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I.
A New Method for the Realistic Estimation
of Seismic Ground Motion in Megacities:

the Case of Rome

Donat Fah, Claudio lodice, Peter Suhadele, and Guilano F Panza

A hybrid technique, based on mode summation and finite differences, is used to
simulate the ground motion induced in the ¢ity of Rome by the January 13, 1915,
Fucino (Italy) earthquake {M;=6.8). The technique allows us to take into
consideration source, path, and local soil effects. The results of the numerical
simulations are used for a comparison between the observed distribution of damage
in Rome, and the computed peak ground acceleration, the maximum response of
simple oscillators, and the so-called “total energy of ground motion”. The total
energy of ground motion is in good agreement with the observed distribution of
damage. From the computation of spectral ratios, it has been recognized that the
presence of a near-surface layer of rigid material is not sufficient to classify a
location as a “hard-rock site” when the rigid material has a sedimentary complex
below it. This is because the undetlying sedimentary complex causes amplifications
due to resonances. Within sedimentary basins, incident energy in certain frequency
bands can also be shifted from the vertical, into the radial component of motion.
This phenomenon is very localized, both in frequency and space, and closely
neighboring sites can be characterized by large differences in the seismic response.

INTRODUCTION

Over the past few decades there has been a rapid growth in the world's population, and a
tendency for this growth to be concentrated in urban areas. This growth of the cities, in
general, is accompanied by the concentration of population in sedimentary valleys where it is
easy to build. Such valleys are the zones most vulnerable to earthquakes, due to the presence of
soft sediments. The 1985 Michoacan, Mexico event, the 1988 Spitak earthquake, and the 1989
Lorma Prieta earthquakes are recent reminders that local ground conditions can have a strong
influence on the damage in urban areas. It is therefore of crucial interest to estimate seismic
ground motion in such areas, before an earthquake occurs. This requires knowledge of both
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the sub-soil structures and the possible causative seismic sources, along with the availability of
computational techniques that permit us to map the expected ground motion and the seismic
hazard. Special developments will be Recessary to improve current-day seismic programs,
which in general do not include two-, and three-dimensional effects in sedimentary basins, and
which underestimate the hazard on soft soils.

Several methods for estimating the seismic shaking potential are currently in use, but their
reliability and accuracy are not well known and have not been rigorously tested. Moreover, the
costs of their application are n >t well determined. For this reason, in the last few years, scveral
working groups have instituted international programs to pursue these questions. One of these
projects is the IASPEVIAEE (International Association of Seismology and Physics of the
Earth’s Interior/ International Association of Earthquake Engineering} Joint Working Group.
The purpose of this group is to coordinate the establishment of an international series of test
areas (for example the Turkey Flat test area and the SMART-1 array in Taiwan) to provide
database for comparing, testing and improving the available methods. Alse, in 1990 the United
Nations began a ten-year project: the International Decade for Natural Disaster Reduction, to
reduce the vulnerability of high-risk areas.

Numerical simulations play an important role in the estimation of strong ground motion.
They can provide synthetic signals for areas where recordings are absent and are therefore very
useful for engineering design of earthquake-resistant structures. In recent years many
computational techniques have been proposed (o estimate ground motion at a specific site. The
methods commonly used are one-, and two-dimensional techniques; three-dimensional studies
are oo expensive to be applied routinely. The standard one-dimensional methods that are
generally applied in zonation studies, are those developed by Thomson (1950} and Haskell
(1953), and by Seed (Program Shake). These techniques are very cheap and they provide the
first few resonance frequencies (fundamental and harmonics) of soft, soil layers, and the
results show that the strongest effects usually occur at the fundamental frequency. Relative o
the response of a reference, bedrock model, one-dimensional techniques yield estimates of the
wave amplification caused by unconsolidated surficial sediments overlying the bedrock.
However, such techniques fail to predict the ground motion close 1o lateral heterogeneities or
when the soil layers have a non-planar geometry. The lateral heterogeneities and sloping layers,
commonly present in nature, can cause effects that dominate the ground motion: the excitation
of local surface-waves, focusing and defocusing, and resonances. In such circumstances, the
treatment of realistic structures requires at least two-dimensional techniques to estimate the
ground motion.

For case of reference we divide the methods for handling wave propagation in two-
dimensional media into a numerical class of methods, where the computational algotithm is
based on an approximate mathematical method for solving the formal representation of the
problem; and into an analyrical class of methods, where the computational algorithm is based
on an exact formal solution. The numerical class includes the finite-difference method
(Alterman and Karal, 1968; Boore, 1972), the pseudo-spectral method (Gazdag, 1981; Kosloff
and Baysal, 1982), and the finite-element method {Lysmer and Drake, 1972); while the
analytical class includes the integral equation methods (S4nchez-Sesma and Esquivel, 1979),
the 2D mode-summation technique (Levshin, 1985; Vaccari et a)., 1989}, the Rayleigh-Ansatz



suonendwos sonArSyIp-auYy 31 uy tndur se pasn 3 0) ‘pray-saem Sunuoowm
anstfeas & Addns ajojaroq suoneindwioo asay] yidap e [SPOW [RINIDAIIS ) SINBUTULIS)
1y aoeds-jreyq oyl Jo A1100[9A 2AEM-TESYS 3y uey) JA[[eWS e SOOI aseyd asoum
‘SOABM JUBLINS PUR SIABM APOQ ) [TE UTEILOI UOTIRLILLNS [epow qum pandwoa swesdowsias
Yl (eL61 “Te 13 ezurg) samdy wesymudis aary; 158 J8 YUM 1oEXD st ‘suolssardya
PIay-1e) oy ui 3uueadde ‘suorouny joyuey Teoupulff> a3 jo uorsuedxs spoydwkse
341 JO w3 383 A 'Y<V Ji feudts paindwos gy Jo ‘v ‘PTuspeaem JUBUNWOD 3} uey)
Ta8re] 51 'V 221008 2y} WO} S0UEISIP 3y J1 ‘PIea are suoissasdxa pjoy-Tej 952y ‘wsijeuLoy
(v961) Jopuyrey pue wayeusap-uag 243 Jursn Aq paonponul s1 5oimos orwisias sy

"sasodingd
ne Joj o1qerdesoe ATurenas anjea ¢ “ussiad gz In0QE Aq JOWI3 U 5q 0] 1IN0 wm anbruyas
TEUOKELIEA ) LOL} pIUleIqo $135§J2 VONETUANE ) (€ 6] 7461 ‘1L61 ‘podowy pue gemyasg
‘8861 ‘GeMYOS) ANONSEUE JO JUSIHIEAT] 1DRXD 3 W) PIUTRIQO S)[NSaT I Yatm uostreduioo
Ag "wnipsw onseysue ALreaur v u1 saaem-Apoq Jo uorsiadsip 2 Fururasuoo sinsal (Zog1)
S URLLISNR] s3pniaui pue ‘(761 ‘Jjodowy pue qemyog *TL6Y "OIES pUR TYININE] ) Spoylow
[EUORELIEA UO PIseQ S1 suoneindwod au) o Ljonsejawe jo uononponut 24], (£ 861) J[opeyng
PUE BZUBJ £Q PaqLIdSap UONBZIWILRY 3IN)I0I}S Pue unpasoid | samofjoj-spour, ayp apnpour
suotieindwon asayl (1667 ‘e 10 YasIof) uoneNuLIO} (£5H() S.[[*%SEH U0 paseq s1 Soaem
HS Jo Junpuey ays pue ‘(86| ‘ezuey) PO (p967) s yyodouy Jo uoneziwmdo (gr61)
S.QEMUDS U0 PasEq ST saaem AS-d JO 1U0UWNEaD) SY) ‘poyiow UCTEWLINS-2POW ) uj

SOAEM AS-d PUE HS Joj pasn sanbiuyas souarapip-aiuy styroads 3l) 01 UOTIR[I UJ ‘SOLIDS
aurn A1120(34 3y1 Jo $IsTsuod yndur o ases AS-d Y} UF SEIISYM *SUOHR[AS[RI SIUIIJIP-H1ul)
3y1 01indut se pasn ate syswaoeidsip sy suoneIndwos HS a1 u] “suoneindiros sauaiajjip
“AHI 3G ol UONEWINS [EPOW U)im PaUILIGO SILIAS Sy Suninsar ayz Suranponur Aq
ING paLLIes 51 spopwr om) 9} Jo Burjdno ay -suiseq Arnuaunpas gim Suifesp usym paxnnbai
ST se ‘saimonns £)roofaa fwikrea Ajprder pue pareatjdwod ut vonededord saem Jo gurjrepow
2u1 snwiad ‘uiseq Aryuswipas oy ur uoneSedord saem Jean 01 parqdde *poyrewr asuarapnip
"] Y] "UOREIIPISUOD 1IPUN UOLIIS [RISIID 3Y1 JO S[ILIIP SUY pue SIUOZ A1a0724-m0O|
HOUEIIPISEOD 0101 3xye] Ued Yoty sIake] Kuew Jo 1usunean 21 smope Uy} UONBUWIWNS [2POIy
's194e[ snoausfowoy ) jo pasodwao amyonns ¢ Aq parrwirxordde aq ues uiseq ATelusuiipas
3y 01 uonisod 30anos woiy Yred sy, oeg a1 uo ssaooid armdng onstear e jo uongjnuIs
24l smojfe snj swn pue adeds w1 panginsip Ajsrendoadde saamos wiod jo wmns & £q
P3I[9POW 3G UED 4Dy '30IN0S PIPU1X2 Ue IPRIOUT 0} SN SMOJjE poyiow UONELILLINS-2POul Sy}
Jo 3sn 3y |, “anbuuyay asuasayyip-atiuy pue vonelwms [EpOW Y1og jo saeireape oyl saurquiod
anbiuyaa ayy ‘sasueistp renusdids (s1912Wo[NY Jo spaspuny maj e) agre| pue {s1a19WI0]1%
M3J B} [[PWS JOJ [ioq ‘JUSA3 JIWSISS B WOIJ PlaljIsem [B30] a1 rndjEd 01 SN Smo[je
yorordde prqdy sy, Isausyu jo uiseq Ae1uawipas ay) o1 uonisod 33mnos wolj vosiededosd
SAEm ae[nuns o) pandde s; uoneununs jepow pue (1 31n3tg 99s) uiseq Alejuawipas
U1 SUIBILOD Yolym Japow [ermonis ay) Jo ued snosusgosaroy Aljesaie] a1 w1 poyiatu
SOURLIIP-ANLY 33 (ANUIADLYI 1SOUI SHIOM 1 JIYM [9POUI [RIMONNS 241 jo wed yeyy ur pandde
s1 sanbtuyaa) om ays Jo yaeg ‘suiseq Areyuaunipas ut uotieSedord aaem Apmis o) pasn aq ued
11 PUE “POYISLL 30UBISJJIP-3NIUY 3] PUE UOTIEUILNS [2pow saulquiod anbruyse) puqgdy ayy,

