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EARTHQUAIL: SPECTRUM PREDICTION FOR THE VALLEY OF MEXICO

Abstract

By 1. Herrexa, E. Rosenblueth, and 0.A. Rascénd

Paper reports field and laltoratory tests to determine the dynamic
properties of Mexico City clay. The data are used in conjunction with a
linear, one-dimensional theory of multiple wave reflection in stratified me=-
dia and tne results ave treated in accordance with g2n approximate theory,
which permits computing the probability distributions of spcctral responses
for various degrees of darping. Expected spectra are compared with those
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trom earthquake records. Hissing information for deep strata is
trial und error and velocities mezsured for the upper layers are
on reasonable bases. The comparison is deemed good.
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spectral pseudovelocity, defined in such a manner that wV is the
maximum absolute acceleration of the system
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Introduction

Tie one-dimensional problem of multiple wave roflection in lineax
stratified soll has received much attention in earthquake engineering(l-4},
The treatnent has been mostly confined to deterministic specira for zero
structural damping. Developments in the probabilistic approach to earth-
quake-resistant design(5,6) have recently made it possible to prediet the
probability of specvral responses on soft ground even for finite.damping(7).

-Assuaptions conceruing one-dimensional vibrations of the ground and of its
linear behavior are retained in the probabilistic taeoxy.

The situation over large portions of the Valley of Mexico is such that
lineax bchavior of the scil may be expected to yleld reascnable approxima-
tions up to earthquzakes of substantial intensities, and the phenomena of
multiple wave reflection have such importance that they cannot be neyglected
in any approach to earthquake-resistaant design in the valley. Xndeed, the
leading conclusions derived frowm the effects of the earthqualke of 28 July
1957 were the need for a seismic zoning of iiexico City and the marked preva-
lence of certain grovnd periods(8), and subsequent quakes have borme out
thicse statements.,

Accoxrdingly it has seemed justificd to apply the theory developed in
def. 7 to the Valley of iexico. In this wanner, undasped and danped expect-
ed spectra have been computed for the site wiere a strong-motion accelero-
gruph has recorded several earthquakes.

The dynawic properties to incorporate in the theory have been derived
from field and laboratory measurements(9-11). The expected spectra of the
earthquakes arriving at the rock-soil interface fxom below are amlse required.
Tkese have been borrowed from an empirical study(l2 and 13). The theoreti=
cal expected spectra obtained from the ground surface arc compared with
those derived from records of two moderatc and two wild carthquakes.

Soil Conditions

The site selected for determination of soil properties lies in the
neighborhood of the accelerograph through which records were obtained for
calculeiion of the spectra used here for comparison. It lies on Nexico
City"s Alameda Central Park. Fig. 1 shows a soil profile tiizough the city
and the location of this site.

Static properties and long~time behavior of the soil down to a depth of
sbout 70 m have been extensively studied(l4). Little information is availa-
ble on the deeper formations. The deepest well in the city has penetrated
spproximately 400 m without meeting rock(15). From an intexpolation between
points distant about 70 lou from each other it is estimated that bedrock lies
at a depth of 500 m at the Alameds and it is believed to be an andesite (15),
Between 70 and presumably 500 m of depth the material is coarse and noncohe-
sive, save for a few clayey and silty lenses near the top.
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~n§3Attempt9-were made at detexmining shear-wave.velocities by means of
conventional seismic exploration techniques, with suxface charges.: The ve-}
locities. .of P waves were successfully determined: in«this manner-down to.ai 3
depth of 60 m,: but S waves could not be clearly detected: im ithe recoxrds ‘dusw
to intexference with longltudinal waves. The difficulty was:overcome . . .i4i¢
through the use of depth charges. A detalled description of these tests is
given elsewhere(ll). Fig. 2 shows a typical record ebtained. in this mannery
In this particular record the ratio of P and S wave velocities is 15; this
should be compared with 1.73 for a Poisson's ratis of 0.25, .which is not
grossly in error for most rocks(1G). The very high ratio ofsP- to S-wave 7
velecities which implies a Poisson's rxatio of 0.498, is no doubt aqsocia%od"
wlth thc very high wdter contcut of the saturatcd clay. P f, *'4 C ;
Field measurements were supplenented wl?h laboratorv testa on undis= !
turbed samples from a continuous boring drilled at the sites: - The sawples 7
were subjected to standaxd classification tests and to free torsional vibra~
tions of unconfined eylindrical specimens (Fig. 3).. The tests arc described’
elsewhere(9,10). The main results concern the variation of internal danping
7 and natural period in specimens having various lengths. These results ap=
pear in Fig. 4. Tests of statistical significance lecad to the counclusion
that the percentage of damping not depend significantly on the frequency of
vibration within the range of these tests.: If this behavior were to hold
for all frequencies, its interpretation in terms -of the linear theory of %
viscoelastlclty would inply a relaxation funetion proportional to 1/t for
all:t. . This is inadmissible bccause such a 1Llaxat10n function leads to thé’
condition in which a deformation irpressed et t =.0 pioduces’ stxcss for _
negative t, that 15. before the deformation is applieds ‘ o

