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CHAPTER 1

INTRODUCTION

On October 10, 1986, the capital ofEI Salvador, San Salvador, experienced a moderate

magnitude earthquake. The surface wave magnitude of this event was 5.8. The hypocentral

location was 13.67°N and 89.19°W with average depth of 10.00 kilometers. Despite the

moderate magnitude of this earthquake, the city was severely damaged. Ground motion

records with epicentral distances ranging from 1 to 8 kilometers showed peak ground

accelerations from 0.31g to 0.72g.

The high values of ground motion and the resulting building damage cough the attention

of engineers and seismologists from all over the world. A previous study done by White

and Harlow (1988) shows that San Salvador is hit by earthquakes like the one described

above, approximately every 30 years. Considering the high seismic activity rate of this

zone and the potential danger for life and property loss, the study "Seismic Zoning and

Strong Ground Motion Parameters for EI Salvador" was initiated at Stanford University.

The area covered by this study is bounded by the latitudes 11.oooN and 16.00oN and the

longitudes 82.00oW and 91.OOoW. It includes all of EI Salvador and part of Guatemala,

Honduras, and Nicaragua (see Figure 2.1).

For this region, similar studies have been conducted by Kiremidjian et al. (1979),

Kiremidjian et al. (1977), and Shah et al. (1975). In another study, an Italian group of

. engineers has brought to completion a detailed study of the dynamic properties of the soils

within the city of Sail Salvador, in an attempt to perform a seismic microzonation of the city

(Consorzio Salvador e.,1988). However, the study is specialized only in the eastern part of

San Salvador and the attenuation models used in this study are the ones developed for the

western United States.

The evaluation of the seismic hazard in a region requires a seismicity model, an

attenuation model. and an exposure evaluation model. This study will include a

comprehensive evaluation of the seismic environment of EI Salvador and surrounding

regions. a study of the available hazard analysis models applicable to this seismic

environment. and the development of peak ground acceleration attenuation functions

needed for the application of the hazard models.
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Briefly, the major topics to be studied are outlined as follows:

• Tectonic Setting and Seismic Provinces.

• Seismic Data Base.

• Geometrical Modeling.

• Probabilistic Hazard Analysis Modeling.

• Strong Ground Motion Parameter Estimation.

• Application of the Models.

In order to evaluate the seismic hazard of a region, it is fIrst necessary to study and

model its seismicity. In Chapter 2, the seismo-tectonic environment of EI Salvador is

studied as a part of a more extensive system. In this region, three different tectonic regimes

are found: the Caribbean Plate Boundary which is composed of the Chixoy-Polochic,

Motagua. and Jocotan-Chamelecon faults; the Volcanic Chain which is composed of a line

of volcanoes that goes from Guatemala to Costa Rica; and the Central American Trench

which is formed by the subduction of the Cocos Plate beneath the Caribbean Plate (see

Figure 2.1).

In chapter 3, the existing data for the study region is analyzed. Two kinds of data are

found: non-instrumental and instrumental. For both types of data, a methodology of how to

calculate earthquake parameters is described and their relation to the seismic provinces is

evaluated.

Faults and areas of earthquake activity are represented by lines and polygonal dipping

planes defining the geometrical source modeling for the region. The seismicity of the region

is gathered and sorted according to this geometrical source model. Seismic parameters such

as earthquake recurrence relationships, maximum credible earthquake, slip rates, and

energy release are calculated for each seismic province. The results from this evaluation are

presented in Chapter 4.

In order to obtain hazard estimates, the Bayesian model (Mortgat and Shah, 1979) and

the slip-predictable model (Kiremidjian and Suzuki, 1987) are used in this study. The

Markov renewal model is applied to a segment of the Benioff Zone. The remaining sources

are modeled using the Bayesian model; the results from the two models are combined to

obtain hazard estimates throughout EI Salvador. For comparison purposes, hazard
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estimates are computed for all sources using the Bayesian model as well. A review of both

hazard models and calculation of parameters are presented in Chapter 5.

In Chapter 6, strong ground motion attenuation functions are discussed extensively.

Since several tectonic regimes are found in the region of study and travel paths and stress

conditions from near source and far sources are likely to vary (Campbell, 1981), the

attenuation functions depend on the seismic source and source-to-site conditions.

The seismicity model, the stochastic hazard models, and the attenuation functions

indicated above are used to develop iso-acceleration maps for EI Salvador. In addition, site

specific seismic loading (peak ground acceleration) are computed at eleven important cities

and places in EI Salvador. The results from this analysis are presented in Chapter 7.

In summary, the final results of this study represent a set of seismic hazard maps and a

set of site specific loading estimates for EI Salvador. Further implementation of the result of

this study in seismic code regulations for a seismic code for lateral loads, will narrow the

gap of the actual engineering practices in EI Salvador with the ones performed in countries

with modem seismic codes.
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CHAPTER 2

TECTONIC SETTING AND SEISMIC PROVINCES

2.1 Introduction.

In this chapter, a study of the tectonic and seismological setting of El Salvador and

surrounding regions is undertaken. The area covered by the study is bounded by the

latitudes 11.oooN and 16.00oN and the longitudes 82.00oW and 91.00oW. It includes all

of EI Salvador and part of Nicaragua, Honduras, and Guatemala. This area is divided in

several regions and their tectonic and seismological characteristics are described.

2.2 Tectonic SettinK
EI Salvador is located in the western part of the Caribbean Plate which contains

several tectonic regions (see Figure 2.1). Along the Pacific coast of Central America lies a

very narrow chain of active volcanoes (Carr et al., 1982). Southwest of EI Salvador, the

Cocos Plate subducts under the Caribbean Plate forming the Middle America Trench (White

and Cifuentes, 1988). To the northwest is the North American-Caribbean Plate boundary

which crosses Guatemala and is principally expressed by the Chixoy-Polochic and

Motagua faults. To the northeast, El Salvador is bounded by a series of en-echelon grabens

which form the Honduras Depression (Kiremidjian et al., 1979).

2.2.1 Volcanic Chain

A chain of·active volcanoes with evidence of holocene activity (White and Harlow,

1988) lies parallel to the Middle America Trench from Guatemala to Costa Rica. The chain

lies 160 to 180 km from the trench (Carr et al., 1982), and it is formed by about 75

volcanoes which are higher at the ends of the chain. In Guatemala and Costa Rica, the

volcanoes have elevations from 2700 to over 4200 meters and are spaced from 18 to 30

km. At the middle of the chain, the volcanoes are lower with elevations from 512 to 2182

meters and are spaced from 12 to 18 km apart (White and Harlow, 1988).
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Faults between the volcanoes that trend nonnal and parallel to the axis of the chain are

associated with left-lateral and right-lateral displacements respectively. Fault displacements

for both the 1986 San Salvador and 1972 Managua earthquakes were left-lateral on faults

perpendicular to the trend of the chain. The intensity contours and the foreshock

distribution of the 1965 San Salvador earthquake indicate a right-lateral fault motion along a

fault parallel to the chain (Harlow et al., 1988).

2.2.2 Middle America Trench

At the Middle America trench, the Cocos Plate, which is composed of a gently

sloping seafloor (20 to 40 m.y.) of smooth topography (White and Cifuentes, 1988),

subducts unde,r the Caribbean Plate at moderate angles and defines the Benioff Zone. The

Benioff Zone appears to be formed by two parts. The shallower part is inclined at about

15° to 25° and the deeper part is inclined at approximately 40° to 55°. This interpretation

of the subduction zone is suggested from the hypocentral cross sections (see Figure 2.2) of

the Middle America Trench given in Burbach et al.(1984).

The convergence rate and average coseismic slip rate for the Cocos and Caribbean

Plate boundary have been estimated to be about 6.5 crn!yr and 5.0± 1.6 crn!yr respectively

in a region off western El Salvador (White and Cifuentes, 1988).

2.2.3 The Chixoy-Polochic and Mota~a Faults

The North American and Caribbean Plate boundary through Guatemala is comprised

principally by two parallel,left-Iateral, strike-slip faults; the Chixoy-Polochic and Motagua

faults (see Figure 2,3). However, for the purposes of this study, another subparallel fault

will be considered as part of this boundary, the Jocotan-Chamelecon fault. The Chixoy­

Polochic fault can be mapped for about 340 km across Guatemala and southern Mexico

(Schwartz et al.,1979). The Motagua fault is traceable for over 300 km from the Atlantic

coast to central Guatemala, where it is concealed by quaternary volcanic deposits

(Anderson et al., 1973; Dengo and Bohnenberger, 1969; Schwartz et al., 1979).

The nature and amount of displacement along this boundary has been a subject of

controversy (Kiremidjian et al., 1979). However, focal plane solutions for events

occurring at this boundary and an average offset of 1.1 meters observed in the 1976

Motagua earthquake, show undoubtedly a left-lateral sense of movement (Molnar and

Sykes,1969; Bucknam et al., 1978).
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Figure 2.2. Cross sections of the Subduction Zone at some points in the
Middle America Trench (After Burbach et aI., 1984.)

Figure 2.3. Location map of majors faults in central Guatemala and southern
Chiapas (modified from Muehlberger and Ritchie. 1975). Inset
shows the location of this map and the plate tectonic setting of
the region (After R. White, 1984.)
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2.2.4 Honduras De.pression

Some.faults in Central America are oriented north-south and they either compose

transverse boundaries between longitudinal faults or compose graben structures in the

Caribbean plate. The largest graben is the Honduras Depression which is a group of

disconnected grabens or basins that extend from the Caribbean to the Pacific (see Figure

2.4).