ANOINHIAL Qr¥9AH FHL

FZUE] 4'0) PUT IOpRYNG | “a3po] ) ‘Ygd '] 9t9

"1n230 01 pyipaid are 133539 vonesytduwe
yamym u1 spueq Aouanbaly sy pue saps gl Jo uoresynUIPT OY) Sn #0[[E sonel [enodads
SYL PANQIYX3 A[Hea]d Jre UISeq AIBJUSUIIPIS oY) JO §153))3 A1 SONEI [Eads ay1 woly ey
0s ‘ied 3Y) pue 30INOS SYI LOWUICD UL ARy S[EUSiS 3o ‘[FPOW 90U [EUOISUSUNP-3UC
oY) pue ‘uiseq ArelusLITP3s SU3 JO [IPOW {RUOISUIP-OM] Y1 0] paulelqo sjeuds Ay usamlaq
sones fensads jo voneindwos ay) £q uaard st §103}J3 [euolsusunp-om) jo uoneiuasasdas
pood e ‘urewop Lousnbaiy sy uj "35us12)a1 € se pasn ST YOIMm *[3POW [RUOTSUIWIP-3UO & 10]
PUE [3pOTl [BUOISUSLHD-04) 3 J0J pauTuLIaap ‘ onow punoid jo A31aus [e101,, 3y) pue (VO 4)
uoneIjaa3e punoid yead se yans ‘uonow punoig 2 Jo sanjea aanwvuasaxdal uaamiag soner
3unndwios pasowas aq ued s1533J2 yred pue 32unos ay) ‘uiseq ATeIuSUIPIs ¥ Jo asuodsal [eao]
) ur ATuo pAISIAUI ST U0 JT *ANSUIIU] SELIY U} 01 PAR[AI ST YIIYM Luonou punosd jo Adraus
[B101,, PI[TE2-0S 1y} PUE S10Je[[1050 2|dWls 3o Isuodsal wnwixew 3y) ‘uoneId[ase punosd yead
3} PUE UONNQINSIP 3FRWED PIAIISQO Y} USImISq UOSIRAWOD ¥ I0] PIS AIE SI[NS3) a1 pue
‘pauntoprad are uonow punoid Jo sUOIENLUIS [ELIBWINY JUAIILIP JO SIS B ‘anbruy2a9) prgiy
a1 Buis(y (g9="Ty) axyenbypres (£[e1f) ouong ‘G1e1 ‘g1 Alenuet Y1 £q pasned BOTINGINSIP
a3ewep paudWRIOP [[Im 3Yi Aq *a(dwexd o) ‘paredipur se ‘sayenbynes o) a|qeIdu[nA
A1aA s1RATE 2], *$3001 J1URI[oA AQ PaI3A02 are siTed JTWOS U1 YDIYm SSHIDIY) JGRIaPISUOD O
SUISEq AJE)USUIPIS (21045 G PaZUIAIOEIEYD S1 *APNS INO UT PAI3PTSUO ‘SUIGY JO BaTe ayL

"sanbiuyaal sayio 01 193dsar Yitm poyeur
PHQAY 21U Jo aFejuvApe IR SU) ST UONEAOUUI SIY] ‘SIFDWONY SPAIPUNY maj © Jo syed
yim BUI[Eap uaYM OS[E *$133]33 S [e20] pue Yred *a3N0s syl JUNODIE our 3ye) O] SN smojJe
pue Aixadwiod AuE jo suiseq ATeIUSWIPIS Ut uONOW PUNoId LU 0) I[QRINS Apenonged
§1 poylaW puqAy a4 ‘uiseq ATRIILUNPIs 3Y3 UT $aaeMm JMWIsTas jo uonededold sy QeNWIS ¢
D35T UL 3¢ SIWBYIS 30U3IaIP-InuTy 1NN ‘Saaem IRAYS PUE SIAEM J0BLINS [[2 JOJ 1UNOIDE
Al[eaniewoine urd 11 ‘pueq Sup W puw ‘pueq L20[sA aseyd-Aauanbayy uaa18 e ul plagasem
1USPIDUT 213[dW0 Y1 JO UCHEINUHS 31 SMO[[E POYISW UOHEWALNS-2PoL QUL "sImonus parsde]
aueld € 10] POYIdIW UOTIEUILINS-3POLU 3Y) Y1 pandiad s1 uiseq Areatuipas ay) o) dn 32unos
3w woy saaem 3y o vonededoid sy (61 ‘Yed ‘0661 17 12 UBJ) snbiuyoa 30UBINJIp
SMUY 241 pue UOHEWWNS [EPOW SauIqUIod 1eq) pxlo[aaap uaoq sey poylaw pugiy e ‘uiseq
ATe1uawipas ay) Jo (apow femanas xajdwos g pue [3pow 33nos JUSIEal B 410q 3pn[oul 0],

suiseq ATRIUSWIpas jo saewoad reuoisusunp-om ajdus o) Aaanagga
patjdde oq urd spoyIaw 353y | “S[apOW [RINIIANS PIPUIND pue s|apow 321nos ansifeal Funean
Jo Annqrssod ay) si *poyiaw ziesuy-ySiajiey ayy so UONEWIWNS 2poW (JZ SB YINS ‘Spoyaut
Jo sspp2 jpondinup a1 jo sdmuecape ay] ‘saem-Apog pazuejod sueld & Aq pareunxoidde
ST prayaarm Jutwoosur ay) pue *adref 0ol st 1$3191W Jo 3ts ) WOIJ IDUBISIP SI1 ISMLIIQ
"|3POM TEINIOWIS A UI PIPN[OUT AQ JOUUED 33IN0S 3U) *UBY(Q *SUOLERIWI] AJOWal 13indwos
Aq 3[puey ues Kayy yarym ‘sjapout Ay jo AZIS Y1 UL PRI2INSAL aTe A3} “IIADMOY ‘$2INIINNS
x¥a1dwoa £19a Sunesn jo ajqedes ase POYISUL JUAW[I-3HIUY 3] pue ‘poyiawl [endads-opnasd
Y “poyIa 3JUILJYIP-31UY YL (RRG] ‘SSEMEY) poylew W3- ATEPUNOY “I13QUINUSAEM
“IIRI3SIP A1 PUE (QO86T ‘CO§6! ‘UOUdNOY pUB pieg (/4| ‘IOUIET PUT IyY) poyow

b9 WOY JO ASE]) Y ST Ul LOHOR PUNOID) MNUSIAG JO LLONEWST




Estimation of Seismic Ground Motion in Megacities: the Case of Rome 647
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Figure 1 Geometry of the problem.

Explicit finite-difference schemes are used to simulate the propagation of seismic waves in
the sedimentary basin. These schemes are based on the formulation of Korn and Stick] (1982)
for SH waves, and on the velocity-stress, finite-difference method for P-§V waves (Virieux,
1986). The algorithms can handle structural models containing a solid-liquid interface, and are
numerically stable for materials with normal, as wekl as high values of Poisson’s ratio. Intrinsic
attenuation in soft sediments is an important process and should always be taken into account to
prevent serious errors in seismic hazard estimations. In the finite-difference computations,
anelasticity is included using the rheological model of the generalized Maxwell body (Emmerich
and Korn, 1987, Emmerich, 1992; Fih, 1992). This method can account for a constant quality
factor over a certain frequency band.

Once the numerical algorithms and related computer codes are developed, one of the major
problem 1o obtain realistic numerical simulations is represented by the necessity to know as
accurately as possible the source and structural parameters. In fact, the numerical simulation
can satisfactorily predict the ground motion at a specific site, only if the source parameters, the
layered structure describing the path from the source up to the sedimentary basin, and the
mechanical parameters (density, velocities, damping, etc.) and geometrical parameters (e.g.
thickness) of the sedimentary basin are reasonably well-known. The choice of these parameters
is based on all available scismological, geological and geotechnical information, and it is
discussed in the following for the specific case of the Fucino carthquake and the area of Rome.
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THE JANUARY 13, 1915, FUCINO EARTHQUAKE

One benefit of the important historical role of Rome during the last two thousand years is
the large quantity of descriptions of earthquakes that have been felt in the city (Molin et al.,
1986; Basili et al., 1987). The most important seismogenetic zones (Figure 2) which can cause
structural damage in Rome are the Colli Albani (observed maximum intensity in Rome MCS
VI-VII (Mercalli-Cancani-Sieberg intensity scale)), the Ceniral Apennines (observed maximum
intensity in Rome MCS VII-VIII) and the Tyrrhenian Sea (observed maximum intensity in
Rome MCS V-VI), There is also local seismic activity in the area of Rome {observed maximum
intensity in Rome MCS VII). The modification of local geotechnical properties in the last 50
years, due to digging, water pumping, and man-made fill, may also increase current intensities
beyond those observed earlier even if the earthquake magnitudes do not exceed historical ones.

12°30' 13° 13°30°
i
42°30' ' _ Nma -1 42°30'
)
e . 2.
2
L'Aquila nwa
2 .
=, Epicenter of the
- January 13, 1915
Fueine earthquake
42° o4
..\ﬁ.n__:._m Alhani
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Tyrrhenian Sea
i 1 1
12730 13° 13°30"
Figure 2 Approximate epicenter location of the January 13, 1915 earthquake in the

Fucino valley (dotted area). The dashed line indicates the cross section with
which the numerical modelling has been performed.
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Estimation of Seismic Ground Motion in Megacities: the Case of Rome 651

single computer run. For this reason, the mode! had to be divided into two overlapping parts

(cross section “Paleotiber”, and cross section “Tiber” in Figure 5). This procedure is justified
since the main features of the seismograms are determined by the local soil conditions, and

control of

continuity from one section to the other has been made on the overlapping portions.
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Figure 4 Structural model ROMASB, representative of the path from the epicenter of the

January 13, 1915 Fucino earthquake 10 the city of Rome (lodice et al., 1992).
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Figure 5 Two-dimensional mode! (uppermost cross section} corresponding to the dashed

line shown in Figure 3. Only the part near the surface is shown, where the 2D
mode] deviates from the horizontally-layered structural model in Figure 4. For
practical reasons, the numerical modelling has been carried out for two parts
separately: the cross section “Paleotiber” (middle cross section), and the cross
section “Tiber” (lowest cross section).
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Estimation of Seismic Ground Motion in Megacities: the Case of Rome 655
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Figure 7 The same as in Figure 6 for an array of receivers over cross section “Tiber”,

shown in Figure 5.

656 . Fih, C. ledice, P Suhadole, and G.F. Fanza

Inside the zone of overlap, the signals become more and more similar, as the distance from the
abrupt discontinuity in the cross section “Tiber” increases. In the central part of the zone of
overiap, the signals are similar, as is shown for the receiver R25 in Figure B. The small
differences are due to dispersion effects in the ancient, Tiber river bed, and to diffractions at the
vertical interface in cross section “Tiber”.

