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RESUMEN

El estudio de riesgo sismico es un elemento importante en la evaluacién de peligros naturales, es-
pecialmente en las regiones de alta actividad sismica y baja calidad structural de las viviendas. Las
nuevas tecnologias, desarrolladas para reducir el riesgo de peligros naturales en las grandes ciudades
modernas, son costosas y necesitan un monitoreo instrumental continuo de movimientos fuertes. El
problema principal en la estimacién del riesgo sismico para las localidades, que representan las vivi-
endas vulnerables de baja altura y sin ingenierfa (BASI) en muchos estados de Africa, Asia y América
Latina, consiste en la bisqueda de una herramienta éptima y de bajo costo para la estimacién del
alcance del dano fisico a la propiedad para diferentes tipos de vivienda. Este articulo propone una
metodologia simplificada de evaluacién de riesgo sismico para las localidades, donde las casas vul-
nerables tipo BASI representan la mayoria de las construcciones residenciales. La metodologia se
basa en la evaluacién de las siguientes fuentes de informacidn: los catdlogos de terremotos recientes e
histéricos a nivel mundial disponibles en INTERNET vy la inspeccién visual y clasificacién del nivel
de vulnerabilidad de las casas residenciales tipo BASI asi como la inspeccién macrosismica visual de
los danos de las casas residenciales después de terremotos destructivos. Esta metodologia se aplica a
las localidades del Estado de Colima, México caracterizdndose con viviendas residenciales tipo BASI.
El pronéstico de probabilidad de dafios durante un gran terremoto para viviendas residenciales en
la ciudad de Colima, basado en esta metodologia, fue propuesta por primera vez en 1999 y luego
se actualizé en 2007 después del andlisis de la distribucién de dafios ocurridos durante el terremoto
de M 7.5 de 2003 (MM VII en la ciudad de Colima). El articulo presenta la microzonificacién del
riesgo sismico para dos localidades del Estado de Colima junto con un pronéstico probabilistico
del dano esperado en viviendas y pérdidas financieras durante los terremotos de madxima intensidad
en las localidades.
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ABSTRACT

The study of seismic risk is important element in the natural hazard assessment, especially in the re-
gions of high seismic activity and low structural quality of housing. The new technologies, developed
to reduce risk against natural hazards in large modern cities, are expensive and need in continuous
instrumental monitoring of strong motions. The main problem in estimation of the seismic risk for
the localities, representing with the vulnerable low-rise, non-engineered (LRNE) housing in many
states of Africa, Asia and Latin America, consists in a search of an optimal and low-cost tool for es-
timation of the extent of physical damage to property for different type of housing. This article pro-
poses a simplified methodology of the seismic risk evaluation for the localities, where the vulnerable
LRNE houses represent most residential constructions. The methodology is based on evaluation of
the following sources of information: the internet-available catalogs of world-wide recent and histor-
ical earthquakes and visual inspection and classification of the vulnerability level of residential LRNE
houses as well as a visual macroseismic inspection of the residential house damage after destructive
earthquakes. This methodology is applied to the localities of the State of Colima, México character-
izing with the LRNE type of residential houses. The prognostic of damage probability during large
earthquake for residential houses in Colima city, based on this methodology, was firstly proposed
in 1999 and then was updated in 2007 after the analysis of damage distribution during the M 7.5
earthquake of 2003 (MM VII in Colima city). This article presents microzoning of the seismic risk
for two localities of Colima State together with a probabilistic prognostic of the expected damage in
housing and financial losses during the maximum intensity earthquakes at the localities.

KEY WORDS: seismic risk, seismic hazard, seismic vulnerability, earthquake and microzoning.

INTRODUCTION

Seismic risk (SR) is the probability that social or economic consequences of earthquakes will be equal
to, or exceed, specified values at a site, a several sites, or in an area, during a specified exposure time
(EERI Committee on Seismic Risk, 1984). The size of SR is constrained by the convolution of two
parameters: the seismic hazard (SH), and seismic vulnerability (SV). The SH is defined as a property
of an earthquake that can cause damage and loss (McGuire, 2004). The SV is the probabilistic value
of damage in the structure for possible earthquake intensities (Caicedo et al., 1996). Therefore, SH
describes the natural phenomenon, or property, of an earthquake and SV describes the ability of
houses to resist this earthquake. Finally, SR describes the probability of financial losses and damage
that could be caused by SH depending on the level of SV (Wang, 2009).

The higher SR is expected for the regions of high seismic activity and low quality of housing. Both
factors are common for many states throughout the world. At the same time, if the level of seismic ac-
tivity may be the same for a locality, the quality of housing within the locality may differ significantly.

The new technologies, developed to reduce risk against natural hazards in large modern cities, are
expensive and need in continuous instrumental monitoring of strong motions. The deterministic
seismic hazard analysis has applications for some significant structures, such as nuclear industry,
power plants, large dams, large bridges, etc. Probabilistic seismic hazard analysis is a widely used
approach for the determination of seismic design loads for engineering structures (Atkinson, 2004;
Petersen et al., 2018). The seismic vulnerability assessment, applied to detect, inventory, and rank
the most vulnerable buildings in Northern Eskisehir city, Turkey, illustrates the study of the seismic
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risk for modern high-rise city (Albayrak ez al., 2015). They calculated the Earthquake Risk Score of
each reinforced concrete buildings in Northern Eskisehir, and the most dangerous buildings with
respect to the expected amount of earthquake damage were identified.

For localities, where the vulnerable low-rise, non-engineered (LRNE) houses represent most residen-
tial constructions, these technologies are not acceptable and have no great sense. One- and two-story
masonry buildings are common in the rural areas because they require easy workmanship. These
buildings are constructed with thick adobe and stone walls and mostly vulnerable to strong ground
motions. These structures are constructed with traditional techniques using locally available materi-
als. Nearly no engineering services are used in these buildings. Adobe blocks are produced from local
material contains mixed soil with straw and leave dried under the sun. As adobe blocks have low
strength, walls of masonry buildings are thick and massive (Magsood and Schwarz, 2009; Sayin ez
al., 2013; Yon et al., 2017).

The main problem in estimation of the SR for the localities, representing with the vulnerable LRNE
houses in many states of Africa, Asia, and Latin America, consists in a search of an optimal and
cheap tool for estimation of the extent of physical damage to property for different type of housing.
This does not require the optimal determination of seismic design loads for engineering structures,
they have not this type structures. As was noted, for example, in description of the A/ 7.3 Iran-Iraq
border earthquake of 12 November 2017, killing more than 400 people and injuring more than
7,000 (https://www.bbc.com/news/world-middle-east-41972338), many homes in the predomi-
nantly Kurdish mountainous area were made of mud bricks and became vulnerable in quakes as
large as this. The following points are the most important: estimation of the maximum intensity of

earthquake for locality and a probability of the level of damage and of financial losses for each type
of LRNE houses in this locality.

Our paper proposes the simplified methodology for seismic risk evaluation (SMSRE) for this type
of localities. Then this methodology is applied to the localities of the State of Colima, México char-
acterizing with the LRNE type of residential houses. The microzoning of the seismic risk for these
localities is presented together with a probabilistic prognostic of the expected losses during the maxi-
mum intensity earthquakes at the localities. This study was realized within the project of preparation

of the “Atlas of hazards and risks in the State of Colima” (Atlas..., 2015).

SIMPLIFIED METHODOLOGY OF THE SEISMIC Risk EVALUATION FOR THE LocALTEs WITH THE LRNE TyPE OF
RESIDENTIAL HOUSES

The methodology is based on evaluation of two main sources of information:
(1) The world-wide catalogs of earthquakes and the catalogs of historical earthquakes.

