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Abstract 

Turrialba is a medium size city located in an alluvial plain that requires determining safety 
zones to expand its outskirts. Bounded by volcanic areas, slopes prone to landslides and 
land subject to floods; has been recently affected by earthquakes.  Trying to get a better 
understanding of the zone, the present study is involved with the assessment of seismic 
hazard and vulnerability for the urban areas.  

The main objectives are to define hazard zones within the urban areas and periphery, as 
well as to assess vulnerability for different return periods. To achieve these objectives a 
probabilistic analysis is carried out, supported by updated data of building material and 
detailed mapping of soil and topographic conditions.  

The hazard assessment is estimated considering the site-effects; soil and topography and 
through a probabilistic analysis are calculated values of Pga for 10, 50 and 150 years, values 
that converted to intensities are the base for estimations of vulnerability of buildings.   

The vulnerability is based in previous estimations of national level and in recent data of 
building materials.  It processed through GIS yield a set of maps indicating different 
ranges of vulnerability for each one of the return periods.  

The results include a set of maps defining zones in the lower part of the city as well as 
both sides of the Turrialba river, which present values of VII intensity (MMI) and higher.  
These zones once crossed with the type of buildings provide new information of areas 
subject to be vulnerable in the long term.   

Analysing these areas it can be found that there is not a sharp difference between vulner-
ability zones for 10 and 50 years, however in a 150 return period may be appreciated an 
increase of high vulnerability zones.  The areas defined involve new urban developments 
in the left bank of the Turrialba River and around.     
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Resumen  

Turrialba es una ciudad de dimensiones medias ubicada en una planicie que requiere de-
terminar zonas seguras donde expander sus límites urbanos. Rodeada por zonas volcáni-
cas, laderas propensas a deslizamientos y tierras sujetas a inundaciones, ha sido afectada 
recientemente por terremotos. Intentando obtener un mayor entendimiento, se realiza este 
estudio que involucra evaluación de amenza y vulnerabilidad sísmica para las zonas urba-
nas. 

Los principales objetivos planteados son definir las áreas de amenaza dentro de las zonas 
urbanas y periferia, asi como evaluar la vulnerabilidad para diferentes períodos de retorno. 
Para conseguir estos objetivos se realizó un análisis probabilístico, apoyado con informa-
ción actualizada de los materiales de edificaciones y mapeo detallado de suelos y condi-
ciones topográficas. 

La evaluación de amenza es estimada considerando los efectos de sitio; suelo y topografía 
como principales elementos y a traves de un análisis probabilístico son calculados valores 
de PGA (aceleración pico del terreno) para 10, 50 y 150 años, valores que a su vez son 
convertidos a intensidades y forman la base para las estimaciones de vulnerabilidad de edi-
ficaciones.  

La vulnerabilidad esta basada en previas estimaciones a nivel nacional y en datos recientes 
de distribución de materiales de construcción. Estos factores al procesarlos en SIG pro-
porcionan una serie de mapas indicando diferentes rangos y zonas de vulnerabilidad para 
cada uno de los períodos de retorno.  

Los resultados incluyen una serie de mapas delineando zonas en la parte inferior de la ciu-
dad, asi como a ambos lados del Río Turrialba, que presentan valores de VII y mayores (en 
la escala de Mercalli). Esta información una vez combinada con el tipo de materiales con-
structivos suministra nueva información de areas de ser vulnerables en el largo plazo.  

Analizando estas áreas se puede descubrir que no hay una fuerte diferencia entre las zonas 
vulnerables para períodos de retorno de 10 y 50 años, sin embargo en un período de re-
torno de 150 años si puede apreciarse un marcado incremento de las areas de alta vulner-
abilidad. Estas áreas definidas involucran nuevos desarrollos urbanos en el lado izquierdo 
del Río Turrialba y alrededores.   

 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 VII 

Contents 

Acknowledgements.............................................................................................................. iv 
Abstract................................................................................................................................. v 
Resumen ..............................................................................................................................vi 
Contents..............................................................................................................................vii 
List of Figures......................................................................................................................ix 
List of tables.........................................................................................................................xi 
1. Introduction................................................................................................................... 1 

1.1. Objectives........................................................................................................................2 
1.2. Geographical setting ......................................................................................................2 
1.3. Problem definition .........................................................................................................5 
1.4. Available Data ................................................................................................................6 
1.5. Data collection................................................................................................................6 
1.6. Limitations of the present study ..................................................................................7 

2. Literature review............................................................................................................8 
2.1. Introduction....................................................................................................................8 
2.2. Risk...................................................................................................................................8 
2.3. Ground shaking hazard.................................................................................................9 
2.4. General relationships between event and occurrence ............................................10 
2.5. Attenuation ...................................................................................................................12 
2.6. Site- effects....................................................................................................................13 
2.7. Standardization.............................................................................................................14 
2.8. Secondary seismic hazards..........................................................................................14 
2.9. Vulnerability assessment .............................................................................................16 
2.10. Risk.............................................................................................................................19 
2.11. Available information from regional and local studies.......................................20 

3. The Turrialba area....................................................................................................... 23 
3.1. Introduction..................................................................................................................23 
3.2. Geological evolution....................................................................................................23 
3.3. Tectonics .......................................................................................................................24 
3.4. Neotectonics .................................................................................................................25 
3.5. Faults..............................................................................................................................26 
3.6. Seismic activity .............................................................................................................27 
3.7. Lithology .......................................................................................................................28 
3.8. Geomorphology ...........................................................................................................30 

3.8.1. Geomorphologic units ........................................................................................31 
3.9. Soils ................................................................................................................................35 

3.9.1. Weathered soil over pyroclastic materials ........................................................36 
3.9.2. Highly weathered rock ........................................................................................36 
3.9.3. Soils derived from alluvial deposits...................................................................38 
3.9.4. Fine alluvial soil....................................................................................................38 
3.9.5. Medium soil over colluvial deposits..................................................................38 
3.9.6. Medium thick soil layer over rocky ...................................................................38 
3.9.7. Thin soil over lahar..............................................................................................39 
3.9.8. Sedimentary clay soil ...........................................................................................39 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 VIII 

3.9.9. Medium thick soils on alluvial materials...........................................................40 
3.9.10. Stony Alluvial .......................................................................................................40 
3.9.11. Thin soil over rock material ...............................................................................40 

3.10. Land use ....................................................................................................................41 
3.10.1. Coffee plantations................................................................................................41 
3.10.2. Sugar cane plantations.........................................................................................41 
3.10.3. Fruit plantations...................................................................................................42 
3.10.4. Forest.....................................................................................................................42 
3.10.5. Grassland ..............................................................................................................42 
3.10.6. Industrial zones. ...................................................................................................42 

3.11. The urban area..........................................................................................................42 
3.11.1. Building materials ................................................................................................43 
3.11.2. Type of housings..................................................................................................43 
3.11.3. Age .........................................................................................................................43 
3.11.4. Floors.....................................................................................................................45 
3.11.5. Areas affected by earthquakes ...........................................................................46 

4. Seismic hazard assessment ......................................................................................... 48 
4.1. Introduction..................................................................................................................48 
4.2. Methods.........................................................................................................................48 

4.2.1. Deterministic hazard analysis.............................................................................48 
4.2.2. Probabilistic hazard analysis...............................................................................49 

4.3. Deterministic seismic hazard estimations in Turrialba area...................................51 
4.3.1. General ..................................................................................................................52 
4.3.2. Recurrence ............................................................................................................52 
4.3.3. Attenuation ...........................................................................................................53 
4.3.4. Tectonic setting....................................................................................................55 
4.3.5. Seismic zones........................................................................................................55 
4.3.6. Probability factors................................................................................................57 
4.3.7. Site effects.............................................................................................................59 
4.3.8. Process of estimation of the Site effect for Turrialba. ...................................63 

5. Vulnerability assessment ............................................................................................. 69 
5.1. Concepts........................................................................................................................69 
5.2. Methodology to assess vulnerability..........................................................................70 

5.2.1. Required information..........................................................................................71 
5.2.2. Process...................................................................................................................71 
5.2.3. Intermediate products .........................................................................................71 
5.2.4. Final products.......................................................................................................71 

5.3. The vulnerability assessment in Turrialba city. ........................................................72 
5.4. Vulnerability functions for Turrialba ........................................................................72 
5.5. GIS process...................................................................................................................75 
5.6. Mapping Results. ..........................................................................................................75 

6. Conclusions ................................................................................................................. 81 
References........................................................................................................................... 83 
Acronyms ............................................................................................................................ 87 
 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 IX 

List of  Figures 

Figure 1.1. Location map of the Turrialba region......................................................................3 
Figure 1.2. Aerial photograph showing the city and surrounding areas (grids are separated 

1 km).........................................................................................................................................4 
Figure 1.3. Trend of expansion of the city for two periods (Badilla, 2002) ...........................5 
Figure 2.1. Basic steps in earthquake hazard and loss estimation (After King S.1999)......10 
Figure 2.2. Relation between Peak Ground Acceleration   and distance from fault for 

various magnitudes (Schnabel and Seed. 1973(left) and Davenport 1972 (right).......11 
Figure 2.3. Relation between Peak ground acceleration and distance from worldwide 

earthquakes and San Francisco Earthquake. 1971 (From Donovan 1973) .................12 
Figure 2.4. Graph relating Moment magnitude and Max displacement of ground (Wells 

and Coppersmith 1994) .......................................................................................................15 
Figure 2.5. Graph showing vulnerability curves for 4 typical buildings in China (Cheng et 

al. 2001)..................................................................................................................................18 
Figure 2.6. Vulnerability curves for Costa Rica (Sauter and Shah 1978)..............................19 
Figure 3.1. Present morphotectonic setting of Costa Rica and Turrialba (Montero, 1991)24 
Figure 3.2. Tectonic map of Central America. Direction and velocity of movement of 

plates is indicated. Strongest earthquakes are indicated with stars (From Strauch in 
Moya A. 2000).......................................................................................................................25 

Figure 3.3. Faults and alignments associated with seismic activity in Valle Central, Costa 
Rica.  Number 2,11 and 16 represent seismic points close to Cartago and are located 
to the southwest of the study area (from Moya 2000) ....................................................26 

Figure 3.4. Major earthquakes  in Costa Rica in between 1990 and 2000.  (Moya 2000). 
Earthquakes are located on a nearly straight line running east west.............................27 

Figure 3.5. Isolines representing areas with equal intensities (MMI) during the Limon 
earthquake. Here can be seen a VII intensity around the Turrialba region. ................28 

Figure 3.6. Block diagram showing the general relief in the Turrialba region, seen from the 
southeastern part ..................................................................................................................29 

Figure 3.7. Stratigraphic table of the region..............................................................................30 
Figure 3.8. Geomorphologic map of the region, covering an area of about 225 km.........31 
Figure 3.9. Shaded map of Turrialba. And some deduced lineaments .................................32 
Figure 3.10. 3D view of the geomorphologic units around Turrialba.         1- City 2- Debris 

avalanche 3- Lahar................................................................................................................33 
Figure 3.11. Block diagram showing a zoom in around the Turrialba-Santa Cruz area.  Seen 

from southern part ...............................................................................................................35 
Figure 3.12. Soil map of the study area (red line is bounding the urban area.) ...................36 
Figure 3.13. Showing the current zone, hypsometric map, lines of topographic sections 

and location of the boreholes analysed. ............................................................................37 
Figure 3.14. Topographic and geological section A. ...............................................................37 
Figure 3.15. Topographic and geological section B.................................................................38 
Figure 3.16. Topographic and geological section C ................................................................39 
Figure 3.17. Topographic and geological section D................................................................39 
Figure 3.18. Topographic and geological section E ................................................................40 
Figure 3.19. Topographic section F Longitudinal section from NW-SE.............................40 
Figure 3.20. Landuse map of the Turrialba area ......................................................................41 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 X 

Figure 3.21. Polygon of Turrialba City ......................................................................................43 
Figure 3.22. Percentage graph of building materials in Turrialba City .................................44 
Figure 3.23. Age of buildings ......................................................................................................45 
Figure 3.24. Classification of buildings by number of floors .................................................46 
Figure 3.25. Areas and buildings affected by the 1993 earthquake .......................................47 
Figure 4.1. Deterministic earthquake hazard assessment process (compiled from Climent 

1997 and Hays 1980)............................................................................................................49 
Figure 4.2. Probabilistic earthquake ground motion (GM) hazard computation scheme 

(Compiled from Climent, 1997) .........................................................................................51 
Figure 4.3. Intensity zonation maps processed by deterministic analysis, given a earthquake 

of Magnitude = 6.0 generated 35 km south from Turrialba ..........................................54 
Figure 4.4. Regional tectonic map of Central America and Caribbean Zones (Moya et al. 

2000).......................................................................................................................................55 
Figure 4.5. Seismic zones in Valle Central (Ramirez et al. 1996)...........................................56 
Figure 4.6. Plotting of earthquake epicenters around Turrialba area (Fermanndez 1996) 56 
Figure 4.7. Graph of Return Period against probability of exceedance for Turrialba area58 
Figure 4.8. Return periods against % of g. for Turrialba area................................................59 
Figure 4.9. Geometric method to evaluate the topographic effect on acceleration factor60 
Figure 4.10. Scarp map of Turrialba ..........................................................................................62 
Figure 4.11. Soil map of Turrialba (Urban 2001). ....................................................................63 
Figure 4.12. Flow chart of the Hazard map process ...............................................................64 
Figure 4.13. Process to generate the scarp distance and weighted map ...............................65 
Figure 4.14. Process to elaborate the soil units map and sequence to multiply by scarps.66 
Figure 4.15. PGA maps for 10, 50 and 150 years ....................................................................67 
Figure 4.16. Final maps with intensity values for the 10, 50 and 150 years return period.68 
Figure 5.1. Flow chart of processes to follow in elaboration of vulnerability maps in GIS75 
Figure 5.2. Vulnerability maps for each one of the return periods. (Continuous scale) ....77 
Figure 5.3. Final maps of vulnerability 10, 50 and 150 years (classified)..............................78 
Figure 5.4. Graphs representing the % area for each one of the return period ..................79 
 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 XI 

List of  tables 

Table 2.1. Table relating seismic parameters and Intensity. (Wald. 1999) ...........................14 
Table 2.2. Comparative table between probabilistic and deterministic method .................16 
Table 2.3. Comparative table of Radius and Hazus methods ................................................17 
Table 4.1. Recurrence magnitude parameters calculated for zones near Turrialba (from 

Moya et al. 2000) ..................................................................................................................53 
Table 4.2. Return periods,probabilities of exceedance for different time periods, and peak 

ground acceleration values. In rock conditions (from Laporte 1994) ..........................57 
Table 5.1. Damage – Intensity curves (after Sauter and Shah 1978).....................................73 
Table 5.2. Table and graph of the damage curves adapted ....................................................74 
Table 5.3. Areas calculated for each one of the return periods involving vulnerability. ....79 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 1 

Chapter 1 

1. Introduction 

Risk management studies are in very high demand almost everywhere, as a result of the 
continuously increasing risk exposure in urban areas. Such studies provide tools that help 
to prevent and mitigate some of the effects caused by catastrophic phenomena and pro-
vide valuable guidelines for urban planning or engineering. 

