple, el no homogéneo y el filtrado.

‘A.1 EYl proceso simple de Poisson

El proceso simple de Poisson es un proceso que registra el
nimero de ocurrencias de un fenémeno aleatorio especifico, durante un in-
tervalo de tiempo.

Sea N(t) el némera de eventos que han ocurrido hasta el
tiempo t. Una muestra del procesc N(t), t > 0 se muestra en la fig A. 1.
Este proceso estd basado en cuatro axiomas:

a. N(0) =0
b. E1l proceso tiene eventos estocidsticamente indepi:ndientes
Co él proceso tiene eventos estacionarios

d. La ocurrencia simultdnea de dos o mas eventos no puede suceden

Su distribucién de probabilidades estd dada por:

k -vt
p(k)= probob { NI =k } = L€ — o 450 (A.1)

donde / es la intensidad del proceso (ndmero medio de-everios que ocu-

-

rren por unidad de tiempo).

La media, variancia, y covariancia quedan dados respecti-
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. vamente por

E [N(t)]= vt

o2[N(n)]= vt (A.2)

cov {N(t) . N(s)} =ys ; s<t

A.2 E1 proceso compuesto de Poisson

Si las magnitudes de cada evento qué ©WTUrre como un proce
s0 simple de Poisson, son variables aleatorias, el proceso se llama pPro-
ceso compuesto de Poisspn.

Sea {Yn' n=1, 2, ...} una familia d= variables aleato--
rias independientes idénticamente distribuidos como wna variable aleato-
ria Y. E1 proceso X(t); t20 , la suma de las magnitudes de laos even-

tos a través del tiempo, t, seri:

N

—

t)

X(t) = 1 Y, i 120 (a.3)

™

n

donde N(t) es el némero de eventos de Poisson que hari ocurrido en el in-
tervalo de cero a t, el cual es independiente de las Vr. Algunas de las
1

esperanzas estin dadas por:
E [xt1)]= vt E[Y]

UZ[XH)] = vt E[Yz] | ' (A.4) |

cov {Xth, Xs)} =wsE[?] ; ox

TG \ = vy 1o Ty Ty TR PR STIERTIS TSNS STTReny BT R ey ¢
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A.3 El proceso miltiple de Poisson

Sea M1, M2, MS’ crsseny Mn’ las magnitudes de los procesos
simples de Poisson, N1(t), Nz(t), NB(t) ceseeny Nn(t), com intensidades

V1] V2’ VS' ea 005 0y Vn tales que:

A

21 proceso méltiple de Poisson {%(t), £ 2 Q} es:
n -
X(f):jZ::1 M]Nj('{) i 120 : (A.5)

la probabilidad que Mj ocurra estéd dada por:
plj)=vy/v _ (A.6)

donde

<|
1]

M2
<

{ i (A.?)

A.4 E1 proceso no homoaéneo de Poisson

Removiendo el axioma 2 del proceso simplz de Poisson se
obtiéne el proceso no homogéneo de Poisson. Este proceso nermite que la
intensidad del proceso sea una funcién del tiempo.

El valor medio del proceso

m(t)= € [N(1)] (n.5)

puede sustituirse en las ecs A.2 y A.4 en lugar de v, para tener las

esperanzas correspondientes del proceso no hemogéneo,

[ AR 3 AT A TR AATO IR AT, e TR Y T T R A )

“ry
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Si se va a usar un proceso compuesto na homogéneo, la sus—
n
titucién de x/j(t) por ¥,y de V(t) =) wv(t) en la ec A.6, conduce
)=
a los valores de las probabilidades, pj(t), de ocurrencia del j-€simo

evento al tiempo tj, esto es
P; (f)=l/j(1)/i7(f) ) . (A.9)

A.5 E1 proceso filtrado de Poisson

El proceso filtrado de Poisson se definz como

N(1)
X(1)= 2 w(t,m,Yn) § 120 (A.10)

donde N(t) es un proceso simple de Poisson y u)(t, T‘H, Yn) es una Tun—

cibn de influencia que depende del tiempo t, del tiempo de ocurrencia

del enésimo evento, T Y de la variable aleatoria Yh. Las variables
aleatorias Yn estin idénticamente distribuidas como una variable aleato-
ria Y y son independientes del proceso simple de Paoisson,
La media, variancia y covariancia del poceso filtrado de
Poisson estdn dadas por:
t

E[X(t)]=nyY[w(t,%,Y)]dr ;120

o

az[x(t)]=fVEy[w2“’T»Y)]dT 120 ()

o

cov{X(t),X(s)}=ff/EY[w(t,'r,Y)w(s,'r,Y)] dvr ; t12s20
o

Cad

’

donde Ey[‘] indica la esperanza con respecto a la vzrigble aleatoria Y.

Si N(t) es un proceso no homogéneo de foisson, serd sufi-
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ciente sustituir V(t) por VvV envlas ecs A.11 para obtener las esperan-
zas correspondientes, Si la funcién de influencia tiene walores finitos

solo en un intervalo de tiempo f (como en el caso de un pulsa), el 1{mi-
te inferior de las integrales en las dos primeras ecs A.11, debe ser cam
biado a t = T y el 1imite superior permanece igual; para la Gltima ecua-

.4~ el cambio serfa s - T.

A=aroia Aok

ey Lag

IS
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\b(. Tavio P - Pascon Ch

1. ECUACTON DIFERENCIAL DE MOVIMIENTO DE UNA VIGA QUE SE DEFORMA EXCLU-
STVAMENTE POR CORTE

SISTEMA DE REFEFPENCIA MOVIL
é Q+ 0 Q A
0z =
—
T =

Z =N Az

7 [ ]

2 / Q I
Z

'Z ¥

Y S

/N 0 Y7

6 fa F15 1b
Consideraremos el problema del movimiento de una viga en voladizo,
empotrada en un extremo y libre en el otro, que tiene la propiedad
de deformarse exclusivamente por efecto de las fuerzas cortantes.
Este sistema puede servir de modelo sencillo bara estudiar, al
menés cualitativamente, el comportamiento de edificios altos estruc-
turados a base de marcos rigidos asi como la transmisidén de ondas
planas de corte que se propagan verticalmente en un estrato de
suelo horizontal. No obstante lo dicho, la ecwacidén diferencial
se establecerd con alguna generalidad algo mayor de manera que sea

aplicable a otros casos.

Consideremos la viga de Fig. 1a, empotrada en O y libre en su otro
extremo. E1l movimiento lc referiremos a un sistema de referencia
absoluta (sistema inercial); elegiremos ademds un sistema de refe-
rencia mévil, solidario con la base de la estructura y animado de

un movimiento de traslacidén horizontal y rectilineo.

De manera que Si O0 y O son, rcspectivamente, los origenes de los



dos sistemas de referencia mencionados
=

o—oﬁ = S(t) , (M)

es una funcidén conocida del tiempo t, que representa el movimiento del
suelo en la direccidn Ox. Supondremos que el movimiento de 1la

base es inexorable; es decir, la base tiene un movimiento impuesto

por el suelo, no hay desplazamiento de la base-respecto del suelo
circundante, ni tampoco la base gira. Dicho de otro modo, ignora-

mos o no tenemos en cuenta la interaccidén dindmica entre el suelo y

la estructura. Tendremos, entonces, que

S(t) = a(t) (2)

es la componente horizontal de la aceleracién del suelo en la direc-

cidén Ox.

Llamaremos, x(z,t) el desplazamiento horizontal de la estructura en
el punto de cota z, referido a su base O; z la cota de un punto
cualquiera de la viga; A el drea de la seccidén transversal de la
viga, G el mddulo de elasticidad transversal del material de la
viga, K un factor que depende la forma de la seccidn transversal
(adimensional) y H el largo de la viga, que representa la altura
total del edificio que pretendemos modelar, o el espesor de la
capa de suelo, si es eso lo que pretendemos representar. Final-
mente, llamaremos m la masa por unidad de largc de la viga y Q el

esfuerzo cortante en la seccidén a cota z.

Del segundo principio de Newton aplicado a un segmento de viga

(ver Fig 1b) ohtenemos la ecuacidn difercncial
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m Azé—i{x +s)=-Q+Q+ 39 47
- 37
O BIEN
2
n 2 § + ma(t) = %é (3)
ot E
La ecuacién constitutiva de la viga de corte es
- 9X
Q = KAG 5 ‘ (4)
eliminando Q entre las ecuaciones (3) y (4), obtenemos
BZX ad 09X
m-a—t—z + ma(t) = a—Z-[KAGE‘] (5)

En general, m y KAG son funciones de z (viga de scccidn variable y
con distribucidén variable, mejor dicho no uniforme, de la masa).
En el caso general tendremos, entonces, poniendo explicitamente

esta dependencia funcional

m(z)
k(z)

m

(6)
KAG

en que m(z) y k(z) representan la masa local y la rigidez de corte

local de 1la viga.

En el caso particular de una viga uniforme, que serd el que tratare-
mos en detalle, m(z) y k(z) son costantes y la ccuacidn (5) toma

la forma

i e A (7)
ot 97z




Rgndremos

2 _ KAG
¢ m (8)

con 10 cual la ecuacion (7) se transforma en

-

azx 2 32x
'——'2 = C - 7 - a(t) (9)
ot

3z
que es la forma mds cimple de la ecuacién de ondas.

El pardmetro c tiene dimensiones |LT_1| y, seglnm veremos, represen-

ta la velocidad de propagacidn de las ondas a lo largo de la viga.

Para‘resolver cualquiera de las dos ecuaciones (5) o (9) necesita-
mos conocer las condiciones iniciales y las condiciones en los ex-
tremos o condiciones de borde. Las primeras se refieren al estado
en que se encuentra la viga en un instante determinado, t=o, por

ejemplo. Las segundas describen las condiciones de vinculo.

Las condiciones iniciales se pueden dar especificando, por ejemplo,
la posicién y la velocidad de todos los puntos de la viga en el

instante t=o:

x(z,0) = fi(z) (10)
xy(2,0) = £,(2) (11)
Las condiciones de borde pueden ser muy variadas. En nuestro caso

se tiene
x(o,t) = 0 (12)

x! = (H,t) =0 (13)

La primera de 2stas ecuaciones dice que el extremo inferior de la

viga se mueve junto con la base. La filtima expresa que el esfuerzo



Lot

dé™corte es nulo en el extremo superior.

Observemos, aunque sea trivial, que la ecuacidén diferencial |ec (5)
o ec (9), seglin el caso| es independiente de las condiciones inicia-
les -y de borde; por lo tanto, su validez es general. Esto fluye
indistintamente del borde de dichas condiciones no han tenido para
que ser tomadas en cuenta en la deduccidon de la ecuacidn diferencial
y que la consideracidén del caso particular de la viga en voladizo

no ha tenido otryo fin que fijar la atencidén sobre un caso concreto.

2. MODOS NORMALES DE LA VIGA DE CORTE EN VOLADIZO

Consideramos el caso particular de una viga uniforme en voladizo que
se deforma por corte exclusivamente, suponiendo que la base se cncuen
tra en reposo (S(t) = constante). Trataremos de determinar movimien
tos en que x(z,t) pueda expresarse como el producto de dos funciones,
una que depende exclusivamente de z, y otra que es funcidén de t sola
mente. Veremos que esto es posible siempre que la funcidén de t sea
una funcidn sinusidal cuya frecuencia sea igual a uno de un conjunto
de valores discretos. Resultara asi que todos los puntos de la viga
se moveran con movimiento arménico simple, con la misma frecuencia

y en fase o en oposicidén. Las funciones de z quedaridn completamente

determinadas, salvo un factor de amplitud arbitrario. A estos movi-

~mientos tan especiales los llamaremos modos noamales o modos princid-

pales de oscilar.

Pongamos entonces

x(z,t) = @(z)£(t) - (1)



La ecuacidn diferencial para la viga uniforme con base fija
=\

(s(t) = constante) se obtiene de la ecuacidén (1.9) poniendo en ella

a(t) = 0. Resulta

& x 2 x

§2T 82 | @

Sustituyendo la expresidén (1) obtenemos

2 2
a’s 2
(z) &5 = 2 Ll ey
dt dz
o bien
ale a%g
at? 2 ds? : 5)
f(t) g(z)

Ahora bien, el primer miembro de (3) es funcidén de t solamente, mien-
tras que el segundo miembro depende sdlo de z. TFero t y z son varia-
‘bles independientes; luego, para que se pueda cumplir (3) es pre-

ciso que ambos miembros sean iguales a una misma constante.

2 . . ) )
Llamemos -w” dicha constante. Obtenemos asi las dos ecuaciones dife-

renciales ordinarias siguientes

2

dL v ufr -0 (4)
2
2 2
9y e g=o0 (5)
dz c '

-Decimos que hemos logrado separar las variables de 1la ecuacion en
derivadas parciales (2), o que hemos separado dicha ecuacidén en dos
ecuaciones diferenciales ordinarias. La constante w recibe por..
ello el nombre de comiﬁmﬁe de separacidn. ‘ * )

\



La solucidn general de (4) se puede escribir en la forma
™

f(t) = R cos(wt+e) (6)
que representa una oscilacidn armdénica simple de frecuencia
civrcular w y fase inicial e

La solucidn general de (5) es
#(z) = A sen(*) + B cos(%- . (7)

Recurrimos ahora a las condiciones de borde (1.12) y (1.13) que se

pueden expresar en la forma
@(o) = O
(8)
BT =0

Sustituyendo 1la expresidén de #(z) encontrada en (7) obtenemos

B

]
o

(9)

L A'cos(ﬂﬂ 0
c c

Este sistema admite la solucién trivial %é=0, B=0, que corresponde

a2l reposo en la posicidén de equilibrio y no nos interesa. Por lo
A . .
tanto, suponemos %? # 0, con lo cual nos vemos obligados a concluir

que un movimiento del tipo postulado s6lo es posible si w es raiz

--—de-—-la ecuacidn trascendente

T T § Epa U R

B . ol T he T e RSN

_cos(%?) =0 » | (10)

“* .. cuyas ‘soluciones 'son . < T - L.

we= (2n-1)3E . (0= 1,2,3,...) .0 e, (),







Isgs frecuencias Wy reciben el nombre de {recuencias normales o gre-

cuencias naturales de la viga. La ec (10) es la ecuacdibn de grecuencias.

Observemos que
: : = 1: 3: 5: ... (12)

Las frecuencias naturales, ordenadas de menor a mayor, son entre

si como la sucesidn de los nlimeros impares. Los periodos corres-

pondientes valen

_4H . 1 : '
=< Tmn (13)

y forman, por consiguiente, una progresiln arménica

3 __Finalmente el conocimiento transversal de la seccidén de la viga si-

! -tuada a la cota z, para un instante t cualquiera, estd dado por

n

x (z,t) = A sen(PDTZ cos(u t + ) (0= 1,2,3,...) (14)

E _.Cada uno-de estos movimientos recibe el nombre de modo noaimal o modo
y .prineipal de oscilar. NOtese que las constantes An y én han quedado
" sin determinar. Esto es asi porque no hemos hecho uso de las con-
—-diciones inciales. An es la ampfitud del modo de orden n; e, €S su
_fase inicial o_simplemente gase. Al modo de menocr frecuencia se le da

el nombre de modo fundamental. Los demds se designan como 20.,3er..modo,

. ..0,-genéricamente, como modos. superiones. En el caso particular que

o

Tos ocupa dada 1a relac1on armonlca de 1os perlodos, establec1da

s e mlpaor ——— ,._.*-- e
- =4 = Ll T o ta 5 - . -
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Las frecuencias w, Y las funciones ﬂn(z) reciben el nombre de
6n?cuenc,iab modales y funciones modales , respectivamente. También se
usan los apelativos de {§recuencia caracteristica, valer caracterisitico,
frecuencia propia, valor proplo, elgenvalue y los correspondientes funcibn

carnacterica, etc.

Convendremos en normalizar o estandarizar las funciones modales,
elijiendo su amplitud igual a la unidad. Con esta convencidn ten-

dremos

p_(z) = sen{20- 1)1z (m=1,2,3,...) (15)

Las fuerzas coitantes del modo de orden m quedan dados (para

An=?) por

.

L d +‘
cos(wé: en)

9% _(z,t) 1
Y = n -’ _ 1 (2n-D)n ___(2n-D)nz
Qn(z,L) = KkAG —y kAG 2 cos==5q

g

El corte en la base es (para An=1)

2H

Q (0,t) = kaG LT cog(y ¢ +e ) - (16)

Luego, el corte en la seccién situada en la cota z referido al

corte basal valdra

(n=1, 2, 3,...) (17)

E1l momento de volteo (positivo en el sentido trigonométrico po-

sitivo 7) estd dado pdT'(para An=1)
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‘ 2n-1
- Mn(z,t) = kAG [(—1)n + seni—ﬂjﬁllé} cos(mnt + sn)
Luego
M (0,t) = (-1)™ kAG cos(u t + e ) (18)

Por lo tanto el momento de volteo referido al momento de volteo local

€s

M (z,t) '
n-"’ PEY!! (Z2n-1) 7z
HETET€T 1 + (-1) sen > (19)

Finalmente, llamemos kn la altura a la cual habria que aplicar el
corte basal para obtener en la base un momento estdtico igual (numé-

ricamente, o sea, en valor absoluto) al momento de volteo basezl.

Tendremos
Q (0, t)[h = [M (0,0)]
de donde
hn 2
T = s (n=1, 2, 3,...) (20)

expresién que se ha tabulado a continuacidn.

1

1 0.6366
2 0.2122
3 0.1273
4 0.0908
5 0.0707
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La tabla anterior da los valores de hn para los cinco primeros
= "

modos. Asi, si se aplica el corte basal correspondiente al primer
modo como una fuerza estidtica horizontal a la cota 0,6366 H,

el momento de dicha fuerza respecto de la base es igual al momento
de volteo basal en el modo fundamental. El resultado de ec (20)

y la tabla muestran que, a igualdad de corte basal, el modo funda-
mental es el que tiene importancia predominante en el momento de

volteo basal.

A una conclusidn andloga llegamos examinando las ecuaciones (16) y
(18). A igualdad de amplitud de oscilacidén, mientras los cortes
basales maximos crecen con'el nimero de orden del modo, segin la
serie de los nimeros impares (1, 3, 5,...), el momento de volteo

basal méximo permanece el mismo (en valor absoluto) para todos los

modos.