(2) Visual inspection and classification of the vulnerability level of residential LRNE houses and
visual macroseismic inspection of the residential house damage after destructive earthquakes.

The seismic risk analysis within SMsRE is basing on the same convolution of two parameters: the SH
and the SV, characteristic for any earthquake source zone (ESZ). The analysis requires characteriza-
tion of all known earthquake sources that could affect the site, including faults (line fault sources)
and areas of seismicity (areal sources). To identify the ESZs, the epicentral maps of earthquakes are
plotted, basing on the world-wide and (if any) local catalogs of earthquakes.
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The world-wide catalogs of earthquakes, used for mapping of ESZs, are available for events, with
a cutoff magnitude > 4.0-4.5, beginning from 1963, when the World-wide Standardized Seismo-
graph Network (now developed in The Global Seismographic Network, https://www.iris.edu/hg/
progralMs/gsn; last access in February 2020) was installed (Peterson and Hutt, 2014). They may be
found at different sites (e.g., http://quake.geo.berkeley.edu/anss/; last access in January 2020).

CALCULATION OF THE ELEMENTS OF SEismiC HAZARD GENERATED BY EARTHQUAKE SOURCE ZONE

As the elements of SH, the following characteristics for each ESZ are used: maximum magnitude of
earthquakes occurring within a zone, M _; recurrence time of appearance of the maximum magni-
tude earthquake, % and the law of earthquake intensity attenuation with distance.

The maximum magnitude, M, is defined as the upper limit of magnitude for a given region. For
areal sources, the estimation of the maximum magnitude has traditionally been computed by con-
sidering the largest historical earthquake in the source zone and adding some additional value (e.g.
half magnitude unit). For fault sources, the maximum magnitude is usually computed based on the
fault dimensions (length or area).

The recurrence time, t, for earthquake of magnitude A/, is estimated considering the earthquake cata-
log corresponding to Poisson distribution of events, in which earthquakes occur randomly, with no
regard to the time, size or location of any preceding event. As the recurrence model within the Pois-
son process of earthquake occurrence we use the log-linear Gutenberg-Richter magnitude-frequency
relationship

LogN(M) =a—-bM (1).

Here N(M) is the cumulative number of earthquakes per year with a magnitude equal to or greater
than magnitude M and 4 and & are constants for the seismic zone. The slope of the magnitude-
frequency recurrence line, defined as a 6-value, describes the relative abundance of large to smaller
shocks. The magnitude-frequency relationship (1) allows to estimate the recurrence time of earth-
quakes of magnitude A occurring within ESZ.

Considering the earthquakes to be distributed randomly, the probability P/N>1] of at least one
exceedance (NV>1) of a particular earthquake of maximum magnitude M in a period of 7 years is
given by the following expression (Anbazhagan, 2011):

P[N>1] = 1 — T ()

where A is the average rate of occurrence of the event with considered earthquake magnitude.

The law of earthquake intensity attenuation with distance may be obtained basing on the visual mac-
roseismic inspection of the residential house damage after destructive earthquakes. The earthquake
intensity is generally represented by the Modified Mercalli (AMM) 12-grade intensity scale (Wood
and Neumann, 1931). The standard macroseismic equation has a following form (Musson and Ce-
cic, 2002; Montalvo-Arrieta et al., 2017):

I=aM-blogR—cR (3)

Here M is an earthquake magnitude, R = (4? + /#°)*? is the hypocentral distance (in km), A is the epi-

central distance (in km), 4 is the focal depth (in km), coefficients 4, & and ¢ are constants determined

116



V. M. Zobin and Imelda Plascencia, Seismic risk in the State of Colima, México.

by a least-squares fit to the observations. In the case of localities, representing with the vulnerable
LRNE houses, the intensity values had to be corrected for the type of masonry and for different soil
type (Zobin and Ventura-Ramirez, 1998; Zobin and Pizano-Silva, 2007).

The region of study geographically associates mainly with the province of Sierra Madre del Sur.
The rocks forming this mountain chain are Precambrian and Paleozoic metamorphic and associ-
ated plutonic bodies, Upper Jurassic-Lower Cretaceous miogeoclinal deposits, and Plio-Quarternary
and Tertiary volcanic rocks (de Cserna, 1989). All these rocks formed the firm soils that are good
for constructions. They may be considered as high-quality firm rock soils. Only the narrow band of
sand along the oceanic coast is unfit for construction use and requires the special foundations and
antiseismic design. The sand and alluvial soils are considered as low-quality soft soils. The MM in-
tensities on soft and firm soils differ by as many as 2 or 3; therefore, the difference between the soft
and intermediate soil intensities could be equal to one grade.

Classification of the residential masonry buildings in localities with LRNE-type housing may be
realized within three types of constructions (Zobin and Ventura-Ramirez, 1998):

Type A, low level of SV. Good quality low-rise buildings constructed with engineering project.

Type B, intermediate level of SV. Low-rise buildings constructed with use of quality materials but
without engineering project.

Type C, high level of SV. Low-rise old buildings constructed without engineering project and with
use of low-quality materials of adobe and cinder blocks.

The law of earthquake intensity attenuation with distance must be calculated using the intensity
values referenced to the intermediate type of masonry and average type of soil.

Taking in account possible difference in macroseismic intensity attenuation during characteristic
earthquakes of different source zones, a multi scenario assessment of the law (3) may be expected.

EVALUATION OF THE SEISMIC VULNERABILITY OF THE LocALTIES WITH LRNE BUILDINGS

Seismic vulnerability is defined by a degree of damage that can be suffered by man-made construc-
tions, and it depends on the design, the quality of materials, and the building techniques employed
(Kuroiwa, 2004). The evaluation of SV of localities with LRNE-type residential buildings consists in
classification of the buildings according to their level of vulnerability, as was mentioned above, and
then in classification of the residential blocks that represent the main unit of the urban infrastructure.

The selection of a single building as a unit for a seismic risk assessment is not a practical choice. As
it was mentioned in (ATC-13-1, 2002), it is impossible to use the damage probability derived for a
class of buildings for a single-building analysis. For a single building, the uncertainty on a damage
estimate can be larger than the uncertainty associated with the distribution of expected damage for
a group of similar buildings. Therefore, a residential block must be selected as a convenient unit for
a zonation of SR.

EvaLuaTiON OF THE SEISMIC Risk FOR THE LocaLmies witH LRNE BuILDINGS

Evaluation of the seismic risk (SR) for any locality in the regions of development of LRNE buildings
may be based on the calculation of the damage probability matrix (DPM) for the masonry characteris-
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tic for this region. The DPM, introduced by Whitman (1973), expresses the damage, experienced by
a particular type of buildings, designed according to some set of requirements, during earthquakes of
various intensities. The DPM is a popular tool for estimating losses caused by future earthquakes
and is used widely to estimate the potential liability of insurance companies (ATC-13, 1985; Whit-
man, 1988; Blong, 2003). The DPM represents the expert-opinion motion-damage relationships
for different types of buildings calculated for a set of earthquake intensities. The level of damage is
described in terms of seven damage states (Whitman, 1988) and corresponding central damage fac-
tors, expressed in % (Table 1).

Table 1. The seven-grade scale of damages (based on Whitman, 1988).