1000 em 2 2000 cro 52 20.00 cm 52
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Figure 8 Comparison between the signals obtained at the same distance from the source

for the two cross sections “Paleotiber” and “Tiber” (Figure 5). The transverse
(left), radial (middle), and vertical (right) accelerations are shown. The lower
traces are related to the cross section “Palectiber”, the upper traces, to the cross
section “Tiber”. The epicentral distance is 82.8 km. The signals are normalized.
The peak acceleration is in units of cm 52,

The critical point is to combine the information obtained from the two cross sections.
Therefore, PGA, POR, and W have been computed for the signals obtained for the two cross
sections “Paleotiber” and “Tiber”. In the central part of the zone of overlap (81.5-83.0 km
from the source}, the values obtained for the two cross sections differ only by 4 to B percent,
whereas the maximum difference in PGA along the overlapping zone can be as high as 30
percent (35 percent for POR, and 30 percent for the quantity W). If the transition from one
cross section to the other is performed, when the difference between the seismograms is
minimum, the errors introduced by the use of two distinct cross sections are minimized. In
fact, the errors are only a small fraction of the variations in PGA, POR, and W over the entire
array. Following this procedure, we can extract from our signals a set of values of PGA, POR,
and W, which can be compared with the distribution of damage from the Fucino earthquake,
shown in Figure 3. A quick glance at the spatial distribution of damage allows us to identify,
in the alluvial basin of Tiber, a concentration of intermediate and heavy damage, more severe
near to the edges of the basin. To quantify this observation, the damage distribution has been
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Estimation of Seismic Ground Motion in Megacities: the Case of Rome 659

2D results. The mEo::.a of this first-order correction, which can be applied to the continuous
line in Figure %a, can be deduced from the distances between the dotted and the dash-dotted
lines shown in the same figure.

High PGA are observed for locations with surficial sediments (Figure 9a), while PGA
values are low where the volcanic layer is thick. Relative peaks can be seen at the beginning of
the alluvial vailey of the Tiber and within the alluvial valley of the Aniene. The POR curve,
which is not shown here, has about the same shape as the curve for the PGA. The peaks and
troughs are more evident in the curve representing the total energy W (Figure 9b). Thete are
four peaks: two at the edges of the Tiber basin, one within the aliuvial valley of the Aniene, and
a broad peak when the Sicilian low-velocity zone gets close to the surface. The agreement
between the W curve and the observed damage distribution is very good.

General Zonation
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Figure 10 Ratios of the total energy of acceleration, W2D/W 1D, between the results
obtained for the two-dimensional, and one-dimensional models, They are
compared with the damage distribution caused by the January 13, 1915 Fucino
earthquake. The general zonation is explained in the text,
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660 D. Fih, C lodice, P. Suhadole, and G.F Panza

The source effect and regional trend can be removed by calculating the ratios between the
values obtained for the two-dimensional model and those obtained for the one-dimensional
model. The ratios of the total energy W computed for the transverse component of motion (SH
waves), the radial component of motion, and the total P-SV wavefield are shown in Figure 10,
Similar conclusions can be drawn for the radial and the transverse component of acceleration.
The new feature in the case of the radial component is the strong peak at the edge of the ancient
Tiber bed which can be attributed to the different frequency content of SH and P-SV
components of motion, and to different physical processes, e.g. the S- to P-wave conversion
for P-8V waves at strong impedance contrasts. The representation of the results given in
Figure 10 can be used directly for general zonation purposes. With respect to the Apennines
seismogenetic area, four zones can be distinguished: (1) the bedrock, which is chosen as the
reference for the zonation; {2) the region above the volcanic layer; the thicker this layer, the
smaller the W values at the surface; (3) the zones inside the sedimentary basin of the Tiber, at
the end of the low-velocity waveguide, and the zones with a thick layer of low-velocity
sediments close to the surface where large values of W are obtained, (4) the edges of the
sedimentary basins characterized by the biggest values of W.

The very gooed correlation between the damage statistic and the computed ground motion
makes it reasonable to extend the zonation to the entire town (Figure 10). This zonation
includes also the area of Rome which was not urbanized in 1915, thus providing z basis for the
prediction of the expected damage distribution from a future event in the Apennines region,
which has to be expected from the study of pattern recognition (Caputo et al., 1980), to occur
at a distance even smaller than the one considered in this study.

RESULTS IN THE FREQUENCY DOMAIN

A good representation of the two-dimensional effects is given by the spectral ratios
between the signals obtained for the two-dimensional and the one-dimensional model. This
procedure removes the source effect and the regional trend from the ground motion, and il
allows us to identify, for a given seismogenetic area, the frequency bands and sites at which
amplification and deamplification effects occur. The result for the transverse component is
illustrated in Figure 11, where these ratios are shown as a function of frequency and spatial
location along the section. The darker an area, the stronger the amplifications due to the two-
dimensional effects. The greatest amplification is observed at the western edge of the
sedimentary basin of the Tiber river (87 km from the source), for frequencies around 2 Hz.
The maximum amplification with respect to the one-dimensional model is of the order of 5-6,
and it is due to the combination of resonance effects and the excitation of local surface waves.

The general distribution of the shaded areas can be related to the geometry of the structural
model. An amplification over almost the entire frequency band is observed outside the
Paleotiber basin (82-87 km from the source). Some amplification occurs in the Aniene basin,
for frequencies above 2 Hz. For frequencies above 0.8 Hz, in the Paleotiber basin, the
volcanic layer acts as a shield reflecting part of the incoming energy, and the values of the
spectral ratios are smaller than 1. The underlying sedimentary complex (Sicilian) causes
spectral ratios between 4 and 5, due to resonances. These are most pronounced at frequencies
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Estimation of Seismic Ground Motion in Megacities: the Case of Rome 663
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Figure |13 The same as Figure 12, for the total P-SV wavefield.

SUMMARY AND CONCLUSIONS

In absence of instrumental data, a numerical simulation of the ground motion in the city of
Rome due to the January 13, 1915 Fucino (ltaly) earthquake has been compared with the
observed distribution of damage. This distribution has been compared with certain quantities
related to the computed ground motion; these are quantities commonly used for engineering
purposes: the peak ground acceleration (PGA), the maximum response of simple oscillators
(POR), and the so-called “total energy of ground motion” (W) which is related to the Arias
Intensity. The damage distribution in Rome shows essentially that the damage is concentrated
at the edges of the alluvial basin of the Tiber river; the heavy and intermediate damage are
located in that basin. The same distribution of damage can be expected on the basis of our
numerical simulations of this event. The highest values of PGA, POR and W are observed at
the edges of this alluvial basin. Strong amplification effects can be observed in the river beds of
the Tiber and Aniene. The signals are characterized by large amplitudes and long durations due
to (1) the low impedance of the alluvial sediments, (2) resonance effects, and (3) the excitation
of local surface waves, Minimum values of PGA, POR and W can be observed for receivers
placed above the volcanic layer which is present in the ancient river bed of the Tiber. This layer

H
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acts as a shield, reflecting part of the incoming energy. The thicker the layer, the smaller the
observed surface amplitudes of the signals. A good agreement with the observed distribution of
damage is obtained for the “total energy of ground motion”. This quantity and the related Arias
Intensity turn out to be good representations of ground motion for hazard assessment. The very
good correiation between the damage statistic and the ground motion makes it reasonable to use
the total energy of ground motion for an immediate zonation of the entire town, including the
part constructed after the Fucine event.

From the computation of spectral ratios, it has been recognized that the presence of a near-
surface volcanic tayer of rigid material is not sufficient to classify a location as a “hard-rock
site”, since the existence of an underlying sedimentary complex can cause amplifications due to
resonances. A correct zonation requires knowledge of both the thickness of the surficial layer
and of the deeper pants of the structure, down to real bedrock. This is especially important in
volcanic areas, where Java flows often cover alluvial basins. In certain frequency bands, the
presence of sediments causes the shift of energy from the vertical, into the radial component of
motion. This phenomenon is very localized, both in frequency and space, and closely
neighboring sites can be characterized by very large differences in the seismic response, even if
the lateral variations of the local soil conditions are relatively smooth.

The hybrid technique we have developed makes it possible (1) ta study local effects even
at large distances (hundreds of kilometers) from the source, (2) to include highly realistic
maodelling of the source, and (3) to take into account the effects of the propagation path. This
technique can assist in the interpretation and prediction of ground motion at a given site. This
new approach can be applied routinely in zonation studies, and it provides realistic estimates of
ground motion for two-dimensional, anelastic models. The resulting synthetic seismograms
can be used to complete existing databases of recorded ground motion. Such databases wouid
then serve to establish estimates of the maximum accelerations and tota) energies of ground
motion to be expected at given sites. The results of this paper give the possibility for a fast
seismic zonation, with no need to wait for a strong earthquake to occur, and allow prediction of
the variation of seismic hazard due to possible temporal changes in geotechnical parameters,
e.g. due to digging or changes in the ground water level, Since geotechnical data are available
for several areas, especially in urban environments, the proposed technigue can provide a valid
seismic zonation with a small cost relative to the funds routinely invested in geotechnical
analysis.
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{Levshin, 1985; Vaccari et al., 1989), are capable of
treating realistic source models but can be practically ap-
plied only to simple 2D geometries of sedimentary ba-
SHns.

To include both a realistic source model and a com-
plex structural model of the sedimentary basin, a hybrid
method has been developed that combines modal sum-
mation and the finite-difference technique (Fih er af.,
1990; Fih, 1992). The propagation of waves from the
source position to the sedimentary basin is treated with
the mode summation method for a plane-layered struc-
ture. Explicit finite-difference schemes are then used to
simulate the propagation of seismic waves in the sedi-
mentary basin. This hybrid method is particularly suit-
able to estimate ground motion in sedimentary basins of
any complexity, and it allows us to take into account the
source, path, and local site effects, even when dealing
with path lengths of a few hundred kilometers. A similar
method that combines modal summation and the finite-
element technique has been used by Regan and Harkri-
der (1989) to study the propagation of SH Lg waves in
and near continental margins. :

Numerical simulations should always be compared
with observed ground motion for the same simulated event
to establish validity of the numerical results. This will
be done for the case of Mexico City that has experienced
extensive damage in the recent past owing to strong
carthquakes with hypocenters in the Mexican subduction
zone. The Michoacan earthquake of September 19, 1985
(M5 = 8.1}, together with its aftershocks, produced the
worst carthquake damage in the history of Mexico. Al-
though the epicenter of the earthquake was close to the
Pacific coastline, damage at coastal sites was relatively
small. The reason for this is that most of the populated
areas near the coast are situated on hard bedrock. In con-
trast, Mexico City, which is about 400 km away from
the epicenter, suffered extensive damage. This can be
attributed to the geotechnical and geometricai character-
istics of the sediments in the valley of Mexico City. They
were responsible for a very long duration of ground mo-
tion with large amplitude coda and large relative spectral
amplifications that reached values of up to 50.

