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EXECUTIVE SUMMARY 

On April 22, 1991 a major earthquake (Ms= 7.5) shook the 
eastern part of Costa Rica and northeastern Panama. The earthquake 
caused 53 deaths, left 30,000 people homeless, and caused over half 
a billion dollars in property damage and lost revenue. This was 
the sixth major shock of a series that began with two major events 
(M = 6.4 and 7.0) centered south of the Nicoya Peninsula on March 
25: 1990, and which were followed by three moderate earthquakes (Ms 
= 6. 4, 6. 3, and 6 .1) during 1991. This report summarizes the 
results of a workshop on the effects of both the April 22, 1991 
Limon earthquake and other earthquakes that occurred in Costa Rica 
in 1990-1991. The April 1991 earthquake presents a unique 
opportunity tp study the performance of structures sited on very 
soft and liquefiable soils. The workshop intended to study and 
identify research topics dealing with analysis, retrofit, and 
design techniques to mitigate damage when poor soil conditions 
exist. Areas identified as possible research topics included: 

* Strong motion instrumentation 
* Characterization of ground motion 
* Seismic hazard and seismic risk analysis 
* Response spectra and input motions 
* Liquefaction and large ground displacements 
* Highway damage due to liquefaction 
* Performance of port facilities 
* Dynamic response of earth dams 
* Earthquake effects on existing landslides 
* Large ground deformations under bridge supports 
* Movements of bridge superstructures 
* Performance of precast building systems 
* Evaluation and rehabilitation of buildings 
* Performance of under-reinforced masonry 
* Permanent ground displacement effects on buried pipelines 
* Seismic vulnerability of the Central Valley of Costa Rica 

For each of these general topics, detailed research projects were 
discussed and summaries prepared. These summaries appear in Part 
2 of this report. To complement the information already available 
in the literature, written contributions from the keynote speakers 
at the workshop are included as Part 3 of this report. 

The workshop participants identified areas where more research was 
needed and developed topics for joint u. s-costa Rica research, with 
emphasis on lifelines (bridges, water and electrical systems, 
emergency services, and key industrial facilities). The results of 
these research projects will be directly applicable to the U.S. 
practice since large areas of the U.S., including the San Francisco 
Bay Area, the Mississippi River Valley, Charleston, s.c., Boston, 
MA, and other are prone to encounter similar problems if subjected 
to strong ground shaking. 
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1. INTRODUCTION TO THE U.S. - COSTA RICA WORKSHOP 

1.1 OVERVIEW 

On April 22, 1991 a major earthquake (Ms= 7.5) shook the eastern 

part of Costa Rica and northeastern Panama. The earthquake caused 

53 deaths, left 30,000 people homeless, and caused over half a 

billion dollars in property damage and lost revenue [EERI 1991] 1 • 

This was the sixth major shock of a series that began with two 

major events (Ms = 6. 4 and 7. 0) centered south of· the Nicoya 

Peninsula on March 25, 1990, and which were followed by three 

moderate earthquakes (Ms = 6. 4, 6. 3, and 6 .1) during 19912• 

several thousand smaller shocks occurred during this period, 

including over one thousand of magnitude Ms= 3 or greater within 

three days of the April 22 event. Figure 1.1 shows some of the 

epicenters of recent large earthquakes in Costa Rica, while Fig. 

1. 2 shows a simplified view of the complex tectonic structure of 

this area. 

The April 22, 1991 earthquake is of great interest to earthquake 

engineers for at least six main reasons3 : 

(1) It produced some of the most extensive and spectacular free

field and small embankment soil liquefaction failures 

witnessed in the past twenty-five years. Given the limited 

database available to develop and calibrate soil liquefaction 

It will be assumed here that the reader is familiar with 
Reference 1 (EERI, October 1991) which contains all the pertinent 
details from the damage due to this earthquake. Only a few 
specific instances of damage will be cited here to illustrate major 
points. 

2 Another major tremor (ML 5. 6) , labelled the Naranjo 
earthquake occurred on March 6, 1992. 

3 For more details on the tectonic and seismological 
characteristics of this event, see the keynote papers by G. Santana 
and F. Sauter. 
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models, this event presents an exceptional opportunity to 

study this phenomenon in depth. 

( 2) The earthquake occurred in an area considered to have low 

seismic risk [Morgat et al 1977], but resulted in large 

crustal movements, including as much as 2 m. (6.5 ft) uplift 

near the port city of Limon. Although anecdotal information 

and sketchy historical records indicated the potential for 

strong seismic action in this area, the event of April 22 will 

lead, in the short term, to a complete overhaul of the Costa 

Rica seismic risk maps which where considered among the best 

and most current in Latin America. In the long term, it will 

contribute to a better understanding of both the tectonic 

characteristics of an area where three large plates meet and 

the focal mechanisms involved. 

( 3) Extensive damage to the transportation infrastructure resulted 

from bridge failures due primarily to substructure (abutment 

and pier) movements. Both highway and railroad bridges 

suffered extensive damage and collapsed because of large 

displacements (up to 1.2 m or 4 ft.) and rotations (up to 9 

degrees) of the supports. This represents a unique 

opportunity to develop analysis models for large support 

movements in structures as well as to develop and evaluate 

retrofit techniques for bridges. 

(4) Extensive damage to industrial facilities occurred due to poor 

foundations and lack of adequate seismic design. An example 

of the latter is the main petroleum refinery in the country 

(RECOPE), which was badly damaged when several large tanks 

suffered "elephant-foot" failures. In addition, key 

industrial facilities related to the banana industry, which 

constitutes the backbone of the region's economy, were damaged 

and resulted in large long-term losses. 

(5) Poor performance of key non-redundant lifelines, particularly 

water mains, hampered the rescue and recovery efforts. Due to 

the large soil movements, the main pipelines into the city of 

Limon (one old cast iron and one modern reinforced concrete) 
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were broken in many locations. Immediately after the 

earthquake the lack of water represented a sanitary threat to 

the area and to this date full service has not been restored. 

The lack of water would have been catastrophic if fires had 

erupted in Limon; the latter were avoided due to the automatic 

cutoff of electrical power and the lack of any extensive gas 

distribution networks. 

(6) While the area nearest the epicenter contained few multi-story 

structures, the collapse of at least one modern structure 

during this earthquake (Hotel Internacional), and the damage 

to others from previous events in this series, presents 

another unique opportunity to examine the performance of 

structures, particularly reinforced concrete shear wall and 

moment frames, under a sequence of small to moderate ground 

motions. 

1.2 OBJECTIVES 

A study of the effects of the Costa Rica April 22, 1991 earthquake 

offers a rare opportunity to advance our understanding of dynamic 

soil behavior and its impact on infrastructure. In addition to 

providing information that would serve to develop and calibrate 

analytical models applicable to the U.S. , the Costa Rica earthquake 

of April 22, 1991 can provide extensive knowledge immediately 

relevant to the U.S. conditions. For example, the performance of 

lifelines, water mains and bridges particularly in areas . of poorly 

consolidated sandy soils, should contribute to our planning and 

retrofit efforts in areas near the Mississippi River and its 

tributaries in the Midwest and coastal areas near Charleston and 

Boston in the East Coast. 

This workshop represented a first step to take full advantage of 

this opportunity. The three main general topics for this workshop 

were as follows: 

( 1) Discuss the implications of the April 22, 1991 and other 

recent earthquakes in Costa Rica on the current state-of-the 
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art in earthquake engineering. The emphasis was on the 

seismological, soil, soil-structure interaction, lifelines and 

structural aspects, and their applicability to other Central 

American countries and the U.S. 

(2) Identify specific areas or topics where further research, both 

at the local and international level, is needed and develop a 

coordinated plan to address those needs. These areas and 

topics were discussed in detail, prioritized and are 

summarized in this report. 

(3) Foster direct interaction between Costa Rican and U.S. 

researchers and explore the potential for joint or coordinated 

future research. 

1.3 PROGRAM AND ORGANIZATION OF THE WORKSHOP 

The workshop consisted of two days of presentations and discussions 

(April 2-3) and one day of site visits (April 4). The opening 

session on Thursday morning, April 2, consisted of four keynote 

lectures dealing with general aspects of the earthquake. This 

session was open to the public and attracted over 500 attendees, 

indicating the great interest in seismic engineering of both the 

technical community and general public in Costa Rica. The four 

keynote speakers provided written contributions which are included 

in Part 3 of this report. 

The first day of the workshop continued with afternoon breakout 

sessions on seismological/zoning and soils issues, during which 

Costa Rican representatives discussed some of the key aspects of 

the earthquakes. The discussions were both in English and Spanish, 

with simultaneous translations4 • The day ended with an evening 

presentation by EERI Lecturer Dr. George Housner who spoke on the 

4 Transcripts of the discussions are available from the 
workshop organizers. The transcripts have not been edited and are 
somewhat difficult to follow, but would be of help to some 
researchers in assessing the breadth of the discussions that took 
place. 
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history and development of earthquake engineering research. 

The second day of the workshop began with breakout sessions on 

structural performance and lifelines. A large number of possible 

research issues were identified and discussed in the Thursday 

afternoon sessions. During the final afternoon session these topic 

were reduced to approximately a sixteen topics which are described 

in the research needs portion (Part 2) of this report. 

The third day consisted of a site visit to the Atlantic Coast, with 

stops at the Matina Railroad Bridge, the RECOPE Refining Plant, the 

Hotel Las Clas, and the bridges on the road from Limon to the Valle 

de la Estrella . 

Fig . 1.3 - Participants during the opening session. 
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1.4 PARTICIPANTS 

The participants in the workshop were drawn from universities, 

private practice, and government institutions. A complete list of 

participants, including their interests, and addresses is included 

as Appendix A. 

The U.S. delegation was led by Roberto Leon (U. of Minnesota) and 

Leslie Youd (Brigham Young), and included Jack Moehle (U. 

California-Berkeley) , Jose Roesset (U. Texas-Austin) , Mike o 'Rourke 

(RPI), Eugene Cole (consultant, Sacramento), Mike Eberhard (U. 

Washington), Ron Scott (Cal Tech), and Robin McGuire (consultant, 

Golden). In addition, Ian Buckle and George Lee, representing the 

NCEER at SUNY-Buffalo, Henry Lagorio and s.c. Liu, representing the 

National Science Foundation, and Harvey Ryland and Lacy Sutter, 

representing the Central U.S. Earthquake Consortium, also attended. 

The Costa Rican delegation was led by Dr. Guillermo Santana, 

Director of the Seismic Engineering Laboratory of the University of 

Costa Rica and consited of about forty members. Members were 

university professors, consultants, representatives from 

government, private organizations, and public utilities. In 

addition, representatives form several Central American countries 

sponsored by the Centro de Prevencion de Desastres Naturales 

(regional disaster preparedness center based at the U. del Valle, 

Guatemala) . 

The participants were divided according to their expertise and 

interests into working groups as follows: 

(1) Group A: Ground Motion and Seismology 

Leaders: McGuire (U.S.), Santana (C.R.) 

' 

Members: A. Aguilar, Barquero, Boschini, Fernandez, Guendell, 

M. Laporte, Malavassi, Montero, s. Mora, Pacheco. 

(2) Group B: Geotechnical 

Leaders: Youd (U.S), G. Laporte (C.R.) 

Members: M. Arce, Afonso, Aguilar, Esquivel, Fernandez, M. 
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Gutierrez, Mendez, M. Laporte, R. Mora, Saenz, Scott, 

Valverde, Vieto. 

(c) Group C: Structures 

Leaders: Leon (U.S.), Gutierrez (C.R.) 

Members: Araya, Balma, Baltodano, Bermudez, Buckle, Cartin, 

Castro, Cole, Chasi, Eberhard, Gonzales, Hernandez, Herrera, 

Lagorio, Lara, Lee, Liu, Mas, Maier, Meltzer, Mora, Moreno, 

Pastor, Picado, Quiros, Roesset, Rojas, Sanchez, Sauter. 

(d) Group D: Lifelines 

Leaders: O'Rourke (U.S.), Morales (C.R.) 

Members: A. Arce, Bell, Calvo, Lizano, Pernudi, Pujol, Rivera, 

Ross, Ryland, E. Solano, J. Solano, Sutter, Vasquez, 

Vilaplana, Wong. 
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2. RESEARCH OPPORTOBITIBS 

The discussions of the working groups resulted in sixteen topics 

being selected as research opportunities for joint u.s-costa Rica 

efforts. The research topics were subdivided into four categories: 

ground motion and seismicity (GMS), geotechnical (GEO), structures 

(ST), and lifelines (LL). Under each category several topics are 

discussed, and each was assigned a number, i.e., GEOl deals with 

liquefaction and STl with bridge performance. 

This section describes the topics in some detail by providing 

background information, a list of research tasks, and an indication 

of the significance of the research. The background description 

provided varies greatly as it was not the intention to duplicate in 

this section the information already accessible to U.S. researchers 

[EERI 1991] or in the four formal presentations given at the 

workshop and which are included in Part 3 of these proceedings. 

Only topics GEO4 and GEO5 are described in detail because this 

information is not easily available from other sources. 

The discussions of the working groups were interdisciplinary, and 

there are substantial overlaps between research categories and 

topics. Since most research topics will require expertise in more 

than one of the categories, the overlap is considered beneficial 

and research teams are encouraged to combine the research topics 

into their proposals as they see fit. The research tasks listed 

should be understood only as providing some idea of the scope of 

the research, and are by no means complete. After extensive 

discussion, the final session of the workshop prioritized the 

research needs as follows: 

(1) High Priority: GMSl, GMS2, GMS3, GEOl, GEO2, STl, ST3, LFl, 

LF2. 

(2) Medium Priority: GMS4, GEO3, GEO4, GEO5, ST2, ST4. 

(3) Lower Priority: ST5. 
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2.1 EARTHQUAKE ENGINEERING AND ZONING (EZ) 

The recovery of strong motion data after an earthquake contributes 

to the understanding of several important aspects concerning the 

phenomena. Among these aspects are the interpretation of source 

mechanisms and their associated regional differences, the 

propagation of seismic waves from the source to a specific 

locality, and the response of the ground in a particular location. 

Source characteristics such as rupture velocity, point of 

initiation of rupture, asperities or irregularities on the fault 

that produce strong radiation of high-frequency seismic waves, 

direction of fault rupture and the resultant pattern of wave 

radiation, spectral content, stress drop, fault-rupture dimensions, 

time sequence or slip rate of fault motion, strength of energy 

release or seismic moment and type of ground rupture may all be 

obtained through the proper interpretation of the strong motion 

records. Other aspects such as geophysical characteristics of the 

wave path (e.g. velocities, density, and rigidity), attenuation 

along the path, both geometric and that from inelasticity, 

scattering effects, near-source parameters (e.g., coupling, 

reverberation and focusing) due to topography or other structural 

elements as well as variations in particular location's soil type, 

water table and neighboring geologic structure and topography can 

also be examined using strong motion data in the form of 

accelerograms. 

The understanding of the nature of strong earth movements 

(intensity, frequency content, phase relations, duration and 

spatial variations) has always been recognized as fundamental in 

achieving good earthquake-resistant design of the infrastructure 

(Nuttli, 1987). Investigations of structural performance are most 

useful when predicted structural response can be compared to 

observed response (either during real or laboratory shaking) using 

realistic seismic excitation. The increment in the availability of 

strong motion records will permit seismic code modernization based 

on more realistic seismic ground motion criteria. 
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2.1.1 GMSl - strong Motion Instrumentation 

Background: The Strong Motion Instrumentation Program (SMIP) of 

the Earthquake Engineering Laboratory of the University of Costa 

Rica maintains an accelerograph network of national coverage, and 

over 200 valid records have been obtained since 1985. The network 

is especially dense in the Central Valley of Costa Rica, and 

provides some coverage along the Pacific coastline, but does not 

adequately cover the Caribbean or eastern part of the country. 

several other agencies in the country have strong motion 

instruments installed. Among them the Institute Costarricense de 

Electricidad (ICE, Costa Rican Electricity Institute) maintains 

eight stations located in different power generation projects. 

Also the Observatorio Vulcanologico y Sismologico de Costa Rica 

(Costa Rican Volcanological and Seismological Observatory) 

maintains a certain number of strong motion instruments. 

During the April 22, 1991 Limon Earthquake, strong motion records 

were recovered from 14 of the total of 19 permanent stations 

installed by the SMIP. The recovered data corresponds to 10 free 

field stations or low rise structures and 4 stations at high rise 

buildings. The most distant station was 155 km from the epicenter, 

in the town of San Ramon, in the province of Alajuela, and the 

closest station was 67 km from the epicenter in the town of San 

Isidro, province of San Jose. 

Figure 2.1 shows the location of all the stations of the network. 

The current array is based on the seismic zonation proposed by 

Mortgat et al. [Morgat et al., 1977) and adopted by the current 

version of the Cost Rican Seismic Code [Santana, 1988). There were 

no records obtained of the near-fault ground motions for the April 

22, 1991 event5 , since the recording station at the the University 

5 A free field record obtained near the town of Siquirres with 
a PGA of 0.7g is considered suspect and requires careful analysis. 
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of Costa Rica in Limon (Station LIM in Fig. 2.1) was installed 

after the April 22, 1991 event. 
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Code Station name Registro 

AW Alajuela - 2 story school building • 
AUR San Jose - 17 story residential building • 
BNC San Jose - 20 story commercial building • 
CCH Cachi Dam - Abutment • 
CMA San Pedro - 4 story school building • 
CTG Cartage • 
GLF Golfito - 2 story hospital building • 
GTS Guatuso - 1 story school building • 
HTO San Jose - 1 story hospital building • 
ICE San Jose - 15 story government office building • 
INS San Jose - 15 story government building • 
ISD San Isidro - 2 story government building • 
LIB Liberia - 2 story school building 

PCL Puriscal - 2 story government office building • 
PTS Puntarenas - 10 story hospital building 

QPS Quepos - 1 story hospital building • 
RCP Ochomogo • 
SRM San Ram6n - 1 story school building • 
STC Santa Cruz - 1 story school building 

Table 2.1 - Station code reference table. 
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nption o e on 
on page 

ar SOI 

Tertiary 
oncrete sedimentary 83.705 

materials 
oc 

tunnel south side of the dam. Tertiary 
lectric Project volcanic 83.805 

materials 
0 t SOI 

Recent 
alluvial 83.925 
sediments 

oc 
ry School Tertiary 
prefabricated elements sedimentary 84.038 

materials 
t SOI 

Quaternary 
ncrete volcanic 84.054 

deposits 
0 t SOI 

Golfito Hospital Cretaceous 
Steel igneous and 

83.172 
2 stories sedimentary 

materials 
ar SOI 

Quaternary 
volcanic 84.078 
deposits 

ar SOI 

Quaternary 
volcanic 84.082 
deposits 

0 t SOI 4 
Sol6n Nufiez Clinic, CCSS Recent 
Reinforced concrete alluvium 84.099 
1 story sediments 

Table 2.2 - Stations that recorded the April 22, 1990 event. 
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escnption o t e 
accelerographic station 
San Jose, CE Bu ard s01 

ICE Central Building Quaternary 
Reinforced Concrete volcanic 
15 stories deposits 84.105 

Quepos, Rock 9.431 
Health Center Tertiary 
Reinforced masonry sediments 84.166 
1 story 

AlaJue a, Soft soi 10.019 41 
CIPET Quaternary 
Reinforced concrete volcanic 84.220 
2 stories deposits 

Punsca, Sot soII 8 4 
Fire Station, Santiago Tertiary 
Reinforced concrete volcanic 84.314 
2 stories materials 

oft SOI 1 .088 
Regional Center UCR Quaternary 
Reinforced concrete sediments 84.482 
1 story 

Soil classification according to the Costa Rican Seismic Code. Geological classification according to the Geological Map for Costa Scale 
1:200 000 and Geomorfological Map for Costa Rica, Scale 1:200 000. 
Geographical coordinates: Latitude: NORTH Longitude: WEST 

rev ta llons: 
CIPET: 
ICE: 
INS: 
UCR: 

Centro de lnvestigaci6n y Perfeccionamiento para la Ensefianza Tecnica 
lnstituto Costarricense de Electricidad 
lnstituto Nacional de Seguros 
Universidad de Costa Rica 

Table 2.2- Stations that recorded the April 22, 1990 event (cont.) 
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Figure 2.2 shows the distribution of strong motion stations in the 

city of San Jose. Three of the stations in the downtown area are 

dedicated to the study of the response of high rise buildings. The 

station identification code and its location are given in Table 

2 .1, along with an indication of whether triggering occurred. 

