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EARTlIQUAlJ:; SPECfRU¡'¡ PHEOICTION FOn THE ViUl.EY OF MEXICO 

By 1. Herrera. E. Rosenbluetb. and O.A. RascónO 

A,bsu:act 

Papel': reports iield snd lal:oratory tests to determine the dynamie 
p>::operties oí Moxico City clny. The data are uscd in eonjunct:lon with 8 

linear, one-dimens:',onal theo:ry oí muI tiple {!Java re:lection in st:r.atified IlIe

día 8l1d tne results ate treatcd in accordanc'!t V1i~h Sil appro:;;:im8te theory, 
wnieh permits eompativ~ ~he probabiiity distributions of spcctral responses 
Ior various degrees of damping. Expected speetra are compared with those 
obtained from earthquake records. l.lisSinrl !nformation fer deop str:atn is 
founa by trial <lnd error and velocities me:;;.sured for tila upper layera are 
edjusted on reasonable bafiBs.. The comp:u:ison is deemed good.

I 

tlQtatiQj] 

A=speetral aeceleration 

a ~ maximllm ground acceleration 

B == parameter in expected pseudoveloeity 

L = specimen length 

e .. maximum ground velocity 

x ~ maximum ground displacerncnt 

s = earthquake duration 

T • natural period 

t t:It time . 

v "" spectrnl pseudoveloci ty. defined in 3uch a mannar that w\( 18 the 
maximum absoluta accelerat.ion of the system 

v "" shear"wave velocity 

a = expected ordinate in pseudovelocity spectrum oí wbite nohe 

.t la percentage 01 cdtical damping i& the structure, 

n = percentage of critical damping in the soll 

ro u' circular frequency 

O'flespectively, Res. Pro!. Insts. oí Geophyso and Eng.B Director Inst. 

o! Engo, and Res,_ Assist. Inst.. oí Eng., Nat!o Univ. oí ~iexico, l\lexico. D.F .. 
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Tliú eme-dimensional problsm 01 mul tiple wave roflecUon in linear 
stuttified son bas l:ec.eived muen attenUOil in earthquake enl.jlneer.ingU-4) o 

Tha treatlllcnt hal'.i beon ruostlr conHn~d tu detenninhtic spe(,tra !,>r: zero 
structurl'll dumping. Developmonts in the p¡¡:obabilhtic approach to earth
qvake-rcsistant desivn(5,6) have reccntly mada lt possible tu predi~t the 
pzobability of spectral responses on toft ground even for finlte_d~lping(1). 

- Assu,uptions concerlling one-dimensiol13l vibrations of the groul1d and of :ita 
linoaE behavior are retained in the probabillstic theoEY. 

Thc ~:ltu(ltion ovcr large portions of the Valley of Moxir.o is such thot 

linear bchavio~ oí the seil way be expected to yield reascnable approxima

t10ns up to earthquekos oi substantial intensities o and the phenomena oi 

ruultiple wa~e reflection have such iwpartDnce that they connot be neylected 

in uny approach to earthqu~ke-resistant desivn in the valley. !ndeed, tbe 

lendin'J cond~s ions ded ved frol!l the eHocts oi tlle earthqunlíc oi 2e July 

1957 were tlle need ior a seismic zoning oí ~exico City and tha murked preva

lance oi certain groun1 pcriods(8); wld subsequent quakes have borne out 

th(;se statement.s. 


Accordingly lt has see~ed justificd to apply tha thcory developed in 

Ref. 7 to tlle Valley oi ¡;~exico. In thls mannar, ~tndWi:ped and duwpcc\ expeet

ed spectro h,lVe be:en computed for tlle site where a strol1c¡-motion accelero

ur~ph has recorded several earthquakes. 


Tlle dynmuic properties to incorporate in the theor:y bave been derived 

from field nlld laborc.tory mCasuremcllts(9-11L 'Ihe exp€octed spect:r:u of the 

earthquakes nrrivíng at :the r0Ck-soil interface froro bclow are nIso requíred. 

l'tese have been b0r:r.:owed froro nn empíricol stucty (12 tll1d 13). Tlle theoreU

cal cxpectcd spectra obtaintld frolil the ground surfnce are compared with 

those derivad from records oi t\110 ruoderatc alld two 11Iild earthquul<es. 


l'he sita selectcd for deterlllÍn3tion of soB propertics Hos in the 
neighborhood oí the accelerograpb tbrough whlcll rccords were obtained for 
calculation of the spectra used here fOA: cOínparison. It Hes on Mexico 
City's Alameda Central Parle. Fig. 1 shO\\,'$ a ~oil p:roíile tiirough the city '.and the location of this sito. 