The focal plane solution of an earthquake in this region indicates oblique slip with a

component of thrust faulting (Dean and Drake, 1978). However, uncertainty about the

nature of the displacements of this faults is still present

~-
II 17 I.
i I I

~I, ,
...... . v:-- ,,•.__.:

i _11
L .. _

Figure 2.4. Major faults of the Honduras Region. (Honduras Depression faults from
Muehlberger, 1976; figure modified from Motor Columbus, 1978.)
cr -Cayman Trough, CP - Chixoy-Polochic fault zone, M - Motagua
fault zone, JC - Jocotan-Chamelecon fault zone, GC - Guatemala City
graben, IG - Ipala Graben, J- Jalpataga fault, FCS - Fosa central de EI
Salvador, ND - Nicaraguan Depression, S- Sula graben, N - EI Negrito
graben, MZ - Morazan graben, SB - Santa Barbara graben, Y - Yoro
graben, JO • Jesus de Otoro graben, C - Comayagua graben, GO ­
Goascoran fault, TA - Talanga fault, SBV - San Buenaventura fault, CH­
Choluteca fault, GU - Guayape fault, LC - La Ceiba Fault, A - Aguan
fault, L - Laparetique fault, G - Guatemala City, SS - San Salvador, T ­
Tegucigalpa, M - Managua, SPS - San Pedro Sula.
(Aftez Kiremidjian et aI., 1979.)
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2.3 Seismic Provinces
In order to model the seismicity of El Salvador and surrounding areas, the region is

divided into seismic provinces. The division is done based on the geologic and seismic

features of the provinces themselves. Consequently, a seismic province in this study is

defined as a very well identified fault or zone which spatially comprise earthquakes with

similar seismic parameters such as focal plane solution, magnitude, epicenter, and focal

depth.

Therefore, following the definition presented above and similar to the classification

given by others (Carr and Stoiber, 1976; Kiremidjian et at, 1979) the following seismic

provinces were identified (see Figure 2.5):

HONDURAS

/
I

/ .
I

./

. I

I
I
I

. !
I
I

I

...... ...
.' .-------_:..

I '''CIPIC OCEAN i

I

Caribbean Plate Boundary (CPB)

Honduras Depression (HD)

Volcanic Chain (VCII)
Benioff Zone (BZ)

11

16 I
I
..._-:--...----

12f----+----+--~v-...:---,~-h-~-_+.:___":...:..,..:__;_i

10~'9:;2==='9;;1====.;:;90;==::'----1'89.....---.-J88'-----'.!P>l;-----J.86
Longitude

Figure 2.5. Tectonic provinces and epicenter locations of the Central American region.
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1) Volcanic Chain Zone

2) Benioff Zone

• Shallow Benioff Zone

• Intermediate Benioff Zone

• Deep Benioff Zone

3) Caribbean Plate Boundary

4) Honduras Depression

(VCH)

(BZ)

(SHBZ)

(IBZ)

(DBZ)

(CPB)

(HD)

2.3.1 volcanic Chain Zone

The Volcanic Chain Zone is identified as a narrow band along the pacific coast of

Central America which groups regions of similar tectonic and seismic patterns. Focal

mechanisms of events within this band show strike slip displacements with one plane

parallel to the volcano axis (White and Harlow, 1988). Fault motions of left-lateral sense

have occured in faults perpendicular to the trend of the chain and right-lateral slip has

probably occurred along faults parallel to the chain.

In addition, events in this band exhibit very similar seismic parameters. For instance,

epicentrallocations fall within a very narrow band, focal depths of very well constrained

events are within 5 and 15 km (White and Harlow, 1988), and maximum magnitudes of

earthquakes range from Ms of 5.4 to 6.8. Consequently, the Volcanic Chain Zone is

defined in this study as a narrow band along the pacific coast of Central America. The

depth of the crust of the earth is believed to be 20 km; however, in the estimation of the

earthquake magnitude and epicentrallocation the value of 35 km is often used. Thus it was

decided to define the maximum depth of this source at 35 km for consistency with the data.

2.3.2 BenioffZooe

The Benioff Zone, described before as the subducting part of the Cocos plate under

the Guatemalan, EI Salvadoran, and Nicaraguan coasts is characterized by several geologic

and seismic features. As suggested in Burbach et al. (1984), the underthrusting plate is

formed by two parts separated at an average depth of 60 km. The magnitude of earthquakes

in the shallower plate increases as we go deeper on the plate; from a catalog by White and

Cifuentes (1988), the maximum magnitude, Ms, is found to be 7.1 at a range of

hypocentral depths from 0 to 35 km. The magnitudes range up to Ms of 8.1 for a range of

hypocentral depths from 40 to 60 km.

10



Taking into account these features of the zone, three segments are identified: a

Shallow Benioff Zone (0-35 kIn), an Intermediate Benioff Zone (36-60 kIn), and a Deep

Benioff Zone (61-260 kIn).

2.3.3 Caribbean Plate Boundmy

The Caribbean Plate Boundary is formed by the Chixoy-Polochic, Motagua, and

Jocotan-Chamelecon faults. The zone is characterized by left-lateral, strike-slip faults

which are clearly mapped. The seismic activity is shallow «35 kIn for this study) and the

two main faults have already ruptured at least once. In 1785 an earthquake Mw of 7.3 to

7.5 ruptured the eastern portion of the Chixoy-Polochic fault and in 1816 another

earthquake Mw of 7.5 to 7.7 ruptured its western portion. In 1976 an earthquake of Mw

7.5 ruptured the Motagua fault (White, 1988). The depth of this source zone will be

considered to be between 5 to 15 kIn.

2.3.4 Honduras De.pression Zone

The Honduras Depression zone is located at the central part of Honduras and has the

following characteristics. The zone groups all the faults of central Honduras which form

part of a sequence of en-echelon grabens. Its seismicity is very low with magnitudes

ranging from Ms of 3.0 to 6.3, and is shallow in origin.

In conclusion, EI Salvador is surrounded by the following tectonic regions: the

Volcanic Chain, Benioff Zone, Caribbean Plate Boundary, and Honduras Depression. The

Volcanic Chain is dermed according to the kind of faulting around the axis of the chain and

some features of earthquake parameters such as magnitude, focal depth and epicentral

location. The BenioffZone is defined according to the magnitude of events and hypocentral

depth in the 3 sub-zones described before. The Caribbean Plate Boundary is defined on the

delineation and seismic activity of each fault between the zone. And finally, the Honduras

Depression Zone is defined by the location of the group of faults in the grabens.
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CHAPTER 3

SEISMIC DATA BASE

3.1 Introduction.

Instrumental records for earthquakes in Central America became available in 1900

(Harlow et al., 1988). Catalogs with instrumental records, however, almost never include

more than one cycle of large earthquakes for specific seismic sources. Since the

instrumental data are insufficient to estimate the recurrence of large earthquakes, it is

important to consider non-instrumental data as well.

Before 1900, intensity scales which describe physical damage at sites were the only

records available to measure the severity of an earthquake (e.g. Rossi-Forel and Milne

scales). Thus, this study distinguishes between historical seismicity which defines

descriptive seismicity before 1900; and post-1900 seismicity, which includes both

instrumental and descriptive data obtained after 1900.

3.2 Historical Seismicity.

General studies have been conducted on historical seismicity for the Central American

region. White (1984), White and Cifuentes (1988), White (1988), White and Harlow

(1988), and Harlow et al. (1988) have searched for primary sources on historical

seismicity. They found information on Subduction, Shallow Focus and Plate Boundary

earthquakes from more than 1000 historical documents. This information made it possible

to construct intensity maps for at least the two highest intensity contours. Thus,

approximated magnitudes and moment centroid locations became available.

For this period a total of 111 earthquakes were found. Only a brief description of the

damage was available for the oldest forty events (see Appendix A). Since the remaining

events were better documented, approximated magnitudes, moment centroid locations, and

rupture lengths were determined (see Appendix B.) The methodology followed in these

calculations is explained below.

For earthquakes for which at least two of the highest contours of the Modified

Mercalli Intensity could be constructed, all of the seismic parameters mentioned before

were determined. Following AId (1966) and Kelleher et al. (1973), it is assumed that the

rupture area corresponds to the aftershock area of an earthquake. Based on White and

12



Harlow (1988), the aftershock area and the area ofdamage covered by the intensity contour

of MMI VII gives for the subduction zone the following relationship:

Lvn = 200 (M - 6.77) (3.1)

where Lvn is the diameter of the MMI VII isoseismal line which is assumed to be the

diameter of the rupture area, and M is the magnitude. Similarly, for upper crustal

earthquakes the following equation was developed,

Lvn =200 (M - 6.37) (3.2)

which gives the minimum diameter of the damage area of MM intensity VII for a given

earthquake.

Discrimination of damaging events that have occurred on the Benioff zone from those

that have occurred in a upper-crustal seismic province is difficult since the MMI contour

lines of an earthquake from either seismic province can lie along the Volcanic Chain. White

and Cifuent~s (1988) characterize a damaging Benioff Zone earthquake by Avn (Area of

MMI VII) > 10,000 km2, and slow attenuation of intensity with distance. On the other

hand, a damaging upper-crustal earthquake has Avn < 600 km2 and fast attenuation of

intensity with distance.

Following this criteria, White and Harlow (1988) determined epicentral and

hypocentI'a;llocations. For upper-crustal events (see Figure 3.1), the epicenters were set at

the location of the center of the highest intensity contour and the hypocenter was

constrained to the crust (see Chapter 2). For Benioff Zone earthquakes, this scheme was

not applicable. The hypocenters were set according to the location of the sliding interface

between the Cocos and Caribbean Plates then the hypocenters were constrained between 40

to 60 kIn of depth. The epicenters were located moving normally to the trench the location

of the moment centroid showed along the Volcanic Chain (see Figure 3.2) to the point

were the hypocenters were between 40 to 60 km. Deeper or shallower regions were not

considered since earthquakes occurring at these locations will not produce MMI VII areas

as shown in Figure 3.2.
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Following this procedure, a segment belonging to the Intermediate Benioff Zone was

defined (see Figure 3.3). Further analysis of energy release, rupture length, and recurrence

time for this segment is presented in Chapter 4,
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3.3 Post. 1900 Seismicity

For the post - 1900 period, a search in several catalogs was conducted to collect both

descriptive and instrumentally recorded seismicity. The descriptive seismicity catalogs

provided a total of 42 events (see Figures 3.2 and 3.4) from a total of 3501 events for this

period. The remaining recorded events were obtained from the International Seismological

Center (ISC), the Coast and Geodetic Survey (CGS), Preliminary Determination of

Earthquakes (POE), the catalog of R. Geller (GELL), the catalog of L. Sykes (SYKES),

and the Bulletin of the Seismological Society ofAmerica (BSSA).
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Figure 3.4. MMI contour lines for upper-crustal earthquakes of Ms~5.5
since 1900 (After White and Harlow, 1988.)
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The catalog for this period of time contains in most cases the following information:

reference, date, time (Greenwich Meridian Time), epicenter location (in degrees, longitude

and latitude), hypocentral depth (in km), body wave magnitude, and local magnitude.

The estimation of seismic parameters was done depending on the seismicity analyzed.

Descriptive seismicity was treated according to the procedures described in Section 3.1.