Table 2. 2 shows a detailed description of the stations that 

recorded the main shock. The description includes the 

character istics of the structure or the site, as well as the 

geographical data. Omitted are the records from stations that 

triggered but malfunctioned (RCP in Ochomogo and INS in San Jose). 

84°06' 84°05' u·o•· u·o3• 

Fig. 2.2 - Location of accelerographic stations in San Jose. 
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Table 2.3 presents peak accelerations obtained in the three ground 

components recorded in each station. These values should be taken 

as preliminary. The data presented were obtained by a 4X 

amplification of the trace of each component utilizing photographic 

equipment and nominal values of sensitivity. In this table, 

stations are presented according to increasing epicentral distance. 

It is easy to notice that all records show that the earthquake 

duration was quite long, close to a minute in most of the stations. 

The duration of the strong shaking is of about 25 seconds. The 

maximum peak acceleration recorded corresponds to a horizontal 

component of 0.27g in the city of cartago, on a site located in an 

alluvium valley. The site is a free field station located in the 

Central Park of the city. As can be seen, this is not the closest 

station to the epicenter. A quick comparison of this record with 

the ones obtained in Cachi and Guatuso indicates a possible site 

amplification. The same soft soil condition is predominant in the 

Caribbean coast of Costa Rica. The estimation of the strong ground 

motion in this region should take this fact into consideration. 

Previous records obtained during the 22 December 1990, Alajuela 

Earthquake (Ms= 5.7) also show higher peak values for the city of 

Cartage than for the other mentioned sites. 

The closest station to the epicenter is ISD at San Isidro. The 

peak acceleration registered at ISD was 0.20g, but no significant 

damage was reported. In the city of San Jose the peak acceleration 

values ranged between .06g and .20g. The highest reported value 

correspond to the ground level instrument at CMA station (UCR 

Library Building). This building has some special characteristics 

that were very likely to influence the reported data. Among them 

are the structural form and the foundation on piles over a 

landfill. This particular building had suffered structural as well 

as non-structural damage during previous earthquakes. 
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Station name Code Struc Soil Hypocentral Maximum Comp. 
Type Type Distance Accelerat. 

San Isidro ISD L H 76 0.20 o· 
(Ground level) 

0.17 Vertical 

0.15 270° 

Cachi CCH F R 83 0.15 o· 
(Exploration Tunnel) 

0.06 Vertical 

0.09 270° 

Cartago CTG F s 96 0.27 o· 
(Central Park) 

0.13 Vertical 

0.22 270° 

Guatuso GTS L R 108 0.11 o· 
(Ground level) 

0.04 Vertical 

0.06 270° 

San Pedro Main Library UCR CMA H s 111 0.16 92.5° 
(Ground level) 

0.12 Vertical 

0.20 2.5° 

Golfito GLF L s 113 0.06 o· 
(Ground level) 

0.02 Vertical 

0.04 270° 

San Jose Aurola Hotel AUR H H 114 0.07 o· 
(Basement) 

0.04 Vertical 

0.06 270° 

San Jose Banco Nacional BNC H H 115 0.08 262° 
Building 

0.07 Vertical (Basement) 

0.07 172° 

Table 2.3 - Recorded PGA for the April 22, 1990 event 
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Station Name Code Struc Soil Hypocentral Maximum Orientaci6n 
Type Type distance Acceler de ejes 

San Jose Hatillo HTO L s 116 0.12 oo 
(Ground level) 

0.06 Vertical 

0.09 270° 

San Jose ICE Central Building ICE H H 117 0.08 285° 
(Basement) 

0.06 Vertical 

0.09 195° 

Quepos QPS L R 121 0.04 oo 
(Ground level) 

0.03 Vertical 

0.03 270° 

AJajuela CIPET AW L s 131 0.11 oo 
(Ground level) 

0.05 Vertical 

0.09 270° 

Puriscal PCL L s 139 0.09 oo 
(Ground level) 

0.07 Vertical 

0.07 270° 

San Ram6n UCR SRM L s 162 0.09 oo 
(Ground level) 

0.08 Vertical 

0.08 270° 

Notes 

Acceleration values are relative to g 

g = 9.81 m/s2, gravity acceleration 

Distances in kilometers 

TYPE OF ESTR UCTIJRE TYPE OF SOIL 

H: High rise (3 or more stories) R: Rock 

L: Low rise Oess than 3 stories) H: Hard soil 

F: Free field installation S: Soft soil 

Table 2.3 - Recorded PGA for the April 22, 1990 event (cont.) 
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Research Opportunities and Tasks: Although much progress has been 

made in Costa Rica's strong motion studies program since its 

inception in 1984, there is a need for further development in the 

areas of instrumentation, data acquisition and management, data 

analysis and research, and applications. The recording of strong 

earthquake ground motion provides the basic data for earthquake 

engineering. Without a knowledge of the ground shaking generated 

by earthquakes, it is not possible to assess hazards rationally or 

to develop appropriated methods of seismic design. A key element 

in assessing earthquake hazard is a good data base of recorded 

strong earthquake ground motions. The high level of seismicity 

experienced in the past three years and the moderate to high levels 

observed during recent Costa Rican history, indicate that the 

implementation of a modern digital network will yield enormous 

benefits for the understanding of the nature of strong ground 

motions in general. 

The network could be directed to cover three specific goals: 

(a) the installation of a minimal digital network of free field 

stations close to the major known seismic sources, 

(b) the installation of arrays in specific critical facilities 

such as dams, bridges, storage tanks and tall as well as 

prefabricated buildings, and 

(c) the installation of an array for the observation of ground 

motion and amplification in soft soil. 

The research should address at least the following tasks: 

(a) Conduct a thorough examination of the current state of the 

Strong Motion Instrumentation Program, including both 

university programs as well as government and private 

initiatives. 

(b) Carry out a detailed investigation of the geophysical and soil 

characteristics of the current instrumented sites throughout 

the country. 

(c) Develop a digitization methodology for the utilization on 
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strong motion records obtained from analog 

accelerographs. This endeavor will have to include the 

evaluation of the most up-to-date scanning devices 

available in the market. The evaluation should include 

an estimation of the error levels expected as well as the 

reliability of the resulting data. 

(d) Establish a data center in Costa Rica for the archiving and 

quick distribution of strong ground motion records. This data 

center will be responsible for the development of data 

archiving, management and retrieval procedures that will 

increase data accessibility for research and engineering 

applications. The center should use the most up-to-date 

technology for delivering its services, including electronic 

data retrieval, etc. The center will also offer the services 

of data processing and archiving for strong motion data 

obtained in the central American region, including the 

Caribbean countries. 

(e) Select a minimal number of critical facilities and buildings 

for installation of new digital instruments. 

(f) Select a site for the measurement of soft soil amplification 

through the use of at least a two dimensional array that will 

include a downhole accelerograph. A candidate site is 

Cartage, where significant soil amplification has been 

observed in multiple earthquakes. 

Significance: Perhaps the most important issue after the phase of 

data recovery has been successfully concluded, is the prompt 

processing, dissemination and archiving of the strong motion 

records. The availability of well over 200 strong motion records 

recovered from the last six years of seismic activity in Cost Rica 

offers the possibility of establishing an improved processing 

methodology that will encompass both the old analog equipment as 

well as the new digital devices. The steps to be taken to achieve 

this goal include the development of a processing standard for 

analog and digital records and the development of data archiving, 
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management and retrieval procedures that will increase data 

accessibility for research and engineering applications. The new 

developments will be put out as a prototype to be implemented in 

other regions of the world, including areas within the United 

States outside of California. 

2.1.2 GMS - Characterization of Ground Motion 

Background: The current data base of strong motion records as well 

as the available seismological information should allow for the 

characterization of the strong ground motion for three specific 

types of earthquakes that occur in Costa Rica. These are, strike 

slip, subduction and reverse faulting. This is particularly 

important for the reverse faulting for which there is a lack of 

information for large magnitude events. In that sense, the April 

22, 1991 Limon Earthquake could help fill a void. 

Research Opportunities and Tasks: The geophysical characteristics 

of the Central Valley of Costa Rica as well as other highly 

populated areas within the country suggest the possibility of 

unusually high seismic soil response due to the contrasting 

geophysical properties. The same type of phenomena has been 

observed in other parts of the world where earthquakes have 

occurred, notably Mexico City. The current set of strong motion 

records includes two pairs of soft soil/rock sites that will permit 

the study of the amplification phenomena. 

Among the tasks required for this topic are: 

(a) Characterization of the three-dimensional motions at a point 

through Fourier spectra, response spectra, correlation 

functions, cross-correlation functions, probabilistic 

distributions, mean values and coefficients of variation to 

determine signal time variations. 

(b) Investigation of the three-dimensional spatial variations 

of the strong ground motions through cross-spectral 

analyses, multiple-input response spectra, cross-
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correlation analyses probability distributions and other 

elements. 

(c) Determination of the geophysical characteristics of the 

strong motion recording stations on soft soil (Cartago 

and Alajuela) as well as on rock (Guatuso and Cachi). 

(d) Evaluation of the accuracy of one-, two-, and three

dimensional models of soil effects in the study areas. 

(e) Evaluation of the soil response effects from the recordings of 

the most recent destructive earthquakes. 

(f) Development of regional overviews of expected soil response 

effects to be used in seismic hazard evaluation. 

Significance: Utilization of the techniques developed in tasks (a) 

through (f) of this project will lead to reliable estimates of 

dynamic soil response to earthquake motions for future earthquakes 

in the Central Valley. This data can then be used and calibrated 

with the studies on soil liquefaction and structural performance 

described in sections 2.2 and 2.3 of this report. The development 

of this type of technique would be of great interest for areas of 

the U.S. where little or no data are available for the near-source 

ground motions. 

2.1.3 GMS3 - Seismic Hazard and Seismic Risk Analysis 

Background: The current version of the Costa Rican Seismic Code is 

based on a seismic zonation for the country proposed a number of 

years ago (Santana, 1988). This zonation should be improved in 

view of the occurrence of the recent earthquake activity, in 

particular the Limon event. In order to make such improvements a 

seismic hazard analysis should be conducted utilizing the available 

information as a case study in which the new technology in seismic 

risk assessment may be applied. Better definition of magnitude

recurrence, attenuation, rupture-length magnitude, and utilization 

of state-of-the-art methodologies to identify and map various types 

of seismic source zones should be implemented into modern 

Geographical Information System (GIS). 
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Research Opportunities and Tasks: To develop an updated seismic 

risk map for Costa Rica, the following tasks are envisioned: 

(a) studies should be made of the frequency of occurrence and 

geographical locations of earthquakes of various magnitudes, 

with the objective of improving the reliability of seismic 

hazard assessments. In parallel with these studies, research 

should be carried out the understanding and quantification of 

the tectonic setting of Costa Rica for seismic hazard 

analysis, with a concurrent improvement in the understanding 

of seismic hazard. 

(b) Research should specifically investigate the largest 

earthquake that might occur in a seismic region and its 

likelihood of occurrence as this information has an 

important bearing on seismic safety. Attention should be 

particularly given to the differences between subduction 

and reverse faulting earthquakes and earthquakes that 

occur in the Central Valley so as to better quantify the 

seismic hazard posed by the occurrence of larger 

earthquakes in the coastal regions ~ 

(c) There is a need to improve methods of interpreting the 

geological record to learn about the occurrence of larger 

earthquakes in the past, which can then be used to assess 

future seismic hazard. 

Significance: Because damaging earthquakes with magnitudes as large 

as 7.5 occur frequently in Costa Rica, a small country in terms of 

land area (51,100 krn2), this area could provide a natural 

laboratory for studying the effects of earthquakes, including 

ground response and ground motion amplification by soil deposits. 

Costa Rica lies near a triple junction between the Nazca, Cocos and 

Caribbean plates and over a zone of convergence between the latter 

two plates. Because of this tectonic setting, Costa Rica has one 

of the highest rates of seismic moment (seismic energy) release in 

the world. About 75 earthquakes with magnitudes (M6 ) of 6.0 or 

greater have shaken this country in the past 60 years; about 13 of 
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those events were magnitude 7 or greater ([EERI, 1991), Table 5.1-

2). This frequency of earthquake generation is much greater than 

for California, where a high seismic hazard is recognized. Because 

of the high seismic rate of activity in Costa Rica, the 

quantification of seismic hazards and the implementation of 

mitigation procedures to reduce casual ties and monetary losses 

caused by earthquaes is essential. The lessons learned from such 

applications will be useful even in California, where tectonics are 

not fully understood and where earthquakes away from the major 

activve plate boundary may cause as much loss as those on the plate 

boundary. Because of the high rate of seismic activity in Costa 

Rica, experiments could be conducted with less expected waiting 

time for earthquake excitation than in California and most other 

seismic areas of the world. Thus, it would be advantageous to plan 

and conduct experiments in this natural laboratory where results 

could be obtained more quickly than in other areas such as 

California. 

2.1.4 - GMS4 - Response Spectra and Input Motions 

Background: There is a need to effectively define the level of 

destructiveness associated with all recorded accelerograms in Costa 

Rica. In that respect, the current state of knowledge is somewhat 

ambiguous since there are many definitions of intensity of a 

recorded earthquake. Characterizations by peak ground values have 

been shown to be inadequate. There is therefore a need to utilize 

the strong motion data obtained during this event and other similar 

events to develop criteria for judging the destructiveness 

potential. 

Tasks: To develop improved design response spectra the following 

tasks should be conducted: 

(a) Development of a database of destructive ground motions in 

Costa Rica consistent with strong motion observations made 

during Costa Rican earthquakes. The spectra must include 

ground motions recorded on soils, and a quantitative criterion 
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indicating the damageability of those ground motions as 

observed by damage to nearby structures (on the same soils). 

(b) Study of the amplitude and shape of response spectra resulting 

from the use of earthquake records classified as destructive, 

developed from the previous criteria, so that a spectral shape 

suitable for design spectra on various soil types and depths 

may be developed. 

Significance: As with many other techniques that can be developed 

based on the Costa Rican experience, the results of this research 

should be readily adaptable to other parts of the world, including 

the eastern U.S. The development of more advanced measures of 

earthquake damage potential from a variety of source mechanism such 

as those present in Costa Rica will significantly improve our 

ability to limit losses in future earthquakes. 
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2.2 GEOTECHNICAL 

2.2.1 GE01 - Liquefaction 

Background: Liquefaction-induced ground displacement has been a 

major cause of damage during earthquakes. For example , during the 

April 22, 1991 Limon earthquake, liquefaction-induced ground 

failures inflicted severe damage to highway and railway bridges and 

grades, pipelines, and buildings (Figure 2.2). These sites of 

liquefaction and ground displacement provide a natural laboratory 

(1) for further study of liquefaction and ground failure phenomena, 

(2) for analysis of factors controlling those phenomena, and (3) 

for compilation of case history information that can be used in the 

development and verification of empirical and analytical predictive 

techniques. 

Figure 2. 2 - Failed bridge, 
crossing over Rio Estero Negro. 
Rica) 

abutment and approach fill, at 
(Photo R8-4, University of Costa 
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Research Opportunity and Tasks: To take advantage of unusual 

opportunities for further study and analysis of liquefaction, 

consequent ground failures, and interaction with engineered 

structures observed during the Limon earthquake, the following 

tasks should be conducted: 

(a) Collection of Ground Deformation Data: More data on 

liquefaction effects and ground displacements are needed to 

relate ground effects to site and seismic conditions. Some 

data were collected following the 1991 Costa Rica earthquake 

by Youd and others (YOUD et al 1992) who conducted topographic 

and displacement surveys at liquefaction sites. Additional 

data and information may be available in the files of 

government and other agencies6 • Further field investigations 

and surveys might yet yield important information on ground 

and structural displacements caused by liquefaction. As part 

of any further investigations of liquefaction in Costa Rica, 

a task should be included to collect and compile additional 

data on ground displacements and other surface effects. 

(b) Subsurface Investigations: Subsurface data, primarily from 

drilling investigations, are necessary to analyze soil and 

site conditions controlling liquefaction and ground 

displacement. Some boreholes were drilled as part of 

foundation investigations for bridges and other structures. 

Those data should be collected from government and other 

agencies that may have archived those logs. Much more 

information will be required, however, to fully define 

sediment stratigraphy soil properties at both previously 

investigated sites and particularly at sites that have not 

been previously drilled and tested. Additional subsurface 

investigations should include conventional drilling with 

6 For example, both railroad and highway bridges were 
extensively surveyed by the owners or responsible authorities 
before the damaged structures were repaired or replaced. 
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standard penetration tests and thin-walled tube samples, cone 

penetration tests, and geophysical tests to measure shear wave 

velocities and other parameters required for ground response 

calculations. Some specialized tests using new or 

experimental tools may also be warranted. 

(c) Development and Verification of Predictive Techniques: The 

primary purpose for collecting the above data is to further 

develop and verify predictive techniques. Several techniques 

have been proposed for estimating horizontal and vertical 

ground deformations at liquefaction sites. These techniques 

include the empirical regression correlations suggested by 

Bartlett and Youd (BARTLETT and YOUD 1992) for estimating 

horizontal displacement, analytical techniques proposed by 

several investigators, and the methods proposed by Tokimatsu 

and others (TOKIMATSU et al 1987) and Ishihara and Yoshimine 

( ISHIHARA and YOSHIMINE 1992) for predicting ground 

settlement. Displacement and settlement data exist or can be 

developed from the 1991 ground effects which can be used for 

these analyses. 

Significance: Several US workshops on research needs in 

geotechnical earthquake engineering have identified development of 

predictive techniques for estimating ground displacement at 

liquefaction sites as a high priority need. The investigations 

proposed above could greatly add to the further development of 

predictive techniques by providing well-documented field studies 

that are needed to advance the state of the art in this important 

area. 

2.2.2 GE02 - Highway Damage Due to Liquefaction and Ground 

Displacement 

Background: One of the major damaging effects that occurred during 

the 1991 Lim~n Earthquake was the widespread disruption to highway 

grades and pavements as a consequence of liquefaction (Figure 2.3). 
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Similar damage has occurred during many past earthquakes; very 

little research, however, has been conducted on this type of damage 

even though it has caused severe disruption to transportation 

services following several major earthquakes. 

Figure 2.3 - Fractured highway grade and broken pavement typical 
of damage that disrupted approximately 30 percent of highway 
surfaces in lowland areas of Limon Province. (Photograph R7-34, 
University of Costa Rica. 

Research Opportunity and Tasks: To take advantage of opportunities 

provided by the 1991 Costa Rica earthquake to study and analyze the 

extensive highway damage caused by liquefaction, the following 

tasks should be conducted: 

(a) Survey of Damage to Highway Grades and Pavements: To develop 

correlations and design criteria for preventing damage, a 

study should be made of highway damage and the factors that 

caused it during the 19~1 Costa Rica earthquake. That study 
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would entail compilation of a map showing degree of damage to 

highway pavements thoroughout the lowland areas of Limon 

Province. Such a map was not prepared after the earthquake, 

but still could be assembled from a study of oblique aerial 

photographs taken by various agencies and individuals, from 

highway department records, and from notes of various 

investigators that traversed the area after the earthquake. 

This background information is essential to a thorough study 

of factors that control the development of liquefaction 

induced highway damage. 

(b) Subsurface Investigation of Damaged and Undamaged Sections: 

From the map showing various degrees of damage to highways 

compiled in Task 2.1.2.1, segments of highways in Costa Rica 

would be selected for subsurface investigation using drilling, 

cone penetration sounding, geophysical and other techniques to 

delineate the stratigraphy of subsurface sediments and measure 

pertinent soil properties. Severely damaged, lightly damaged, 

and undamaged sections would be investigated to determine 

factors controlling damage and assess their importance. 

(c) Analysis of Data and Development of Design Criteria: The data 

compiled in Tasks 1 and 2 above would be analyzed using 

standard procedures, such as liquefaction evaluations, to 

develop an understanding of the primary factors and processes 

that cause highway damage. Additional analyses should also be 

made using new and more sophisticated techniques, such as 

finite element models, to simulate ground deformation and 

damage and to develop procedures for highway design. 

Significance: Comparatively little work has been done on the 

performance of pavements and their supporting structures when 

liquefaction and similar ground displacements occur. Given the 

importance of roads in the rescue and recovery after a major 

earthquake, this topic should rank as of great priority. 
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2.2.3. GE03 - Performance of structures at the Ports of Limon and 

Moin 

Background: In general, structures at the ports of Limon and Moin 

performed well, although there were settlements associated with 

liquefaction in some filled areas and some structural damage. The 

generally good performance of the ports, however, contrasts with 

several recent earthquakes which caused severe and in some 

instances extensive damage to ports. For example, the 1989 Loma 

Prieta earthquake caused severe damage to structures at the Port of 

Oakland which interrupted port operations for several months. 

similarly, a 1983 earthquake in western Japan caused severe 

disruption to the Port of Akita, and the 1985 earthquake in Chile 

caused severe damage to the ports of Valpariaso and San Antonio. 