Damage Damage state Central damage Comments
grade factor (%)
1 None 0 No fractures in plaster
5 Slight 0.5 Small, not numerous
fractures in plaster
3 Light 5 Diagonal fractures in plaster
4 Moderate 20 Narrow clo?ed diagonal
cracks in walls
Open diagonal cracks and
J Heavy 2 spalls in walls
Partly destroyed
6 Major 80 construction, con intention
to demolish
5 Destroyed 100 Total destruction of the

majority of the facility

Based on the expert-opinion DPM for three types of buildings described above, the probability P
of damage for characteristic residential blocks may be calculated in the following way (Zobin and
Ventura-Ramirez, 1999; Zobin et al., 2006):

P=Fk(A)p(A)+k(B)p(B)+k(C)pC)

k(A) =N (A)/ N (A+B+C);

k (B) = N (B)/ N (A+B+C);

k(C) =N (C) N (A+B+C). (4)

Here p (A, B, and C) is the probability of damage to the masonry of type A, B, and C, respectively,
taken from the expert-opinion DPM, calculated for the buildings of a locality; /V is the number of
buildings of different type; and 4 (A, B, and C) is a weight coefficient for each type of masonry that
form a typical block. Then we construct the DPM_block for each of blocks.

The DPM_block can be used to calculate the probabilistic matrix of the loss costs DPM_cost, which
gives us knowledge about the probabilistic losses in housing prices of three types of buildings dur-
ing earthquakes. To estimate the DPM_cost, is proposed to multiply DPM_block with the matrix
consisting of the values of the central factors of damage for each of seven degrees of damage P,
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Figure 1. Map of seismic regionalization of Mexican Republic and position of Colima State within this map. Indexes of
A, B, C and D indicate zones of different level of expected seismic intensity. Zone A corresponds to the lowest level of
expected seismic activity and zone D, to the maximum level of expected seismic intensity. Taken from Manual (1993).

corresponding to the percentage of the losses in costs compared with the price of the house before
the earthquake:

DPM cost = DPM_block x P, (5).

Here, P, corresponds to 100% of the losses compared to the price of the home, P, corresponds to
80% of losses, P, corresponds to 45% of losses, P . corresponds to 20% of losses, P, corresponds to
5% of losses, P, corresponds to 0.5% of the losses compared to the price of the home, and P, cor-
responds to houses without damage.

The microzonation of seismic risk for the locality with proposed 7 is determined by the distribution
of three types of residential blocks of different vulnerability. The areas of distribution of the blocks
with relatively high quality of buildings are defined as a zone of relatively low risk and the areas of
distribution of blocks with relatively low quality of buildings as a zone of relatively high risk. The
identification of the level of risk for every zone of locality may be obtained from the DPM_block,
characteristic for every zone, by constructing of the probabilistic damage curves corresponding to
proposed /. The probabilistic matrices of the loss costs DPM_cost, calculated for each zone, allow
to estimate the probable losses due to building damage during earthquake.

In the following sections, we apply the described methodology for microzonation of the SR in
some municipal centers of the Colima state, México (Fig. 1). This state is characterized by a high
presence of the LRNE housing in its localities. We give the general characteristics of the tectonic
and seismic activity of the state, mapping of its seismic hazard, and vulnerability assessment. Then,
microzonation of the SR within municipal centers of the Colima state will be performed based on
the DPM_block’s, estimated for housing of these localities.

119



Geofisica Internacional (2022) 61-2: 113-143

GENERAL CHARACTERISTICS OF THE SEISMO-TECTONIC ACTIVITY OF THE STATE OF COLIMA

The State of Colima, México, selected as a region of study, is located along the Pacific coast, Western
México (Fig. 1), and has an area of 5,784 km?. Its population is equal to 711,235 persons (INEGI,
2015; http://cuentame.inegi.org.mx/monografias/informacion/col; last access in March 2020). The
seismic regionalization of the Mexican Republic, shown in Fig. 1, indicates that the State of Colima
is completely situated within zone D, the zone of maximum expected seismic intensity in México
(Manual, 1993). The housing in localities of Colima state is characterized by a large percentage (70-
80%) of the LRNE buildings (Zobin ez al., 2009; 2010).

CATALOGS OF EARTHQUAKES USED
In this study, the following catalogs of earthquakes are used as a database:

1. The catalog of earthquakes with magnitudes 4.0 recorded in the region of study during the
period from 1963 to 2016 and compiled by ANSS (Advanced National Seismic System, North
California Earthquake Data Center) http://quake.geo.berkeley.edu/anss/.

2. The catalog of earthquakes with magnitude M > 7.0, recorded in the region of study during the
period from 1900 to 1990 (Pacheco and Sykes, 1992).

3. The catalog of local shallow (depth 0-30 km) earthquakes with magnitude 24.0, recorded in the
continental part of the region of study during 1989-2000 by the seismological network RESCO
of the University of Colima (Zobin ez al., 2000).

SeIsMO-TECTONIC ENVIRONMENT OF THE COLIMA STATE

Western Mexico represents a complex tectonic zone. The main tectonic elements of this region,
the oceanic Rivera and Cocos plates, converge beneath the continental North American plate and
produce large destructive earthquakes (Fig. 2). The earthquake epicenters outline the limits of the
Rivera plate along the Tamayo (TFZ) and Rivera (RFZ) Fracture zones, East Pacific Rise (EPR) and
Middle American trench (MAT), and its boundary with Cocos plate. The limits of the Cocos plate
are outlined with the EPR and MAT. The Rivera-Cocos plate boundary zone is a complicated across-
trench tectonic structure consisting of a few grabens and horsts (Bandy ez 4/, 2005). It runs across
the Middle American trench along El Gordo graben (EGG). Earthquakes, associated with activity of
the Rivera and Cocos plates and El Gordo graben, represent the earthquake source Zone 1 discussed
in this article. Its limits are shown in Fig. 2.

During the period from 1900, totally six earthquakes with magnitude M >7.5 (Nos 1-4, 7 and 8 in
Table 2) were recorded within Zone 1. They occurred along the subduction zones of the Rivera and
Cocos plates near Colima state and along the boundary zone between two plates, El Gordo graben.
The reported macroseismic effect of these earthquakes reached intensity VII-X MM in the localities
of Colima state (Figueroa, 1974; Singh ez al., 1985; Zobin and Ventura-Ramirez, 1998; Zobin and
Pizano-Silva, 2007).

Two earthquakes of 1985 (Nos 5 and 6 in Table 2), shown in Fig. 2 to SE from Zone 1, were distant
enough from Colima state and did not produce any damage in its localities.

In the continental part, the seismicity occurs along the boundaries of the block of Jalisco, repre-
sented by the grabens of Tepic-Zacoalco and of Colima (Fig. 3). The important element of tectonic
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Figure 2. The principal lithospheric plates near the western coast of México and the epicenters of the 1963-2019 earth-
quakes with magnitudes 24.0, compiled by Advanced National Seismic System, North California Earthquake Data
Center (http://quake.geo.berkeley.edu/anss/). The epicenters of earthquakes with magnitudes >4.0 are shown with dia-
monds. The stars show the epicenters of large earthquakes (M > 7.5) occurring during the period from 1900 to 2016;
the events of Table 2 are indicated with numbers. Earthquake source Zone 1 is shown within rectangle. TFZ is Tamayo
Fracture zone; RFZ is Rivera Fracture zone; MAT is Middle American trench; EPR is East Pacific rise; CG is Colima
graben; EGG is El Gordo graben. The MAT is shown by a dashed line.

