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ABSTRACT

We present the results of complete P-SV and SH waves modelling,
up to a maximum frequency of 1 Hz, along two profiles in
Santiago de Cuba city. The seismic sources are located, in the
depth range from 10 to 40 Xm, on the Oriente fault =zone, at
distances of geveral tens of kilometres from the c¢ity. The
calculation has been made by a hybrid method: modal summation
in the regional anelastic model (cone-dimensgional) where the
source 1s buried, and finite differences in the local
sedimentary anelastic models {two-dimensional). The analysis of
the influence of the depth and of the distance of the source on
the site effects shows that standard traditional methods, based
on the deconvolution analysis of the rock outcrop motion can

lead to erroneous results,



1.INTRODUCTION
Santiago de Cuba 1s the second largest city of Cuba. Located on
an active earthguake zone, it experienced the damaging effects

of earthguakes since its foundation in the XVI Century, and
partial destruction during the earthquakes of 1776 (Mi=7.6),

1852 (Mr=7.2) and 1932 (Ms=6.75). Furthermore, there exists a
high probability of occurrence of an Ms=7 earthguake in the
near future (Rubic, 1985}, on the Oriente Fault system, located
immediately to the South of the city. For this reason several
microzoning studies, based mainly on the analysis of
engineering-geological conditions, real earthguake effects and
microseism registrations Thave been performed. The first
complete microzoning of Santiago de Cuba has been made by
Gonzalez et al. (1989), in the form of maps of expected
distribution of seismic intensity and of predominant frequency
of shaking, based on microgeism’ analysis. Recently, by
reprocesging all previous results with the aid of a GIS, a map
that characterises the expected behaviour of soils has been
compiled (Zapata, 1896).

Until present, gynthetic seismograms were obtained in two
waysg: {a) by scaling of weak earthquakes registered on rock (a
seismic station located 18 Km from the city) to unconsolidated
sediments by considering the transfer functions determined from
microgeisms (Gongzalez, 19891); (b} by applyving a semi-empirical
method developed by Trifunac (1877) which considers only
distance, magnitude and soil kind (Zapata, 1998). There are no
available seigmic records from the city that may be used as a

calibration of the computed selsmograms.

The methods just mentioned neglect scource (focal mechanism
and duration) as well ag path (regional structure) effects that
may have a large influence on the local ground motion. To take
into account these effects, we use a method for the calculation
of gynthetic seismograms in laterally variable anelastic media
known as the “hybrid technique* (Fah, 18%2; Fidh et al., 1993,

F&dh and Suhadolc, 1994). The main idea i1s to calculate complete



wave trains generated by a seismic source buried in a regicnal
crust-upper mantle structure, the bkedrock structure, and to
apply this motion as input to the local structure. The problem
18 solved in two steps: (a) the P-8V and SH waves signals are
generated in the bedrock anelastic structure by the modal
summation approach (Panza, 1985; Florsch et al., 199%1); (b}
these wave trains are used as input, for a finite difference
scheme that is used to obtain the waveforms along the local,
laterally varying anelastic structure (Fdh, 1992; F&h et al.,
1983) .

2 .GEOLOGICAL SETTING

The territory of the c¢ity of Santiago de Cuba and 1its
surroundings c¢overs an area of about 250 Km? and it 1is
characterised, from the geclogical point of view, by rocks and
unconsgolidated sediments ot different age, origin and
lithological composition.

The oldest rocks that outcrop in the sgtudied territory
belong to the "El Cobre" formation, composed mainly by volcano-
clastic rocks {(various kinds of tuffs, tuffites and
agglomerates) of Dbasic and intermediate composition, with
intrusions of diorites and granodiorites. The thickness of this
formation exceeds 1000 m. The "La Cruz" formation overlays, in
a discordant way, El Cobre formation, and it ig mainly composed
by calcareous conglomerates and sgandstones in its lower part,
and by organic limestones, 1in 1its uppermost part. When the
limestones outcrop, they appear intensively meteorised
{calcareous eluwvium). The thickness of this formation is about
100 m.

The "Santiago" formation is represented by unconsolidated
clays and sandy clavs with a thickness ranging from 10 to 50 m.
The formation outcrops in the north-eastern part of the
territory, where a considerable part of the urbanised area is
located.

The Quaternary sediment formations are of two kinds. The

first one is mainly composed by alluvial and prolluvial goils



{gravels, sands and clays). We can find these soils mostly
filling river basins, such as the San Juan River basin, in the
eastern part of the city, and their thickness is about 20-30 m.
The other kind of Quaternary sgediments c¢an be identified
bounding the Santiago de Cuba and Cabafias bays, and is composed
by sandy clays and peat, as well asg man made ground and bay
mud. The thickness of this formation is about 10 m.