Research Opportunity and Tasks: Because ports are such important 

facilities and have proven to be vulnerable to earthquake damage, 

particularly as a consequence of ground deformations in fills and 

foundation soils, thorough structural and geotechnical analyses 

should be made of these ports to determine design factors that lead 

to their generally good performance. To accomplish this goal, the 

following tasks should be performed: 

(a) Collection of Data: In order to analyze the performance of 

these port facilities, the following information should be 

compiled: (1) structural design drawings, geotechnical logs 

and reports, construction reports, and pre-earthquake 

structural repair and maintenance information; and (2) damage 

assessments including a review of post-earthquake photographs, 

investigator's notes, and logs of repairs. Where the above 

information is insufficient, additional field work may be 

required to measure structural sections, conduct additional 

drilling and soils testing, and perhaps conduct structural 

vibration and other field test to determine dynamic structural 

properties. This information and data would then be used to 

analytically model and analyze the port structures as noted in 

the following task. 
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(b) Analysis of Structural Performance: Once the necessary input 

data are assembled, structures in the port could be 

analytically modeled and tested by applying simulated 

earthquake loadings to test performance for various levels of 

earthquake shaking. Those predicted performances could then 

be compared with the actual performance to verify the analyses 

and assess the effectiveness of various design details and 

construction techniques that lead to the generally good 

performance at the port. Similarly, geotechnical analyses 

could be made of pile capacities for both vertical and 

horizontal loads, liquefaction susceptibility could be 

analyzed, and consequent ground deformations could be compared 

with field performance. Finally, comparisons could be made 

between design measures used to construct these ports with 

those specified by current codes and design practices. These 

comparisons would lead to recommendations for improvements to 

the latter design guides and possibly improved procedures for 

retrofitting present port structures to increase their 

resistance to earthquake loading. 

Significance: As for pavements, port facilities have received 

comparatively 1 i ttle attention after past earthquakes. Research in 

this area should be given priority. 

2.2.4 GE04 - Dynamic Response of the San Miguel Dam 

Background: The San Miguel Dam provides a daily regulating 

reservoir for the Ventanas Garita (VG) Hydroelectric Plant. The 

Institute Costarricense de Electricidad (ICE), the owner, is the 

national agency in charge of planning the country's energy growth, 

designing projects (mainly hydroelectric), building plants, and 

maintaining the distribution system. The VG plant has a capacity 

of 96 MW which represents about 10% of Costa Rica's electrical 

energy production. 

The San Miguel Dam, constructed during 1986 and 1987, is a zoned 
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rockfill dam with a clay core. The embankment is instrumented with 

piezometers, inclinometers, strong motion instruments, survey 

monuments, and flow weirs (Figure 2.4). 

During the period of 1987 to 1989, the dam was subjected to minor 

to moderate earthquake shaking which triggered the strong motion 

instruments on five occasions, with the highest acceleration 

recorded reaching 0.12 g. During 1990 the dam was shaken by many 

earthquakes, and the strong motion instruments were triggered 

approximately 40 times during that year. The most important record 

obtained from that sequence of earthquakes was generated by the 

Piedras Negras Earthquake (Md= 5.7), which registered 0.55 g at 

the left abutment of the dam. That instrument site is underlain by 

rock. Only a handful of strong motion records was recorded in 1991 

and 1992. 

The San Miguel Dam is a zoned rockfill dam with a thick vertical 

clay core. Upstream and downstream embankment slopes are 1: 2. 2 and 

1:2.0, respectively. The maximum height is 29 m; the crest length 

is 330 m, crest width is 8 m. The approximate embankment volume is 

350,000 m3 • The core is sandwiched between double-layered filters 

(sand and coarse filters) which extend horizontally downstream 

through the contact with the foundation. The filters in turn are 

covered by layers of free-draining washed rockfill. Layers of this 

material were also placed in the upstream slope to facilitate pore 

pressure dissipation during sudden drawdown. The darn was built 

during 1986-1987 using modern methods of compaction and with strict 

supervision and quality controls. The clay for the core is a silty 

clay, which is the residual product of sandstones and shales. The 

rockfill and filters were excavated from an alluvial terrace. The 

rock particles are mostly of igneous origin (lavas, ignimbrites, 

tuffs) with a small percentage of sandstone fragments. 
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The filters were washed and crushed when necessary to meet 

gradation specifications. Materials for the rockfill shells were 

also washed to assure free drainage. Particles larger than 0.45 rn 

were not placed in the embankment. The foundation of the darn is a 

fractured lava. 

Design of the dam was carried out by ICE engineers. That work 

included detailed field, laboratory, and office studies, including 

testing of materials, limit equilibrium analysis, pseudostatic 

analysis, finite element analysis, seepage studies, and settlement 

analyses. 

Instruments placed within and on the San Miguel Dam include three 

instrumented cross-sections with a total of 40 piezometers and 5 

inclinometers. 

for detailed 

settlements. 

Nineteen surface survey monuments were installed 

topographic surveillance and measurement of 

At the present date, 20 piezometers, most of them 

upstream of the crest, have been damaged. After installation, the 

piezometers were read twice a day, gradually spacing the number of 

readings to once every two weeks. Culverts and weirs were 

constructed downstream to monitor seepage through the dam. 

Three strong motion instruments (SMA-1, KINEMETRICS) are installed, 

one on the crest of the darn, another in the foot of the darn on a 

layer of alluvium, and the third on the left abutment, on a rock 

site. 

Prior to 1990 the southwestern part of the Central Valley was rated 

as an area of low to moderate seismic activity. Historically, four 

earthquakes with magnitudes between 6 and 7 had their epicenters 

near the Pacific Coast at the same latitude as the VG Plant, but no 

major alignments were identified that would connect these 

earthquakes with tectonic structures near the dam. The March 25, 

1990 Cobano earthquake, however, initiated a very active stage of 

seismicity in the Southwestern part of the Central Valley. 
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The earthquake swarm of Puriscal produced some 20,000 earthquakes 

from April to August, 1990, with activity originating from several 

shallow sources near the dam. Those earthquakes emanated from 

source zones within the highly fractured and weak crust and from 

shallow faults within 15 km of the dam. Focal depths were 

generally between depths of 1 to 25 km. Figure 2. 5 shows the 

location of the dam and the epicenters of the most important 

earthquakes that triggered the strong motion instruments. Table 

2.4 describes the larger earthquakes noted on Figure 2.5. 

San Miguel Dam ----- - --, : 
·,,; 

TVR R UCAR ES 
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\ 0 SAN loll OUEL 
\ 

11 • 
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• Epicenter-• : 1 
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Figure 2.5 - Map of southwestern part of Central Valley, Costa 
Rica, showing location of San Miguel Dam (Presa) and epicenters of 
larger earthquakes that have shaken the dam site since 1987 (map 
from the files of ICE) 
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Figure 2.6. Cross-section through top of San Miguel dam showing 
locations and depths of fissures generated by the 22 December 1990 
Piedras Negras earthquake (Md = 5. 7) ( drawing from the files of 
ICE) . 

The higher peak accelerations appear on the crest of the dam. Not 

all of the instruments triggered for each event. The highest 

acceleration on the rock abutment (0.103 g) was produced by Event 

No. 11, which had a magnitude less than 4, and was located about 6 

km from the dam. The main event of the swarm, some 16 km from the 

dam, registered 0.03 g at the rock abutment. 

The Piedras Negras Earthquake (22 Dec. 90) also shown in Figure 

2.5, had a magnitude, Md, of 5.7 , a depth of 6.5 km and epicentral 

distance of 3. 6 km from the San Miguel Dam. The strong-motion 

instrument on the left abutment registered a maximum horizontal 

acceleration of 0.549 g; the instrument on the dam crest registered 

0.686 g, and the instrument at the base of the dam registered 0.844 

g. The Cobane earthquake triggered only the crest instrument, with 

an recorded acceleration of almost 0.11 g . 
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No Location Distance to PGA (g) 
Epicenter Horz. Vert. 

1 crest 11,5 km 10,1 , 10,1 6,9 
base 2,8 

' 
2,7 2,3 

3 crest 11,0 km 15,9 
' 

15,8 6,9 
base 5,8 

' 
6,1 3,6 

7 crest 13,0 km 5,3 
' 

5,0 3,2 

8 crest 6,0 km 12,8 
' 

13 ,3 10,6 
base 4,4 

' 
4,9 3,1 

9 crest 13,0 km 14,9 
' 

14,9 12,7 

10 crest 3,2 
' 

2,9 1,6 

11 crest 6,0 km 45,7 
' 

19,1 21,2 
base 10,0 

' 
13,0 6,2 

left abut. 8,1 
' 

10,3 4,1 

14 crest 10,6 , 15,4 6,3 

15 crest 1,7 
' 

1,1 0,5 
left abut. 

16 crest 9,5 km 28,7 , 24,7 8,5 

21 crest 6,5 km 28,7 
' 

36,2 -
left abut. 6,5 

' 
8,1 6,1 

base 12,8 , 9,8 6,7 

22 crest 15,4 , 15,9 -

26 crest 6,5 km 46,9 
' 

16,6 20,1 
left abut. 6,4 , 4,3 3,1 

29 crest 16,0 km 17 , 0 , 14,9 7,0 
left abut. 2,9 

' 
2,2 1,5 

30 crest 14,4 
' 

14,9 6,9 

Table 2. 4 - Peak ground accelerations for San Miguel Darn. 
events, some of which are shown in Fig. 2.6. 
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Duration 

1,5 seg 

1,75 seg 
1,50 seg 

0,60 seg 

1,00 seg 

1,50 seg 

3,50 seg 

The numbers refer to the 
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The Piedras Negras Earthquake occurred on a Saturday, December 

22nd, 1990. ICE engineers visited the San Miguel Dam on Sunday, 

December 23 and ordered piezometers, inclinometers, and flow gauges 

read. The instrumentation was read between December 23rd and 24th. 

A topographic survey was made in the next couple of days. 

The piezometers and flow gauges showed no changes in the readings 

compared to readings taken prior to the earthquake. The 

inclinometers showed no abrupt changes indicative of internal 

embankment deformation. The topographic survey detected a 5 cm 

settlement of the crest of the dam near the maximum section. 

Two longitudinal cracks extended across most of the crest of the 

dam, with the larger crack of the centerline and the smaller 

downstream of the centerline, as shown in Figure 2.6. A 

topographical survey was made of the cracks, and test pits were dug 

with a small back hoe to determine the depth of the cracks. The 

cracks were filled with paint prior to excavation of the trenches. 

Minute paint-filled cracks extended some 10-15 cm into the clay 

core in some trenches. These trenches were promptly backfilled and 

the cracks repaired; the damage was considered minor and the dam is 

fully operational at the present time. 

Research Opportunity and Tasks: ICE lacks dynamic testing 

facilities to carry out a proper dynamic analysis of the San Miguel 

Dam, but its engineers have been acquiring software and technical 

expertise to do so. However, ICE is still deficient in expertise 

to perform proper dynamic analyses of its dams, and considers 

development of this expertise a vital necessity. The seismic 

events to date have been relatively small. Seismic experts, 

however, predict much larger earthquakes could occur within the 

country, which could be more damaging to San Miguel and the other 

major dams (Arenal 70 m high, Sandillal 50 m high) which form the 

backbone of the power generation system of Costa Rica. 
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Significance: Because large earth dams worldwide are classed as 

critical structures, the failure of any one could cause 

catastrophic damage, verified procedures are required to evaluate 

the dynamic response and safety of such structures. Only a few 

instrumental records have been obtained from large dams in areas of 

strong shaking during past earthquakes. More records are urgently 

needed to fully test and verify present analytical procedures used 

to evaluate and verify the response and safety of such structures. 

The recorded ground motions, ground displacements, and minor damage 

to the San Miguel Dam provides such an opportunity to further test, 

verify and improve present state-of-the-art procedures. Other darns 

in Costa Rica, such as Arenal and Sandillal, should also be 

analyzed and additional instruments placed, if needed, to record 

motions and displacements during future earthquakes. This project 

could fill this critical need by developing additional records and 

test cases and by evaluating and assuring the safety of the major 

darn structures in Costa Rica, which has not been done. The project 

would also provide training for local engineers to develop their 

expertise to conduct these sophisticated analyses and assure that 

future dams or retrofit of existing darns are properly designed. 

2.2.5 GEOS - The Puriscal Landslide 

Background: The landslide of Puriscal is located some 25 km 

southwest of San Jose, the capital city of Costa Rica, near the 

coordinates 9° 50'N and 84° 20'W, with altitudes between 700 and 

1170 m above sea level. It is a composite landslide with one 

segment (Santiago) moving northwest and a second segment (Cirri

Carit) moving northward (Figures 2.7 and 2.8). The first segment 

covers an area of approximately 225 Ha and the second segment 

covers an area of 175 Ha. The total volume of the landslide is 

nearly 195 million m3 • The critical slip surface is located at 

depths generally ranging between 30 and 60 m below ground surface. 

This volume makes the Puriscal failure the largest active landslide 

in the Central American-Caribbean area. The city of Santiago de 

42 



[l 

i 

3 

t 

e 

e 

Fl Cl ll'.E z~ 
DEStlZttMt( NTO DE ShNTl/1.GO DE PURtSCAL , S EGUN ltHERf'UE TACI O N 

DE L A..t; FOTOG.RA F"!A S AEllEAS DE 1909( 1. G . N) 

ESCALA APROX . I 17 850 . (HOJA RIO GRANDE) 

S. MORA , 19'JO. 
($CAl A QIIIArl C A 

01"(CCIO"I t1: ~ -; i_ 

1-1 1( 11 l0 ll [L AT •vo . 

Figure 2.7 - Map of Puriscal landslide showing topography, ground 
displacements, and urban development on the slide mass. 
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Figure 2.8 - Cross-section through the Puriscal landslide showing 
approximate geometry of slide and locations of buildings. 
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Puriscal, with 10,500 inhabitants is located on top of the first 

landslide segment, and some older citizens recall the landslide 

having been active as far back as 1918. In 1945, the landslide was 

identified in the first comprehensive set of aerial photographs of 

the country. The velocity of the mass has been estimated ever 

since at between 5 and 15 cm/yr. 

The activity of this landslide is caused by a combination of steep 

slopes, highly degraded materials with low shear strength, high 

rainfall and strong earthquake activity. The Puriscal earthquake 

swarm of 1990 (March to December) increased the activity of this 

landslide. In addition, man's construction activities have 

aggravated the landslide movement, and consequent hazard, by 

inappropriate use of land (including excess deforestation, 

irrational road cuts and improper construction), and by 

constructing a major city on the landslide mass. 

The major factors affecting the landslide activity are: 

(a) Rainfall: The Puriscal area receives an average rainfall of 

2541 mm/yr. The rainy season extends from May to November 

with an average single-month rainfall of 400 mm in October. 

Evapotranspiration is 120 mm in November and 176 mm in March, 

and average recharge of the aquifers is estimated as 1.2 m/yr. 

Precipitation rates of more than 140 mm per hour during 15 

minutes, or 70 mm per hour during 60 minutes have a recurrence 

period of approximately 10 yrs. Maximum precipitation amounts 

(since 1945) are 130 mm/24 hr, 225 mm/48 hr, and 300 mm/72 hr. 

These are low to moderate compared to other parts of Costa 

Rica. 

(b) Soils and Lithology: The hills of Puriscal are composed of 

extrusive volcanic materials: tuffs, breccias, agglomerates, 

and ascitic-basaltic lavas. These lithologies have been dated 

from the Mio-Pliocene, and they overlie sedimentary rocks of 

the lower Oligocene-Miocene. During the posterior stages of 

regional magmatism a strong geothermal alteration was caused 
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by aggressive permeation by hydrothermal fluids. The humid 

tropical climate causes relatively rapid weathering and the 

development of residual, regolithic type soils. These soils 

have been further altered by hydrothermalism. The thickness 

of weathered and altered soils is commonly greater than 60 m. 

The soils vary in color from red, orange, yellow, brown, and 

grayish brown to violet and contain abundant quantities of 

bauxite and goethi te. The soils classify as CH-MH and have an 

average water content of about 60%. 

(c) Seismic Activity: According to historical and instrumental 

records, Puriscal has been subjected to 3 periods of strong 

earthquake activity: (1) 1905-1924 with a maximum Ms = 7 

event, generating a maximum MMI of VII +; the church was 

severely damaged and had to be demolished after those events; 

(2) 1927-1961 with distant, moderate activity creating maximum 

MMI of IV - Vin Santiago de Puriscal; (3) the earthquake 

swarm of 1990 and the magnitude 6.4 Piedras Negras event of 

December 22, 1990. The swarm of 1990, historically speaking, 

was the first of its kind for the area near Puriscal, and thus 

it is impossible to assign an average recurrence interval for 

this type of activity. From April to August approximately 

20,000 events were registered; only 22 of these were M > 4. 

The maximum event for the swarm occurred on June 30, 1990 with 

an ML of 5.0. That event produced intensities of VII in the 

city of Santiago. The seismic energy released during those 

4 months was estimated at 3. 5 x 1019 ergs. The widespread 

epicentral locations from this swarm, the diverse focal 

solutions of the events, and various field evidences of recent 

fault rupture indicate the presence of several different 

active faults with lengths less than 15 km, and depths ranging 

between 0 and 20 km. An approximately rectangular area of 112 

km2 was affected by this swarm of small earthquakes. Strong 

motion records were obtained from several of the stronger 

events of 1990. 
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The earthquake of December 22, 1990, Md= 5.7, Ms= 6.4 had an 

epicenter 4 km NNE of the city of Santiago and a depth of 6.5 

km. Strictly speaking, it is not considered one of the events 

of the swarm; it had its own fore and after shocks. Luckily, 

this larger earthquake occurred during the dry season when the 

landslide was less mobile. 

were generated by this event. 

No drastic landslide movements 

Prior to and particularly during 1990, the landslide produced 

ground deformations that caused major damage to various buildings 

in the city of Santiago. Several buildings have been demolished, 

such as the municipal market, the hospital, and others. The 

church, the biggest building in the city, is condemned because of 

the damage it has suffered. Other public and private buildings 

such as the high school, the headquarters of the Ministry of Public 

Works, apparently have also been damaged but have not been 

specifically evaluated. Those structures are also severely damaged 

and could be unsafe. There has been discussion of evacuating the 

whole city to safer grounds. 

Research Opportunity and Tasks: A thorough investigation of this 

landslide would involve the following tasks: 

(a) Compilation of Information: A thorough evaluation and mapping 

of surface evidences of ground displacement and consequent 

structural damage should be undertaken, including compiling 

and updating past studies made of the landslide area. As much 

as possible, the history of landslide activity should be 

developed, including displacements generated by earthquake 

shaking. This compilation is needed to provide background 

information for planning of further investigations, including 

drilling, testing and instrumentation as noted below. This 

baseline information is also needed for comparison with future 

observed and measured displacements. 

(b) Geotechnical Investigation: Because of the size and importance 

of the landslide, a substantial geotechnical drilling and 
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testing program is needed to define the geometry, stratigraphy 

and soil properties of the sliding earth mass. In particular, 

a thorough investigation will be required to characterize the 

strength properties of materials and define the geometry of 

the failure zone. These data are needed to fully model the 

landslide feature. A major benefit of this study to the 

people of Costa Rica will be the development of geotechnical 

engineering and testing expertise to expand this type of 

investigation to landslides that threaten other parts of the 

country. 

(c) Instrumentation: The Puriscal landslide should be instrumented 

with several sensors to monitor ground motions, ground 

displacements and 

instruments would 

generated 

include 

pore-water pressures. These 

both surface and downhole 

accelerometers, slope inclinometers, extensometers, and pore

water pressure transducers, and perhaps other devices. The 

purpose of this instrumentation is to provide field records of 

landslide behavior, both during earthquakes and during other 

natural phenomena, such 

movement of the landslide. 

as intense rainfall, that cause 

These measurements would then be 

used to generally understand landslide phenomena, define the 

geologic and seismologic parameters controlling ground 

displacement, and develop and verify empirical and analytical 

models for predicting landslide movement. The data and 

analysis would also provide guidance for the development of 

mitigative measures to reduce landslide damage. 

(d) Analyses: Analyses should be made of the Puriscal landslide 

using available present techniques to verify the 

predictability of those techniques and to make improvements 

where warranted. Those analyses could then be used to predict 

landslide behavior for conditions beyond those measured in the 

field, for example, to larger earthquakes or conditions with 

more intense precipitation. Such analyses could then be used 

to estimate possible future behavior of this landslide and 

more confidently predict behavior of other landslides, 
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including similar type landslides in the United States and 

other countries. 