Table 2. List of earthquakes with magnitude M >7.5 which occurred during the period from 1900 to 2016 within the
area of study (See Fig. 2)

Date, Latitude, Longitude,

No yyyy._mmdd N W M, M, Comments

1 1932_0603 19.571 -104.42! 8.0 8.0% Rivera-N_A

2 1932 0618 18.952 -104.42> 7.7 7.6* Aftershock of No 1
3 1941_0415 18.852 -102.942 7.6*! 7.5% Cocos-N_A

4 1973_0130 18.392 -103.212 7.6>! 7.3% Cocos-N_A

5 1985_0919 18.14% -102.712 8.0%-! 8.12 Cocos-N_A

6 1985_0921 17.822 -101.67> 7.7 7.6 Aftershock of No 5
7 1995_1009 18.81° -104.54° 8.0¢ 7.34 Rivera-N_A

8 2003_0121 18.79° -104.13° 7.54 7.64 Rivera-Cocos

Note. 1, Eissler and McNally, 1984; 2, Pacheco and Sykes (1992); 2_1, magnitudes M calculated from seismic
moments taken from Pacheco and Sykes (1992); 3, RESCO (Zobin, 1997); 4, Global CMT, http://www.globalcmt.
org; 5, RESCO (Zobin and Pizano-Silva, 2007). N_A, North American plate. In comments, the plates, along which
the rupturing occurred, are indicated.
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Figure 3. The principal tectonic structures of continental part of the Western México and epicenters of the crustal earth-
quakes with magnitudes 24.0 recorded during 1988-2000 by the seismic network RESCO of Colima University (Zobin
et al., 2000). Earthquake source Zone 2 is shown within rectangle. The epicenter of the earthquake of 6 March 2000
(Mw 5.3) is shown with a diamond; the epicenters of its aftershocks are shown with crosses. Positions of Colima city and
of Volcdn de Colima are shown with triangle and star, respectively.

activity of the Jalisco block represents also the 160-km-length Tamazula fault, which goes parallel to
Colima graben and then intersects it at surroundings of Volcdn de Colima (Gardufio-Monroy et al.,
1998). The active crustal deformation along the Jalisco block boundary faults serves as the origin of
seismicity in the continental part of Western Mexico (Sudrez ez al., 1994; Suter, 2015). Earthquakes,
associated with activity of these tectonic faults, represent the earthquake source Zone 2 discussed in
this article. Its limits are shown in Fig. 3.

The largest historical earthquake along the Jalisco block northern boundaries was recorded in De-
cember 1567 (or 1568) along the fault system of the Tepic-Zacoalco graben. A 70-km zone of de-
structions, whose descriptions correspond to intensity IX MM (Sudrez ez al., 1994; Suter, 2015), is
shown in Fig. 3. Suter (2015) estimates the magnitude of this earthquake equal to M 7.2.

Recent local seismicity of the Colima sector of the Jalisco block, recorded after installation of the
regional seismic network in 1989 (Castellanos y Jiménez, 1995), occurs mainly along the Tamazula
fault and Colima graben. The largest earthquake was recorded on 6 March 2000. It had magnitude
M 5.3 and was felt in Colima state with intensity MM I1I-V (Zobin et al., 2000).

Seismic HazARD oF CoLIMA STATE

Seismic hazard for localities of Colima state is conditioned by seismo-tectonic activity within two
main zones of earthquake source generation, shown in Figs. 2 and 3 and discussed in Section of Gen-
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eral characteristics of the seismo-tectonic activity of the State of Colima. In the following sections, three
main parameters of the SH, the maximum magnitude M, the earthquake recurrence time #, and
the law of seismic intensity attenuation with distance will be estimated for both zones.

Seismic HAZARD OF EARTHQUAKES ORIGINATED WITHIN ZONE |

Zone 1 is outlined in Fig. 2. The rupture areas of 6 large earthquakes with M > 7.5, recorded within
Zone 1 during the last 120 years and strongly felt in the State of Colima, are included within this
Zone. Five of these large earthquakes occurred along the MAT during the subduction of the Rivera
(Events Nos 1, 2 and 7 in Table 2) and Cocos (Events Nos 3 and 4) plates beneath the North Ameri-
can plate. The 2003 earthquake (No 8), also recorded within Zone 1, occurred along the border
between the Rivera and Cocos plates within El Gordo Graben. We use the terms “along-trench” and
“across-trench” to discriminate between earthquakes whose source ruptures developed in a direction
parallel to the MAT or normal to it, respectively. This type of orientation may be traced by after-
shock distribution or with reconstruction of the co-seismic slip within the rupture plane.

MAaAxiMumM MAGNITUDE MMAX

To estimate the maximum magnitude of earthquakes, occurring within Zone 1, we analyze the mag-
nitudes of large earthquakes recorded during the period of 1900-2016 in the area (Table 2). Five of
the six M >7.5 earthquakes of Zone 1, listed in Table 2, are individual events, and one, No. 2, is
aftershock of the No. 1 event.

Two of five individual events, which occurred within Zone 1 during the period of about 120 years
(Nos 1 and 7), had the magnitudes M or M  equal to 8.0, respectively. The magnitude 8.0+0.5 may
be taken as the magnitude M of the earthquakes from Zone 1.

EARTHQUAKE RECURRENCE TIME

The relationship between the number of earthquakes, registered within Zone 1 during the period
from 1963 to 2016, and their magnitudes is shown in Fig. 4A. The relationship is based on 524
events that occurred during the period from 1963 to 2016 at the depth interval of 0-100 km with
magnitudes >4.0 (for events with magnitudes >6, only magnitudes M were used). The distribution
of the cumulative numbers, /V, of earthquakes per year, with magnitude greater than M, against their
magnitudes M is linear with a correlation coefficient R = -0.995. The least square linear regression
equation is

Log N = 3.64 - 0.68 (+ 0.02) M (6)
Equation (6) gives an option to estimate the annual rate of occurrence of earthquakes with the

magnitude M 8.0 equal to 0.017. The recurrence period of earthquakes with magnitude A 8.0 in
Zone 1 is equal to 60 years.

Considering the earthquakes to be distributed randomly, the probability of at least one exeedance of
a maximum magnitude M _earthquake in Zone 1 during the period of 7=50 years after the last M
8.0 earthquake of 1995, given by the equation (2) in Section 2.1, is equal to 58%.
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Figure 4. Relationship between the cumulative numbers of earthquakes recorded in Zone I (A) and Zone II (B) and their
magnitudes.

ATTENUATION OF EARTHQUAKE INTENSITY WiTH DISTANCE

In this section, we significantly deviate from the standard PSHA method which operates for the
study of attenuation of earthquake intensity with distance with the curves of attenuation of instru-
mentally recorded ground motions or spectral accelerations (McGuire, 2004). The main reason for
this deviation is the practical absence of the instrumentally recorded strong motions of the M >7.5
earthquakes occurring within Zone 1. Only two acceleration records were obtained at the same site,
in Manzanillo, for two earthquakes, of 1995 (No 7 in Table 2) and 2003 (No 8 in Table 2). Tejeda-
Jdcome and Chdvez-Garcia (2007) collected the acceleration records for 26 local Colima earthquakes
but with magnitudes in the range of 3.3 < M < 5.2. It gave them possibility to construct the attenua-
tion curve for the magnitude 5 earthquake. In this situation, no data to construct the instrumentally
based curves for large (M > 7.5) earthquake intensity attenuation with distance for the Colima state
region were acceptable. The PGA attenuation curves, obtained in other regions can not be applied.
As was shown by Tejeda-Jdcome and Chévez-Garcia (2007), the use of attenuation relations, derived
with the data from other subduction regions, may underestimate the seismic hazard for Colima.
Thus, this study uses only the macroseismic intensity, /, as a parameter for performing of attenuation
curves for large earthquakes.