Static propcrties snd long-time behavlor oí the so11 down tu a depth oí 

about 70 DI have becn extenslvely studied (14) • U ttle information is avo11o

ble on the deeper formations. Tha de~pest tIIeU .in tila city has penetrated 

approximately 400 00 without meeting rock(l5). From nn interpolation betwecn 

po1nts distRnt about 70 km !rom e8ch other it 15 estimated tbat bedrock Hes 

ot o deptb of 500 m at tba Alameda and it is believed tu be nllll andesite(5). 

Bett.\le'en 7D and p:resumably 500 ro of depth tha mater.hl h coarso and non&ohe

sire, savo for a few clayey and silty lenses near toe tope 
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-11.t ·'.I\ttemptswere mada at determining sbear.-wav61 veloo1ties ;by: "mesns f.O! 
conventional seismic exploration tcchniques o .witb oSlu:face charges.:::Tha V6-~ 
l_o.c,Lties: ,O! P waves were, successfull;y dotermhted" in"this; 'mlll'mer;,down' ·to·.a ,'~~ 
depth O! 60 m.; but S WQves could not be eleady datectcd drIl' ¡the- 're,cords :dU6'" 
to interícrence witb longitudinal t'Jnves. 'rhe difficulty ,was ¡ovorcome., .¡U o 
through the use oí deptb charges. A detalled description oí thcsB tests 18 
given elSel'Jhere(ll). Fig. 2 shol'JS a typicnlreco:rd obtained.,in this mann,e.:tJ 
In this paxticulor recor.d the ratio oí P and S wave velocities is 15i this 
should be compared w1th 1.73 for a POiSSOll' s ratio oí O,,25 t ' ,which' i8 l10t 
grossly in error for most rocks (16). 'l'he ver-y high ratioof, P- to S-wave''t 
velocities which implies a Poissonts rotio of O~496tis no doubt associated n 
wlth tila very higl1 water content of tae saturatcd doy.: _. : ':"ll 

' 
. ,\ j'. 

', 
. Field measurements 1'lere suppler;¡ented wit.h laboro.tory tests 00 undis'" ,i:. 

turbed stll:lples from a continuuus borlng drillcd nt tIlo site~ :, 'Iha sat.lples .1 
were subj ected to standm:d. class ification tests and to 'free torsionnl vEn:a-t 

tions oí unconfined cylindrical spccimcns (Fig. 3). 'The·te~ts ore dcscribed' 
dSCl'Jhere (9, lO) • The ¡:1<1in resul ts concern the vm::iation oí internal daJlping' 
?'J :::md' natural pedod in spccimcns hüvín\] vadous lcngths. TÍle:;c roc111 ts ap
peal: in,Fig. 4. Tests oí statistical sigllificol1ce leud tú thcconclusjon 
tllot tlle percent<.lge of damping llot depend significántly onthe' f:requency oí t 
vibrat ion !.'Ji thín thc tange of tlwsetests.' Ir this bchavior \:ero to ho1d ,! 

for .ull frcqucncies. ita intcrprotation in térms 01' the linc;:¡r thcoiy oí ~ 
viscoelDsticity 1'Iould inl?ly n relaxntion function proÍlortion:ü to- lIt for .~ 
albt•. 111 is inndmiss'ible bcctiusc such a rclux¡:¡tion function lC20s to the' 
condition in \':lliéh a deforúl::1tion h:presscd et t :%. O produces 'stress tor J 
ncgative t. that is. before thc dcíomntiún is cpplied;;}l 

-:r:,One type oi hyr.teretic d<!r:;ping wóuld lene! to thc s;:w:c indepcnccncc: of 
the, wcve vcloc:lty ond pcrc{)ntaue of d~Jilpinu from tl1e frcqucncyUl!d r;¡;'!, 11 tude} 
of 'vibrntion (17). It is probnLlc. tlwl:cloro, 't!¡'at thís type 'of liys terctic ~: 
behnvior n?pro:.cjics clo~cly tilc <!,ctunl lJelttlvior 01' ,the n;ntcriril tested. In I 

fnet, tilO 5J;:<111 dcgrec 01' 110!lline~u:i ty detectcd in th8 tests favors tl18. ;JS- ": 
sU1Jlptiqll oí n typo of llystcrctic cl¡:¡;dpill{J only' s ligl1tly ,'dHfcrent írom thc J 

one trentcd in I~cf. 17(0). '" tI 
'\" 