En la Fig 2 hemos representado esquemidticamente las funciones modales

y las razones Q,(z,1) M, (z,t) paran=1, 2, 3

Q,(0,8) ’ W _(o,t)



FIGURS 2

Los puntos para los cuales gn(Z) se anula se llaman nodos; aquéllos

para los cuales gn(Z) es extreno (madximo o minimo) se llaman vdientrnes.
Podemos observar que ﬂn(z) presenta exactamente n vientres y n nodos
(si se cuenta con tal el punto z=0).

Observemos también que, salvo para x=1,’en que el mayor momento de
volteo ocurre en la base, en los modos superiores el momento de volteo
midximo no ocurre en la base y es numéricamente igual al doble del

momento de volteo maximo basal.
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R3.- ORTOGONALIDAD DE LOS MODOS NORMALES, VIBRACIONES LIBRES

Las funciones modales encontradas en la Seccibn 2 satisfacen la re-

lacidén de ortogonalidad

H
J m¢i(z) ¢j(z) dz = 0 para i # j (1)
0 X

En efecto

H . H -
(2i-1) 7z (2j-1) 1z _1 (i-3) 9z _ (i+j-1) 92
J Sen—————2H sen————zH———— dz = -2— J I_COS-H—— COS—-—H—-——- az

0 0 )
= 0 (i # §)

Esta propiedad tiene extraordinaria importancia para el desarrollo

de la teoria de las vibraciones libres y de las vibraciones forzadas.

Las funciones ¢i(z) forman una base ortogonal (completa) en el inter
valo (0,H) y, con algunas restricciones que no tienen importancia

en las aplicaciones précticas, cualquiera funcién se puede represen
tar en dicho intervalo como una combinacién lineal de las ¢i(z).

No entraremos aqui a establecer la posibilidad de tal representacién
ni su unicidad. Nos limitaremos a establecer cémo se pueden calcular

los coeficientes de la combinacidn lineal.

Sea

f(z) 0 <z < B
una funcidn cualquiera de z, y admitamos que es posible representar

la en la forma

£(z) =3 a. ¢, (2) : (2)
i .






®para determinar los coeficientes aj multiplicamos ambos miembros de
(2) por ¢j(z) e integramos entre 0 y H, teniendo en cuenta las rela

ciones de ortogonalidad. Obtenemos

H
‘ J f(z) ¢.(z) dz
0 J
oy = = (3)
JO ¢§(Z) dz

Que la representacién (2) es finica es una consecuencia directa del

hecho que las funciones ¢i(z) son linealmente independientes.

El resultado recié&n encontrado nos permite resolver de inmediato el

problema de las vibraciones libres. Se trata de resolver el sistema

diferencial
5
32x 5 8a2x I
o— C ——
3t2 3z2
x(0,t) =0 X, (H,8) =0 (4)

x(z,0) = fl(z) , xt(z,O) = fz(z)

correspondiente a las vibraciones libres de una viga uniforme gue
se deforma exclusivamente por corte, empotrada en z=0 y libre en z=H,
sujeta a las condiciones iniciales expresadas #n la Gltima linea

de (4).

La funcidén

[&i cos wit + Bi sen wit] ¢i(z) - (5) .

satisface la ecuacién diferencial y las condiciones de borde. De-
terminaremos los coeficientes o Bi de manera que las condiciones

iniciales queden también cumplidas.



15.

?Derivando (5) respecto del tiempo obtenemos

X (z,t) = §=1 [} wjo; Sen wit + w.B. cos wi#] ¢, (z)  (6)

Haciendo t=0 en (5) y (6) y tomando en cuenta las condiciones inicia

les, obtenemos

x(z,0) =% «a. ¢,(2) = £ (2) : (7)
i

xe (2,00 = §_wig, ¢;(2) = £, (2) (8)

Por lo tanto H
Jo £, (2) ¢i(Z) dz

a. = (2)

i jH )
. $4(z) dz
o 1

H
Jo fz(z) ¢i(z) dz

ivi H )
Jo ¢i(z) dz

(10)

y el problema queda resuelto. La vibracidn libre consiste en una
superposicifén de movimientos arménicos simples de frecuencias igua
les a las frecuencias modales, cuyas amplitudes y fases quedan deter

minadas por las condiciones iniciales.

Pongamos

Ei(t) = o, cos mit + Bi sen mit ’ (11)

entonces
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~

?SLos variables Ei(t) las llamaremos coordenadas normales del sistema.

4.- SIGNIFICADO FISICO DE LAS RELACIONES DE ORTOGONALIDAD,OSCILADO-
RES MODALES ‘

En la Seccidén 3 hemos establecido las relaciones de ortogonalidad
para las funciones modales de la viga de corte en voladizo como una
propiedad matemdtica de dichas funciones. Queremos ahora darle a

dichas relaciones un significado o interpretacidn fisica.

Empezaremos por establecer expresiones para la energia cinética v
la energia potencial de la viga cuando &sta se encuentra animada de
un movimiento libre arbitrario que como hemos visto recién se puede

representar por la expresidn (3.12).

Por definicibn la energia cinética del sistema es

1 H ax. 2 H - . -
T = 7.J0 m(zy) dz = JO [é=1 £;9;(2) §=1 €j¢j(z)}dz (1)

N}

Invirtiendo el orden de integracidén y de suma y teniendo en cuenta

las relaciones de ortogonalidad obtenemos

=
1]
=]

H .
(] 02 2 2
§=1 s (t) J 95 (z) dz (2)
Para obtener la energia potencial observamos que ésta es simplemente
el trabajo acumulado por las fuerzas internas (esfuerzos de corte)
desce la posicibn de equilibrio en reposo (configuracién no defor-
mada) basta la configuracién definida por (3.12). En un elemento

de viga como:el de fig la se ha acumulado la energia

§V = % QYész (3:
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™en que Q es el corte y Y la distorsibén. Pero segln (1.4)

- X
Y= 37
Luego,
1 X, 2 : .
§V = 3 kAG(az) 8z (4)

y por lo tanto

H
1 «© [
V = 5 kAG J T £.¢3(2) = £E.6'(z)| Az (5)
2 0 [i=1 i%i j=1 3%3
Una integracién por partes nos da
H H H .
J ¢i(2) ¢j(Z) dz = [¢i ¢j] - J ¢i(z) ¢j(2) dz ~ (9)
0 0 0
Pero, segin las condiciones ée borde ¢j(0) = 0, ¢i(H) = 0; luego,

el primer t&rmino del segundo miembro es nulo para toda combinacién

de i y de 3j. Por otro lado segln la ec (2.5)

w2
n _____l_
05(2) = = =5 ¢, (2) | (7)
Luego, la integral
H
J ¢i(2) ¢3(Z) dz (6 bis)

.0

es nula si i # j, en virtud de las relaciones de ortogonalidad.

Cuando i = j tenemos

H H 5 wr (H 2 '
J ¢3(2) ¢i(2) dz = J [4;(2)]" az = 7 J [¢,(2)] az (3)
0 0 0
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™En consecuencia, inviertiendo en (5) el orden de integracifn y suma:

1 H
- 1 KAG = 2 2 2
V=g §, ek el f $2(2) dz (9)
0
Pero
c2 = KAG
m

Luego, finalmente

1

H
_1 o 2 9 ) _ 1 o o Ir 2
v 5 m §= gi(t) W% J ¢i(z) dz = 5 kAG §=1 Ei J[¢i(z)] dt (10)

i

1 0

Lo interesante de los resultados (2) y (10) es gue en las expresio-
nes de V y de T solamente aparecen cuadrados de las coordenadas
normales &, (en la expresidén de V) o cuadrados de los derivadas tem
porales éi de dichas coordenadas (en la expresidédn de 'T). No aparecen

productos de la forma Eigj o Eigj con i # j.

Este resultado lo expresamos diciendo que hemos diagonalizado simul

t&neamente las expresiones de la energfia cinética y de la energia

potencial. La ccnsecuencia inmediata es gue la ecuacién del movimien-

~to (2.2). gue es una ecuacidn a derivadas parciales, se puede repre-

sentar por una infinidad numerable de ecuaciones diferenciales ordi-

narias no acopladas; es decir, en cada una de las cuales aparece una

y s6lo una de las coordenadas gi. Esto faciliita enormemente el pro-

blema de integrar las ecuaciones del movimiento.

Empleando las ecuaciones de Lagrange

d 8T 9T 3V .
o -2 = Y i=1,2 . L) (11)
dt aqi aqi aqi
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egcontramos inmediatamente que las coordenadas normales satisfacen

las ecuaciones . ] :

g, + wig. = o0 (i =1, 2, 3,...) (12)

Como era de esperar, si se tiene en cuenta la.relacién (3.11). Cada
modo normal se comporta, entonces, como un oscilador armdnico simple,
independiente de los deméds. Si Mi y Ki son, réspectivamente, la
masa y la constante elé@stica del oscilador que corresponde al modo

i, debemos tener necesariamente

Por lo tanto, para determinar completamente el cscilador gue repre-
.ésimo . . . .
senta al 1 modo nos bastara determinar su masa Mi. La ecuacibdn

de frecuencias y ecs. (13) nos cdan los Ki'

Llamaremos oscilador modal equivalente o simplemente oscilador modal,

a un oscilador armdnico simple cuya masa y rigidez (o constante
eldstica) son tales, que es capaz de oscilar de manera que, en cada
constante, su energia cinética, su energia potencial y su cantidad
de movimiento sean iguales a los del sistema estudiado oscilando en
un modo normal.

Si M; y Ki son respectivamente, la masa y la constante eléstica del

. . .&simo
oscilador modal equivalente al i modo debemos tener

{z)dz (14)
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1 22 m .22 .H2
« 3 KRoEZ = B e2u? fpl(z)az (15)
M.R.E. = me./2 ¢ (z)az (16)

i i’0 i

en que Ri es un factor de escala.

De (14) y (15) obtenemos inmediatamente (13), dividiendo miembro a

miembro. Elevando al cuadrado (16) y dividiendc por (14) resulta

[, (z)a2]? [1ng €2)az]?
My=m—5>3 = TH 2. (17)
fo Qi (z)dz fomgiiz)dz

Sustituyendo en (17) las expresiones de las funciones modales encon-
tradas en (2.15), concluimos que las masas de Jcs osciladores moda-
les para una viga uniforme en voladizo que se deforma exclusivamen-

te por corte estdn dadas por la expresidn

M, = ___gm_j_f i=1, 2, 3,...) (18)
(2i-1)"w

en que M es la masa total de la viga.

La tabla siguiente da los valores de Mi;M para los’ cinco primeros

-

modos.
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My

ol BV

1| 0.81057
2 | 0.09006
3| 0.032u2
4 | 0.01654
5 | 0.01001

Observemos que los osciladores modales de los tres primeros

N ®
modos contienen, en conjunto, poco mds del 93% de la masa to
tal de la viga, y que entre los cinco primeros completan alre-

dedor del 96%.

Se demuestra en los libros de teoria de las series de Fourier

que

® 1 2
R (. (19)
n=1 (2n-1) 8

Concluimos, entonces, que
I M. = M (20)

La suma de las masas de los osciladores modales, definidos en
la forma que se ha hecho mis arriba, es igual a la masa total de
la estrpctura. Podemos establecer este resultado sin necesidad
de recurrir a la relacidn (19). Concibamos un rovimiento im-

pulsivo de la viga a partir de su configuracidn de equilibrio
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/
con reposo, por el cual damos a cada punto de la viga una ve-
?bcidad igual a la unidad. Evide?temente la cantidad de movi
miento inicial de la viga seré igual a su masa total M.

Ahora bien, para este movimiento tan especial tenemos las con-

dicilones iniciales

]
o
11

x(z,0) fl(Z) _ (21)

|
WY
1"

xt(z,O) fz(z) (22)

Luego, las ecuaciones (3.9) y (3.10) nos dan

a. = 0 (23)

f§¢i(z)dz

w.B (28)

itd f‘f{q);-_(z)dz

y la cantidad de movimiento inicial serd, de acuerdo con (3.8),

- H 2
I[‘fo ¢i(z)dz 1
m =
",
1 f0¢i(z)dz

H n ®
fomxt(z,O)dz = fOiE

™8

Y. B O . \.4:
lmu181¢l(z,d7 ;

= I M. (25)

por (17). Luego, I M. = M.

Profundizando en el significado fisico de las rwelaciones de or

togonalidad, demostraremos que: el trabajo virtmual de las fuer-

zas de inercia desarrolladas en un modo_para un desplazamiento

virtual correspondiente a un modc distinto es idénticamente nu-




lo. Andlogamente, el trabajo virtual de las fuerzas eldsticas inter-
=

nas (esfuerzos de corte) desarrollado en un modo para un desplaza-

miento correspondiente a un modo distinto e idénticamente nulo.

En efecto, las fuerzas de inercia correspondientes al modo estén

-

dadas por (ver ec. 3.12)
4
- m g, (t)p,(2z)dz (26)
y un desplazamiento virtual correspondiente al modo j estd dado por
(B)g.(z)ét 27
EJ( )ﬁj( ) (27)

Llamemos dwij el trabajo virtual; tendremos

. , H
awij = -m gi(t)aj(t)ét Joﬁi(Z)ﬂj(Z)dz (28)
Si i#j 5wij =0 (i#3) (29)

en virtud de las relaciones de ortogonalidad

Para i=j, la ec. (28) da

H
Gwii =-m£igiGt L)ﬂi (z)dz

o sea 1 qH 2
d 5 méf J g;(z)dz]st ==T, (30)

SW,. = = 5
‘0

ii at

El trabajo de las fuerzas de inercia desarrolladas en el modo 1 para

un desplazamiento correspondiente al mismo modo es igqual al decre-

mento de la energia cinética de dicho modo.
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Apalizando ahora el trabajo virtual de las fuerzas elasticas internas,
encontramos, llamando GUij el trabajo realizado por las fuerzas elas-

ticas del modo i para un desplazamiento correspondiente al modo j

H aﬁcj
Bxi .
pero Qi = KAG 37 KAG gi(t)ﬂ&(z) (32)
a&j : ]
y 5z = Ej(t)ﬁj(z) (33)
. H 1 1
Luego GUij = §t KAng(tﬁj(t) J ﬂi(z)ﬁj(z)dz (34)
o}

gue seglin hemos demostrado en (6 bis) es igual & cerc para i#j.

Ahora bien, para i=j, tenemos

U, .
ii

il

H
e : 2
- ) % .
st KAG £, (t) &, (t) "[o [,Gi(z)] Gy
O sea

H
a 1 2 2. .,
8U,; = ¢ |3 KAG £} (%) L [0 (z)]"az]et = sv,  (35)

en que V., es la energia elastica del modo i. T<nemos en concecuen-

cia que el trabajo de las fuerzas eldsticas desarrolladas en el modo

i para un desplazamiento correspondiente a ese mismo modo es igual a

la variacion de la energia potencial del modo er cuestidn.

Con esto terminamos la demostracidén de que no hrv interaccidn entre los

modos de vibrar durante una oscilacidn libre. Cada modo se comporta

como si los demis no existieran. Resulta, entonces, que no sblo el
sistema como un todo es conservativo, sino gue, ademds, la energia se

conserva dentro de cada modo.






5. RESPUESTA DE LA VIGA DE CORTE EN VOLADIZO PARA UN MOVIMIEN-

TO ARBITRARIO DE SU BASE.

Supongamos cumplidas las hipbtesis sobre el movimiento del

suelo enunciadas al comienzo. de la seccidén 1. Las expresiones

de la energia cinética y potencial en términos de las coordena

das normales, seré&n (nbtese que T es la energia cinética abso-

luta; es decir, la del movimiento referido & un sistema ini -

cial):
_ o 1 . e 2 ;
T _-E 5 M (Rigl + S) (1)
i=1
21 2 2
vV=2ro 5 KRE (2)
i=31
Las ecuaciones de Lagrange
_\‘S_(BT )_ §E= - _al (i=1;2,3,’:n¢) (_—3)
st a—éi 3L, 3E
nos dan
M R2 E. + M.R.S(t) = - K.R%E
il ci iTi a iici
o bien
£+ w?E- _ _ a(r) (i=1,2,3...) (4)
i i°1 Ri

La solucibn de estas ecuaciones esta dada por la conocida

integral de Duhamel
t
E. = - R a(t)sen Wy (t=7t)dt (i=1,2,3...) (5)

- 00

Recurriendo a la ecuacidn (3.12) obtenemos inmediatamente pzara

el corrimiento lateral de la seccidu de la viga a la cota z en



26.

el instante t:
t

d. (z2)
ilZ a(t)sen mi(t—r)dr (6)

. w.R.,
i=1 i~i %w

De la ec (4.16 se tiene, tomando en cuenta (4.17),

H
1 =~Mi ) &Q ¢i(z)dz
Ri m SH¢§z)dz SH ¢i(z)dz (7)
o 1 o
Luego, finalmente,
H nt
x(z,t) = - ; 6. (2) go j(7)dz 1 a{t) sen wi(t—deT
' i=1 % 12 az U1 e
,Pil21dz (8)

La respuesta queda asi expresadacomo una superposicidn de las
funciones, modales multiplicada cada una por una funcidn del
tiempo que no es otra cosa que la respuesta del oscilador
modal correspondiente y que un factor constante, caracteristi

co de cada modo, que se ha dado en llamar factor de participa-

cibn. Para nuestro caso dicho factor vale

H
1 X°¢i(2)dz (i=1,2,3...)
R

. 'H
i &°¢i(z)dz

Sustituyendo las expresiones de ¢i (z) , enconiramos

1 _ 4 , ' (9)
R (Zi-1)m

i

En la tabla siguiente se dan los valores de 1 _ para los cinco
R,
primeros modos de la viga de corte uniforme * en voladizo



27.

i 1
R,
1
1 1.2732
2 0.4244
3 0.254¢6
4 0.1819
5 0.1415

Para el esfuerzo cortante tenemos la expresidn

e (248 o ¢ (z) (L

0(z,t) = KAG —=——— = - KAG T a(t) sen w, (t-t)dT

9z i=19 R, . i

(10)

y para el momento volcante t

o (= i .
Mz, t) = - KAG % ( l)w ; 172 | atz) sen uy (e-miae (11)

i=1 iti

-
6. EJEMPLO.
Calcular las respuestas modales maximas de una viga de corte
uniforme, en voladizo, cuyo periodo fundamental es 3 seq,

sometido a un "temblor" cuyo espectro de aceleraciones absolutas

Sa(To) es el dado por la Fig. 3.

lal

A SalTo)
' s (T ) = ga|maX-DToio.3 seg
i
[
E s (To) = ?'3la|max , To23 seg
1 TO
! oy .23
may ' o mox T
: “\\‘Qm 0
: \\ N
' e o d
1
0.3 /1-@ 2.0 :I_o 5@8
’
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El espectro dado corresponde al que se puede obtener en un
terreno relativamente duro. En ese tipo de terreno y para
una estructura de periodo fundamental igual a 3 seq, la
interaccidén entre el nulo y la estructura puede no tenerse
en cuenta, aunque esta aseccidn debe tomarse con alguna

precaucidn.