Significance: Although landslides have been a major cause of damage 

during several past earthquakes and have potential to cause severe 

damage during future events, factors that control their dynamic 

behavior are not yet well understood. Also, more research is 

needed to develop techniques to analyze their dynamic movements and 

mitigate the hazards. Well documented case studies, including 

instrumental measurements of landslide response and movement, are 

urgently needed to provide observational information to better 

understand landslide phenomena, provide real data for use in 

development and verification of empirical analytical techniques, 

and evaluate mitigative countermeasures. The Puriscal landslide 

provides an unusual opportunity to study a large active landslide 

in a highly seismic environment that is impacting urban 

development. In addition to advancing scientific and engineering 

proficiency, this study would directly benefit the Costa Rican 

government and people by developing specialized information from 

which decisions could be made on how to mitigate this major hazard. 
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2.3 STRUCTURES 

The performance of engineered structures during the 1990-1991 

earthquakes was reviewed by discussing the effects of the six main 

shocks that occurred during this period on buildings, bridges and 

industrial facilities. Costa Rica has suffered through many large 

earthquakes [GONZALES 1910) in the past few centuries, including a 

major event that destroyed the city of Cartage in 1910 [MINISTERIO 

1910]. That disaster led to the formation of a working commission 

on seismic structural systems that outlawed some of the most 

dangerous forms of construction [SECRETARIA 1910]. Since then 

seismic design has been an important consideration in Costa Rica, 

leading to the adoption of a first seismic design code in 1974, and 

a more recent version in 1986 [COLEGIO 1986). These codes have 

been strictly enforced by Latin American standards and have 

resulted in very limited damage and loss of life as compared with 

events of similar magnitudes in neighboring countries (Managua 

1972, Guatemala 1976, and San Salvador 1987 for example.) 

The twin shocks of March 25, 1990 near Cobano led only to minor 

damage in the town of Puntarenas, about 30 km east of the 

epicenters. The most notable damage was considerable cracking of 

the non-structural hollow clay partition walls in the Monsei"ior 

Sanabria Hospital due primarily to torsion. Given the lack of 

large infrastructure in the area and the distance to the epicenter, 

the minor damage observed is not surprising even when considering 

the magnitude of the earthquake (Ms= 6.4 and 7.0 [U.S.G.S. said 

5.5 and 6.9 initially; was this corrected latter?] and recorded PGA 

in Puntarenas (0.26g) [SANTANA 1990a, SAUTER and CARTIN 1990). 

The April 3 and 28, 1990 events (Ms= 6.4 and 6.3) in the Puriscal 

region were the main shocks of a large swarm of earthquakes that 

affected this area about 35 km southwest of San Jose. They caused 

severe localized damage in Puriscal where the Church and some other 

smaller structures were damaged due to soil movements and 
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landslides. 

The December 22, 1990 event, while of lower magnitude (M5= 6.1), 

created much more structural distress. The epicenter was close to 

those of the April earthquakes, and caused severe structural damage 

in Alajuela, about 20 km from the epicenter, where a 0.45g PGA was 

recorded. The Cathedral, several older schools, shopping centers, 

office buildings, and residences collapsed or suffered serious 

damage. The damage in Alajuela was highly localized, with very 

similar structures only a few feet apart showing completely 

different degrees of damage. Further observations have led to the 

hypothesis that structures located on old, filled stream beds were 

the most susceptible, due primarily to local amplification of the 

motion. There was also damage, both structural and non

structural, to buildings as far east as the U. of Costa Rica campus 

in San Jose, and as far west as San Ramon where PGAs on the order 

of 0.20g were recorded (both locations are about 30 km from the 

epicenter) . 

The structural damage to engineered buildings during the April 22, 

1991 earthquake was limited to the collapse of two hotels (the 

Hotel Las Olas in Moin and the Hotel Internacional in Limon) and 

damage to the RECOPE administration building, the Limon Customs 

House, and several smaller structures. The causes of both 

collapses are well understood (shear failure of first story, poorly 

detailed columns), and the damage to other buildings can be 

ascribed also to poor detailing. Damage to bridges, on the other 

hand, was extensive, with several highway bridges collapsing and 

several suffering extensive damage due to superstructure and 

substructure movement. Thus much of the discussion during the 

workshop centered on the performance of bridges supported by 

liquefiable deposits or soils with limited bearing capacity. 

Based on a review of the damage from these events and discussion 

during the breakout sessions, the working group on structural 
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performance identified the following five areas of research: 

2.3.1 STl - Large Ground Deformations at Bridge supports 

Background: Many bridges collapsed or were severely damaged during 

the April 22, 1990 earthquake due to large ground deformation at 

the abutments and piers. Girders were unseated and spans collapsed 

due to gross horizontal, vertical and rotational movements at their 

supports (Fig 2.9). A good description of the failures can be 

found in the EERI report [EERI 1991], and in the papers by F.F. 

Sauter and T.L. Youd in these proceedings. 

The state-of-the-art regarding the estimation of these deformations 

and the design of structures to accommodate these movements is very 

immature. In the U.S., minimum widths are specified to include 

such effects. Allowance for ground deformation is made using an 

empirical relationship which has not been validated against field 

experience. Observations made of bridge collapses in the Limon 

area imply that these seat work allowances are grossly inadequate. 

Fig. 2 .. 9 - Horizontal displacement at the south main pier of 
the Rio Matina Bridge. 
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Research Opportunities and Tasks: Research is needed to improve the 

state-of-the-art principally in the following areas: 

(1) development and verification of methods for estimating large 

ground deformations, due to liquefaction and slumping at 

bridge sites. 

( 2) development and verification of methods to reduce large ground 

deformations at bridge sites (dynamic compaction, 

hydroflotation, and other techniques). 

( 3) development of new abutment and foundation configurations 

which may minimize the effect of large ground deformation on 

structural behavior. 

The following tasks should be included on the research plan: 

(a) Compile an inventory of bridge types and bridge damage during 

the April 22 earthquake. This information is available from 

many soureces, including the Ministry of Transport (Ministerio 

de Transportes), but has not been compiled or critically 

analyzed. 

(b) Perform detailed site evaluations of collapsed bridges to 

measure ground deformations and document the sequence of 

bridge collapse. Much of this work will have to de done based 

on photographs taken shortly after the earthquake and from 

surveys conducted before the bridges were replaced. 

(c) Develop analytical models for predicting ground deformation 

and compare against (2) above. This work will have to be 

coordinated with that of the GEOl group. 

(d) Develop methods for site improvements on the approaches to 

bridge abutments. Much of the damage, as noted for the GE02 

topic, took place on fills leading to bridges and techniques 

to minimize this problem need to be explored. 

(e) Develop new abutment and foundation configuration which 

integrate the effect of ground deformations, such as spill

through abutments, deep piles, sacrificial approach spans, and 

extended abutment walls. 

(f) Revise design specifications for seat widths, seat-type 
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abutments, and over piers in simply supported bridges . 

(g) Develop retrofit measures for existing bridges on hazardous 

sites. 

Significance: The magnitude of the ground movements observed in the 

Limon earthquakes is probably indicative of the extreme range of 

displacements for which bridge· structures sited on soft or 

liquefiable soils should be designed. This earthquake presents a 

unique opportunity to study this phenomenon both analytically and 

in the field, in order to develop design provisions for retrofit 

and future design. This topic was judged as having high priority. 

2.3.2 ST2 - Large Deformations of Bridge superstructures 

Background: The damage from the April 2·2, 1991 earthquake indicates 

that bridge superstructures underwent very large displacements. It 

is not clear at this point whether the collapse of many of the 

bridges was due to the displacement and rotations of the piers and 

abutments due to liquefaction, to poor detailing of the connections 

in the superstructure, or to a combination of both (Fig. 2.10). 

Most of the bridges that collapsed were simply-supported 

structures, with little or no provision for large lateral 

displacements of the superstructure. Typical details included 

neoprene pads and rocker and roller bearings which were not 

designed to accommodate the large displacements observed. To 

clarify these issues analytical research is needed in the following 

areas: 

(a) Estimation of superstructure movements based on careful 

modelling of the input motion (including incoherence of input 

at supports) and support conditions (liquefiable or soft soil 

conditions. ) 

(b) Parametric studies of the influence of pier rotations on 

superstructure performance . 

(c) Effectiveness of restraining devices, continuity, and 

redundancy in preventing failures due to excessive 

longitudinal movement . In particular the suggestion of 
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providing a rigid horizontal anchor of one end of the simply

supported span needs to be explored. 

Figure 2.10 - Damage to the girder supports of the Rio Buffalo 
Bridge. 

Tasks: 

plan: 

The following tasks should be included on the research 

(a) Careful survey of damaged (non-collapsed bridges) to determine 

amounts of substructure and superstructure movement and degree 

of pier and abutment rotations. 

(b) Development of two-dimensional models for bridge analysis that 

include both the soil-structure and substructure

superstructure interaction. 

(c) Incorporation of ground motion incoherence and large 

displacements of both pier and abutments into (2). 
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2.3.3 ST3 - Performance of Precast systems 

Background: Precast construction has been in use in Costa Rica for 

about twenty years, mostly in the form of panel-type industrial 

buildings and more recently on building frames. The performance of 

such structures has been exceptionally good, with the only failure 

occurring in the April 22, 1991 earthquake when a structure under 

construction and for which most of the wet joints had not been cast 

collapsed. The success of these systems has been attributed 

primarily to the extensive use of wet joints and the careful 

detailing of the joints themselves. 

Recently a large precast three-story structure (Municipality of San 

Jose) with a moment resisting frame in one direction and walls on 

the other has been erected (Fig. 2.11). Limited instrumentation 

has been installed to monitor its performance during earthquakes, 

and this structure could serve as a prototype for both analytical 

and experimental studies. 

Tasks: This research program should address at least the following 

tasks: 

(1) Collect information on precast structural systems being 

utilized in Costa Rica, and particularly on the construction 

sequence and joint detailing. 

(2) Select a number of structures located near the epicenters of 

recent major earthquakes, and collect information on 

structural plans, soil conditions at the site, and observed 

damage. 

(3) Determine the feasibility of estimating ground motions at the 

site based on the available strong motion records. 

( 4) Utilize state-of-the-art analysis programs to predict the 

response of these structures under actual and simulated ground 

motions. 

(5) Compare and contrast level and location of damages predicted 
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in (4) versus the data collected in (2). 

(6) Investigate the possibility of extensively instrumenting some 

modern building to monitor its behavior during future events. 
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Figure 2.11 - Plan and elevation for the new Municipality of San 
Jose Building. 
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Significance: The behavior and design of precast buildings in 

seismic areas is the topic of a major current effort in the U.S. 

(PRESSS). Most of the recommendations of that study will be based 

on analysis and component tests because, though some precast 

buildings have been constructed in Japan · and New Zealand, few 

precast buildings have been subjected to strong earthquakes. The 

Costa Rican earthquakes of 1990 and 1991 present the opportunity to 

study the performance of several modern precast systems that 

performed well during earthquakes. A study of these buildings will 

provide a calibration of the recommendations being developed by 

PRESS. 

2.3.4 ST4 - Evaluation and Rehabilitation of Buildings 

A range of existing building structures was subjected to strong 

ground shaking during the Costa Rican earthquakes of 1990 and 1991. 

These include both original construction and previously retrofit 

construction, with performance ranging from no apparent damage to 

collapse. Areas of possible research include: 

(a) Identification of techniques that have provided both poor and 

excellent behavior after retrofits, and analytical studies to 

adequately substantiate the validity of adopting one method 

over another. 

(b) Development and calibration of strength evaluation techniques 

including non-destructive testing and assessment of detail 

performance. 

Significance: The current work on strength evaluation, retrofit, 

and rehabilitation in the U.S. (RRReP) would benefit significantly 

from the exchange of data on the performance of different repair 

and strengthening schemes. This topic was given medium priority. 

2.3.5 ST5 - Under-Reinforced Masonry 

A vast inventory of reinforced and unreinforced masonry buildings 

was subjected to strong ground shaking in Costa Rica. The 

reinforced masonry construction differs from that commonly used in 

57 



the us in details of materials, reinforcement, and construction. 

study of this construction may identify sources for improved design 

for safety and economy. An excellent starting point for this work 

is the database on damage statistics accumulated by the Institute 

Nacional de Seguros (National Insurance Company) as a result of 

claims filed after the seismic events. 

Tasks: The tasks are very similar to those for the precast systems 

(Section 2.3.4). 

Significance: The study of performance of unreinforced and 

reinforced masonry construction may provide valuable information 

for evaluation and design of similar US construction. Coordination 

with the TECMAR program could result in design procedures for low

and medium-income housing both in the U.S. and developing 

countries. 
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2.4 LIFELINES 

The performance of lifelines during the April 22, 1991 earthquake 

can be classified into three general categories. The first regards 

those lifelines that suffered little or no damage such as the Limon 

airport, dams located in the Central Valley, and to some extent the 

phone service in the Limon area. All of these were either 

undamaged or back in service within a few hours of the main shock. 

The second category encompasses those lifelines, such as the power 

distribution system, the port of Limon, and the RECOPE fuel 

pipeline between Moin and San Jose, that suffered moderate damage, 

but which were back in service within a few days of the event. The 

third category, and the one that was emphasized in this workshop, 

comprises those systems that failed and which were inoperable for 

weeks or months after the April 22 earthquake. This includes both 

the transportation network (roads and bridges) and the water 

distribution system. 

2. 4. 1 LFl 

Pipelines 
Permanent Ground Displacement Effects on Buried 

Background: Analysis procedures for buried pipeline response to 

peak ground displacements (PGD) are current y under development in 

the U.S. and Japan. However the availabl models have not been 

benchmarked against actual case histories. The segmented pipe 

failure experienced in Limon due to the 1991 earthquake offers a 

unique opportunity to compare existing buried pipe models to 

observed damage and, if necessary, to develop improved models for 

buried pipe response to PGD. 

Tasks: The general outline of the project is as follows: 

(a) Determine the available pre-earthquake survey information for 

the routes for the 12"¢ D.I. line from Moin to Limon as well 

as 20"¢ RCCP near Pueblo Nuevo. The 12"¢ is roughly 4km long 

while the area of most significant damage to the 20 11 ¢ line is 
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roughly 1km long. 

(b) Gather available information on the existing (post earthquake) 

route of the two lines. If necessary and possible (i.e. if 

enough benchmarks are available) the lines would be 

resurveyed. 

(c) Gather and evaluate the current state of the art regarding 

pipeline response to PGD, and determine what new data will re 

required fo the available analytical models. 

(d) Conduct pipe response studies to simulate the inferred Limon 

ground deformations, and determine the relationship between 

expected damage from the models and observed damage in the 

field. 

(e) If available models do not provide satisfactory results, 

develop improved analytical models based on the results of 

task (d). 

Significance: Studies of this type are rare in the technical 

literature, and the Limon earthquake presents an outstanding 

opportunity to develop and calibrate models. Water distribution 

systems are key lifelines and their performance needs to be studied 

and understood in order to improve earthquake preparedness. This 

study is of particular interest to the U.S. in that ductile iron 

pipe is often recommended as one of the most seismically resistant 

pipe materials for moderate diameter lines. This project was given 

high priority. 

2.4.2 LF2 - Seismic Vulnerability of the central Valley of Costa 

Rica 

Background: The majority of the Costa Rican population and 

economic activity is centered on the Central Valley, between the 

cities of Cartago and San Ramon. The most important 1 ifel ine 

structures in the country, such as the hydroelectric dam at Cachi, 

the petroleum refining facilities at Ochomogo, and water mains to 

the cities of Cartago, San Jose, Heredia, Alajuela, and San Ramon, 
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are all located within this region. There has not been a 

comprehensive study of the seismic vulnerability of these systems, 

nor does a methodology to carry out this work exist. 

Tasks: The proposed research, which should take the form of a 

pilot study, will entail at least the following tasks: 

(a) Collect data on the basic lifelines in the Central Valley, and 

create a database to be used in future studies. 

(b) Select a particular lifeline system, possibly the water 

distribution system, as a candidate for further study, and 

refine the data collected in task (a) for that system. 

(c) Establish suitable ground motions, PGA, PGV, PGD or other 

parameters to be used in the analysis of such a system. 

(d) Study different methodologies to assess the problem, and 

select the most suitable for this application. 

(e) Conduct vulnerability studies for several levels of seismic 

risk. 

(f) Based on task (e) prepare a summary and prioritization for 

retrofits and repairs of the lifeline system chosen. 

(g) Study the potential of extending this work to other lifeline 

systems and developing an emergency response strategy to deal 

with the scenarios derived in (5). 

Significance: Studies of this type are needed in many areas of the 

U.S. where seismic risk has only been recognized recently. This 

work could serve as prototype for many similar studies since the 

area under consideration is equivalent to that of a medium U.S. 

city. This topic was given high priority. 
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The hpril 22, 1991 Lim6n (Costa Rica) earthquake 

G Santana 
Laboratorio de Ingenieria Si&mica, Univeraidad de Costa Rica, Costa Rica 

ABSTRACT: !he 1992 main Limon earthquake had Ms 7.6, strong-motion duration (at San lsidro 
26.6 sand maximum MM intensity XI. With epicenter near the Caribbean coast, the shapes o: 
its isoseismals differ markedly from the code-specified isoacceleration curves for various 
return periods, as the latter curves assume chat all seismic sources are close to the Pac. :
ic coast. On the other hand, code design spectra are overconservative for long periods, es· 
pecially on soft ground. These matters demand a code revision. 

Although the death toll was moderate, there was considerable material damage especially .~ 
the province of Limon, including widespread liquefaction and ground failure, which damaged 
roads and railw~ys. Main causes for damage to buildings were, as is often the case, insuf
ficient transverse ·reinforcement, poor detailing, short columns prone to brittle failure i · 
shear, and soft first story. Storage-tank and bridge failures are also analyzed. The dange: 
of a macroseism within densely populated areas . is brought out. 

l INTRODUCTION 

The main shock had a magnitude Ms 7.6. It 
occurred at 15:57 local time with epicenter 
43 km SE of Port Lim6n at a 10 km depth. Fig 
l shows estimated MM intensities. The earth
quake caused the failure of buildings, bridges 
and infrastructure in general and severe damage 
to roads and industrial facilities. Th• number 
of fatalities was less than 100. About 4000 
dwellings were destroyed and 12 000 more suf
fered partial collapse, mainly associated with 
poor conetruceion. Some 250 small schools were 
damaged. In Limon the water supply system de
veloped many ruptures and required several 
weeks for repair. This paper deals with seis
micity, design practice in the country and di
rect material losses caused by the earthquake. 

2 SEISMICITY ANO OESICN IN COSTA RICA 

The 1986 Seismic Code (C6digo Sismico de Cos
ta Rica) uses isoacceleration maps, based on 
Hortqat et al (1977), for return periods of 
SO, 100 (fig 2a), 500 and 1000 (fig 2b) yr. 
The latter reflects the assumption of three 
source ~ones, all near the Pacific coast. 
Santana (1990) gives examples of damage from 
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a recent earthquake with epicenter in Nicoya 
Gulf off the Pacific coast. Yet the April 
22, 1991 event occurred near the Caribbean 
coast, far from the assumed source zones. 

Significant event■ with magnitude greater 
than 7.0 have occurred along the Caribbean 
coast from Nicaragua to Panama (Miyamura, 
1982). They include the destructive earth
quake of 1916 (Hs•7.4) causing much damage in 
Bocaa del Toro and felt strongly in Lim6n, 
and the 1953 event (Ha•S.S) near Limon. That 
the zoning map■ ignore sources near the Car
ibbean coaat is due to imprecision in locat
ing the foci because of lack of a seismo
logical network. 

Rather than using an importance factor the 
code allows the designer to choose the struc
ture's life and corresponding exceedance 
probability. This determines the return pe
riod. An ordinary ■ tructure with SO-yr de
sign life and 40, exceedance probability has 
a 100-yr return period. The designer inter
polates linearly between contours in fig 2a. 
The code provides response spectra for rock, 
hard ■oil and ■oft ■oil, and specifies duc
tility factors of between land 6. (See San
tana, 1988 on the code, and Sauter, 1989 on 
aeismicity.) 

The code requires modal analysis for struc
tures taller than 30 m and allows static 
analysia for lower atructurea. In both meth
ods the peak acceleration is obtained from 
the isoacceleration maps. For 1-2 story 
buildings a simpler approach is permitted; 
the country is divided into three zones (fig 
3); base shear coefficients are O.ll, 0.22 
and 0.33 for zones I, II and III, respective
ly . 