-~:Cne type of hysteretic demping would lcad to the sawe independence of
the wove velocity and percentage of demping from the frouucucy'drd (ullituu07
of -vibration(17). It is probable, therefore, that this type of hysterctic
behavior approcciies closely the actual behavior of the motexial tested. In
fact, the small degrec of nonlinearity detectcd in the tests favors the as= ']
sumption of a type of hysterctic uaiping only sllghtly dliful?nt from thc |
cne treated in Lef, 17C1C). - . ‘ O ‘ ,;

Shear-wave velocities, v, derived both from the field dutcrxlnatlcxs
and: from laboratory tests, are shown in Fig. §.° Also ‘shown is a steppoed \
variotion of v with depth, for which the average valucs have Been made to ‘t
coincide with the averages derived from the field dCtClm]ndtlon, but the ”
elevations at wihich the wave velocity is assumed to chtnge hnve becn derlved
from the laboratory soil classificatign and dynamic tests. :i

The large spread in the velocitics that were determined from the labo-
ratory deteriinations and the fect that they are systemoticzlly smalicx than
the field-measured values should be attributed to the presence of fissures
in the sauples.’ Indeed, many specimens had visible haireracks and yet theix
stiffnesses were not significantly different from those of specimons appar-
ently excwpt from cracks. The samoe type of spread and of discrepancy is “
found when comparing shear strengths detormincd in the laboratory’ from un-

I/1/43 et


http:sl'tOvm.in

4

2
Y-

confined comprescive tosts with field detexminations from wave tests(id).

No direct laboratexry information is available on wave velocities or ine
ternal damping for matexiel below a depth of 54 m. The velocities can be
eatimatod from coxzelations between natuxal water contents and dynamic shoan
moduli obteined from foxrced vibxation tests im torsion on specimens Lxonm
othex boxings in Mexico City(l8).

" Compaxison with Spectra of Actual Earthquekes

After several trials the velocity and density profile in Flg. 6 was
‘chosen. Values down to a depth of 54 m are derived dirxectly from field
measuxements of shear velocities and laboratory determination of unit
weight. Properties below 500 m are based on values reported in the lltera-
ture(19) for similar rocks. Between 54 and 70 m, values are extrapolated
from measurcments at higher elevations using available data on water con-
tents down to 70 m. Between 70 and 500 m no more.can be claimed than that
the values seem reasonable in the light of experimental informution on othex
‘noncohesive metexials subjected to comparable confining intergranulaxr pres-
- sures (20).

Once the soil and rock properties have been decided upon it is possible
to calculate the distribution of responses of a simple linear system that
rests on the ground surface, to earthquakes defined by their magnitude and
focal distance. Actually only the expectations of these responses need be
‘computed for any specific instance since, if the ground motion is idealized
as a Gaussian process, the distribution of responses normslized in terms of

theix expectations can be taken equal to that of responses to white noise
without excessive error(6).