La estructura misma podria ser el modelo ultra-simplificado
de un edificio en forma de torre, estructurado a base de marcos

rigids de acero, de unos 30 a 35 pisos de altura.

No nos va a interesar el valor minimo de cada una de las res-
puestas modales, sino m8s bien comparar la influencia relativa
de las diferentes modos. No interesa, por lo tanto, el valor
absoluto de las ordenadas espectrales, sine su forma cn

relacidn con los periodos de la estructura.

El espectro de desplazamientos relativos Sd(To) (para amorti -
guamiento nulo) estd relacionado con el de aceleraciones absc-

lutas a través de la ecuacidn.

1. To Sa (To)
o 4‘n’
Entonces

2

Sd(To) _ T lalmax para T,< 0.3 seg (2)
472

_ 0.31,
84(T,) = |a|max para T,> 0.3 seg (3)

4m?
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LQs periodos naturales cumplen la relacidn

T,.: T

Luego, con T1 = 3 seg, tendremos T2 = 1 seqg, T3 = 0.6 seg, ...

P .&€simo -
El corte basal méximo para el modo i se puede expresar en

la forma siguiente

105 (048) [ yay

= Mi sa(Ti)
en que Mi es la masa del oscilador modal correspondiente al modol

Llamando W el peso total de la viga obtenemos los cortes barales

miximos por modo que se tabulan a continuacidn

i :% = 2% Ti(seg) Sa;Ti) !Qibasallméx

1 0.81057 3.000 0.1 |a|méx 0.081057 W|a|méx:g
2 0.09006 1.000 0.3 " 0.027018 ¥la|mix:qg
3 0.03242 0.600 0.5 " 0.016210 W|a|méx:g
4 0.01654 0.429 0.7 " 0.011578 W|a|méx:g
5 0.01001 0.333 0.9 " 0.009009 W|a|méx:g
6 0.00670 0.273 1.0 " 0.006700 W|a|méx:g

La suma de los cortes basales modales maximos, tomados en valor
absoluto, representa una cota superior para el corte basal total,

ya que los médximos de cada modo no ocurren simultdneamente. A partir
del sexto modo Tié 0.3 seg; luego, a pa;tir de dicho modo, las orde-
nadas del espectro de aceleraciones son cortantes, e -iguales, a

|a|méx. Luego,
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q

[0.144872 + £ —F . 82]‘17-@@
n=6(2n-1)¢ «°° ¢

oo

= |Q|base <iillQilbase,méx

La serie que aparece en esta expresién es convergente y sus valores

. o S S ...
P e f% - f% 5 '—l““”i =1 -5 M = 1-0.45960=0.04040
n=1 (2n-1) T 7 n=1 (2n-1) i=31
Luego -
Wla|max W|a|max
T . = 0. 2 ; . 2
IQlIbase,méx 0.185272 3 |Q|base < 0‘18527

Por otro lado, la expresidn

\
(i)
2
//fz Qi base,max

i=1

llamada superposicién cuadrdtica representa el wvalor mas prcheble
de lleasal' en la hipbtesis de que las respuestas modales no estan
correlacionadas entre si. Esta expresién d& una estimacidn por
defecto, ya‘que la hipbtesis de partida es falsa. Efectuado el cél-

culo obtenemos

[e ] 2 B i .
iil Qi base,max = 0.08877 ijglmax

Entonces

- “
0.08877 ﬂl%lméi < < 0.1gmpy Wlalméx

lQbase'méx ’ g

Desgraciadamente no disponemos de una teoria realmente confiable

a i i a a realistas de -
para tener estimaciones més estrechas y realist IQbaselmax

basados en ur eandlisis modal. La norma chilena para el diseno

sismico de edificios permite emplear el promedio de los resultedos
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- oQtenidos superponiendo los valores modales en walor absoluto
y en forma cuadritica y exije emplear, por lo memos, los tres
primeros modos. Procediendo de esta manera reswita

0.106 v}JJ%ILix

IQbase'méx

si se consideran los tres primeros modos

lo, |

= 0.137 WJ%]“‘;:‘X

base 'max

sl se consideran todos los modos.

En la Fig 4, hemos representado los cortes (en valor absoluto) como
s . Z . 3
funcién de [ para los tres primeros modos, a una misma escala. ILa

Fig 5, muestra los cortes de los tres primeros modos superpuestos ...

en valor absoluto.

Se puede apreciar que la influencia de los modos 20. y 30. es muy
importante en el tercio superior de la estructura. En los gue en
lenguaje vulgar se describe con los nombres de efecto de "chicoteo"

o de "coleo".

Consideremos ahora el caso de una viga mis rigida, con un periodo
fundamental de 0.3 seg, que podria corresponder & un edificio de

hormigdn armado de unos cuatro o cinco pisos.

Repitiendo los cdlculos tenemos
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W M s_(T,)
1 ?% = T% Ti(seg) —Ea—i— lQi baselméx
1 0.81057 0.3 lal mx:g 0.81057 W|a|méx/g
2 0.09006 0.1 " 0.09006 "
3 0.03242 0.06 " 0.03242 "
4 0.01654 0.0429 " 0.01654 "
5 0.01001 0.0333 oo 0.01001 "
L Wlalméx/g

La superposicidén en valor absoluto d& simplemente

o Wwial . /9

i base| max

Mientras que la superposicidn cuadrética da:

1
2 — Y
//z Qi base,mé&x 0.816 Wlalméx/g

Ahora las dos estimaciones son méds parecidas y podemos encerrar

! | entre limites m&s estrechos

base,max

0.816 w[a[mé /g

X < IQbase,ma‘lx| < W!alméx/g
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La Fig 6 muestra que en las estructuras de periodo relativamente
cqrto (para el espectro de respuesta que hemos supuesto), la influen-
cia de los modos superiores es menor importante gue en la del periodo
fundamental largo. También resulta menos importante el efecto de

'“chicoteo"é

By

Z/H

1.0

—> SYPEPPOSICION DE TPES PPIMERDS
MODDS EN VdAlok AESDLUTO

_ 25 Moo

0.5 » FUADIMENTAL

14 l S, - .

Q|
WIMma’aIg

FlG 6

Examinemos aho;ta lcs -momentos de volteo. Para ello aprovechamos
el resultado encontrado en (2.20) que determina el momento de volteo
basal en funcidén del corte basal para cada modo. Encontramos para
la viga cuyo periodo fundamental es 3 seg, los wvolores que se anotan

en la tabla que va a continuacién.
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- I
i max base

WHIalméx/q

0.05160
0.00573
0.00206

0.00105

0.00064

MODO FUNDAMENTAL

\ / 1 Eerwe
0 0.025 0.050
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MICROZONING: MODELS AND REALITY
Contribution to a panel session on Ground Motion Characteristics

6WCEE, Delhi, 1977
by

Luis Esteval

INTRODUCTION

Nobody doubts that local conditions usually have a significamt influence on the
characteristics of earthquake ground motion. What is not agreed wpon, however, is the
manner in which that influence must be evaluated. When one talks about microzoning,
attention is usually focused on shear-beam models of stratified sail formations and in
unidimensional, vertically traveling shear waves. But strong-motion and seismological
records have shown that those models can only be applied to a much narrower range of
conditions than is usually believed, and that many other geologic oxr topographic features
can have a more pronounced influence on ground motion than the pr=sence of sediments.
More general analytical models have been developed in order to account for
two-dimensional and three-dimensional response and various types of arriving waves, but
their validity and range of applicability have not been determined yet. Because of this, and
because of the greater complexity of these models as comparmed with shear-beam
amplification models, they have not gained wide acceptance in tlxe solution of actual
cngineering problems.

Not only is the shear-beam amplification model the object of strong controversy with
respect to the types of waves that significantly contribute to the earthquake motion at a
site, but also with respect to the lack of consistent criteria intended to define base rock
fevel, i.e., the level at which usual intensity-attenuation laws are supposed to be valid, and
above which local soil contributes to modify intensity and frequency content of seismic

. motions. In other words, it cannot be uniquely defined what constitmtes local conditions

and what is a portion of the path. Those criteria can be objected als® on the grounds that
the influence of local soil conditions is often accounted for twice whem making estimates of
scismic risk: as a random factor associated with the path when establishing empirical
sttenuation laws and as a systematic correction associated with local conditions when
studying amplification.

But microzoning is not only a matter of ground-motion amplification; it also implies
formulation of consistent criteria to define design spectra at different sites, and evaluation
of liquefaction potential. The former point requires consideration of the different laws that
vovern amplification of different types of waves and different directions of arrival, as well as
their corrcsponding probabilities; the latter is not covered by this discussion, as it will be
included in another panel session. Thus, the paper deals with the problesms of ground motion
characteristics, under the framework of conceptual models, analytic results and observed
facts. The paper is not intended to be a state-of-the-art report although it is based on one

———

Institute of Engineering, National University of Mexico
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(Ruiz, 1976) The intention of the author is mainly to point out some basic questions
oertinent to the topic, auming at the generation of vivid and fruitful discussion.

SEISMIC WAVES

The results of some analytical studies show that the influence of local soil on the ground
motion 1s strongly dependent on the nature of the incoming seismic waves. Hence, analytical
prediction of the amplitudes of ground motion at a site characterized by given local
conditions as compared with those that would occur under standard conditions requires
both the decomposition of the motion into various types of incoming waves, and the
formulation of models adcquate for the study of amplification and transformation of those
types of waves. Despite the very significant effort devoted by seismologists to the
formulation of analytical models for the study of wave amplification and transformation,
very little of their contributions is either available or of use to engineers, as those models
deal in general with the types of waves that are recorded at large epicentral distances (far
field), or consider highly idealized topographical features. These results should not be
overlooked, however, as they can provide a qualitative insight to many engineering
problems.

If a reasonable degree of success is to be attained in the prediction of the influence of local
conditions for a sufficiently wide range of cases, a lot of understanding has to be previously
achieved about the decomposition of ground motion into different types of seismic waves in
the near and intermediate fields. Obviously, the detailed source mechanism and the
propagation path can be decisive in the directions and relative amplitudes of the most
significant incoming waves, and hence on the laws governing ground motion amplification.

MECHANISM, PATH AND LOCAL CONDITIONS

The profusion of heterogeneities, irregularities and discontinuites in the earth’s crust (Fig 1)
is responsible for the camplex patterns of reflection, refraction, and scattering that seismic
waves suffer in their path from source to site. Hence, it is not surprising that the influence
of mechanism and path on ground motion characteristics is in some instances more
pronounced than that of local conditions. This influence stems both from the modification
of the surface ground motion itself, independent of local conditions, and from the fact that
the different types of seismic waves resulting from mechanism and path effects are modified
by local soil in different manners.

Fig 2 shows the two main paths followed by seismic energy form the source to a site of
interest: through the interior of the crust, in the form of body waves, and along the surface,
in the form of surface waves. But this picture still displays an oversimplified conception of
the process: the source is not a point, but a large volume, and the influence of path is much
more pronounced and complex than is implied by Fig 2.

The general type of source mechanism, and not only the detailed history of relative
displacement along a fault, has a strong influence on the types of seismic waves generated,
and hence on the motion characteristics for standard ground conditions, and in the manner
in which local conditions modify them. Thus, strike-slip motion tends to produce a relative
hlgher proportion of SH and Love waves, while subduction faults tend to produce higher
propomons of P, SV and Rayleigh waves. The fact that seismic waves are generated from a
large volume that may extend as far as the ground surface or its close proximity means that
a significant portion of the motion at the near field should be made up of the contribution
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of body waves that travel at very low angles with respect to the horizontal (Fig 3). These
waves are probably guided along stratified formations and then modified by local conditions
according to patterns similar to those affecting surface waves. Besides, it is likely that they
give place to conventional surface waves that significantly contribute to ground motion at
short epicentral distances and in the range of small and moderate frequencies. This pattern
of energy travel seems plausible, and provides an explanation to the failure of conventional
amplification theory to adequately predict the influence of local conditions.

The complexity of the path followed by waves is another reason for stating that surface
ground motion at the near field is not the result of the superposition of a short number of
wave trains: every wave impingingon a crust heterogeneity, subsurface discontinuity or
topographic feature, gives place to a number of secondary trains of all types of waves (Fig
4. .

Whatever the mechanism and the path of the waves for a given shack, it is of interest to
assess the influence of local conditions; but, as Fig 5 shows, that inflwence cannot in general
be made to depend only on the stratified soil formations underlying the site of interest: as
an important portion of the energy may be traveling in the horizontal direction, the
meaning of the term local conditions should be extended to include geologic and
topographic features in the immediate vicinity of the site. Local amplification would hence
be sensitive to the direction of wave arrival.

Even in the case that adequate tools were available for estimating the influence of local
conditions on the amplification functions for the various significant types of seismic waves,
the problem would remain of determining the trains of waves of different types that would
arrive from a given direction. This is probably not feasible when dealing with near-field
problems, first because of the possible occurrence of a large number of significant wave
trains of different types incoming from different directions, and second because it is not
always clear whether a given geologic or topographic accident should be taken as portion of
the path ~the influence of which would be included as a random factor in the experimental
error of an intensity attenuation expression (expression relating intensity with magnitude
and distance)~ or of the local conditions ~the influence of which should be included as a
systematic correction— when trying to predict ground motion produced by seismic waves
arriving from a given direction. For instance, coming back to Fig 5, a promontory such as 8
could be taken as a part of the path or of the local conditions for the purpose of assessing the
contribution of surface waves coming from the left to ground motion-at A, depending on
whether the local zone is assumed to be bounded by line 1 or 2, respectively. Because the
absence or presence of features such as these has not been explicity included in empirical
attenuation expressions, a unique crterion cannot be easily estabhished. For the purpose of
microzoning, however, a great deal of information is provided by ratios of surface wave
amplitudes at A and B —and not necessarily their absolute values— for earthquakes originated
at the left of the figure.

OBSERVED FACTS

Before the San Fernando earthquake of 1971, conceptual models of soil-related intensity
amplification had gained their main support from nearly qualitative comparisons of
observed differences between intensities on firm ground and on sedimentary deposits at a
number of sites, notably Tokyo, San Francisco, Mexico City and Caracas. A more
quantitative support to models based on the concept of vertically traveling SV waves had
been provided by the comparison of predicted and observed response of the soft clay
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deposits underlying Mexico City (Herrera 1. et al, 1965); but conclusions valid for very
peculiar conditions —existence of a very pronounced contrast between shear wave velocities
of soil and underlying material- were being indiscriminately extrapolated, in spite of the
fact that, in order to apply the same criterion, arbitrary decisions had often to be made
concerning the portion of the ground profile that should be considered as a filter that would
amplify standard-condigions-ground-motion. But records obtained during San Fernando
earthquake disclosed the limitations of the mentioned criterion. Although a large portion of
the area affected by that earthquake is known to be underlain by deep sedimentary
formations (Fig 6), no pronounced contrast between shear wave velocities is apparent. Fig 7
(from Hudson, 1972) shows a sampling of peak accelerations measured at different sites.
Included are all sites for which a clear distinction could be made between rock and alluvium
as the basic site condition. It is evident that many factors other than distance and local site

characteristics must be umportant.

Influence on ground motion of fault mechanism and propagation path has been disclosed by
recordings obtained at a number of sites during several events. Thus, Udwadia and Trifunac
(1973) analyzed a group of 15 events recorded at El Centro, California, characterized by
short epicentral distances and magnitudes ranging from 3 to 6.8; the same authors (Trifunac
and Udwadia, 1974) studied the records obtained at 6 stations located in the metropolitan
area of Los Angeles during three different earthquakes, and Hudson (1972) analyzed the
records of a number of seismoscopes and accelerographs obtained within an area of 40
square miles during San Fernando earthquake. ’

The 15 events recorded at El Centro were classified into four sub-groups, according to
source azimuth with respect to the station, and Fourier spectra of records within each
sub-group were compared. Group I included four events, three of them having the same
epicenter, but-different magnitudes. Spectral shapes of the components corresponding to
the various events differ considerably among themselves. As propagation path and local
conditions are the same, differences can only be ascribed to differences in fault mechanism
and perhaps to nonlinear effects. Group II includes four events with different magnitudes
and origins and, again, mo similarity attributable to path or local conditions can be detected
in the records. For one event in particular, predominant frequencies are very low, which
can be explained in terms of predominance of surface waves. Group I1I includes the Imperial
Valley earthquake of 1940, the record of which has been analyzed (Trifunac, 1971a) leading
to the conclusion that it actually consisted of the superposition of several events, each
starting a few seconds after the previous one. Horizontal components are similar, but the
vertical component of the Imperial Valley earthquake shows significantly higher ordinates
for high frequencies. This is probably a consequence of the short epicentral distance, that
implies low attenuation of body waves, and of the peculiar source mechanism. Finally, the
last group included events with large epicentral distances —about 150 km- and records were
characterized by the low frequencies typical of surface waves. Despite very clear similarities
between magnitude and ©rigin of events in this group, their spectral shapes are significantly
different, thus suggesting predominance of source effects over path and local conditions.

Similar conclusions are obtained from Trifunac and Udwadia’s study concerning the records
obtained at six stations during Borrego Mountain (1968), Lytle Creek (1970) and San
Fernando (1971) earthquakes: source mechanism and epicentral distance significantly
affected the records, whille local conditions played only a secondary role. Of the six stations,
four lie within Los Angeles Metropolitan area, two of them less than 1 km apart; two are
located on base-rock and the other four —those within Los Angeles— on deep sediments of
Intermediate stiffness. Im no case are dominant ground periods evident. An analysis of
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records obtained at the four sites on sediments makes apparent the influence of source
mechanism. For the Borrego Mountain shock, for instance, transverse displacements are
systematically larger than radial ones, thus suggesting significant contribution of Love
waves; the shapes of the displacement and velocity records are the same at all four sites, but
their amplitudes differ, probably as a consequence of variations in the depth of alluvium
from station to station, within a distance of 12 km. Records and spectra corresponding to
the San Fernando earthquake are also very similar among themselves, but they differ in
shape and in relative frequency content from those obtained during thie other shocks. Large
amplitudes of radial and transverse displacements have been ascritved (Hanks, 1975) to
Rayleigh and Love waves, respectively. Fourier spectra of Borrego Mountain records at the
four Los Angeles stations shown are very similar in the range of frequencies smaller than
1 hz; the similarity should not be ascribed to dominant group periods, but to the
predominance of surface waves, given the long epicentral distance —about 200 km. For San
Fernando earthquake, instead, the contribution of high frequencies is rather important, as
could be expected, given the proximity of the source—40 km.