For instrumental seismicity, depths were assigned based on schemes for each seismic

province presented in Chapter 2.

For many events, only the body wave magnitude was given. To convert this

magnitude to local magnitude the following linear relationships was used:

M=a+mb (3.3)

where a and b are regressive constants with the value of -3.47 and 1.61 respectively (Shah

et al., 1975).

Appendix B contains a listing of all the data described in this section.

3.4 SOrtiOK of data.

For hazard analyses purposes, the gathered seismicity needs to be sorted in seismic

provinces. In this study, earthquakes were assigned following the definitions of the seismic

provinces as described in chapter 2. The sorted seismicity for each seismic province is

shown in table 3.1 and their epicenters and corresponding magnitudes are plotted in

Figures C.1 to C.9 (see Appendix C.)

Epicenters in the Volcanic Chain province comprise a band of variable width (see

Figure C.2). Some of the earthquakes farthest inland may not qualify as volcanic origin

events because of their inland location. However, they are of low magnitude, thus their

inclusion will not affect subsequent analyses. It is important to note that the largest

magnitudes in this source have occurred in places where the distance between volcanoes is

the longest. White and Harlow (1988) developed an equation to estimate maximum

possible magnitude Ms using the distance between adjacent volcanoes,

Ms < 0.82 log (0) +5.1 (3.4)

where D is the distance between adjacent volcanoes in kilometers.

Earthquake epicenters for the Shallow, Intermediate and Deep Benioff Zones are

shown in Figures C.3 to C.5. Shallow and Intermediate events are spread mostly offshore
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Central America. At deeper focal depths (>60 Ian) the earthquake epicenter band moves to

the northeast as is expected. The major events of this seismic province (Ms~7.0) are

located in the Intermediate Zone in a section of about 280 km long which extends from

Central Guatemala to Central EI Salvador.

The Caribbean Plate Boundary is formed by the Chixoy-Polochic, Motagua and

Jocatan-Chamelcon faults. Earthquake epicenters corresponding to these faults are plotted

in Figures C.6 to C.8. One of the largest events of this seismic province is the Mw=7.5 on

the Motagua fault. A similar magnitude event, Mw=7.6, occured on the Chixoy-Polochic

fault in 1816.

The Honduras Depression Zone has the lowest rate of seismicity of all seismic

sources in the study area. Its catalog is formed by 32 earthquakes with magnitudes

between 3.0 to 6.3.

Seismic Province Number of events
of~3.0

Volcanic Chain 416

Shallow 1163

Benioff Zone Intermediate 448

Deep 1418

Caribbean Plate Boundary 95

Honduras Depression 32

Table 3.1. Number of earthquakes assigned to each seismic province.

Earthquake epicenters of this province are plotted in Figure C.9. As it can be seen,

most of the earthquakes have occurred in the eastern boundary of the province. The most

active fault seems to be located to the northeast of the Aguan Fault. To the southeast, the
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Santa Barbara, Jesus de Otoro. and Comayagua appear to be the most active grabens of the

zone.. It is interesting to note that the biggest magnitude earthquake (Ms=6.3) occurred in a

place where no faults have been mapped.

3.5 Quality of Data

The data in the catalog of appendix B are extremely variable in quality.

Inhomogeneities, as well as unc.ertainties associated with epicentral locations and

magnitudes. are inherent to the data. Missing lower magnitude data is one of the most

frequent problems with data catalogs. With increased instrumentation. considerably more

events with M<5.0 have been recorded. The coverage of small magnitude earthquakes

increased dramatically since 1962 when the World Standardized Seismographic Network

(WWSN) was installed (Molnar and Sykes. 1969). This increase in earthquake recording

in recent years has resulted in an apparent increase of earthquake occurrence with time.

This problem is not seen for the highest magnitudes since large events are felt over greater

areas and are thus more likely of being recorded. The catalog shown in appendix B is

probably complete for ~7.0 since 1711. M~7.0 since 1920. M~6.0 since 1940. and

~4.8 since 1962.

Uncertainties in the data are also associated with the assignment of magnitudes and

epicentrallocations. The data from catalogs of descriptive seismicity may have errors of

+1/4 of a magnitude; the moment centroids can have errors of location of 10 to 25 km.

For the data for which instrumental records exist. the values of magnitudes also can have

errors as much as ±1/4 units of magnitude. Errors in epicentrallocation depend on the

seismic source where the earthquake originated. For subduction earthquakes, epicenters

can have error in location of ±50 Ian for the period from 1900 to 1963 and error of ±25 to

±30 Ian for post-1963 records. For an upper-crustal seismic source. the error in epicentral

location can be as much as ±25 Ian for any period.

In summary, the existing data was treated according to the seismicity in

consideration. The data were sorted according to the seismicity patterns of each 'seismic

source. These data are used in the following chapter to develop earthquake recurrence

relationships for each source.
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CHAPTER 4

SEISMIC SOURCE MODELING

4. 1 Introduction.

For hazard analysis purposes, a geometrical source model for the study region is

defined. Faults and areas of earthquake activity are represented by lines and polygonal

dipping planes. In addition, seismic parameters such as earthquake recurrence relationships

and maximum credible earthquake are calculated for each seismic source.

4.2 Geometrical ModeUPI:.

The model proposed for seismic hazard analysis purposes consists of a combination

of fault zones and line sources. For seismic sources where a well defined fault trace was

identified, the line source model was adopted. Seismic provinces where earthquakes

cannot be assigned to a specific fault but fall within an active region are modeled as

generalized fault mnes.

4.2.1 Volcanic Chain Zone.

The limits of this zone are those for the seismic province defined in Chapter 3. A

band of about 30 lan wide that follows the axis of the chain of volcanoes is defined for this

zone. A sectioned model for this band is considered to represent best the seismicity of the

region. Three segments are defined (see Figure 4.1): the Guatemalan Segment (GS),

which extends from the Mexico-Guatemala border to the Guatemala-EI Salvador boundary;

the Central EI Salvador Segment (CESS) that extends from the eastern boundary of the

previous segment to central EI Salvador; and the Eastern EI Salvador-Nicaragua Segment

(EESS), which is situated from central EI Salvador to central Nicaragua.

For hazard analysis purposes independent computations were performed for each

segment. The focal depths for each of these subzones were considered to be 10 lan.
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4.2.2 Benioff Zone.

The boundaries of the Benioff Zone are the same defined for the seismic source in

Chapter 3. Within this zone three subzones that vary with depth are identified: the Shallow

(SBZ), Intermediate (IBZ), and Deep Benioff (DBZ) Zones. In addition each of these

subzones is divided into three sections based on the segmentation of the Benioff Zone as

discussed in Chapter 3. For the nine segments of this zone (see Figure 4.1), independent

hazard calculations were computed. The focal depths are considered as follows: for

Shallow Benioff Zone depths go from 0 to 35 kIn, for the Intermediate Benioff Zone

depths go from 36 to 60 kIn, and for the Deep Benioff Zone depths go from 60 to 260 kIn.

4.2.3 Caribbean Plate BQUDdaxy.

Line source models were adopted for this seismic source and were located

approximately along the geologic fault traces. The faults are the Chixoy-Polochic (CHPF),

Motagua (MF), and Jocotan-Chamelecon (JCHF) faults and were sectioned in three

segments, roughly according to historical ruptures of the faults themselves (see Figure

4.1). Independent computations were performed for each line model. Their focal depths

were set at 7 km.

4.2.4 Honduras Depression Zone.

The boundaries of this zone (HDZ) correspond to the seismic province discussed in

Chapter 3. The focal depth considered for this zone model is 8 kIn.

4.3 Frequency of Earthquake Occurrences.

For the purposes of hazard analysis, a statistical relationship between the frequency

of earthquake occurrences and range of magnitudes is developed for each seismic province.

Some problems arise when searching for the statistical relationship that best

represents earthquake occurrences in a region. The problem arises when more than one

source of information is available. As discussed in Chapter 3, the information available for

the study region is originated from two sources, historical and instrumental catalogs which

also have different quality and completeness levels.

Several methods were considered in the development of earthquake recurrence

relationships. These include the least squares method, the maximum likelihood method.

and the maximum entropy method. After a detailed investigation it was determined that the
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least squares method gives the best results and it was adopted for the recurrence

calculations of all sources (for further discussion see Appendix D). Recurrence

relationships are obtained by fitting a regression line through all earthquake data with

M~3.0 (M is defined as ML for M~6.0 and Ms otherwise). In general, the number of

earthquakes, N(M), that occur above a given magnitude M is given by the following

relationship:

where N(M)

M

aand~

=
=

=

In N(M) =a+ ~M

Number of events above magnitude M

Magnitude

Regression constants

(4.1)

a is a measure of the number of events above magnitude zero for a given source and ~ is

the measure of the seismic severity for a given source.

For some of the sources, a single regression line fitted through the data resulted in a

recurrence relation which overestimates the number of occurrences at large magnitudes.

Due to the lack of completeness of earthquake occurrences in the low magnitude range over

time, the regression line shifts down at the low magnitudes decreasing the slope of the line.

Following Kiremidjian et al. (1979) and Shah et al. (1975), a bilinear recurrence

relationship was used to fit the data where differences in slope were observed between

small and large magnitude frequency of occurrence (see Figures D.1-D.16 in Appendix D).

Earthquake recurrence parameters based on the maximum likelihood method were also

obtained to take in account the missing data in various time and magnitude intervals

(Weichert, 1980); however, the results were found inadequate primarily due to the large

differences of observation time for the different magnitude intervals (see Appendix D).

Consequently, this approach was abandoned.