In the case of seismic risks two mayor fields must be covered: the estimation of hazard as 
a natural factor and the evaluation of potential damage expected in case of occurrence. 
Tools of this type are most useful if they allow for detailed information regarding the loca-
tion and intensity of any such hazardous event in terms of potential losses. 

Recently a first approximation to natural hazards in Turrialba City, Costa Rica, has been 
made, but still further insight is needed into the different hazard types and regarding vul-
nerability. This study is intended to make a contribution in this direction. 

Turrialba City, located to the east of The Central Valley of Costa Rica, has been affected 
by several hazardous events in recent times. From the seismic point of view this is due to a 
combination of a number of factors: active faults in the City’s proximity, loose materials or 
soft soils contrasting with solid rocks, slopes of low to medium inclination susceptible to 
landslides in a tremor event. These factors act in a situation of disorderly occupation of 
formerly uninhabited areas. 

These circumstances make it necessary to identify the hazard possibilities, evaluate the rate 
of vulnerability and develop tools to prevent or mitigate as much as possible all potential 
effects. An initial effort to survey the elements at risk by Central American specialists 
(Cardona et al. 2000) funded through UNESCO-IDNDR yielded a large amount of in-
formation about Turrialba City and its hazards. The present study pretends to continue 
along the same path, assessing the seismic risk in this city. 

There are two classical approaches to assess seismic hazard, namely the deterministic and 
the probabilistic approach. The former one considers the main seismic factors involved in 
a linear sequence, without taking into account the uncertainty factor. The probabilistic ap-
proach, in contrast, considers the uncertainty and frequency of earthquake occurrences, 
giving a better idea of the expected parameters of ground acceleration and periods, over a 
given spatial and time lag. 
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Seismicity has been the main subject of several studies performed during the last decade in 
Turrialba. Cardona et al (2000) have estimated the seismic hazard from a deterministic ap-
proach however; estimations of the amount and distribution of potential damage in time 
are not available at present. The present study is carried out to contribute in this sense. 

Data from past events are used in this study, such as those obtained during the Limon 
earthquake 1991. This event has been recorded as one of the heaviest felt in the 90’s dec-
ade near Turrialba. Though the toll of human lives was fortunately low, high material loss 
(172 million US dollar) occurred (IDNDR 1999). This earthquake is considered in the pre-
sent study as a model event because of its effects and the data collected at the time. Even 
when the mentioned earthquake did not seriously affect Turrialba City, some seismic pa-
rameters recorded can be matched to the Turrialba situation and can then be compared 
with values obtained through probabilistic methods to corroborate results obtained 
through the probabilistic methods.  

Within a GIS environment, an attempt was thus made to model and evaluate seismic haz-
ard, vulnerability and risk. The model considers essentially soil and topographical effects 
and uses ground motion parameters; Calculations were made for certain return periods and 
possible effects onto structures and lifeline systems were evaluated.  

In dealing with the assessment of seismic hazard, specially focused on the risk factors, the 
following objectives were established. 

1.1. Objectives 
The study’s main objective is to assess the seismic hazard and vulnerability for the urban 
area of Turrialba, with different return periods, based on updated information and in a 
GIS environment. 

Particular objectives are: 

• Taking into account soil and rock relationships, and soil behaviour to define with 
more detail a seismic hazard map. 

• To estimate vulnerability and generate a set of maps. 
• To test a methodology appropriate for the particular conditions of the city  

1.2. Geographical setting 
Turrialba City and the administrative unit (“canton”) of the same name it belongs to, is 
part of Cartago province, located to the east of Costa Rica´s capital, San Jose.  

The research area and its most important features are included in a frame according to the 
following coordinates: 

09 o 50 ‘ – 10 o 00’ Lat N. 

83 o 35 ‘ – 83 o 45’ Long. W 
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This frame with an extension of about 250 km 2 is wholly included within the Tucurrique 
topographic sheet, scale 1: 50 000. The city of Turrialba is situated at the centre with coor-
dinates:  

09 o 54 ‘ 24 “ Lat N. 

83 o 41 ‘ 06 “ Long. W. 

 

 
Figure 1.1. Location map of the Turrialba region 

The paved highway connecting Turrialba and San José was formerly the main road from 
San José to the Atlantic coast, until a new and shorter highway at the western side of the 
province replaced it. Secondary roads to neighboring towns are not easily transit able dur-
ing the wet season (May – December). Until the 70’s a railroad service connected Turrialba 
with the country’s capital and the Caribbean coast; service stopped due to terrain failures 
and also to commercial decay.  

The area is drained by the Turrialba, Colorado and Aquiares rivers, and all tributaries of 
the Reventazon River that in turn outlets to the Atlantic Ocean. The tributary rivers de-
scend from the Turrialba volcano down to the wide plain where the city is located and 
from which they further descend to the Reventazon River.  
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The area’s geographic position favours heavy rainfall and a high humidity degree due to 
wet winds from the Atlantic Ocean. Climatic conditions have caused deep weathering of 
the rocks and soils. This is not the casein the relatively dry zone of the Valle del Guarco 
(Cartago), where the capital of the province is seated.  

Natural vegetation in the area is high, and the environment offers good conditions to grow 
coffee, sugar cane, banana and many other tropical fruits. Coffee is the most popular and 
profitable crop in the country and in the region itself. The middle-sized city (32 000 in-
habitants) counts with basic services and lodging two high-level educational institutions, 
which generate important student mobility. Population in general is involved mainly in 
commercial activities, agricultural duties and basic industries, such as coffee processing, as 
well as supplying services to most of the student population and tourist groups.  

A polygon including the whole city, which is the particular focus of the vulnerability study, 
fits in a frame of about 3.5 by 3.5 km, and is shown below together with a colour aerial 
photograph, to which shows that the rather irregular structure of the city. Its oldest part 
was formed along the Turrialba River, very close to the banks and along the railroad line, 
with some sparse coffee plantations and processing plants around.  

 
Figure 1.2. Aerial photograph showing the city and surrounding areas 
(grids are separated 1 km) 

Later developments led to occupation of the surrounding lower and more flat areas. Fur-
ther growing trends mainly involve the left side of the river and secondly the area ´s north-
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east (Figure 3). In general there are not many high buildings, none over four storeys, with a 
dominance of wood and concrete as basic building materials. 

 
Figure 1.3. Trend of expansion of the city for two periods (Badilla, 2002) 

1.3. Problem definition  
The last heavy earthquakes in the surroundings of Turrialba occurred in Limon in 1991 
and in Pejibaye in 1993, and caused some kind of alarm and awareness of the potential 
dimensions of one of the hazards that could hit the mayor urban areas.  

Given the proximity of at least two main seismic sources, which could trigger earthquakes 
of medium strength, it is desirable to estimate their possible impact through time, consid-
ering different probabilities and return periods. This requires an evaluation in detail of be-
haviour and intrinsic properties of the soils of Turrialba.  

The results of studies in these regards form the basic inputs for risk maps which should be 
made public and taken into account together with another set of hazard and vulnerability 
information in the design and planning of spaces.  
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1.4. Available Data  
In the study use was made of a wide data set. From the National Geographic Institute of 
Costa Rica topographic maps in a 50 000 scale were available, whilst aerial photography 
was accessible in both colour and black and white in larger scales; colour AP hard copy 
was available in a 40 000 scale. Also a set of black and white vertical photos in a 5 000 
scale was used as well as aerial photographs in digital format and georeferenced for the 
ILWIS GIS.  

A number of reports of boreholes are available, including 10 records within the study area 
collected by SENARA*. Since the records included information from several periods, the 
quality of the data was irregular; therefore a process of reinterpretation of log data was 
necessary in order to form a consistent lithological column for the whole area. Most of the 
records ranged in depths from 40 to 70 m. and only one reached more than 100 m.  

A database of earthquakes records in digital format is available as part of the main seismic 
information, which comprises more than 200 records and includes seismic data from 1987-
1996. Beside this, historic and recent regional earthquake information has been processed 
(Climent et al 1994, Schmidt et al 1997, Laporte et al. 1994).  

Urban and building conditions in the city were surveyed last year by a Central American 
group of specialists (Cardona et al, 2000) focused on natural hazards, as well as from CA-
TIE*, which has compiled also a number of data on these items from different sources. As 
a product, a database in digital format was produced, which was recently improved by a 
group of ITC students. It is applied in the present study to evaluate vulnerability.  

 Through satellite images interpretation and field check, ICE* has compiled land use maps 
of several basins that are available in digital format, thus allowing their conversion, in a 
GIS, to different scales. . ITC students have done a very detailed survey in 2001, based on 
a 1: 10 000 scale photography (amplified) and complemented with field checking. 

1.5. Data collection 
A series of points for the recording of detailed soil information were positioned by a GPS 
device and listed and plotted in a base map. Soil conditions and some topographic-soil 
profiles were surveyed as well as sections to define lithological units and relationships 
among them. Some superficial features that can be responsible for reactions of the terrain 
facing an earthquake were also notated.  

Detailed geomorphologic and soil maps were generated through interpretation of aerial 
photographs at a 1: 40 000, and 1: 5 000 scale. Also a regional map with the main landform 
units was created by interpretation on anaglyph image of a scale 50 000. Part of this infor-
mation was analysed in conjunction with the available underground data in order to get a 
ground for extrapolating subsoil features.  

Some new data were added to the database based on the first survey of infrastructure and 
buildings (Cardona et al 2000). 
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A list of Acronyms and a Glossary, which covers most of not widely used terms and insti-
tutions marked by an asterisk is displayed at the end as an annex.  

1.6. Limitations of  the present study 
The research was hindered by the following limitations:  

• Most of the information referring to the (physical) underground or sub-surface in-
formation, compiled by SENARA, was not properly recorded; errors in location 
and geologic log data may increment the uncertainties related with improper re-
cording of underground data.  

• For vulnerability the values were taken from the Sauter and Shah 1978’ table and 
may not coincide with the material by them mentioned. However, no alternative is 
available and therefore this information was accepted as reflecting Costa Rican re-
ality in terms of building materials. 

• Costs of materials are assumed by recent references, but not scaled in terms of 
prices and time. This task remains to be fulfilled accurately in follow-up studies. 
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Chapter 2 

2. Literature review 

2.1. Introduction 
Methods for hazard estimation have evolved considerably in recent history. Initially raw 
data from analogue historic records were analysed. From the sixties of the past century 
onwards, more systematic and digital earthquake catalogues were used. This mayor change 
in the scope of available information and computing methods has contributed to system-
atically establish and formulate possible relationships and test them using data from many 
sites. Trusted relationships were then translated in formulas or laws expressing regional or 
local conditions and variations. These in turned have served for the development of com-
puter models used at present for the calculation and predicting of damage, vulnerability 
and losses. In the following, methodological aspects related with work in the three main 
topics of seismic hazard, vulnerability and risk will be briefly reviewed. 

2.2. Risk  
Risk, first of all, is defined in different ways depending the focus and author. A well ac-
cepted definition is proposed by UNDRO*: risk is the destruction or expected loss ob-
tained from convolution of probability of occurrence of hazardous events and the vulner-
ability of the exposed elements to a certain hazard. It can be mathematically expressed as 
the probability to exceed a level of economic and social consequences in a specific site and 
in a given period of time (Spence 1990). 

Particularly for seismic risk Hays (1980) defines earthquake risk as: Probability that social 
or economic consequences of earthquake expressed in dollars or casualties will equal or 
exceed specified values at a site during a specified exposure time.  

In general, risk is defined as the number of human losses, casualties, damage to properties 
and effects over the economic activity due to the occurrence of a hazardous event; i.e. is 
the product of Hazard by Vulnerability.  

In the mater of seismic risk is influenced by potential seismic hazard, possible local effects 
of amplification, directivity, etc. vulnerability of buildings and possible losses human and 
wealth. (http://omega.ilce.edu.mx:3000/sites/ciencia/volumen//ciencia/2/34/html/secv.html) 
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Risk assessment has evolved. At present, schemes for assessing risk usually involve a series 
of sequential modules. For example, King (1999) suggests a method including four main 
steps: Estimation of Ground Shaking Hazard (EGSH), Estimation of Secondary Seismic 
Hazard (ESSH), Estimation of Damage Structures (EDS) and Estimation of Monetary and 
Non-Monetary Loss (EM&NML). 

The outlined method requires knowledge of many disciplines and specialists in an inte-
grated process.  The first and second steps are more concerned to hazard, while the third 
and fourth involve the evaluation of vulnerability and risk.  Based on this scheme the dif-
ferent steps and knowledge involved are treated referring to concerned literature. 

