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Abstract - Probabilistic seismic hazard for the Bayamo region (eastern Cuba) is
computed taking into account the local soil characteristics, moving away from a
broader regional seismic hazard assessment performed over the last few years. A
detailed subdivision of local conditions, in terms of soil type categories, is
proposed using the available geological map for the region. Two approaches for
site-dependent hazard computation follow: the first implies the use of soil-related
attenuation relations, the second applies soil amplification factors to the bedrock
estimates. For both approaches European and American standards are considered
and composed into a logic-tree structure. More precisely, a PGA attenuation
relation calibrated on European data and another one calibrated on data from
central America are used; PGA amplification factors for soil response are taken
from the European and the U.S. building codes. Similarly, macroseismic intensity
maps are computed using amplification increments from European and American
literature. The final PGA map is, then, converted into a hazard map in terms of
macroseismic intensity and compared with the map obtained using intensity data
and soil-dependent amplification increments for intensity. A good agreement is
obtained following the different approaches. For Bayamo, PGA values ranging
from 0.17 to 0.23 g, corresponding to an intensity which goes from VIII to VIII-IX
MSK, are expected for a 475-year return period. These values are fairly similar to
those obtained using only macroseismic data, that range from VII-VIII to VIII-IX
MSK. A local PGA hazard map like the one presented can be used for urban
planning and detailed risk estimates, while the map in terms of macroseismic
intensity gives an immediate rough estimate of the possible damage and can be
used, then, for retrofitting policies.
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1. Introduction

The Island of Cuba is located on the North American plate on the boundary with the
Caribbean plate and suffered several times, in the past, because of earthquakes. Historical
documentation about earthquakes that struck the island can be found for the past five centuries,
from the beginning of the Spanish colonisation; however, seismological investigations started
only in 1855 when the first earthquake catalogue was published (Poey, 1855a, 1855b).

The fist attempt to carry out a seismic hazard assessment for the island was based on
macroseismic data (Alvarez, 1970); a detailed analysis on the seismicity of Cuba led to a
seismic hazard map showing the intensity with a 100-year return period (Chuy and Rodriguez,
1980) and this map was revised following other earthquakes that hit Cuba (Chuy et al., 1983).
Seismic hazard estimates for the whole country were computed using the Cornell (1968)
probabilistic approach, in the McGuire’s (1976) formulation, by Rubio (1985), while Alvarez
and Bune (1985a, 1985b) assessed seismic hazard for eastern Cuba by using a modified version
of the Riznichenko (1979) method and the attenuation relations by Alvarez and Chuy (1985). As
the treatment of the information about seismogenesis was not uniform, a new study (Alvarez et
al., 1991) devoted to the whole Cuban region became necessary. The results were a set of
curves, tables, and maps published in the Nuevo Atlas Nacional de Cuba (1989). Chuy and
Alvarez (1995) presented new hazard maps for the national building code collecting the results
obtained by Orbera et al. (1990), Chuy et al. (1992), and Gonzalez et al. (1993), for different
regions of Cuba. Over the past years, estimates in terms of macroseismic intensity and peak
ground acceleration (PGA) were obtained by probabilistic treatment (Rodriguez et al., 1997) for
the whole of Cuba, with the use of a new unified earthquake catalogue of Cuba and its
surroundings (Alvarez et al., 1999). Shedlock (1999) developed a hazard map for a 475-year
return period for the wider Caribbean region in terms of PGA, and those results were taken by
the Global Seismic Hazard Assessment Project (Giardini, 1999), pilot project of the
International Lithosphere Program. More recently, Garcia et al. (2003) estimated the seismic
hazard for Cuba developing a seismogenic zonation for a broader region and considering
different options for attenuation.