Table 4.1 shows values of a and ~, the break point magnitude (BPM), and the upper

cutoff magnitude (eM). The parameters a and ~ are values obtained from the regression

analysis. The break point magnitude is the magnitude where the slope of the recurrence

lines change. The maximum cutoff magnitude is a value determined based on fault length,

rupture area (equations 3.1 or 3.2), distance between adjacent volcanoes (equation 3.4) or

maximum magnitude known for the seismic source.
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Seismic Sources
Regression constants, break point magnitude (BPM),

and upper cutoff magnitude (eM)

(Xl ~l (X2 ~2 BPM CM

• Volcanic Chain
Guatemala Segment 7.765 -1.081 - - - 6.8
Central El Salvador Segment 4.544 -0.310 17.745 -2.633 5.68 6.5
Eastern El Salvador Segment 5.526 -0.296 14.435 -1.958 5.35 6.6

• BenioffZone
Shallow Benioff Zone

Segment 1 9.343 -1.410 - - - 7.7
Segment 2 8.479 -1.079 - - - 8.1
Segment 3 9.406 -1.192 - - - 7.9

Intermediate Benioff Zone
Segment 1 5.760 -0.525 16.134 -2.028 6.90 7.8
Segment 2 5.639 -0.363 23.369 -2.901 6.99 8.2
Segment 3 8.856 -1.306 - - - 7.8

Deep BenioffZone
Segment 1 10.226 -1.364 - - - 7.9
Segment 2 10.604 -1.312 - - - 8.2
Segment 3 7.108 -0.505 11.555 -1.499 4.47 8.2

• Caribbean Plate Boundary
Chixoy-Polochic Fault 4.428 -0.384 11.193 -1.403 6.64 7.8
Motagua Fault 4.513 -0.342 6.929 -0.898 4.35 7.7
locotan-Chamelecon Fault 4.371 -0.575 - - - 7.4

• Honduras Depression Zone 3.367 -0.143 7.529 -1.225 3.85 6.2

Table 4.1. Regression constants for the seismic sources as dermed by equation 4.1.
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CHAPTER 5

PROBABILISTIC HAZARD ANALYSIS MODELING

5.1 Introduction.

This chapter reviews the two stochastic seismic hazard models used in the

development of the seismic hazard maps for EI Salvador. These include the Bayesian model

(Mortgat and Shah, 1979) and the slip-predictable model (Kiremidjian and Anagnos, 1984)

which are discussed briefly.

The purpose of seismic hazard analysis is to predict earthquake occurrences in a form

of an expected number of events or probability of exceedence of a given earthquake

magnitude for a period of time t (Anagnos and Kiremidjian, 1988). For engineering

purposes, the hazard estimates are often expressed in terms of probabilities of exceeding

various ground motion levels in future time t. In order to obtain these hazard estimates, the

Bayesian model, which is based on homogeneous Poisson assumption with fault rupture

model and Bayesian parameters, and the Markov renewal model are used in this study. The

main difference between these models is the assumed underlying earthquake generating

mechanism.

5.2 Bayesian Hazard Model.

A variety of stochastic occurrence models for earthquakes based on the Poisson

process have been developed (see Anagnos and Kiremidjian, 1988). The Poisson process

assumes independence of earthquake sequences in time and space. However, the model to

be used for hazard mapping purposes, the Bayesian model, has the advantage over the

simple homogeneous Poisson models in that it includes subjective information for

earthquake occurrences.

It is well known that the use of incomplete historical data to determine the future

seismic activity of a region can result in erroneous conclusions. In such cases, as is the

case of the seismic data for El Salvador, consideration of geological and seismological

information can improve considerably the reliability of the predictions of the seismicity of

the region.
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5.2.1 Model Formulation.

The Bayesian model considers the parameters of the distributions as random variables.

This defines a compound distribution (Benjamin and Cornell, 1970) which is a distribution

of a random variable with parameters that are also random variables. The marginal

distribution of the random variable independent of the parameters can be written as,

where

(5.1)

8 =
fx(x) =
fx(xl8) =
..

f8 (8) =

a vector of Parameters defined on S.
the Bayesian distribution on X.

the model distribution on X given the parameters 8 .

the posterior distribution of 8.

the posterior distribution on the parameters 8 is given as follows:

(5.2)

where

.
f8 (8) = the prior distribution on 8.-
L(8) = the likelihood function on 8.

Nl = a normalizing constant

Following this scheme and using the concept of conjugate distributions, Mortgat and

Shah (1979) developed expressions for the marginal distribution on the number of

occurrences (n) and a distribution on the number of earthquakes of fixed magnitude (Mi)

given that n earthquakes have occured. In their model, earthquake occurrences are assumed

to form a Poisson process with mean rate of occurrence A.. The parameter A. is treated as a

random variable and Bayesian statistics are applied to include subjective knowledge on

historical data. The subjective probability distribution on A. (prior distribution) is chosen to

be gamma with parameters A' and v'. Using recorded data on earthquake occurrences,
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the sample likelihood function on A can be obtained. The posterior distribution on A is

determined by combining the prior distribution and the sample likelihood function on A and

applying Bayes' theorem given by Equation 5.2. Convolving the conditional Poisson

process for the number of earthquake occurrences with the posterior distribution on A, the

marginal Bayesian distribution of the number of occurrences n is derived (for detailed

information see Mortgat and Shah, 1979).

The generating process for the number rMiof events of any specific Mi given that a

total of n events have occurred is assumed to be binomial, with probability of success PM j •

The parameter PMiis treated as a random variable. The conjugate prior distribution on PMi is. .
assumed to be beta with parameters 11~ and E~ which can be obtained from subjective

information. For this study, the fitted lines for earthquake recurrences determined in

Chapter 4 constitute this subjective input. For each source, the relationship that describes

the recurrence of the various Mi magnitudes is given as follows:

where

N(M)

M

ex and ~

In N(M)=ex+~M

= number of events above magnitude M

= magnitude

= regression constants.

(4.1 )

(repeated)

.
The parameter 11M; represents the subjective information about the number of events.

that occurred in a seismic source above a given lower bound, and E~ represents an

equivalent number of events of magnitude Mi.

Using occurrence data, the sample likelihood function on PMi can be obtained from the

generating binomial process. Thus, having determined the parameters of the prior
" "

distribution and the sample likelihood function, the posterior parameters 11~ and E~, wh ich

completely dermes the posterior probability distribution on PMi of magnitude Mi, can be

determined using the concept of conjugate distribution. Finally, the conditional generating

process of I'M; and the posterior distribution on PMi' are convolved to obtain the marginal

distribution on the number of success Mi'S.
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MarKinal Distribution on the Number of Mawitudes. Combining the Bayesian distributions

discussed above, a distribution that describes the seismicity of the source considered is

obtained in terms of two parameters, the magnitude (MJ and the number ofoccurrences (n).

This distribution is written as follows, (Mortgat and Shah, 1979):

where

[

v" ]r(n + v") tn A"

(5.3)

A" =A'+T
V" =v'+N

£~ =£~i+RMi

T)~ =T)~,+ N

=probability that there are l'Mi events of magnitude Mi.

=parameter of the posterior distribution on A.

=parameter of the posterior distribution on A.

=parameter of the posterior distribution on PM,.

=parameter of the posterior distribution on PMi'

Gri = n! = the binomial coefficient
1'Mi.! (n - fMJ

=integer describing the number ofevents with

magnitude Mi (0 S I'Mi S n).

Using this equation, the computation of hazard estimates in terms of the ground

motion parameter (peak ground acceleration, PGA) is provided. The distributions that

describe the seismicity of all sources (equation 5.3) are combined with the distributions on

the attenuation ofpeak ground acceleration (see Chapter 6). The contribution of all sources

is superimposed to .Qbtain the probability of exceeding of peak ground acceleration. This

procedure is used to obtain risk consistent design parameters which when applied to the

study region, seismic hazard maps can be obtained and further related to seismic zones for

structural design code fonnulation (Kiremidjian et al.,1979).
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5.3 Markoy Renewal Hazard ModeJ.

As it has been indicated in other studies (Kiremidjian and Anagnos, 1984; Kiremidjian

and Suzuki, 1987; and Anagnos and Kiremidjian, 1988), the assumptions of temporal and

spatial independence of the earthquake generating process is violated when characterizing

large infrequent events or when modeling seismic hazard for regions with a regular

earthquake occurrence patterns. In this study, the Markov renewal model (Kiremidjian and

Suzuki, 1987) is applied to a segment of the Benioff Zone which is characterized by large

infrequent earthquakes (see Figure 5.1). The remaining sources are modeled using the

Bayesian model. The results from the two models are combined to obtain hazard estimates

throughout EI Salvador.

5.3.1 Model Founu1ation.

Kiremidjian and Anagnos (1984), postulated the hypothesis that the size of future

events depends on the elapsed time since the last event. Interarrival times of events are

assumed to be Weibull distributed random variables and the sequence of earthquakes then

can be represented as a Markow renewal process.

Figure 5.2 shows schematically the assumptions of the slip-predictable model.

Let E =[1,2,.....,N] be the state space for N discrete stress levels (see Figure 5.2c) and

Yn=the size of the nth event

Tn =the time of the nth event

The set {Yn : n ~ O} are random variables assuming values in E and the set {Tn: ~ 0 }

is such that 0 < To < Tl < ....... The stochastic process {Yn, Tn : n ~ 0 } is a Markov

renewal process provided that

for all i,j E E; and t ~ O.
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Figure 5.1. Benioff Zone earthquakes (Ms ~ 7.0) since 1711 along a section of the Middle
America Trench near El Salvador.
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1987)
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Thus, the joint probability of Yn+l and Tn+l - Tn depends only on the state visited at

time Tn. In other words, the size of the next event depends only on the time of occurrence

of the last event.

Furthermore, Kiremidjian and Suzuki (1987) redefine this state space E to information

on site ground motion. This transformation is schematically shown in Figure 5.2d and the

final state space is represented in Figure 5.2e.

Thus, in order to determine the probability of exceedence from all possible events of a

specific level of ground motion, the following state space is defmed:

(5.5)

where

Vi = {a < llo and Yn= i} for i = 1,2, , N,

Vi = {a> llo and Yn = i - N} for i = N+1, , 2N.

The states Vi describe the joint event that a ground motion level, llo, is not exceeded when

the size of the nth event is i, for i = 1,2, , N, or that the ground motion level llo is

exceeded when the size of the nth event is i - N, for i = N + 1, ....., 2N. The set {Xn ; n ~

O} are random variables assuming values in V and the set {Tn : n ~ O} is such that 0 < To <
T1 < Thus, Xn's visit states Ui at times Tn. In order to define the process, the

holding time distribution, hij(t) and the transition probabilities need to be described.

The holding time distributions are defmed on the basis of the Weibull interarrival times

with cumulative probability distribution given as follows:

for C\>1,c1>2 > 0, t ~O (5.6)

where C\>1 and C\>2 are the parameters of the distribution. This distribution has an increasing

hazard rate for values of C\>2 greater than 1.

For the transition probabilities, let

%= P {process enters state j next I it was last in state i}

(5.7)
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where f£lY.R(~) is the distribution of the scatter on the ground motion acceleration, a,

assumed to be lognonnal with unit median and variance ~ln!;; fRly(r) is the probability

density of the nearest distance from the rupture to the site, and the Pij'S are the transition

probabilities of the process {Yn : n ~ O}.