The Mava formation is compoged in its lower part by
calcareous conglomerates and gravelites and by hard and dense
organic cavern limestoneg in its upper part. The thickness of
this formation ranges from 30 to 50 m. Organic limestones with
a wide development of surface karstic phenomena compose the
"Jalmanitas” formation. Tts thickness ranges between 2 and 20
m. These two formations are wvery well represented along the

seacoasts of the studied territory.

3.REGIONAL STRUCTURAL MODEL

The bedrock regional structural model has been compiled from
different sources. The uppermost 150 Km are a slight
modification of the P and § - wave velocity model routinely
used for hypocenter’s determination in eastern Cuba (MINBAS,

1989), the density values have been adapted from those proposed
by Orihuela and Cuevas (1993}, and for all the lavers Qu=400

and Qp=200 (Fig. 1) have been assumed. The upper frequency
limit for the numerical simulation has been fixed in 1 Hz,
because the available structural model isg not detailed encugh
to warrant computations reliable at higher frequencies. Our
results can be directly applied to ten and more storey
buildings, lifelines, etc. This possibility is very important
for Santiago de Cuba c¢ity, where approximately 10 vears ago a
program of construction of typical 12, 15 and 18-storey
buildings began, and measurements of microseisms show that free
oscillation periods of 18-storey buildings are in the range

0.8-1.2 seconds (Gonzalez, 1998; Seo et al., 1998).



4.TWO DIMENSIONAL STRUCTURAL PROFILES IN THE CITY

To study the influence of local soil conditions on seismic
input, we select twe profiles in different parts of the city,
that c¢ross the main structural formations (with exclusion of
the ceocastal Maya and Jaimanitas ones). Profile A, with a length
of 12 Km, goes along the San Juan River Basgin, while profile B,
10 Km long, crosses the northern part of Santiago de Cuba bay,
through the industrial part of the c¢ity and some urbanised
areas. The two profiles are located at about 40 Km and 80 Km
from the sources A and B, respectively. The two sources belong
tc the Oriente transform fault system, where the expected
strong earthquakes are likely to be located (Fig. 2).

For both profiles, a 200 m deep cross section has been
constructed, congidering the characterigtic goils of Santiago
de Cuba (Gonzalez et al., 1989) and with the aid of
geotechnical boreholes data. The mechanical properties of the
materials (P- and S-wave velocities and quality factors) have
been selected from specialised literature (Pavlov 1984; Japan
Working Group for TC-4 Committee, 1992) and in some cases are

supported by laboratory measurements.

5., P-SV AND SH-WAVES SEISMIC INPUT MODELING

The hybrid approach developed by Fidh (1992} is used to model
the seilismic input in the investigated area. Wave propagation
from the source up to the 2D local structure is computed with
the modal summation technigue (Panza, 1985; Florsch et al.,
1991), using the lavered bedrock structure, representative of
the path from the source to Santiago de Cuba, while finite
differences are used to model the wavefield along the prcfiles
selected 1in the city. The effectiveness of the Dboundary
conditions applied to the model treated with the FD scheme is
tested by computing, with the FD technique, the signals
corresponding to the regional Dbedrock structure at selected
sites along the profile, and comparing such results with the
signals obtained with modal summation {(for more details see
Féh, 1992).



The sites along both profiles are placed at intervals cof
900 m. For each site we calculate displacement, wvelocity and
acceleration seismograms for a point source with seismic moment
Mo=1.0x10" N-m, focal depth h=30 Km, and focal mechanism:
dip=21°, azimith=3022° and rake=21¢. This mechanism
corresponds to the Harvard University determination of one
local earthguake that can be considered representative of
sources A and B. These seismograms have been then scaled for a
possgible earthguake of Ms=7.0 (Mo=3.55x%10 N-m) by using the
scaling law of Gusev (1983), as reported by Aki (1987).

6 .RESULTS
The lateral variations present in the local structures produce
great variations in the seismograms. As it could be expected,
there is an increment of the signal duration and of the maximum
amplitudes with respect to the bedrock signals, and in some
cases the wave shape changes ‘drastically (Fig. 3). Examples of
velocity seismograms scaled for a Ms=7 earthguake are shown in
Fig. 4. The maxima and minima of the peak wvalues of ground
motion and design ground acceleration {(DGA) obtained by scaling
acceleration seismograms with the design response spectra for
rock sites of Cuban building code (Norma Cubana, 1999), along
both profiles, are given 1in Table 1. As a comparison,
macroseismic intensities equivalent to disgplacement values have
been determined from the relationghips obtained by Panza et al.
(1997) and aAlvarez et al. (1999) and are presented in Table 2.