The intensity values of the 1932, 1941 and 1973 large earthquakes (Nos 1, 3 and 4 in Table 2)
were derived from newspaper reports (1932 event, Singh ez 4/, 1985) or from newspaper reports
and questionnaires obtained by mail and from municipal reports (1941 and 1973 events; Figueroa,
1974). As usual, this type of information dominated by the impressive destructive effects, observed
for the LRNE-type buildings, and there was a high probability of over-estimation of the real inten-
sity for the localities. At the same time, the shapes of the outer isoseismals (over-estimated or not),
proposed by the mentioned authors, were not so dependent on the methodology and may show the
general tendencies in intensity distribution (Fig. 5). All three earthquakes were characterized by the
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Figure 5. Isoseismals of maximum intensities estimated for large earthquakes of 1932, 1941 and 1973 (Nos. 1, 3, and 4
of Table 2, respectively). Colima city is shown with triangle. The borders of Colima state are shown with red line.

outer isoseismals of maximum intensity extended along the coast and parallel to the direction of the
Middle American trench (along-trench events).

The intensity field for more recent earthquakes of 1995 and 2003 was reconstructed using the in-
formation, obtained during the personal interviews of the people who felt the earthquakes in their
house, and with the inspection of type of masonry and quality of construction of the house. The
questionnaires were based on the MM 12-grade scale. To avoid the effect of poor quality of rural
constructions, the estimations of intensity were referenced to the type B masonry. In the case of ab-
sent of this type masonry, the corrections of intensity for the type and age of buildings were applied:
+0.5 MM intensity for type A masonry and -0.5 MM for type C masonry. If the construction was
older than 20 years, its category of masonry was decreased by one grade (from A to B, from B to C)
(Zobin and Ventura-Ramirez, 1998; Zobin and Pizano-Silva, 2007).

Figs. 6 (A, B) show the isoseismal maps for these events together with the isolines of co-seismic slip
within the rupture plane. In the case of the A/ 8.0 October 9, 1995, along-trench earthquake (Fig.
6A), totally 56 localities were inspected (Zobin and Ventura-Ramirez, 1998). Zones of maximum
intensities (MM VI-VII), as well as the direction of co-seismic slip, were observed along the coastal

zone parallel to the MAT.

The macroseismic study of the M 7.5 January 21, 2003, across-trench earthquake was performed
for 83 localities (Zobin and Pizano-Silva, 2007). The macroseismic map of the 2003 earthquake
(Fig. 6B) shows that the narrow (30 km wide) MM VII zone was elongated (up to 60km) in the
across-trench direction towards the continental part of Colima state coinciding with the direction
of co-seismic slip.

The specific features of intensity patterns caused by the difference in rupture directivity do not allow
calculating the MM intensity attenuation simply by taking all intensity observations. To have a ho-
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Figure 6. The earthquake intensity patterns observed during the large earthquakes of 9 October 1995 (M 8.0) (A) and
21 January 2003 (M 7.5) (B). The isolines of co-seismic slip within the rupture plane are shown with red lines (for the
1995 event, according to Mendoza and Hartzell (1999); for the 2003 event, according to Yagi ez al. (2004). IV-VII are
the Modified Mercalli (MM) intensities. Open squares show the epicenters of two large earthquakes of 1995 and 2003
located by the Colima regional seismic network RESCO. The cities of Colima and Manzanillo are shown by triangles.

mogeneous set of data, we took as our basis for calculating of the attenuation law only those observa-
tions obtained for the same localities for both earthquakes with differences in the estimated intensity
between 1 and -1. The earthquake intensity patterns for both earthquakes in direction across the
trench, using 44 selected intensity estimations, are shown in Fig. 7A. The least square linear regres-
sions, characterizing the MM intensity attenuation / with hypocentral distance R across the coastal

[=1.26 M — 2.24 log R— 0.0006 R
[=092M —0.64logR—0.010R (7)

where the hypocentral distance R = (42 + /9" (in km), A is the epicentral distance (in km) and 4 is
the focal depth (in km). The intensity 7 refer to average soil conditions.

According to these equations, the curves of earthquake intensity attenuation for the events with mag-
nitudes M and M , takenas M 8.0, were calculated (Fig. 7A). It is seen that taking M as M for the
earthquakes, occurring within Zone 1, we can expect larger earthquake intensity at the same distances.

Seismic HAZARD OF EARTHQUAKES ORIGINATED FROM ZONE 2

Zone 2 is outlined in Fig. 3. It represents the epicenters of earthquakes occurring along the crustal
local faults of the Colima sector of Jalisco block.

MaxiMuM MAGNITUDE MMAX

The catalogs of earthquakes, occurring during 1900-2016 within Zone 2, did not give any historically
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Figure 7. Attenuation of earthquake intensity with distance for events of Zone 1 (A) and Zone 2 (B). In A, the data are
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earthquakes with magnitudes A/ 8.0 and M 8.0, are shown. In B, the data are shown for the M 5.3 earthquake of 6
March 2000. The curves, calculated with equations, given in B, for earthquakes with magnitudes M 7.0 and M, 7.0,
are shown.

large earthquakes for this Zone. The maximum event was recorded on 6 March 2000 with the mag-
nitude M 5.3 (M 4.7) (Zobin ez al., 2000). It occurred along the Tamazula fault. The event of this
size can be produced by movements along the fault of length, Z, around 10km. For the Tamazula
fault, which has the length of about 60 km in its part between the Pacific coast and Volcdn de Colima
(See Fig. 3), the earthquake of 2000 was not maximum, the larger event may occur. We can estimate
its size from the empirical relationships between the rupture length, Z, and earthquake magnitude,
M, obtained for the other seismic zones of the world.

Wells and Coppersmith (1994) proposed the following empirical regression of subsurface rupture
length, Z, on magnitude M for the all-slip-type shallow (depth <40km) earthquakes:

M =4.4+1.5 LogL (km) (8).

According to Eq. (8), the rupture length L = 60 km corresponds to earthquake with magnitude M
about 7. Therefore, the segment of Tamazula fault, which passes along the Zone 2, has a potential to
produce the earthquake with magnitude A/ 7.0 (0.5).

As was noted in Section 2.2, the large historical earthquake had occurred in December 1567 (or
1568) along the Tepic-Zacoalco graben, representing the northern boundary of Jalisco block (See
Fig. 3). The surface rupture of the length of about 60 km, reconstructed from the historical descrip-
tions of this earthquake, corresponds to magnitude M 7.2 (Suter, 2015, also based on Eq. 8). There-
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fore, the magnitude A/ 7.0 may be considered as the maximum magnitude M of earthquakes
within Zone 2.

EARTHQUAKE RECURRENCE TIME

As for Zone 1, the period of recurrence of earthquakes with the magnitude A for Zone 2 can
be estimated using the Gutenberg-Richter law (Eq. 1). The relationship between the number of
earthquakes, registered within Zone 2 during the period from 1989 to 2000, and their magnitudes
is shown in Fig. 4B. The cumulative distribution of the numbers of earthquakes /V against their mag-
nitudes M is linear with a correlation coefficient R = -0.964. The linear regression equation obtained
with the least squares method is

Log N =4.00-0.94 (+ 0.15) M 9)

Equation (9) gives us the annual exceedance rate of 0.0026 for earthquakes with the magnitude M
7.0, which corresponds to the recurrence period, # and equal to about 390 years.