Thus, the probability of exceeding a level of acceleration 30 at least once in time (O,t]

given that state i is entered at time 0 is denoted by Gj (X ~ j, k ~ lit). This probability is

calculated by considering the complementary probability of zero events of size X ~ j in (O,t];

in other words,

and

N t

Gj(X~j, k=Olt) = L foqirhir('t)Gr(X~j, k=Olt-t)dt + Hi(t)
r=1

(5.8)

(5.9)

where Hj(t) is the complementary cumulative holding time distribution. Computations of

probabilities of exceeding a ground motion level are provided by this equation.

The probability of at least one event of size X~j in time (tl,t], given that there were no

occurrences in time (O,tIl, that is in a duration gap tl, is computed for hazard analysis

purposes. The probability of no events of any size in time (O,tl] is given by Gj(Oltl) =
Hi(tl). Thus, the joint probability of no events of size X ~ j in time (tlo t] and no events of

any size in time (0, til is given by

N

Gi(X~j, k=O,tllt) =L 1:qirhir(t)Gr(X~j, k=Olt-t)dt + Hi(t)
r=l

(5.10)

Considering the complementary probability of equation (5.10), the probability of at least

one event of size X ~ j in time (tl,t] given that there were no events in time (0, til is given

by

Gi (X ~ j, k ~ lItl, t) =1.0 - Gi (X ~ j, k = 0, tIlt) IHi (ttl (5.11)

Using these equations the computation of the site hazard in tenns of the ground motion

parameter a (peak ground acceleration, PGA, for this study), is provided. These
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computations are functions of the forecast time t (the economic life of the structure) and the

duration of the gap, t1.

5.4 Parameter EstimatioD.

In this section, an evaluation of the parameters needed for the application of the hazard

models is conducted. For the Bayesian model, a search for a fault rupture model, and the

evaluation of the parameters of the posterior distribution on the mean rate of occurrence A.

and the posterior distribution on the probability of success, PM;, of the number of events of

any specific magnitude given that a total number of events have occured are conducted for

all sources. For the Markow hazard model, a calculation of the fault rupture-site geometry

model, and the evaluation of the parameters for the holding time distribution and the

coseismic slip rate are conducted for the Intermediate Benioff Zone segment.

5.4.1 Bayesian Model Parameter Estimation.

In this model it is assumed that the maximum ground motion is caused by waves

arriving from the nearest point on the rupture length on the fault zone. For the case of line

sources, fault rupture is considered along the length of the fault. For area sources, the

length of the rupture is given by a magnitude-rupture relationship and the width is calculated

as half of the length of the rupture area. In addition, the rupture process near the ends of the

fault are required to satisfy geometric as well as seismic constraints (Mortgat and Shah,

1979).

Among the magnitude-rupture relationships available are these developed by White

and Cifuentes (1988), Schwartz et al.(1984), and Bonilla et al, (1984) (see Figure 5.3).

For Subduction Zone seismic sources, the relation from White and Cifuentes is chosen

because it fits the model segmentation proposed in Chapter 4. For instance, for Ms =8.2

the rupture length is about 280 km which corresponds roughly to the length of the middle

segment of the Subduction Zone. For local faults the relationship from Schwartz et al. is

selected. For these faults, the equation of White and Cifuentes was disregarded since it

saturates for earthquakes in a range ofML < 6.37. For the 1976 earthquake on the Motagua

Fault, Mw =7.5 (Mw is approximately equal to Ms at values of 7.5), the fault ruptured

about 200 km. The relationship by Bonilla et. al, (1984), was considered inappropriate

since for a magnitude Ms =7.5 the rupture length is found to be 85 km. The relationship

by Schwartz et al. (1984) gives a better approximation, for a magnitude of 7.5 the rupture

length is 170 km.
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Figure 5.3. Fault rupture relationships.

Parameter estimation.The parameters needed to implement the model are of two kinds: the

available data, presented in Chapter 3, and the subjective input introduced through Bayesian

analysis.

The parameters T and N of the sample likelihood for the mean rate of occurence, A,
are determined from the data. T represents the time base for which data is available. For

instance, T is 256 years for the Guatemalan Segment of the Volcanic Chain (see Table E.I

in Appendix E). N represents the total number of occurrences observed on the source

considered during this period of time.

The parameters A' and v' of the prior Gamma distribution on A are determined from

the subjective input of the analyst. In this study, it is assumed that the numerical values of

A' and v' are respectively equal to T and N for each corresponding source. In other words,

the analyst has the same confidence in the data available and in his subjective input

The values for A" and v", the parameters for the posterior distribution on A, are

based on the values of A', v', T and N. Then, probability function for A for the source

considered during a future time t is defmed, in a posterior sense.

The parameters N and RMi of the sample likelihood function for PMi can be determined

from the data available. N as before, represents the total number of events observed on the

source under consideration and RMi represents the number of earthquakes of magnitude Mj

recorded,on the same source. RMi must be determined for each source and each Mi.
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The parameters Tl'M; and e'M; of the conjugate beta prior distribution on PM; are

determined from the subjective input of the analyst. For this study, the subjective input is

constituted by the analytical recurrence relationships fitted in Chapter 4 for each seismic

source.

Finally, the values for Tl "M; and e"M;, the parameter for the posterior distribution on

PM;, can be determined based on the values for Tl'M;, e'M;, N, and RMi' Thus, in a

posterior sense, the probability distribution of PM; of magnitude Mi for a source is

determined. The values for all the parameters defined before are summarized in Tables E.l

to E.16 in Appendix E.

5.4.2 Markov Hazard Model Parameter Estimation.

In Equation (5.7), f RIY (r) is the probability density function of the nearest distance

from the rupture zone to the site and depends on the fault-to-site geometry. For hazard

analysis purposes, the region of study was discretized in partitions of 0.20· in both

directions (N-S and E-W directions). Fault-ta-site geometries were calculated for each nodal

point (see Figure 5.4). All the possible geometries calculated are covered by the four

geometric models developed by Kiremidjian and Suzuki (1987), for which the cumulative

probability distribution for the nearest distance from the source to the site are also

developed.

Parameter Estimation. In order to implement the hazard model, the slip rate, the interarrival

times, and the holding times were determined for the Intermediate Benioff Zone segment.

Thatcher and Hank's (1973), Davies and Brune's (1971), and Utsu and Seki's (1954)

relationships were used for moment-magnitude, moment-average seismic slip, and

magnitude-fault rupture area, respectively (see Table 5.1).

The seismic source to be applied to the model is shown in Figure 5.1. From this

figure, it can be appreciated a periodic release of energy (foreshock, mainshock, and

aftershocks); therefore, the applicability of a temporal dependent earthquake generating

process was investigated. Figure 5.5 shows a plot of the cumulative moment release vs.

time for this segment; clearly, a dependence of the amount of energy release with the time

elapsed since the last major release of energy is obvious. In addition from Figure 5.5, the

slip-predictable model with constant slip rate seems to fit adequately. The interarrival time

of release of energy was estimated to be 65 years with a standard deviation of 18 years.

The estimated slip rate was of 3.13 cmlyr.
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Figure 5.5 Cumulative moment release vs. time in the segment of study (see Figure 5.1)
the slip rate is estimated from the best fit through the data. '

Using this constant slip rate, the holding time threshold values were estimated (see

Table 5.1). The interarrival times of major releases of energy are assumed to be Weibull

distributed. Using the method of moments, the parameters <1>1 and <1>2 of equation (5.6) are

detennined from the average interarrival time. The values obtained are 0.28 x 10-7 and 4.06

respectively. It is important to note, that for all the site hazard computations of this seismic

source a gap time of 75 years was included since the last large earthquake in the region was

in 1915.

s. 5 Cutrjbutjon of a SinKle and Seyeral Seismic Sources,

In order to detennine the ground motion hazard at a site the contribution of all sources

must be integrated. For this purpose Equations 5.3. 5.11 with parameters specific to each

seismic source are combined with a seismic ground motion model (see Chapter 6) to

determine the probability of exceeding various ground motion levels at the specified site.
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State . Magnitude
(Ms)

MomentMo

(x 1027 dyne-em)

Rupture Displacement
Area

S(km2) 11 (em)

Holding Time

(li=3.13 em/yr)

1 7.50<M$,7.75 4.22 7852 162.9 52

2 7.75<M$,8.00 10.00 14125 214.5 68

3 8.oo<M$,8.25 23.70 25410 282.6 90

4 8.25<M$,8.50 56.20 45709 372.6 119

Table 5.1. Parameters for the slip-predictable Model-Middle America Trench, EI Salvador.

The contribution from all seismic sources to a single site is computed assuming spatial

independence. The composite probability of exceedence of a given acceleration level is

obtained as follows:

N

PT =1.0 - II (1.0 - Pi)
i=l (5.12)

where Pr is the probability ofexceedence of a given acceleration, a, in a future time t when

events occur in all seismic sources. Pi is the probability of exceedence for a given level of

acceleration, a, in time t for the ith source.

In summary, this chapter reviews the two seismic hazard models used in this study. Their

application to the seismicity of EI Salvador and discussion of results will be presented in

Chapter 7.
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CHAPTER 6

STRONG GROUND MOTION PARAMETER ESTIMATION

6.1 Introduction.

In this chapter, strong ground motion attenuation functions are developed

specifically for EI Salvador. As it was indicated in a previous chapter, several tectonic

regimes are found in the study region. Since subduction earthquakes are different in travel

paths and stress conditions from near-source events (Campbell, 1981), the analysis will

dependent upon the origin of the events.

6.2 Data Base.

The data base consists mainly of accelerograms produced by earthquakes that

occurred in Central America. Recordings were obtained from basements, first floors, and

free field sites by SMA-l and AR-240 strong ground motion instruments (Knudson et al.,

1973; Shakal et al., 1987).

As indicated above, for analysis purposes the data base was classified according to

the origin of the events. Tables 6.1 and 6.2 show the data base used for the near-source

and far-source regression analysis. For the near-source data base, seven records come

from the San Salvador earthquake in 1986, eight records are from the mainshock,

foreshocks, and aftershocks of the Nicaragua earthquake in 1972, and the remaining five

records come from the mainshock and aftershocks of the motagua earthquake in 1976. For

the far-source data base, all records are from different events recorded at the Observatorio

in San Salvador.