In the fregquency domain, in general, a sharp increase of
the amplitudes 1in the zrange 0.75-1.0 Hz is observed and at
these freguencies the acceleration spectra are strongly
dependent on the site, as can be seen from Fig. 5.

Useful estimation of the local effects can be made by
computing the response spectra ratio {(RSR}. For each site where

we have made the computations we look at the transfer function
defined by the ratio RSR = [RS8{(2D)1/[R8(1D)]1, where RS{(2D} is

the response spectrum f{at 5% of damping) of the signal



calculated for the laterally wvarying structure, and RS({1D) 1is
the one calculated for the bedrock structure. In Fig. & we show
the RSR for the three components of motion, along the two

profiles.

7 .DISCUSSION

The RSR of Fig. 6 show the influence of the soft sediments on
ground motion. For frequencies below 0.4 Hz the RSR are very
low, while large local maxima appear in the range 0.8-1.0 Hz.
Along the profiles, the position of these maxima wvaries with
varying components of motion. Along both profiles, the RSR
maxima for vertical P-SV and SH waves are localised where there
is a large variation of the relative thickness of the first two
sedimentary layers, between sites 3 and 8. For the radial P-5V
wavesg, the increment of the RSRE in the giteg with a strong
gradient in the thickness of sediments appears as a local
maximum, hidden by the absolute maximum at the end of the
profile.

The peak amplitude wvaluegs along each profile, given in
Table 1, show that there is a wide wvariability, not only from
site to sgite, but also between the different components. Along
each profile, in spite of the multiplicity o¢f conversion
formulae considered to convert displacements into intensities,

the sgeismi¢ intensity varies only within one degree (Table 2).

7.1 Source influence on site effects

Standard microzoning procedures more or less explicitly assume
that the spectral ratios are independent from the source depth,
distance and focal mechanism. Thig assumption may be acceptable
when the subsurface geometry of the different lithologic units
is simple and when single non-interfering sgelsmic waves are
considered, but 1in general represents an approximation too
rough to allow to obtain reliable results (Panza et al.,
199%a). This limit of standard microzoning procedures 1is
evidenced by recent data that have sghown that the recorded

moticons at the bedrock differ gignificantly from that obtained



from a deconvoluticon analysis of the rock outcrop motion
{(Field, 1996; Riepl et al., 1898).

The effect of the source mechanism hasg been investigated
in some detail by Romanelli and vVaccari (1999 and Panza et al.
{1999b). Here we consider the effect of the source position on
RSR performing the following tests.

We analyse the influence of the source depth variation in
the range from 10 to 40 km along profile B {on average about 85
Km from the source). For depths in the range from 10 to 20 km
and below 30 km, the large absolute maximum at about 10 km from
the beginning of the profile (sites 10 and 11), clearly wvisibkle
in Fig. 6d, does not appear, and the absolute maximum is
located between sites 2 and 5, in correspondence of the
gradient of the thickness of the sediments. Therefore the
large maximum is clearly evident only if the source depth
varies from 30 km (Fig. 6d) to about 20 Km.

When the same analysis ig performed for profile A, that on
average is at about 45 km from the source, there are variations
in the details of the picture of the RSR, but the main features
remain wvisible, with the exception of the large maximum that
now is absent.

Keeping the source at a depth of 30 km, we consider
different distances, from the beginning of profile B, in the
range from 40 to 120 Km and we obgerve that the large absolute
maximum 1s present for distances in the range from 60 to 120 Km
from source. Similarly we can conclude that for profile A this
critical distance varies in the range from 70 to 90 Km.

Another test is made to investigate the profile geometry
effects on polarization. We consider simple 1-laver and 2-laver
structural models, whose mechanical properties correspond to-
the different units present in both profiles. Both El1l Cobre and
La Cruz formations, alone or combined, give an RSR picture very
clogse to the one presented 1in Fig. 6d. The sedimentary
formaticons instead, when alone, produce smaller amplitude
maxima at a frequency of 0.5-0.6 Hz distributed along the
profile, and when combined with the El1 Cobre formation they



tend te shift the maximum to lower frequencies and closer to
the source.