3 INTENSITY OF DAMAGE 

The maximum HM intensity was IX in Matina, 
juat north of Highway 32, along Highway 36 on 
the coast south of Lim6n and in Panama next 
to Costa .Rica (fig 1). 

Electric power in Limon was interrupted for 
about 24 hr, No major damage was reported on 
the main transmiseion lines . Local distribu
tion lines experienced many cable breakages. 

Severe ground fissures forced the closing 
of Highway ■ 32 and 36, nine bridges suffered 
severe damage or collapse and significant 
settlements occurred in bridge approaches 
whera intensities reached VIII and IX. 

Coast uplift of l.S-2.0 m was observed. 
Thie exposed a coral reef in Lim6n which had 
been below ■ea level. 

Ground failure and liquefaction were 2e
ported throughout most of the 12 000-km ep i 
central region, - in the province of Limon. 
The area is dominated by a broad plain slop-



ing gently from the Talamanca Mountain Range 
to the Caribbean. The plain ia diaaected by 
several large and many amall river valley■ 

that broaden as they approach the coaat. 
Most liquefaction occurred in alluvial and 
fluvial depoeita under the river floodplain■; 
aleo in lagoonal and eetuarine deposits under 
coaetal lowland■• About 30\ of the highway 
pavement waa diarupted by cracks, ■carps and 
settlements cauaed by liquefaction (EERI, 
1991) , and se~itral· railways 1egments were ·· 
miealigned. Th• greateat ground-induced dam
age took place at river cros1inga, where 
bridge decks were thruat over abutments, 
piers shifted riverward and fills settled as 
much as 2 m (Youd et al, 1992). 

4 STRONG MOTION DATA 

Accelerograma were recovered from 14 of the 
19 permanent stations deployed by the Earth
quake Engineering Laboratory of the Universi
ty of Costa Rica (Santana, 1991). Ten of the 
14 instruments were on free field or from 
low-rise structures; the rest on high-rise 
buildings. The closest strong-motion sta
tion, in San Isidro, on hard ground 73 km 

from the epicenter (fig 1) registered maximum 
accelerations of 0.20g horizontal and 0.17g 
vertical (Santana et al, 1991). The maximum 
free field acceleration recorded was 0.27g, 
in Cartage, on aoft ground 94 km from the 
epicenter. The Costa Rican Electricity In-
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stitute and the Seismolosical 3nd Vulcano
logical Observatory maintain a number of ad
ditional instruments. 

At San Iaidro the atrong shaking (5-95\ of 
the Arias intensity) lasted 26.2 s, much 
longer than at Preaidio during the 1989 Loma 
Prieta earthquake and in the 1986 San Salva
dor earthquake. Comparison of the 5\-damping 
response spectrum for the strongest San Iai
dro component with the code design spectrum 
and with that derived from the Newmark-Ridde l 
criteria (fig 4) shows that the latter ■pec
trum is in reasonable accord with the re
sponae spectrum but that the code overesti
mate■ spectral ordinates for long periods. 
Thia is more pronounced for the Cartago ■ ta

tion, on ■oft ground (fig 5). A■ a conse
quence ■tructures with long fundaffli!!ntal pe
riod, de■ igned according to the code, are 
overdeaigned, e ■pecially on ■oft ground. The 
situation is brought out in fig 6, which 
ahows ductility demands for ■ ingle-degr·ee-of
freedom sy■tem■ deaigned for a ductility fac
tor of 4. Qualitatively the · same holds for 
other design ductility factor■• (The ap
parently excessive demand in very rigid 
structures i■ doubtless covered by their 
overstrength. - Note by the editor.) ·This 
helps explain the low-damage incidence to 
large buildings in San Jose'• metropolitan 
area. 

5 DAMAGE TO HOSPITAL IN LIMON 

The important Or Tony Facio Castro Hospital 
built in 1982 was evidently not designed to 
resist 1trong earthquakes. A large four
atory wing auffered severe damage. Its re
inforced concrete frame had end masonry 
filler walls above the first story. This re
sulted in a ■oft ■tory and the ensuing ■hear 

distr••• in the first-atory column■• The end 
walls forming the ■tairwell were connected to 
each floor ■ lab through one 20-mm bar which 
pulled out.· The lightweight preca■ t fiber
reinforced panels having styrofoam cores 
failed in shear and fell through the ground
floor corridor roof. There was also much 
nonstructural damage caused by large story 
drifta and by rain infiltration. This wing 
had to be closed. The remaining lower rise 
wings remained operational. · 

6 DAMAGE TO HOTELS IN LIMON 

The four-story Laa Olas Hotel, built on re
inforced concrete piers founded on the coral 
bed that experienced significant uplift dur
ing the earthquake underwent partial collapse 
and 1erious damage. The ■ tructure had col
umns of various lengths. One of the shorter 
columns failed in shear. The 400 by 600 mm 
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column was reinforced with four 30 mm longi
tudinal bars and 12 mm ties at 300 mm. Its 
clear height was only 950 mm. The longitudi
nal bars were spliced in the critical region 
and the ties were much corroded. ~nether 
first-story column suffered 1evere shear dis
tress owing to the presence of a spandrel 
beam which resulted in a short column. 
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This hotel had a major discontinuity in its 
ahearwall which ends abruptly at the ground 
floor. The corresponding column• underwent 
brittle shear failure, which prevented the 
rest of the atructure from developing it• 
lateral load capacity. 

The three-etory International Hotel failed 
in the first story and collap■ed. The JOO by 
600 mm first story colwnns had embedded plas
tic pipes and were reinforced with eight 25 
mm longitudinal bars and 9.5 mm tie ■ at JOO 
111111, ending in 90 ° bends which became inef
fective after concrete-cover ■palling. This 
particular deficiency has been ob■erved in 
many other earthquakes. The beam-column 
joints had no transverse reinforcement and 
were poorly detailed, 10 the hooked bars from 
the beams pulled out of the joints. 

The two-■ tory Ng Hotel experienced ■ hear 

failure■ in it■ poorly detailed short columns 
and in the aheanralla. The partially in
filled wall ■ between columns reduced the lat
ter'• clear height, a feature that has caused 
damage in other earthquakes (Newmark and Ro
aenblueth, 1971; Mitchell et al, 1986; Mit
chell, Tinawi and Redwood, 1990). 

7 DAMAGE TO INDUSTRIAL FACILITIES 

Lim6n port facilities auffered severe ground 
damage due to liquefaction of the sand fill. 
A one-story light structural ■teel-frame 

warehouse had permanent lateral deformations 
in the columns. One section of a steel wharf 
with timber decking collapsed; its steel mem
bers were so badly corroded that only a frac
tion of their •ections remained. Lighting 
poles 12 m tall founded on large footings 
underwent permanent rotation of foundations 
resulting in a 7 ° tilt. 

The Institute Costarricense de Electricidad 
(ICE) generating plant in Hein was built in 
1977. Its capacity is 32 HW. Although there 
was evidence of severe ground movement and 



liquefaction, the equipment was undamaged ex
cept for minor oil leaks and the need for 
tightening the anchor bolt ■ of a diesel en
gine du~ to iettlement of its f~undation. 

The main building housing the generators· is 
a 10 m tall one-story light steel structure. 
Its lateral load re■ isting ■y ■ tem conaiated 
of tension-only bracing in •o~e bents. A 
number of these 7Sx75x5 mm angle braces buck
led evidencing the poor performance of this 
type of structural solution. 

Three adjacent cylindrical oil tanks suf-3 
fered damage at their supports. These 80-m 
tanks had a diameter of about J m and overall 
length-of 10.6 m. They were 1upported on 
five legs. Two different details were u ■ed 
for the ■upport ■• One of the legs typical 
for two of the tanks suffered weld tearing at 
the junction with the tank as well as perma
nent deformations. These supports were not 
anchored to the strip footing. The end sup
ports bent severely and the leg caused buckl
ing of the tank wall. Performance of the 
tanks having different ■upport detail• was 
much better. The legs were braced and an
chored to longitudinal and transverse support 
beams, the longitudinal ones in turn anchored 
to a strip footing. Although the tension
only braces buckled there was no permanent 
movement nor damage to the tank walls. The 
damage to the braces is easily repairable. 

A warehouse with reinforced concrete frames 
that was under construction and is part of 
the ICE facility suffered serious damage due 
mostly to its short columns brought about by 
masonry filler walls. These columns failed 
in ahear at their topa and developed flexural 
hinges at the bottom of their unsupported 
lengths. The joints failed in shear due to 
lack of transverse reinforce~ent; beam re
inforcement, bent down at 90, pulled out. 

The RECOPE oil refinery in.Mein suffered 
important damage in the plant facilities and 
oil storage tanks. Structural damage to the 
process equipment was light, Two fires broke 
out. 

Many tanks in the refinery had been fiilad 
the day preceding the earthquake. Fifteen of 
them, ranging in capacity between 560 and 
117 644 barrels, failed in various ways. One 
containing naphtha and diesel oil exploded 
landing SO m away. Others suffered sloshing, 
top wall buckling, elephant-foot buckling and 
float-roof tilting, and a spherical LNG tank 
that was under construction collapsed. 

8 DA.MAGE TO BRIDGES 

Nine bridges i 'n the epicantral region were 
badly damaged or collapsed. Following the 
earthquake, road acces• was impos ■ ibla to Li
mon on Highway 32 and to areas south of Llm6n 
on Highway 36. Minor damage was reported in 
bridges crossing Rivers Toro, Rojo, Escondi
do, Aguas Claras, San Miguel and Banano. 
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The erossing of River Viseaya on Highway 36 
i ■ a two lane bridge with three 22-m ■ imple 

■pans, located about 10 km south of Lim6n. 
It was designed in 1971. The abutments have 
vertical and battered piles and the concrete 
piers rest on piles embedded over the height 
of the piers. The soil conaists of fine 
sand. Cue to very large ground movements one 
pier eollapsed _eausing loss of support of two 
spans. A hori:ontal restraining deviee held 
the superstructure together over the other 
pier. Bridge ends were ■ubjected to large 
rotation■ and a tension failure developed in 
one abutment. 

The bridge over Bananito River has two sim
ple spans 25 and 28 m long on akewed ■up

ports. The deck collapsed owing to abutment 
slumping and rotation. ·· 

In the village of Bomba, a few kilometers 
from the Bananito River bridge, a simple-span 
steel-truss railway· bridge crossing the Sana
no River was· very badly damaged owing to 
failure of the abutment foundations caused by 
large-scale ground disp~acements. The bridge 
had to be closed to traffie. 

In the eight-span bridge crossing th• Chir
rip6 River on Highway 32 about JO km wast of 
Lim6n, the six interior spans have haunched 
continuous girders while the two shorter 
spans are simply supported. The west-end 
span collapsed due to loss of support over 
the first pier, resulting in closure of the 
bridge for one week. There was no restrain
ing deviee over this pier. The strueture 
was temporarily repaired by lifting the col
lapsed span and placing it on it• original 
support over the pier, and the bridge was re
opened to traffic. Work was undeniay to en
large the pier foundation to accommodate four 
steel columns providing additional support 
for the girders. Thi• collapse emphasi:as 

·the need for restraining devices between ad-
jacent simple spans. · 

The continuous span• ware undamaged despite 
a 100 111111 transverse displacement of the su
perstructure on one of the piers. Supports 
of the•• spans consist of a rocker bearing 
having transverse sliding capability. Trans
verse displacement is somewhat restrained by 
keeper plates welded to the top of the slider 
and bolted to the rocker assembl~ below the 
sliding joint. K•~p•r plates failed du• to 
the ■ ignif icant t.ran■verse displacement ■• 

9 CONCLUSIONS 

The Limon earthquake caused a considerable 
disruption in all aspects of life for th• af
fected r•gion. Th• local infrastructure suf
fered extenaive damage. Th• impact had to be 
borne by all levels of society as well as by 
the government. The cost of repairing or re
placing all the civil works and housing dam
aged was higher than estimated and far above 
the capabilities of public oEfices. The fast 



recuperation must be partly credited to na
tional and international relief organiza
tions. 

However, the impact of the earthquake was 
corcentrated in a small area, about 12 000 
km, that is sparsely populated and mostly 
dedicated to agriculture. Had the epicenter 
been located in the Central Valley, where two 
thirds of the country'• population lives, the 
effects would have been much greater. One of 
the most important lessons of this earthquake 
is that a new shear zone cutting across the 
middle of the country and splitting the Cen
tral Valley in two has been identified. The 
significance of this finding is enormous and 
can now be properly documented with an ade
quate reinterpretation of the hi ■ toric evi
dence. 

Data recovered from this earthquake will 
doubtless contribute to the further under
standing of the Central American earthquakes. 
The strong motion records have already helped 
interpret the behavior of th~ ·building inven
tory in different parts of the city of San 
Jose and have ■ hed acme light in the parame
ters currently used in the region for the es
timation of attenuation laws. 

finally, the limited impact of the earth
quake and the rapid recovery should not be 
taken as indicative of low vulnerability. A 
false sense of security would help increase 
the unassessed vulnerability to seismic haz
ard in Costa Rica and in Central America. 
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LIQUEFACTION, GROUND FAILURE AND CONSEQUENT DAMAGE 

DURING THE 22 APRIL 1991 COSTA RICA EARTHQUAKE1 

by 

T. Leslie Youd 

Brigham Young University 

Provo, Utah, USA 

PART I. LIQUEFACTION AND GROUND FAILURE 

INTRODUCTION 

Ground failure caused by liquefaction is a major cause of earthquake damage and casualties. For 

example, most of the damage to highways and bridges generated by the April 22, 1991 Limon Province, 

Costa Rica earthquake was caused by liquefaction. In that instance, ground failures generated by 

liquefaction caused floodplains to press into river channels, compressing bridge structures, and caused 

soils to weaken under highway and railway grades, causing embankment fills to settle and spread 

laterally. Similarly spectacular damage as a consequence ofliquefaction also occurred during 1906 San 

Francisco, the 1964 Alaska, the 1964 Niigata earthquakes. Because of the potential for damage, 

considerable study of the liquefaction phenomenon has occurred in the past few years to provide criteria 

for evaluating liquefaction and ground failure hazard. Such evaluations are a major element in 

earthquake hazard assessment and mitigation studies. 

LIQUEFACTION PROCESS 

Liquefaction is a process by which clay-free soil deposits, primarily sands and silts, temporarily lose 

strength and behave as a viscous liquid rather than as a solid. The actions in the soil which produce 

liquefaction are as follows: Seismic waves, primarily shear waves, passing through saturated granular 

1This report is summarized from three sources: Youd, 1984; Youd and others, 1992; and EERI, 1991. 
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layers, distort the granular structure, and cause loosely packed groups of particles to collapse (Figure 

1). Disruptions to the particulate structure generated by these collapses cause transfer of load from 

grain-to-grain contacts in the soil to the interstitial pore water. This transfer ofload increases pressure 

in the pore water, causing drainage to occur. If drainage is restricted, a transient build up of pore-water 

pressure will occur. If the pore-water pressure rises to a level approaching the overburden pressure, 

grain-to-grain contact stresses approach zero and the granular layer temporarily behaves as a viscous 

liquid rather than as a solid and liquefaction has occurred. In the liquefied condition, soil deformations 

may occur with little shear resistance. Deformations large enough to cause damage to constructed 

works (usually more than 0.1 m) are called ground failure. 

The ease with which a soil can be liquefied depends on the looseness of the soil, the packing 

arrangement of soil grains, the amount of cementing between particles, and the amount of drainage 

restriction. The amount of soil deformation following liquefaction depends on the looseness of the 

material, the thickness and areal extent of the liquefied layer, the ground slope, and the distribution of 

loads applied by buildings and other structures on the ground surface. 

Liquefaction does not occur at random, but is restricted to certain geologic and hydrologic 

environments, primarily recently deposited sands and silts in areas with high ground water levels. 

Generally, the younger and looser the sediment, and the higher the water table, the more susceptible 

the soil is to liquefaction. Sediments most susceptible to liquefaction include Holocene (less than 10,000 

year-old) delta, river channel, flood plain, and aeolian deposits and poorly compacted fills . 

Liquefaction has been most abundant in areas where ground water lies within 10 m of the ground 

surface; few instances of liquefaction have occurred in areas with ground water deeper than 20 m. 

GROUND FAILURE TYPES 

Four primary types of ground failure are caused by liquefaction: lateral spread, ground oscillation, flow 

failure , and loss of bearing strength. In addition, liquefaction may enhance ground settlement and lead 

to eruption of sand boils (fountains of water and sediment emanating from the pressurized, liquefied 

zone as shown in Figure 2) . 
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Lateral Spreads 

Lateral spreads involve lateral displacement of large, surficial blocks of soil as a result of liquefaction 

of a subsurface layer (Figure 3). Displacement occurs in response to combination of gravitational forces 

and inertial forces generated by an earthquake. Lateral spreads generally develop on gentle slopes (most 

commonly less than 3 degrees) and move toward a free face such as an incised river channel. Horizontal 

displacements commonly range up to several meters, but where slopes are particularly favorable and 

ground shaking durations are long, displacements may range up to several tens of meters. The displaced 

ground usually breaks up internally, causing fissures, scarps, horsts, and grabens to form on the failure 

surface. Lateral spreads commonly disrupt foundations of buildings built on or across the failure, sever 

pipelines and other utilities in the failure mass, and compress or buckle engineering structures such as 

bridges founded on the toe of the failure. 

Damage caused by lateral spreads, though seldom catastrophic, is severely disruptive and often 

pervasive. For example, during the 1964 Alaska earthquake, more than 200 bridges were damaged or 

destroyed by spreading of floodplain deposits toward river channels. The spreading compressed the 

superstructures, buckled decks, thrust stringers over abutments, and shifted and tilted abutments and 

piers. Figure 4 shows a buckled bridge deck typical of damage inflicted during that earthquake. Similar 

damage occurred during the 1991 Costa Rica earthquake and during many previous large earthquakes. 

Lateral spreads are particularly destructive to pipelines. For example, every major pipeline break in the 

city of San Francisco during the 1906 earthquake occurred in areas of ground failure. These pipeline 

breaks severely hampered efforts to fight the fire that ignited during the earthquake; that fire caused 

about 85 percent of the total damage to San Francisco. Thus, rather inconspicuous ground-failure 

displacements ofless than 2 m were in large part responsible for the devastation that occurred in San 

Francisco (Youd and Hoose, 1978). 

Ground OsciHation 

Where the ground is flat or the slope is too gentle to allow lateral displacement, liquefaction at depth 

may decouple overlying soil layers from the underlying ground, allowing the upper soil to oscillate back 
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and forth and up and down in the form of ground waves (Figure 5). These oscillations are usually 

accompanied by opening and closing fissures and fracture of rigid structures such as pavements and 

pipelines. 

Flow Failures 

Flow failures are the most catastrophic ground failure caused by liquefaction. These failures commonly 

displace large masses of soil tens of meters and in a few instances, large masses of soil have traveled tens 

of kilometers down long slopes at velocities ranging up to tens of kilometers per hour. Flows may be 

comprised of completely liquefied soil or blocks of intact material riding on a layer of liquefied soil. 

Flows usually develop in loose saturated sands or silts on slopes greater than 3 degrees (Figure 6). 

Loss of Bearin2 Stren2th 

When the soil supporting a building or other structure liquefies and loses strength, large deformations 

can occur within the soil which may allow the structure to settle and tip (Figure 7). Conversely, buried 

tanks and piles may rise buoyantly through the liquefied soil. For example, many buildings settled and 

tipped during the 1964 Niigata, Japan earthquake. The most spectacular bearing failures during that 

event were in the K wangishicho apartment complex where several four-story buildings tipped as much 

as 60 degrees (Figure 8). Apparently, liquefaction first developed in a sand layer several meters below 

ground surface and then propagated upward through overlying sand layers. The rising wave of lique

faction weakened the soil supporting the buildings and allowed the structures to slowly settle and tip. 

PART II. LIQUEFACTION DURING THE 22 APRIL 1991 COSTA RICA EARTHQUAKE 

INTRODUCTION 

At 15:57 pm local time, April 22, 1991, a large (M = 7 .5) earthquake struck Limon Province, Costa Rica 

killing 53 people, injuring 198, and causing widespread damage to constructed works (EERI, 1991). 