Hudson’s observations during San Fernando earthquake covered a wide range of ground
conditions, from crystalline rock to alluvial deposits 300 m deep. Netorious discrepancies
were observed in seismoscope traces even for sites with very similar ground conditions,
stressing the importance of other factors, such as topography or sulbsurface irregularities,
pointed out, for ihstance, by Jackson (1971) and Boore (1972). A comparison of response
spectra corresponding to rock and alluvium sites fails to show any systematic influence of
local soil. The author concludes that the properties of response spectra at the same sites
during another earthquake would probably show quite different relative variations. This
implies that formulation of microzoning maps must be based on thwe analysis of records
obtained during a sufficiently large number of intense earthquakes.

Some interesting <ases have been presented in the literature, describimg the overall response
of some soil formations during strong earthquakes. Although the influence of local
conditions was shown to be clear in those cases, it was also clear that it may not suffice to
study the influence of the soil directly underneath the structure of intcrest, but that an
analysis of the response of a wider area can explain observed facts. Two instances will be
described in this respect: one corresponds to the Skopje earthquake of 1963, and the other
to two records obtained at Hutt Valley, New Zealand.

Poceski (1969) describes the geological setting of Skopje: the city is focated in a long valley
along which flows the Vardar river. A cross section of the valley shows a large discontinuity
of the sediment thickness along a line that follows the river course (Fig 8). The greatest
intensity of damage on constructions was observed directly above the discontinuity, and was
ascribed to the hypothetical occurrence of large rotational compeonents of the ground
motion with respect to a vertical axis, motivated by the also hypothetical difference in the
horizontal response of the alluvial deposits at each side of the discontinuity.

The rotatinnal response of a large volume of alluvium was actually detected by Stephcnson
(1974), when he analyzed the records obtained at two sites near Hutt Valley. The sites are
900 m apart, and are underlain by saturated recent alluvial deposits with shear wave
velocities of about 100 m/sec. Spectral densitics of acceleration at both sites show each a
predominant direction of response, with a high statistical correlation between the

corresponding predominant components, thus suggesting the torsional oscillation of a large
mass of alluvium.

How should microzoning be influenced by effects such as those described in this section? .
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EFFECTS OF TOPOGRAPHY

The largest acceleration ever recorded occurred at one of the abutments of Pacoima dam
during the San Fernmando earthquake and implied, according to Reimer et al (1973) a
three-fold amplification of its peak value. Ratios of up to 30 between the peak ordinates of
the Fourier spectruin of the velocity record obtained at the top and at the base of Kagel
mountain were computed for several aftershocks of the mentioned event, while the
corresponding ratios of peak ground velocities “only” reached 3.95. This implies a resonant
effect of the mountain, which was explained by Davis and West (1973) in terms of the ratio
of its average width and the length of shear waves. The values indicated are not necessarily
amplifications with respect to standard conditions (whatever they are), as analytical studies
show (see Fig. 9) that at some frequencies wave amplitudes tend to be amplified at the top
of promontories andl reduced at their base (Bouchon, 1973; Aki & Larner, 1970; Boore,
1972), but the fact remains that the effects of surface topography cannot be overlooked.
Similar considerations can be made regarding the significance of subsurface topography: the
distribution of structural damage in Skopje in 1963 was ascribed to excessive torsional
oscillations in the rcgion directly above a sharp discontinuity of soft layer thickness (Fig. 8)
for incident waves that possessed significant horizontal components parallel to the
discontinuity; and amalytical studies predict focusing of waves in the vicinity of subsurface
irregularities (Jackson, 1971). The interaction of subsurface topography and direction of
wave arrival is illustrated in Fig 10 (Trifunac, 1971b), which shows relative amplitudes of
the motion produced at the surface by SH waves arriving at a semicylindrical valley.
Amplitudes vary with site location and with incidence angle at a fast rate, thus suggesting
that detailed knowiedge of subsurface topography and of directions and types of incoming
waves would be reguired for the deterministic prediction of the influence of topographic
features. As this knowledge is not easy to achieve at present, careful judgement must be
exercised when trying to employ analytical results as those shown here in the predictions of
seismic risk. -

A further question stemming from the significance of surface and subsurface irregularities is
that related to the homogeneity of the data set that has been used by different investigators
in the derivations of empirical attenuation expressions: unless those sites for which the
topographic conditions are suspected to have a significant systematic influence on ground
motion are eliminated from the data set used to derive those attenuation expressions, we
face the danger of accounting for the mentioned conditions twice: as random effects in one
step and as systematic effects in another.

MODELS AND REALITY

Theoretical considerations and observed facts concerning mechanism, path and local
conditions, point at the complexities involved in the formulation of mathematical models
intended to predict the influence of local conditions on ground motion.

Hence, the questiom arises of whether the role of those models is too limited to be of
practical significance. This is probably too pessimistic an outlook although detailed
simulations of near-fiield motions based on physical models that account for source, path
and local conditions. are probably beyond reach of present engineering practice, the writer
believes that a fair diegree of understanding of the parameters and mechanisms that affect
ground motion amplification and attenuation can be gained by means of simplified
analytical models that consider alternate patterns of energy liberation and propagation.
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The significance of models as related to reality and to decision making in engineering is

a dramatically illustrated by the applicability of the vertically-traveling-shear wave model to
‘u 1 the study of ground motion amplification in the valley of Mexico: this is the site on earth
f where that model has been most beautifully supported by instrumental evidence, and
S| however, the shallow depths and large epicentral distances of earthquakes usually observed
;c : there imply that practically all energy must arrive in the form of surface waves. It s easy to
1t £ understand that the apparent confirmation of the unidimensional-shear-wave model in this
o 9 casc stems from the fact that the large lengths of the incoming surface waves lead to the
ly i response of the‘soft soil formation far away from the borders of the walley according to a
cs i pattern very similar to that of the shear beam model. The agreement is accentuated because
p very little energy is radiated back to the base, and because a significant portion of it is
e radiated in accordance with the shear beam model. This form of soil response and the smail
" ratio cf energy radiation are responsible for the occurrence of dominant ground periods. For
he the same reasons, dom'mant ground periods determined by means of excitation applied at
1al the surface coincide \Ylth those resulting from earthquake excitation. But the conditions
9) that favor the practical applicability of the mentioned model im the case where a
he pronounced contrast exists between the soft formations and the base do not appear in the
lce absence of that contrast, and conditions other than sediment properties may dominate the
of local pattern of intensity variations. .
C(;,f In an attempt at developing a unified approach to the combined intemsity-attenuation and
ne local-amplification effects for site underlain by stratified soil formations, Sanchez and
:mz Lsteva (1977) made use of availab‘le data for the derivatio_n of attenuation expressions that
‘~th ¥ dxrcctly' account fo_r the systematic influence of local soil, while ramdom deviations were
be g f!calt wnth as equat1911 errors. Data of earthquakes recently recorded ai sites where detailed
) of i information was available about local soil conditions (this means 50 harizontal components
) , at 10 different sites) provided the basis for semiemrirical attenuation expressions for
Fourier spectra at the ground surface. These expressions are of the form
. Hw) = G(w; R, M) g (w, 5); where F(w) is the ordinate of Eourier spectrum for frequency
Lors i w, G accqunts for source (M) and path (R) effects,'and g is a function that accounts for
the 5 :lmphﬁcatl_g)n effects in terms of local soil propertles‘ (s)..G was aissumed of theT form
und % bi(R+ ¢)?3 exp(b, M), and g was taken as the amplification function of an eqplvalent
e i single-degree-of-freedom model of a linear shear beam assumed to represent the soil layers

“one above firm ground. A number of expressions were derived for seven values of w, in

accordance with three alternate definitions of firm ground- the surface material itself, or
those with shear wave velocities of 400 and 800 m/sec, respectively. The results were
disappointing: the ratio of observed to predicted ordinates of Fourier spectra was
systematically gieater thanunity for the components recorded at the particular site where the
computed values of g were highest (i.e., where a thick layer of very soft materials existed),
local : and the standard deviation of that ratio for the whole ensemble of sites and records was very
odels : high and independent of the definition of firm ground. But Mohraz (1976) obtained
sigmificantly different intensity attenuation expressions for different alluvium thickness. A
o of similar study was carried out by Faccioli (1976), who classified ground properties into four
>

- Cdtegories: crystalline rock, sedimentary rock (including stiff conglomerates and very
tarled { vompact sands), typical alluvial deposits with intermediate stiffness and soft deposits (loose
: P?th 4 *tnds and soft clays). He succeeded in obtaining empirical attenuation expressions for éach
writer \ of these categories, for which the standard deviation of error is lower than that associated
ﬂf_fca with previous expressions that neglected the influence of local conditions (Esteva and
lified Villaverde,

1973; Mc Guire, 1974). The systematic influence of such conditions 1s thus

. vonfirmed, as well as the inadequacy of the shear beam model to predict them.

2 -

TW(fdimcnsional models as shown in Fig 11 can perhaps suffice for the qualitative study of
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the overall patterns of wave generation and transformation. They should also prove useful
for the understanding of the possible influence of irrégularitics and discontinuites found by
different types of waves along their path, and for the assessment of local variability of
intensities in the neighborhood of some geological or topographical accidents. Probably,
they can even help at gaining some insight into the general patterns of waves arriving at a
site, thus permitting the formulation of adequate amplification models. There are instances,
however, where three-dimensional models may be required. One such case is the study of
the amplified motion recorded at one of the abutments of Pacoima Dam during San
Fernando earthquake; another would be the study of the response of an alluvial formation
where torsional osciliations might be of importance.

Given a train of incoming waves, predictions of the resulting motion at a site with
heterogeneous properties or irregular topography can be dealt with as a diffraction problem.
However, standard analytical formulation (Morse & Feshbach, 1953) can only be applied in
practice to simplified idealizations of actual conditions (see, for instance, Aki and Larner,
1970; Bouchon, 1973; Trifunac, 1971b). For more general applications, finite difference
solutions of the wave equation (Boore, 1972), finite element wave-propagation
investigations (Smith, 1974) and dynamic response studies of fmite-element models of small
local regions (Lysmer & Drake, 1971; Ayala & Aranda, 1977) have been undertaken. The
latter formulation is very attractive to engineers, because it permits direct application of
standard programs of frequency-domain or time-response dynamic analysis. But adequate
boundary conditions have to be defined at the edges of the region under study in order to
allow transmittal of incoming and outgoing waves without excessive energy losses or
reflections. When incoming and outgoing waves are of the same type and have the same
direction, theoretically exact boundary conditions can be established, expressed in terms of
equivalent damping units (Lysmer & Drake, 1971; Tsai, 1969). Aproximate solutions have
also been formulated for the case of outgoing body waves of known type and unknown
direction (Lysmer & Kuhlenmeyer, 1969) and these solutions have been extended to the
combination of incoming and outgoing waves (Ayala & Aranda, 1977), but the general case
of known incoming waves and unknown outgoing wave types and directions has not been
sufficiently studied.

Despite these problems, criteria based on the time-history analysis of finite element models
will probably gain wide acceptance in view of their ability to account for nonlinear soil
behavior. But despite the importance usually ascribed to nonlinearities when trying to
explain discrepancies between observed and predicted local amplification effects, it must be
recognized that their influence is often overshadowed by the overall patterns of shock
generation and propagation. It is this consideration that supports the usefulness of
frequency-domain studies as advocated above.

.

CONCLUDING REMARKS

Microzonation implies much more than influence of stratified soil formations. It implies a
better knowledge of the fault mechanisms of earthquakes that significantly contribute to
seismic risk at a site, study of the possible influence of path characteristics on the types of
arriving seismic waves and hence on the manner in which local conditions will affect them.
More general analytical models for the study of all factors affecting seismic waves from their
source will have to be developed, adapted and implemented by engincers. But, as a
consequence of thc complexities inherent in the phenomena under study, those models
should only play a role complementary to instrumental observations. Because path and
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mechanism effects have been shown to affect local variations of ground motion, a large
pumber of events will have to be recorded at every site of interest and its neighborhood
before reliable conclusions can be drawn Concerning those variations. Hence, small
magnitude shocks should bc given increased attention, as they will probably constitute the
main source of information at some sites, in spite of their inability to provide information
about the influence of nonlinear soil behavior associated with severe shocks. Deployment,
operation and interpretation of the records of local instrumental networks should aim at the
description of earthquake motion variability throughout small regions, and at the
understanding of the patterns of seismic waves giving place to that variability.

!
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Chapter €
SEISMICITY '

LUIS ESTEVA
Instituto de Ingenieria, Universidad Nacional Auténoma de Mdxico, Mc:riro

6.1 ON SEISMICITY MODELS

'

Rat:onai formulation of engineering decisions 1n selxsm:c wrets regures
quantitative descriptions of seismicity. These desciiptions should conform
with theirr intended applications: in some nstances, simultaneous inie.isiies
during each earthquake have to be predicted at several locaticns, while in

others it suffices to make independent evaluations of the probable etfect, of .

earthquakes at each of those locations. ~

The second model 15 adequate for the selection of design parame‘ess of
mdividual components of a regional system (the struclures in o TedInl or
country) when no significant :mteraction exists between response or dara e
of several such indwidual comporents, or between any of thain and the
system as a whole. In otner wo:ds, it applies when the damage — or negative
utiity — vheled upon the systera by an cart wuake can be 1aken s.umply as
the addibion of the losses 1n vhe individual comoonents.

The lineanty between monetary values and aulities mmplied 1 che sezond
model is not always applicable. Such 1s the case, for instar.ca, v hen a wg-
nificant portion of the national wealth or of the productioan system s con-
centrated in a relatively narrow area, or when failure of life-line components
may disrupt emexgency and relief actions just after an earthquake. Evalua-
tion of risk for the whole regional system has then to be based on FEISMICILY
models of the furst type, that is, raodels that predics ssmultanecus nitensities
at several locations during cach event; for the purpose of decisicn making,
nonlinearity between monetary values and ut:lities can Le accourted for by
means of adequate scale transformations. These models are also of interest to

insurance companies, when the probability distribution of the maximum loss -

in 2 given region durning a given time mterval 1s to be estimated. .

Whatever the category to which a sersmic risk problem belongs, 1t recuires
the prediction of probability distributions of cerizin around nmiction char-
acteristics (such as peak ground acceleration or velocity, spactrd density,

response or Fourier spectra, duration) at a given site during a single shock or -

of maximum valucs of some of those characteristics in earthquakes occuriing
during given time intervals. When the reference interval tends to mnfinity, the
probability distribution of the maximumn value of & given characteristic ap-



10

prcaches inat of its maximum possible value. Because different systems or
subwystems are sensitive to different ground motion charactenstics, the term
iniensity characteristic will be used throughout this chapter to mean a partic-
ular parameter or set of parameters of an earthquake motion, in terms of
which the response is to be predicted. Thus, when dealing with the failure
piobabiity of a structure, intensity can be alternatively measured — with
Ciiferent degrees of correlation with structural response — by the ordinate of
the response spectrum for the corresponding period and damping, the peak
ground acceleration, or the peak ground velocity. .

In general, local instrumental information does not suffice for estimating
the probabihity distnbutions of maximum intensity characteristics, and use
has to be made of data on subjective measures of intensities of past earth-
quakes, of models of local seismicity, and of expressions relating charactens-
tics with magnitude and site-to-source distance. Models of local seismicity
consist, at least, of expressions relating magnitudes of earthquakes generated
mn given volumes of the earth’s crust with their return periods. More often
than not, a more detailed description of local seismicity is required, includ-
ing est:mates of the maximum magnitude that can be generated in these
volumes, as well as probabilistic (stochastic process) models of the possible
histories of seismic events (defined by magnitudes and coprdinates).

This chapter deals with the various steps to be followed 1n the evaluation
of seismic nisk at sites .where information other than direct instrumental
records of intensities has to be used: identifying potential sources of ac-
tivity near the site, formulating mathematical models of local seismicity for
each source, obtaining the contrnibution of each source to seismic risk at the
site and zdding up contributions of the various-sources and combimng 1n-
formation obtaned from local seilsmicity of sources near the site with data
on mstrumental or subjective intensities observed at the site.

The foregong steps corsider use of information stemming from sources of
differcnt nature. Quantitative values derived therefrom are ordinanly tied to
{vide uncertainty margins. Hence they demand probabilistic evaluation, even
though they cannot always be interpreted 1 terms of relative frequencies of
outcomes of given experiments. Thus, geclogists talk of the maximum mag-
nitude that can be generated in a given area, assessed by looking at the di-
mensions of the geological accidents and by extrapolating the observations
of other regions which available evidence allows to brand as similar to the
one of interest; the estimates produced are obviously uncertan, and. the
degree of uncertainty should be expressed together with the most probable
value. Following nearly parallel lines, some geophysicists estimate the energy
that can be liberated by a single shock in a given area by making quantitative
assumptions aboul source dimensions, dislocation amphtude and stress drop,
consistent with tectonic models of the region and, agamn, w/1th comparisons
with areas of similar tectonic characteristics.

Uncertainties attached to estimates of the type just described are in gen-
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eral extremely large: some studiss relatimg Jault mpluce area, st droyp,
and magnitude (Brune, 1968) show that, considering not unuwsualdy hga
stress drops, it does not take very large source dimensions to get magnituces
8.0 and greater, and those studies are practically restricted to the simplast
types of fault displacement. It 15 not clear, therefore, that reahstic bourds
can always be assigned to potential magnitudes in given areas or that, when
thus is feasible, those bounds are sufficiently low, so that designing st:uctures
to withstand the corresponding intensities is economically sound, particular-
ly when occurrence of those intensities 1s not very likely in the near future.
Because uncertainties in maximum feasible magmtudes and in other param-
eters defining magnitude-recurrence laws can be as significant as their mean
values when trying to make rational seismic design decisions, those uncer-
tainties have to be explicitly recogmzed and accounted for by means of
adequate probabilistic criteria. A corollary 1s that geophys:cally based esti-
mates of seismicity parameters should be accompanied with correspoacing
uncertainty measures. ’

Seismic risk estimates are often based only on statistica! information (ob-
served magnitudes and hypocentral coordinates). When this 1s done, a wealth
of relevant geophysical information is neglected, whiie the probab:histic pre-
diction of the future i1s made to rely on a sample that 1s often smali and of
little value, particularly if the sampling period 1s short as compared with the
desirable return period of the events capable -of severely damaging a given
system.