2.3. Ground shaking hazard 
The process of assessing seismic hazard starts with the identification of potential seismic 
sources, which are related to tectonic settings. By determination of depth of focus and lo-
cation of sources it can be defined if shakings originate from interplate or intraplate mo-
tions in a certain zone. In assessing seismic sources, a tectonic map is the main tool to-
gether with a plotting map displaying seismic events, local faults and focal mechanism at 
the land surface.  The principal result of source assessment is a kind of macro-zonation. 
Examples of this item are given by Algermissen and Perkins (1976) for the USA; Shedlock 
(1999) refer specifically to Central America.  
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Figure 2.1. Basic steps in earthquake hazard and loss estimation (After 
King S.1999) 

In the next step, patterns of occurrence, magnitude and frequency of seismic hazards are 
defined. These activities are performed by analysing the seismic catalogue and by plotting 
points of events that reflect spatially and temporally the seismic activity in a given area. 
Results obtained are related to linear features such as length of fault rupture. (Bonilla 1970, 
Mark 1977).   Also parameters such as peak velocity and displacement can be related to 
distance and magnitude of events (Trifunac and Brady 1975; Trifunac 1976 

2.4. General relationships between event and occurrence 
Earthquake frequency can be calculated based on the relationship between their occur-
rence and magnitude as recorded in historical databases;  (Gutenberg and Richter 1954). 
This relation, known as the Gutenberg and Richter relation, can be expressed as follows: 
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Log N (M)=a-b*M 

Where N (M) is the accumulative number of events of a given magnitude or higher, “a” 
and “b” are known as seismicity indexes and drawn from a regression of magnitude against 
accumulative number of events.  These indexes vary from one seismic source to another.   
The meaning of this relation is that expresses that number of seismic event is an inverse 
and logarithmic function, which decreases with magnitude.   

 
Figure 2.2. Relation between Peak Ground Acceleration   and distance 
from fault for various magnitudes (Schnabel and Seed. 1973(left) and Dav-
enport 1972 (right). 

Ground motion characteristics of earthquakes can be estimated by several procedures (see 
for example Hays (1980) for a comprehensive paper on such methods).   Relations be-
tween peak ground acceleration, distance from the source event and magnitude have been 
derived from worldwide data (Donovan 1973), Housner (1965), Schnabel and Seed, (1973) 
and Davenport (1972).  See the fig 2.3 showing the mean values worldwide and compared 
to San Francisco, one of the zone with highest seismic values. 
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Figure 2.3. Relation between Peak ground acceleration and distance from 
worldwide earthquakes and San Francisco Earthquake. 1971 (From Dono-
van 1973) 

2.5. Attenuation 
The above-mentioned relations are applied to calculate attenuation, i.e. the decrease of 
seismic signal strength with distance to the source event. Attenuation is evaluated by statis-
tically analysing systematic variation in signal strength along tracts.  , Considering besides 
distance, and magnitude also the type of substratum where the seismic measurement was 
made (rock, soil, stiff soil, etc). An example of a general relationship between peak ground 
acceleration, event parameters and a substratum characteristic is the next formula: (Joyner 
and Boore 1993) 

Ln A   = c 1 +c2M + c3 ln r + c4 r + c5 S1 + c6 S2 + ln ε 

Where A = observed value of spectral velocity or peak ground acceleration   

M = Moment magnitude  

r  = hypocentral (or epicentre distance) 

S1 = 0 for rock and soft soil   or  = 1 for hard soil 

S2  = 0 rock and hard soil     or   = 1 for soft soil  

ln  ε  =  normally distributed error term with zero mean and standard deviation σ 
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Functional attenuation curves can be derived, which      quoted: (Joyner & Boore 1981;, 
Campbell 1981;Fukushima & Tanaka (1990). Though formulas suggest universality, it 
should be taken in mind that they reflect empirical relationships and should therefore in 
each case be calibrated and eventually adapted to each zone as has been done for  Central 
America (Climent et al. 1994) and Schmidt (1997). 

2.6. Site- effects  
From the above mentioned calculations a set of parameters of acceleration is obtained. 
These parameters can be introduced in a GIS to extrapolate findings   through a certain 
area and obtain estimations of values of parameters for specific regions or zones.  

However, in extrapolation care must be taken for factors that reflect local specific condi-
tions, such as soil and topography that are all factors controlling amplification, at a specific 
site. Amplification is defined as ” the modification of the input bedrock ground motion by 
the overlaying unconsolidated materials; it is a function of the shear-wave velocity and 
damping of the unconsolidated material, its thickness and geometry, and the strain level of 
the input rock motion”. Hays (1980).   

In general is accepted that site response or control of amplification is governed by three 
factors (Rosero 2000): 

1. Mechanical characteristics of soil deposits and bedrock: density, stiffness, compressibil-
ity and damping. 

2. Geometry of such soil deposits; tabular structures, alluvial valleys, sedimentary ba-
sins, unconformities, thickness and depth to the base level. 

3. Topographic relief; such as hills, cliffs and some characteristics like height differences 
between top and bottom of the valleys, width of hills, orientation and inclination 
of slopes. 

With respect to mechanical characteristics, it is interesting to compare effects and relation-
ships on soft soils (see for example Seed and Idriss, 1983) with those on hard materials 
(for example Idriss, 1990). Soft soil caused a significant acceleration as compared with a 
site on rocks. 

The effect of topographic relief on amplification in quantitative terms is very specific to 
sites (see for example, Jibson (1987) on Japan, Bard (1985) and Mulas  (1996) on Spain; 
and Castro-Marin (1999) or Rosero (2000) on Colombia. Its analysis requires detailed in-
formation and modeling of the geometries of individual slopes and relief, in order to be 
able to delineate areas with a certain topographic amplification.  Later in chapter four 
some examples of the type of calculations required to assess topographic effects will be 
shown with some detail.  

A specific situation arises when distinct soil layers occur. This poses certain challenges for 
the estimation of frequency or periods for site response. Several methods have been de-
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veloped in order to cope with these situations (Schnabel et al. 1972; Zeevaert 1972; Dobry 
et al. 1976.  At present computerized calculations, including one or more of the functions 
above mentioned, gain importance (see for example   the program Edushake).  

2.7. Standardization 
Results of the assessment of event occurrence and characteristics are usually translated   to 
widely applied scales that provide for a standardized evaluation of obtained parameter val-
ues. Frequently a modified Mercalli scale is applied to this end. Gutenberg and Richter 
(1942) related Magnitude with Modified Mercalli intensity. Other functions relate ground 
acceleration with Modified Mercalli intensity (Neumann 1954;Gutenberg and Richter 
1956.   Modified Mercalli intensity was related with Peak horizontal and vertical ground 
acceleration, ground velocity and ground displacement based on data referring to the 
Western USA (Trifunac and Brady (1975).  Wald et al. (1999) established a set of relation-
ships between Peak ground acceleration, peak ground velocity and modified Mercalli in-
tensity for the California conditions, which deferred notably from those established by Tri-
funac and Brady (1975). This underlines the need for regional or local check of empirical 
relationships between the discussed parameters. 

 
Table 2.1. Table relating seismic parameters and Intensity. (Wald. 1999) 

Perceived 
Shaking 

Not 
felt 

Weak Light Moderate Strong Very  

Strong 

Severe Violent Extreme 

Potential 
Damage 

None None none Very 
light 

Light Moderate Moderate/ 

Heavy 

Heavy Very Heavy

Intensity I II-III IV V VI VII VIII IX X 

Peak 
Accel. 

% g. 

<017 0.17-1.4 1.4-3.9 3.9-9.2 9.2-18 18-34 34-65 65-124 >124 

Peak 
Veloc. 

Cm/s. 

<0.1 0.1-1.1 1.1-3.4 3.4-8.1 8.1-16 16-31 31-60 60-116 >116 

  

2.8. Secondary seismic hazards  
Considered under the item of Ground Failure triggered by ground motion there are three 
main secondary seismic hazards: landslides, liquefaction and ground failure, all three de-
pending so much of the characteristics of the soil and secondly of the slope angle.   

Secondary effects of earthquakes have been studied in different conditions.   Particular 
relationships, functions or tables with properties of a specific series of data, deposit or soil 
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have been established.   Youd and Perkings (1978) studied liquefaction susceptibility of 
sedimentary deposits, finding among others a relation with the age of deposits. Elaborated 
graphs of Correction factors for liquefaction in terms of magnitude and distance, related to 
ground water depth, have been elaborated (Seed and Idriss 1982). Relations have been 
found between Lateral spreading displacement and PGA  (Youd and Perkins 1978).    
Even so, permanent ground displacement has been related to the thickness of the liquefied 
layer (Hamada et al 1986). Models have been developed to estimate displacements during 
liquefaction (Bartlett and Youd 1992).  Fig. 2.4 shows one of these relations. 

 
Figure 2.4. Graph relating Moment magnitude and Max displacement of 
ground (Wells and Coppersmith 1994) 

Landslides and accelerations are topics that were evaluated by Goodman and Seed (1966) 
and established a classical relationship; Wilson and Keefer (1985) set up some tables to 
relate geologic group, slope angle, and ground water level to landslide susceptibility.  
Keefer (1984) and Keefer and Wilson (1989). 

In assessing seismic hazard two types of analysis arise, that are: Probabilistic and Determi-
nistic, both subject to controversial opinions; here are some of the main characteristic as 
well as advantages and disadvantages, summarized in the table 2.2.  
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Table 2.2. Comparative table between probabilistic and deterministic 
method 

Aspects Probabilistic Deterministic 

Basis Based on Poisson’s distribution 
for a set of events, each one 
independent of other.  

Based on simple set or unique 
earthquake model 

Kind of event A statistical-wise event Maximum earthquake possible 
(MDE=maximum design earthquake) 

Inputs Large set of events An scenario earthquake to estimate 
effects for an event in time 

Outputs Large amounts of computerized 
numerical outputs 

-Logic-tree 

Description of a scenario-like 
description of earthquake 

Suitability For design of high level security 
structures and zones where 
unexpected events should be 
considered. 

Cases where sources and earthquake 
ground motion models are well 
established (zones traditionally 
seismic.) 

Advantages Allows to incorporate uncertainty 
and frequency of earthquake 
Occurrence 

Provides an easily understood and 
transmitted method of estimating 
seismic hazard. 

Disadvantages Problems associated to lack of 
transparency due to a large set of  
Data, theory and judgment. 

Does not take into account 
uncertainty, not sensible to unexpected 
events 

  

2.9. Vulnerability assessment 
Vulnerability is another key topic in the process to evaluate risk; it is defined as: “the de-
gree of loss to a given element at risk or a set of elements, resulting from the occurrence of 
a hazard”. Applied to earthquakes in different parts of the world, the content of the con-
cept varies widely as it depends strongly on the specific characteristics of building catego-
ries, ways of life, demographic conditions and economic factors; all these factors differ 
strongly between countries and frequently even within them. Clearly, “vulnerability analy-
sis involves physical, social and economic elements, thus it is depending of a more diverse 
amount of fields and can not be supported by generalizations” (Erdik 1994). 

To assess vulnerability and risk there are two main methods that are convenient to analyse 
comparatively, following is presented a table (2.3) to this end.   
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Table 2.3. Comparative table of Radius and Hazus methods 

Aspects RADIUS (Risk Assessment Tools for 
Diagnosis of Urban Areas against Seismic 
Disasters) 

HAZUS ( stands for Hazards U.S.)   

Developed or 
designed by 

Geohazard International  FEMA (Federal Emergency Management 
Agency, with National Institute of Building 
Sciences. 

Objectives To identify the main factors contributing to a 
city’s earthquake risk 

Mitigating the possible consequences of 
earthquakes 

Anticipating the possible nature and scope of 
the emergency response needed to cope with an 
earthquake related disaster. 

Designed for 
conditions of  

Rudimentary data availability, as in non-
developed countries 

Seismic risk zones across the nation 

Scenario earthquake( distance, magnitude,) and 
ground conditions 

Definition of scenario earthquake and 
attenuation functions, soil map 

Demographic data  Liquefaction, Landslide susceptibility maps 

Vulnerability function Total square footage of each occupancy by 
census tract, occupancy to building  

Inventory of structures Well detailed inventory of facilities, lifelines 

Inputs required 

Lifeline systems Social losses, Indirect economic impact. 

Vulnerability functions and curves, based on 
MMI scale, casualties  

. Intensities of ground shaking for scenario 
earthquake. Permanent ground displacements 
Liquefaction and landslide probability. 

 Vulnerability functions based on pga and 
spectral values 

Outputs 

Seismic hazard maps. Damage to general building stock, to essential 
facilities 

Theoretical basis  

Distribution of intensities of earthquake 

Distribution of structural and infrastructure 
elements 

 Risk assessment 
performed by  

Non theoretical basis 

Interviews. 

 

Preparation and data collection for hazard 
analysis 

Hazard identification 

Elaboration of hypotetic seismic model Inventory collection 

Method 

Vulnerability assessment  

Damage estimation 

 

Supported by Computational program (excecuted in Excel 97) 
and linked to GIS 

Computation program based in Arc View.(GIS) 

Analysis Deterministic and probabilistic Mainly probabilistic analysis 
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Based on worldwide data, a set of deterministic vulnerability functions has been estab-
lished, which relate Intensity (Mercalli modified) and % of damage, for different types of 
structures (Akkas and Erdik 1984). A set of vulnerability functions estimate average loss as 
a percentage of total value of structure for different intensities (MMI) of different building 
classes (Algermissen et al. 1978). Specific vulnerability functions for US conditions have 
been developed. (Algermissen 1989).  Comparisons between specific situations show that 
vulnerability functions differ widely between countries (Finn 1994; Cheng et al. 2001), as 
well as the need to take into account   the regional or particular knowledge   when evaluat-
ing vulnerability.  

 
Figure 2.5. Graph showing vulnerability curves for 4 typical buildings in 
China (Cheng et al. 2001) 
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Figure 2.6. Vulnerability curves for Costa Rica (Sauter and Shah 1978) 

The graphs give you an idea about the heterogeneity of criteria for building classification, 
however vulnerability curves in the extremes, lowest and highest appear quite similar, the 
study makes vulnerability as a function of gross domestic product.  (Cheng et al. 2001).  