Shear-t'/;:¡vc velocítics. v, ded ved both ftom tlle fielíl uetor.r.inQtic,\s 
and:from loboratorytests, are sl'tOvm.in' Fig; 5. Also 'sho\'m iS<1 stoppcd 
vadotion oí v \'Ji t1l dcpth. for lvhichthe nvcrB<Je vnlu.os lwvc bcen IllGdc to ,\1 
coincide vJÍth thc ::1\I'0r.,ges dcrivod írom tho' ficld dct'Cl:;¡Tlnntion', ,hut the :'1 

elevntions ot wi,ích the \'lave velod ty is nSSUl'lCU to ch¡:,nge j¡¡¡ve been derivad, 
I 

frpm tha lnboratory soi1' olassificativn ond d)'l1~iílic tcsÜ;. :;, /; 

The large spreud in tho velo citics thElt \Vere determincd from tlle lDbo
ratory detcl:lainutions ;:¡nd tlle f;;;.ct thnt thcy are syste~rwti<~¡:lly sll1nllcr tllan 
the ficld-measured vnlucs should be uttributcd to thc prCSCI1CC of fissuJ:es ,.1 
in the so(,¡plcs.· Indecd, many Specil1ienS had vis ible haircrncks and ·yct. their 
stiffncsscs werc not slgllificantly di¡fd~ent from tIloso oí spccimons Gppur
ently CXClllpt írom cracks. 1'ho slln~o type of spreüd ando of dis crCpancy is ': 
found whcll cOlllp"ring shear s trengths detormincd in tho lnb'ornto:i:Y' from 'ill1
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ooofined oomp:o,e1v. tosta wlth field detexminations from wave tests(14). 

No djteot lebor&to~ information la avsilable on wave velocltles or 1ft
terna! drunp!ng :tor ul8uriel below 8 depth of 54 m. Ihe veloc1t.ies caD be 
est1mated froro cor:elDtious betwaen natural water contents and dynomic shea= 
~oduli obt81ned !tom ratoad vibratlon tests in torsion on speclmens !rom 
othet borings in Mex1co City(18) • 

. ct,0rnearison wi th ~ee~r!t o.t-.Mtyal E.arthquake..§. 

After sevcl'al tt'ials the velad ty and density profile in F1g .. 6 \VaS 

chosen. Values down to a depth oí 54 m are derived direct1y ítom field 
rnellsurementa oí sbcar velocities :lnd loboratory determinatiol'1 oí unit 
weight. Properties below 500 m are based on values reported in the l1tera
tUIe(9) for similar rocks.. Uetl'leen 54 sud 70 mi values are extrapolated 
from measurmnents at highcr elevatiolls using· available data on water cun
tents down to 70 m. Between 70 and 500 ID no more.can be claillled than that 
the vabes seem I:casonable in the light oí experimental informution on atbar 
noncohesive m~tcrials subjected to cDmparable confining intergranular pres
sures (20). 

Once the soil and rock properties have been deeldad upan it 1s possible 
to calculate the distribution Di responses of a simple linear systcm that 
rests 011 tlle ground sur.fnce, to earthquakes definad by their magnitude and 
focal jistance. Actunlly only the expectations oí these responses need be 
computed for 8.ny specific instance since, if the yround motion .:is idealizad 
as a Gaussian process, the distribution oí responses normslized in terms ol 
thoir c:x:pectations can be tak.en equill to thnt oí responses to white noise 
without excessive error(ó). 

In what ío1101'15 the expected spcctral ordinates predicted froln the ex:
perimcntal1y determined 5011 properties are compared witll the spectt8 that 
correspond to four earthquakes recorded at the Alameda Patk. 60th horizon
tal cowponents oi enoh ground motion are used fox: the compadson. The meth" 
od used for obtaining these spectrll has becn published by J~l. Bustrunan
to(21). Othel: calculations of tbe spect~a tOl: the two strongest earthquakes 
have 81so bcen published(22,23). The characteristics oí these quakes are 
givon in Table 1. 

Magnitudes are those reported by Berkeley(24)c Pasadena(24). ond J. FA
, gueroa(25). Intensities are in tbe modified Mercalli Scale.. Focal distanc81 

are based on focal coordinates reportad by ,J. Figuero.8 (25) • Be C. end X 
are. reSI>ectively, the expected mnxirnum aceeleJCation o veloeity. and displace
ment at the surface of bedrock, computed by the emp1rical relations in Refs. 
12 and 130 • 

The expeeted pseudovelocity spectra V(ro,O) 00-1 A(ro. O) . 'lit 2VO(u).O) at:lit 

tho surface oí bedrock, ii thera ware no soft ground. was calculated wJtb 
the criterion givon in Reis., 12 aDd 13 (rig. 7). 

lha expeoted pseudovelocity spectra at the ground luríaee were fo.und 
írom tbe tollowiug eXpression(7) . . 
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wnere VI 15 the pseudovelocity spectrum at the ground surface. F" :is tilo 
Foudar transf'onn of the sysí:.em's hade solution (its response to fl Uh:llC 
delta accelerntion pulse), F· is tho Foudar transfonn of the soH t:r:ansfer 
funcUoo, and Va is the pseudovelocity spectrum oí a white-noise disturbanee 
with (constant) expected undOlllped pseudovelocity spectrLUu a and duration $ .. 