The cnterion advocated here intends to unify the foregong approaches
and rationally to assimilate the corresponding picces of informauion Its
philosophy consists 1n usig the geological, geophysical, and all other avaul-
able non-statistical evidence for producing a set of alternate assumpiions
concerning a mathematical (stochastic process) model of sessm.c.ty .na given
source area. An imitial probability distribution is assigned to the cet of hy-
potheses, and the statistical information is then used to improve that p:obabil-
ity assignment. The criterion is based on application of Bayes thecrem, alzo
called the theorem of the probabilities of hypotheses Since estirates of
yisk depend largely on conceptual models of the geophysical precesses -
valved, and these are known with different degrees of uncertanty in differ-
ert zones of the earth’s crust, those estimates will be derwved from stochastic
orocess models with uncertamn forms or parameters. The degree to whish
these uncertainties can be reduced depends on the hm:tations of the state
of the art of geophysical sciences and on the effort that can be put nto
comptlation and interpretation of geophysical and statistical informauion
This 15 an economical problem that should be handled, formally or informal-
ly, by the cntena of decision making under uncertainty.
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6 2 INTENSITY ATTENUATION

Availlable critena for the evaluation of the contribution of potential seis-

, mic sources to the risk at a site make use of intensity attenuation expressions

that relate intensity characteristics with magnitude and distance from site to

source. Depending on the application envisaged, the intensity characteristic

to be predicted can be expressed in a number of manners, ranging from a

subjective index, such as the Modified Mercalli intensity, to a combination of
one or more quantitative measures of ground shaking (see Chapter 1).

A number of expressions for attenuation of various intensity characteris-
tics with distance have been developed, but there is little agreement among
most of them (Ambraseys, 1973). This is due in part to discrepancies in the
definitions of some parameters, in the ranges of values analyzed, in the ac-
tual wave propagation properties of the geological formations lying between
source and site, in the dominating shock mechanisms, and 1n the forms of
the analytical expressions adopted a prion.

Most intensity-attenuation studies concern the prediction of earthquake
characteristics on rock or firm ground, and assume that these characteristics,
properly modified in terms of frequency-dependent soil amphfication fac-
tors, should constitute the basis for estimating their counterparts on soft
ground. Observations about the influence of sol properties on earthquake
damage support the assumption of a strong correlation between type of local
ground and intensity in a given shock. Attempts to analytically predict the
characteristics of motions on soil given those on firm ground or on bedrock
have not been too successful, however (Crouse, 1973; Hudson and Udwadia,
1973; Salt, 1974), with the exception of some peculiar cases, like Mexico
City (Herrera et al., 1965), where local conditions favor the fulfillment
of the assumptions implied by usual analytical models. The following para-
graphs concentrate on prediction on intensities on firm ground; the influence
of local soil is discussed in Chapter 4.

6.2.1 Intensity attenuation on firm ground

When isoseismals (lines joining sites showing equal mtensity) of a given
shock are based only on intensities observed on homogeneous ground con-
ditions, such as firm ground (compact soils) or bedrock, they are roughly
elliptical and the orientations of the corresponding axes are often correlated
with local or regional geological trends (Figs. 6.1—6.3). In some regions— for
instance near major faults in the western United States —those trends are well
defined and the correlations are clear enough as to permit prediction of in-
tensity in the near and far fields in terms of magnitude and distance to the
generating fault or to the centroid of the energy hiberating volume. In other
regions, such as the eastern United States and most of Mexico, isoseismals
seem to elongate systematically in a direction that is a function of the ep:-
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Fig. 6 1. Isoseismals of an earthquake in Mexico. (After Figueroa, 1963.)

central coordinates (Bollinger, 1973, Figueroa, 1963). In that case, intensity
should be expressed as a function of magnitude and coordinates of source
and site. For most areas in the world, intensity has to be predicted in terms
of simple — and cruder — expressions that depend only on magnitude and
distance from site to instrumental hypocenter. This stems from madequate
knowledge of geotectonic conditions and from limited information con-
cerning the volume where energy is liberated in each shock.

' . A comparison of the rates of attenuation of intensities on firm ground for

shocks on wesiern and eastern North America has disclosed systematic dif-
ferences between those rates (Milne and Davenport, 1969). Ths is the source
of a basic, but often unavoidable, weakness of most intensity-attenuation ex-
pressions, because they are based on heterogeneous data, recorded in dif-
ferent zones, and the very nature of their applications implies that the less is
known about possible systematic deviations in a given zone, as a conse-
querice of the meagerness of local information, the greater weight is given
to predictions with respect to observations. '

6.2.1.1 Modified Mercalli intensities
An analysis of the Modified Mercall intensities on firm ground reported
for earthquakes occurring in Mexico in the last few decades leads to the fol-
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Fig 6 2 Elongation of isoseismals in the southeastel:n United States. (After Bollinger,
1673.)

lowing expression relating magntude M, hypocentral distance R (in kilo-
meters) and intensity I (Esteva, 1968):

I=145M—5Tlogio R+7.9 (6.1)

The prediction error, defined as the difference between observed and
computed intensity, is roughly normally distributed, with a'standard devia-
tion of 2.04, which means that there is a probability of 60% that an ob-
served intensity i1s more than one degree greater or smaller than its pre-
dicted value.

6.2 1 2 Peak ground accelerations and velocities

A few of the available expressions will be described. Their companson will
show how cautiously a designer intending to use them should proceed.

Housner studied the attenuation of peak ground accelerations in several
regions of the United States and presented his resuits graphically (1969) 1n
terms of tault length (1n turn a function of magnitude), shapes of 1soseismals
and areas experencing intensities greater than given values (Fig. 6.4 and 6.5).
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He showed that intensities attenuate faster with distance on the west coast
than 1n the rest of the country. This comparison 1s in agreement with Milne
and Davenport (1969), who performed a similar analysis for Canada From
observations of strong earthquakes in California and in Briush Columbia
they developed the following expression for a, the peak ground acceleration
as a fraction of gravity: -

alg = 0.0069 €16M/(1.1 11 + R2) ‘ (6.2)

Here, R 1s epicentral distance in kilometers. The acceleration varics
roughly as e'®*¥ R™2 for large R, and as e® ®*¥ where R approaches zero.
This reflects to some extent the fact that energy 1s released not at & single
point but from a finite volume. A later study by Davenport (1979) led him
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to propose the expression:

a/g = 0.279 eO BMIRL64 (6.3)

The statistical error of this equation was studied by fitting a lognormal
probab:lity distribution to the ratios of observed to computed accelerations.
A standard deviation of 0.74 was found 1n the natural logarithms of those
ratios.

Esteva and Villaverde (1973), on the basis of accelerations reported by
Hudson (1971, 1972a,b), derived expressions for peak ground accelerations
and velocities, as follows:

alg = 5.7 ®¥)(R + 40)? ) (6.4)

v=232e")(R +25)7 . (6.5)

Here v is peak ground velocity in cm/sec and the other symbols mean the
same as above. The standard deviation of the natural logarithm of the ratio
of observed to .predicted’ intensity 1s 0.64 for accelerations and 0.74 for
veloaities. If judged by this parameter, egs. 6.3 and 6.4 seem equally reliable.
However, as shown by Fig. 6.6, their mean values differ significantly in some
ranges.

With the exception of eq. 6.2, all the foregoing attenuation expressions
are products of a function of R and a function of M. This form, which is ac-
ceptable when the dimensions of the energy-liberating source are small com-
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pared with R, is madequate when dealing with earthquake sources v.hose
dimensions are of the order of moderate hypocentral distunces, and often
greater than them. Although equation errors (probability distrnibut.ons of the
ratio of observed to predicted intensities) have been evaluated by Davenport
(1972) and Esteva and Villaverde (1973}, their dependence on M and R has not
been analyzed Because seismic risk estimates are very sensitive to the at
tenuation expressions in the range of large magnitudes and short distances
more detailed studies should be undertaken, aiming at improving those ex-
pressions 1n the mentioned range, and at evaluating the influence of i and R
on equation error. Information on strong-motion records will probably be
scanty for those studies, and hence they will have to be largely based on
analytical or physical models of the generation and propagation of seismic
waves. Although significant progress has been lately attained in this direction
(Trifunac, 1973) the results from such models have hardly influenced the
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practice of seismic risk estimation because they have remained either un-
known to or imperfectly appreciated by engineers in charge of the cor-
responding decisions.

6 2 1.3 Response specira

Peak ground acceleration and displacement are fairly good indicators of
the response of structures possessing respectively very high and very small
natural frequencies. Peak-velocity 1s correlated with the response of inter-
mediate-period systems, but the correlation 1s less precise than that tying the
foimer parameters, hence, 1t 1s natural to formulate seismic risk evaluation
and engineering design criteria in terms of spectral ordinates.

Response spectrum prediction for given magnitude and hypocentral or
site-to-fault distance usually entals a two-step process, according to which
peak ground acceleration, velocity and displacement are initially estimated
and then used as reference values for prediction of the ordinates of the re-
sponse spectrum. Let the second step in the process be represented by the
operation y, = ay,, where y, is an ordinate of the response spectrum for a
given natural period and damping ratio, and Yg 18 a parameter (such as peak
ground acceleration or velocity) that can be directly obtained from the time-
history record of a given shock regardless of the dynamic properties of the
systems whose response 1s to be predicted. For given M and R, y, is random
and so0 15 y, /y, = a; the mean and standard deviation of y, depend on those
of y; and « and on the coeffictent of correlation of the latter variables. As
shown above, y, can only be predicted within wide uncertainty limits, often
wider than those tied to y, (Esteva and Villaverde, 1973). The coefficient of
variation of y, given M and R can be smaller than that of v, only if & and
Yy are negatively correlated, which 1s often the case: the greater the devia-
tion of an observed value of y, with respect to its expectation for given M
and R, the lower is likely to be «. In other words, 1t seems that 1n the inter-
mediate range of natural periods the expected values of spectral ordinates for
givéh damping ratios can be predicted directly in terms of magnitude and
focal distance with narrower (or at most equal) margins of uncertainty than
those tied to predicted peak ground velocities. For the ranges of very short
or very long natural periods, peak amphtudes of ground motion and spectral
ordinates approach each other and their standard errors are therefore nearly
equal.

McGuire (1974) has derived attenuation expressions for the conditional
values (given M and R) of the mean and of various percentiles of the prob-
ability distnibutions of the ordinates of the response spectra for given natural
periods and damping ratios. Those expressions have the same form as eqs.
6.4 and 6.5, but their parameters show that the rates of attenuation of spec-
tral ordinates differ significantly from those of peak ground accelerations or
velocities. For instance, McGuire finds that peak ground velocity attenuates
In proportion to (R + 25)7! 2%, while the mean of the pseudovelocity for a
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TAKLE 6.1
McGuire's attenuation expressions y=b 10b2'"(R +25)7%3
hY ' b, b, b3 V(y) = coelf of
var c¢fy "’

a gals 472.3 ©0.278 1.301 0548 ’
v cm/sec 564 0401 1.202 0696
dcem 0393 0434 0.885 ‘0883
Undamped spectral pseudovelocities )
T=0.1sec 11.0 0.278 1.346 0941 ,

05 305 0.391 1.001 0636

1.0 0631 0.378 0549 0.768

2.0 00768 0.469 0419 0989

50 0.0834 . 0.564 0.897 1.344
5% damped spectral psecudovelocities
T=01sec 10.09 _ 0233 1.341 0651

05 574 0356 1197 0551

1.0 0.432 0.399 0.704 0.703

2.0 - 0.122 0.466 0.675 0941

5.0 00706 0.557 0938 1.193

natural period of 1 sec and a damping ratio of 2% attenuates in nroportion
to (R + 25)7% 5% These results stem from the way that frequency conteni
changes with R and lead to the conclusion that the ratio of spectial veloaity
should be taken as a function of M and R.

Table 6.1 summanzes McGure’s attenuation expressions and therr coef-
ficients of variation for ordinates of the pseudovelocity spectra and for peak
ground acceleration, velocity and displacement. Similar expressions were
derived by Esteva and Villaverde (1973), but they are intended to predict
only the maxima of the expected acceleration and velocity spectra, regard-
less of the periods associated with those maxima. No analysis has beem
performed of the relatwve validity of McGuire's and Esteva and Villaverde’s
expressions for various ranges of M and R.

6.3 LOCAL SEISMICITY

The term local seismicity will be used here to designate the degree of
seismic activity in a given volume of the carth’s crust; it can be quanuitatively
described according to various criteria, each providing a different amount of
information. Most usual critena are based on;upper bounds to the mag-
mtudes of earthquakes that can origmnate 1n a given seismic source, on the
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amount of energy liberated by shocks per unit volume and per unit time or
on more detailed statistical descriptions of the process.

6.3.1 Magnitude-recurrence expressions

Gutenberg and Richter (1954) obtained expressions relating earthquake
. magnitudes with their rates of occurrence for several zones of the earth.
- Their results can be put 1n the form:

A= ae-—,’l‘vl (66)
where \ is the mean number of earthquakes per unit voiume and per unit
time having magnitude greater than M and « and 8 are zone-dependent con-
stants; « varies widely from point to point, as evidenced by the map of
epicenters shown in Fig. 6.7, while § remains within a relatively narrow
range, as shown in Fig. 6.8. Equation 6.6 implies a distribution of the en-
ergy lhiberated per shock which 1s very similar to that observed in the process
of microfracturing of laboratory specimens of several types of rock subjected
to gradually increasing compressive or bending strain (Mogi, 1962; Scholz,
1968). The vglues of B determined in the laboratory are of the same order
as those obtained from seismic events, and have been shown to depend on
the heterogeneity of the specimens and on their ability to yield locally.
‘Thus, in heterogeneous specimens made of brittle materials many small
shocks precede a major fracture, while in homogeneous or plastic materials
the number of small shocks 1s relatively small. These cases correspond to
large and small f-values, respectively. No general relationship 1s known to the
writer between B and geotectonic features of seismic provinces: complexity
of crustal structure and of stress gradients precludes extrapolation of lab-
oratory results, and statistical records for relatively small zones of the earth
are not, as a rule, adequate for establishing local values of 8. Figure 6.8
shows that for very high magnitudes the observed frequency of events 1s
lower than predicted by eq. 6.6. In addition, Rosenblueth (1969) has shown
that § cannot be smaller than 3.46, since that would imply an infinite
amount of energy liberated per umt time. However, Fig. 6.8 shows that the
values of § which result from fitting expressions of the form 6.6 to observed
data are smaller than 3.46; hence, for very high values of M (above 7, ap-
proximately) the curve should bend down, in accordance with statistical
evidence. :

Expressions alternative to eq. 6.6 have been proposed, attempting to rep-
resent more adequately the observed magnitude-recurrence data (Rosen-
blueth, 1964; Merz and Cornell, 1973). Most of these expressions also fail to
recognize the existence of an upper bound to the magnitude that can be gen-
erated in a given source. Although no precise estimates of this upper bound
can yet be obtained, recognition of its existence and of 1ts dependence on
the geotectonic characteristics of the source is inescapable. Indeed, the prac-

ig. 67 Map <howing epicenters {pe the inteival 1961—1967 (After Newmark and Rosenblucth, 1971.)
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tice of seismic zoning 1n the Soviet Union has been based on this concept
(Gzovsky, 1962. Ananun et al, 1968) and in many countries design spectra
for very immportant structures, such as nuclear reactors or large dams, are
usually derived from the assumption of a maximum credible intensity at a
site; that intensity 1s oidinanly obtained by taking the maximum of the
intensities that result-at the site when at each of the potential sources an
earthquake with -magnitude equal to the maximum feasible value for that
source 1s generated at the most unfavourable location within the same
source. When this cniterion is applied no attention is usually paid to the
“uncertainty 1n the maximum feasible magnitude nor to the probability that
an earthquake with that magnitude will occur during a given time pernod.
The need to formulate seismic-risk-related decisions that account both for
upper bounds to magnitudes and for their probabulities of occurrence sug-
gests adoption of magnitude recurrence expressions of the form:

A=A G*M)  for M <M< My

=AL for M < My :

=0 for M > My (6.7)
where M, = lowest magnitude whose contribution to risk 1s significant, My
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= maximum feasible magnitude, and G (M) = complerientary cumulaineg
probability distribution of magnitudes every time that an event (M > ML)
occurs. A particular form of G+(}) that lends 1tself to analytical denvations
is: .

G*(M) = Ag+ A, exp(—BM) — A, exp[—(8 — £1)M] ‘ (6.8)
where: ,

Ao = ABy exp[—B(My—M)]

A=A~ By) exp(BMy)

A,y = Ap exp(—B; My + [My)

A = [B{1—exp[—B,(My — My)1} —B; {1 — exp[—L(My— ML)}} 17

As M tends to M; from above, eq. 6.7 approaches eq. 8.6 Adcpuon of
adequate values of My and B; permuts satisfying two additional concitions:
the maximum feasible magnitude and the rate of variation of A 1n its vicinity.
When f, » =, eq. 6.8 tends to an expression proposed by Correll and
Vanmarcke (1969). )

Yegulalp and Kuo (1974) have applied the theory of extreme values to
estimating the probabilities that given magnitudes are exceeded n given time
intervals. They assume those probabilities to fit an extreme type-HI dis-
tribution given by:

Fur_,, (Mit) = exp[—C(My— M)*t] for M< My
=0 for M> My (6 9)

Here Fy  (Mit) indicates the probability that the maximur magniude od-
served 1n t years 1s smaller than M, My has the same meaning us above, and
C and K are zone-dependent parameters. This distribution 1s consistent
with the assumption that earthquakes with magnitudes greater than M take
place 1 accordance with a Posson process with mean rate X equal to ClMy
— M)¥. Equation 6.9 produces magnitude recurrence curves that fit closely
the statistical data on which they are based for magnitudes above 5.2 and
return periods from 1 to 50 yeais, even though the valucs of My that
result from pure statistical analysis are not rehable mieasures of the uyper
bound to magnitudes, since :n many cases they turn out madmissibly nigh.