ATIENUATION OF EARTHQUAKE INTENSITY WiTH DISTANCE

As was mentioned in Section of Seismo-tectonic environment of the Colima State, the largest earth-
quake, the largest earthquake, recorded within Zone 2, occurred on 6 March 2000. Figure 7B shows
the earthquake intensity pattern observed for this earthquake. The intensities were collected for 54
localities of the states of Colima, Jalisco and Michoacdn with a visual inspection of the residential
houses. For each site, the mean intensity was calculated after the correction for type of masonry. The
following equations of attenuation of the intensity, /, with distance, R, were calculated:

I=104M +0.053 logR-0.017 R
I=092M +0.053 LogR-0.017 R (10)

According to these equations, the curves of earthquake intensity attenuation for the events with
magnitudes M and M , taken as M 7.0, were calculated (Fig. 7B). It is seen that taking A as
M for the earthquakes, occurring within Zone 2, we can expect larger earthquake intensity at the
same distances.

RESULTS. APPLICATION OF THE SEISMIC HAZARD PARAMETERS FOR THE SEISMIC Risk EVALUATION FOR
LocauTies witH Low-Rise, NON-ENGINEERED HOUSING IN THE STATE oF COLIMA

Analysis of seismic hazard parameters, proposed for Colima State in Section 4, allowed us to give
the prognostics of seismic hazard for localities of the State of Colima. Fig. 8 presents three possible
distributions of earthquake intensity for 10 municipal centers in the case of appearance of earth-
quakes with M from along-trench (Fig. 8A) and across-trench (Fig. 8B) earthquakes and from the
continental fault earthquakes (Fig. 8C). Table 3 summarizes these values for these localities. For fol-
lowing analysis of the seismic risk for the localities, their maximum possible intensity will be taken
into account.

The study of seismic risk of a locality is based on its seismic vulnerability assessment and consists of
three stages: (1) classification of the buildings and residential blocks of localities, (2) inventory of the
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Figure 8. Distribution of zones of earthquake intensity MM expected for the localities of the State of Colima in the case
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earthquake of Zone 1 with magnitude Ms 7.8 (B), and in the case of the earthquake of Zone 2 with maximum mag-
nitude Ms 7.0 (C). Localities are shown with diamonds. A thick line in A shows the rupture zone of earthquake with
magnitude Ms 8.0. A dashed line in C shows the Fault of Tamazula.
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Table 3. Maximum intensities / _of earthquakes generated within zones I and II for the municipal centers of the State

of Colima
Locality I of along-trench I of across-trench I of earthquakes of
earthquakes of Zone 1 earthquakes of Zone 1 Zone Il
Colima VI Vil Vil
Villa de Alvarez VI VII VII
Manzanillo VIII VI VII
Armerfa VIII VII VII
Tecomdn VIII VI VII
Coquimatldn VI VII VII
Ixtlauhacdn VII VII VII
Minatitlin VI VI VII
Comala VI VII VII
Cuauhtémoc VI VI VII

Note. These intensity values are presented for intermediate-quality building (Type B) and intermediate type of soil. In
the case of bad quality of soil, the values of intensities would be increased (/. _+ 1).

buildings within the blocks, and (3) construction of damage probabilistic matrices (DPM_block) for
different types of blocks for maximum expected earthquake intensity at this locality.

SEISMIC VULNERABILITY OF RESIDENTIAL BUILDINGS IN THE STATE OF COLIMA

The dominant construction types in the Colima state are represented by one- or two-story masonry.
Among them, the vulnerable low-rise, non-engineered (LRNE) houses represent most residential
constructions. According to the design of these constructions, they can be divided into three groups
(Types A, B and C, described in Section of Evaluation of the seismic vulnerability of the localities with
LRNE buildings). The characteristic photos of these buildings are shown in Fig. 9.

The residential blocks, consisting of the buildings of three types, were considered as a basic element
for the seismic risk zonification. There were identified three types of residential blocks. Type 1 rep-
resents the blocks with most A-type buildings and no C-type houses. Type 2 represents the blocks
with majority of B-type buildings, and a small proportion of the A- and C-type buildings. Type 3
represents the blocks with most B-type buildings, about 30-40% of C-type houses and the absence
of A-type buildings.

DAMAGE PROBABILITY MATRIX AS A TOOL TO ESTIMATE THE SEISMIC Risk OF A LOCALITY

Damage matrices, or vulnerability functions, characterize the probability of material damage ex-
pected for each type of masonry during the earthquake, depending on the earthquake intensity and
degree of damage (Soares Lépez and Acosta Chang, 1998; Whitman, 1988).

For preparation of DPM, the group of expert’s method was used. The experts completed the ques-
tionnaires (their form is shown in Table 4), based on their own professional experience, proposing
the probability (in %) of damage grade for three types of masonry, affected by earthquakes of differ-
ent intensities. After a statistical study, the average damage probabilities of each grade for different
masonry and the MM intensities constitute the DPM.
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Type A

Figure 9. Examples of three types of residential buildings in municipal centers of Colima state.
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The first DPM for three types of masonry in the central part of Colima city was proposed in 1999
for the earthquakes of intensity MM VI to IX (Zobin and Ventura-Ramirez, 1999). Later the DPM-
1999 was slightly modified in 2007 according to experience, obtained after the 2003 earthquake
(Zobin et al., 2010). The DPM-2007, presented in Table 4 and used in this article, was prepared
by the group of eleven Colima experts (architects, civil engineers, and structural engineers) having
extensive experience in seismic engineering (from 11 to 35 years).

MICROZONATION OF SEISMIC Risk FOR TWO MuUNICIPAL CENTERS OF THE STATE OF COLIMA

For the following analysis of the seismic risk of localities of Colima we selected two of ten municipal
centers, shown in Fig. 8A and marked with circles, the town of Tecomdn, situated within zone of
maximum seismic intensity MM VIII of along-trench earthquakes, and the village of Ixtlahuacin,
situated within zones of maximum seismic intensity MM VII of along-trench earthquakes and the
continental fault earthquakes.

MICROZONATION OF SEISMIC Risk FOR THE T OWN OF TECOMAN

The town of Tecomdn is the municipal center with population of 85, 689 inhabitants; its area is equal
to 11.97 km2 (INEGI, 2010). Tecoman is located in the Sierra Madre del Sur, which is characterized
by outcrops of metamorphic rocks and marine deposits of the Cretaceous. The low-quality alluvial
soils are distributed along the margins of the rivers (Atlas de Tecomdn, 2011). Tecomdn is located at
a distance of about 70 km from the Mexican subduction zone. According to Table 3, Tecomdn can
suffer destructive damage during earthquakes of Zone 1 (/ _VIII) and Zone 2 (/ _VII).

The evaluation of the housing of Tecomdn was carried out during 2014 for 1,361 residential blocks
of the town. Of these, 23 (2%) are of type 1, 361 (27%) are of type 2 and 977 (72%) are of type 3.
The average distribution of housing of three types within each type of blocks is presented in Table 5A.

To quantify the seismic risk for the housing of Tecomdn, represented in these blocks, the probabilis-
tic matrix of expected damages DPM_block for the housing was calculated for expected earthquakes
with intensities VII to IX MM (Table 6). Intensities VII and VIII MM were expected as I _for earth-
quakes from Zone 2 and Zone 1, respectively (See Fig. 8A and 8C). Intensity IX MM was considered
for the case of housing constructed above the low-quality alluvial soils.