6.3 Yariables.

As in many other studies (Hasegawa et.al., 1981; Sabetta and Pugliese, 1987; and

Joyner and Boore, 1988), the peak ground acceleration (PGA) was chosen as the ground

motion parameter. They were taken from digitized strong ground motions when available;

otherwise they were scaled from the original accelerograms. From the three components of

motion, ~e larger of the two horizontal acceleration components was selected for purposes

of analysis.
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Date Time Latitude Longitude M * Depth R(Epi) amax

(Ian) (Ian) (g)

Station Site

Goo!.

01/04/68 1003 12.11 86.25 4.6 5 2 0.13 3500Mana IB

0l/03n2 04 31 12.20 86.24 4.1 5 9 0.04 3500Mana IB

0l/03n2 04 31 12.20 86.24 4.1 5 11 0.15 3501Mana IB

0l/05n2 11 52 12.24 86.24 4.2 5 16 0.12 3502Mana IB

0l/05n2 1152 12.24 86.24 4.2 5 14 0.22 3501Mana IB

12/23n2 0629 12.25 86.27 6.2 5 13 0.39 350IMana IB

12/23n2 0717 12.14 86.33 5.0 5 1 0.19 350lMana IB

12/23n2 0719 12.20 86.30 5.2 5 7 0.33 350IMana IB

02/04n6 0901 14.87 90.51 7.5 10 23 0.60 3200Guate 2

03/07n6 0254 14.67 90.99 5.1 7 33 0.20 254Chi 2

03/07n6 0315 14.75 91.05 5.1 7 22 0.19 315Chi 2

03/09n6 0742 14.70 91.05 5.2 7 27 0.12 742Chi 2

04/26n6 IS 24 15.06 89.60 4.1 7 11 0.08 1524Zac 2

10/10/86 1749 13.67 89.19 5.8 10 5 0.54 IGNSSalv 2

10/10/86 1749 13.67 89.19 5.8 10 4 0.71 CIGSSalv 2

10/10/86 1749· 13.67 89.19 5.8 10 1 0.66 OBSSSalv lA

10/10/86 17 49 13.67 89.19 5.8 10 6 0.72 IVUSSalv

10/10/86 1749 13.67 89.19 5.8 10 5 0.47 HCRSSalv IB

10/10/86 1749 13.67 89.19 5.8 10 5 0.43 UCASSalv IB

10/10/86 1749 13.67 89.19 5.8 10 8 0.31 HSHSSalv lB

*M as defined in section 6.3.

Table 6.1. Near-source strong ground motion data.
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Date Time Latitude Longitude M * Depth R(Epi) 3max Station

(OW) (kIn) (kIn) (g)

OS/26/65 0458 13.40 90.70 5.2 39 168 0.005 3300SSalv

03/13/66 2146 14.20 88.40 4.2 36 104 0.004 3300SSalv

11/18/67 1217 13.40 89.20 5.1 70 33 0.014 3300SSalv

11/18/67 1226 13.40 89.10 4.7 78 35 0.018 3300SSalv

09/10{18 2324 12.27 91.50 5.6 94 298 0.017 3300SSalv

1O/30{18 1824 13.88 91.05 5.3 73 204 0.010 3300SSalv

12/06{18 1153 13.14 89.64 5.9 50 78 0.016 3300SSalv

12/18{18 02 31 13.13 88.26 5.3 85 129 0.014 3300SSalv

10/27{19 1436 14.20 90.88 7.0 58 193 0.048 3300SSalv

10/27{19 2143 13.78 90.73 6.8 65 169 0.036 3300SSalv

11/04/80 1621 13.86 90.93 5.4 83 191 0.007 3300SSalv

01/09/82 0155 13.50 88.64 4.7 80 65 0.013 3300SSalv

03/06/82 2124 12.90 88.45 4.9 65 121 0.013 3300SSalv

06/19/82 0622 13.45 89.37 7.2 55 33 0.340 3300SSalv

06/20/82 1423 13.45 89.33 5.4 55 31 0.026 3300SSalv

07/02182 1159 13.26 89.29 5.9 65 49 0.033 3300SSalv

10/27/82 0141 13.46 89.42 5.1 70 33 0.060 3300SSalv

03/02183 1537 13.30 89.20 4.8 90 44 0.015 3300SSalv

04/29/83 0102 13.42 89.18 4.9 82 31 0.034 3300SSalv

07/18/83 0053 12.60 87.20 5.6 66 248 0.010 3300SSalv

*M as defined in section 6.3.

Site geology classification lA.

Table 6.2. Far-source strong ground motion data.
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A diversity of magnitude scales are used in characterizing the size of an earthquake

(Heaton et al., 1982) and all except the moment magnitude tend to saturate as their size

increase. In order to avoid this problem, the magnitude M is defined as the surface-wave

magnitude Ms when both the local magnitude (MU and Ms are greater than 6.0 and is

defmed as ML when the magnitudes are lower than this value.

Many distance measures used in attenuation equations have been proposed (Shakal

and Bernreuter, 1981). Some have used a measure of the closest distance to the vertical

projection of the fault rupture (Joyner and Boore, 1988) and argued that it is a more

physically consistent source-to-station distance for large rupture zones. Because of the

lack of information on the rupture zones, this study adopts the epicentral distance as the

source-to-site measure. However, a careful analysis was made for the cases of large

rupture zone (e.g. Motagua earthquake, 1976) since the epicentral distance in these cases

can introduce misleading interpretations of ground acceleration attenuation.

Recording stations were classified being above stiff and soft soils by using the

geological information available (Consorzio Salvador e., 1988; Michael Rymer, 1987;

David Harlow, oral communications). The geology at stations in San Salvador have been

classified as follows (Consorzio Salvador e., 1988):

Zone 1. This zone is characterized by a bedrock thickness of at least 65 m within the first

100 m of depth (e.g., minimum thickness of the lava layer that is assumed to

behave as bedrock). This zone is subdivided into two subzones.

Zone lA. This subzone is characterized by a lava layer that is exposed or is

within 5 m from the surface (stiff soils).

Zone lB. This subzone is characterized by a bedrock layer with a depth ranging

from 5 m to 35 m (shallow soils).

Zone 2. This zone is characterized by a bedrock thickness of less than 35 m within the

fmt 100 m of depth (deep soils).

The layer of soils that covers the bedrock at these sites is formed by two pyroclastic

and epiclastics tuff units (Michael Rymer, 1987), the coffee-colored tuff (tobas color cafe)

and the white earth (tierra blanca). The average shear-wave velocity (Vs) of these deposits

range from 150 mls to 450 mls and their average compressional-wave velocity (Vp) range

from 300 mls to 1000 mls (Consorzio Salvador e., 1988). The bedrock is formed by
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compact andesitic lava flows with an average Vs ranging from 2000 mls to 2600 mls and an

average Vp ranging from 2600 mls to 3200 mls.

The geologic classification at recording stations in Guatemala and Nicaragua were

assumed as deep and shallow soils, respectively (David Harlow, oral communications).

For site geology classification at these recording stations see Tables 6.1 and 6.2.

6.4 Ground Motion Model.

The functional form adopted for modelling the attenuation of near-field and far-field

strong ground motion parameters is represented by the following equation:

logY = a + bM - clog (r~ + !!2)1/2 (6.1)

where Y is the strong ground motion parameter in consideration (PGA), and M is the

generic magnitude defined above. In order to study the attenuation due to geometrical

spreading the term clog (r~ + !!2)1/2 is present in the equation; ro, is the epicentral distance

in kilometers and the parameter!! is included to recognize that the strong ground motion

comes from some depth below the surface and also to recognize the concept of saturation

of the strong ground motion at short distances. Notice that tenns representing anelastic

attenuation and site geology are not included in the model. A preliminary test of the model

including these terms showed the value of the anelastic attenuation term nearly zero and

positive, it was therefore removed from the model. In addition, due.to the lack of data a

further categorization of the data base by soil condition was considered inadequate for

regression analysis purposes, i. e. a poor constraint of the attenuation curves was evident

when site geology was considered. Consequently, soft and stiff soil conditions are taken as

the site geology for the near-source and far-source attenuation functions respectively (see

Tables 6.1 and 6.2).

The value of !! in the attenuation model is determined by a non-linear regression

analysis (Neter et aI., 1985), and the values of the coefficients a, b, and c are determined

by a subsequent linear regression.
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6.5 ReKressjon Analysjs.

. Table 6.3 shows the results obtained in the regression analysis performed. The

goodness of fit is represented by an r2 value of 0.64 and 0.77, the correlation coefficient

squared, for the near-source and far-source regression analyses, respectively. The 84

percentile values of PGA are obtained by multiplying the median value by a factor of 1.62

for both attenuation functions. Plots of both relationships for the 50 and 84 percentiles, as

functions ofdistance and magnitude, are shown in Figures 6.1 and 6.2. For both plots, the

curves representing the 50 percentile (heavy lines) are dashed whenever they are not

constrained by data and caution is recommended when extrapolation is intended beyond

these limits.

a b c l\ alogY

Near-field sources -1.116 0.312 -1.000 7.9 0.21
PGA

Far-field sources -1.638 0.438 -1.181 70 0.21
PGA

Table 6.3. Regression coefficients given by equation (6.1).

Residuals of the data with respect to the predicted values are analyzed to test for

biases given by the attenuation functions developed in this study. Figure 6.3 shows plots

of standardized residuals against epicentral distance for different magnitude classes, and

magnitude for the near-source attenuation function. No obvious differences in trend are

observed in these plots for the three different magnitude classes, probably due to the lack

of data. Therefore, it was assumed that the shape of the attenuation curves obtained are

independent with magnitude. A similar test was performed for the far-source attenuation

function and similar results were obtained. Plots of standardized residuals against distance

and magnitude for this attenuation function are shown in Figure 6.4.

In Figures 6.5 and 6.6, the predicted ground motions given by the attenuation

functions,developed in this study are compared with the data for observed peak ground

acceleration. In these plots, the data have been grouped in magnitude intervals of 5.0 to
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5.49 and 5.5 to 6.0. The heavy lines represent the 50 percentile curve for the magnitudes

of 5.0 and 6.0. The light lines represent the 84 and 16 percentiles curves for the

magnitudes of 6.0 and 5.0, respectively. It is observed in these figures that the predicted

curves represent reasonably well the behavior of the data.