For low magnitudes, only a fraction of the number of shocks that tane
place 15 detected. As a consequence, A-values based on statisuical 1afcrma-
tion lie below those computed according to egs. 6.6 and 6.8 for M smaller
than about 5.5. In addition, Fig. 6.9, taken from Yegulalp and Kuo (1974),
shows that the numbers of detected shocks fit the extreme type Il in eg. 6.9
better than the extreme type-I distribution implied by eq. 6.6., coupled with
the assumption of Poisson distribution of the number of events. It 1s not
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clear what portion of the deviation from the extreme type-I distmbution 1s
due to the low values of the detectabihity levels and what portion comes
from differences between the actual form of variation of A with M and that
gwen by eq. 6.6. Thé problem deserves attention because estimates of expect-
ed losses due to nonstructural damage may be sensitive to the values of A for
small magnitudes (sa'y below 5.5) and because the evaluation of the level of
seismic activity 1n a region 1s often made to depend on the recorded numbers of
small magnitude shocks and on assumed detectability levels, 1.e. of ratios of
numbers of detected and occurred earthquakes (Kaila and Narain 1971;
Kaila et al., 1972, 1974).

None of the expressions for A presented in this chapter possess the desir-
able property that its applicabihty over a number of non-overlapping regions
of the earth’s crust implies the vahdity of an expression of the same form
over the addilion of those regions, unless some restrictions are imposed on
the parameters of each A. For instance, the addition of expressions like 6.6
gives place to an expression of the same form only if §§ 1s the same for all
terms in the sum Similar objections can be made to eq. 6.8. In what follows
these forms will be preserved, however, as their accuracy 1s consistent with

on
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the amount of available information and thewr adoption offers significant
advantages 1n the evaluation of regional seismicity, as shown later.

6.3.2 Variation with depth

Depth of prevailling seismic activity in a region depends on 1ts tectonic
structure. For instance, most of the activity in the western coast of the
United States and Canada consists of shocks with hypocentral depths in the
range of 20—30 km. In other areas, such as the scuthern coast of Mexico,
seismic events can be grouped into two ensembles: one of small shallow
shocks and one of earthquakes with magnitudes comprised 1n a wide range,
and with depths whose mean value increases with distance from the shoreline
(Fig. 6.10). Figure 6.11 shows the depth distribution of earthquakes with
magnitude above 5.9 for the whole circum-Pacific belt.

6.3.3 Stochastic models of earthquake occurrence

Mean exceedance rates of given magnitudes are expected averages during
long time ntervals. For decision-making purposes the times of earthquake
occurrence are also significant. At present those times can only be predicted
within a probabilistic context.

Let ¢, (i =1, .., n) be the unknown times of occurrence of earthquakes
generated 1 a given volume of the earth’s crust during a given time interval,
and let M, be the corresponding magnitudes. For the moment it will be as-
sumed that the risk 1s uniformly distributed throughout the given volume,
and hence no attention will be paid to the focal coordinates of each shock

Classical methods of time-series analysis have been apphed by different
researchers attempting to devise analytical models for random ewrthquake -
sequences The following approaches are often found n the literature

(a) Plotting of histograms of waiting times belween shocks (Knopoff,
1964, Ak1, 1963). ’

(b) Evaluation of Poisson’s index of dispersion, that 1s of the ratio of the

.sample variance of the number of shocks to its expected value {Vere-Jones,

1970; Shlien and Toksoz, 1970). This index equels unity for Poisson pro-
cesses, 1s smaller for nearly periodic sequences, and 1s greater than one when
events tend to cluster.

(c) Determination of autocovariance functions, that 1s, of functions rep-
resenting the covariance of the numbers of events observed n given time
intervals, expressed in terms of the time elapsed between those intervals
(Vere-Jones, 1970; Shlien and Toksoz, 1970). The autocovariance function
of a Poisson process is a Dirac delta function. This feature 1s characterstic
for the Poisson model since 1t does not hold for any other stochastic process.

(d) The hazard function h(t), defined so that h(t) d¢ is the conditional
probability that an event will take place in the interval (f, ¢ + dt) given that
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no events have occurred before t.“ If F(t) is the cumulative probability dis-
tnbution of the time between even‘ts:
h(t) = f(t)/[2 — F(8)]

where f(t) = 0F(¢t)/ot.

(6.10)
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Fig. 6.11. Variation of seismicity with depth. Circum-Pac:fic Belt, (After Ne\vma;k and
Rosenblueth, 1971.)

For the Poisson model, h(t) is a constant equal to the mean rate of the pro-
cess.

6.3.3.1 Poisson model

Most commonly applied stochastic models of seismicity assume that the
events of earthquake occurrence constitute a Poisson process and that the
M;s are independent and identically distributed. This assumption implies
that the probability of having N earthquakes with magnitude exceeding M
during time interval (0, t) equals:

Pw = [exp(—vyt)(vyt)V]/N! : (6.11)
where vy, 15 the mean rate of exceedance of magnitude M n the given vol-

ume. If N 1s taken equal to zero in eq. 6.11, one obtains that the probability

distribution of the maximum magnmtude during time interval ¢ is equal to
exp(~—vy t). If vy *is given by eq. 6 6, the extreme type-I distribution is ob-
tained.

Some weaknesses of this model become evident the light of statistical
information and of an analysis of the physical processes involved: the Pos-
son assumption implies that the distribution of the waiting time to the next
event is not modified by the knowledge of the time elapsed since the last
one, while physical models of gradually accumulated and suddenly released
energy call for a more general renewal process such that, unlike what hap-
pens in the Poisson process, the expected time to the next event decreases as
time goes on (Esteva, 1974). Statistical data show that the Poisson assump-
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tion may be acceptable when dealing with large shocks throughout the
world (Ben-Menahem, 1960), implying lack of correlation between seismici-
ties of different regions; however, when considering small volumes of the
earth, of the order of those that can significantly contribute to seismic risk
at a site, data often contradict Poisson’s model, usually because of clustering
of earthquakes in time. the observed numbers of short intervals between
events are significantly higher than predicted by the exponential distribu-
tion, and values of Poisson’s index of dispersion are well above unity (Figs.
6.12 and 6.13). In some instances, however, deviations in the opposite direc-
tion have been observed: waiting times tend to be more nearly periodic,
Poisson’s index of dispersion 1s smaller than one, and the process can be
represented by a renewal model. This condition has been reported, for
nstance, 1n the southern coast of Mexico (Esteva, 1974), and in the Kam-
chatka and Pamir—Hindu Kush regions (Gaisky, 1966 and 1967). The mod-
els under discussion also fail to account for clustering in space (Tsuboi,
1958; Gajardo and Lomnitz, 1960), for the evolution of seismicity with
time, and for the systematic shifting of active sources along geologic ac-
cidents (Allen, Chapter 3 of this book). On account of its simplicity, how-
ever,.the Poisson process model provides a valuable tool for the formulation
of some seismic-risk-related decisions, particularly of those that are sensitive
only to magnmitudes of events having very long return periods.

6.3 3.2 Trigger models

Statistical analysis of waiting times between earthquakes does not favor
the adoption of the Poisson model or of other forms of renewal processes,
such as those that assume that waiting times are mutually independent with
lognormal or gamma distributions (Shhen and Toksoz, 1970). Alternative
models have been developed, most of them of the ‘trigger type’ (Vere-Jones,
1970), 1 e. the overall process of earthquake generation 1s considered as the
superposition of a number of time series, each having a different orgin,
where the orngin tumes are the events of a Poisson process. In general, let N
be the number of events that take place during time interval (0, t), 7, = ori-
gin time of the mth series, W, (¢, 7,) the corresponding number of events
up to mstant ¢; and n, the random number of t:me series inmitiated in the
interval (0, ). The total number of events that occur before mnstant ¢ is then:

ny

N=2 Wp(t, 7) (6.12)

If onigin times are distributed according to a homogeneous Poisson process
with mean rate v, and all W,,,’s are identically distributed stochastic processes
with respect to (¢t — 7,,), it can be shown (Parzen, 1962) that the mean and
variance of N can be obtained from:

4
EN)=v fE[W(z, 7)]dr _ (6.13)
0
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(6.14)

i

t
var (N)=v [E[W2(t, 7)]dr
V]

Parzen (1962) gives also an expression for the i
' . probability generating func-
tion Yy (Z; t) of the distribution of N 1n terms of Ywi(Z;t, T),th; ggnerat-
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ing function of each of the component processes:
l

¢N(z ) = exp [—Vt+vfww(Z t, 7)dr] (6.15)
o |

wheré. E

bw(Zit, 1) = E Z" P{W(t, ) = ‘n} . (6.16)

7/
and the probability mass functlolrn of N can be obtained from Yy (Z; t) by
recalling that: . [

'™ , ’
Wn(Zity= L 2P (N=n} |
n= - |

expanding Yy in power series df Z, and taking P{N = n} equal to the coef-
ficient of 2" in that expansion.! For instance, 1f it is of interest to compute
P{N = 0}, expansion of :pN(Z,, t) in a Taylor’s series with respectto Z =0
leads to: J

| 2
Un(Z: 1) = Uy (0, 1) + ZUj (0; t)’L+-§—, 0: )+ .. (6.17)
where the prime signifies derivat:ive with respect to Z. From the definition of

Yn,P{N=0}=yy(0;0). [‘ )
Because the component processes of ‘trigger’-type time series appear over-

lapped in sample histories, théu analytical representation usually enta113>

study of a number of alternatlve models, estimation of their parameters, and
comparison of model and sample properties — often second-order properties
(Cox and Lewis, 1966). | .

Vere-Jones models. Applicability of some ‘general ‘trigger’ models to rep-
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resent local seismicity processes was discussed i a comprehensive paper by
Vere-Jones (1970), who calibrated them mainly against records of seismic ac-
tivity in New Zealand. In addition to simple and compound Poisson pro-
cesses (Parzen, 1962), he considered Neyman-Scott and Bartlett-Lewis mod-
els, both of which assume that earthquakes occur 1n clusters and that the
number of events m each cluster is stocastically independent of its orgin
time. In the Neyman-Scott model, the process of clusters 15 assumed station-
ary and Poisson, and each cluster 1s defined by py, the probability mass
function of 1ts number of events, and A(t), the cumulatve distribution func

tion of the time of an event corresponding to a given cluster, measured from
the cluster ongin. The Bartlett-Lew:s model 1s a special case of the former,
where each cluster 1s a renewal process that ends after a finite number of
renewals. In these models the conditional probability of an event taxing
place during the interval (t, t + dt), given that the cluster consists of N

- shocks, 1s equal to NA(t)dt, where \(¢) = 3A(t)/d¢.

Because clusters overlap 1in time they cannot easily be identified and
separated. Estimation of process parameters is accomplished by assuming
different sets of those parameters and evaluating the corresponding goodr.ess
of fit with observed data.

Various alternative forms of Neyman-Scott’s model were compared by
Vere-Jones with observed data on the basis of first- and second-order statis-
tics: hazard functions, interval distributions (in the form of power spectra)
and variance time curves. The statistical record comprises about one thou-
sand New Zealand earthquakes with magnitudes greater than 4.3, recorded
from 1942 to 1961. Figures 6.13—6.15 show results of the analysis for shal-
low New Zealand shocks as well as the companson of observed data with sev-
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Fig. 6.14. Smoothed periodogram for New Zealand shallow shocks. (After Vere-Jones,
1966.)
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eral alternative models. The process of cluster origins 1s Poisson in all cases,
but the distributions of cluster sizes (N) and of times of events within clus-
ters differ among the various instances: i the Poisson model no clustering
takes place (the distribution of N 1s a Dirac delta function centered at N = 1)
while 1n the exponential and in the power-law models the distribution of N 1s
extremely skewed towards N = 1, and A(t) is taken respectively as 1 —e ¢
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Fig. 6 16. Rupture zones and epicenters of large shallow Middle American earthquakes of
this century. (After Kelleher et al., 1573.)
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and 1 — [c/(c + t)]® for t > 0, and as zero for t < 0, where X, ¢, and 8 are
positive parameters. In Figs. 6.13—6.15, § = 0.25, ¢ = 2.3 days, and A =
0.061 shocks/day. The sigmificance of clustering 1s evidenced by the high
value of Poisson’s dispersion index 1n Fig. 6.13, while no significant period-
icity can be inferred from Fig. 6.14. Both figures show that the power-law
model] provides the best fit to the statistics of the samples. A similar analysis
for New Zealand’s deep shocks shows much less clustering. Poisson’s disper-
sion index equals 2, and the hazard function 1s nearly constant with time.

Still, data reported by Gasky (1967) have hazard functions that suggest
models where the cluster origins as well as the clusters themselves may be
represented by renewal processes. Mean return periods are of the order of
several months, and hence these processes do not correspond, at least in the
time scale, to the process of alternate periods of activity and quiescense of
some geological structures cited by Kelleher et al. (1973), which have led to
the concept of ‘temporal seismic gaps’, discussed below.

Simplified trigger models. Shlien and Toksoz (1970) proposed a simple
particular case of the Neyman-Scott process; they lumped together all earth-
quakes taking place during non-overlapping time intervals of a given length and
defined them as clusters for which A(t) was a Dirac delta function. Working
with one-day intervals, they assumed the number of events per cluster to
be distnbuted in accordance with the discrete Pareto law and apphed a maxi-
mum-likehhood criterion to the mformation consisting of 35000 earth-
quakes reported by the USCGS from January 197] to August 196S. The
model proposed represents reasonably well both the distnibution of the num-
ber of earthquakes in one-day intervals and the dispersion index. However,
owmng to the assumption that no cluster lasts more than onc day, the mode!
fails to represent the autocorrelation function of the daily numbers of
shocks for small time lags. The degree of clustering i1s shown to be a regional
function, and to diminish with the magmtude threshold value and with the
focal depth.

Aftershock sequences The trigger processes described have been branded
as reasonable representations of regional sersmic activity, cven when aifter-
shock sequences and earthquake swarms are suppressed from stauistical
records, however arbitrary that suppression may be. The most signmificant
instances of clustering are related, however, to aftershock .equences which
often follow shallow shocks and only rarely intermediate and deep events.
Persistence of large numbers of aftershocks for a few days or weeks has
propitiated the detailed statistical analysis of those sequences since last
century. Omon (1894) pointed out the decay in the mean rate of afier-
shock occurrence with ¢, the time elapsed since the main shock, he expressed
that rate as inversely proportional to t + g, where g 1s an empirical constanz.
Utsu (1961) proposed a more general expression, proportional to (¢t + )t
where { 1s a constant, Utsu’s proposal is consistent with the power-law ex-
pression for A(t) presented above.
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Lomnitz and Hax (1966) proposed a clustering model to represent after-
shock sequences; 1t 1s a modified version of Neyman and Scott’s model,
where the process of cluster origins 1s non-homogeneous Poisson with mean
rate decaying in accordance with Omori’s law, the number of events 1n each
cluster has a Poisson distribution, and A(¢) is exponential. All the results
and methods of analysis described by Vere-Jones (1970) for the stationary
process of cluster origins can be applied to the nonstationary case through a
transformation of the fime scale. Fitting of parameters to four aftershock
sequences was accomphished through use of the second-order information of
the sample defined on a transformed time scale. By applying this criterion to
earthquake sets having magnitudes above different threshold values 1t was
noticed that the degree of clustering decreases as the threshold value n-
creases.

The magnitude of the main shock influences the number of aftershocks
and the distribution of thewr magnitudes and, although the rate of activity
decreases with time, the distribution of magmtudes remains stable through-
out each sequence (Lomnitz, 1966, Utsu, 1962, Drakopoulos, 1971). Equa-
tion 6.6 represents fawly well the distribution of magnitudes observed in
most aftershock sequences. Values of B range from 0.9 to’ 3.9 and decrease
as the depth increases. Since values of B for regular (mam) earthquakes are
usually estimated from relatwely small numbers of shocks generated
throughout crust volumes much w1der than those active during aftershock
sequences, no relation has been edtablished among (-values for series of both
types of events. The parameters of Utsu’s expression for the decay of after-
shock activity with time have been estimated for several sequences, for in-
stance those following the Aleutian earthquake of March 9, 1957, the Cen-
tral Alaska earthquake of April 7, 1958, and the Southeastern Alaska earth-
quake of July 10, 1958 (Utsu, 1962), with magmtudes equal to 8.3, 7.3,
and 7.9, respcctxvely, ¢ (in days) was 0.37, 0.40, and 0.01, while { was 1.05,

1.05 and 1.13, respectively. The relationship of the total number of after--

shocks whose magnmitude exceeds a gwven value with the magnitude of the
main shock was studied by Dral\opoulos (1971) for 140 aftershock se-
quences in Greece from 1912 to 1968. His results can be expressed by
N(M) = A exp(—pM), where N(M) 1s the total number of aftershocks with
magnitude greater than M, and A 1s a function of My, the magmtude of the
main shock: ‘

A =exp(3.628+ 1.1M; — 3.46) | (6.18)

Formulation of stochastic process models for given earthquake sequences 1s
feasible once this relationship and the activity decay law are available for the
source of interest. For seismic-risk estimation at a given site the spatial dis-
tribution of aftershocks may be as sigmificant as the distribution of mag-
mtudes and the t.me vanation of actiity, particularly for sources of rela-
tiwvely large dimensions.
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6.3.3 3 Renewal process models

The trigger models described are based on information about earthguakes
with magnitudes above relatively low thresholds recorded during time inter-
vals of at most ten years. The degrees of clustering observed and the dis-
tributions of times between clusters cannot be extrapolated to higher mag-
nitude thresholds and longer time 1ntervals without further study.