Table 4. Damage probability matrix DPM-2007 (in %) for three types of buildings in Colima (intensity MM from VII

to IX)
Type A Type B Type C

Damage

Grade VI VIII IX VII VIII IX VII VIII IX
1 68 46 5 30 15 0 18 8 0
2 24 30 9 17 13 4 12 7 0
3 6 14 17 17 17 5 10 6 4
4 2 5 31 25 15 10 10 11 4
5 0 3 19 7 26 20 29 16 11
6 0 2 13 4 10 35 8 30 21
7 0 0 6 0 4 26 13 21 60
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Table 5. Characteristics of the residential blocks in Tecomdn (A) and Ixtlahuacin (B)

A
Typeof  Number of Mean Mean Mean % of type A % of type B % of type C
blocks blocks of = number of number of number of
each type  buildings of buildings of buildings of
Type A Type B Type C
Type 1 23 7 2 0 78 22 0
Type 2 361 3 16 1 15 80
Type 3 977 2 8 9 11 42 47
B
Typeof = Number of Mean Mean Mean % of type A % of type B % of type C
blocks blocks of = number of number of number of
each type  buildings of buildings of buildings of
Type A Type B Type C
Type 1 0 0 0 0 0 0
Type 2 18 0 12 1 2 90
Type 3 67 0 6 7 2 43 55

Table 6. Damage probability matrix for three types of residential blocks in Tecomdn (in %) for earthquakes with intensity

MM VII to IX
Damage VII VIII X
grade Blocks of Blocks of Blocks of Blocks of Blocks of Blocks of Blocks of Blocks of Blocks of

type 1 type 2 type 3 type 1 type2  type3 type 1 type 2 type 3

N e Y B N O S R

63 34 24 42 19 13 4 1 0
23 17 13 28 15 11 8 5 2
8 15 12 14 16 11 15 6 5
5 21 15 6 13 12 28 13 7
4 16 2 21 20 2 19 14
1 5 3 14 20 16 10 24
0 6 1 3 12 9 22 38

Fig. 10A demonstrates the damage curves for three types of blocks, constructed on the base of Table
6, which illustrate the comparative damage effects. These curves and data of Table 6 indicate that in
case of earthquake with intensity VII the damages of both grades 6 and 7 can be expected only for
1% of housing situated within the blocks of type 1. In case of earthquake with intensity VIII the
damages of both grades 6 and 7 within this type of blocks can reach 4%, and in case of earthquake
with intensity IX this value of damage will be increased up to 25%. For blocks of type 2, the damage
of both grades 6 and 7 in housing is expected of 3% in case of earthquake with intensity VII, can
reach 17% in case of earthquake with intensity VIII and up to 32% in case of earthquake with inten-
sity IX. For blocks of type 3, totally 11% of damages of grades 6 and 7 in housing can be expected
in case of earthquake with intensity VII, 32% in case of earthquake with intensity VIII and 62% in
case of earthquake with intensity IX.
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Figure 10. Damage curves corresponding to the DPM-block calculated for three types of residential blocks in Tecomdn
(A) and Ixtlahuacdn (B).

Fig. 11A presents a microzonation of the seismic risk of residential blocks in Tecomdn. The blocks
with different types of housing do not have a defined distribution. Not numerous blocks of type 1
with relatively low level of seismic risk are located without any regularity. The blocks of type 2 with
intermediate seismic risk are dominated here and distributed throughout the entire territory of the
settlement. The blocks of type 3 with houses, built of adobe and built without a project, are numer-
ous within this town also and represent the housing of the high seismic risk. They concentrated
within the historic center of the city and within outskirts of the town.

Probabilistic appraisal of possible losses in housing of Tecomdn, destructed by earthquakes of differ-
ent intensity, is demonstrated with DPM_cost, giving the percentage of the losses in cost of housing
compared with the price of the house before the earthquake. The cost of losses for the residential
blocks can be estimated with knowledge of the average cost of all three types of housing that consti-
tutes the blocks. Table 7A shows the percentage of the losses for three types of residential blocks with
different level of seismic risk. In the case of earthquake with intensity MM VIII, the losses, compared
with the price of the housing before the earthquake, will reach 40% for the housing of high level of
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Figure 11. Microzonification of seismic risk for residential blocks of Tecomdn (A) and Ixtlahuacdn (B). The maps of
microzonation of seismic risk represent the distributions of three types of residential blocks which reflected the level of
seismic risk for the locality’s constructions. In these maps are shown also the positions of hospitals and medical centers,
which are important in the case of destructive earthquake, as well as the positions of schools, representing the places of
high seismic risk for children. In A: 1, commercial centers and federal zones; 2-4, residential blocks of type 1 (2), type
2 (3) and type 3 (4); 5, hospitals; 6, medical centers; 7, schools. In B: 1, commercial centers and federal zones; 2-3,
residential blocks of type 2 (2) and type 3 (3); 4, medical centers; 5, schools. Residential blocks of type 1 represent zone
of relatively low risk; residential blocks of type 2 represent zone of relatively intermediate risk; and residential blocks of
type 3 represent zone of relatively high risk.

Table 7. Damage probability matrix DPM_cost giving the losses in cost of housing (in %) during earthquakes with
intensities MM VII, VIII and IX compared with the price of the housing before the earthquake for three types of
residential blocks in Tecomdn (A) and Ixtlahuacdn (B)

A
Intensity MM Blocks of high seismic Blocks of intermediate ~ Blocks of low seismic risk
risk (type 3) seismic risk (type 2) (type 1)
VII 21 10 4
VIII 40 27 6
IX 65 41 29
B
Intensity MM Blocks of high seismic risk (type 3) Blocks of intermediate seismic risk (type 2)
VII 14 25
VIII 29 42
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seismic risk, 27% for the housing of intermediate level of seismic risk, and 6% for the housing of
low level of seismic risk.

MICROZONATION OF SEISMIC Risk FOR THE VILLAGE OF IXTLAHUACAN

The village of Ixtlahuacdn is the municipal center with population of 2,717 inhabitants; its area is
equal to 6 km2 (INEGI, 2010). Ixtlahuacdn is located within the Sierra Madre del Sur at the heighs
of about 150-170 m. Ixtlahuacdn is located at a distance of about 110 km from the Mexican subduc-
tion zone. According to Table 3, Ixtlahuacdn can suffer destructive damage during earthquakes of
Zone 1 (I VII) and Zone 2 (I _VII).

The evaluation of the housing of Ixtlahuacin was carried out during 2014 for 85 residential blocks.
The houses are mostly of poor quality. The blocks of type 1 are absent. The housing is represented
by 18 (21%) blocks of type 2 and 67 blocks (79%) of type 3. The average distribution of three types
of residential buildings within each type of blocks is presented in Table 5B.

To quantify the seismic risk for the housing of Ixtlahuacdn, represented in these blocks, the probabilis-
tic matrix of expected damages DPM_block for the housing was calculated for expected earthquakes
with intensities VII to IX MM (Table 8). Intensity VII MM was expected as I _for earthquakes from
Zone 2 and Zone 1. Intensity VIII MM was considered for the case of housing constructed above
the low-quality soils.

Fig. 10B demonstrates the damage curves for two types of blocks, constructed on the base of Table
8, which illustrate the comparative damage effects. These curves indicate that in case of earthquake
with intensity VII the damages of both grades 6 and 7 can be expected for 5% of residential blocks
of type 2 in case of earthquake with intensity VII, and can reach 16% in case of earthquake with
intensity VIII. For blocks of type 3, totally 13% of damages of both grades 6 and 7 in housing can be
expected in case of earthquake with intensity VII and 34% in case of earthquake with intensity VIII.

Fig. 11B presents a microzonation of the seismic risk for residential blocks in Ixtlahuacdn. As was
noted above, the blocks of type 1 with relatively low level of seismic risk are absent. The blocks of
type 3, representing the housing of the high seismic risk, are distributed practically throughout the
total settlement. The blocks of type 2 with intermediate seismic risk are concentrated mainly within
the southern part of the Ixtlahuacdn, in the areas of modern urban development.