Using data from a recently installed VBB (Very Broad
Band) seismograph at CU (a hill-zone site of Mexico City),
Singh and Ordaz (1992) proposed a simple explanation
of the long duration of recorded coda in the lake-bed
zone. They state that the long-duration coda has always
been present in the excitation, but the accelerations did
not reach the necessary threshold for the standard in-
struments at hill-zone sites to remain triggered. The clay
layers present in the lake-bed zone are natural narrow-
band amplifiers that explain the recorded coda. They reach
the conclusion that 2D or 3D models are not needed to
account for the duration observed in the Jake-bed zone.
Their conclusion is based on only indirect and qualitative
compatrisons: they compare observed signals and syn-

D. Fih, P. Suhadolc, $t. Mueller, and G. F. Panza

thetics (obtained with 1D modeling) for different events.
Therefore, they could not give quantitative estimates of
the amplification in the lake-bed zone with respect to a

hill-zone site, since the hill-zone-site duration and wave-
form of the two earthquakes could be completely dif-

ferent. However, they fail to provide an explanation for
the records (e.g., station CDAO) that exhibit a large am-
plitude coda well within the time windows for which sta-
tions on firm sites (e.g., station TACY) were recording.
As was already shown by Kawase and Aki (1989), 1D
modeling fails to explain this effect; and spectral ratios
obtained with theoretical 1D models cannot explain the
observations. Moreover, the variability and polarization
of ground motion in the lake-bed zone also cannot be
interpreted with 1D models (F. J. S4nchez-Sesma, per-
sonal comm.). These facts motivate the present-day re-
search toward 2D and 3D modeling of wave propagation
in sedimentary basins.

The 2D numerical modeling of the Michoacan earth-
quake and the effects of this earthquake in Mexico City
exhibit some interesting numerical problems that arise
from the large distance of Mexico City from the seismic
source. This distance causes a long duration of the in-
cident seismic signals in Mexico City, and the presence
there of sediments with very low shear-wave velocities
requires the use of a small grid spacing in the flinite-
difference computations. This small grid spacing, on the
other hand, requires very efficient absorbing boundaries
in the finite-difference part of the hybrid approach.

The Hybrid Method

The hybrid technique combines modal summation
and the finite-difference method, and it can be used to
study wave propagation in sedimentary basins. Each of
the two techniques is applied in that part of the structural
model where it works most efficiently: the finite-differ-
ence method in the laterally heterogencous part of the
structural model that contains the sedimentary basin (see
Fig. 1), and modal summation is applied to simulate wave
propagation from the source position to the sedimentary
basin of interest. The use of the mode summation method
allows us to include an extended source, which can be
modeled by a sum of point sources appropriately dis-
tributed in space and time. The path from the source
position to the sedimentary basin can be approximated
by a structure composed of flat, homogeneous layers.
Modal summation then allows the treatment of many
layers that can take into consideration low-velocity zones
and fine details of the crustal section under consider-
ation. The finite-difference method, applied to wave
propagation in the sedimentary basin, permits the mod-
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increases with decreasing velocities, so it is usually big-
ger near the surface of the models, Therefore, in the P-SV
case, a fourth-order approximation to the spatial differ-
ential operators is used for the upperpart of the structural
model (Levander, 1988). This offers the possibility to
reduce the spatial sampling required to accurately model
wave propagation. The finite-difference operator in time
is always of second order, since a fourth-order approx-
imation would require too much computer memory.

A cause of error in the results of the hybrid tech-
nique can be the insufficient depth of the structural model
described by the finite-difference grid. When this insuf-
ficiency occurs, the signals are incomplete for receivers
at large distances from the vertical grid lines where the
incident wave field is introduced into the finite-differ-
ence computations. To deal with this problem, the lower
artificial boundary of the finite-difference grid is simply
placed at greater depth. Moreover, to reduce the number
of grid points in the vertical direction, the grid spacing
is increased at depth. The number of grid points per

D. Fih, P. Suhadolc, St. Mueller, and G. F. Panza

wavelength in this deeper region of the structure is cho-
sen large enough to prevent numerical errors.

Energy loss in unconsolidated sediments is an im-
portant process and should always be taken into account
to prevent serious errors in seismic hazard estimations.
In the finite-difference computations, anelasticity is in-
cluded by using the rheological model of the generalized
Maxwell body (Emmerich and Korn, 1987; Emmerich,
1992; Fih, 1992). This approach allows us to approxi-
mate the viscoelastic modulus by a low-order, rational
function of frequency. This approximation of the vis-
coelastic modulus can account for a constant quality fac-
tor over a certain frequency band. Replacement of all
¢lastic moduli by viscoelastic ones, and transformation
of the stress-strain relation into the time domain, yields
a'formulation that can be handled with a finite-difference
algorithm (Emmerich and Ko, 1987).

The finite-difference method has the disadvantage
that limitations of computer memory require the intro-
duction of artificial boundaries, which form the border
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Figure 3.

Horizontal and vertical compenents of displacement recorded in the

valley of Mexico City (Mena er al., 1986). The N-S component of motion is
denoted by D/NS, the E-W component by D/EW, and the vertical component
by D/UP. In each column, the signals are normalized to the same peak displace-
ment. The peak displacement is indicated in units of centimeters.



(05 = 9D pue ‘001 = D)
238/WN 90 = o ‘oes/wy 0’7 = © wo/3 07 = ¢ ‘ssauydry) w-o0p) SIUAIPAs
daap 2y swasardas yomgm ‘124e] Arejusunpas [eans e yum ([ ajqel) [apout

pasake] 3y Jo w Ogp 151y ays Sutoerdas g *p andr ut se sures L ¢ a3y
(SY 3JWIAL (5) 3IWIL (S 3IWNIL 77
887 YR PBT 201

avT
1 1 L A 1 1

i
= -

o AL AL A, AN
Llbd e b iy

_BT#GG'?

8 X I

9z~ ¢

"(ANNA 2pow [eusurepuny ‘g o) | sapow ‘b1 OF 9 sapow :jusu
-odwod yaes 10y saoen aomy sxddn) sapow jo s1as WIIIp own pasodwoasp s
wauodwos yoryg 'SINAWHU Jo sjun ur st yuawade(dsip yead oy, “yuswaseidsp
yead awes oy o1 pozifeuLION re sfeuBis AL ‘W-N , 0] JO JUSWOW SIS JIim
32INOS B 0) pIefal are sopmiidure [py ury oop Jo 20URISIp B 18 (] 3[Qel) [spour
[elmonns i e ur (1% 2as) asinos urod e 10§ paureiqo (uwngod 1yIu) sjuswsoerd

“SIP EITHRA puR *(UWnjod SippIw) [eipe: “(uumioo )a[) astaasuel],

(S) JWIL
0T eer

ev1
L 1 1 1 1 i L

(37
0871

't amgy

dWNTI 4
ovT

(S) 3IWIL

Qv
1 L 1 1 1

_1_1@“" “ ‘
| o

AN A sy ——m«rM

A AAVAVA e

_P0Ix00Q 'y

9z a2

-1e 2y Je uondiosqe 3y aaoiduit o, -Arepunoq eryne
]3u 2 je payrdde osfe st uonenbs saem [erxered el )
‘uay], ‘SUTUMSUOd-3Um 00} St UORIPUOS ATepunoq s, yInus
‘(asED IS 2 UT W ()] 135BD AS-4 9 Ul uI (37) Buroeds
PU3 Jews € jJo ases ay) uj "z Jo 10)3ey € AQ awn Jand
W03 UL JSEIIOUI Ue S| SUONIPUOD Arepuncq s [iws jo
adejueapesIp 3y, ‘swm om) [spowr o yInony passed
Juiaey Arepunoq 1y3u oy e sreadde 151y uoneuneIuoD
ay ‘onbruyoa) sy gy "udsoys s1 uoneunxoidde Teixe
-red a1y ‘Arepunoq 1J3] a1 je sedraym ‘Lrepunoq ydu
o ye pardde A[uo s1 popawr s pnug -Apoapad jsow
-[¢ UOTeUTUreIuod I SINPAI (pL6]) Ynws Aq pasod

_@TwxB0 ¥ _eiweo v

U0

qz

-o1d poyaw ayy ‘(oD HS a4 ul W 7 958> AQ-4 )
ut w (g) Jueds pud o8re] v Jo ases ap uy “suoneind
“tiod douardyIp-anuly Ayt ul Suroeds pud oy o) vonep
ut Ussoyd are pug oyl Jo apis yoes Je SoLEpUnOq [ean
-33A om1 3y "ydap e [spow pezmonns ot unmuny Lre
~Puncq ay 1e [[am syuom (LL61 “1sinb3ug pue voikery)
vonenbs arem oy jo uonewnrxoidde [eixerey paulq
~WI0D 358 SUONIAYY31 359y JO uonuaAald Yy Joy spoyiaw
[39Aas ‘Apms s uj -pud o Jo Jousuy Ay wiosy wary
uodn JuiBuidur sasem a1 jo suonaojyal AeISUST LD Ko
IDUIS “SPOUIdW DUIIJJIP-NUY Ul wa[qold 219A3s € are
ssuepunoq asay], ~aseds ut pud aoudsalip-auy Y Jo

L8E KD oomxap 1of Sutjapopy aauprinuon() suisog Lipuaunpag ut uonop punoly fo uouvunisg sy of poyraw prgiy v

A§



388

tificial boundaries, regions of high absorption are intro-
duced close to the boundaries. Since anelastic absorption
is included in our numerical finite-difference scheme, this
approach requires no additional computer time. The
quality factor Q has to be space dependent so that O is
decreasing linearly toward the artificial boundary. The
gradient should not be too steep, to avoid reflections.
With this method, the amplitude of the incoming wave
field is sufficiently well-attenuated as long as the zone
including damping is larger than the dominant wave-
length. In the low-frequency part of the wave field, the
gradient of the quality factor close to the artificial bound-
ary can produce reflections of the outgoing waves. Since
the region of high absorption is characterized by the ab-
sence of low-velocity sediments, the grid spacing in the
horizontal direction can be increased still having enough
grid points per wavelength. This new grid spacing en-
larges the geometrical extension of the region of high
absorption and, therefore, reduces the steepness of the
gradient of the quality factor.