We can therefore conclude that the large absolute maximum
1s due to waves critically reflected at the Mcho and then
polarised by the low velccity sediments, mainly those
corresponding to La Cruz and El1 Cobre formationsg. Within our
geometry such phenomena become relevant for distances in the
range from 60 to 120 Km, and for focal depths in the range from
about 20 to 30 Km. A similar effect is observed at distances as
large as 150 Km, but the gmall amplitudes of the waves involved
{almost four times smaller than those at 80 Km) make this
effect irrelevant for our purposes.

The critical reflection effect has been detected in real
data by Burger et al. (1987). They found that in North America
the pseudc velocity calculated at 1 Hz and 5% of damping does
not obey a simple distance-decay law, but in the distance range
60-150 Km remains approximately constant, if not increasing,

with increasing distance.

7.2 Comparison with previous seismic microzoning results

Our results may be compared with previous seismic microzoning
of Santiago de Cuba, made by Gonzalez et al. (1983}, Gonzalez
(19%1) and Zapata (1996). The first two investigations, mainly
based on the analysis of the engineering-geological conditions
of the city and on the measurements of microseisms (vertical
velocity) in the fregquency bands centered at 0.31,0.62, 1.28,
2.5, 5, 10 and 27 Hz, supply two different maps, one with
intensgity wvariation estimates based on engineering-geological
soll conditions and the other showing the predominant freguency
of the measured microseisms. Zapata (1996), with the aid of a
GIS system, reanalysed all the information contained in the two
papers by Gonzalez et al. (1989) and Gonzalez {(1991) and added
the results of microseism measurements (3-component
displacement) in the frequency range (0.6 - & Hz), as well as
other geomorpholegical and geological data. Zapata (1936}
produced a new microzoning map, which divides the study area in

5 categorieg, and he supplied a somewhat fuzzy correlation with



the expected variations of the macrogeismic intensity. In Fig.
7a and 7b we report the map of intensity variations of Gonzalez
et al. {1989) (map Gl in the fcllowing) and the microzoning map
of Zapata (1996} (map 2 in the following), together with the
trace of the profiles A and B and the position of the sites
where we computed the gynthetic¢ seisgmograms., By simple
ingpection of the maps it 1is clear that their characteristic
along the profiles are different. Tn the case of map Gl, both
profiles begin from a high level of geismic hazard and
gradually pass to a low cne. This is not the case for map Z. In
this map, profile A crosses a zone with a complicated pattern,
and 1t 1s not possible for some sites to determine the exact
category, while profile B c¢rosgses a zone with almost constant,
low level, seismic hazard.

The peak wvalues of the ground motion show an acceptable
agreement in the general trend along both profiles in the case
of map G1, while for map Z the agreement is, in general, much
worse, even 1f the differences are within one degree of
intensity. The gradients in seismic intensity in Gl and Z maps
are larger than the oneg derived from synthetic seismograms,
probably because of the difference in the cut cff frequency of
the different data sets: 1 Hz for synthetic gignal and 27 Hz
for Gl and Z maps. The analysis of this problem will be subject
of a future investigation. However, the main difference between
Gl and Z maps on one side, and our results on the other, are
the effects due to critical reflections. These effects are
entirely neglected 1in Gl and Z maps, because the procedure
followed in their compilation deoegs not take into account the
propagation trajectory of the waves from the possible sourcesg

to the city.

8. CONCLUSIONS
Congidering as gcenario earthquakes two Mg =7 events,
represgentative of a seismogenic zone immediately south of the

city, the Oriente fault =zone, we study, along two profiles
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crossing Santiago de Cuba city, the influence of the regional
structure and of the local scil conditions on ground motion.

In the cases of radial P-8V waves generated by a source
located in a depth range from 20 to 30 Km, at an epicentral
digtance ranging from 60 to 120 ¥m, we observe, 1n the
frequency interval 0.8-1 Hz, a strong amplification effect
along the profile located North of Santiago de Cuba Bay. For
the other profile the sgame phenomenon is observed in the range
of distances from 70 to 90 Km. This effect 1is due to waves
critically reflected at the Mocho and then polarised by the low
velocity gedimentsg, mainly those corresponding to La Cruz and
El Cobre formations.