Table 8. Damage probability matrix for three types of residential blocks in Ixtlahuacin (in %) for earthquakes with

intensity MM VII and VIII
Damage grade VII VIII
Blocks of Blocks of type Blocks of Blocks of Blocks of Blocks of
type 1 type 3 type 1 type 2 type 3
1 0 30 24 0 15 12
2 0 17 14 0 13 10
3 0 16 13 0 16 11
4 0 23 16 0 15 13
5 0 9 19 0 25 20
6 0 0 11 21
7 0 0 5 13
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Figure 12. Comparison of observed damage matrix, obtained in Colima city for zones I, II, and IIT (heavy lines) after
the 2003 earthquake, with the prognostic curves, calculated for typical blocks of three zones based on DPM-1999 and
DPM-2007, proposed in (Zobin and Ventura-Ramirez, 1999) and (Zobin and Pizano-Silva, 2007) for earthquakes that
could be felt in these zones with intensity MM VII (dashed lines).

Probabilistic appraisal of possible losses in housing of Ixtlahuacdn, destructed by earthquakes of dif-
ferent intensity, is demonstrated with DPM_cost. Table 7B shows the percentage of the losses for
three types of residential blocks with different level of seismic risk. In the case of earthquake with
intensity MM VIII, the losses, compared with the price of the housing before the earthquake, will
reach 40% for the housing of high level of seismic risk, 27% for the housing of intermediate level of
seismic risk, and 6% for the housing of low level of seismic risk.
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DISCUSSION

Two elements of the seismic risk, seismic hazard and seismic vulnerability of housing, refer respec-
tively to natural and human activity. The level of seismic hazard, as the natural phenomenon, de-
pends on the magnitude and position of the seismic sources relatively the site of study. Observations
of large earthquakes, occurring in the region of study during more than 100 years, allowed us to
consider the estimated parameters of the seismic hazard as regular enough.

The seismic vulnerability of housing describes the ability of houses to resist this earthquake action.
This element of seismic risk is subjective and depends strongly on the human memory and under-
standing of destructive effects of previous earthquakes as well as on changing level of the quality of
housing. Damage probability matrices, DPA/s, are proposed to reflect this understanding and to give
notion of possible actions to diminish the risk of loss of life and houses.

Effectivity of DPM, prepared by a group of specialists, may depend on some specific factors. Among
them are the existence or not of proper experience of these specialists in sensations of destructive
earthquake, and the time interval between destructive earthquakes in the locality. We discuss now
the sensibility of proposed DPMs for Colima city on these specific factors.

The first DPM for three types of masonry in the central part of Colima city, described in Section of
Evaluation of the seismic vulnerability of the localities with LRNE buildings and shown in Figure 9, was
proposed in 1999 for earthquakes of intensity MM VI to IX for typical blocks of three zones of the city
(Zobin and Ventura-Ramirez, 1999). The urban development in Colima has a concentric structure:
the older Zone I, which was constructed before 1960, is situated in the central part of the city and is
surrounded by Zone II, constructed from 1960 to 1980. The outer circle (Zone III) represents modern
buildings. Most old buildings (before 1980) are of types C and B; more recent buildings are of types A
and B. Description of the building of three types is given in Section. 2.2. The DPM-1999 version for
earthquakes with intensity MM VII is shown in Figure 12 for three typical zones of the city.

This DPM was based practically on experience in destructive effects observed in Colima city during
the M 7.6 earthquakes of 15 April 1941 and of 30 January 1973 (events Nos 3 and 4 in Table 2
and in Fig. 2). In 1941, the total Colima city was situated within Zone I and was occupied mainly
with buildings of type C. According to information, presented by the Governor of State in Septem-
ber 1941, 75% of the total 5,115 residential houses of Colima city were destroyed (Bracamontes-
Ceballos, 2018). In 1973, the city occupied zones I and II. According to Figueroa (1974), totally 200
residential houses were completely or partially destroyed in Zone I. This information was reflected in
the curves of possible damage for housing calculated for three typical blocks based on DPM-1999.
As is seen in Figure 12, the prognostic for Zone I predicted, in the case of intensity MM VII, heavy
damage of index 5 for 40% of the total houses and major damage of index 6 for 10%.

The DPM-1999 was tested soon by the M 7.5 2003 earthquake which was felt in Colima city with
MM VII (Zobin ez al., 2006; Zobin and Pizano-Silva, 2007). The 2003 earthquake (event No 8 in
Table 2 and Fig. 2) occurred on 21 January near the coast of Colima state. Hypocenter of earth-
quake was situated within the El Gordo graben, which intersects the Mexican subduction zone and
the Middle America trench (See Fig. 6B), locating at a depth of 10 km and at a distance of 65 km
from Colima city. The macroseismic investigation of damages produced by the 21 January 2003
earthquake in Colima city, México, was realized for 3,332 constructions within the area of study

138



V. M. Zobin and Imelda Plascencia, Seismic risk in the State of Colima, México.

representing about 20% of the city area and covered with the different type of constructions. The
results of macroseismic study are shown in damage curves (Figure 12).

As is seen, these results for zone I differ with proposed by the curve of DPM-1999. In 2003, Zone
I was covered with a mixture of three types of masonry and the experience of 1941 and 1973 did
not served. Now only about 15% of housing was characterized by heavy damage of index 5. More
modern constructions of zones II and III were better familiar to the members of the 1999 expert
group, and it gave a possibility to propose the curves DPM-1999 better corresponding to the 2003
observations of MM VIl-grade effects in these two zones.

The DPM-2007 version (Table 4) was prepared by the specialists with experience of the 2003 earth-
quake (Zobin ez al., 2007). Figure 12 shows the curves of possible damage, which were calculated for
three zones of Colima city based on DPM-2007 for MM VII earthquake. These prognostic curves
are in good correspondence to the observed damage matrix calculated by Zobin ez /. (2007) for the
effects of the 2003 earthquake and shown in this Figure. Well, we can wait for the next destructive
earthquake to check their effectivity. As a practical lesson from these analyses of DPMs, we can pro-
pose to re-calculate DPM for every locality each 25-30 years.

The methodology presented in recent article may be applied for many similar in the LRNE housing
cities of Asia, Africa, and Latin America. The preliminary reconnaissance carried out in some low-
rise cities of the Pacific coast areas of México, Colombia and Pert showed that the buildings of these
cities are similar to three types of Colima buildings (Zobin, 2008). This allows the application of
this non-instrumental, inexpensive but efficient methodology for the microzonation of seismic risk
in the LRNE housing cities situated in similar zones.

CONCLUSIONS

This article proposes a simplified methodology of the seismic risk evaluation for the localities, where
the vulnerable low-rise, non-engineered (LRNE) housing represents the majority of residential con-
structions. The methodology is based on evaluation of two main sources of information: the inter-
net-available catalogs of world-wide of recent and historical earthquakes and visual inspection and
classification of the vulnerability level of residential LRNE houses, and visual macroseismic inspec-
tion of the residential house damage after destructive earthquakes. This methodology was applied
to the localities of the State of Colima, México, characterizing with the LRNE type of residential
houses. The microzoning of the seismic risk for two localities of the State is presented together with
a probabilistic prognostic of the expected financial losses during the maximum intensity earthquakes
at the localities. The damage probability matrix DPM-2007, proposed for Colima city, may be used
for urban planning for other towns of Colima state as well as of for the cities of other Mexican states
situated along the Pacific coast and having similar masonry.
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