Observations in Mexico City

From the geotechnical point of view, the valley of
Mexico City can be divided into three zones (Fig. 2):
the hill zone, the transition zone, and the lake-bed zone.
The hill zone is formed by ailuvial and glacial deposits
and by lava flows. The transition zone is mainly com-
posed of sandy and silty layers of alluvial origin. The
surficial layers in the lake-bed zone consist mainly of
clays. These deposits are poorly consolidated, with high
water content and very low rigidity. The geometrical
characteristics and mechanical properties are quite well-
known from different borehole and laboratory tests. The
mechanical properties exhibit a great vanability. This

MEXT7
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surficial layer varies between 10 and 70 m in thickness,
where this thickness increases regularly toward the east
(Suarez er al., 1987). The topmost layer is composed of
compacted fill and of the foundations for man-made
structures (Chdvez-Garcia and Bard, 1990). It is more
resistant than the clay, and its thickness can be up to
10 m,

The clay layer is overlying the so-called “deep sed-
iments” found below 10 to 70 m. These deeper deposits
reach depths down to 700 m, where the uncertainty of
the thickness of the deep sediments may be as large as
a few hundred meters (e.g., Bard et al., 1988). The me-
chanical characteristics of the deep sediments are very
poorly known; the topography of the bedrock interface
has been estimated from boreholes and gravimetric data
(Suarez er af., 1987). There are three outcrops of the
basement: at Chapultepec, Pefion, and Cerro de la Es-
trella (Fig. 2).

During the Michoacan earthquake, a strong motion
network was operating in the valley of Mexico City (Mena
et al., 1986). The positions of the stations are shown in
Figure 2. Some of these were located in the lake-bed
zone (SCT1, CDAQ, CDAF), some in the hill zone (TACY,
CUIP, CUO01, CUMYV), and one in the transition zone
(SXVI). The observed displacements are shown in Figure
3. The records are corrected for the instrumental re-
sponse and have been convolved with a high-pass Ormsby
filter whose largest low-frequency cutoff is 0.10 Hz for
the stations outside the lake-bed zone and 0.07 Hz for
those inside the lake-bed zone (Mena et al., 1986). These
frequency limits do not influence our conclusions, since
the dominant energy in the synthetic signals is above these
frequency lirnits.

Absolute time references are absent in the recorded
signals. To estimate the relative times to an arbitrarily

-25 -2b
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Figure 6. The same as in Figure 5, but now the model also contains a surficial
clay layer (55-m thickness, p = 1.3 g/cm . a = 1.5km/sec, 8 = 0.08 km/sec,
Q. = 30, and Qg = 25), which replaces the first 55 m of the sedimentary layer

described in the caption of Figure S.
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tion event, with a small dip angle and striking parallel
to the Central America trench. The rupture started in the
north and propagated through the zone of the 1981 Playa
Azul earthquake with a low-moment release (Eissler er
al., 1986; Houston and Kanamori, 1986). It then rup-
tured an asperity in the south. Least-squares inversion of
the Michoacan earthquake records, for the source time
function, yielded three source pulses (Houston and Ka-
namori, 1986). The first two subevents have similar seis-
mic moments and durations (about 15 sec); the moment
of the third is about 20% that of the first subevent and
has a duration of about 10 sec (Eissler e al., 1986). The
arrival time of the second event is shifted by 26 sec with
respect to the first, and the location is about 80 km to
the southeast of the first event. The third event occurred
21 sec after the second one, and its position is about 40
km seaward of the second event. The Michoacan earth-
quake is characterized by high spectral amplitudes for
periods between 2 and 5 sec. Campillo et al. (1989) at-
tribute the enhanced energy in the 2-t0-5 sec period range
to the irregularity of the rupture propagation. They sug-
gest that the rupture developed as a smooth crack toward
the ocean.

For the computations presented here, an average
source model for the 1985 Michoacan earthquake has
been chosen. To keep the source model as simple as pos-
sible, we restrict the model first to a simple point source
with a duration of 0 sec. This allows us to study the
behavior of the waves in the entire frequency band from
0.01 to 1 Hz, with no @ prieri assumptions about the
frequency content of the source. This choice of a delta
function will enhance high-frequency energy in parts of
the computed ground motion. Therefore, for an easy
qualitative comparison with the observed ground mo-
tion, we will only consider the displacement time series.

Distance from the source [km}

40 405 410
00

7 -----------------------------

0.5

5 %

a

2 /Mcxico City

VO pisrstdds
p=2.67 g cm-3 B
0=430kms! Qg=800 1 Receiver
4 f=253 kms! Qu=500

P -l Qg =100
f=0.50 km st  Qp=350

Figure 8. A 2D model related to the Chapul-
tepec—Pefion cross section. Only the part of the
structure near the surface is shown, where the 2D
model deviates from the plane-layered structural
model.
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The focal mechanism is the one proposed by Campillo
et al. (1989), based on the results of Houston and Ka-
namori (1986) and Riedesel ef al. (1986). The distance
from the source to the valley of Mexico City is 400 km,
the angle between the sirike of the fault and the epicen-
ter-station line is 220° (further on, referred to as the strike-
receiver angle), the source depth is 10 km, the dip 15°,
and the rake is 76°,

Due to uncertainties in the available models, only
estimates of the strong ground motion in Mexico City
can be given. Nevertheless, this modeling allows us to
understand the main features of seismic wave propaga-
tion in the Mexico City valley as a consequence of strong
earthquakes. One-dimensional structural models for the
Mexico City valley will be considered first, with the pur-
pose of studying the 1D response of the sedimentary cover
with modal summation. The 2D models that will then
be considered describe the cross section from Chapul-
tepec to Pefion across the sedimentary basin (for posi-
tion, see Fig. 2). This cross section is of particular in-
terest since it intersects the area where extensive damage
occurred in the strong earthquakes of 1957, 1979, and
1985. This area has been the subject of several theoret-
ical studies (e.g., Sanchez-Sesma et al., 1988; Bard et
al., 1988; Kawase and Aki, 1989). The final part is ded-
icated to the comparison between observed and synthetic
seismograms.

One-Dimensional Structural Models

The 1D structural model used to describe the path
from the source position to the sedimentary basin in
Mexico City is given in Table 1. Because of the large
distance of Mexico City from the source and the rela-
tively low velocities of seismic waves in the upper crust,
the signals are strongly dispersed (Fig. 4). The simple,
depth-limited structural model of Table 1 has only 15
modes in the frequency-phase velocity band being con-
sidered; the energy at frequencies below 0.2 Hz is lim-
ited to the fundamental mode, both for Love and Ray-
leigh waves.

In a second step of the 1D modeling, the sedimen-
tary cover that is present in the valley of Mexico City is
inciuded in our structural model. Two models are
proposed. In the first, a surficial sedimentary layer of
400-m thickness repiaces the upper 400 m of the modc_:l
shown in Table 1. This layer represents the deep sedi-
ments. The second model is obtained from the previous
one by replacing the upper 55 m of the deep sediments
with a surficial clay layer. The resulting 1D structure
represents a 1D model for the lake-bed zone. The values
of the densities, body-wave velocities, and quality fac-
tors of the layers are given in the captions of Figures 5
and 6, where the displacements obtained for both models
are shown. The seismic source remains the same for all
results shown in Figures 4, 5, and 6.
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formed for the same layered structural model that de-
scribes the path from the source position to the region
where the finite-difference method is applied (Table 1).

It can be seen from Figure 7 that the results obtained

with the hybrid technique and modal summation prac-
tically coincide. There are only smail differences, which
originate in the differences between the twe computa-
tional technigues and in the small reflections from the
artificial boundaries.

Two-Dimensional Models:
The Chapultepec-Pefion Cross Section

Since the lake-bed zone is filled by the deep sedi-
ments and the clay layer, it is of interest to isolate the
influence on the ground motion of these two layers. We
first consider only the deep sediments. Because of un-
certainties in the structural parameters, we consider dif-
ferent maximum thicknesses (400 and 700 m) and two
extreme values of the S-wave velocity (0.5 and 1.0

D. Fih, P. Suhadolc, St. Mueller, and G. F. Panza

km/sec) of the sediments. In a further step, a low-ve-
locity surficial clay layer is added to the structural model;
this layer replaces the first tens of meters of the deep
sediments. For all computations, the source is the same
tmpulsive point source (depth 10 km, dip 15°, rake 76°,
and angle strike-receiver 220°). The 1D structural model,
without the sediment and clay layer, describing the path
from the source position to the valley of Mexico City is
given in Table 1. This is the model used in the first por-
tion of our hybrid computations where the modal sum-
mation method is applied.

Effects of the Deep Sediments

The 2I¥ structure, modeling the Chapultepec—Pefion
cross section, is shown in Figure 8. The distances be-
tween the observation points and the source is in the range
400 to 412 km. The mesh size used in the finite-differ-
ence grid is 25 by 25 m for SH waves and 50 by 50 m
for P-SV waves.

1.58%10 °° {a) 1.50%10 °° (b) 1.50%10 °° () D \
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Figure 10. The same as in Figure 9 for the displacement time series for SH

waves, assuming:

(a) Lincar gradients in the material properties of the deep sediments: a = 1.3 to
1.5 km/sec, B = 0.25 t0 0.6 km/sec, p = 1.8 g/em’, @, = 50 to 100, and Qg

= 25 to 50.

(b) Relatively high wave velocities for the deep sediments: a = 2.0 km/sec, 8
= 1.0 km/sec, p = 2.0 g/cm’, Q. = 100, and Q = 50.
(c) A sedimentary basin with a maximum thickness of 700 m and with material

properties given in Figure 8.
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onance effects lead to long duration and large amplitude
codas; this phenomenon is most pronounced on the ra-
dial component, at distances of 409 to 410 km from the
source. The resonance is excited by two distinct arrivals:
the Lg waves and the fundamental Rayleigh wave. Also
for this mode!, the differences between the SH and P-SV
case is due to the different frequency content of the two
wave types. The vertical components of our synthetics,
for frequencies below 0.5 Hz, are not significantly
changed by the presence of the clay layer; this agrees
with the recordings taken in Mexico City during the Mi-
choacan earthquake.

A good representation of the amplification effects in
sedimentary basins is given by the computation of spec-
tral ratios between the signals obtained for the 2D model
(Fig. 12) and the corresponding signals obtained for the
1D model (Tabile 1). The results for the transverse and
the radial components are shown in Figure 13, where
these ratios are illustrated as a function of frequency and
location along the section. The darker an area, the stronger
are the amplifications that characterize the 2D model with
respect to the 1D case. The general distribution of the
shaded areas can be related to the geometry of the struc-
tural model. Both the clay layer and the deeper sedi-
ments have an influence on ground motion observed at
the surface. Their effects can be well-separated, as is
illustrated in the lower part of Figure 13, where the dif-

D. Fah, P. Suhadolc, St. Mueller, and G. F. Panza

ferent features of the spectral ratios are interpreted and
schematically represented. The greatest amplifications
are caused by the clay layer, for frequencies close to the
fundamental mode of resonance of a corresponding in-
finite' flat layer. The maximum amplification with re-
spect to the 1D model is of the order of 30 to 50. This
amplification factor coincides with the observed factors
of up to 50 for the 1985 earthquake. At higher frequen-
cies (above 0.8 Hz), there is also evidence for the ex-
citation of the first higher mode of resonance for the clay
layer. It must be mentioned that about the same spectral
ratios are obtained if the 2D results are normalized to a
specific reference ground motion observed outside the
sedimentary basin.