Physical vulnerability, related to engineering issues, can be assessed more easily than vul-
nerability in general which includes social and economic losses, and therefore makes it 
necessary to make particular evaluations for each place. For this reason, global methodolo-
gies should include provisions for generating specific functions, in order to be applicable 
in widely differing conditions for different scales of study. In this verge, Cheng et al. 
(2001) defines the concept of Macroeconomic vulnerability as the ratio of physical eco-
nomic loss to the GDP within a given area.   

2.10. Risk  
Risk means the expected degree of loss due to the specified seismic hazard.  It may be ex-
pressed as the product of hazard H times V (vulnerability).  Therefore, economic, social 
and natural factors are involved; moreover a heavy component of probability is implicit 
and strongly mixed with the above factors. Not many studies about entire risk assessment 
have been done at the moment, some are more engaged with the economic aspect, some 
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others are explicitly concerned with probability and geotechnic risks of failure, here some 
examples of them.  

Thenhaus et al (1993) produced a relevant assessment of seismic risk in North Sulawesi 
Province with three main components: ground motion hazard, estimation of economic 
loss (during the April 1990 earthquake=7.3) and demonstration of techniques for estimat-
ing loss.  

Erdik M. (1994) also deals with seismic risk assessment in his comprehensive work about 
Istambul, calculating some expected losses in rural areas and another risk parameters and 
impacts estimated after an event.   

In Greece a quantitative study of seismic risk based on valuation of hazard, building old-
ness, average population density and regional gross domestic product. It demonstrated that 
relative risk in the country is due to high average population density. Papadopoulos et al. 
(2000).  

Vargas R. (2000) outlines a GIS database oriented for seismic risk assessment, in that case 
for a particular zone in Colombia.  However, this study does not touch the economic as-
pects of the risk in the referred area.  

2.11. Available information from regional and local studies 
The first hazard map of Costa Rica was elaborated by Mortgat et al. (1977). Later Montero 
et al. (1997) computed a Central American map of PGA with a 10 % chance of ex-
ceedance in 50 years.  Recently a seismic hazard map of North, Central America and the 
Caribbean was produced, containing values of PGA with a 10 % of exceedance in 50 
years.  The map shows that the whole country of Costa Rica falls into a high hazard zone, 
with more than 1.6 g of PGA. (Shedlock 1999). 

Based on regional seismic data, including seismic records from south of Mexico for their 
extreme values of large magnitude, a Bayesian analysis has been used to define a ground 
motion attenuation formula for the whole Central American region (Climent A. et al. 
1994).  

A large amount of strong motion records has been analysed and collected with spectral 
response ordinates between 0.25 and 40 Hz, corresponding with 57 earthquakes ranging 
between 3.7 and 7.6 magnitude values on the scale of Richter and including shallow and 
deep hypocentral distances all situated in the neighbourhood of Costa Rica. Maximum soil 
response factors varied from   1to 2 Hz with values of about 1.25 for hard soil and about 
2.0 for soft soil, both related to rock. Results were stable and derived PGA values for shal-
low crustal earthquakes and they were similar to values obtained in recent Californian es-
timates (Schmidt V. et al 1997).  

In the Valle Central of Costa Rica response to ground shaking as related to qualitative 
characteristics of soils   has been analysed  (Ramirez R. et al 1996).   This study comprises 
also a large part of the oriental sector of the Cordillera Central Volcanica, including Turri-
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alba. The whole valley is classified into four types of soil or substratum.  Unfortunately due 
to small scale the study does not show   the Turrialba zone in detail.   

Fernandez J. et al (1992) have defined tectonically the region of the South Limon Basin 
and correlated to some of the more recurrent phenomena.  In this work the Limon earth-
quake ‘has been associated to a Coco and Caribbean plate collision and a liberation of en-
ergy along the East-West trending strike slip fault system, which runs through middle 
Costa Rica from cost to cost’.  These movements might influence the neotectonic settings 
around the Caribbean coast and thus the Turrialba region.  Montero et al. (1992) found 
similar conclusions. 

Boschini I. & Montero W.  (1992) reviewing the historic seismicity of the Caribbean zone 
of Costa Rica have found that, the apparently quiet zone, was scenario of strong earth-
quakes in the past centuries.  

Also the National Institute of Health (1993) has carried out an intensive study of the dam-
ages caused by that earthquake, but was more focused on detecting and quantifying the 
losses of lifeline systems in the zone especially in water pipe lines, and others.   However 
much of the basic information is valuable, so later will be commented again. 

Laporte M. et al. (1994) and Climent A. (1997) have initiate the basis to estimate the seis-
mic hazard of the country and in particular for the city, all from a probabilistic approach, 
some of the parameters are part of the input to be applied in the GIS for this study.  

Moya A. et al. (2000) issued an extended report called Microzonificacion sismica de San 
Jose, which through geotechnic and geophysical analysis achieve to define a microzona-
tion, specifically in the metropolitan area of San Jose.  In this study a big deal of measure-
ments in soils pointed out to divide the area in two zones, one with minor periods (< .25 
sec.), and another with periods ranging from 0.25 to 0.6 sec. With amplification factors 
max. up to 2.5.   The study has dealt with a large set of data, both underground and super-
ficial, but mainly constrained to a limited urban area. The mayor value of this study is the 
method applied to obtain most of the engineering factors.   

Finally, Cardona et al (2000) have compiled a set of documents related with all natural 
hazards present in the Turrialba urban zone.  This study as a practical exercise allowed a 
systematic revision of seismic hazard assessment and a prime approach to vulnerability of 
the city, all the information was plotted in a geographical information system, which is 
taken into account in this study.  

In Costa Rica, National Insurance Institute, (INS) possesses a vast inventory of houses and 
installations damaged by any natural disaster, in the case of Turrialba these records have 
been consulted and compiled also by Cardona et al. (2000) and applied to build up a data-
base that is used and revised in the present study.  These contain more than 300 buildings 
affected by earthquakes.   

Two main problems arose using this information, one is related to the non-precise location 
of houses, and the other is related with a not well controlled relation of phenomena and 
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damage; it means not always the damage has been reported immediately by owners, thus it 
creates confusion of the associated phenomena. However those data had to be used and 
pre-processed or filtered in some cases to accomplish the present study.    

Recently an ITC hazard studies group (2001) surveyed with more details, both structural 
and hazard information, also that information is reviewed and applied to the present study.   

Costa Rican building code was issued in 1986 and since then many new studies have 
brought about fresh parameters to be considered in this respect; nearly going to be issued 
the new building codes whose will condense all these new experiences.  
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Chapter 3 

3. The Turrialba area 

3.1. Introduction  
The Turrialba area, taken as a case for the present study, is a multi-hazard area, where vol-
canic activity, floods, landslides and earthquakes may occur. Few studies have been de-
voted to hazard and risk topics in the past. Recently, a number of institutions are involved 
in hazard studies.   

Seismically the area has not been considered as very active. However, the recent earth-
quakes of Limon and Pejibaye have affected the area and have raised  awareness of poten-
tial hazard.  

Turrialba City is a rather small city, with an extension of about 3.7 km2  and about 32000 
inhabitants. Recently the city has shown a significant growth (Figure 1.4, Chapter 1) and 
for this reason it is desirable to plan seriously for further expansion towards safety areas. 
Geological and geomorphological characteristics of the Turrialba area are described in the 
present chapter. 

3.2. Geological evolution 
The geological history of the Turrialba area goes back to the Upper Cretaceous, when the 
Mesoamerican Trench was open and a back-arc regime developed, filling up a basin with 
sediments from a volcanic arc. 

In the Middle Tertiary, the shifting North American and South American Plates   con-
verged against each other, provoking a compressive regime. This resulted in the uplifting 
and folding of the thick packs of sediments, forming the Talamanca Range (Ramirez et al. 
1996). 

During the Oligocene, the bordering sea became shallow and carbonates were deposited.  
During the late Tertiary (era) the sea became even shallower; some older sedimentary 
rocks emerged and new continental and shallow marine deposition units were formed.  
Since then the continental regime of deposition has dominated the zone; large basins have 
been filled up with deltaic and alluvial sediments (Fernandez et al. 1996)(Figure 3.1).     
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The upper part of the stratigraphic column, with materials from the Late Tertiary-
Quaternary interval, contains mainly andesitic and dacitic rock and pyroclastic materials of 
similar composition, originating from the Turrialba and Irazu volcanoes.  

 
Figure 3.1. Present morphotectonic setting of Costa Rica and Turrialba 
(Montero, 1991) 

Three major units influence the Turrialba area: Valle Central, Cordillera de Talamanca and 
Cordillera Volcanica Central. The Turrialba area is located just at the meeting point of 
these three units. Each unit presents different characteristic in terms of seismicity and tec-
tonics.  

3.3. Tectonics  
Central America is located mainly on the Caribbean Plate, which is overriding the Coco’s 
Plate just in front of the Pacific coast, where it borders with the Mesoamerican trench. The 
plates are reported to move with velocities between 72 ± 3 and 102 ± 5 mm/yr in front of 
the Pacific coast of Costa Rica (De Mets et al. 1990; Protti et al. 1994).  Near the Coco 

Turrialba 
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Plate’s southeastern boundaries, the Coco’s Ridge collides transversally against the Carib-
bean Plate. This phenomenon is supposed to be responsible for the present lifting up of 
the Talamanca Range (Suarez et al. 1995, Montero et al. 1991) (Figure 3.2.). 

Within the Caribbean Plate, in front of the coast of Costa Rica and Panama, a convergent 
margin called “Deformed Belt of Panama”, is moving towards the northwest. This move-
ment is considered responsible for the 1990 Limon earthquake (Fan et al. 1991; Protti & 
Schwartz 1994 in Fernandez & Pacheco 1996). 

 
Figure 3.2. Tectonic map of Central America. Direction and velocity of 
movement of plates is indicated. Strongest earthquakes are indicated with 
stars (From Strauch in Moya A. 2000).  

As in the case of the 1990 Limon earthquake, the subduction movements of the Caribbean 
and Coco Plates are not directly responsible for the local earthquakes. In Turrialba the 
subduction earthquakes have not caused significant damage to the city, due to the large 
distance between the area and the zone of subduction. Earthquakes in Turrialba are most 
likely due to shallow intraplate faults that generate hypocenters at depths between 5-35 
km.  

3.4. Neotectonics   
The northeastern coast of Costa Rica has  recently moved, horizontally and vertically as an 
effect of strengths forces along the Deformed Belt of North Panama (CDNP)linked to 
seismic events.  Faults like those originating the Limon’s earthquake in 1991 (Ms= 7.6) 
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have activated secondary faults that in turn have triggered new seismic events. Most likely, 
this is the origin of a sequence of earthquakes felt in 1993 in the area of Pejibaye (Ms=4.9 
and  5.3) with a set of epicentres slightly aligned northwest-southeast. Those movements 
suggest a thrust Component; a set of fault traces can be followed along the northeast slope 
of the Cordillera de Talamanca with a general direction northwest (Fernandez 
1996)(Montero et al. 1991, Ponce et al. 1991). 

With respect to the Valle Central of Costa Rica, the Aguacaliente fault is  responsible for 
the seismicity in the zone. It crosses the valley in a west-east direction, from the south of 
Cartago to San Jose. It is about 40 km long (figure 3.3.). 
 

 
Figure 3.3. Faults and alignments associated with seismic activity in Valle 
Central, Costa Rica.  Number 2,11 and 16 represent seismic points close to 
Cartago and are located to the southwest of the study area (from Moya 
2000) 

Several features reflect neotectonic activity closer to the Turrialba area. Among these are 
the facets along the Valle de La Suiza; Atirro, and Pejibaye that form very straight valleys 
or Bonilla Lake also bounded by straight scarp; and lastly the lifted terraces sharply cut by 
the Reventazon River. 

3.5. Faults  
The Atirro and Pacuare are the main faults to be considered as  potential seismic sources 
that could affect the Turrialba area.  They are located at distances between 15 and 30 km 
from Turrialba city. It is estimated that these faults can produce a maximum probable earth-
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quake of Ms= 6.5 or a maximum possible earthquake of 5.5. ; also that they can produce earth-
quakes of intensities up to VIII (Climent in Cardona. 2000, Alvarado et al. 1998).  

Other important faults, quite distant from Turrialba City, are the Chirripo fault, which is 
located at about 50 km distance to the east along the Rio Chirripo, and which runs north-
west; the Pejibaye fault, which is associated with the Atirro fault in an oblique direction to 
it and runs  from the northwest to the southeast of Turrialba; and the Buena Vista fault  at 
about 40 km south from Turrialba.  

The Limon earthquake, which occurred the 22nd of April 1991, is related to the mentioned 
type of faults. In this case, the seismic source was related to a reverse fault running in west-
east direction, dipping 20o towards the southwest. The fault runs fairly parallel to the coast 
in an area of 85 by 55 km under the sea (Montero et al. 1991). The earthquake produced 
intensities of VII in Turrialba (figure 3.4.). 

 
Figure 3.4. Major earthquakes  in Costa Rica in between 1990 and 2000.  
(Moya 2000). Earthquakes are located on a nearly straight line running east 
west. 

3.6. Seismic activity 
In the Central Valley, intense seismicity alternates with periods of calm.    Based on his-
toric records, a recurrence period for earthquakes with M > 6.5 of 29.5 ± 9.9 yrs can be 
calculated.   As mentioned, local, short faults are responsible for the movements  (Montero 
1996; Climent, 1989; Barquero & Peraldo, 1993; Rojas, 1997; and Alvarado et al. 1998)  

The Valley was considered as seismically stable until the Pejibaye earthquake in 1993 
changed this idea (Fernandez & Pacheco 1996, Boschini 1991). Beside that only the Buena 
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Vista and Pacuare are the faults more closer and likely to produce a ground motion in the 
neighbourhood.  

 
Figure 3.5. Isolines representing areas with equal intensities (MMI) during 
the Limon earthquake. Here can be seen a VII intensity around the Turri-
alba region. 