Owing to pruvious experience in the Valley oí ltlexico it is justified te 
take a value fax: the expected spectr(ll ordinates cOl1siderably greater than 
can be deduced from the empíricol relations oí Jefs. 12 81ld 13. which we~e 
established frol11 average conditions. This adjustl:lcnt should c:onsist in lIlul"" 
tiplying a11 expected ordinates by a constant factor, as t;10 modification 
fbllows excluslvely from tlle greater facility witt whicb waves &re transmit
ted to one locelity than to oth~rs. It Is also conceivuble that the r~piri
cal rel<ltions used do not apply at very large focal distal1ccs. 11 llltlgnifica
tion factor of 2 was found to furnish satisfactory results fer the enr~h
quakes originating near Acapulco; no m:;¡gnificntion factor ¡vas assumcu for 
tho motion Di 1961, wllich originated in o very different locntioo and at 
shortcr focal distance. 

The computed oxpccted velocity sp.ectla at the ground surfúce. assuming 
fo: the internal dumping of 5011 a value oí 5.36 per~nt(lO) ore compored in 
Figs. 8 Hnd 9 with the actual spectro oí thesc 3arthqu3k~s. Agreement as to 
the general shape Di the spectra is good with botb horizontal cornponents oi 
both cnrthquakes of uiay ·1962, savc tor tlle: horizontal scnle oí tllese curves. 
1t is poor indced w1th the spectra of tho uvo nd ldeJe t;arthquakes. 'l'hu dis~ 
crcpaucy may.be due to various CDUSCS. lt is likcly that the iuitiol por
tion oi the two wüa!~cr carthquakes had been 10st bef.:>re tho bcginninu oí tila 
records. It is also concciv<lble that the somieupirical formulus systélllati 
cally do not apply to l()\;-rnagnitude cm:thquakes originating several hUlldred 
kilomcters írom ¡.jexico City. Even·H this \'J(;re the caso, tilo diffcrcnce 
with prcdicted spectra would not be especially sigllificant since. from tbe 
viewpoint oí eurthquake enginecring. the smaller mCltions m:e relativcly un
intercsting. Attention will be confined therefore to the two earthqu&kes 01 
Muy 1962. 

1'he main difference lJetween the actual nnd predícted spectrn lies in 
that the most pronounced peak in the theoretical curves is shifted to tlle 
rigbt. In order to have the prevailing perioda coincide, the velocities 
dete~lined through geophysical explora~ion and laboratory tests must b0 1n
crensed 50 perccnt~ no change in tlle assurued properties of tIlO lOt'ler forma
tiOl\S will achicve the desired resulto Tile C.I)rrected 11'"11 funetioll 15 shotvn 
in Fig. 10. The corrected expected spectra for illternally dampcu soil are 
compared agaio with those of the May earLllquakp,s in Figs. 11 [Jlld 12. Pseu
dl)velocity spectra fo~ drunped linear systems aJ:e included in tha figures. 

This shift, may be duo to seveJ:ul reasons. Probüb.l.y the most importnnt 
axe tho following two. 

I/FJ./13 



6 

TIlo number ~9.~ homogene_ou.s !ayer.s used, in the analyds e This cQllcapt 
has en impoEtant Influence un th~ predicted pravailing periods. Considor 
for e,cnmple 811 analysis based 00 a single 500-m layer lying un rack. Iha 
laye~'s fundamental period of wibrotlon _ill give tbe prevoiling ground pe
rlad !or this case.. 'fhis pedod would notmully b~ computad, then by pro-

. serving tho SUlll oí travel times fox: the vaLÍous layers and {I/ould equal 

4(ll + ~ + 1l....5. + .21... + ..1.3.Q...) .,;¡¡ 4 7 scc 
51 90 105 134 1050 .. 

whieh is near1y twiee the actual prevailing ground periodo Conceivably, 
therefore. consideration of a lar~je l1umber of houlOgeneous strata wouId have 
given a more realistic estimate 01' the periods. 