In what follows the expected spectral ordinates predicted from the ex-
perimentally determined soil properties are compared with the spectra that
correspond to four earthquakes recorded at the Alameda Park. Both horizon=
tal components of each ground motion are used for the comparison. The meth-
od used for obtaining these spectxa has been published by J.I. Bustoman-
te(21). Other calculations of the spectra for the two strongest earthquakes

have also been published(22,23). The characteristics of these quakes are
given in Table 1. : ‘

llagnitudes are those reported by Berkeley(24), Pasadena(24), and J. Fi-
- gueroa(25). Intensities are in the modified Mercalli Scale. Focal distances
are based on focal coordinates xeported by .J. Figueroa(25). &, ¢, ond x

are, respectively, the expected maximum accelexation, velocity, and displace-

Tgnt gtlghe surface of bedrock, compufed by the empirical relations im Refs.
an .

The expected pseudovelocity spectra V(w,0) = 1 Alw,0) = 2V4(0,0) at
the suxface of bedrock, if there were no soft ground, was calculated with
the criterion given in Refs. 12 and 13 (Fig. 7).

The expected pseudovelocity spectra at the ground surface were found
from the following expression(7)
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where V; is the pseudovelocity spectrum at the ground surface, Fy is the
Fourier transform of the system's basic solution (its response to a Dixnc
delta acceleration pulse), F; is the Fourier transfoxm of the soil transfer
function, and V is the pseudovelocity spectrum of a white-noise disturbance
with (constant) ‘expected undomped pseudovelocity spectrum a and duration s.

Owing to previous experience in the Valley of Hexico it is justified to
take a value for the expected spectral ordinutes considerably greater than
can be deduced from the empirical relations of Refs. 12 and 13, which were
estsblished from average conditions. This adjustient should consist in mul-
tiplying all expected ordinates by a constant factor, as tuu modification
follows exclusively from the greater facility with which waves zxe transmite
ted to one loczlity than to others. It is also conceivahle that the empiri-
cal relations used do not apply at very large focal distances. A mugnifica-
tion factor of 2 was found to furnish satisfactory results fcr the earth-
quakes oxiginating near Acapulco; no magnification factor was assumecd for
the motion of 1961, which originated in o very diffcrent location and at
shorter focal distance.

_ The computed expected velocity spectra at the ground surface, assuming
for the internal damping of soil a value of 5.36 perccnt(l0) are compared in
Figs. 8 und 9 with the actual spectra of these zarthqunakes. Agrecment as to
the generxal shape of the spectra is good with both horxizontal components of
both carthquakes of uay 1962, save for th¢ horizontal scale of these curves.
It is poor indced with the spectra of the two mildex sarthquakes, “The dis+
crepancy may be due to various causes. It is likely that the initial por-
tion of the two weaker carthquakes had been lost before the beginning of the
records. It is also conceivable that the semieupirical formulas systemati-
cally do not apply to low-magnitude carthquakes originating severai hundred
kilometers from liexico City. Lven if this were the case, the diffecrence
with predicted spectra would not be especially significant since, from the
viewpoint of earthquake engincexing, the smaller motions axe relatively un=~

intercsting. Attention will be confined therefore to the two earthquakes of
May 1962. ‘

’ The main difference between the actual and predicted spectra lies in
that the most pronounced peak in the theoretical curves is shifted to the
xight. In oxder to have the prevailing periods coincide, the velocities
detexrmined through geophysical exploration and laboratory tests must be in=-
creased 50 percenty no change in the assumed properties of the lower forma-
tions will achieve the desired result. The corrected | Fy| function is shown
in Fig. 10. The corrxected expected spectra for internally damped soil arxe
compared again with those of the lMay earthquakes in Migs. 11 ond 12. Pscu-
dovelocity spectra foxr damped linear systems are included in the figures.