Bayamo is an important city located in the Granma province of eastern Cuba with about
130,000 inhabitants. It is close to the Oriente Fault Zone (Fig. 1a), which is the main seismic
source affecting Cuba as the contact between the North American and the Caribbean plates
occurs there. The first seismic event that hit Bayamo occurred in 1522; since then the city was
damaged again twice (Chuy, 1999) in 1551 [intensity VIII Medvedev-Sponheuer-Karnik
(MSK)] and in 1624 (VII MSK). More recently, earthquakes were felt in Bayamo in 1987 and
1988 (both with intensity V MSK) and on May 25, 1992 (VI MSK). Other investigations have
been carried out recently for Bayamo: Torres (1990) performed the seismic microzonation of the
city with soil characterisation on the basis of engineering-geological analogies and that study
was improved by Fernandez (1990). Site effects were investigated also by Chuy (1999)
considering the macroseismic data collected for the 1987 and 1988 earthquakes. From the
administrative point of view, the local authority financed specific studies (unpublished internal
guidelines) on urban planning and preparedness against catastrophes. The seismic
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microzonation of Bayamo was performed also by Rivera (2000), who compared the previous
results from the engineering-geological approach with specific instrumental measurements.
Those results were used by Vega et al. (2000) for assessing the seismic risk with vulnerability
estimates provided by the census data. Consequently, the dynamic response of the main social
features in the Granma province was evaluated by Gonzélez et al. (2000). Further, Rivera (2001)
computed the seismic risk for the city of Bayamo comparing the results of different approaches.
It must be pointed out, however, that all the previously cited studies lack a robust hazard
assessment for the Bayamo region.

The aim of the present work is to fill this gap, by improving the seismic hazard estimates
through a probabilistic assessment for the Bayamo region which takes into account the soil
typologies of the study area. The importance of a soil-dependent seismic hazard map has greatly
increased over the past years especially at a regional scale (e.g. Field and the SCEC Working
Group, 2000; Rebez et al., 2001). This work is preliminary to a complete seismic risk
assessment, useful for urban planning, old building retrofitting, and earthquake preparedness.

2. Geological and tectonic framework of the Bayamo region

The Granma province in eastern Cuba, where the city of Bayamo is located (see Fig. 1a), is
characterised by several significant active faults. The most important are the Cubitas, Cauto
Nipe, Baconao and Oriente faults (lturralde-Vinent, 1996). All these faults present a low to
medium seismicity, with the exception of the last one, which belongs to the Bartlett-Caiman
deep fault system. In fact, the regional seismicity depends on this fault: it represents the border
zone between the North American and Caribbean plates.

The detailed seismic hazard assessment for the Bayamo region was performed according to
the well-consolidated seismotectonic probabilistic approach (Cornell, 1968). This approach
requires the space definition and the seismic characterisation of the seismogenic zones (SZs).
The present study benefits from the results of Garcia et al. (2003) as the same seismic model is
here used: the seismogenic zonation (Fig. 1b) was derived from the previous studies of Cotilla et
al. (1991), Chuy andlvarez (1995), and Rodriguez et al. (1997). For the details, a short
description of the SZs (Fig. 1b) influencing the seismic hazard of the Bayamo region is given in
the following.

Cubitas (SZ18)lt is considered the main SZ in central Cuba. It is a deep fault with a NW-
SE direction and constitutes a portion of the marginal suture of the Cuban main fault. It is cut by
some transversal faults. The main earthquake that occurred in this SZ is the Esmeralda event of
1974 (M = 4.5).

Cauto-Nipe (SZ19)t is associated to a system of SW-NE oriented faults, among which the
principal ones are the Nipe - Guacanayabo and Cauto faults. Its seismicity is low with
earthquakes of V MSK (in 1987 and 1988), VIl MSK (in 1624), and VIII MSK (in 1551).