A comparison of the near-source attenuation function developed in this study with

the ones developed by others (Le., Joyner and Boore, 1988; Campbell, 1989) for western

United States is very difficult. Since these authors used different definitions for the various

variables (i. e., magnitude, distance, and site geology), a graphical comparison would

require certain assumptions in order to reconcile these differences which in some cases it is

almost impossible. For instance, Joyner and Boore (1988) used for the source-to-site

distance, the closest distance of the vertical projection of the fault rupture to the recording

station. In this study, instead, the epicentral distance is used for the source-to-site distance.

Consequently, in this study, an overestimation on the prediction of the peak ground

accelerations is expected, forehand.

Sabetta and Pugliese (1987) developed a relationship for the italian strong ground

motion data. They used similar definitions for the various variables adopted in this study.

In addition the seismotectonic environment, and site geology are believed to be similar to

the ones of the Central American volcanic chain. Figure 6.7 shows a comparison of the

attenuation function developed in this study (heavy lines) with the relationship mentioned

above (light lines). The comparison is made for the magnitudes 5.0 and 6.0, and for

different site geologies. In this plot, one can note that the results from this study are

comparable to their results for the shallow soils (bedrock depth within 5 m and 20 m). This

site geology classification represents in sixty percent the near-source data set of this study

(see Table 6.1).

In Figure 6.8, the relationship for the far-source obtained in this study is compared

with the ones developed by Esteva and Villaverde (1974) and Kawashima et al. (1984) for

the subduction zones of Mexico and Japan, respectively. A focal depth of 70 kilometers

was assumed for the relationship of Esteva and Villaverde to make the comparison

possible. The comparisons are made for magnitude 7.0. In this plot one can observe that

the relationship of Esteva and Villaverde is comparable to the one developed in this study.

In summary, in this study a development of near-source and far-source attenuation

functions for PGA was undertaken. These attenuation functions along with the

probabilistic hazard models and geometrical model discussed in previous chapters are used

in the next chapter to compute hazard values for the entire country and specific sites of El

Salvador.
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CHAPTER 7

APPLICATION OF THE MODELS

7.1 Introduction.

Based on the seismotectonic setting of the region, a geometrical model was proposed

for the study area in Chapter 4. In Chapter 5, two seismic hazard models are reviewed and

their suitability for hazard forecast of the region is discussed. In Chapter 6, a study of

strong ground motion attenuation functions for Central America was conducted. Two peak

ground acceleration attenuation functions were developed. In this chapter, these models are

combined to develop iso-acceleration maps for El Salvador. In addition, site-specific

seismic loads are computed at eleven locations in El Salvador.

7.2 Iso-Acceleration Maps

In order to develop the hazard maps, the Markov renewal and Bayesian hazard

models described in the previous chapter, are applied to the seismicity ofEl Salvador. As

it was expected, for regions where a seismic gap exists the Markov model is more

conservative than the Bayesian model giving higher peak ground acceleration values. For

this reason, a combined Markov-Bayesian model is chosen for the final seismic hazard

maps forEl Salvador. The Markov model is applied to the seismic source of Figure 5.1

and the cumulative distribution function of peak. ground acceleration (CDF) at each node is

combined with the CDFs obtained by applying the Bayesian model· to the remaining

seismic sources. However, for comparison purposes hazard maps using only the Bayesian

model for all sources are also developed.

All the seismic parameters described in Chapter 5 along with the seismic source and

attenuation modeling are used to determine the CDF on peak ground acceleration (PGA).

El Salvador and surrounding regions are divided into a grid of 115° longitude by liS·

latitude spacings. The CDF of PGA at each node of the grid is computed by using the

programs MARKOV. HAZARD (Kiremidjian and Suzuki, 1987) and SEISMIC.

HAZARD (Chiang et aI., 1984) to apply the Markov renewal and Bayesian models,

respectively. Then for a specific hazard level the PGA values calculated from the CDFs at

each node are evaluated using the computer program CONST. PROB.
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Finally, the iso-acceleration lines are obtained by interpolation of the values of PGA

between nodes. For a full explanation of these computer programs and parameters needed

see Chiang et al. (1984).

Seismic hazard maps are developed for 10% chance ofexceedence in 100 years, 10%

chance of exceedence in 50 years, and 20% chance of exceedence in 20 years. These

forecasts correspond to return periods of events of 100, 500, and 1000 years, respectively.

Figures 7.1 to 7.3 show the iso-acceleration maps for these return periods byusing the

Markov-Bayesian combined model. Similarly, Figures 7.4 to 7.6 show the iso-acceleration

maps by using only the Bayesian model. In all cases, high seismicity is observed along the

axis of the Volcanic Chain, but also, its influence is only strongly observed to about 20 kID

away from its axis. This fact is a result of the attenuation relationship used for the Volcanic

Chain, which has a sharp drop at epicentral distances of 10 kID (see Chapter 6). This

phenomenon is clearly seen when the Markov model is used for the Subduction Zone. In

Figure 7.3 one can observe that the iso-acceleration line of 0.60g is governed by the

Subduction Zone seismic sources until it gets closer to the axis of the Volcanic Chain axis

where an uplift of this line is observed.

Comparing the hazard maps for the Bayesian and Markov-Bayesian models for 100

year return period, one can see that higher peak ground acceleration levels are forecasted by

the Markov-Bayesian model. In Figure 7.1, one can observe that in the Markov-Bayesian

model the subduction sources govern over the volcanic sources in the hazard mapping. On

the other hand, in Figure 7.4 in the Bayesian model the volcanic sources govern over the

subduction sources for the same hazard evaluation giving then lower peak ground

accelerations. This observed differences are due to assumptions on which the Markov.and

Bayesian models are based and that we discussed in Chapter 5.

7.3 Site-Specific Seismic LQadine

Eleven important sites, major population and industrial facilities locations, were

selected for the site-specific hazard analysis:

1. San Salvador

2. SantaAna

3. San Miguel

4. Ahuachapan

5. Sonsonate

6. San Vicente
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7. Acajutla

'8. La Union

9. Puente Cuscatlan

10. Puente de Oro

11. Presa 5 de Noviembre

The cumulative distribution function of PGA at these eleven locations were computed

by using the Markov-Bayesian model. Also, the hazard at these locations can be

represented in terms of acceleration zone graphs (AZG) (Kiremidjian et aI., 1979). Figures

7.7 to 7.17 show the AZGs for the locations previously indicated.

In order to indicate the implications of the AZGs, the relationship between an

acceptable level of risk, return period, and economic life are reviewed (see also,

Kiremidjian et aI., 1977 and Kiremidjian et aI., 1979). The CDF of PGA based on the

Markov-Bayesian model is obtained for a specified future time period. This time period is

related to the economic life of the structure or facility, and the probability at selected PGA

value indicates the hazard associated with this PGA level. The return period of a PGA

value for a specified economic life and corresponding hazard level can be computed based

on the Binomial distribution. Considering this distribution, the probability of r successes

in n independent Bernoulli trials, with probability p of success at each trial is given by

(7.1)

Thus, the probability of zero successes in ten trials (years) is

Let PIO (0) =(1 - p)10 be equal to 0.90. Then the probability of no occurrence (or

success) of a certain level of loading in ten years is given by 0.90 or (1 - p}1O = 0.90.

Hence, p =0.01048 or return period RP =95 years.

In other words, for a structure whose economic life is ten years and for a acceptable

risk level ofexceeding the specified loading level by 10%, the structure should be designed

for a return period of 95 years. Table 7.1 gives the relationship between acceptable risk

level, economic life, and return period. For instance, if the acceptable risk level is 20% for

a structure whose economic life is 20 years, then the loading level should correspond to a

return peqod of 90 years. If the structure is to be built in San Salvador, the corresponding

PGA is approximately 0.52g. If the same structure for the same risk level is to be built in
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San Miguel. the corresponding PGA level is approximately 0.34g. Thus. for a given class

and use of structure. having the same economic life (20 years) and the same acceptable risk

(20%) the two consistent PGAs in San Salvador and San Miguel are 0.52g and 0.34g,

respectively. This is the concept of consistent risk design in regions with different

seismicity levels. Figure 7.18 shows the graph relating the risk level. economic life and

return period independently of any region. Once an acceptable risk level for a given

economic life is selected for a given class and use of structure. the corresponding return

period is immediately obtained from Figure 7.18. Then. based on the graph of return

period versus peak ground acceleration (Figures 7.7 to 7.17). the loading at a site can be

detennined.

Let consider another example. Consider two separate classes of structures to be built

in San Salvador. Let an office building with an economic life of 40 years have an

acceptable risk level of 20% and a warehouse with a 10 year economic life have a 40%

acceptable risk level. Referring to Figure 7.18, the return period for which the office

Economic life
(years)

40 50 10010 20 30
Probability of

exceeding
%

10 95 190 285 390 475 950
20 45 90 135 180 225 449
30 29 57 84 113 140 281
40 20 40 59 79 98 196
50 15 29 44 58 72 145
60 11 22 33 44 55 110
70 9 17 25 34 42 84
80 7 13 19 25 31 63
90 5 9 14 18 22 44
95 4 7 11 14 18 34
99 3 5 7 9 11 22
99.5 2 4 6 8 10 19

Table 7.1. Return Period as a function ofeconomic life and probability

of non-exceedence. (Kiremidjian et aI.• 1979)
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building should be designed is 180 years and the return period for which the warehouse

should be designed is 20 years. Now, from the San Salvador AZG (Figure 7.7), the

corresponding PGA values are 0.70g and 0.20g for the office building and warehouse,

respectively. If the same two facilities were to be built in San Miguel, the corresponding

PGA values would be 0.39g and 0.14g.

It should also be indicated that even though the AZGs for San Salvador and

Ahuachapan suggest for a return period of 1000 years a PGA greater than 1.0g, a 1.0g

PGA value is recommended in this study for these cities. Further studies for these cities is

strongly recommended taking in consideration local site conditions so that more accurate

PGA values can be forecasted.

Finally, the following statements should be understood in using the concept of return

period:

1) A return period is the mean waiting time for an event of interest. For

example, the average (waiting) time between two events producing 0.20g in

San Salvador is approximately 22 years.

2) The probability that an event corresponding to a return period RP will occur

in any given year is given by P =iF .Thus, the probability of exceeding

0.20g in San Salvador in any given year is 1/22 =0.0454.