3.7. Lithology  
About 17 000 years ago a huge avalanche, caused by a large slump, moved down slope the 
Turrialba Volcano.  The debris accumulated halfway on the southern slope.   Also a lahar 
deposit, of about 70 m thickness, accumulated at the lower part of the valley. Both events 
built up the fresh volcanic sedimentary package found in the Present, forming the main 
part of the Turrialba Valley.  See figs 3.6, 3.8,3.9 and 3.10. 

Rocks in debris avalanche are not well compacted and are arranged rather chaotically. To-
pography is quite irregular (hummocky). In rock outcrops small scarps are present, as 
found in the Sta. Cruz-Turrialba sector.  
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Figure 3.6. Block diagram showing the general relief in the Turrialba re-
gion, seen from the southeastern part 

The stratigraphic table of the region (figure 3.7.) shows that the oldest rocks originated in 
the Tertiary period. It is observed also that the area has been developing in a mixed shal-
low marine - continental-littoral environment and later in a continental environment.  

Several   lithological units can be distinguished. The Senosri Formation is made up mainly 
by sediments deposited in a shallow marine environment, and consists of calcareous mate-
rials and shale. The Uscari Formation was deposited during the Miocene as clay layers over 
an on shore shelf.  The Rio Banano Formation represents a regression of the sea, when a 
thick package of deltaic sediments was deposited, and consists of sandstone, siltstones and 
minor quantities of shale.  The Suretka Formation originates from old alluvial fans, and 
consists mainly of conglomerates and sandstones (Bottazi et al. 1987).    

On top of these formations volcanic layers of Andesitic and Basaltic composition were 
deposited during the Pleistocene and Holocene. These layers include Dacitic pyroclastic 
materials and lavas, some of them deposited in the Recent (Alvarado 1997, Reagan and 
Gill 1989).  
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Figure 3.7. Stratigraphic table of the region. 

In small areas, sedimentary rocks (limestone, shale and sandstone) are found, in medium to 
thin layers  (10-40 cm.) They form the lowest stratigraphic level in the region and are of 
Tertiary Eocene – Oligocene origin. Volcanic rocks cover most of these rocks. Tightly 
folded layers of sedimentary materials can be found in the southeastern surroundings of 
the Turrialba urban area and are used as building materials. 

Locally, predominantly volcanic and alluvial lithological units are found.  Pyroclastic and 
Andesitic lavas are located around the Turrialba valley.  The debris avalanche occupies the 
higher part of the area and is buried by Lahar layers and very recent alluvial deposits.  

Thin beds of alluvial or colluvial materials have been deposited on top of all mentioned 
rocks recently. Colluvial deposits are found mainly at the foot of the hills. They consist of 
coarse materials, principally gravel, pyroclastic and gravely sandy alluvial material. In the 
lowest part of the plain old lake deposits of fine silt and clays cover lahar and other layers 
of volcanic materials.   

3.8. Geomorphology 
The genesis of geomorphologic units in the zone is strongly related with volcanic, denuda-
tion and accumulative processes. Cones, domes, shallow depressions and hills formed by 
lava flows or pyroclastic deposits, represent volcanic units. Denudated hills and deeply 
eroded valleys are landforms derived from denudation processes. Colluvial deposits at the   
foothills, alluvial fans and short alluvial plains represent the accumulative process. 

Figure 3.8 shows a regional Geomorphologic map of Turrialba. It was elaborated through 
photo interpretation and analysis of topographic sections as well as slope and shaded map. 
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Figure 3.8. Geomorphologic map of the region, covering an area of about 
225 km 

3.8.1. Geomorphologic units 
1. Volcanic units 

a) Volcanic slopes: these slopes, originated by lava flows , are present in the 
higher parts on both sides of the valley. They have a medium slope (15-30 
0) descending from north to south.  

b) Volcanic Ridges: volcanic ridges are a consequence of the active denuda-
tion at both sides of the mountains and hills. They are rather conspicuous, 
convex in shape and slightly lineated parallel to the main valley. 

c) Volcanic Depression: an isolated depression is located in   the northwest of 
the zone. A nearly flat bottom and very steep rims characterize it. It is ac-
cumulating at present debris of the landslides around the rims and is being 
eroded in the south edge. 

d) Volcanic Terrace: this isolated unit is supposed to have been formed by 
tectonic movements (Salazar pers. com. 2001) and the accumulation of 
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large strata of lava as a slightly inclined terrace.  The town of Juan Vinas is 
located in this unit gifted with very fertile lands. 

e) Volcanic Scarp: at the edge of the volcanic depression a steep escarpment 
has been formed, most likely through a slump, which occurred in the Re-
cent and produced a subsidence in a big part of the southern slope of the 
Turrialba volcano. 

f) Tectonic Terrace: in small areas geomorphologic units of a particular, tec-
tonics-related origin are found. Tectonic terraces are related to an event 
that implied lateral and normal movements. Reventazon River appears to 
have been sharply shifted in some parts by either lateral faults or abrupt 
landslides interrupting the banks. Also, some valleys seem to be lineated 
with active faults, like those running parallel to Reventazon and Pejibaye 
rivers and those signaled in the southwestern part of the area (figure 3.9.). 

 
Figure 3.9. Shaded map of Turrialba. And some deduced lineaments 

2. Volcanic-Accumulative units:  
a) Debris Avalanche hills: debris avalanche hills constitute a particular land-

form. The hills, which consist of materials that accumulated after a collapse 
event at the middle slope of the Turrialba volcano, occupy the middle and 
lower part of the valley. Their topography is rather irregular and character-
ized by small and short summits without a clear lineation; relative relief is 
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about 25 - 50 m and the general slope is about 10-250.  There is not a well-
formed surface drainage network, drainage functions being taken by sub-
surface tributaries to the Turrialba River.   Some of mentioned features can 
be observed in fig 3.9 and 3.11. 

b) Low Debris hills: this landform might be considered as a subunit of the 
former one, the only difference being the lower relative relief of less than 
30 m. In some parts the hills are nearly flat, only slightly inclined and par-
tially covered by thin layers of soil. This unit can be observed in the north-
eastern part of the urban area. 

c) Lahar Plain: as a secondary product of volcanic events the lahar layers were 
flowing away from the higher slopes and accumulated in the lower and 
more horizontal terrains. This landform occupies the major part of the flat 
areas at the southeast of the city.  Is only covered by small layers of soil. Its 
thickness is estimated to be about 70 m, overlaying debris avalanche depos-
its.  A large plain - CATIE facilities are located there - has been formed by 
volcanic-accumulative processes which filled up the broad valley, burying 
previously deposited materials with medium to fine ashes and sediments 
derived from The Turrialba volcanic activity. In this unit the slope angle is 
low or zero, only a few main streams run in this area. A good 3D view of 
this unit can be seen in figure 3.10.  

 
Figure 3.10. 3D view of the geomorphologic units around Turrialba.         
1- City 2- Debris avalanche 3- Lahar 

1 

2 

3 
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3. Denudational units 
a) Denudational Slopes: both sides of the Turrialba valley are dominated by 

denudated hills.  These hills result from intensive weathering and removal 
by water and gravitational forces of materials from the slopes carved in 
volcanic rocks. They have a medium to high slope angle. There is a promi-
nent development of a drainage system with medium deep valley formation 
and well connected to main streams (Aquiares, Turrialba and Colorado riv-
ers). 

b) Highly denudated slopes: this unit can be considered a subunit of the for-
mer one. It is characterized by a higher slope angle (>30 0) and has been 
densely eroded by water and mass movements. These processes affect the 
volcanic pyroclastic and lava layers. 

c) Deeply incised valley: at the heads of the micro basins a deep level of flu-
vial erosion is present, it is acting over massive volcanic rocks. In the 3D 
model only a few of these features are displayed. The relative relief is more 
than 200 m. and the slope angles are very high (>40 0,). Much of the allu-
vial sediments originate there. 

4. Accumulative units 
a) Alluvial fan: a small fan is formed at the edge of the uneven topography. It 

has accumulated under a slight slope descending towards the city and con-
tains big blocks and gravel removed by the river. On both sides of this 
landform urban settlements are found.  

b) Alluvial plain: several short alluvial fans, plains and terraces have derived 
from the Turrialba stream. North of the city the alluvial fan is more con-
spicuous in slope, whereas alluvial plains are found on both sides of the 
lower course of the main rivers. It is in these plains that the fluvial accumu-
lative process has resulted in a thicker package of deposits and where con-
ditions for soil development are best. This unit is present in most of the 
urban area of Turrialba and was constructed by deposits of finer materials 
away from the alluvial fan. This unit groups the main flat areas formed by 
accumulation of sediments from Colorado and Turrialba Rivers.  

c) Alluvial valley: Small tracts of the river valley within the mountain area 
consist of coarse sediments, which temporally form a nearly flat bottom of 
the riverbed. These tracts are slightly wider than the deeply incised valleys, 
and are therefore considered as a separate unit. (see the figures 3.13 – 
3.18). 
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Figure 3.11. Block diagram showing a zoom in around the Turrialba-Santa 
Cruz area.  Seen from southern part 

d) Colluvial foot slope: this unit is only found in small parts of the northeast-
ern range.  It derives from gravitational processes on volcanic rocks. Slopes 
are not very strong (< 25 0) flat areas and steep slopes border it.  

3.9. Soils 
A set of soil units are described in general terms in the following paragraphs, with particu-
lar attention for the physical properties of the subsoil in the Turrialba urban area. Based on 
the previous geomorphologic description, the soil units are deduced in terms of thickness, 
texture and lateral relations.   

A soil map was produced which shows the main units of soils present in the study area. It 
was elaborated through interpretation of aerial photographs, analysis of topographic sec-
tions and correlated with several of the log records obtained from the boreholes and also 
with field checkpoints.   

Soil characteristics are strongly related with geomorphologic and lithological units. Basi-
cally, four types of soils can thus be distinguished: soils on slopes, soils on volcanic lavas 
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and pyroclastic materials, alluvial soils and soils on debris avalanche.  Some of the lateral 
features are observed in the sections (figures 3.13-3.18). 

 
Figure 3.12. Soil map of the study area (red line is bounding the urban 
area.) 

3.9.1. Weathered soil over pyroclastic materials 
Soil developed over pyroclastic materials seems to be slightly coarser than those in lavas in 
general.  This can be observed by the different morphologic expressions at both sides of 
the valley.  The soil is of an irregular texture, sandy and with minor clay contents.  The 
thickness is about 5-10 m.  

3.9.2.  Highly weathered rock 
The southwestern part of the city is bounded by a highly weathered rock, probably derived 
from lavas, on which a red soil with a   clayish texture has developed.  .  Its thickness is 
estimated about 20 m on average, as can be seen in several vertical walls in deep valleys in 
the sector.   

Most of the soils generated on denudation slopes on both sides of the valley have de-
graded to complex profiles due to small and large slides. They are very unstable: collapsi-
ble, expandable and prone to sliding. In this case the weathering is the responsible of the 
presence of fine clays, which are contract when drying and expand when wetted.   Also in 
this unit can be seen small fault-trench, derived from slides or down faults (figures 3.15 
and 3.16). 
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Figure 3.13. Showing the current zone, hypsometric map, lines of topog-
raphic sections and location of the boreholes analysed. 

 
Figure 3.14. Topographic and geological section A. 
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3.9.3. Soils derived from alluvial deposits 
Soils in this unit are poorly developed,. They are thin and mostly built up by gravel and 
sand in irregular quantities. The limits of this unit are   almost the same as those of the 
geomorphologic unit.  

3.9.4. Fine alluvial soil  
The fine material has been deposited at the end of the alluvial fan forming a flat relief. Its 
thickness is estimated of about 20 m., based on a few drills recorded in the sector. The 
soils of this unit are prone to be temporally flooded and sometimes they are saturated by 
the water table. 

3.9.5. Medium soil over colluvial deposits 
A mix of soil and colluvial materials is developing at the foot of the slopes on the north-
eastern part, slightly weathered and about 5-10 m. thick on average. In some areas these 
soils are stony, but generally they are gravely and sandy.  

 
Figure 3.15. Topographic and geological section B 

3.9.6. Medium thick soil layer over rocky 
This unit occupies the same area as the low hills of debris of the geomorphologic map. 
Spot wise, these soils are heavy due to the accumulation of clay. Mechanical properties 
contrast with those of the underlying debris rock. An example of these soils is found in the 
El Coyol residence sector in Turrialba (fig. 3.16 and 3.19). 
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Figure 3.16. Topographic and geological section C 

3.9.7. Thin soil over lahar 
Soils in the lahar lithological unit are thin, silt and contain ashes in the upper part of the 
profile. Texture is generally fine. In the slightly developed profile several layers can be dis-
tinguished representing probably several ash fall events. Lahars as built up by medium to 
fine particles are behaving as a finely textured soil (figure 3.17 and 3.19). 

 
Figure 3.17. Topographic and geological section D 

3.9.8. Sedimentary clay soil  
This unit is only found in a   small area in the northeastern part of the city. Soils are heavy 
and at least 5-10 m. deep.  
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Figure 3.18. Topographic and geological section E 

3.9.9. Medium thick soils on alluvial materials 
This type of soil is found in the lower part of the city   as a strip traversing in ne-sw direc-
tion. It has a   rather sandy texture and shows signs of several flooding events in the past. 
The thickness of the soil is about 5-10 m.  

3.9.10. Stony Alluvial 
The unit is related with the alluvial fan and other coarse alluvial deposits bordering the riv-
ers. The soil is rather coarse and  <5m thick.  

3.9.11. Thin soil over rock material 
Soils over the debris avalanche have only formed in small concavities. They are generally 
not more than 2 m deep.  They are confined by coarse semi-rounded boulders of lava and 
enveloped by medium silt materials, quite porous and poorly compacted.  

 
Figure 3.19. Topographic section F Longitudinal section from NW-SE 

Debris avalanche deps. Lahar deps 
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Later in chapter four these classes of soil are described and qualified in terms of mechanic 
properties, in order to elaborate a zonation and apply it to the hazard estimation. 

3.10. Land use  
In this part some of the urban and rural characteristics of the zone are described. 

The analysis is done based in the area included into the color photograph, which is cur-
rently the area most closely related to the urban items. Several types of crops and industrial 
uses occupy the Turrialba zone. Here a brief description of each one of these. 