At distances between 403 and 408 km from the
source, and for frequencies above 0.5 Hz, the spectral
ratios for the $H case are characterized by a relatively
regular pattern of constructive and destructive interfer-
ence. When considering the radial component of motion,
more complicated features are seen (central part of Fig.
13). These features are caused by resonances and by the
fact that incident energy in certain frequency bands can
be shifted from the vertical into the radial component of
motion. These effects give rise to a series of dark lines
in the spectral ratios for the radial component. For ex-
ample, around 0.5 Hz and for distances between 403 and
408 km, spectral ratios reach values of up to 35.

transverse component radial component vertical component
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The same as in Figure 9 for the displacement time series, for cross

section Chapultepec—Pefion shown in Figure 11. The normalization factor of the
time series is different from the one used in Figure 9.
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to 5 sec 1s superimposed on the fundamental modes (Fig.
3). This feature has been interpreted as a source effect
(Campillo et al., 1989) and is not present in our syn-
thetic signals corresponding to a simple point source with

O-sec duration. For the synthetic signals (Fig. 12), the

duration outside the sedimentary basin is about 90 sec
for P-SV waves and 60 sec for SH motion, while within
the sedimentary basin, the duration varies strongly and
can have values of the order of 150 sec in the P-SV case
and 120 sec for SH waves. If we assume a seismic source
that is composed of three subevents, as proposed by
Houston and Kanamori (1986), the durations increase by
about 45 sec (Fig. 14b) compared to those relative to a
single event (Fig. 14a). The durations and large ampli-
tude coda are then in good agreement with observations
in the lake-bed zone. Some of the computed horizontal
components of motion (label L5.5 or R9.5 in Fig. 14b)
are very similar to the observed signals at station CDAO.

The model that we have used for the Mexico City
area can explain the difference in amplitudes for receiv-
ers located inside and outside the lake-bed zone. The
ratio between the computed, horizontal peak ground dis-
placements inside and outside the lake-bed zone reaches
values of the order of five to seven; about the same ratio
is obtained for the observed ground motion.

1.00%10 L9.5 1.008%10

D. Fih, P. Suhadolc, St. Mueller, and G. F. Panza

In the central part of the sedimentary basin, the fre-
quency content of the horizontal components of the com-
puted ground motion agrees well with the observations,
while the synthetic vertical displacements have too much
energy for frequencies above 0.7 Hz. This can be ac-
counted for in several ways, ¢.g., by the quality factor
in the layered model (Table 1) or by the choice of the
source time function. Assuming lower quality factors in
the layered model (about half the values given in Table
1), or a source with finite duration (for example, 3-sec
duration), will reduce the high-frequency content of the
synthetic signals.

The applicability of the cross section studied is con-
firmed by the fact that the spectral ratios obtained for
the horizontal components of the synthetic seismograms
can be very similar to the spectral ratios obtained from
observations, as is shown in Figure 15. The maximum
amplification factors, the shape of the spectral ratios, and
the frequency bands at which amplification occurs, is
explained by our numerical modeling. The two peaks in
the spectral ratio for station CDAO can be attributed to
the deep sediments (peak at about 0.8 Hz) and the sur-
ficial clay layer (peak at about 0.25 Hz). The spectral
ratios for SH and P-SV waves are about the same. In the
time domain, on the other hand, the local surface waves

b.o@=1@
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Figure 14. Transverse (left column), radial (middle column), and vertical dis-

placements (right column) obtained at three receivers within the sedimentary ba-
sin: at the western edge of the basin, 401.5 km from the source; in the center of
the basin, 405.5 km from the source; and at the eastemn edge of the basin, 409.5
km from the source. The results of two computations are shown:

{a) Synthetic displacements owing to one point source,

(b) Synthetic displacements owing to three point sources, all located at a depth
of 10 km and the same distance. The strike-receiver angle, dip, and rake are
220°, 15°, and 76°, respectively. The three point sources have different weights
and time shifts (1.0, 1.0, and 0.2; 0, 26, and 47 sec). Weight one is given to a
source with seismic moment of 10”7 N-m.
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The area of severe structural damage in Mexico City
is characterized by increased thickness of the deep sed-
iments and the laterally heterogeneous clay layer. Such
geometries favor the excitation of local surface waves,
which could be responsible for the observed distribution
of damage. The large impedance contrast between the
clay at the surface and the deep sediments causes strong
resonance effects in the clay layer, which result in al-
most moenochromatic wave trains of long duration.
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Intr ign

Numerical simulations play an important role in the estimation of strong
ground motion. They can provide synthetic signals for areas where recordings
are absent and are therefore very useful for engineering design of earthquake-
resistant structures and for retrofitting of particularly important buildings.
Lateral heterogeneities and sloping layers, commonly present in nature, can
cause effects that dominate the ground motion: the excitation of local surface-
waves, focusing and defocusing, and resonance effects. In such
circumstances, at least two-dimensional techniques are necessary for a
realistic estimate of the ground motion.

To include both a realistic seurce model and a complex structural model of the
site of interest, a hybrid method has been developed that combines modal
summation and the finite difference technique {Fih, 1992; Fah et al., 1993; Fah
et al., 1994). The propagation of the waves from the source up to the local
structure at the site is computed with the mode-summation method for plane
layered anelastic structures (Panza, 1985; Florsch et al. 1991). The mode-
summation method allows us the simulation of the complete incident wavefield
in a given phase-velocity frequency band. Explicit finite-difference schemes
(Korn and Stackl, 1982; Virieux, 1986} are then used to simulate the propagation
of seismic waves in a two-dimensional model of the local structure. The hybrid
method is particularly suitable to compute the ground motion in two-
dimensional mod.ls of any complexity, and allows us to take into account the
source and propagation effects, including lecal site condittons.

The area of Rome, considered here, is characterized by several sedimentary
basins of considerable thickness, which in some parts are covered by volcanic
rocks. The area is very vulnerable to earthquakes, as indicated, for example, by
the well-documented damage distribution caused by the M =6.8 January 13,
1915, Fucino (laly) earthquake (Ambrosini et al., 1986). In absence of
instrumental data in the city of Rome, a numerical simulation of the ground
motion due to the January 13, 1915 Fucino earthquake has been compared with
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the observed damage distribution (Fah et al., 1993). The macro-seismic data in
Rome shows essentially that the damage is concentrated at the edges of the
alluvial basin of the Tiber river; the heavy and intermediate damage are located
in that basin. The same distribution of damage can be expected on the basis of
the numerical simulations of this event (Fah et al, 1993). The highest
amplifications are observed at the edges of this alluvial basin, and large
amplifications can be observed within the Tiber's river bed. The very good
correlation hetween the damage statistic and the ground motion suggests to use
the hybrid technique for a micro-zonation of the entire town, which accounts for
events expected in other important seismogenetic areas. For this purpose, a
series of different numerical simulations of the ground motion are performed,
for different source positions and structural models of the Rome arca. The
results of such computations are then used for the micro-zonation, based on the
spectral amplifications expected in the different zones of the city.

Parametrization of the source and of the propagation path

The most important seismogenetic zones (Figure 1} which can cause structural
damage in Rome are the Central Apennines (observed maximum intensity in
Rome on the Mercalli-Cancani-Sieberg intensily scale (MCS) VII-VIII} and the
Alban Hills (observed maximum MCS in Rome VI-VII) (Molin et al., 1986). The
source positions (Figure 1) used in this study include (1} the epicenter of the
January 13, 1915 Fucino earthquake, {2) the Carseolani Mountains where, from
the study of pattern recognition {Caputo et al., 1980), a strong earthquake is
expected te occur, and (3) the Alban Hills. The source mechanisms assigned to
these earthquakes are the mechanism of the Fucino earthquake {Gasparini et
al., 1885) for event 1 and 2, and the mechanism of a recent earthquake in the
Alban Hills (Amato et al, 1984) for event 3. The parameters of the focal
mechanism of each event are given in Table 1.

The one-dimensional structural models for the region between the source
positions and Rome are given in Table 2. These modeis are used as reference
bedrock structures, and, for each eismic source, the ground motion computed
with the hybrid method is always compared with that obtained for the related
one-dimensional structure.
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All the quantities characterizing some aspect of the strong ground motion,
like the maximum amplitude, the duration and the Fourier spectrum,
provide only a very limited description of the complete ground motion and
certainly do not quantify its damage preducing potential. A more adequate
quantity, especially from the engineering point of view, is the response
spectrum (or the spectral amplification) of the earthquake ground motion.
Response spectra (for example Sa) are related to the maximum response of a
simple oscillator, whose natural period and damping coefficient are varied,
excited by a given ground motion.

The results obtained from the modelling of the Fucino event (Figure 4) can be
used directly for general micro-zonation purposes. Using as reference the
bedrack models given in Table 2, six zones ¢can be distinguished (see Figures 3
and 4} {1} zone 1 includes the edges of the Tiber river, (2) zone 2 extends over
the central part of alluvial basin of the Tiber, (3) zone 3 includes the edges of
the Paleotiber basin, and (4) zone ¢ extends over the central part of the
Paleotiber basin. The zones 5 and 6 include areas which are located outside
the large basins of the Tiber and Paleotiber where we distinguish between
areas (5) without and (6) with a layer of volcanic rocks close to the surface.
These zones can be recognized also in the sections considered in relation with
the events located in the Carseolani Mountains and the Alban Hills, as is
shown in Figure 3.

For all the receivers located in each of the six zones defined above, and for all
the two-dimensional medels, shown in Figure 3, and the studied events,
located in Figure 2, we have computed the spectral amplification
Sa(2D)/Sa(bedrock). From these values we have then computed the average
and the maximum spectral amplification for each given zone, which are
shown in Figure 5, for zero damping and 5% damping of the oscillator,

The greatest spectral amplification is ohserved at the edges of the sedimentary
basin of the Tiber river (zone 1), for frequencies between 2.0 and 2.5 Hz. The
maximum spectral amplification with respect to the bedrock model varies
between 5 and B, and it is due to the combination of resonance effects with the
excitation of local surface waves. The general shape of the maximum and
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average spectral amplifications are similar for zone 1 and 2. In the frequency
range from 1.0 Hz to 3.0 Hz, the maximum spectral amplification is of the order
of 4 and the average spectral amplification is of the order of 2.