Available information shows beyond doubt that significant clustering is
the rule, at least when dealing with shallow shocks. However, there 15 con-
siderable ground for discussion on the nature of the process of clustur origins
during intervals of the order of one century or longer. While lack of statisti-
cal data hinders the formulation of seismicity models valid over long time
intervals, quahtative consideration of the physical processes of easthquake
generation may point to models which at least are consistent with the state
of knowledge of geophysical sciences. Thus, if strain energy stored in a re-
gion grows In a2 more or less systematic manner, the hazard function shcu.d
grow with the time elapsed since the last event, and not remain constant as
the Poisson assumption implies. The concept of a growing hazard function 1s
consistent with the conclusions of Kelleher et al. (1973) concerning the
theory of periodic activalion of seismic gaps. This theory is partially sup-
ported by results of nearly qualitative analysis of the migration of seismic
activity along a number of geological structures. An instance is proviced by
the southern coast of Mexico, one of the most active regions in the worid
Large shallow shocks are generated probably by the interaction of the con-
tinental mass and the subductive oceanic Cocos plate that underthrusts it
and by compressive or flexural failure of the latter (Chapter 2} Scismolcgi-
cal data show significant gaps of activity along the coast dusing the prescnt
century and not much 1s known about previous history (Fig 6 16). Along
these gaps, seismic-risk estimates based solely on observed intensities &r
quite low, aithough no significant difference 15 evident i the geological
structure of these regions with respect to the rest of the coast, save some
transverse faults which divide the continental formation into several blocks.
Without looking at the statistical records a geophysicist would assign equal
risk throughout the area. On the basis of seismicity data, Kellcher et al have
concluded that activity migrates along the region, in,such a manner that large
earthquakes tend to occur at seismic gaps, thus implying that the hazard
function grows with time since the last earthquake. Similer phenomena have
been observed in other regions; of particular interest 1s the Norih Anatclian
fault where activity has shifted systematically along it from east to west dur-
ing the last forty years (Allen, 1969).

Conclusions relative to activation of seismic gaps are controversial because
the observation periods have not exceeded one cycle of each process. Never-
theless, those conclusions point to the formulation of stochastic models of
seismicity that reflect plausible features of the geophysical processes.

These considerations suggest the use of renewal-process models to rep-
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resenit sequences of individual shocks or of clusters. Such models are char-
acterized because times between events are independent and 1dentically
distributed. The Poisson process 1s a particular renewal model for which the
distribution of the waiting time 1s exponential. Wider generality is achieved,
without much loss of mathematical tractability, if inter-event times are sup-
posed to be distributed 1n accordance with a gamma function:

fr(t) = G2y G0 e (6.19)
which becomes the exponential distribution when k = 1. If 2 <1, short in-
tervals are more frequent and the coefficient of varation 1s greater than in
the Poisson model; if 2> 1, the reverse is true. Shhen and Toksoz (1970)
found that gamma models were unable to represent the sequences of in-
dividual shocks they analyzed; but these authors handled time intervals at
least an order of magnitude shorter than those referred to n this section.

On the basis of hazard function estimated from sequences of small shocks
in the Hindu-Kush, Vere-Jones (1970) deduces the validity of ‘branching
renewal process’ models, in which the intervals between cluster centers, as
well as those between cluster members, constitute renewal processas.

Owing to the scarcity of statistical information, rehable comparisons be-
tween alternate models will have to rest partially on simulation of the pro-
cess of storage and hberation of strain energy (Burridge and Knopoff, 1967;
Veneziano and Corneil, 1973).

6.3.4 Influence of the seismicity model on seismic risk

Nominal values of investments made at a given instant increase with time
when placing them at compound 1nterest rates, i.e. when capitalizing them.
Their real value — and not only the nominal one — will also grow, provided
the mnterest rate overshadows mflation. Conversely, for the purpose of mak-
ing design decisions, nominal values of expected utilities and costs inflicted
upon 1n the future have to be converted into present or actualized values,
which can be directly compared with mtial expenditures. Descriptions of
seismic nisk at a site are msufficient for that purpose unless the probability
distributions of the times of occurrence of different intensities — or mag-
nitudes at neighbouring sources — are stipulated; this entails more than sim-
ple magmtude-recurrence graphs or even than maximum feasiole magnitude
estimates.

Immediately after the occurrence of a large earthquake, seismic risk is ab-
normally hugh due to aftershock activity and to the probability that damage
inflicted by the main shock may have weakened natural or man-made struc-
tures 1f emergency measures are not taken n time. When aftershock activity
has ceased and damaged systems have been repaired, a normal risk level is
attamed, which depends on the probability-density functions of the waiting
t:mes to the ensuing damaging earthquakes.
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For the purpose of illustration, let 1t be assumed that a fixed and dete.-
ministically known damage D, occurs whenever a magmtude avove a given
value 1s generated at a given source. If f(¢) is the probability-density functicn
of the waiting time to the occurrence of the damaging event, and if the nsk
level is sufficiently low that only the first failure 1s of concem, the expected
value of the actualized cost of damage is (see Chapter 9):

D=D, [ eMf(t)at {6.20)

0

“where v 1s the discount (or compound interest) cogfficient and the overbar
denotes expectation. If the process 1s Poisson with mean rate v, then f(t)1s
exponential and D = Dy v/y, however, 1f damaging events take place in
clusters and most of the damage produced by each cluster corresponds to iws
first event, the computation of D should make use of the mean rate v cor-
responding to the clusters, instead of that apphcable to mdmdual events.
Table 6.11 shows a comparison of seismic risk determimed under tye alicrna-
tive assumptions of a Poisson and a gamma model (k = 2), both with the
same mean return period, k/v (Esteva, 1974). Three descriptions of rnisk ave
presented as functions of the time tg elapsed since the last damaging eveni:
Ty, the expected time to the next event, measured from wmsiant ¢y, the ex-
pected value of the present cost of failure computed from eq. €.20, and the
hazard function (or mean failure rate). Since clustering 1s neglected, nsk of
aftershock occurrence must be either included in Dy or supenmposed on
that displayed in the table. -

This table shows very significant differences among nsk levels for both
processes. At small values of ¢, risk is lower for the gamma process, but 1t

TABLE 6.1

Comparison of Poisson and gamma processes

1ov/k T, v/k Powssonprocess,k=1 hk/v T v/k Gammaprocess, k=2 hF/V

[}

D/D, D/Dy

YR/ =10 Yyk/v =100 SR/ =10 bl/v =100

0 1.0 00278 0.0004 0

0.1 092 00511 00036 0367
0.2 0.86 0.0675 009259 0667
0.5 075 0.0973 00100 1333
1 1.0 0.0909 0.0099 1.0 0.87 0.120 00132 2 000
2 060 0.139 00138 2 667
5 0.54 0154 00179 3333
10 052 0.160 00187 3633
050 0.167 00196 4 000
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grows with time, unti it outnides tpat for the Poisson process, which remains
constant. The differences shown clearly affect engineering decisions.

i
‘ J
6.4 ASSESSMENT OF LOCAL SEISMICITY

Orly exceptionally can magmtﬂde-recurrence relations for small volumes
of the earth’s crust and statistical correlation functions of the process of
earthquake generation be derived exclusively from statistical analysis of
recorded shocks. In most cases this information 1s too limited for that pur-
pose and it does not always refle"ct geological evidence. Since the latter, as
well as its connection with seismicity, 15 beset with wide uncertanty mar-
gins, mformation of different nature has to be evaluated, 1its uncertainty
analyzed, and conclusions reached consistent with all pieces of information.
A probabilistic criterion that aci:omplishes this is presented here: on the
basis of geotectone data and of c:onceptual models of the physical processes
mvolved, a set of alternate assumptions can be made concerning the func-
tions 1 question (magnitude recurrence, time, and space correlation) and an
mtial probabihty distribution |assigned thercto, statistical intormation
1s used to judge the hikehihood qf each assumption, and a posterior prob-
abtiity distribution is obtained. How statistical information contibutes to the
posterior probabilities of the alternate assumptions depends on the extent of
that information and on the degree of uncertainty imphed by the mitial
probabihties. Thus, if geological evidence supports confidence 1n a particular

-assumption or range of assumptions, statistical mnformation should not
greatly modify the imitial probabilities. If, on the other hand, a long and
rehable statistical record 1s availz}ble, it practically determines the form and
parameters of the mathematical model selected to represent local seismicity.

\
6.4.1 Bayesian esttmation of selsr"nicny

Baycsian statistics provide a ;'framcwork for probabilistic inference that
accounts for prior probabilities assigned to a set of alternate hypothetical
models of a given phenomenon as well as for statistical samples of events re-
lated to that phenomenon. Ut}}xkc conventional methods of statistical 1n-
ference, Bayesian methods give weight to probability measures obtained
"from samples or from other sources; numbers, coordinates and magnitudes
of earthquakes observed in given time intervals serve to ascertain the prob-
able validity of each of the altex“'natxve models of local seismicity that can be
_postulated on the grounds of geological evidence. Any cnterion intended to
weigh nformation of different'nature and different degrees of uncertainty
should lead to probabilistic conclusions consistent with the degree of con-
fidence attached to each source of information. This 1s accomplished by
Bayesian methods.
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Let H, (1 = 1, ..., n) be a comprenhensive set of mutually exclusive 2ssump-
tions concerning a given, imperfectly known phenomenon and let A be the
observed outcome of such a phenomenon. Before observing outcome A we
assign an nitial probabihity P(H)) to each hypothesis. If P(A:H) 15 wne
probability of A in case hypothesis H, 1s true, then Bayes’ theorerr; (Ruiffa
and Schlaifer, 1968) states that:

P(AIH))
P(HA)=P(H,) =, P(H)P(AIH)) (6.21)

The first member 1n this equation is the (postenor) probability that
assumptuion H, 1s true, given the observed outcome A.

In the evaluation of seismic risk, Bayes’ theorem can be used to improve
nitial estimates of A(M) and 1ts variation with depth 1n a given area as well as
those of the parameters that define the shape of AM(M) or, equivalently, the
conditional distribution of magnitudes given the occurrence of an earth-
quake. For that purpose, take A(M) as the product of a rate function A\ =
A(Mp) by a shape funciion G*(M, B), equal to the conditional complemen-
tary distribution of magnitudes given the occurrence of an earthquake with
M > M,, where My, 1s the magnitlude threshold of the set of statistical data
used 1n the estimation, and B is the vector of (uncertain) parameters B,, cy
B, that define the shape of A(M). For instance, 1if A(}M) 1s taken as given by
eq. 6.8, B 1s a vecior of three elements equal respectively to 8, 8, and Ay,
if eq. 6.9 15 adopted, B 1s defined by % and M.

The mitial distribution of seismicity 1s in this case expressed by the imtial
Joint probabihity ‘defisity function of Ay and B f'(ALB). The ob-served out-
come A can be expressed by the magnitudes of all earthquakes generated in a
given source during a giver time interval. For instance, suppose that N earth-
quakes were observed during time interval t and that their magmtudes were
my, m,, ..., my. Bayes’ expression takes the form:

B ____P_[ml_LmZ- » My, HXL- B]
) — .
JIP[my, mg, ..., my, tll, B F (L b)dIdb
(6.22)
where f”(.) 15 the posterior probébllity density function, and ! and b are
dummy variables that stand for all values that may, be taken by A, and B,
respectively. Estimation of A, can usually be formulated independently of
that of the other parameters The ohserved fact 1s then expressed by Ny, the
number of earthquakes with magmtude above M during time {, and inhe
following expression 1s obtamed, as a first step 1n the estimation of A(M):
: ) P(Ny; tiAy)
6 4.1.1 Imitial probabilities of hypothetical models
Where statistical information 1s scarce, seismicity estimates will be very

f”()\l.n Blml; sery mN; t) = f()\L)
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sensitive to intial probabilhities assigned to alternative hypothetical models,

_the opwnions of geologists and geophysicists about probable models, about
the parameters of these models, and the corresponding margins of uncertain-
ty should be adequately interpreted and expressed in terms of a function f’,
as required by equations similar to 6.22 and 6.23. Ideally, these opinions
should be based on the formulation of potential earthquake sources and on
their comparison with possibly similar geotectonic structures. This 1s usually
done by geologists, more quahtatively than quantitatively, when they esti-
mate M. Initial estimates of A are seldom made, despite the significance of
this parameter for the design of moderately important structures (see Chap-
ter 9).

Analysis of geological information must consider local details as well as
general structure and evolution. In some areas it is clear that all potential
earthquake sources can be wdentified by surface faults, and their displace-
ments 1n recent geological times measured. When mean displacements per
unit time can be estimated, the order of magnitude of creep and of energy
hberated by shocks and herce of the recurrence intervals of given magm-
tudes can be cstablished (Wallace, 1970, Davies and Brune, 1971), the cor-
1esponding uncertainty evaluated, and an initial probability distribution as-
signed. The fact that magmtude-recurrence relations are only weakly cor-
related with the size of recent displacements is reflected in large uncertain-
ties (Petrushevsky, 1966).

Application of the criterion described 1n the foregoing paragraph can be
unfcasible or madequaie 11 many problems, as 1n areas where the abundance
of taults of diiferent sizes, ages, and activity, and the insufficient dccuracy
with which focal coordinates are determined preclude a differentiation of all
sources. Regional seismicity may then be evaluated under the assumption
that at least part of the seismic activity 1s distributed in a given volume
rather than concentrated in faults of different importance. The same situa-
tion would be faced when dealing with active zones where there 1s no surface
evidence of motions. Hence, consideration of the overall behavior of com-

. plex geological struciures 1s often more significant than the study of local
details. '

Not much work has been done 1n the analysis of the overall behavior of
large geological structures with respect to the energy that can be expected
to be liberated per unit volume and per unit time in given portions of those

, structures. Important research and applications should be expected, how-
ever, since, as a result of the contribution of plate-tectonics theory to the
understanding of large-scale tectonic processes, the numerical values of some
of the variables correlated with energy liberation are being determined, and
can be used at least to obtain orders of magnitude of expected activity along
plate boundaries. Far less® well understood are the occurrence of shocks in
apparently nactive regions of continental shields and the behavior of com-
plex continental blocks or regions of intense folding, but even there some

progress is expected 1n the study of accumulation of stresses in the crust
Knowledge of the geological structure can serve to formulate in:ual prov-
abihity distributions of seismicity even when quantitative use of geophysical
information seems beyond reach. Imtial probability distributions of local
selsmicity parameters A, B in the small volumes of the earth’s crust that
contribute significantly to seismic risk at a site, can be assigned by com-
parison with the average scismicily observed in wider areas of similar tec-
tonic characteristics, or where the extent and completeness oI staustycal
information warrant rehable estimates of magnitude-recurrence carves
(Esteva, 1969). In this manner we can, for nstance, use the information
about the average distribution of the depths of carthquakes of diiferent
magnitudes throughout a seismic province to estimate the corresponding
distribution in an area of that province, where activity has been low during
the observation interval, even though there might be no apparent geophysical
reason to account for the difference. Similaly, the expected value and coeffi-
cient of vanation of Ay, in a given area of moderate or low seismicity (as acon-
tinental shield) can be obtained from the statistics of the motions originaled
at all the supposedly stable or aseirsmic regions in the world. .
The significance of imitial probabilities in seismic risk estimates, against
the weight given to purely statistical information, becomes evident 1n the
example of Fig. 6 16. 1f Kelleher’s theory about activation of sersmic gaps 1s
true, risk 1s greater at the gaps than anywherc else along the coast; if Poisson
models are deemed representative of the process of energy liberation, the ex-
tent of statistical information 1s enough to substantiate the hypothesis of
reduced risk at gaps. Because both models are still controversial, and rep-
resent at most two extreme positions concerning the properties of the
actual process, nsk estimates will necessarily reflect subjective opinions.

6.4.1 2 Significance of statistical information
© Estimation of Ap. Application of eq. 6.23 to estimate Ay independently
of other parameters will be first discussed, because 1t is a relatively sunple
problem and because Ay 1s usually more uncertain than My and much more
so than .

A model as defined by eq 6.19 will be assumed to apply. if the possible
assumptions concerning the values of Ay constitute a continuous interval,
the 1nitial probabilities of the alternative hypotheses can be expressed 1n
terms of a probability-density function of Ay, If, in addition, d certamn as-
sumption is made concerning the form of this probabihty-density function,
only the mitial values of E(A.) and V(A.) have to be assumed. Tt s advania-
geous to assign to v = E/E(T) a gamma distribution. Then, if p and u are tne
parameters of this mmtial distribution of v, if k15 assumed to be known, and
if the observed outcome is expressed as the tume t, elapsed dunng n = i
consecutive events (earthquakes with magnitude >M ), application of eq.
6.23 leads to the conclusion that the posterior probability function of v is

‘
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also gamma, now with parametérs p + nk and u + t,. The imtial and the
postertor expected values of v are respectively equal to pfu, and to (p + nk)/
(¢ + t,). When imtial uncenamty about v 1s small, p and p will be large and
the initial and the posterior expécted values of » w111 not differ greatly. On
the other hand, iIf only statistical'information were deemed significant, p and
# should be given very small values in the mitial distribution, and E(»), and
hence A, will be practically defined by n, k, and ¢,. This means that the
mitial cstimates of geologists should not only include expected or most
probable values of the ditferent parameters, but also statements about ranges
of possible values and degrees of 'confidence attached to each.

In the case studied above only a portion of the statistical information was
used. In most cases, especially 1f seismic activity has been low during the
observation interval, significant information 1s provided by the durations of
the intervals elapsed from the initiation of observations to the first of the n +
1 events considered, and from the last of these events until the end of the
observation period. Here, applxcz:ltxon of eq. 6.23 leads to expressions slightly
more complicated than those obtained when only information about ¢, 1s
used.

The particular case when thertatlstlcal record reports no events during at
least an mterval (0, £,) comes up frequently n practical problems The
probability-density function of |the time T, from f; to the occurrence of
the first event must account fox" the corresponding shifting of the time axis.
Furthermore, if the time of occurrence of the last event before the origin 1s
" unknown, the distribution of the waiting time from ¢ = 0 to the first event
coincides with that of the excess life n a renewal process at an arbitrary
value of t that approaches mfxmty (Parzen 1962). For the particula:r case
when the waiting tl\mcs constltqte a gamma process, Ty 1s measured from t =
0, T is the waiting time between consecutive events, and 1t 1s known that
T, > t,, the conditional density function of 73 = (T — £,)/E(T) 1s given by
eq. 6.24 (Esteva, 1974), where u, = to/E(T):

|
\

13
Z .[k<u+uo>1'"

fry (UIT1 > to) = ; - ¢ (6.24)
2 2 ku,_-,)"_1 .

m=1 n=1 (’1

L -
._-I
e

Consider now the implications'of Bayesian analysis when applied to one of
the seismic gaps in Fig. 6.16, under the conditions implicit in eq. 6.24. An
initial set of assumptions and corresponding probabilities was adopted as
described in the following. From previcus studies refernng to all the south-
ern coast of Mezxico, local se\sm1c1ty 1n the gap area (measured in terms of
A for M2 6. 5) was representeu by a gamma process with & = 2. An mutial
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probability density function for v was adopted such that the expected vaide
of A(6.5) for the region coincided with its average throughout the coniplete
seismic province. Two values of p were considered: 2 and 10, which co¢-
respond to coefficients of variation of 0.71 and 0.32, respactively. Values in
Table 6.II1 were obtamned for the ratio of the final to the imitial expected
values of v, in terms of u,.