3.10.1. Coffee plantations   
Coffee is the main cash crop around the city as well as in some patches within the urban 
area. This crop occupies irregular terrains, mainly in the debris avalanche unit, and in mi-
nor areas on the denudation hilly areas.  

3.10.2. Sugar cane plantations  
The sugar cane plantations are located in the flat areas, such as those to the northeastern 
part of the city, as well as in the neighbourhood of the dam.  

 
Figure 3.20. Landuse map of the Turrialba area (Badilla,2001) 
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3.10.3. Fruit plantations  
Diverse types of fruits are grown in the area, banana, among the most important but not 
steady cultivated. In CATIE a wide variety of fruit plantations is observed, cacao, palm 
fruits, nispero, and so on.  

3.10.4. Forest 
On the denudation hills and steep slopes are occupied by natural humid medium forest, 
about 10 – 20 m. high.  Rapidly is keeping enclosed by residential areas or even cleared 
where the slope in not so steep, like those parts in the west part of the city.  In many cases 
diverse types of trees are used as shadow for coffee plants. 

3.10.5. Grassland 
Only small patches around the CATIE, with experimental purposes, are destined to grass-
land in the flat area.  A few more pieces of land around the city are destined for domestic 
rising of cattle. 

3.10.6. Industrial zones.  
Oil-gas plant. In the northern part of the city a oil pipe and bombing plant is located, at 
present is almost surrounded by residential areas and even the ducts have been allocated 
under the housing premises. 

An open pit of building materials is located at the eastern part of the city, in this case is 
quite apart from the urban area and almost isolated.   

3.11. The urban area 
A polygon surrounding the city extends about 3.75 km 2, within this area 32722 inhabitants 
are living, it yields a density of 8750-inhabitants/ km 2  . (Fig 3.21) The urban area is occu-
pied mainly by houses classified in several types to the ends of this study.  A map derived 
from the recent surveying and processed by Badilla (2001) displays the different uses of 
the land, it is shown in the figure 3.19 
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Figure 3.21. Polygon of Turrialba City 

3.11.1. Building materials 
The type of materials used in construction is one of the most important items in evaluating 
vulnerability.  The building materials have been classified into 10 classes and among them 
the use of Reinforced Concrete blocks is dominating the area.  In figure 3.22 can be ap-
preciated this classification and a relative percentage of the area destined to each of the 
classes.  

3.11.2. Type of housings 
A brief description of the characteristics of houses in the city is given in terms of age and 
floors. It is based on the survey and data collected during the projects done in 2000  
(Cardona et al.) and improved in 2001 (ITC group). And rearranged by Badilla (2002)  

3.11.3. Age 
The age of the buildings has been surveyed in classes upon the decade when they were 
constructed.  A map of these classes is shown in figure 3.23.  On it is possible to distin-
guish that the core of the city was constructed in the 50’s whilst the newest part (after 
2000) is developing in the north side of the city.  
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Type of building material Area Area in km 2 

Asbestos 21448 0.021 

Concrete y Wood 144184 0.144 

Metal 14336 0.014 

Mix of materials 194888 0.195 

Prefabricated concrete 257860 0.258 

Reinforced concrete block 1245236 1.245 

Concrete on poles 54764 0.055 

Unknown 1168 0.001 

Wood 185040 0.185 

Wood on poles 25232 0.025 

Total   2.144 

Table calculated from the urban building materials map 

Building material Turrialba
1% 7% 1%

9%

12%

57%

3%0% 9% 1%

Asbesto Concreto y Wood
Metal Mix of materials
Prefabricated concrete Reinforced concrete block
Concrete on poles Unknown
Wood Wood on poles

 
Figure 3.22. Percentage graph of building materials in Turrialba City 
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Figure 3.23. Age of buildings 

3.11.4. Floors 
A few classes of floors are distinguished here. 1 to 2 floors buildings dominate mainly the 
city. As can be seen in the figure 3.24.  A general pattern of distribution cannot be drawn 
from it.  But in fact the city is developing horizontally, rather than vertically.  
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Figure 3.24. Classification of buildings by number of floors 

3.11.5. Areas affected by earthquakes  
In the past decade two mayor earthquakes were felt in Turrialba city, in 1991 the Limon 
earthquake and in 1993 the Pejibaye earthquake disturbed the urban life in this city.  Some 
of the effects caused were surveyed in 2000 and integrated to a GIS.   Perhaps that which 
worst memory left is The Pejibaye earthquake, because the focus is close located, about 17 
km to the south.  

A map showing those buildings reported as damaged by this event is showed in figure 
3.25. The small areas are not concentrated and only are possible to indicate a slight con-
centration along the main river and about the plain areas at the south.  
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Figure 3.25. Areas and buildings affected by the 1993 earthquake 
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Chapter 4 

4. Seismic hazard assessment 

4.1. Introduction 
Seismic hazard is estimated in terms of ground motion that might affect a given space; in 
this case the most important question to answer is where are the most prone areas to be 
affected by strong motions in general. The tremors can be expressed in diverse forms: 
magnitude, intensities, accelerations, or velocities, depending on the intended purposes or 
the applicability.   

An earthquake is characterized by a set of parameters based on instrumental measure-
ments of the energy released in a specific period. This energy, travelling as a wave through 
the earth, may be represented on maps and matched with other seismic events. To apply 
the information and disseminate it to a wide public, it is necessary to translate the data into 
more accessible formats. The Mercalli modified scale (MMI) allows the matching of wave 
energy and damage and apply information from one area to other areas or regions thus 
making more visible their hazardous zones. These procedures are carried out in GIS and 
are treated in the present chapter.   

4.2. Methods 
The two main methods for earthquake hazard analyses are the deterministic and probabil-
istic methods, each with defined goals and reach. The former method has been designed 
principally to calculate the impact of a specific shaking event over a certain area; the latter 
method is close related to the design of structures that have to be able to withstand a cer-
tain amount of energy, over a period of time, independently of the location of focus.  
General aspects of both methods are described below, leaning on notes compiled by Cli-
ment  (1997) and Hays (1980). 

4.2.1. Deterministic hazard analysis 
In deterministic hazard analysis single values of events are taken to estimate the character-
istics of earthquake waves. Particular events are used as models in order to arrive at a sce-
nario-like description of earthquakes (Figure 4.1.). 

The earthquake sources are described by means of a controlling earthquake, which most 
often is defined as the “maximum earthquake” to be expected in a certain time frame. Sev-
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eral definitions of “critical earthquake” are in use and are subject of discussion to many 
different authors. However, this is not a theme to deal with extensively in the present 
study. 

Whatever the way a maximum earthquake is defined, for a particular region it will be al-
ways be related to the earthquake statistics in that region. The maximum historic earth-
quake is in most cases taken as the lower boundary in the maximum earthquake definition.   

 
Figure 4.1. Deterministic earthquake hazard assessment process (compiled 
from Climent 1997 and Hays 1980) 

4.2.2. Probabilistic hazard analysis   
The foundations of probabilistic engineering seismic hazard analyses were established by 
Cornell (1968), who recognized the need for seismic design to be based on a method that 
properly accounts for the intrinsic uncertainties associated with earthquake phenomena.  

In the probabilistic method it is assumed that:  

• The occurrence of earthquakes follows a Poison’s distribution model 
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• The probability that any one event will produce site ground motions in excess of a 
specified level is independent of the occurrence of other events 

• The recurrence model follows the Guttenberg and Richter ‘s relationship.  

The probabilistic method of seismic hazard assessment developed by Cornell (1968) fol-
lows the next steps (see flowchart figure 4.2.):  

1. Elaboration of a seismic zonification. - The zonification represents a seismic-
tectonic model of a region or country. Source areas or zones are defined 

2. Calculation of the seismic occurrence parameters for each zone. -Calculation is 
performed through the Guttenberg-Richter relationship that links the log of the 
occurrence frequency and magnitude; it is expressed as a linear function between 
both parameters. 

3. Definition of the attenuation of the seismic signal. - Attenuation is determined by 
applying a specific attenuation law that is calculated for each region. This law re-
lates the acceleration parameter of the soil with distance and magnitude of a spe-
cific earthquake. 

4. Integration of variables to estimate the seismic hazard. -  The total effects on a 
specific site, of all the earthquakes, with different magnitude, with different dis-
tance and diverse occurrence probability, are integrated in a curve that shows the 
probability of exceedance of different levels of acceleration for specific periods of 
time.  



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 51 

 
Figure 4.2. Probabilistic earthquake ground motion (GM) hazard computa-
tion scheme (Compiled from Climent, 1997) 

4.3. Deterministic seismic hazard estimations in Turrialba area  
Estimations of seismic hazard in Turrialba city were performed recently through a deter-
ministic method (Cardona et al. 2000). The seismic catalogue was analysed and the most 
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suitable parameters for the area were selected. However at that time the study was done 
without a detailed soil map of the urban area, it produced a generalized result, which 
should be made more detailed in the near future. In the present study is intended to walk 
ahead in this aspect. The most significant information obtained from the exercise is men-
tioned below. 

4.3.1. General  
The historic seismicity indicates that 9 seismic events within the range of 5.0 – 7.5 and 
depth < 15 km have occurred within 50 km distance to the area. It is assumed that Pacuare 
and Atirro are the faults responsible for the seismic events closest to the study area.   The 
most recent and strong seismic events felt in the neighbourhood of Turrialba are the fol-
lowing: 

• Pejibaye 10/07/ 1993 M= 5.3 focal depth, 13 km  (15 km south) 23 km south 
from Turrialba 

• Limon    22/04/1991     M= 7.6 at about 60 km southeast, generating a MMI of 
VII 

4.3.2. Recurrence 
From the Gutenberg-Richter (1954) frequency-magnitude relationship it is possible to ob-
tain the recurrence of seismic events, according to the following formula:  

Log (N) = a – b*M 

Where:  

N = is the number of seismic events exceeding a given magnitude 

a= constant related to seismic activity. 

b= constant of seismicity index  

M = a given or defined magnitude to look for recurrence.  

For the Turrialba area this relationship is given by the following expression (Moya et al 
2000):  

Log (N) = 2,69-0,70*M 

From this formula the recurrence of earthquakes for Turrialba can be established, which 
indicate that earthquakes with a magnitude of M = 6.5 may be expected with a recurrence 
of 70 years; earthquakes with M = 5.3 have an estimated recurrence of 15 years. The fol-
lowing seismic parameters of recurrence were found related to the 11th zone (Turrialba- 
Atirro) and neighbouring zones, after Moya et al. (2000). 
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Table 4.1. Recurrence magnitude parameters calculated for zones near Tur-
rialba (from Moya et al. 2000) 

ZN 
Name of the 
zone 

N (Mw>4.5) a b 
Magnitude. 
(Mw) 

Depth of the 
source (km) 

11 
Turrialba-Atirro 

0.1758 2.08 0.63 6.5 2-15 

5 
Valle Central 

0.1241 3.77 0.96 6.5 2-15 

13 Limon-Changuinola  1.9054 3.61 0.74 7.7 5-25 
  

Mw = Mean probable value of maximum magnitude that a source zone could generate  

4.3.3. Attenuation  
Each region or zone reacts in a different way to the seismic waves. In order to find out 
how waves disperse in a particular region it is required to calculate a set of parameters and 
constants from an extensive record, considering the signals as a function of the kind of 
substratum from where they are received. A statistical treatment of hypocenters distances 
and magnitude of earthquakes is the main set of data.  The signals are processed through 
complex regressions and yield a formula, which is applicable to specific regions or zones. 

In a general way, the ground motion attenuation formula is expressed by:   

Ln A = c1 +c2M + c3 ln r + c4 r + c5 S1 + c6 S2 + ln ε 

Where: 

A = observed value of spectral velocity or peak ground acceleration (in g.)  

M = Moment magnitude  

r  = hypocentral (or epicentre distance in km) 

S1 = 0 for rock and soft soil  

      = 1 for hard soil 

S2  = 0 rock and hard soil  

       = 1 for soft soil  

ln ε  =  normally distributed error term with zero mean and standard deviation σ 

Each of the constants c1, c2, c3, c4, c5 and c6 are derived from a regression processed 
through the whole record of the seismic catalogue of the region.  
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A particular formula was calculated for Central America by Climent et al. (1994) and more 
recently for Costa Rica by Schmidt et al. (1997). This expression for Costa Rica appears as 
follows (after Schmidt 1997) for a given event:  

-1.687+0.553*7.7-0.537*ln (hypotenuse (epicentre dist in km, depth in km)–
0.00302*(hypotenuse (epicentre dist in km, 35 )+0.75 σ  

 
Figure 4.3. Intensity zonation maps processed by deterministic analysis, 
given a earthquake of Magnitude = 6.0 generated 35 km south from Turri-
alba 

The figure 4.3 shows the process performed through a deterministic analysis, on it three 
main steps are displayed.  1- Distance and attenuation in Pga, 2- Site effects, 3- Final inten-
sity map in Mercalli scale. As can be seen the city is included in two main intensities V and 
VI. Later, just as a reference, these zones are compared with those generated by probabilis-
tic method.   
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4.3.4. Tectonic setting  
As described earlier (Chapter 3), the region is located where two mayor Plates meet. The 
Caribbean Plate, which is moving towards the southwest and overriding the Coco’s Plate. 
Most of the deep movements originate from subduction of the Pacific Plate beneath the 
Caribbean. Additional movements originate from a Fracture zone, called Fracture zone of 
Panama, which runs from north to south and oblique to the subduction line. It is located 
nearly in front of the coastline at the point where the borderline between Panama and 
Costa Rica meets the sea. This is the main source for heaviest earthquakes > 6.5. 

However, for the Turrialba zone several shallow shakings are rather originated intraplate, 
i.e. within the Caribbean Plate, and local fractures are the main source of earthquakes. 
(Montero. 1996). 