Baconao (SZ20)lt is associated to the fault bearing the same name that skirts the north
flank of Sierra de la Gran Piedra, with a SE-NW direction. This structure is active mainly at the
intersection with the Bartlett-Cayman fault (Oriente Fault Zone).
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Oriente (SZ28, SZ29, SZ30he system is associated to the transcortical Bartlett-Cayman
fault that is located in the southern sector of eastern Cuba and is more than 1600 km long, 50-
100 km wide, and more than 50 km deep. It presents a predominant E-W direction and
represents the North American plate margin. The major Cuban seismicity is located in this
region with about 30 damaging earthquakes; twenty of which affected the area around Santiago
de Cuba (M= 7.6 in 1766, M= 7.3 in 1852) and reached intensity IX MSK. Another strong
event affected Pilon in 1992 and had a 6.8 magnitude.
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Fig. 1 - Seismotectonics of southern Cuba: a) main tectonic elements (modified from Iturralde-Vinent, 1996);
b) seismogenic zonation (from Garcia et al., 2003). The grey areas in Fig. 1b indicate southwestern Cuba (light grey)
and the broader Bayamo region (dark grey).
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It is possible to establish the differences within the complex geological and tectonic
framework of the Bayamo territory, thanks to several evolution stages, taking into account the
age, tectonic setting and geological characteristics. Two main geological structures can be seen
in the Bayamo area from the morphostructural point of view (Nagy, 1983); each is characterised
by its typical formation: the Sierra Maestra Anticlinorium and the Cauto Basin (see their
features in Table 1 and Fig. 2a). Fundamentally, Paleogenic rocks of the island's arc constitute
the first one, which is transitioning gradually to terrigenous and carbonate sequences, or both.
The second one is constituted by typical sediments of the terrigenous-carbonatic neoplatform
stage of Neogene-Quaternary age.

3. Soil dependent seismic hazard for the broader Bayamo region

Seismic hazard maps generally show the expected shaking at a reference soil (usually rock).
Hazard maps that take into account the local response can have a great importance in urban
planning (see Peruzza et al., 2001): to construct soil-dependent hazard maps it is necessary to
quantify the local response on the basis of the regional geological features (Fig. 2).

Probabilistic seismic hazard assessment (PSHA) has been computed according to the
standard approach of Cornell (1968) by the computer formulation of Bender and Perkins (1987).
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Fig. 2 - Geological characterisation of the broader Bayamo region, red lines indicate faults: a) regional geological
map of the study area (see description in Table 1); b) soil characterisation according to Table 1.
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Table 1- Geological description (Nagy, 1983) of the Bayamo broader region and soil classifications and parameters.
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g. str. = geological structure: 1 = Sierra Maestra anticlinorium, 2 = Cauto basin;
Amb96 = class according to Ambraseys et al. (1996): r = rock, t = stiff soil, s = soft soil;
Dah95 = class according to Dahle et al. (1995): R = rock, S = sail;

NEHRP = class and multiplicative term according to NEHRP (BSSC, 2001);

EC8 = class according to the EC8 (CEN, 2002);

M62m = minimum intensity increment according to Medvedev (1962);

M62M = maximum intensity increment according to Medvedev (1962);

E&T85 = intensity increment according to Evernden and Thomson (1985);

cl. = classification used in this study.
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As it is known, the Cornell (1968) approach is based on two working hypotheses: the
earthquake recurrence times follow the Poisson distribution (the arrivals are, then, independent
and the process is stationary in time) and the magnitude is exponentially distributed (the
Gutenbeg - Richter relation holds for magnitude and number of events in each magnitude
class). In addition, the seismicity is considered uniformly distributed over the SZ. The Cornell
(1968) method, then, needs the following input data: the SZ space definition, the seismicity
rates (in terms of average number of earthquakes per magnitude interval), and the attenuation
relation of the chosen parameter of motion. The seismicity of the previously described SZs has
been modelled in terms of frequency - magnitude graphs computing the individual seismicity
rates in 100 years taking into account different completeness periods for the different magnitude
ranges [see a greater description in Garcia et al. (2003)]. Probabilistic hazard maps of regional
validity have, then, been generated for a 475-year return period (90% non-exceedence
probability in 50 years, standard reference in seismic design) and for different soil types
representing the median PGA value plus one standard deviation of the attenuation relation used.
In order to obtain a soil-dependent PGA map, the local soil characteristics, described by the
different geological formations present in the area, have been associated to the main soil
classifications available in literature. As a standard approach for constructing soil-dependent
hazard maps is not codified and different methodologies can be followed, the logic-tree
approach (Kulkarni et al., 1984; Coppersmith and Youngs, 1986) is applied here to take into
account this epistemic uncertainty (McGuire and Shedlock, 1981; Toro et al., 1997). More

Regional Attenuation Amplification
Hazard
rock — ECS8 —
stiff mean
PGA
soft
Final
PGA
rock — NEHPR
mean Intensity
PGA - from PGA

E&T-85
Intensity / M62m —‘ Final

PSHA Intensity

Fig. 3 - The logic tree used for the PGA hazard estimates and their comparison with the intensity estimates. The
meaning of the acronyms is given in Table 1.
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precisely the logic tree (Fig. 3) has two branches: the first follows the European standards and
the second the American ones. Each branch, moreover, makes two elaborations: the first is
based on soil-dependent attenuation relations while in the second proper amplification factors
are applied to the values referred to rock.