The last two columns in the table contain the ratios of the computed
values of E"(T,) and E'(T) when v is taken as equal respectively to 1ts initial
or to 1ts postenior expected value. This table shows that, for p = 10, that 1s,
when uncertainty attached to the geologically based assumptions 1s low, the
expected value of the time to the next event keeps decreasing, in accordance
with the conclusions of Kelleher et al. (1973). However, as time goes cn and
no events occur, the statistical evidence leads to a reduction in the estimated
nisk, which shows in the increased conditional expected values of T, . For p =
2, the geological evidence is less significant and risk estimates decrease at a
faster rate.

6 4.1.3 Bayesian estimation of jointly distributed parameters

In the general case, estimation of B will consist in the determination of
the posterior Bayesian joint probability function of its components, taxing
as statistical evidence the relative frequencies of observed magnmitudes. Thus,
if event A 1s described as the occurrence of N shocks, with magnitudes
mq, ..., my,and b; (i =1, ..., r) are values that may be adopted by the com-
ponents of vector B being estimated, eq. 6.21 becomes:

Fa(byy ey B)P(AIBY, .., b))
[ S Faluy, ooy U )P(AlUy, o, w)duy, .., du,

where P(Alu,, ..., &,) 1s proportional to-

Fo(byy -y bolA) =

(6.25)

N
n g(m1|uly seey ur)
=1

and g(;n) =—3aG*(m)/om. . ‘

Closed-form solutions for f” as given by eq. 6.25 are not feasible 1n general.
For the purpose of evaluating risk, however, estimates of the posterior first
anz second moments of f* can be obtained from eq. 6.25, making use of
avallable first-crder approximations (Benjamin and Cornell, 1870, Rcsen-
blueth, 1975) Thus, the posterior expected value of B, 1s given by [ fg (u)
u du, Where fa,(w) = f ... [ Fs(uy, ..., u,) duy, ..., du, and the multiple mnte-
gral 1s of order r — 1 because it is not extended to the domimion of B,.
Hence:

Ey[B,P(A\By, ..., B,)]
E3[P(AlB,, ..., B,)] {6.26)

E"(B,) =
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TABLE 6 11l

Bayesian estimates of scismicily in one seismic gap

g = to/E(T) E"(WIE(V) E"(T Ty > to)/ EY(T)
p=2 p=10 p=2 p=10 -
0 1.0 1.0 0.75 075
0.1 095 099 076 0.74
05 0.75 094 0.91 071
1 058 087 114 0.73
5 020 0.54 311 105
0 011 036 5.47 155
0 0.06 022 10.50 248

!
[

where E' and E” stand for 1mitial and posterior expectation, and subscript B
means that expectation 1s taken with respect to all the components of B.
Likew:se, the following posterior moments can be obtained:

Covariance of B, and B,

" _Ea[B.5,P(AIBy, ..
Cov'(B.. B)) =% [p(AiBy, .
Expected value of )\(I\W)
E'[NM)] = E"(\M)E'[GYM, B)]

E;,[G*(M, B)P(A\By, ..., B/)]

= E' )= E (B(AIBy, - B (6.28)

;Br)]

B,)]

—E"(B,)E"(B)) (6.27)

Margiral distributions The posterior expectation of A(M) is 1n some cases
all that 1s required to describe seismicity for decision-making purposes Of-
ten, however, uncertainty i A(3) must also be acounted for. For instance,
the probability of exceedance of a gven magnitude during a given time inter-
val has to be obtamned as the expectation of the corresponding probabulities
over all alternative hypotheses concerming A(M). In this manner 1t can be
shown that, if the occurrence of carthquakes 1s a Poisson process and the
Bayesian distribution of Ap 1s gamma with mean A, and coefficient of varna-
tion V., the marginal distribution of the number of earthquakes 1s negative
binomial with mean \.. In particular, the marginal probability of zero
events duning time interval { — equivalently, the complementary distribution
function of the waiting time between events — 1s equal to (1 +t/t")",
where r” = VL2 and t” = r"/A\. The marginal pro)babxhj;ydgnuty‘ function of
the waiting time, that shouid be substituted 1n eq. 6.20, is X (L + ¢/t")™" -t
which tends to the exponeatial probability function as r” and t"” tend to
infinity (and Vy, =~ 0) while theit ratio remams equal to Ap,.

Q
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Bayesian uncertainty tied to the jomnt distribution of all seismc:ty param-
eters (Ap, By, ..., B,) can be mcluded in the computation of the probability
of occurrence of a given event Z by taking the expectation of that prob-
ability with respect to all parameters:

P(Z) = Eag s[P(Z)i \u, By, B)] ' ‘ (6.29)

When the jont distribution of Ay, B stems from Bayesian analysis of an
imtial distribution and an cbserved event, A, this equation adopts the form:

E's, s[P(Z 1\, BIP(AINy, B)]
'y, s [P(AINL B)]

where ' and ” stand for mittal and posterior, respectively.

Spatial variebility. Figure 6.17 shows a map of geotectonic provinces of
Mexico, according to F. Mooser. Each province is charactenzed by the large-
scale features of 1its tectonic structure, but signtficant local perturhations to
the overall patterns can be 1dentified. Take for instance zone 1, whose
seismotectonic features were described above, and are schematically shown
in Fig. 6.18 (Singh, 1975): the Pacific plate underthrusts the continental
block and 1s thought to break into several blocks, separated by faults trans-
verse to the coast, that dip at different angles. The conunental mass 1s also

P'(Z)= (6.30)
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Fig. 6 17. Seismotectonic provinces of Mexico (After F. Mooser.)
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Fig.- 6.18. Schematic drawing of the segmenting of Cocos plate as it subducts below
Amenrican plate. (After Singh, 1974.)

made up of several large blocks. Seismic activity at the underthrusting plate
or at 1ts interface with the continental mass is characterized by magnitudes
that may reach very high values and by the increase of mean hypocentral
depth with distance from the coast; small and moderate shallow shocks are
generated at the blocks themselves. Variability of statistical data along the
whole tectonic system was ciscussed above and 1s apparent i Fig 6.10.
Bayesian estimation of local selsmicity averaged throughout the system 1s a
matter of applying eq. 6.21 or any of 1ts special forms (eqs. 6.22 and 6.23),
taking as statistical ewvidence the information corresponding to the whole
system. However, seismic risk estimates are sensitive to values of local
seismicity averaged over much smaller volumes of the earth’s crust, hence the
need to develop cnteria for probabilistic inference of possible patterns of
space variability of seismicity along tectonically homogeneous zcnes.

On the basis of seismotectonic information, the system under considera-
tion can first be subdivided into the underthrusting plate and the subsystem
of shallow sources; each subsystem can then be separately analyzed. Take for
instance the .underthrusting plate and subdivide it into s sufficiently small
equal-volume subzones. Let vy, be the rate of exceedance of magnmtude M,
throughout the main system, v, the corresponding rate at each subzone, gnd
define 10‘ as vy /vy, with p, independent of vy (p, is equal to the probablity
that an earthquake known to have been geherated in the overall system orng-
nated at subzone 1). Initial information about possible space variability of
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vy, can be expressed in terms of an mitial probabihty distrnibution of p, and
of the correlation among p, and p, for any 1 and ; Because v, = vy, one
obtains Tp, = 1. This imposes two restrictions on the mitial joint probabil.ty
distribution of the pls: E'(p,) =1, var' Zp, = 0 If all p)s are ass:igned equal
expectations and all pairs p,, p,, 1 # J are assumed to possess the same cor-
relation coefficient p,, = p’, the restnictions mentioned lead to E'(p,) = 1/s
and p’' = —1/(s — 1). Posterior values of E(p,) and p,, are obtained according
to the same principles that led to eqs 6.25-—6.28. Stawmstical evidence 15 in
this case described by N, the total number of earthquakes generated in the
system, and n, (1 = 1, ..., s) the corresponding numbers for the subzones.
Given the pJs, the probability of this event is the multinomial distribution:

N! n
1

AT P Bl (6.31)

P[A|plv soey pn] =
If the correlation coefficients among seismicities of the various subzones can
be neglected, each p, can be separately estimated. Because p, has to be
comprised between 0 and 1,1t is natural to assign 1t a beta mtial probability
distribution, defined by its parameters n; and N, such that E'(p,) = n,/N/
and var'(p,) = n/(N, — n)/[N/2(N/ + 1)] (Raiffa and Schlaifer, 1968). The
parameters of the posterior distribution will be.

n'=n/+n,N"=N/+N

Take for mnstance a zone whose prior distribution of A 1s assumed gamma
with expected value A}, and coefficient of vanation Vy, . Suppose that, on the
basis of geological evidence and of the dimensions involved, it 1s decided to
subdivide the zone mnto four subzones of equal dimensions; a-priori con-
siderations lcad to the assignment of expected values and coefficients of
variation of p, for those subzones, say E'(p,) =025, V'(p)=025(=1, ..,
4). From previous considerations for s = 4 take p,, = —1/3 for:1#; Suppcse
now that, during a given time interval t, ten earthquakes were observed in
the zone, of which 0, 1, 3, and 6 occurred respectively in each subzone. If
the Poisson process model 1s adopted, A\ and V|, can be expressed in terms
of a fictitious number of events n’ = V"2 occurred during a fictitious time
interval ¢’ = n'/AL; after obscrving n earthquakes during an interval ¢, the
Bayesian mean and coefficient of vanztion of Ay will be A] = (n" + n)/
(t'+1t), Vi, =(n' +n)"Y2 (Esteva, 1968). Hence.

AL = (VE2+ 10)/(VE2AT +1), Vi =(VE2+10)712

Local deviations of seismicity 1n each subzone with respect to the average
AL can be analyzed in terms of p, (: = 1, ..., 4); Bayesian analysis of the pro-
portion in which the ten earthquakes. were distnibuted among the subzones
proceeds according to:

E'[pP(Alp,, ..., P4)] .
E,[P(A|pn -'-1p4)] ) (632)

E"(plA) =
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The expectanons that appear in this equation have to be computed with re-
spect to the mtial jom: distribution of the p/s. In practice, adequate approx-
iriations are requwed For instance, Benjamin and Cornells’ (1970) first-
ocder approximation leads to E”(p) = 0.226, E"(p,) = 0.294.

If correlation among subzone seismicities is neglected, and statistical in-
formation of each subzone is independently analyzed, when the ps are as-
signéd beta probability-density functions with means and coefficients of
variation as defined above, one obtamns E"(p,) = 0.206, E"(p,) = 0.311,
wiich are not very different from those formerly obtained; however, when
E'(p,) = 0.25 and V'(p,) = 0.5, the first criterion leads to E"(p,) = 0.206,
E"(p,) = 0.314, while the second produces 0.131 and 0.4186, respectively.
Part of the differencé may be due to neglect of p.,, but probably a significant
part stems from inaccuractes of the tirst-order approximation to the expecta-
tions that appear in eq. 6.32, alternate approximations are therefore desir-
able. '

Incomplete data Statistical information 1s known to be fairly reliable only
for magnitudes above threshold values that depend on the region considered,
its level of activity, and the gquality of local and nearby seismic instrumenta-
tion. Even incomplete statistical records may be significant when evaluating
some selismicity parameters; their use has to be accompanied by estimates of
detectability values, that 1s, of ratios of the numbers of events recorded to
total numbers of events in given ranges (Esteva, 1970; Kaila and Narain,
1971).

6 5 REGIONAL SEISMICITY

The final goal of local seismrcity assessment 1s the estimation of regional
seismicity, that is, of probability distributions of intensities at given sites,
and of probabilistic correlations among them. These functions are obtained
by integrating the contributions of local seismicities of nearby sources, and
hence their estimates reflect Bayesian uncertainties tied to those seismicities.
In the following, regional seismicity will be expressed in terms of mean rates
of exceedance of given intensines; more detailed probabilistic descriptions

- would entail adoption of speciiic hypotheses concerning space and time cot-
relations of earthquake generaiion.

6 5 1 Intensity-recurrence cu;ves
/

The case when uncertanty in seismicity parameters 1s neglected will be
discussed first. Consider an elementary seismic source with volume dV and
local seismicity A(M) perunit-volume, distant R from asite S, where intensity-
recurrence functions ar: to be estimated. Every time that 2 magnitude M
shock 1s generated at that source, the intensity at S equals:

Y=€eY, =eb; exp(b,M)g(R) ' . (6.33

(see eqs. 6.4 and 6.5), where € 1s a random factor and Y and Y, stand f;r
actual and predicted intensities, b; and b, are given constants, and g(R) s a
function of hypocentral distance. The probability that an earthquake ong-
mating at the source will have an intensity greater than y is equal to the
probability that €Y, > y. If Y}, is expressed in terms of M and randomness
In € 1s accounted for, one obtains:
oy,
v(y) = f Vo (y/u)f(u)du o (834)
oy, -

where v and v, arc respectively incan rates at which actual and predicted
intensities exceed given values, ay = ¥/yy. o = ¥/Yyi, Yu, and ¥, are the
pred:icted intensities that correspond to My and M, and f, the probabihty-
density function of €. If eq. 6.33 1s assumed to hold:

Vp(y) =Ko + K131 — Koy ™72 ' (6.35).
where:

K;=[0:18(R)]"A AV (:=0,1,2) (6.36)
ro =0, r;=0/by, r3=(B—p1)/ba ° (6.37)

Substitution of eq. 6.35 into 6.34, coupled with the assumption thatIn ¢
is normally distributed with mean m and standard deviation ¢ leads to-

V() = coKo + 1K1y7 1 — ¢, Kpy ™2 (6 38)
where: -

Inap —u, Inay—y,
¢, = exp(Q)) [¢ (“—l‘b—) —¢ (_l;——)] N i} (6.39)

¢ is the standard normal cumulative distnibution function, Q, = 1/2 ¢%r,* +
mr, and u, = m + ¢%r,. Simlar expressions have been presented by Mere and
Comell (1973) for the special case of eq 6 8 when 3, — = and for a quadra-
tic form of the relation between magnitude and 'loganthm of excecCance
rate. Closed-form solutions in terms of incomplete gamma functions are ob-
tained when magnitudes are assumed to possess extreme type-IIl distribu-
tions (eq. 6.9). .

Intensity-recurrence’ curves at given sites are obtamned by integration of
the contributions of all sigmificant sources. Uncertainties in local seismicities
can be handled by describing regional sersmicity 1n terms of means and vari-
ances of v(y) and estimating these moments from eq. 6.34 and su:table first-
and second-moment approximations. Influence of these uncertainties in
design decisions has been discussed by Rosenblueth (in preparation).



220
/

6 5 2 Scismuc probalulity maps

When mtensity-recurrence furnctions are determined for a number of sites
witn umform loéal giound conditions the results are conveniently rep-
resented by sets of scismic probability maps, each map showing contours
of intensities that correspond to a given return period. For instance, Figs.
6.19 and 6 20 show peak ground velocities and accelerations that correspond
to 100 years retumn perniod on firm ground in Mexico. These maps form part
of a set that was obtained through application of the crilena descrnbed in
this chapter. Because the ratio of peak ground accelerations and velocities
does not remawn constant throughout a region, the corresponding ‘design
spectra will not only vary 1n scale but also 1n shape (frequency content), in
other words, scismic risk will usually have to be expressed in terms of at
least the values of two parameters (for nstance, as in this case, peak ground
accelerations and velocities that correspond to vanous risk levels (return
periods)). :

6.5.3 Microzoning

Implicit in the above critena for evaluation of regional seismicity 1s the
adoptxon of intensity attenuation expressions valid on firm ground. Scatter
of actual intensities with respect to predicted values was ascribed to differ-

. ences in source mechanisms, propagation paths, and local site conditions; at
least the latter group of vanables can introduce systematic deviations in the

'
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Fig 6.19. Peak ground velocities with return period of 100 years (cm/sec).

-

2)_

Fig. 6 20 Peak ground accelerations with return period of 100 years (em/sce

ratio of actual to predicted intensities; and geological detalls may signifi-
cantly alter local seismicity in a small region, as well as energy radiation pat-
terns, and hence regional seismiaity in the neighbourhood. These systematic
deviations are the matter of microzoring, that 1s, of local modification ¢f
nisk maps similar to Figs. 6.19 and 6.20.

Most of the effort invested in microzoning has been devoicd to study cf
the influence of local soil stratigraphy on the intensity and fiequency con-
tent of earthquakes (see Chapter 4). Analytical models have buen pracuically
himited to response analysis of stratified formations of linear or nonhrear
solls to vertically traveling shear waves. The results of comparing observed
and predicted behavior have ranged from sat:sfactory (Herrera et al , 1965)
to poor (Hudson and Udwadia, 1972). Topograrhic nregulanties, as hills or
slopes of firm ground formations underlying sediments, may mtroduce s:g-
nificant systematic perturbations in the surfzce motion, as a conseguence of
wave focusing or dynamic amphfication. The latter effect was probably re-
sponsible for the exceptionally high accelerations recorded at the abutment
of Pacoima dam during the 1971 San Fernando earthquake. '

Present practlce of microzoning determmes seismic intensities or design
parameters in two steps. First the values of those parameters on firm ﬂround
are estimated by means of suitable attenuation expressions and then they ar
amphfied according to the properties of local soil; but this 1mples an ar-
bitrary decision to which seismic risk 1s very sensitive: selecting the bound-
ary between soil and firm ground. A specially difficult problem stems when
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trymg to O\ that boundary for the purpose of predicting the motion at the
top of a hill or the slope stab.lity of a high chff (Rukos, 1974).

It can be concluded that rational formulation of microzoning for seismic
nsk 1s studl in its infancy and that new criteria will appear that will probably’
require ntensity attenuation models which include the influence of local
systematic perturbations. Whether these models are available or the two-step
process described above 1s acceptable, intensity-recurrence expressions can
be obtained as for the unperturbated case, after multiplying the second !
member of eq. 6 34 by an adequate intensity-dependent corrective factor:

N\
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