 
Figure 4.4. Regional tectonic map of Central America and Caribbean 
Zones (Moya et al. 2000) 

4.3.5. Seismic zones 
The Turrialba area is located in the boundaries of two main zones. Seismically this is ex-
pressed by a number of earthquake swarms, which are rather concentrated to the southeast 
and southwest from the Reventazon River (Ramirez et al 1996, Montero 1996).  See fig 4.5 
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Figure 4.5. Seismic zones in Valle Central (Ramirez et al. 1996) 

 
Figure 4.6. Plotting of earthquake epicenters around Turrialba area (Fer-
manndez 1996) 

One of the zones, the neareast, is the Pejibaye area (P), about 15 kms south east, as can be 
seen in the map (fig 4.6).  Another zone is related to the Agua Caliente fault, which goes 
from Paraiso, south from Cartago up to San Jose.   
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4.3.6. Probability factors  
The above mentioned seismic-tectonic settings were integrated through the NPRISK pro-
gram, based on probabilistic methods in order to obtain the respective values of pga (peak 
ground acceleration ) of soil under conditions of rock for different return periods. Laporte 
et al (1994), have already calculated the factors and relationships between return period 
(PR) and exceedance probability by and in a local condition by Climent (1999). 

Table 4.2 shows in the column at the right side the values of peak ground acceleration cal-
culated for Turrialba in rock conditions. In this case the parameters used were those esti-
mated for Peak ground acceleration (Pga) in rock conditions, which always result lower 
than those under soil conditions.  

 
Table 4.2. Return periods,probabilities of exceedance for different time 
periods, and peak ground acceleration values. In rock conditions (from 
Laporte 1994) 

Return 
period 

Probability of exceedance in a lapse L. 

Peak 
ground 
acceleration 

Annual 
Probability 
of 
exceedance (years) 30 years 50 years 75 years 100 years 150 

years 
(In g.) 

0.01 100 0.26 0.395 0.529 0.634 0.778 0.205
0.005 200 0.139 0.222 0.313 0.394 0.528 0.240
0.002 500 0.058 0.095 0.139 0.181 0.259 0.360
0.001 1000 0.029 0.049 0.072 0.095 0.139 0.450

 

In the following step the values were extrapolated in order to arrange and select the peri-
ods of time in a convenient way (fig. 4.7).     

Values are calculated for minor periods and for final risk. In this case Risk is   estimated by 
specifying a 10% chance of exceedance of some ground motion parameter for an exposure 
time of 50 years, corresponding to a return period of 475 years. This is one of the most 
common parameter applied over the world.  (Giardini 1999) 
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Figure 4.7. Graph of Return Period against probability of exceedance for 
Turrialba area 

PGA is a short period ground motion parameter that is proportional to force. It is the 
most commonly mapped ground motion parameter because current building codes that 
include seismic provisions specify the horizontal force a building should be able to with-
stand during an earthquake. Short period ground motions affect short period structures 
(e.g. one to two story buildings, the largest class of constructions in the world). 

Hazard classification, worldwide accepted, for these specifications defines the following 
ranges:  

0-8% Low hazards 

8-25% Moderate hazard 

25-40% High hazard 

> 40% Very high 
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Figure 4.8. Return periods against % of g. for Turrialba area 

4.3.7. Site effects  
The intensity of the seismic waves is influenced locally by site conditions, which can at-
tenuate or increase the wave. Two significant factors to determine amplification are soil 
and topography. Site conditions, are perhaps the most complex subject, sometimes tough 
to calculate, to model that condition by ‘indirect methods’ or to take models from similar 
places.   

These effects have been studied since several decades ago, applying different focuses.  
Bard (1995) carried out an exhaustive revision of site effects. Several authors have carried 
out measurements and comparisons of local and micro-topographical effects  (Faccioli 
1991; Jibson 1987; Mulas. 1996). Others have developed analysis of damage and have de-
duced site effects from damage (Castro-Marin 1999).     

Several are the elements to consider evaluating site effects, among them: characteristics of 
the soil (thickness, compactness, saturation, etc), superficial and sub-superficial topography 
and lateral discontinuities. 

Since each site presents specific conditions of extension, nature and volume of the soil and 
of the mentioned characteristics, it is difficult to estimate the increments of the seismic 
signal from one place to another. One universal or conventional approach does not exist 
to measure or to quantify the site effect. The only thing that we have available to estimate 
the local effect are relative factor tables.  In the literature there are considerable differences 
among the values presented in such tables. In accordance with ISSMFE (in France) the 
relative factor with respect to the superficial geologic conditions varies from 1.5 to 0.2. 
This illustrates the complexity of measuring site effects.   
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In the following paragraphs, two elements that contribute to site effects, mostly through 
their influence on the intensity of waves in Turrialba, are evaluated: topography and the 
characteristics of the superior layer of the soil. 

• Topography 
The increment effects can be quantified in terms of slope, relative height and hillside longi-
tude. These elements may vary strongly from place to place, even within small areas. For 
this reason, some relationships have been established that express the variation due to dif-
ferences in the length, width or height of the topographic accidents of a reference site.  
For example Bard (1995) estimates the influence of topography, based on data in the 
French regulations   (Recommendation AFP90). 

Mulas (1995) proposes to evaluate the topographical effect in a geometric way.  From the 
base of a riverbed successive lines are traced with angles of 10 degrees; the value of the 
amplification factor will depend on the number of lines that cross the topographical pro-
file; this number may vary from 1 to 5, maximum values being obtained at the borders of 
the hillsides that surround the bed.  See the fig. 4.9  

 

  
Figure 4.9. Geometric method to evaluate the topographic effect on accel-
eration factor (Mulas, 1995) 
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Diverse opinions exist as for how to estimate the maximum distances of influence of site 
effects.  Geli et al. (1988) mention that the hillside influences have a reach of up to 200 m 
along the slope.  While Castro-Marin (1999), when determining the damage caused by the 
earthquake of Armenia (25th January 1999), statistically found that site effects had a reach 
of maximum 70 -100 m from the borders of hillsides or scarps onwards.  

The foregoing illustrates that the topographical factor is difficult to evaluate. However, its 
influence is evident, as is the decrement of their impact with the distance from the borders 
of the hillsides (edge-slope, crest, scarps).    

For the case of Turrialba it was decided to estimate the topographical effect by the follow-
ing steps:    

1. Photo interpretation - Delineating the main borders, either of beds of rivers, crests 
or summits. 

2. Slope map - starting from the DEM (digital elevation model) a map of slopes is 
produced and a filter is applied to concentrate the dispersed pixels (mean filter). 
This presents certain restrictions for the pixel width (of 42 m.) and thus requires of 
amplification and tuning of details.  Fig. 4.10. 

3. Tuning of units - By joining the Photo interpretation units and the slope map 
units, a more detailed Scarp map is elaborated. 

4. GIS operations. Once borders of slopes and scarps or topographical borders have 
been established, a map of distances is calculated (by means of the GIS) (using 
buffers that range from 0 - 50, 50 - 100 and> 100 m.). 

5. To these subunits of distance weights are assigned (weighted map), in this case by 
determining the influence factor of scarps.   For the case study it was decided to 
determine these factors in such a way that when combining or multiplying this 
map with that of soils (weighted soil map), the factor would not surpass the critical 
value of 1.3. 
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Figure 4.10. Scarp map of Turrialba 

The Weights were assigned according to the following table: 

Distance ranges Weight factor 
0 – 50 1.083 
50-100 1.055 
>100 m 1.0 

 
• Soil effect 

A large number of studies consider the soil as the predominant site factor.  This is based 
on the physical-mechanical properties of the soil like the cohesion, structure and depth of 
the superficial layers.  Also the depth of the soil to the hard layers or rocks influences the 
vertical transmission of the wave. 

The phenomena of acceleration of waves in soil, specially in soft soils, has been deduced 
and measured since long time ago, but recent dramatic experiences have confirmed it; Los 
Angeles, San Francisco, El Salvador, Mexico are among others best examples.  

Engineering and seismologic observations in many locations has led to estimate that soft 
soils layers may lead increments of as large as 2-3 degrees (in MM o MSK scale).  Lake de-
posits have this particular resonance characteristic that may even increase the acceleration 
up to 4 times as higher as in rock, as was proved in Mexico. (Documented by Campbell 
1985 in Bard 1995). 

In the case of Turrialba it is necessary to estimate the effect due to soil because the city is 
located among a variety of materials: rock, stiff soil and fine or clay soil.  The idea is to as-
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sign theoretically weights to each one of the soil units and calculate, together with the to-
pographic effect, variations through the time. In this case the time factor represented by 
the increments of Pga values along return periods.  

The soil map was designed by interpretation of the aerial photographs, both black and 
white and colour, based mainly in geomorphologic units and field check information. And 
relating the units to field checks points.  Parameters and factors considered were soil 
thickness and texture, separating rock, soft soil, stiff soil and shallow soil scarcely covering 
underlying rock (Figure 4.11).   

 
Figure 4.11. Soil map of Turrialba (Urban 2001). 

4.3.8. Process of estimation of the Site effect for Turrialba.   
In evaluating the acceleration due by site effects the following steps were carried out. 

1. Photo interpretation 

2. Demarcation of units    

3. Assignment of weights 

4. Processing in GIS 

5. Multiplying Soil weighted X Scarp weighted maps  

A flow chart of these processes is shown in the figure 4.12 



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 64 

 
Figure 4.12. Flow chart of the Hazard map process 

A set of partial maps result from this sequence the resulting map multiplied by the coeffi-
cients of Pga calculated for each one of the preset periods of return.     

The final maps provide Pga values and these in turn are calculated for the obtaining of the 
value of Intensity, according to the scale of Mercalli (MMI) by means of the formula    

1/ 0.3 *(log 10(Pga values map * 980)-0.014) 
These resulting maps are reclassified in low, medium and high risk, for different consid-
ered periods and they are the connection point for the evaluation of the vulnerability in 
the following Chapter.  Following up these maps are displayed.  
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Figure 4.13. Process to generate the scarp distance and weighted map 
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Figure 4.14. Process to elaborate the soil units map and sequence to multi-
ply by scarps 

Figure 4. 14 displays the whole GIS process involved to estimate the acceleration effects 
due to site-conditions, i.e. applying soil and topographic factors.   
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Figure 4.15. PGA maps for 10, 50 and 150 years 

Maps resulting from multiplication of site condition factors map by each one of the Pga 
values corresponding with the return periods selected. See fig 4.15. It is noted that the val-
ues range from 0.104 minimum in 10 years, up to 0.291 maximum in 150 years.  The val-
ues distribution is observed as steady, because the site conditions were not changed.  Then 
the evolution is more quantitatively than spatially related in these cases.  Although these 
changes are better observed in the final Intensity maps, see fig. 4.16.   

In figure 4.16 is observed that the intensity values evolve slowly in the two first periods, 
most of the city is included within the VII value, which is a rather high value for these 
ranges.  Finally the 150 years return period map include a major area covered by the VIII 
value. 

The zones covered by the referred intensity (VIII) involve the lower and flat part of the 
city, as well as the riverbanks of the Turrialba River. It is a consequence of the influence of 
scarps along the river, and the fine and deeper soils in the flat areas. 

In the next chapter these final maps will be processed together with the building materials 
to establish zones of vulnerability.  



SEISMIC HAZARD AND VULNERABILITY ASSESSMENT IN TURRIALBA, COSTA RICA 

 68 

 
Figure 4.16. Final maps with intensity values for the 10, 50 and 150 years 
return period 
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Chapter 5 

5. Vulnerability assessment  

Vulnerability can be briefly defined as “being prone to or susceptible to damage or injury” 
(Blaikie 1994). To determine vulnerability a long chain of causes or factors can  be ana-
lysed, among them natural, technological, social and political factors. 

The assessment of vulnerability to seismic risk requires particular information on each one 
of the factors and elements at risk. All items, like geologic evolution, urban development, 
strength of structures that can be affected, and possible collateral effects, have to be con-
sidered carefully to assess as accurate as possible the vulnerability of a site to an earth-
quake. 

In this chapter the vulnerability of the Turrialba area is analysed in a simple way, taking 
some indications from the Radius methodology, adjusting them to the local conditions and 
including updated information. In the present study, vulnerability is assessed over different 
periods of time, to acquire the probability and temporality dimension of damage for the 
urban area.  

5.1. Concepts  
Vulnerability to earthquakes in urban areas is largely related to the quality of building de-
sign, as “the principal cause of injury during seismic shaking is construction failure” (Alex-
ander 1993).   

Vulnerability is defined as a degree of loss of an element or group of elements under risk, 
resulting from the exposure or occurrence of a disaster event. It can be expressed in a scale 
from 0 (without damage) up to 1 (total loss) (Cardona 1999)  

Vulnerability curves express vulnerability to a certain degree of exposure, taking into ac-
count the nature of the element at risk. In the particular case of seismic hazard, the type of 
the building materials is one of the main technical factors involved . The nature of materi-
als, together with design and age will define in a certain way the degree of safety (= 1 vul-
nerability). 

Vulnerability curves provide a way to evaluate the degree of potential damage to a type of 
material that may be expected as a consequence of a given earthquake. These curves relate 
the percentage of damage and earthquake intensities. In this case, intensities may be ex-
pressed according to a scale of intensities. The Mercalli modified intensity is a practical 
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form to scale intensities in diverse settings. Thus obtained vulnerability curves or functions 
are an important link to estimate the effects of earthquakes in economic and social terms. 

Exposure (or major: vulnerability) to seismic hazard, however, is not a simple subject to 
measure.  It can be closely related to the type of building, the time of occurrence, (day or 
night), the use and the height of the building. Broadly speaking, two kinds of vulnerability 
can be distinguished: technical and social. Technical vulnerability is easier to quantify in 
terms of potential damage or loss, or even the collapse of services. However, social vul-
nerability can only be evaluated in qualitative or relative terms, because it is more related to 
cultural, educational or even ideological aspects (Cardona 1999). 

Also other conditions can count significantly, for example the geological evolution of the 
subsoil (see Blackie et al.1994). A final aspect to consider is the probability to reach a cer-
tain level of hazard in the course of a certain time interval. Together, the different factors 
involved will yield a range of temporally and spatially distributed vulnerability for an urban 
area.   