For the computation of the expected shakings, various information on the soil typology of
all the different spatial sectors and the expected PGA have been associated with a GIS software.

3.1. European attenuation relations and soil amplification factors

The soil typology used in Europe is established in the European seismic code EC8 (CEN,
2002) and derives from the soil characterisation proposed in the U.S. by Boore et al. (1993).
More precisely, the EC8 (CEN, 2002) provisions list four soil categories (see Table 2) according
to the velocity of the shear waves in the upper 30 g (V

The strong-motion attenuation relations of Ambraseys et al. (1996) are based on the EC8 saill
categories and were calibrated on European earthquakes. The distance considered in the relation
is the fault distance but only with strong earthquakes was it possible to compute this distance, in
the other cases the epicentral distance was used. In the Cornell (1968) approach, seismicity is
uniformly distributed over the areal seismogenic zone and radiated to the study point from the
center of the mass of the small circular elements into which the seismogenic zone is subdivided.
This distance is, then, neither the fault nor the epicentral distance but can be approximated to
both. Not enough data were found to separate soft from very soft soils and, consequently, the
attenuation relations are defined only for three different soil types, namely rock, stiff, and soft
soil; the empirical curves corresponding to stiff and soft soils are, anyhow, very similar. In Table
1, the association between the geological formations in the Bayamo region and the Ambraseys et
al. (1996) soil types is given and the resulting differentiation (the classification used in this
study) is reported in Fig. 2b. It can be seen that the study region is characterised by a wide,
northern area of soft soil, comprising also the city of Bayamo, while the rocks outcrop in the
southern part of the study region, corresponding to the Sierra Maestra mountains.

Figs. 4a and 4b collect the PGA results from the PSHA obtained for the different soil types
(rock and soft soil, the map for stiff soil is omitted here as it almost identical to the one for soft
soil: the average stiff/rock ratio of the results obtained is 1.30 while for the soft/rock it is 1.32).
The general shape is similar in both maps with the highest values located offshore; the expected

Table 2- Comparison between the NEHRP (BSSC, 2001) and the EC8 (CEN, 2002) soil classifiégtioribe
amplification factor.

NEHRP EC8
Class Description 4o As Class Description \4o As
A Hard rock >1500 0.8
B Rock 760-1500 1.0 a Rock >800 1.0
C Soft rock 360-760 1.2 b Stiff soil 360-800 1.2
D Stiff soil 180-360 1.6 C Soft soil 180-360 1.15
E Soft soil <180 2.5 d Very soft soil <180 1.35
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Fig. 4- PGA (median values plus one standard deviation of the attenuation relation) with a 475-year return period for
southwestern Cuba: a) Ambraseys et al. (1996) relation for rock; b) Ambraseys et al. (1996) relation for soft soil; c)
Dahle et al. (1995) relation for rock; d) Dahle et al. (1995) relation for soil.

values are about 25% lower for rocky conditions. Focusing our attention on the city of Bayamo,
the resuls are 0.12 g for rock and 0.15 g for both stiff and soft soils. It was easy at this point to
obtain the PGA map according to the different Ambraseys et al. (1996) attenuation relations
(Fig. 5a), simply by taking the proper PGA value according to the soil type (rock, stiff, or soft