In particular, the transportation system in Limon Province was devastated. Both rail and highway 

traffic was immediately obstructed due to widespread disruption of pavements and roadway grades and 

the collapse of several bridges. Most of the damage to the highway and railway systems was caused by 

liquefaction and consequent ground failure, primarily lateral spreading. 
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The USN ational Science Foundation awarded a grant to myselfand Professor Kyle Rollins at Brigham 

Young University to conduct a post-earthquake investigation of liquefaction and its consequences 

following the 22 April 1991 earthquake. The purpose of that investigation was to document ground 

displacements and related damage caused by liquefaction. We conducted filed studies in Limon 

Province between May 27 and June 6, 1991 (5 to 7 weeks after the earthquake). Our team surveyed 

three railroad and two highway bridge sites and estimated displacements at two additional sites (Figure 

9). We used an electronic total station to measure distances and angles. We also used metric tapes to 

measure distances and displacements. From this data, we calculated ground and structural 

displacements and compiled topographic maps for the sites. 

LIQUEFIABLE SEDIMENTS 

Limon Province lies in the eastern part of Costa Rica in a geologic province dominated by a broad plain 

that gently slopes from the Cordillera de Talamanaca to the Caribbean Sea. That plain is dissected by 

several large and many small river valleys that generally broaden as they approach the coast. Most 

liquefaction occurred in alluvial and fluvial deposits that underlie river floodplains or in deltaic, 

lagoonal or estuarine deposits that underlie lowlands along the coast. 

Within the epicentral region, liquefaction was rather pervasive in these lowland areas. For example, 

the EERI reconnaissance team (EERI, 1991) estimated that about thirty percent of the highway 

pavement in these areas was disrupted by fissures, scarps and ground settlements caused by liquefaction 

(Figure 10). Similarly, several segments of railway grade were misaligned by the ground movements. 

The greatest damage occurred river crossings, however, where bridge decks were thrust over abutments, 

piers shifted riverward, and fills settled as much as 2 m. 

RIO MATINA RAILROAD BRIDGE 

Southeast of the community of Marina, the railroad crosses the floodplains and channel of the Rio 

Matina on a 400-m long bridge. On each side of the river, the bridge over the floodplain is composed 

of five simply-supported steel plate-girder sections resting on concrete piers. Over the main channel, 

the bridge consists of three truss sections resting on concrete caissons. 
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During the April 22 earthquake, liquefaction of sediments beneath the floodplains on both sides of the 

river caused the ground to spread laterally toward the incised river channel. These lateral displacements 

carried bridge piers and caissons toward the river causing several plate girder sections to drop off their 

supports and fall to the floodplain. The truss sections were also pushed off their seatings on the caissons 

at the river banks, but the trusses did not tip or fall . 

By the time of our visit, the railroad had been temporarily repaired by placing the plate girder sections 

on cribs of timber shoring and by releveling and realigning the truss and girder sections. In so doing, 

the rails had been restored approximately to their pre-earthquake elevations and alignment. This 

temporary repair allowed trains to cross the bridge at reduced speed and also provided a-reference for 

us to measure displacement of the shifted piers. Figure 11 shows temporary timber shoring that was 

placed to support the restored bridge and a measurement being made of the distance between a seating 

plate on the plate girder and its former anchorage on the shifted pier. 

We conducted two surveys at the Matina bridge site. First, we used the realigned plate girders as a 

reference for measurement of horizontal and vertical pier displacements. Visual sighting of the rails 

across the bridge indicated that no major misalignment (more than a few centimeters) had occurred in 

realigning that structure, and hence our measurements are probably accurate within a few centimeters. 

Secondly, we conducted a topographic survey from which we compiled a site map showing positions 

of bridge foundations, elevation contours, and major fissures and sand boils visible at the time of our 

investigation. 

On the northwest side of the river, displacements increased riverward from 11 cm horizontal and 16 cm 

vertical at the abutment to 44 cm horizontal and 34 cm vertical at Pier M4, the pier nearest the river 

(Figure 12). On the southeast side of the river, horizontal displacements increased from 75 cm 

horizontal at the abutment to 120 cm at the Pier Ml2, the pier nearest the river. (A recent realignment 

of the bridge now indicates that the latter displacements should be about 30 cm greater for piers M 12, 

Ml 4, and the southern abutment than those determined from our initial investigation which are listed 

on the Figure 12.) 
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A teach bank of the river, the girder-truss connections were supported on two 2.8-m diameter steel-lined 

and concrete-filled caissons. Each of those caissons tilted4 to 5 degrees with the tops moving 66 cm and 

120 cm riverward on the northwest and southeast sides of the river, respectively. Those displacements 

sheared the bridge connectors from the caisson, but the truss sections remained upright on the caisson. 

The floodplain soils pushed past the caissons on both sides of the river, leaving gaps as wide as one 

meter on the river sides of these shafts. The caissons also rocked back and forth during the earthquake 

as evidenced by circular voids as wide as tens of centimeters the bases of the caissons. The floodplain 

soils also settled around the caissons by as much as 30 cm. 

RIO BANANITO RAILWAY BRIDGE 

The railway bridge over the Rio Bananito near Bananito Sur is a 50-m long, single-truss structure 

supported on elliptically-shaped caissons 1.46 m by 2.16 m across the major axes. The caissons are 

constructed of a 12 mm cast-steel shell filled with concrete. During the April 22 earthquake, ground 

displacements caused by liquefaction and lateral spreading pushed the supporting caissons out from 

under the seating plates on both ends of the bridge. This loss of support allowed the truss to tip down

stream or eastward by about 15 degrees (Figure 13). 

We surveyed the site and measured caisson displacements beneath the bridge. At the northwest end of 

the bridge, the tops of the caissons shifted displaced 4.3 m and 5.7 m toward the river and the caissons 

were tilted 26 and 37 degrees, on northeast and southwest sides, respectively (Figure 14). Toe 0.9-m 

high capital on the north caisson pulled off during the earthquake and had fallen to the ground by the 

time of our visit. A concrete wall in the abutment bad shifted 2.8 m toward the river and tilted slightly. 

These measurements indicate that lateral ground displacements beneath the north end of the bridge 

were between 2.0 m to 2.5 m. 

Beneath the southeast end of the truss, the tops of the two supporting caissons were displaced 2.83 m 

and 1.90 m, respectively, with reference to seating plates on the truss. The greater displacement 

occurred on the northeast side, the direction in which the truss tilted. The caissons tilted toward the 

river 19 and 7 degrees, respectively. A retaining wall in the abutment shifted 1.43 m toward the river 

80 



and tilted slightly. These measurements indicate that horizontal ground displacements beneath the 

southeast end of the bridge were approximately 1 m to 1.5 m. 

RIO ESTRELLA RAILWAY BRIDGE 

Figure 15 shows piers that previously supported part of the railway bridge over the Rio Estrella near 

Pandora. The bridge across the floodplain was constructed of simply-supported plate girder spans 

resting on the steel piers . The spans over the river are steel trusses supported on caissons. During the 

earthquake, permanent and transient ground and bridge displacements shifted and tilted the piers 

causing most of the plate girder sections to fall onto the floodplain. 

By the time of our visit, the piers had been uprighted by pulling on them with cables attached to the 

winch on a crane. As can be seen in Figure 15, when the piers were pulled back into .a vertic.al position 

they were no longer in alignment nor were they equally spaced as they had been. 

We surveyed the site to determine the positions of the uprighted piers . Assuming that the piers were 

equally spaced and in line before the earthquake, the survey data indicate that the pier nearest the 

camera in Figure 15 shifted about 0.8 m to the right (in an upstream direction) and the second pier back 

shifted about 0.8 m inland (away from the river). The other piers shifted as much as 0.15 m and some 

rotated clockwise a few degrees. 

Fissures, as wide as 30 cm, and sand boils were found in the banana plantation northeast of the 

damaged bridge. These features indicate that liquefaction and lateral spreading occurred in the vicinity 

of the bridge. By the time of our visit, however, any fissures or boils under the bridge had been 

obliterated by construction activities . 

RIO ESTRELLA HIGHWAY BRIDGE 

The highway bridge over the Rio Estrella incorporated two 75-m long trusses and a 25-m long plate 

girder section. During the earthquake the ends of the two trusses fell from their common support and 

dropped into the river (Figure 16). Other damage at the site included spalling of concrete at the tops 
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of the piles supporting the north abutment, and as much as 2 m settlement of the fill behind the south 

abutment (Figure 17). The roadway approach south of the bridge settled, broke up and spread laterally 

as a consequence of liquefaction of the underlying soils (Figure 10). During our survey, we walked 

through banana plantations near the south abutment and noted several large fissures that trended 

parallel to the river. Those fissures are indicative of riverward ground displacements of up to 2 m. 

We surveyed this site with an electronic total station to determine the post-earthquake positions of piers 

and abutments. We then calculated distances between these elements and compared them with 

distances listed on the bridge plans (Table 1 ). The differences between these distances fall within the 

range of expected survey and construction error and show that significant permanent displacement did 

not occurred between these components. In particular, the foundation for the southern abutment 

apparently was sufficiently strong to resist the ground displacements that occurred in the immediate 

area (Figure 10). 

Table I .--Comparison of plan and measured post-earthquake distances between bridge elements for the 

highway bridge of Rio Estrella 

Distance between center of bridge seats on Plan Distance Measured Post-

Earthquake Distance 

m m 

North Abutment and Pier 1 25 .00 24.96 

Pier 1 and Pier 2 75.00 75 .02 

Pier 2 and-South Abutment 75.00 75.24 

North and South Abutments 176.32 176.14 
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RECOPE ADMINISTRATION BUILDING 

The building shown in Figure 18 provided space for administrative operations at the Recope oil refinery 

near Limon. That building was badly damaged during the earthquake due to different resonant 

frequencies between the roof, which is supported by the tall perimeter columns, and the internal 

structure which is supported by stiffer internal columns. The damage was primarily to ceiling elements 

and utilities that formed the connection between the roof and the second story walls . 

A secondary cause of damage was a lateral spread that passed beneath the structure and pulled the 

building apart in extension. The extensional displacements produced several fractures in the lower floor 

slab, which bears directly on.the soil base. We measured the widths of the larger cracks where they were 

exposed in the floor slab across the front of the building. Those widths were 30mm, 5mm, 1mm, 45mm, 

and 26mm, respectively, yielding a total extension of 107 mm. That extension was accommodated by 

fracture and slight tilting of the stiffer exterior columns (those supporting the building and not the roof) 

as evidenced by circumferential cracks around the bases of several of those columns (Figure 19), and 

by some distortion of building elements such as window and door frames. 

CONCLUSIONS 

1. Liquefaction and associated ground failure are major causes of damage during large 

earthquakes. 

2. Liquefaction-induced lateral spread was the primary cause of extensive damage to highway and 

railway bridges during the April 22, 1991 magnitude 7. 7 earthquake. 

3. Lateral displacements as great as 2 m pushed piles and abutments from under decks causing 

collapse of at least 7 bridges and severe damage to several others. 

4. In at least one instance, the highway bridge over the Rio Estrella, the foundation of a bridge 

abutment was sufficiently strong to resist ground displacements, which in the near vicinity were 

as great as 2 m. 
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5. Liquefaction, lateral spreading and ground settlement caused additional damage to the 

transportation system by shattering about 30 percent of highway pavements in lowland areas 

and by misaligning several railway grades. 
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Figure 1.--Sketch of a packet of water-saturated sand-grains illustrating the process of liquefaction . 

Shear deformations (indicated by large arrows) induced by earthquake shaking distort the granular 

structure causing loosely packed groups to collapse as indicated by the curved arrow. Each collapse 

transfers stress from grain-to-grain contacts to the pore water, increasing the pressure in that water. 

When pore-water pressures reach a critical level (intergranular stresses approach zero) , the granular 

material behaves as a liquid rather than as a solid. At that point, liquefaction has taken place. 

Figure 2.--Sand boil generated during the 1981 Westmorland, California, earthquake. Sand boils are 

caused by water laden with sedin1ent venting from a subsurface liquefied layer in which artesian pore

water pressures develop during the liquefaction process. 
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LATERAL SPREAD 

{ 
INI TI AL SECTION 

DEFORMED SECTI ON 

Figure 3.--Diagram oflateral spread before and after failure. Liquefaction occurs in the cross-hatched 

zone. Surface layer moves laterally down mild slope breaking up into blocks bounded by fissures. The 

blocks also may tilt and settle differentially with respect to one another. (After Youd, 1984). 

Figure 4.--Bridge in Alaska compressed and buckled by lateral spread that moved toward stream 

channel during the 1964 earthquake. (Photography by D .S. McCulloch, US Geological Survey). 

86 



HORIZONTAL OSCILLATION 

Figure 5.--Diagram of ground oscillation caused by liquefaction in the cross-hatched zone decoupling 

the surface layers from the underlying ground. The decoupled layer oscillates in a different mode than 

the surrounding ground causing fissures to form, and impacts to occur across fissures , and travelling 

ground waves. (After Youd, 1984). 

FLOW FAILURE 

Figure 6.--Diagram of a flow failure caused by liquefaction and loss of strength of soils lying on a steep 

slope. The strength loss creates instability and flow down steep slope. (After Youd, 1984) . 
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LOSS OF BEARING STRENGTH 

'Z._ __ __ _____ _ _ 

t/1 _t t ,t r) t) / t/ r r t 
UPWARD FLOW OF WATER ' 

Figure 7 .--Diagram of structure tilted due to loss of bearing strength. Liquefaction weakens the soil 

reducing foundation support which allows heavy structures to settle and tip. (After Youd, 1984). 

Figure 8.--Four-story apartment buildings in Niigata, Japan that settled and tipped because of 

liquefaction-induced loss of bearing strength during the 1964 earthquake. (Photograph courtesy of 

G.W. Housner) . 
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Figure 9.--Map of Costa Rica showing locations of damaged bridges and other pertinent localities. 

(After Youd and others, 1992) . 

Figure 10.--Highway pavement split and shattered by liquefaction-induced ground failure. A fallen 

truss of the Rio Estrella highway bridge is visible in the background. View looking northward. 

(Photograph courtesy of Laboratorio de Ingenieria Sismica, University of Costa Rica). 
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Figure 11.--Bridge pier pushed 120 cm out from under plate girder bridge section that was reset on 

temporary shoring after the earthquake. (Photograph by T.L. Youd). 
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Figure 12.--Map of railway bridge piers over floodplain of the Rio Matina. Vectors show pier 

displacements. (A later realignment of the bridge indicates that horizontal dispacements of Piers M12, 

M14 and the southern abutment should be increased by about 30 cm). (After Youd and others, 1992). 
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Figure 13.--Railway bridge over the Rio Bananito tli'at tipped due to caissons being pushed out from 

under bridge seatings. (Photograph courtesy ofLaboratorio de Ingenieria Sismica, University of Costa 

Rica). 

Figure 14.--Caissons beneath the Rio Bananito railway bridge that tipped. Caissons were pushed 

laterally and tilted by as much as 5.7m (at the top) and inclined by as much as 37 degrees. (After Youd 

and others, 1992) . 
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Figure 15.--Piers for Rio Estrella railway bridge which tilted during the earthquake and later were 

uprighted but are out of alignment and no longer equally spaced. The pier nearest the camera shifted 

0.8 m to the right; the next pier back shifted 0.8 m toward the camera. (After Youd and others, 1992). 

Figure 16.--Truss sections that fell from the central pier of highway bridge over the Rio Estrella. Our 

survey indicates that these piers and abutments remained in their pre-earthquake positions even though 

the ground shifted toward the river around the south abutment. (After EERI, 1991). 
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Figure 17 .--South abutment of the Rio Estrella highway bridge which remained in place even though 

the fill settled 2 m and nearby ground shifted more than 2 m. (Photograph courtesy of Laboratorio de 

Ingenieria Sismica, University of Costa Rica). 

Figure 18.--Front elevation of the administration for the Recope oil refinery. Lateral spreading pulled 

the building apart in extension by 107 mm, as evidenced by open fractures in the floor slab. The 

extension cracked exterior columns at their bases and slightly distorting window and door frames. 

(Photograph by T.L. Youd). 
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Figure 19.--Column that was cracked circumferentially around its base as a consequence of extensional 

displacement that slightly distorted the building. (After EERI, 1991). 
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INTRODUCTION 

This report focuses on earthquake damage to water and oil pipelines, water supply, 

and water treatment following the 22 April 1991 Costa Rica Earthquake as well as recovery 

activities. 

Turbidity in the watershed which provides Lim6n's primary water supply increased 

to as high as 2.4 percent solids, making it extremely difficult to treat . In addition, the 

water treatment plant was damaged by the earthquake. Cast iron, ductile iron and 

reinforced concrete cylinder pipe water transmission lines were damaged by both wave 

propagation and permanent ground deformation. Water distribution piping, also including 

PVC and galvanized iron, was similarly impacted. Documentation and evaluation of that 

damage is described, and compared with empirical estimates from previous earthquakes . 

Twin 150 mm (6 in), 100 km long, oil transmission lines suffered only a single failure 

from wrinkling. A description of the pipelines and the failure is provided. 

EARTHQUAKE CHARACTERISTICS OF INTEREST 

The Costa Rica earthquake was caused by reverse or thrust faulting between the 

Caribbean Plate and the Cocos (Continental) Plate, resulting in uplifting of the Cocos 

Plate. Shortly after the earthquake, the Vulcanological and Seismological Observatory of 

Costa Rica - National University (OVSICORI-UNA)[l] prepared a map of Modified 

Mercalli Intensity (MMI) for the event. The maximum MMI value of IX near the 

Caribbean Coast was based on sand boils, ground cracks and other evidence of liquefaction, 

as well as structural da.:nage and collapse of bridges, buildings and highways. 

A somewhat more refined isoseismal map is contained in the Earthquake Spectra 

reconnaissance report on the event [2] in which a MMI of VIII is assigned to the Caribbean 

coast region with isolated pockets of MMI IX. 
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As noted previously, the Cocos (continental) Plate overrode the Caribbean Plate, and 

resulted in uplifting along the Caribbean coast. The maximum uplift of about 1.5 m 

occurred at Limon. It drops off sharply to the Northwest (being zero about 4.5 km 

Northwest of Main) and decreases somewhat less rapidly to the Southeast (being about 0.7 

mat Westfalia and 0.45 mat Cahuita). 

Estimated Peak Ground Velocity in Limon 

Peak velocity, V max, is the ground motion parameters of interest for seismic wave 

propagation effects on buried pipelines since ground strain and hence buried pipe strain are 

theoretically proportional to V max- In this subsection, we will estimate V max for the area in 

and around Limon. 

An attenuation relationship developed by Kawashima et al . [3] was used as a basis for 

estimation of peak ground velocity in the Limon area. For epicentral distances of 25 and 

40 km ( corresponding to the Banana River water treatment plant and the Port of Limon 

respectively) Kawashima et al . predict V max values of 37 and 27 cm/sec for soft alluvial site 

conditions with an average of 32 cm/sec. For the same epicentral distances, Kawashima et 

al predict 31 and 23 cm/sec for firm dilluvial site conditions, with an average of 27 cm/sec. 

These values are modified based on a comparison of observed and predicted peak ground 

acceleration. The observed Amax values from the UCR Seismic Engineering report (4] at 

hard sites was roughly 20% lower than the Kawashima values. This yields V max = 22 

cm/sec for Hard Sites in and around Limon. Similarly, the observed Amax at soft sites were 

roughly 60% larger than the Kawashima values. This yields Vmax = 51 cm/sec as the 

estimated peak ground velocity for Soft Sites in and around Limon. 

WATER SUPPLIES AND TREATMENT PLANT 

The Limon and Main areas have a population of about 60,000 people. The overall 

system demand is 350 liters per second (lps). The primary water supply, approximatel ' 
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250 lps, is pumped from the Rio Banano to a water treatment plant in Bomba. The raw 

water pump station consists of three split case pumps taking suction from a pipe hung in 

the Banano River, The treatment plant, built in 1982, has a capacity of 350 lps. 

Treatment tankage is reinforced concrete. 

The water treatment process consists of pre-chlorination, alum addition for 

flocculation, clarification, filtration through dual media filters, and post chlorination. 

There is no provision for presettling. The facility normally sees maximum turbidities of 

approximately 1,600 milligrams/liter, mg/1. Prior to construction of the plant, water was 

pumped directly out of the river, into the system with no treatment. The Siguerres water 

treatment plant, approximately 50 km west-northwest from Limon, had a design very 

similar to the Limon water treatment facility. After treatment, the water flows by gravity 

to Limon and Moin through 300 mm (12 inch) and 500 mm (20 inch) pipelines. These 

transmission lines connect into the southeast side of the distribution system. 

Seven wells are located along the pipeline alignment from Bomba to Limon. These 

wells provided a standby supply prior to the earthquake. Two of the wells were dry prior 

to the earthquake. The remaining five wells have a capacity of approximately 100 lps. It 

appeared that these wells were relied on more heavily prior to construction of the 

treatment plant . The second water supply, approximately 100 lps, comes from a spring 

source in Moin, and is connected to Limon through an independent 300 mm (12 inch) 

ductile iron transmission line connecting into the northwest side of the distribution system. 