5.2. Methodology to assess vulnerability  
Radius, developed by Geohazards international group, is a general methodology to assess 
vulnerability in developing countries. It has proved to be practical and applicable to many 
different settings (See chapter 2). It has two main characteristics: 

1. It produces sound damage estimates that identify only the main, not all, factors 
that contribute to the earthquake risk of a city  

2. It makes the best possible use of already existing information, as well as of the lo-
cal scientists' expertise and their familiarity with the region. 

In Radius a Scenario Earthquake is selected and then combining the seismic intensity dis-
tribution for the Scenario earthquake with the inventory of the structures and infrastruc-
ture of the city performs the theoretical estimation of vulnerability. This combination is 
performed using vulnerability functions (see figure 3) that reflect the seismic behaviour of 
the structures and infrastructure found in the city.   The following information is required 
for applying the Radius method: 

Historical records of seismicity, damage reports from past earthquakes, information on 
main seismic sources, soil conditions, topography and previous hazard assessment studies. 

A first stage in this methodology is dedicated to define the hazard assessment. This can be 
done either by adopting the parameters of a recent, past earthquake or by taking an earth-
quake using the city or region’s seismic information as an example..  

The second option is closest to the method chosen in this case study. Some intermediate 
products of hazard assessment, which may have many potential important uses, include 
GIS maps of seismic sources, soil conditions, collateral hazards and observed intensity dis-
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tributions of past earthquakes. Final products like the following can be expected from this 
stage: 

• Intensity distribution map which will be used in damage estimation (see next sec-
tion for comments on selecting appropriate hypothetical events).  

• Collateral hazard information, which may also be used in the next phase of the 
project. 

These products will form the basis for the damage estimations.   

The main objective in vulnerability assessment, defined by the Radius is: to prepare vul-
nerability functions and recovery functions that are applicable to local conditions. 

5.2.1. Required information 
Previous vulnerability studies, characteristics of local structures, characteristics of local in-
frastructure, examples of vulnerability functions developed for other cities, regions or 
countries, data on the human and economic impacts of past earthquakes, data on the re-
covery processes of the city, of other cities, countries or regions after an earthquake or 
other disaster occurred. 

5.2.2. Process 
The recommended process of vulnerability assessment has several steps. First,  the existing 
structural and infrastructural types of the city are identified and representative ones are 
selected. Next, existing vulnerability functions for the selected types must be calibrated 
using data of past observed damage as well as the opinions and/or studies of local experts. 
For important and critical facilities, individual vulnerability studies should be carried out. 

In addition to the vulnerability assessment of the physical environment of the city, a vul-
nerability assessment of the human environment and recovery processes should be con-
ducted. To achieve this, statistical analyses of past human and economic impacts should be 
performed in order to develop appropriate and applicable human and economic impact 
estimations. Finally, appropriate and applicable recovery functions should be developed. 

5.2.3. Intermediate products 
Intermediate products achieved throughout vulnerability assessment include the identifica-
tion of typical structural types, the development of vulnerability functions for traditional 
construction and potentially useful laboratory tests. 

5.2.4. Final products  
The final product of vulnerability assessment is a series of sound vulnerability and recov-
ery functions, which are applicable to local conditions. 

The final products of the theoretical damage estimation include the following: 
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• Preliminary theoretical estimates of structural and infrastructure damage and hu-
man and economic impact caused by the adopted earthquake; 

• Estimates of the recovery time for the city's main systems from the damage caused 
by the adopted earthquake.  

5.3. The vulnerability assessment in Turrialba city. 
In the study of vulnerability of Turrialba City, several of the former steps and requirements 
were followed. However, also some variations were implemented: instead of an adopted 
scenario earthquake, here the previous series of Intensity maps for different return periods 
were used   to cross with the vulnerability function; the vulnerability function was adapted 
from Sauter and Shah (1978), who elaborated functions for   Costa Rica as a whole. 

Adaptations to the referred function table were made in order to fit the classes specified by 
Sauter to the classes of the recent building inventory (Carmona 2000, Badilla 2001). In the 
following, the main steps performed for the present study are mentioned.  

5.4. Vulnerability functions for Turrialba 
The specifications given by Sauter and Shah cover all kinds of material available in Costa 
Rica at the time of their study.  Therefore an adjustment should be made for the particular 
case of Turrialba.  For instance the first class, Adobe, which is the most vulnerable class, is 
practically absent in this city. On the other hand, some materials have to be grouped into a 
different class, depending of the classification used in the survey of 2000 and 2001.  The 
reclassification of materials performed for the present vulnerability assessment is presented 
in table 5.1  
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Table 5.1. Damage – Intensity curves (after Sauter and Shah 1978) 

Damage curves      Sauter & Shah 1978 COSTA RICA. 

Percentage of damage for each class of material. 

MMI 1 2 3 4 5 6 7 8 9 10 

5 2.7 0.8 0.75 0.57 0.45 0.2 0.18 0.15 0.1 0.1

6 8 3.5 2.5 2 1.75 1 0.7 0.5 0.4 0.3

7 22 13 10.5 6.2 5.1 4 2.5 2.9 2 1.4

8 50 40 32 17 15 13 7 8 7 5 

9 100 80 70 42 40 34 10.8 10.5 11 10.5 

10 100 100 100 70 65 48 30 24 40 26 

DAMAGE-INTENSITY COSTA RICA  (After Sauter and Shah )

0.1

1

10

100

5 6 7 8 9 1

MM I 

%
 D

am
ag

e

Adobe
Low quality
Reinforced concrete without seismic design
Steel frame without seismic design
Reinforced mansonry med. quality without seismic design
Reinforced concrete frames with seismic design
Shear walls with seismic design
Wooden frames dwellings
Steel frames with seismic design 
Reinforced masonry high quality with seismic design

 

The table resulting from the reclassification is shown in the table 5.2, where the new 
classes of materials are only five plus the non-applicable and unknown areas.  
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Table 5.2. Table and graph of the damage curves adapted 

Selected building material for Turrialba
MMI 3 4 5 6 8 

5 0.8 0.57 0.45 0.2 0.2 
6 2.5 2 1.75 1 0.5 
7 11 6.2 5.1 4 2.9 
8 32 17 15 13 8 
9 70 42 40 34 11 

10 100 70 65 48 24 

Damage-intensity adapted from Sauter and Shah
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Building material (Sauter et al. 1978) Reclass New classification  

Adobe - Discarded 

Low quality wood frames 3 Asbestos 

Reinforced concrete without 
seismic design 

8 Reinforced concrete blocks 

Steel frame without seismic design 4 Metal 

Reinforced masonry medium quality 
without seismic design 

5 Mix of different materials 

Reinforced concrete frames with 
seismic design 

6 Prefabricated concrete 

Shear walls with seismic design 8 Reinforced concrete on poles 

Wooden frames dwellings 8 Concrete and wood, Wood 

Steel frames with seismic design 3 Reinforced concrete on poles 

Reinforced masonry high quality 
with seismic design 

- Discarded 
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5.5. GIS process 
The Radius method supposes a GIS environment. The process continues from the previ-
ously described stage where hazard maps were produced, these were crossed by attributes 
(materials and degree of hazard).  In this case the degree of hazard is directly derived from 
the distribution of zones with certain intensity in the MMI (Mercalli Modified Intensity 
scale). The flow chart (figure 5.1) explains the steps followed in the process of vulnerability 
evaluation.    

 
Figure 5.1. Flow chart of processes to follow in elaboration of vulnerability 
maps in GIS 

5.6. Mapping Results.  
The previously generated hazard maps were applied as effects of these upon elements at 
risk, in this case just to building materials. The resulting maps are presented for each one 
of the selected return periods, i.e. 10, 50 and 150 years. 
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The different ranges of vulnerability were chosen based on histograms and relative severity 
in the site.  High values of vulnerability are about 20 %.  Rarely vulnerability rises up to 30 
%. 

From these maps it can be observed that the southeast part of the city and the zones on 
the intermediate banks of the Turrialba River are the zones of highest vulnerability.  An-
other high vulnerability zone is situated close to the northeast hills. 

The maps shown in figure 5.3 are the result of applying the vulnerability curves to the 
building maps of the city.  The values express the percentage of damage and are displayed 
in a continuous scale. After reclassification, considering the ranges obtained in the entire 
set of vulnerability maps, four ranges were defined and presented (fig. 5.4), as classified 
maps for the three return periods. 10, 50 and 150 years. 

The first impression looking at the non-classified maps is the large zone with medium val-
ues of vulnerability for 10 years, in the middle north part of the city. These zone and oth-
ers close to the river are considered as new developments, indicating the low quality of 
materials in the referred areas.   

The small areas among them with low values are more related with residences of medium 
to high class, and then with a better design. 

The classified maps allow to perceive better some particular spots where the medium and 
high vulnerability classes appears along the river, and the spots becomes a large zones in 
the 150 vulnerability map. See fig 5.5.  

In general is interesting to look at the evolution along the river in terms of long return pe-
riods, increasing at both side of the river and spreading in the lower parts of the city at the 
south sector. 
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Figure 5.2. Vulnerability maps for each one of the return periods. (Con-
tinuous scale) 

The maps shown in figure 5. 2 are the result of applying the vulnerability curves to the 
building maps of the city, the values express % of damage and are displayed in a continu-
ous scale.  After a reclassification, considering the ranges obtained in the previous maps, 
four ranges were defined. 
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Figure 5.3. Final maps of vulnerability 10, 50 and 150 years (classified) 
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Table 5.3. Areas calculated for each one of the return periods involving 
vulnerability. 

  10 years 50 years 150 years 10 years 50 years 150 years 10 years 50 years 150 years
Ranges Area in m2 Area in km2 % 
Low  66024 66024 58348 0.066024 0.066024 0.058348 1.76064 1.76064 1.555947
Mid 1497628 1488328 941032 1.497628 1.488328 0.941032 39.93675 39.68875 25.09419
Mid-high 571352 563332 518208 0.571352 0.563332 0.518208 15.23605 15.02219 13.81888
High 0 12176 518504 0 0.012176 0.518504 0 0.324693 13.82677
Severe 0 5144 107112 0 0.005144 0.107112 0 0.137173 2.85632
                    
            Total % 56.93344 56.93344 57.15211

Vulnerability areas (%) for 10 years

Low

Mid

Mid-high

High

Severe

Vulnerability areas(%) for 50 years

Low

Mid

Mid-high

High

Severe

Vulnerability areas (%) for 150 years

Low

Mid

Mid-high

High

Severe

 
Figure 5.4. Graphs representing the % area for each one of the return pe-
riod 
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The last graphs show the area resulting from the analysis of vulnerability for each one of 
the return periods considered.  

As can be seen the area total changes not significantly and only in terms of long period 
(150 years) the categories of vulnerability increase from the medium range to high.   In the 
10 and 50 years the quantities keep almost the same in area.  
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Chapter 6 

6. Conclusions  

In the process of assessing the seismic vulnerability of the Turrialba area, two methods 
were tested, one for hazard assessment through a probabilistic analysis and another de-
rived from the general Radius method, but focussing exclusively on the vulnerability of 
buildings. An updated database and GIS were used in support of both methods. In gen-
eral, both methods proved to be effective for obtaining of a better understanding of the 
physical environment and vulnerability zonation.     

In the process of estimating seismic hazard particular attention was paid to the site-effects, 
particularly topography and soil conditions. By doing so it was tried to achieve a deeper 
understanding of how local conditions   influence the transmission of seismic waves. As 
the obtained input factors are likely to show bias and thus may cause an exaggeration of 
effects, it was considered necessary to scale them.   In this respect GIS allows to handle 
data easily and to compare the results over different events in few operations.   

The application of GIS represented a great advantage in terms of methods, and appeared 
as an appropriate tool where no much subsoil or engineering data are available, as is the 
case in Turrialba city.  

For urban planning the assessment of vulnerability through time is very important. In this 
study vulnerability was assessed based only on parameters referring to the building materi-
als. This yielded a set of maps for different return periods, showing vulnerable zones. The 
larger and remarkable zones are displayed in the 150 years map.  The difference between 
the maps referring to return periods of 10 and 50 years is small. 

The GIS-based results show that the new urban developments in Turrialba are the most 
vulnerable in terms of deficiencies in the building design for the three tested periods of 10, 
50 and 150 years. These new developments are located mostly in the north and northeast 
part of the city. On the other hand, the older settlements along the river also show me-
dium to high vulnerability to events with a return period of 150 years.    

In terms of reliability of the results of the present study there were some restrictions. Not 
many elements were available to test the method and the results, except for a few existing 
report on building damage caused by the 1993 earthquake.   Three main zones affected by 
this earthquake coincide with those indicated by the event calculated for 150 years return 
period. These results are qualitatively acceptable and credible. 
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Calculations show similar vulnerability areas for the 10 and 50 years return period. How-
ever, the area of high vulnerability for the return period of 150 years increases significantly, 
whereas the areas with medium and low range of vulnerability decrease as compared to 
those obtained for the 10 and 50 years return periods. 

The procedure in general seems pertinent in terms of estimation of vulnerability for cities 
with dimensions similar to Turrialba. However some adaptations should be made in order 
to properly consider site-effects. 

Recommendations 
The method for hazard assessment should be adapted to better consider site effects and 
hazard estimation should be improved through the generation and use of more detailed 
data and through a calibration of factors.  

The method used in this study is suitable for other cities similar to Turrialba in terms of 
size and population density. However, for larger cities the method requires more detailed 
data, as larger cities imply diverse building structures and heights, which should be as-
sessed, as well as more diverse soil characteristics. 

It is necessary to improve the engineering data for soil conditions and thus increase the 
quality of the inputs for the procedures performed in this study and tests. It seems conven-
ient to make calculations for more return periods and thus estimate risk and confidence 
intervals. 

It is convenient to collect the national damage records of Costa Rica in a more systematic 
way, in order to be able to estimate vulnerability for regions or zones, or even on a na-
tional scale. This will be very useful in deducting local effects. 
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