soil) of Fig. 2b. The expected shaking for the whole region varies between 0.11 and 0.23 g, with
the highest values (exceeding 0.19 g) only along parts of some river valleys of the Sierra
MaestraAnticlinorium. Practically no variation can be seen all around Bayamo (0.15 to 0.17 g).
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Fig. 5- PGA (median values plus one standard deviation of the attenuation relation) with a 475-year return period
computed according to the soil typologies of Fig. 2b for the broader Bayamo region: a) using European soil-
dependent attenuation relations (Ambraseys et al., 1996); b) amplifying (CEN, 2002) the values for rock obtained by
the Ambraseys at al. (1996) attenuation relation (Fig. 4a); c) using American soil-dependent attenuation relations
(Dahle et al., 1995); d) amplifying (BSSC, 2001) the values for rock obtained by the Dahle et al. (1995) attenuation
relation (Fig. 4c).
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The European seismic code EC8 (CEN, 2002) defines the soil amplification factors for four
soil types (rock, stiff, soft, and very soft soils) with respect to the PGA at the bedrgdiasv
been estimated according to the different geotechnical properties of the geological formations in
the Bayamo region; thus, the soil classes and the related amplification factors have been
assigned (Tables 1 and 2, and Fig. 2b) according to EC8 (CEN, 2002). Applying the proper soll
amplification factors to the PGA estimates for rock (Fig. 4a) the results reported in Fig. 5b have
been computed. The southern part of the map shows strong similarities to the map obtained by
the different Ambraseys et al. (1996) attenuation relations (Fig. 5a); while lower values can now
be seen in the central and the northern sectors. This is due to the fact that the EC8 amplification
factor for soft soil is lower than that for stiff soil while this is only slightly reflected by the PGA
attenuation relations (Ambraseys et al., 1996). When comparing the maps of Figs. 5a and 5b, for
the whole territory, the difference remains lower than 0.04 g.

3.2. American attenuation relations and soil amplification factors

Strong-motion recordings are not available for Cuba, consequently, no local PGA
attenuation relations are available either. Among the (few) attenuation relations calibrated on
strong-motion data recorded in Central America (Douglas, 2003) the one proposed by Dahle et
al. (1995) seems adequate for our needs. In fact, records from the subduction zones are a
maimginal part of the data set used and this attenuation relation considers two different soil types
(rock and soil). The behaviour of the Dahle et al. (1995) attenuation relation is different from
that of the Ambraseys et al. (1996) one, showing a slower PGA decay with distance, especially
in the case of soil. This aspect is reflected in the hazard estimates obtained by the application of
this latter relation (Figs. 4c and 4d): the average soil/rock ratio of the results obtained is 1.38. As
a consequence, the soil-dependent PGA estimates are higher when applying the Dahle et al.
(1995) attenuation relation (Fig. 5c) to almost everywhere in the study area rather than using the
Ambraseys et al. (1996) one (Fig. 5a). The best agreement is encountered in the southernmost
sector where the PGA values are almost the same, while around Bayamo the difference is about
0.05 g. Focusing our attention on the city of Bayamo, the results are 0.14 g for rock and 0.19 g
for soil.

The soil typology used in the U.S. is established in the building codes and derives from the
soil characterisation proposed by Borcherdt (1994) and formalised in the National Earthquake
Hazards Reduction Program (NEHRP) provisions (BSSC, 2001). More precisely, the NEHRP
(BSSC, 2001) provisions list five soil categories (see Table 2) according tgti&irvilarly to
the European methodology, the NEHRP (BSSC, 2001) soil classes have been associated to the
geological formations in the Bayamo region, according to their estimagddable 1), and the
related amplification factors have been used (Table 2). In this case, the PGA values on rock
(Fig. 4c) were amplified with the coefficients of Table 2 giving the results reported in Fig. 5d. It
can be seen that the expected PGA now reaches higher values than in the equivalent map with
European parameters (Fig. 5b), or the map obtained by the Dahle et al. (1995) attenuation
relation (Fig. 5c¢). In fact, the expected PGA now exceeds 0.21 g in a wide area around Bayamo
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and approaches 0.5 g on the alluvial sediments along the river valleys. When comparing the
maps in Figs. 5¢c and 5d, a good agreement can be noticed with a difference smaller than 0.06 g
with the exception of the river valley, where the NEHRP (BSSC, 2001) amplification factors
increase by more than 0.1 g the expected values.