Earthquake Dam;;.ge 

In the watershed, 27 landslides were identified, one creating a lake. A high 

percentage of the resulting steep barren slopes would have normally been jungle. Turbidity 

in the Rio Banano increased to as high as 24,000 mg/1, (2.4 percent solids) on 2 May 1991 , 
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one of the first major rain storms of the ·rainy season. The high solids content water 

clogged the raw water pump suction. Otherwise, the raw water pump station was 

undamaged. 

Even at lower turbidities, water treatment was very difficult and reduced the plant 

capacity. There was hope that the extremely high turbidity was a transient condition, and 

that the loose soil would be flushed away with further rain. At the treatment plant, an 

unrestricted chlorine cylinder toppled, breaking connecting piping and releasing chlorine. 

One worker was injured by the chlorine. One unanchored dry chemical feeder used for 

feeding alum toppled, breaking connecting piping and puncturing the bottom. Asbestos 

cement baffles in the flocculators and asbestos cement clarifier plates were broken. 

Glassware in the lab and the portable radio, sitting on the shelf, were undamaged. There 

was no reported damage to the filters. The Siquerres water treatment plant was 

undamaged. There was no earthquake damage reported to the seven wells adjacent to the 

pipeline between Bomba and Limon. In addition there was no earthquake damage to the 

Moin spring supply. 

SEISMIC DAMAGE TO PIPELINES 

Institute Costarricense de Acueductos y Alcantarillados ( Ay A), the national water 

and sewer company, provides potable water to the Limon area. In addition Refinadora 

Costarricense de Petroleo (RECOPE) operates a liquid fuel pipeline between Limon and 

San Jose to the West as well as a cooling water line which was damaged in the earthquake. 

In this section, seismic damage to Ay A water transmission and distribution pipelines and 

the RECOPE liquid fuel pipeline, occasional by the April 22, 1991 earthquake, will be 

described. 
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Water Transmission Pipeline 

As noted previously potable water for the Limon area comes from two sources; the 

Banano River treatment plant and pump station located about 14 km south of Limon, and 

the Moin well field located about 5 km northwest of Limon. The Transmission line from 

the Moin wells is 300 mm (12 inch) nominal diameter Ductile Iron (DI) pipe constructed in 

1970. Two pipelines transport water from the Banano River source. They are a 300 mm 

(12 inch) diameter Cast Iron (CI) line constructed in the 1930's and a 500 mm (20 inch) 

diameter reinforced concrete cylinder pipe (RCCP) constructed in the 1980's. The Cast 

Iron pipe has primarily unbolted mechanical joints while the RCCP pipe (AWWA C303 -

Reinforced Concrete Water Pipe - Steel Cylinder type, Pretensioned) has rubber gasketed 

bell and spigot joints. At some locations both pipelines follow the same right-of-way. 

Aggregate Damage to Transmission Piping 

As of October 2, 1991, Ay A reported a total of 16 repairs to the 4.54 km length of 

D.I. pipe from the Moin well fields. For the two pipelines from the Banana River , AyA 

reported 41 repairs for the 12.5 km length of CI pipe and 120 repairs for the 14 km length 

of RCCP pipe. This results in aggregate damage ratios of 3.5, 3.3 and 8.6 repairs per 

kilometer respectively. This information is summarized in Table 1. Experience from past 

earthquakes suggests that the expected seismic damage to DI pipe, particularily from wave 

propagation, is substantially less that that to CI pipe. The author believes that the 

relatively large amount of DI transmissions pipe damage in the April 22 event , as 

compared to the CI transmission pipe damage, is attributed to the coseismal uplift 

mentioned previously. That is, the DI transmission line from the Moin well field was 

apparently subjected to larger coseismal uplift than the CI transmission line from the 

Banano River water treatment plant . Note that some of the earthquake induced leaks were 

discovered only after other leaks were repaired and the line temporarily repressurized . In 
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addition, a number of leaks to the DI line from the Moin well field had to be repaired more 

than once. However, the aggregate value of the repairs in Table 1 corresponds to individual 

leak locations where one or more repairs were required. 

For the D.I. and C.I. transmission piping, AyA identified three types of damage 

mechanisms; a break in the pipe segment body (e.g. round crack), a break in a union piece 

connecting two pipes segments, and pullout joint separation. Figure 1 shows sketches of 

these three mechanisms, as well three others which will be discussed later in relation to 

distribution pipe damage. Table 2 presents a breakdown of the repair data by damage 

mechanisms for the D.I. and C.I . transmission piping. Notice that roughly half of the C.I. 

and D.I. transmission damage was due to joint pull-out as shown in Figure 1f while the 

remaining half was due primarily to breaks in the pipe segments themselves as shown in 

Figure la. 

The repairs in the RCCP transmission pipe were due primarily to joint failure, either 

compressive telescoping as shown in Figure le or joint pull-out as shown in Figure lf. 

AyA noted that the RCCP pipes black rubber gasket was visible in many cases suggesting 

that the percentage of repairs occasioned by joint pull-out was larger than that due to 

compressive telescoping. 

Details of Transmission Pipe Damage 

The 500 mm (20 inch) diameter RCCP pipeline from the Banano River was the most 

heavily damaged,in terms of the number of repairs per unit length, of all pipelines in and 

around the Limon area. Figures 2 through 3 described permanent ground deformation 

(PGD) which occurred along a 750 m section of the main road out of Limon, near Pueblo 

Nuevo. There were 20 repairs to the 500 mm (20 inch) RCCP pipe which parallels the 

road at this location. That is, a sixth of the 120 RCCP repairs occurred in this location, 

resulting in a damage ratio of 26.7 repairs per kilometer (8.1 repairs per 1000 ft.) for this 
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750 m length of pipe. Although much of the transmission pipe damage is attributed to 

PGD there were certain locations where it appears that damage was due to seismic wave 

propagation. 

Water Distribution Pipelines 

The water distribution system for Limon consists of two storage standpipes, a 

in-ground reservoir and about 110 km of distribution piping. The steel storage standpipes, 

Pueblo Nuevo and Corrales both have height to diameter ratio, H/D, near one. The 4 

million liter concrete reservoir is located at the operations yard in Limon. Except for 

cracking at the roof/wall intersection of the in-ground concrete reservoir, these three 

storage facilities were undamaged by the earthquake. 

The distribution pipe is composed of Polyvinal Cloride (PVC), Cast Iron, ( CI) 

Asbestos Cement (AC) and Galvanized Iron (GI) with diameters ranging from 18 mm (3/4 

inch) to 350 mm (14 inch). 

As of October 2, 1991, AyA reported a total of 246 repairs to the 50.3 km of PVC 

piping, 34 repairs to the 28.4 km of CI piping, 81 repairs to the 16.8 km of AC piping, and 

39 repairs to the 10.2 km of GI piping . This results in aggregate damage ratios of 4.9, 1.2, 

4.8 and 3.8 repairs per kilometer for PVC, CI, AC and GI piping respectively. This 

information is summarized in Table 3. 

Table 4 presents a breakdown of distribution pipe damage by diameter range for each 

pipe material. Note there is no common trend when one compares the Damage Ratios for 

all diameters in Table 3 with the breakdown by diameter range in Table 4. That is, the 

damage ratio decreases with increasing diameter for PVC while the reverse occurs for AC . 

Figure 4 is a plot of Damage Ratio versus diameter range for both transmission and 

distribution piping. In this plot, data points corresponding to a diameter range with less 

than 10 percent of the total length for that material are excluded. As shown in Figure 4, 

the damage ratio for all materials except RCCP fall in the range of 2 to 6 repairs per km 
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and is not strongly influenced by diameter. For the 500 mm (20 inch) RCCP pipe, the 

damage ratio is above 8 repairs per km. 

AyA identified six types of damage mechanisms for the PVC, CI, AC and GI 

distribution pipeline. These are: a break in the pipe segment (Figure la), break in union 

piece connection two pipe segments (Figure lb), blowout at a Tee (Figure le), 

disconnection at a Tee (Figure ld), compressive telescoping of a joint (Figure le), and 

tensile pull-out at a joint (in Figure lf). 

Table 5 presents a breakdown of distribution pipe repair by damage mechanism. 

This Table indicates that essentially all the damage to AC piping was due to breaks in the 

pipe segment while for GI essentially all the damage was due to a break in the union piece. 

For PVC about half the damage was due to pipe segment breaks while joint pullout was 

significant for larger diameters in the 75 to 150 mm (3 to 6 inch) range. For CI pipe , 

which was used for both transmission and distribution, pipe segment breaks and joint 

pull-out account for the majority of damage. As mentioned previously, damage to the 

RCCP transmissions pipe was due to telescoping or pullout the joints. 

Liquid Fuel Pipeline 

Refinadora Costarricense de Petroleo (RECOPE) operates the liquid fuel pipeline 

system in Costa Rica. Crude oil and diesel fuel arrives by ship at the Port of Moin about 6 

km ( 4 miles) up the coast from Limon. Some of this product is refined at a plant outside 

Limon and is pumped from the plant at a pressure of about 6.9 MPa (1000 psi) to San Jose 

and on to the Pacific Coast. On the nominally flat coastal plane adjacent to the 

Caribbean, the pipeline is located along the main road from Limon to San Jose, Route 240. 

This liquid fuel transmission system consists of twin 150 mm ( 6 in) nominal diameter, 

welded steel pipe with 6.4 mm (0 .25 in) wall thickness (O.D. = 163 mm (6.5 in)) . 
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The earthquake caused a leak in one of the two liquid fuel pipelines. The leak was 

located near the small village of Estrada, close to the bridge over the Chirripo River. 

There was evidence of liquefaction as indicated by ejected sand on the ground surface in 

the general vicinity of the RECOPE leak. 

The leak was due to tensile cracks due to severe local buckling ( wrinkling) caused by 

bending of the pipe. Although tension cracks in a region of flexural compression appears 

somewhat odd, the high local curvatures at the wrinkles cause tearing of the pipe wall. 

The only failure in the RECOPE liquid fuel pipeline is described above. There were, 

however, other areas of PGD along the RECOPE pipeline route which did not result in 

pipeline failure. The flexible support conditions for the RECOPE line in these areas, (i.e. 

ground level concrete supports and above ground steel frames) likely con tri bu ted to the 

lack of pipeline damage. 

COMPARISON OF PIPELINE DAMAGE TO EXISTING EMPIRJCAL ESTIMATES 

The observed damage to segmented pipelines in and around Limon occasioned by the 

April 22, 1991 Costa Rica earthquake will be compared to existing empirical damage 

estimates. The peak ground velocity V max and earthquake intensity for the Limon area 

established previously will be used to estimate damage due to seismic wave propagation 

(WP) . Estimated pipe damage due to a combination of WP and PGD effects will be based 

on the observed coseismic uplift and earthquake intensity. 

Wave Propagation Damage Versus MMI 

Seismic wave propagation refers to ground strain and curvature which results from 

seismic waves traversing the ground surface. For seismic wave propagation Eguchi [5] plots 

observed damage ratio for various pipe materials versus MMI. His most recent plot is 

shown in Figure 5. 
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The estimated MMI in the Limon area was VIII or IX. From Figure 5 for MMI of 

VIII one expects 0.37 repairs/km (.11 repairs per 1000ft) for AC and CONC. pipe while one 

expects 0.26> 0.18 and 0.04 repairs/km for PVC, CI and DI respectively. For MMI of IX 

one expects 0.82, 0.49, 0.36 and 0.09 repairs/km for AC/CONC, PVC, CI and DI 

res pecti vel y. 

Wave Propagation Damage Versus V max 

Theoretically the relative axial strain in the pipe segments as well as the relative 

axial displacement at pipe joints are functions of the transient ground strain E> which is 

given by 

E = Vmax/C 

where V max is the peak horizontal ground velocity and C is the effective propagation 

velocity of seismic waves with respect to the ground surface. With this as a theoretical 

background Barenberg (6) developed an empirical relation for WP damage to CI pipes as a 

function of peak ground velocity. O'Rourke and Ayala [7) extended the Barenberg relation 

by including information from additional earthquakes and other common pipe materials. 

The O'Rourke and Ayala relationship, shown in Figure 6, is based on damage in repairs per 

km from four U.S . earthquake and two Mexican earthquakes where PGD effects were not 

observed. The figure contains data for AC and CI pipes with diameters primarily in the 75 

mm (3 in) to 1220 mm ( 48 in) range, RCCP pipes with diameters of 1830 mm (72 in) and 

concrete pipe with diameters primarily in the 500 mm (20 in) to 1220 mm ( 48 in) range. 

Combined Damage Versus MMI 

When an earthquake causes PGD such as lateral spreading due to liquefaction, 

settlement or landsliding> it is often difficult to separate WP damage from that due 

specifically to PGD. Hence empirical damage estimates for such earthquakes typically 

correlate combined damage> that is due to both WP and PGD, against some measure of 
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earthquake size. One such relationship was developed by O'Rourke et al. [8]. As shown in 

Figure 7, combined damage in repairs per km in plotted versus MMI. The data points in 

Figure 7 are for CI pipe behavior in seven U.S. earthquake. 

The estimated MMI for the April 22, 1991 Costa Rica earthquake was VIII or IX in 

the Limon area. From Figure 7, one expects about 0.55 and 4.2 repairs per km in CI pipe 

for MMI of VIII and IX respectively. 

Combined Damage Versus Uplift 

Using data from the Northeast San Fernando Valley during its 1971 earthquake, 

Barenberg [6] correlated vertical PGD with damage to CI and steel pipe with semi-rigid or 

poorly welded joints. The relationship is shown in Figure 8, and as with Figure 7, both 

WP and PGD damage are combined. The PGD used by Barenberg is the average vertical 

uplift in a 1 square mile sector. One suspects that pipe damage is more directly related to 

differential movements or ground strain within an area, however the average uplift in an 

area may also be a rough measure of differential movements. 

The coseismic uplift in Limon was about 1.5 m while the uplift at Bomba on the 

Banana River was about 0.55 m. From Figure 8, one expects combined damage ratios of 

about 6.0 and 60.0 repairs/km for average vertical PGD of 55 cm and 150 cm respectively . 

Comparisons with Greater Limon Damage 

Figure 7 and 8 present expected damage to CI pipe due to both WP and PGD effects. 

Specifically the O'Rourke et al [8] relation predicts 0.55 and 4.2 repairs per km for the 

observed MMI of VIII or IX respectively, while the Barenberg [6] relation predicts 6.0 and 

60.0 repairs per km for the observed uplifts of 0.55 and 1.5 m respectively. This 

information is summarized in Table 6. 
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The observed damage rates for the Limon area are presented in Tables 1 and 3. For 

CI pipe there were 41 repairs to the 12.5 km of transmission pipe and 34 repairs to the 28.4 

km of distribution pipe. This yield 75 repairs for the total 40.9 km length of CI pipe in the 

system and a aggregate damage ratio of 1.83 repairs per km, as shown in Table 6. Hence 

the observed damage to CI pipe, due to both WP and PGD effects, falls in range predicted 

by the O'Rourke et al . MMI relationship [8), while the Barenberg uplift relationship [6] 

predicts damage ratios significantly higher than that which was observed. 

Figure 6 presents expected damage to AC, CI and RCCP due to WP effects only. 

Specifically the O'Rourke and Ayala [7) relation predicts 0.10 and 1.0 repairs per km for 

Hard and Soft site respectively in the Limon area as shown in Table 7. From Tables 1 and 

3, the number of repairs to AC, CI and RCCP pipe from both WP and PGD effects were 

81, 75 and 120 over lengths of 16.8, 40.9 and 14.0 km respectively. This yields damage 

rates of 4.82, 1.83 and 8.57 repairs per km for AC, CI and RCCP respectively and 3.85 

repairs per km for all three materials combined. These values are also presented in Table 

7. Hence the O'Rourke and Ayala [ 7] V max relation is consistent with the observed 

damage in the sense that the predicted WP damage was less than the observed total for 

both WP and PGD effects . 

Figure 5 presents expected WP damage for a number of common pipe materials . For 

example one expects 0.37 and 0.82 repairs per km for AC or RCCP pipe subject to MMI of 

VIII and IX respectively. These and corresponding values for PVC, CI and DI are 

summarized in Table 8. Table 8 also presents the observed WP and PGD damage for these 

materials from Tables 1 and 3. As shown in Table 8, the Eguchi [5) MMI relation is 

consistent with the observed damage in the sense that the predicted WP damage was less 

than the observed total for both WP and PGD effects . However, although the Eguchi 

relationship suggests that WP damage to DI pipe would be less than 20% of that to PVC 

pipe, the observed WP and PGD damage to DI pipe was actually more than 70% of that to 
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PVC pipe. As noted previously, the authors believe that the relatively high damage ratio 

for DI pipe, in comparison with CI or PVC, is due to the differential coseismic uplift in the 

region from Moin to Limon. 

POST-EARTHQUAKE WATER SUPPLY AND RECOVERY 

This section presents information on the immediate post-earthquake status of the 

Limon water system and methods used for temporary distribution of potable water. In 

addition, the time required and the repair procedures used for the Ay A transmission and 

distribution pipelines will be summarized. 

Post-Earthquake Status Of Ay A System 

The Limon water system was inoperable immediately following the April 22, 

earthquake, primarily due to pipeline damage. However as of May 1, nine days after the 

earthquake, service to approximately one-third of the service area was restored. This 

localized service was due primarily to the fairly rapid repair of the 300 mm (12 inch) 

diameter DI line from the Moin well field. 

The 300 mm (12 inch) diameter CI line from the Banano lliver water treatment plant 

was functioning as of April 29. However, it provided only minimal water pressure to some 

sections of Limon. Of the 135 lps flow into the line, 100 lps was coming out the other end, 

so there were some remaining leaks. 

Towards the end of July, about three months after the earthquake, repairs to about 

400 of the 465 leaks in the distribution piping in Limon had been completed and the 500 

mm (20 inch) diameter RCCP transmission pipe from the Banano river treatment plant 

had been repaired. 

In the immediate post-earthquake period, bottled and "bagged II potable water was 

flown in to Limon from San Jose, the nation's capital located about 120 km to the West. 

After the road from San Jose to Limon was made passable, potable water arrived by tru ck. 
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As time progressed, small diameter hoses were connected to main distribution p1pmg 

within the city to allow residents to get water. This was done because there was 

inadequate pressure to service the house plumbing. A "boil water" order was put into 

effect. On May 26, 1991, it was reported that five portable reservoirs had been set up in 

Limon to supply water. 

At the treatment plant the chlorine cylinder was set back into place and tied-back 

with wire. The dry chemical feeder was repaired and put back into operation. On 30 

April, the plant had been restored to 135 lps of its original 350 lps capacity. This 

reduction was a result of the damaged baffles and clarifier plates coupled with the high raw 

water turbidity. The 135 lps was being achieved by operating the still functional 

flocculators and clarifiers, and by operating the filters in a direct filtration mode. On 26 

April, the plant operators began using a Cat-Floe polymer to enhance removal of the high 

turbidity. They could successfully treat turbidities up to 12,000 mg/1. Two of the seven 

wells along the transmission line has been brought on line by the 30 April visit producing 

43 and 11 lps respectively. A total of 100 lps from all five wells was expected when the 

remaining three productive wells were started the next week. 

Water Pipeline Restoration 

As noted previously, the 16 breaks in the DI transmission line from the Moin well 

field were repaired by May 1, at the latest. The CI transmission line from the Banana 

River, which required 37 repairs, was functioning by April 29, 7 days after the earthquake. 

Roughly 90 days after the earthquake the 120 repairs to the RCCP transmission line from 

the Banana River water treatment plant were completed as well as repairs to 400 of the 

distribution line leaks in Limon. This suggests gross restoration rates of roughly 3 to 5 

repairs per day for the DI transmission line, the CI transmission line, and the distribution 

lines, and a gross restoration rate of roughly 1 repair per day for the RCCP transmission 

line. Only one significant figure is provided for the restoration rates because of imprecise 
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information about required repair times and in some cases the comparatively small number 

of repairs. Also the gross restoration rates cited above do not take into account the size of 

the repair crews, the order in which the lines were repaired, nor the number of the repair 

crews assigned to each line. 

Nevertheless, as noted by AyA engineers, the RCCP line repairs were much more 

difficult than those for CI, DI, and other pipe materials. This is primarily due to the fact 

that commercially available couplings were used for the CI, DI and AC lines while welding 

and pouring concrete encasement blocks were needed for the RCCP line. 