3) The probability that not a single event of the RP type will occur in

RP years is given by~ where e = 2.718, the Naperian base. Thus,

the probability that in 22 years, there will not be a single event

producing a PGA of 0.20g in San Salvador is given by lIe.., 0.36.

Hence, there is a 64% chance that in 132 years there will be at least

one event producing PGA of 0.20g or more in San Salvador.

For relative seismicity, it can benoticed in the AZGs charts (Figures 7.7 to 7.17) that

San Salvador and Ahuachapan have the highest seismicity whereas the Presa 5 de

Noviembre has the lowest seismicity. For a given hazard level, i.e. return period, a risk­

consistent design for each location will demand the structure to resist a different level of

PGA as specified in Figures 7.7 to 7.17. These types of figures are very useful in micro­

zoning the country and formulation of building codes.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

This chapter summarizes the work conducted in this study. In addition, the main

conclusions are indicated and some recommendations are made for the use of the results.

The seismic activity of the region of study was presented in terms of several tectonic

provinces. These seismic regions: the Volcanic Chain Zone, the Benioff Zone, the

Caribbean Plate Boundary and the Honduras Depression Zone were defined according to

the seismic parameters of events occurred into the regions themselves, and the location of

the faults between the zones.

An exhaustive search was conducted to obtain the existing data for the study region.

Two kind of data were found: non-instrumental and instrumental. For both kind of data,

a methodology of calculation of earthquake parameters was described and their relation to

the seismic provinces was discussed. The acquired data was sorted according to the

seismic provinces in which they occurred. This sorted data was analyzed to obtain

frequency of earthquake occurrences with time in order to obtain the parameters needed

for the probabilistic hazard models.

Two seismic hazard models were applied to the seismicity of the region, the

stochastic slip-predictable and Bayesian models. Since the slip-predictable model was

applied to only one seismic source, and since the computed peak ground accelerations

resulted more conservative than using the Bayesian model for the same seismic source, a

combined Markov-Bayesian model was adopted for the final seismic hazard

computations. However, for comparison purposes hazard maps were also developed

using only the Bayesian model. Iso-acceleration maps were developed for return periods

of events of 100, 500 and 1000 years based on both models, the Markov-Bayesian and

Bayesian models. In addition, acceleration zone graphs, which describe the peak ground

acceleration values vs. return period, were developed for eleven locations in EI Salvador.
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Several aspects of the results obtained were found interesting to note:

• As it was expected, in seismic sources where enough information is

available to apply the slip-predictable model, more conservative peak

ground acceleration values were obtained.

• It was also observed that attenuation relationships developed the region

represent well the observed peak ground accelerations. Two attenuation

functions were developed: near-field and far-field attenuation functions.

• It is also important to indicate that the presented iso-acceleration maps and

AZGs graphs were computed for the Volcanic Chain soil conditions where a

sharp fluctuation of peak ground accelerations have been observed for range

of epicentral distances from 1 to 8 km. For more accurate hazard analysis in

specific sites, local soil conditions studies should be performed.

• From the study of the seismic provinces of the region, the major sources of

earthquake activity were found in the Benioff Zone. Additionally, a

potential threat of a large earthquake (Ms > 7.5) in the near future from a

Benioff seismic source 50 miles away from San Salvador was found.

However, earthquakes occurring in local seismic sources were found more

damaging than subduction earthquakes.

• The highest risk was observed along the axis of the Volcanic Chain where

accelerations are higher than 0.80g for 500 years return period.

• The lowest risk was observed in the northern part of EI Salvador where

accelerations are less than O.60g in 500 years return period.

Finally, it is recommended that the results obtained in this study should be further

used in the development of seismic code formulation for structural and analysis purposes.

Ground acceleration values, a, may be established for a given structure and location and

then converted to seismic load information. With this information, structures designed

for these load levels, could have a desired reliability RO of damage protection and a much

higher reliability Rc against total building condemnation or incipient collapse during the

. lifetime of the structure.
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APPENDIX D

EARTHQUAKE RECURRENCE RELATIONSHIPS

D.l Introduction.

This appendix presents a review of different calculation methods of an earthquake

recurrence relationship. In the past, Gutenberg and Richter (1956), Wiechert (1980), and

Dong et al. (1984) suggested, respectively, the use of the least squares method, the

maximum likelihood method, and the maximum entropy method for the development of

earthquake recurrence relationships. These methods are described and applied to the

seismicity of several seismic sources in EI Salvador. The evaluation and adequacy of these

relationships is discused below.

D. 2 The Least Squares Method.

The simplest and most common method of representing infonhation on earthquake

occurrences is by a least squares best fitted line. This method states that the occurrence of

earthquakes during a period of time is approXimated by the following relationship:

In N(M) = a + 13M (D.1)

where N(M) is the number of events above a magnitude M. a and 13 are regression

constants obtained through least squares fit to the data. This equation assumes temporal and

spatial independence of all events. a and 13 are given by

and

L In N(m) +L mi13
a = i i

n

L miL In N(mJ - nL In N(mi)
13= iii

nL mr - (L mi)2
i i
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InN(M) =9.406 - 1.192M

Mmax=7.9

o

s: 1000 c---,.--.,----,r----r--.,..--::::I
~

C
~..
5
a 100

-=•o..
6.
-8 10
:1-t
C0­o..
E
~......
o
'-

Z
i

0.13!--~--~-~:_--+--J':!:_-'

Figure 0.6. Recurrence relationship for the Segment 3 of the Shallow Benioff Zone for a

time period of 275 yrs.
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for a time period of 275 yrs.
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Figure 0.12. Recurrence relationship for the Segment 3 of the Deep Benioff Zone for a
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The Figures D.l-D.16 show plottings of best fitted lines and actual data grouped in

intervals of 1/4 of magnitude. As is expected, the lines represent quite well the data sets.

Bilinear recurrence relationships were developed when differences in slope where observed

between small and large magnitude of frequency of occurrence.

D•3 The Maximum Likelihood Method.

In this method, maximum likelihood estimation of the earthquake parameters a. and ~

in the relationship N(M) =a. exp(-~M) are extended to the case of earthquakes grouped in

magnitude intervals observed in different time periods. In the development of this scheme,

Wiechert (1980) considered the following aspects: a) different periods of observation, ti; b)

classification of data in magnitude intervals, Mi ±B; and c) an assumed maximum

magnitude, Mx• Integrating over magnitude intervals and normalizing a given truncated

recurrence density, a likelihood function is obtained. An extreme of this function is

represented by

L tiMiexp(-~MJ

L tjexp(-~Mj)
j (DA)

where ~ can be obtained by solving equation DA using and iterative scheme. N is the total

number of earthquakes. M is the sample mean of the magnitude.

In addition, a. is given by

a.=-~----

L tjexp(-~Mj)
j (D.5)

To study the adequacy of the method for the region of study, two sources are

considered: segment 3 of the Intermediate BenioffZone and the Chixoy-Polochic fault. The

maximum possible magnitude is estimated to be 7.8 for both sources. Their recurrence

parameters were obtained applying the method to the data and the results are summarized in

TableD.I.
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Segment 3 Chixoy-Polochic
mz fault

a 68.34 18.79

~ 0.9724 1.0328

Table 0.1 Earthquake recurrence parameters

Figures 0.17 and 0.18 show comparisons of the fitted lines and the data nonnalized

with time. It can be observed that the lines do not represent the data well in both cases.

This, is primarily due to the large differences of observation time for the different

magnitude intervals. For the Intennediate Benioff Zone segment, the number of

occurrences at large magnitudes are overestimated by a factor of 5 per year. For the

Chixoy-Polochic fault, in the magnitude interval of 5.25 to 5.50 the number of occurrences

are underestimated by a factor of 6 per year. For the remaining seismic sources, similar

results were obtained; therefore, this method was not considered for further applications in

this study.

D.4 The Maximum Entropy Principle Method.
In this section, the Maximum Entropy Principle (MEP) is used to obtain unbiased

recurrence relationships. In addition, a modified MEP method developed by Dong et al.

(1984) is used for nonhomogeneous data bases. A description of the method is first

presented and then is applied to several seismic sources in El Salvador.

0.4.1 The Non Modified MEP Method.

In this method, the entropy of the magnitude M is maximized, subject to given

constraints. Thus, the probability density function of M for a range of magnitudes from

Mo to Mu is given by
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1/4 of magnitude.
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where 11 can be detennined by

.1... + Moexp(-11Mo) - Muexp(-11Mu) = M
11 exp(-11Mo) - exp(-11MJ

(0.6)

(D.7)

Solving equation 0.7 for 11 and substituting this value in equation 0.6, the minimally

unbiased probability density function of M is obtained.

D.4.2 The Modified Maximum EntrOj)Y Method.

In this method, the return period (RPH) for large events between magnitudes

~ and Mu is estimated. Define MIl as the magnitude between~ and Mu, then

(0.8)

where J.1H is the mean rate of magnitude MIl events. The probability that the magnitude of

the event will be between these magnitudes is given by

(D.9)

where J.1 is the mean rate of the data set, T is the period of instrumental data base, and N is

the total number of events in time T. Additionally, the ordinate of the density function at

m=MH should be adjusted as follows:

(0.10)

Similarly, as in the non modified MEP method the approximate solution of fM(m) is
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(D.ll)

where the parameter Yl is detennined by

I-PH-AfH =
{l (exp(-YlMe) - exp(-YlMJ) - Aexp(-YlMH)}
Yl

{l (exp(-YlMe) - exp(-YlM~» + l (Meexp(-YlMe) - M~exp(-YlM~» - Bexp(-YlMH)}ri Yl

(D.12)

and

B =~ -Me)2 (2M~ + Me)
6(MH- Me)

(D. 13)

(D.14)

The Figures D.19 and D.20 show plottings of the recurrence relationships obtained

by the non modified MEP and least squares methods for segments 1 and 2 of the Deep

Benioff Zone. It can be seen that the MEP method overestimates the number of occurrences

in almost all ranges of magnitudes considered. Sensitivity analysis for the MEP methods

are recommended but since similar results were obtained for other sources of the study

area, those studies will be disregarded in this project. The MEP methods will not be

considered in further calculations in this study.

In summary, three methods were used to investigate the best representation of

earthquake occurrences for the study region. The least squares method was found the most

adequate among them. To overcome the problem of incompleteness of the data set at lower
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magnitudes, a bilinear regression model was adopted. For hazard analysis calculations only

this method will be used.
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APPENDIX E

BAYESIAN PARAMETERS
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