Horizontal. heterogen,E!.ity oí individu.al strata.. The soil underlying t.oe 
Alameda Park ls practically vlrgin. 'file park is surrounded by heavily co:n
solidated forrnations, and toward the east important consolidation began six 
eenturies ago. A fe\\! kilometers west 01 the parle'Hes the oId lake shore, 

. f:lnd tll0 50ft clay disap!lea:rs entirely. ,Consequently~ effective stiffness oí 
the 5011 18 no doubt highor than thal derivad from local propartiea, so the 
50 percent increase ls not unwBrrontcd. 

Once the aboye correction ls introduced the correlotion between the 

prerlicted expectations ond tlle actual spectral ordinates is good. rhe re'" 

maining minor discrepancies are not surprising in view oí ttJe simpUfica

t100s introduced in the theoretical lilodelo 


CQnQ!ys iMá 

,From the resul ts of this study it seems likely tllat the si.ntplified ona
dimedsional linear trcatment in llei. 7 will give satisfactory results on 
softlground t provided the following conditions existo 

i, 
11. 	 lhs density oí noncohesive 5trota and Die cohesion in tbe upper 

fonilations are 5uch that soU behavior will be reasonably linear 
up to tba intenslty oí motioos uoder conslderation. 

2. 	 The soU is borizontnlly stratiiied. 

3.. 	 Every strntum is essenticlly homogeneous, it 15 isotropie in hori'" 
zootnl planes (o:ethotropic)9 nnd it extends ovar a larga distanee 
in both dircctions t as cowporcd with the total thickness oí the 
soil 	iormations. 

:l~hen. these conditiollS are fuIn Hed, the very h1gh magnifieation fae
torsipredlcted by the theory oí multiple wave reflection are not a matter oi 
conjectul:e. Factors in excess oí 10 aro a reality lor the undamped speetra 
oí e~rthquakes whose Modified MercalU intensity approaches VII in Mexico 
City~ 

i ' 
lf condition 3 is llot rigorously mete nn adjustment in tito assumod wave 

velo~ities will yield satisfactorJ results. 
. 	 1/1-1/13 
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'J.'he distribution oí spectl:al ordinates. nOl:Clalized in tems oi the cor
responding e"pectations, 15 nendy the same as lO1: white noise. 

, Ihe eClpirical fODaulas in neis., 12 and 13 u which pradict the shape oí 
spectra on hard grollnd, scem to furnish satisfnctory reslIlts provided a pltO
portlonality factor 1s introduced. whicb depends oa the locality and on tbe 
focal coordinates. For Hexico City the percelltage oí inter.nal damping 90
termined fro01 laboratory tests (lO) on uncollfined specime!is subj ected to ú:ee 
vibrations \'185 adequate for the c.alculntion oí expected spectra.. 'fhis per:
centaga (5.36 percent oí cl:Í tical) turned out independent oí tile frequency 
of vibration.. 'Ihis type oí behavior mtly not be extrapolated to the "-,hole 
spectrum oí frequencies. as it leads to spurious states oi stress prior to 
tbe application of any stipulated state of clcformation. SU 11 ttle fI:equency
independent type of interna1 damping may be used in the linear theory of 
visco-elasticity over a wide ranga oí frequencies to describe certain pbe
nomena. olthough a more rca1istic choracterization of behavior sbould center 
un hysteretic dsmping. 

Tbere are 1al.>or3to:ry techniques, for deterr,lÍnntion oí' dY¡¡[lillic proper
ties, far more precise than the one used in thi5 study. The better tech
niques shauld be resorted to in order to suppleJUcnt field dcten.linations I 
while the simpler tests should prove adequate in cohesive material that is 
not fissured. The ínct that adcquate results were abtaincd [or the 50il's 
internol dampin<J in this case muy be due to n COClpCllsntion of errorS3 it is 
likely thot in situ dUlliping Is much sr.ltlller thnn that deteru:incd from tests 
on fissured sftdlples, but that the affective damping fOl: cnrthquoke mot.ions 
15 agoin filuch greater tIJan tlU! {lctunl internal dru!lping, dUB to irregulari 
ties in reflecticn suriaces. 
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'l'ABLE 1 

Characteri:oties oi the carthqualw8 Studied 

Date 	 Magni- Inten- Focal di s- il,cúl/sec2 e, cm/sec x. cm sIsee 
tude sitl tance. km 

10 Dec. 1961 5.. 25 V 82 19.85. .1~71 le70 . 32 
,11 lr1ay 1962 1.25 VI 330 6~06 1..18 1.29 131 
19 May 1962 7.00 VIl 240 9.37 1.59 1.75 99

V 2 30 Nov. 1962 5.50 	 256 2.40 0.31 0.25 66 
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