Where comparable, our results follow the general trend of
the previcus investigations c¢onsidered, and the differences
between our estimates of intensity variation and those reported
in maps Gl and Z, are within one degree of intensity. The
effect of the critical reflection evidenced by our analysis
cannot be accounted by the procedure followed by Gonzalez et
al. (1889) and Zapata (1996).
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Table 1. Peak wvalues for displacement D ({cm), velocity V
(cm/sec.) acceleration A (cm/sec’®) for a maximum frequency of 1
Hz ('} and design ground acceleration DGA, along the considered
profiles.

a) Maximum

Comp . San Juan River (Profile A) Santiago Bay (Profile B)
of

radial | 3.52 1.62 5.75 23.2 0.91 1.65 8.49 40.2

vert. 5,95 1.53 4.69 15.6 1.32 1.63 6.63 20.4

Trans. 3.35 6.06 26.5 92.0 1.07 1.48 £.16 22.8

b} Minimum

Comp. San Juan River {(Profile A) Santiago Bay (Profile B)
Of

Radial 3.00 0.85 2.85 10.8 0.75 0.95 4.56 21.5

Vert, 1.13 1.27 2.64 7.0 0.78 1.21 4.70 15.0

Trans. 2.14 2.64 11.6 41.7 0.81 0.590 3.27 10.5

(-} It is well known that the acceleration at 1 Hz 1is not

representative of the absolute maximum, that for this parameter
of ground motion in general occurs at higher freguencies

1897} .

{e.qg.
Panza et al., Nevertheless i1t can be extrapolated to
high freguencies by using the design response spectra, commonly
included in seismic building codes (a rough estimation of peak
ground acceleration can be obtained from maximum spectral value

- M5V, through MSV=2.5*DGA); a discusgion of this procedure

can be found in Panza et al. (199%6) (1999) .

and Alvarez et al.
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Table 2. Macroseismic intensities (MSK) converted from D values
of Table 1 by usging linear relationships of Panza et al. (1997)
(1, 23 and Alvarez et al. (1599} {3, 4y, The wvalues
corresponding to each component and to the maximum of all

components are given.

a) Maximum

Comp . San Juan River (Profile A) Santiago Bay (Profile B)
of
motion 1 2 3 4 1 2 3
radial IX VIIT VITIT VIT VI VIT VI
vert. IX VIIT X VIIT VIT VII VII VI
trans. VIIT iX VIIT VIT VIT VI VI
max. IX IX IX VIIT VIT VIT VII VI

b) Minimum

Comp . San Juan River {(Profile A) Santiago Bay (Profile B}
of
motion 1 2 3 4 1 2 3
radial VIIT VIIT VIIT VII VI A VI
vert. VII VI VI VI VI W VI
trans. VIIT VIT VI VI VI V VI
max. VIIL VIIT VIII VIT VI V VI
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FIGURE CAPTIONS

Fig. 1. Regional Dbedrock structural model uged 1in the
calculations. aj) Details of the first 200 Em, b) Whole depth
range.

Fig. 2. a) Geographical Jlocation of the study region, b)
Pozition of the profiles and cf the sources considered.

Fig. 3. Comparison of wvelocity seismograms calculated for a
Mo=1.0x10" N-m earthquake for points in the middle of both

profiles with the ones calculated at eguivalent distances in

bedrock regional structure. Profile A: (a) - radial, (b)) -
vertical and (¢) - transverse. Profile B: {(d) - radial, {(e) -
vertical and (f) - transverse. All compconents are normalised to

the absclute maximum (6.29x10°° cm/sec.) of the set.

Fig. 4. Expected ground motion velocities normalised to maximum
absolute peak amplitude {zee table 2} along the profile from an
Ms =7 earthguake. (a) - profile A, San Juan River; (b} -
profile B, BSantiago Bay. Cross-sections and mechanical
properties for each layer are also shown.

Fig. 5. Acceleration amplitude gpectra for the gynthetic
signals for a Mo=1.0x10" N-m earthquake in the considered
sites along Dboth profiles. (a), (b} and {c) - profile &; (d},
(e} and (f) prefile B,

Fig. 6. Relative resgponge gpectra asgs a function of frequency
along each profile. {a), (b) and (¢) - profile a; (d), (e)and
{(f) - profile B.

Fig. 7. 8Seismic microzoning maps of Santiago de Cuba: a}
Modified from Gonzalez et al. (1989), as a function of
intensity increments [1 - ATI>1, 2 - AI=1, 3 - AI=0, 4 - AI=-
1] b) Meodified from Zapata (1996) [1I - wvery favourable, 2 -

favourable, 3 - middle, 4 - unfavourable, 5 -  wvery
unfavourable]. With respect to intensity, the classification of
Zapata {1996} 1is { (1,2} - AI=(-0.5, -1}, 3 — AI=(0, 1), {(4,5)

- AI=(1, 2 or more)}. Profiles and sites, ordered from SW to
NW, of our computations are indicated with solid lines and full

clircles respectively.
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