3.3. PGA and macroseismic intensity average estimates

As there is no way of judging, which of the four previous maps (Fig. 5) is preferable, it was
decided to evenly average the PGA estimates. The final PGA map (Fig. 6a) shows that most of
the broader Bayamo region is characterised by values between 0.13 and 0.19 g. A wide sector
SE of Bayamo displays lower values while higher values (larger than 0.21 g) are expected along
all the river valleys, also that crossing Bayamo from north to south. The epistemic uncertainty
associated with these estimates is about 0.04 g and is not considered in the following
elaborations.

Seismic hazard maps, in terms of macroseismic intensity, were popular worldwide in the
past, and still are, especially in countries where strong-motion data are not available. This is the
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Fig. 6 - Seismic hazard maps for the broader Bayamo region: a) PGA (median values plus one standard deviation of
the attenuation relation) with a 475-year return period computed averaging the different results of Fig. 5; b)
macroseismic intensity (median values) with a 475-year return period computed by transforming (Murphy and
O’'Brian, 1977) the PGA values (Fig. 6a).
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case of Cuba, where the hazard estimates used for defining the building code (Chuy et al., 1983)
are expressed in macroseimic intensity on the MSK scale. The PGA values of Fig. 6a have been,
therefore, transformed into intensity values by the inverse of the Murphy and O'Brian (1977)
relation, which updates the previous results of Trifunac and Brady (1975). As the strong
uncertainties introduced when using a linear relation between PGA and intensity are well known
(Reiter 1990), we can neglect the bias introduced when an inverse formula is used. The Murphy
and O'Brian (1977) relation was calibrated for the IV to VIII Modified Mercalli (MM) intensity
range, which roughly corresponds to the 0.018 to 0.18 g PGA range and can be extrapolated also
up to X MM as the values it gives are in general agreement with the expected values estimated
by previous relations [see details in Trifunac and Brady (1975)]. As the MM and MSK
macroseismic scales can be considered roughly equivalent in the range of interest (Mueller and
MayerRosa, 1980), the relation is suitable for our purposes. The map so obtained is shown in
Fig. 6b; values range now between VII-VIII and VIII-IX MM, with spots of IX MM along very
limited parts of some river valleys. The shape of the equal intensity areas is now controlled by
geological features, the maxima following the deposits of fluvial valleys. It must be pinpointed
that these intensity estimates come from median PGA estimates plus one standard deviation of
the attenuation relation while no uncertainty is generally considered in the hazard maps
expressed in terms of intensity. Consequently, an average difference of one MM degree can be
suggested when comparing intensity values coming from median PGA values plus one standard
deviation and median PGA values. This rough estimate of one degree comes from the difference
between the expected shakings with and without a standard deviation translated into intensity
values by the Murphy and O’Brian (1977) relation.

4. Macroseismic intensity seismic hazard

The most recent intensity hazard map for Cuba (Garcia et al., 2003) shows a regular pattern
in the Bayamo region (Fig. 7) with median values increasing from VII MSK to VIII MSK going
from NW to SE (as usual, no standard deviation on attenuation has been introduced). Although
the attenuation relations used in that study are source-specific (i.e.: they have been calibrated on
representative earthquakes of the SZs, and may differ significantly from one SZ to another),
they are not obviously capable of taking into proper account the local response. Conversely, the
intensity data set indirectly includes local site effects, and makes the attenuation relationships
obtained equivalent to those calibrated for PGA on average soil conditions. Local soil
amplification factors have, therefore, to be applied to intensity maps with special care, in order
to avoid a double consideration of the soil type.

Local soil amplifications in terms of intensity have been proposed by different authors.
Medvedev (1962) calculated intensity increments based on lithology of the geological units and
the MSK scale; this technique was also used by Barosh (1969) and reconsidered by Evernden
andThomson (1985), who related the observed local intensity amplification (MM) to an age-
dependent geological classification of outcrops in California. More recently, Astroza and Monge
(1991) defined intensity increments on wide rock classes for central Chile. The Medvedev
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Fig. 7 - Regional macroseismic intensity (median values) with a 475-year return period for southwestern Cuba (from
Garcia et al., 2003).

(1962) and Evernden and Thomson (1985) classifications have been applied also in the present
study considering the geological map (Fig. 2a) and the related amplification terms (Table 1 and
Fig. 2a): these terms are increments and not multiplier factors like those used in the PGA cases.
Note that the quantification of the intensity increments is based on limited data sets; Medvedev
(1962) coefficients are given with quite a wide fork, and the association of the Cuban geological
formations to the Californian lithotypes is necessarily approximated.