Similar observations can be done for the Paleotiber basin (zones 3 and 4), but in
a different frequency band (0.4-1.0 Hz). The buried sedimentary complex
(Sicilian) causes maximum spectral amplification between 3 and 4, due to
resonance effects. These are most pronounced at frequencies around 0.6 Hz,
Therefore, the presence of a near-surface layer of rigid material in the
Paleotiber basin is not sufficient to classify that area as a “hard-rock site”, A
correct zonation requires the knowledge of both the thickness of the surficial
layer and of the deeper parts of the structure, down to real bedrock. This is
especially important in volcanic areas, where pyroclastic material often covers
alluvial basins. The maximum spectral amplification is larger at the edges of
the Paleotiber basin (zone 3). For frequencies above 1.0 Hz, in the Paleotiber
basin (zone 4), the volcanic layer acts as a shield reflecting part of the incoming
energy, and the values of the average spectral amplification are smaller than 1.

For the sites in the zones 5 and 6, the maximum and the average spectral
amplifications are small for frequencies below 1 Hz. Since the sedimentary
cover in these zones is thin, the amplification takes place at frequencies above
1.5 Hz, and changes rapidly from site to site. This rapid variation leads to
average values of the order of 1.0-1.5.

In absence of instrumental data, a realistie numerical simulation of the
ground motion, successfully tested against macro-seismic data, is used for the
first order micro-zonation of Rome. The highest values of the spectral
amplification are observed at the edges of the sedimentary basin of the Tiber,
strong amplification are observed in the Tiber's river bed. This is caused by the
targe amplitudes and long duration of the ground motion due to (1) the low
impedance of the alluvial sediments, (2) resonance effects, and (3) the excitation
of local surface waves.
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Event| Location Source Dip Rake Strike-receiver
Nr. depth [km] angle
1 Fucino 8.00 39° 172 as
valley
2 Carseolani 8.00 3g 17 as
Mountaias
3 Alban Hills 3.06 74 266° 133

Table 1. Source

i1

mechanisms of the events shown in Figure 1.
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Intreduction

The presence of unconsolidated sediments with irregular geotechnical
characteristics makes the sedimentary basins the zones which are most vulnerable to
earthquakes. In fact, when the shear-wave velocity at the surface is low, quite large
amplifications of the ground motion are observed, and localized amplification of the
signals are often related to lateral irregularities in the subsurface topography (e.g.
Jackson, 1971). Even smooth variations of the near-surface structure can cause large
differential motion, and in relatively close points it is possible to observe signals with
significantly different amplitude and duration.

It is well-known that incident plane waves are amplified when the seismic
wave travels through an interface from a medium with high rigidity, into a medium
with low rigidity. For vertically incident waves, the frequencies of the mechanical
resonance which can occur in sedimentary basins, are given by {=(2n+1)p/4h, where
B is the shear wave &m_on:w in the basin and h is its thickness (Haskell, 1960; 1962).
An irregular interface between bedrock and sediments can cause the focusing of
waves (e.g. Aki and Lerner, 1970; Boore et. al., 1971; Sdnchez-Sesma et al., 1988),
and can excite local surface waves (e.g. Trifunac, 1971; Bard and Bouchon, 1980a;
1980b). These local surface waves can be excited not only by body waves but also by
the incidence of surface waves (Drake, 1980). Bard and Bouchon (1985) demonstrated
that the occurrence of local surface waves is determined primarily by the depth of the
basin and by the contrast between the shear-wave velocity of the basin and that of
the bedrock. When the wavelength of the incident wave is comparable with the depth
of the basin, the local surface waves can have larger amplitudes than the direct
signal, and, if the contrast in the elastic parameters between the sediments and the
underlying bedrock is high, they can be reflected at the edges of the basin, causing a
long duration of the ground motion in the basin. This behavior does not change if a
vertical stratification of the sediments, with a large vertical velocity gradient, is
considered (Bard and Gariel, 1986).

“\

For preparedness purposes, it is erucial to estimate the seismic ground motion,
before an earthquake occurs, and to include these results in the assessment of seismic
hazard or in (micro}-zonation studies. A powerful tool to estimate the amplification
effects in complex structures are numerical simulations. QOne major problem which is
encountered when doing such simulations is the large number of parameters which
have to be specified as input. The choice of these parameters should be based on all
available seismological, geological and geotechnical information for the area under
consideration. At a specific site, the numerical simulation can predict the seismic
respense only if the properties of the seismic source and the mechanical (density,
velocity, damping, etc.} and geometrical {such as thickness) parameters of the path
from the source are reasonably well-known, In general this is ..ot the case, and
parametric studies are necessary to quantify the variability of the expected ground

motien. Such simulations, whenever possible must be compared with observed
ground motion.

The method we use for the modelling of the wave propagation in two-
dimensional complex media, is the hybrid technique, which combines modal
summation (Panza, 1985; Florsch et al., 1991) and the finite difference technique
{Korn and Stackl, 1982; Virieux, 1986), deseribed by Fah (1992), Fah et al. (1993a:
1993b}, and Fah et al. (1994). The propagation of waves from the source to the
sedimentary basin is treated with the mode summation method, applied to plane
layered, anelastic structures which represent the average crustal properties along the
source-basin path, In our medelling, this structure is used as the reference, bedrock
model, The wavefield computed for this bedrock model is used as incident wavelfield
for the explicit finite difference schemes, which are used to simulate the propagation
of seismic waves in the two-dimensional, anelastic model of the sedimentary basin.
This hybrid method allows us to take into account the source and propagation effects,

including local soil conditions, even when dealing with path lengths of a few hundred
kilometers.

In the following, we illustrate a comparison between numerical simulations,
and oberved strong ground motion or the space distribution of the available
macroseismic data. We will focus on the different effe.ts of the source, the path and
the local soil conditions. Special emphasis is given to understand the different
features of ground motion in sedimentary basins, and the application of numerical
simulations for seismic zonation. The three applications include sites close to the
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"The excitation of strongly dispersed local surface waves by subsurface lateral
heterogeneities can be observed in correspondence of the cross-section B at epicentral
distances larger than 14 km, both for 8H- and P-SV-waves.

The synthetic accelerograms, obtained from the numerical modelling, can be
used to compute some ground motion related quantities. These quantities are (1) the
peak ground acceleration PGA and (2) the so-called total energy of ground motion, W,
given by:

1

2
W= lim Tw?: dr ,

t o
0

where x(t) is the time series describing the ground displacement. To discuss the site
effects with respect to the bedrock model it is convenient to consider the quantities
PGA(2D), and W(2D), i.e. PGA and W obtained from the accelerograms computed for
the two-dimensional model, and PGA(bedrock) and Wibedrock}, ie. PGA and W
obtained from the accelerograms computed for the model representing the average
properties of the source-basin path. The ground motion computed for the different
sites in the two-dimensional model is normalized with respect to the ground motion
obtained for the same source-receiver distance considering the bedrock model.

The spatial distribution of the values of the relative PGA
(PGA(2D)/PGA(bedrock)) and relative W (W(2D)/W(bedrock)) for the transverse
component of motion, and for different shear-wave velocities and quality factors of the
unconsolidated sediments are shown in Figure 4, The relative PGA increases only
slightly when the shear-wave velocity of the sediments is reduced, whereas the
relative W is very sensitive to small changes in the shear-wave velocity of the
sediments. A low shear-wave velocity induces the largest umplitudes and dispersion
of the local surface waves. These effects give the dominant contribution to the relative
W at sites where resonance effects and excitation of local surface waves are important
(for example at 11.5 km from the source). The relative PGA and W have been
computed for three different quality factors Qp of the sediments, by keeping the
shear-wave velocity fixed at 0.6 km/s (right part of Figure 4). The attenuation of
waves increases with decreasing quality factor. This causes the reduction of the
duration of the signals at sites where resonance effects and excitation of local surface
waves are important phenomena. The smaller the quality factor of the unconsolidated

L}

sediments, the shorter is the duration of the resonance, and the smaller the
propagation distance of the local surface waves. Consequently, low quality factors
strongly reduce the relative W,

In Figure 5, we compare the synthetic signals computed for the two cross-
sections B and C, shown in Figure 1, with the accelerograms recorded at station Buia.
In correspondence of the recording station, which is at 15 km from the source, the
thickness of the sedimentary cover is the same in the two cross-sections.

For the transverse component of motion, the local surface waves have
amplitudes that are toe large in comparison with the observation. In the chotice of the
geometry of the bedrock-sediment interface, we have restricted ourselves to that
given by Giorgetti and Stefanini (1989). However, to reproduce the observed
transverse component, the heterogeneity inside the sedimentary basins, responsible
for the excitation of these local surface waves, would have to be different. The
considered heterogeneity is either too close to station Buia or the bedrock-sediment
interfaces are too close to the free surface. In the radial component the excitation of
local surface waves is not very clear. When dealing with P-SV-waves, there are two
sources of local surface waves: the edge of the sedimentary basin anud the places
where the bedrock-sediment interface approaches the free surface. From the signals
computed for the two cross-sections, it can be concluded that the cleser the sediment-
bedrock interface is to the free surface, the greater are the amplitudes of the local
Rayleigh waves. On the other hand, this lateral heterogeneity can cause the reflection
of most of the local Rayleigh waves, generated at the sedimentary basins edge which
is closer to the seismic source.

The comparisen of the synthetic signals with the observed radial component
shows good agreement between the observation and the signal obtained for cross-
section C. Due to the small amplitudes of the coda in the observation, it can be
concluded that the local surface waves have travelled through the deeper parts of the
sedimentary basin, and that the lateral heterogeneity within the basin has reflected a
relevant part the local surface waves, which is excited at the edge of the basin. To
reproduce the observed signal, the lateral heterogeneity within the basin cannot be
strong, a strong heterogeneity, in fact, would excite large-amplitude local surface
waves inside the basin, and these are not observed experimentally.
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wave phases reflected mostly at the Moho (Suhadelc and Chiaruttini, 1985), which
gradually become a part of the Lg waves and further increase PGA and W.

At distances of the order of 80 km ( average distance of the Palectiber from the
Fucino event) and 60 km (average distance of the Paleotiber from the hypothetical
source), the W values are about the same. This explains the similar values of W in the
area of the Paleotiber (Figure 8) computed considering the iwo events. Similarly, it is
possible to explain the values of W observed at distances in the range 61 km-67 km
from source 2 (Figure 8), which are smaller than the ones corresponding to the Fucine
event in the epicentral distance range 81 km-87 km. Finally from Figure 9, it is
evident that, when dealing with earthquakes occurring in the Apennines, for
epicentral distances between 50 and 100 km, the largest damage can be expected
from an event as far as 90 km from Rome.