This shift may be due to several reasons. Probably the most important
axre the following two.
- 1/8/13
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The number of homogeneous layers used in the analysis. This concept
_has an impoxtant influence on the predicted pmevgiling periods. Consider
for exumple an analysis based on & single 500-m layex lying on rock. The
layet's furdamontal period of vibration will give the prevailing ground pe-
riod €or this case. 7This period would nommslly be computed, then by pre-
sexving the sum of travel times for the various layers and would equal

MLy 235 , 1S, 24, 4304 L 4
4GT Y %50 T 105 "t 19d T loso ¢ 4-T sec

which is nearly twice the actual prevailing ground period. Conceivably,
therefore, consideration of a large number of howmcgeneous strata would have
given a more realistic estimate of the periods.

Horizontal heterogeneity of individual strata. The soll underlying the
Alameda Park is practically virgin. The park is surrounded by heavily con-
solidated formations, and toward the east important consolidation began six
centuries ego. A few kilometexs west of the park lies the old lake shore,

“and the soft clay disappears entirely. . Consequently, effective stifiness of
the soil is no doubt higher than that derived from local properties, so the
50 percent increase is not unwarranted.

Once the above correction is introduced the correletion between the
predicted expectations and the actual spectiral ordinates iIs good. The re-
maining minor discrepancies are not surprising in view of the siwmplifica-
-tions introduced in the theoretical wmodel.

Conclusions

_ ‘From the results of this study it secins likely that the simplified ons=
dimensional linear treatment in kef. 7 will give satisfactory results on
soft |ground, provided the following conditjons exist.

. ' .

1. The density of noncohesive strata and the cohesion in the upper
* formations are such that soil behavior will be reasonably linear
| up to the intensity of motions under consideration.

\

2. The soil is borizontally stratified.

3. Lvery strxatum is essentislly homogencous, it is isotropic in hori-
1 zontal planes (orxthotropic), and it extends over a large distance

| in both directions, as coupored with the total thickness of the
soil formations. :

‘When these conditions are fulfilled, the very high magnification fac-
tors ipredicted by the theoxy of multiple wave reflection are mot a matter of
conjéctuxe. Factors in excess of 10 arxe a reality for the undamped spectra

of carthquakes whose Modified Mercalli intensity approaches VII in Mexico
City.

i . "
If condition 3 is not rigoxously met, an adjustwent in the assumed wave
velocities will yield satisfactory results.
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The distribution of spectxal oxdinates, normalized in texms of the c¢oxr-
responding expectations, 1s nearly the same as foxr white nolse.

The empirical formaulas in Refs.. 12 and 13, which pradict the shape of
spectra on hard ground, scem to furnish satisfactory rxesults provided a pro-
portionality factor is introduced, which depends on the locality and om the
focal coordinates. For tlexico City the percentage of internal dsmping de-
termined from laboratory tests{(10) on unconfined specimens subjected to free
vibrations was adequate fox the calculation of expected spectra. This pox-
centage (5.36 percent of critical) turmed out independent of the frequency
of vibration. This type of behavior may not be extrapolated to the whole
spectrum of frequencies, as it leads to spurious states of stress prior to
the application of any stipulated state of deformation. Still the frequency-
independent type of internal damping may be used in the linear theory of
visco-elasticity over a wide ranye of frequencies to describe certain phe-
nomena, although a more rcalistic characterization of behavior should center
ou hysteretic damping. ! '

There are laboratory techniques, for determination of dynwuic propexr-
ties, far more precise than the one used in this study. The better tech-
niques should be resorted to in ordex to supplewent field detemiinations,
while the simpler tests should prove adequate in cohesive material that is
not fissured. The fact that adequate results were obtained for the soil's
internal damping in this case may be due to a cowpensation of errorss it is
likely that in situ damping is much smaller than that determincd from tests
on fissured sauples, but that the effective dawping for earthquake motions
is ogain much greatexr than the asctual internal damping, due to irregulari-
ties in reflecticn surfaces.
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F16.10 FOURIER TRANSFORM OF THE SOIL TRANSFER FUNCTION
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FiG. 11 COMPARISON OF ADJUSTED THEORE TICAL SPECTRUM
WITH SPECTRA OF THE EARTHQUAKE OF 11 MAY 1962
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FIG.12 COMPARISON OF ADJUSTED THEORETICAL SPECTRUM
WITH SPECTRA OF THE EARTHQUAKE OF 19 MAY 1962
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