In order to apply the previously described increments to the intensity hazard map, we have
to downgrade the regional results (Fig. 7) from average soil to reference rock conditions. We did
this by computing the mean of the intensity increment values reported in Table 1 (namely 1.5),
and by diminishing the regional values of the same amount. Then, we can again apply the
amplification terms, depending on the site conditions, without risking a double consideration of
the soil type. Fig. 8 strongly differs from the previously presented regional map (Fig. 7): in
general, the values do not increase from north to south anymore and the most evident feature is
given by the high intensity along the river valleys. The Medvedev (1962) increments (minimum
in Fig. 8a, and maximum in Fig. 8b) show some differences with respect to the Evernden and
Thomson ones (Fig. 8c) as the geological units have been classified using different criteria.
Bayamo is located in an area where intensity ranges from VIl MSK (in Fig. 8a) to VIII MSK
(Fig. 8c), reaching values as high as IX MSK along the valley of the Bayamo river. The
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Fig. 8 - Macroseismic intensity (median values) with a 475-year return period for the broader Bayamo region: a)
computed by amplifying the values for southwestern Cuba (Fig. 7) scaled for rock with the minimum increment
(Medvedey 1962); b) computed by amplifying the values for southwestern Cuba (Fig. 7) scaled for rock with the

maximum increment (Medvedev, 1962); c) computed by amplifying (Evernden and Thomson, 1985) the values for
southwestern Cuba (Fig. 7) scaled for rock; d) computed by averaging the previous results.
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strongest effects are mapped in the upper part of the river valleys, with values of IX-X MSK:
here the lateral contrast of intensity values is emphasized by the rocky outcrops of the Sierra
Maestra anticlinorium.

The final intensity soil-dependent hazard map is given in Fig. 8d, where the values obtained
according to the different authors and hypothesis are equally weighted. The predicted values are
in reasonable agreement with the felt history of Bayamo, where the shakings of VIIl MSK = MM
refer to the 1551 and 1766 earthquakes, and damage was reported many times during the last
centuries.

The agreement between the average intensity map (Fig. 8d) and that obtained transforming
PGA results (Fig. 6b) is extremely good if we consider that, in the latter, the values are
overestimated by about one MSK degree because of the influence of the standard deviation of
the PGA attenuation relations.

This analysis demonstrates that great care must be taken into account when handling
general amplification terms, especially for macroseismic intensities. The attenuation
relationships, in fact, are obtained by regression of experimental data, where the macroseismic
intensities, by definition, are not filtered from the local effects, such as soil and morphological
amplifications. Further analyses in this field may improve the quantification of regional
amplification factors.

5. Conclusions

In the present study, the local conditions have been introduced in the regional PSHA. For
this two different approaches were followed: the use of differentiated attenuation relations and
the application of amplification coefficients to hazard results referred to the bedrock.
Furthermore, a comparison with hazard results, expressed in terms of macroseismic intensity
has been made. This becomes, then, a global methodological example of PSHA at a regional to
local scale.

The hazard maps presented are generated by using the detailed geological information
available for the Bayamo region and can, consequently, be considered suitable for further
studies towards a regional seismic risk assessment. Although the study region shows limited
geological variations all around the main city, Bayamo, the improvement in hazard maps is
significant when the local geology is considered (compare the standard hazard maps in terms of
PGAof Fig. 4 with the final map in Fig. 6a, obtained by averaging the individual soil-dependent
estimates)The approach presented here cannot be proposed as a valid substitute for detailed
microzonation studies but can be used in the absence of detailed geophysical investigations for
the rough identification of the expected shaking during earthquakes, especially when urban
planning at an intermediate scale is needed.

The average PGA expected in the city of Bayamo is between 0.17 and 0.23 g for a 475-year
return period (Fig. 6a), which corresponds to an intensity between VIl and VIII MSK (Fig. 8d).
These values are not very high but indicate the city of Bayamo as a city where seismicity can
represent a natural hazard.
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