The Fourier-spectrum of the signal computed at 85km from the source,
corresponding to the epicentral distance of the margin of the Tiber basin from the
Fucino event, is quite large for frequencies beloew 2.5 Hz if compared with the

spectrum of the signal obtai:.ed at 65 km from the source, which corresponds to the.

epicentral distance of the margin of the Tiber from source 2 (Figure 10). As we will
see later, for frequencies below 2.5 Hz strong amplifications occur at the margins of
the Tiber basin. Since the incident wavefield computed for scurce 2 contains
relatively small energy at frequencies below 2.5Hz, resonance effects and excitation of
local surface waves are not the dominant phenomena, and this justifies the absence of
the peak at the margin of the Tiber basin in W computed for source 2. Thus, for
epicentral distances in the range 50km-100km, the source location and not only the
local =0il conditions control the local site effects.

All the quantities used to measure strong ground motion like the maximum
amplitude, the duration and the Fourier spectrum provide cnly a very limited
description of the ground motion and certainly do not quantify its dJamage producing
potential. A better quantity is the spectral acceleration Sa of the earthquake ground
motion. A representation of the local soil effects is given by the spectral amplification
Sa(2D)/Sa(bedrock} computed from the spectral accelerations obtained for the two-
dimensional and the bedrock models. This procedure allows us to identify the
frequency bands and sites at which amplification and attenuation effects accur. For
SH-waves, the spectral amplification for zero damping are shown in Figure 11 for the
two simulated events, as a function of frequency and of the spatial location along the
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section. The darker an area, the stronger the amplifications due to the two-
dimensional effects. The greatest amplification is observed for the Fucino event at the
western edge of the sedimentary basin of the Tiber river (about 87 km from the
gource), for frequencies around 2 Hz. The maximum amplification is of the order of 5-
6, and it is due to the combination of resonance effects and the excitation of local
surface waves. This amplification effect is responsible for the relative peak in the
total energy W at the margin of the Tiber basin (Figure 8).

The global distribution of the shaded areas can be related to the geometry of
the structural model. The results are similar for the Fucino event and for source 2,
except at the margins of the Tiber basin. An amplification over almost the entire
frequency band is observed outside the Paleotiber basin (82-87 km from the source for
the Fucino event, 62-67 km from source 2). Some amplification occurs in the Aniene
basin, for frequencies above 2 Hz. For frequencies above 0.8 Hz, in the Paleotiber
basin, the voleanic layer acts as a shield reflecting part of the incoming energy, and
the values of the spectral amplification are smaller than 1. The underlying
sedimentary complex {Sicilian) causes spectral amplification of the order of 2-3, due to
resonances, which are most pronounced at frequencies around 0.4 Hz, where the
fundamental resonance of this low-velocity zone is excited. In this part of the
Paleotiber, in the frequency band 1.5-2.0 Hz, there is also evidence for the excitation
of some higher modes of resonance. At distances of the order of 82-83 km from the
Fucino event, and 62-63 km from source 2. between the Paleotiber and the Tiber
basins, where the wave guide and overlying volcanic cover are thinning, focusing of
seismic energy occurs and most of the trapped energy reaches the surface. This leads
to amplifications, of the order of 2, over almost the entire ‘requency band considered.
Therefore, the presence of a near-surface layer of rigid material is not sufficient to
classify a site as a “hard-rock site”. Reliable determinations of local soil effects, in
addition to the knowledge of the frequency content and direction of the incoming
signal, require the knowledge of both the thickness of the surficial layer and of the
deeper parts of the structure, down to the real bedrock. This is especially important
in volcanic areas, where pyroclastic material often covers alluvial basins.
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Spectral amplification at the site of interest computed with respect to a reference
site gives a very good representation for micro-zoning purpose, especially frem the
engineering point of view (Fih and Suhadole, 1994). We compute the spectral
amplification, i.e. the relative spectral accelerations Sa{2D)/Sa(Ref) and the relative
spectral velocities Sv(2D)Y/Sv(Ref), for zero damping and 5% damping. Sa(2D) is the
spectral acceleration and Sv(2D) is the spectral velocity obtained for the receivers in
the two-dimensional structural model shown in Figure 13. Sa(Ref) and Sv(Ref) are
the values obtained for the reference station shown in Figure 13. For all the receivers,
we have computed the relative spectral accelerations and velocities for one hundred
frequencies of the oscillator in the range 0.1-1,0 Hz. From these values we then
computed the maximum spectral amplification (MSA) for the entire sedimentary
basin. The MSA obtained from our num: rical simulations are shown in Figure 14.
The results for the relative spectral accelerations and the relative spectral velocities
are similar, due to the approximate relation existing between them:

Salw)=w-Sv(w), where w is the angular frequency of the oscillator.

In the following, we will, therefore, limit ourselves to the relative spectral velocities,
which we will call spectral amplification.

In two-dimensional modelling, the SH-waves (transverse component of motion)
and P-3V-waves (radial component of motion) are two independent wave fields. The
direction ol propagation of the local surface waves in the sedimentary basin is
therefore well correlated with the source-receiver direction. In Mexice City, the local
surface waves are excited at different locations of the interface between the bedrock
and the sediments, and the direction of propagation of the local surface waves jn the
lake-bed zone dees not correspond anymore to the source-receiver direction (F.J.
Sdnchez-Sesma, personal communication). Therefore, to justify the comparison
between the observed ground motion and the synthetic signals, we have to compute
the spectral aniplification for the complete horizontal ground motion. For this
purpose, we have applied the horizontal ground motion to an oscillator with two-
degrees of freedom. The results for the synthetic signals are also given in Figure 14.
Due to the larger amplitudes of the SH-waves, the MSA obtained for the horizontal
ground motion are very similar to the result obtained for the transverse comnponent.
The maximum peaks in the MSA in Figure 14 can be attributed to sites where &
strong interaction between the deep sediments and the surficial clay layer occurs. At
such sites, the resonance frequencies of the two layers are almost the same.
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The MSBA gbtained from the numerical simulation is rather independent from
the shape of the seismic moment rate spectrum, as can be seen in Figure 15, where
the results obtained with the seismic moment rate spectrum proposed by Kanamori et
al. (1993) are compared with the results obtained for a frequency-independent
spectrum.

The seismograms observed during the 1985 Michoacan earthquake, have been
convolved with a high-pass Ormsby filter (Mena et al., 1986), and this filtering allows
us an estimate of MSA only for frequencies above 0.1-0.2 Hz. The MSA, determined
from the stations SC and CD using TY as reference, and shown in Figure 16, reaches
lower values than those computed theoretically, as can be seen from a comparison
with Figure 15. This is due to the fact that the site of station TY is not a hard rock
site (e.g. Ordaz and Faccioli, 1993). Therefore, if any station in the transition zone or
hill zone is taken as reference station, the MSA must be smaller than or equal to the
thearetical values. For the Michoacan earthquake we have usable signals only from
the stations CD, SC and TY, but we can test our theoretical results using
observations from other events, such as the April 25, 1989 earthquake, since with our
method, it is relatively easy to estimate the ground motion in a two-dimensional
sedimentary basin if the ground mation is known at a reference point cutside this
basin (e.g. Luzon et al., 1994).

The epicenter of the 1989 event is located in the Guerrero gap, t.e. south of the
epicenter of the 1985 Michoacan earthquake. Therefore, to Justify a comparison
between the numerical results based on the modelling of the 1985 event and the
ground motion observed during the 1989 earthquake, we first have to compaie the
results obtained from the analysis of the records of the 1985 and 1989 earthquakes.
The spectral amplification is shown in Figure 17, for station CD with respect to TY,
both for the 1985 and for the 1989 earthquake. For the two events, the amplification
effects at station CD occur in about the same frequency ranges. There is some
difference in the maximum value, which is larger for the 1985 earthquake. The strong
peaks in the spectral amplification observed at the station CD, during the 1985
earthquake, can be due to the fact that a relevant amount of energy of the incident
wave {eld is present in the frequency band close to the resonance frequency of the
clay layer at the site, and, therefore, local surface waves and resonance effects may
dominate the horizontal components of motion, The two peaks in the MSA can be

15
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One aspect which is not included in our discussion is the influence of surface
topography on ground motion. This approximation can be justified for sites inside
sedimentary basins, where topographic features are in general small. However,
tupography can become important at the edges of sedimentary basins and near
outcrops, especially in mountainous regions. The inclusion of the treatment of surface
topography is the subject of a forthcoming paper (Fsh and Suhadolc, 1994).
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the bottom of the figure, the geometry of the two-dimensional eross-section is given,
while its mechanical parameters are given in Figure 8.

Figure 12. Map of the area of Mexico City showing the locations of strong motion
accelerometric stations. The stations represented by large triangles were operating
during the 1985 Michoacan event, while the small gray triangles represent the
stations which recorded the April 25, 1989 event. The solid line indicates the position
of the cross-section, far which the 2D modelling has been performed.

Figure 13. Two-dimensional model of the Chapultepec-Pefion cross-section. Only the
part of the structure near to the surface is shown, where the 2D model deviates from
the plane-layered structural model (Table 1),

Figure 14 Maximum relative spectral accelerations Sa{2D¥Sa(Ref) (a,e) and
velocities Sv(ZDVSv(Ref) (b,d), for zere damping (a,b) and 5% damping (c.d}, obtained
with synthetic signals. The results are shown for a single-degree of freedom oscillator
for the transverse and the radial component of motion, and for an oscillator with two
degrees of freedom for the horizontal ground motion. The synthetic signals are scaled
assuming the seisniic moment rate spectrum proposed by Kanamori et al. (1993).

Figure 15. Maximum relative spectral velocities Sv(2DVSv(Ref), for zero damping
{a,b) and 5% damping (c.d), obtained with the synthetic signals, which are scaled by
assuming the seismic moment rate spectrum proposed by Kanamori et al. (1993) (a
and c), and by assuming a constant, frequency independent, spectrum (b and d3.

Figure 16 Observed maximum relative spectral velocities Sv/Sv(TY) for the 1985
Micheacan earthquake, for {a) zero damping and (b) 5% damping. They are
determined from the stations 8C and CD) using TY as reference.

Figure 17 Relative spectral velocities SWCDYSv(TY), for zero damping (2.b) and 5%
damping (c.d). They are determined from the staticns CD using TY as reference.
Results are shown for the 1985 Michoacan earthquake {a,¢) and the April 25, 1989
event (b,d).

Figure 18. Maximum relative spectral velocities Sv/Sv(TY) and Sv/Sv(78) observed
during the 1989 event, for zero damping (a.b) and 5% damping {(c.d), obtained for all
stations shown in Figure 12, using as reference station TY (a,c) and station 78 (b.d),

respectivetly.

26
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Figure 19. Average and maximum relative spectral velocities for zero damping (a),
and 5% damping {¢), computed with the synthetic signals obtained for the receivers at
distances between 408.5 and 410 km from the source. They are compared with the
observed relative spectral velocities Sv(CDYSv(78) for the 1989 earthquake, for zero
damping (b}, and 5% damping (d), determined from the station CD using station 78 as
reference.
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