SUMMARY AND CONCLUSIONS 

The April 22, 1991 earthquake resulted in significant damage in and around Limon on 

the Caribbean coast. The modified Mercalli Intensity (MMI) for the event was reported to 

be in the VIII to IX range. Coseismic uplifts in Limon were as large as 1.5 m. Using the 

recorded peak ground accelerations primarily in the Central Valley of Costa Rica, and 

available attenuation relations, peak ground velocities in the Limon area were estimated to 

be roughly 20 cm/sec for Hard Sites and roughly 50 cm/sec for Soft Sites. 

Extremely high raw water turbidities at the water treatment plant resulted from 

extensive landsliding in the Rio Banano water shed. At the treatment plant, a chloride 

tank toppled and released chlorine, injuring an operator. Seismically induced hydraulic 

loading on flocculator baffles and clarifier plates broke them making those unit processes 

partially dysfunctional. Plant operation at a reduced level was restored by initiating direct 

filtration. There was only one leak to the welded steel RECOPE liquid fuel pipeline. High 

curvature at compressional wrinkles caused tensile cracks in the pipe wall. 

The amount of water distribution and transmission pipeline damage in the greater 

Limon area ranged from about 1.8 repairs per km for CI pipe up to about 8.6 repairs per 

km for one section of RCCP pipe. The values for AC, PVC, and DI pipe were 4.8, 4.9 and 

3.5 respectively. Much of the pipeline damage, particularly to RCCP pipe, is attributed to 
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Permanent Ground Deformation effects although what appeared to be wave propagation 

damage was also observed. 

For PVC pipe there was a slight decrease in damage rate with increasing pipe 

diameter, while the opposite trend was observed for AC pipe. Considering all materials, 

the damage rate in repairs per km was not a function of diameter. For AC pipe essentially 

all the damage was due to a break, such as a round crack, in the pipe segments while for GI 

pipe most of the damage was due to fracture of the union piece connecting two adjacent 

pipe segments. For RCCP pipe essentially all the damage occurred at joints either 

telescoping or pull-out. For CI, DI, and PVC most of the damage was due to either pipe 

segments breaks or joint pull-out. 

The observed damage to CI pipe in the Limon area was consistent with the empirical 

relation between repairs/km from both wave propagation and permanent ground 

deformation damage and MMI developed by O'Rourke et al . [8) . Empirical estimates of 

wave propagation (WP) damage were consistent with the observed damaged. That is both 

the Eguchi relation [5) based upon MMI and the O'Rourke and Ayala relation [7], based on 

V max both predicted WP damage which were less than the observed total for both WP and 

PGD effects. 

The RCCP pipe damage was the most difficult to repair. AyA crews were able to 

make a little over one RCCP repair per day, while the rate for all other materials ranged 

from roughly 3 to 5 repairs per day. The difference in repair rate is due primarily to the 

lack of commercially available couplings for RCCP pipe. 
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Material 

DI 
CI 
RCCP 

Table 1 

Material 

DI 
CI 

Table 2 

Material 

PVC 
CI 
AC 
GI 

Table 3 

Diameter Length Repairs Damage Ratio 
mm (in) km repairs/km 

300 tl 4.54 16 3.5 
300 12 12.5 41 3.3 
500 20 14.0 120 8.6 

Summary of Repairs to Water Transmission Pipelines for the 
Limon Area as of October, 1991 due to the April 22, 1991 
Earthquake. 

Breakdown by Damage Mechanism 
Diameter Total 
mm (in) Repairs Pipe Segment Union Piece Pull-out 

Fig.1-a Fig .1-b Fig.1-f 

I 
300 (12j 16 6 ?8%~ 10 (62 %) 
300 12 41 19 46% 5 (12%) 17 42% 

Summary of CI and DI Transmission Pipe Repairs by Mechanism Damage 

I 
Diameter Range Length Repairs Damage Ratio 

mm (in) km Repairs/km 

18 to 200 !3/4 to 8) 50.3 246 4.9 
75 to 250 3 to lOj 28.4 34 1.2 
75 to 350 3 to 14 16.8 81 4.8 
25 to 75 1 to 3) 10.2 39 3.8 

Summary of Repairs to Water Distribution Pipelines for the Limon 
Area as of October,1991, due to the April 22, 1991 Earthquake 
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I 
Diameter Range Length Damage Ratio 

Material mm(in) km Repairs repairs/km 

18 to 62 (3/4 to 2½) 20.4 121 5.9 
PVC 75 to 150 ~3 to 6) 28.9 125 4.3 

200 to 250 8 to 10) 1.02 - -

75 to 150 ~3 to 6) 25.5 34 1.3 
CI 200 to 250 8 to 10) 2.9 - -

75 to 150 [3 to 6) 12.8 54 4.2 
AC 200 to 250 8 to 10) 3.9 26 6.6 

300 to 350 12 to 14) 0.1 1 10.0 

18 to 62 (3/4 to 2½) 9.5 39 4.1 
GI 75 to 150 (3 to 6) 0.7 - -

Table 4 Summary of Water Distribution Repairs by Pipe Diameter Range . 
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I-' 
I-' 
...J 

Material I 

PVC 

CI 

AC 

GI 

Tee Tee 
Diameter Total Pipe Union Blowout Disconnect Telescoping Pullout 
mm (in) Repairs Fig.la Fig.lb Fig.le Fig.ld Fig.le Fig.lf 

18 to 62 (3/4 to 2½) 121 77(64%) 5(4%) 22(18%) 14(12%) -(0%) 3(2%) 

75 to 150 (3 to 6) 125 35(28%) -(0%) 6(5%) 31(25%) 6(5%) 47(37%) 

75 to 150 (3 to 6) 34 10(29%) -(0%) -(0%) 4(12%) 2(6%) 18(53%) 

75 to 150 (3 to 6) 54 54(100%) -(0%) -(0%) -(0%) -(0%) -(0%) 

200 to 250 (8 to 10) 26 26(100%) -(0%) -(0%) -(0%) -(0%) -(0%) 

300 to 350 (12 to 14) 1 -( 0%) -(0%) -(0%) 1(100%) -(0%) -(0%) 

18 to 62 (3/4 to 2½) 39 1(3%) 34(87%) -(0%) 4(10%) -(0%) -(0%) 

Table 5 Summary of PVC, CI , AC and GI Distribution Pipe Repairs by Damage Mechanism 



Material 

WP and PGD Damage 
Predicted by 

O'Rourke et al [8] 

WP and PGD Damage 
Predicted by 
Barenberg [6] 

Observed W
and PGD 
Damage 

MMI = VIII MMI = IX Uplift = 55 cm Uplift = 150 cm 

CI 

Table 6 

Material 

AC 
CI 
RCCP 

0.55 4.2 6.0 60.0 1.83 

Comparison of Observed CI Pipe Damage due to both WP and PGD Effects , 
with Values Predicted by O'Rourke et al. [8] and Barenberg [6]. 

WP Damage Predicted by Observed WP 
O'Rourke and Ayala [7] and PGD Damage 

Hard Sites Soft Sites 

0.10 1.0 4.82 
0.10 1.0 1.83 
0.10 1.0 8.57 

AC, CI, RCCP 0.10 1.0 3.85 

Table 7 

Material ! 

AC/RCCP 
PVC 
CI 
DI 

Table 8 

Comparison of Observed AC, CI and RCCP Pipe Damage in 
repairs/km due to both WP and PGD effects with Values 
Predicted by O'Rourke and Ayala [7] for WP Damage only. 

WP Damage Predicted 
by Equchi (5] 

MMI = VIII MMI = IX 

0.37 0.82 
0.26 0.49 
0.18 0.36 
0.04 0.09 

Observed WP 
and PGD Damage 

6.5 
4.9 
1.8 
3.5 

Comparison of Observed AC/RCCP, PVC, CI and DI Pipe 
Damage in Repairs/km for both WP and PGD effects 
with Values Predicted by Eguchi [5] for WP Damage only. 
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(e) 

<===> 
(c) (f) 

FIGURE 1 Damage Mechanisms; (a) pipe segment break, (b) break in union 
piece, (c) blowout at Tee, (d) disconnection at Tee, (e) compressive 
telescoping at joint, (f) tensile pull-out at joint 
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Railroad 

13m (42') 

I 

500mm (20") I 
RCCP I 

pipeline I 
~ 

I 

~' I 
l 40cm 
I (16') 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

N 

(42') 

Settlement 
garbens 

(180') 

ground cracks 15 to 30 cm 
(6" to 12") in width 

FIGURE 2 Plan View of Road Damage, Ground Cracks, Garbens and 500 mm 
(20 inch) RCCP Transmission Pipe Damage Immediately East of 
Railroad Underpass. 
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West towards RR 
underpass and 
San Jose _l_ 

4.3 m (14') 

15.8 m (52') 

6.4 m (21 ') 5.2 m (17') Road surface 

2.5 cm (1 ") 

FIGURE 3 Elevation View of 20 cm (8 inch) Vertical Settlement over 16 m (52 
feet) of Road Surface near Pueblo Nuevo Entrance. 
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FIGURE 5 Wave Propagation Damage in Repairs per 1000 feet Versus Modified 
Mercalli Intensity, AC= Asbestos Cement, CI= Cast Iron, DI= 
Ductile Iron, PVC = Polyvinyl Chloride, RCCP = Reinforced 
Concrete Cylinder Pipe (after Eguchi, 1991). 
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FIGURE 6 Wave Propagation Damage to Common Water System Pipe 
(after O'Rourke and Ayala, 1992) 
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FIGURE 7 Combined Damage Rate for Cast Iron Pipe 
(after O'Rourke et al., [20]) 
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CONSEQUENCES OF A STRONG SEISMIC ACTIVITY IN COSTA RICA 

Franz Sauter F. 
Consulting Engineer 
San Jose, Costa Rica 

1. INTRODUCTION 

Within the last two years, Costa Rica has suffered a period of strong seismic activity. This 
activity was initiated by a subduction-related earthquake of moderate magnitude (M. = 6.9) which 
ocurred on Sunday, March 25, 
1 990 with epicenter at the 
Gulf of Nicoya on the Pacific 
coast, known as the 1 990 
Cobano, Costa Rica 
earthquake (Fig.No.1 ). This 
event apparently acted as the 
detonator that activated local 
faults near the town of 
Santiago de Puriscal, 
producing a seismic swarm 
that lasted from May to July 
1990. It was the rupture of a 
fault in the same area that 
caused the destructive 
earthquake of December 22, 
1990, with magnitude of ML 
= 5, 7, known as the 1990 
Alajuela, Costa Rica 
earthquake . Then, the activity 
continued, culminating on 
Monday April 22, 1991 with a 
large M. = 7 .4 magnitude 
earthquake due to the rupture 
of an inland thrust fault that 
runs parallel to the Caribbean 
coastline, known as the 1991 
Valle de la Estrella or Limon, 
Costa Rica earthquake. 
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M ain se ismic events in Costa Rica during t he peri od of 1 983 to 1 991 

2. SEISMICITY OF COST A RICA 

Costa Rica is located on the Central American Isthmus, the land-bridge between North and 
South America, bordered by the Pacific Ocean on the west and the Caribbean Sea on the east. In 
the context of worldwide plate-tectonics, the country is located on the Central American Isthmus 
along the rim of the so-called "Circum-Pacific Fire Belt ". The tectonism and geology of the region 
are the product of the interaction of several tectonic plates, but the isthmus is mainly affected by 
the collision of two smaller lithosferic plates : the Coco and Caribbean plates (Fig. No.2). At its 
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southeastern end two other plates interact in 
a more complex pattern: the Nazca Plate 
along the Panama Fracture Zone, and the 
South America Plate along its boundary with 
the Caribbean plate . The most frequent 
source of major eart hquakes in Costa Rica is 
the interface of two previously mentioned 
tectonic plates as the result of the 
subduction of the Coco Plate below the 
Caribbean Plate (Fig .No.3) . The Middle 
American Trench along the Pacific coast of 
Central America and the volcanic chain that 
extends along the isthmus are a consequence 
of this subduction process . Another 
important source of large magnitude events 
is the Panama Fracture Zone. This 
transcurrent fault is considered the contact 
between the Coco and Nazca plates . 
However, due to its distance to the principal 
urban centers, this seismic source has not 
produced destructive events. 

To date, moderate-magnitude 
intraplate earthquakes caused by the rupture 
of local inland faults in the volcanic mountain 
range and central region of the country, have 
caused the highest amount of damage. They 
are superficial focus events and occur near 
densely populated areas. 
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Figure No. 3 
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Figure No. 2 
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PLACA DEL CAR I BE 

Tectonic set t ing of Cent rel America on the western rim 
of the Caribbean plate. The Coco, Nazca, South Am erica 
and North Am eric a litho sferic plates int eract in a 
complex pattern 

A!'trn o ,'lf l" r ., 
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manta p r o f undo 

Subduction process of the Coco plate under the Caribbean plate. The Middle Am erican Tre nch and t he volc anic mountain 
range along the Cent ral American Isthmus are a result of th is process. 

Figure No.4 illustrates the seismicity of the country and shows the seismic events recorded 
during the period of 1900 to 1983, occuring in or near the territory of Costa Rica. Figure No.5 
shows the major earthquakes of this century or those moderate events that caused some degree 
of damage in Costa Rica. Until now, the earthquake that destroyed Cartago in 1910 with a death 
toll of 600 people killed , is remembered as the worst seismic catast rophe of the country. 
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It is interesting to note 
that Dr. F. Guendell has 
identified for this century two 
cycles of strong seismic 
activity in Costa Rica. The 
first cycle initi_ated in 1 904 
with a Ms = 7, 75 event in the 
southern region; it ended in 
1 91 6 with a large earthquake 
in the northern zone of the 
country. 

The second cycle also 
began with a large-magnitude 
event in the south (M. = 7 ,5) 
in 1940 and ended in 1 950 
with a large event in the 
north. Dr.F.Guendell sustains 
the hypothesis that the actual 
seismic activity belongs to a 
third cycle initiated in 1983 
with the April 2nd, 1983 
earthquake with epicenter 
near Golfito, ocurring in the 
subduction zone south of the 
country. Dr.Guendell believes 
there is a high probality that 
in 2 to 4 years we can expect 
a major earthquake in the 
north of the country; this 
event would end the third 
cycle. 

The conclusion of 
Dr. Guendell' s hypothesis is 
that the seismic cycles are 
initiated in the southern region 
of the country by a 
subduction-related event 
which triggers inland faults . 
The earthquakes caused by 
the rupture of local faults are 
more destructive as they are 
superficial and occur near 
populated areas. The cycle 
ends with a major earthquake 
in the northern part of the 
country. 

In 1977, based on the 
seismological and historical 
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records avaible at the time, 
The John Blume Earthquake 
Research Center of Stanford 
University, California, carried 
out a seismic hazard study for 
Costa Rica . Figure No .6 
shows the results of this 
study in form of iso
acceleratio n lines. The Pacific 
coast was defined as the 
region of major seismic hazard 
and the Atlantic zone was 
considered the least exposed; 
a major event was not 
expected to occur in this 
region. Nevertheless, the 
large-magnitude earthquake of 
April 22, 1991 (M. = 7,4) 
suggests that the Caribbean 
coast is also a main source of 
major intraplate earthquakes 
caused by thrust faulting; it is 
supposed that these events 
have longer recurrency 
periods than those occuring 
in the subduction zone along 
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the Middle American Trench. As a result of this event , the zonification 
to be modified. 

map of Costa Rica needs 

3. PRESENT SEISMIC ACTIVITY IN COSTA RICA 

If we accept Dr. 
Guendell's hypothesis, the 
present cycle of seismic 
activity was initiated in 1983 
with a M, = 7 ,3 event in the 
Golfo Dulce near Golfito in the 
south (Fig.No.1 ). However, it 
is the last two years that have 
been characterized by a very 
strong seismic activity . 

It began with the 
March 25, 1990 quake of 
moderate magnitude M. = 
6,9 with epicenter in the 
Gulf of Nicoya on the Pacific 
Ocean and a focal depth of 1 5 
km. The port of Puntarenas , 
with a surrounding popula 

Figure No. 7 
Collapse of a two st ory hot el in Puntarenas - 25 . M arch, 1990 C6bano, 
Costa Rica eart hquake 
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tion of 84,000, was located nearest to the epicenter (about 18 km). Some collapses and damage 
were observed in structures and buildings of low quality construction (Fig.No. 7). Neverthless, 
despite the 6,9 magnitude of the event, in the area of highest intensity there was no massive 
destruction or extensive damage. In San Jose, 100 km from the epicenter, damage was low to 
moderate, noticeable in the cracking of walls and broken windows; yet, some buildings also 
showed some degree of damage and structural failure. A strong motion instrument in Puntarenas 
recorded a peak horizontal ground acceleration of 27 % g, while in San Jose the PGA values ranged 
from 5 to 10% g. No casualties were reported in this earthquake and economic losses are 
estimated at 15 million US. dollars. 

The aforementioned earthquake, triggered local faults whose rupture affected especially 
the area around the small town of Santiago de Puriscal (Fig.No.1 ). These faults caused a seismic 
swarm of small magnitude events (M s 5,0). which lasted from May to July 1990, After a 5 
month period of minor activity, a fault in the same area caused the destructive earthquake (ML = 
5, 7) of December 22, 1990 whose epicenter was 3,5 km north of Puriscal. 

The December 22, 1990 earthquake, in spite of its small magnitude (Ms = 5, 7), was more 
destructive than the March 25, 1990 earthquake because it was a superfical-focus event close 
to a densely populated zone. Alajuela, 20 km away from the source, was the most affected city 
by this earthquake; for this reason this event is also known as the 1990 Alajuela, Costa Rica 
earthquake. As a matter of fact, the ruptured fault is oriented SW-NE and points to the city of 
Alajuela; the focal mechanism indicates a maximum radiation of energy in direction to this city. 
Peak horizontal ground accelerations of 40 and 45% g were recorded in Alajuela. 

Only one building 
collapse was observed in 
Alajuela (Fig.No.8), although 
many old adobe houses 
collapsed. Additionally, 
bahareque construction was 
severely affected (Fig.No.9) 
and many masonry dwellings 
suffered damage. Failure of 
structural elements was also 
observed (Fig.No.10), being 
the most common cause of 
structural damage the "short 
column" effect by shear 
failure. Nevertheless, no 
extensive destruction was 
observed. In San Jose, 28 km 
away from the epicenter, 
many buildings suffered also 
secondary damage to walls, 
windows and ceilings. In 
addition, some degree of 
structural failure was also 

Figure No. 8 
Collapse of a two story building in Alajuela - 22. December 1990 Alajuela , 
Costa Rica earthquake 

observed. Maximum recorded horizontal ground accelerations in San Jose showed values ranging 
from 12 to 20% g. At the San Miguel Dam, 5 km from the fault zone, a horizontal acceleration 
of 69 % was recorded; nevertheless, nearby villages didn ' t suffer massive destruction . 

132 



Figure No. 9 
Damage to bahareque construction - 22. December 1990 
Alajuela , Costa Rica earthquake 

Figure No. 10 
Structural failure of a reinforced concrete column, 
Colegio Marfa Auxiliadora, Alajuela - 22. December 1 990 
Alajuela , Costa Rica earthquake 

No people were killed in this earthquake and the economic losses are estimated at 40 
million US.dollars. The insurance companies had to pay less than 8 million dollar for damage 
claims . These figures are low if compared to the effects of destructive earthquakes in other coun
tries. 

4. THE APRIL 22, 1991, VALLE DE LA ESTRELLA EARTHQUAKE 

On Monday April 22, 1991 at 15:57 hours local time, the Atlantic region of Costa Rica and 
the western part of Panama were struck by a major earthquake. This event, the last of the seismic 
sequence that started in March 1990, is by far the most destructive earthquake that has occured 
in Costa Rica. Since the April 2nd, 1983 Golfito earthquake, which originated in the subduction 
zone off the southern Pacific coast of Costa Rica (Fig.No.1 ), no single event with magnitude larger 
than 7 ,0 had been recorded. It is believed to be the largest intra plate event in this century to occur 
inland Costa Rica within the upper crust of the continental platform. It should be remembered that 
major earthquakes in Costa Rica are interplate events and occur mainly in the subduction interface 
between the colliding Coco and Caribbean plates . 

The U.S. Geological Survey has rated the event at magnitude M. = 7,4 with epicenter 
located in the eastern slopes of the Talamanca mountain range (Cordillera de Talamanca), near the 
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Estrella Valley (Valle de la 
Estrella), about 40 km 
southwest of Limon, a port 
city located on the Caribbean 
Sea (Fig. No. 11 ) . The reported 
focal depth was 19 km. More 
than 1,000 aftershocks with 
magnitudes larger than M = 
3,0 were recorded up to May 
3rd, 1991. 

The event was caused 
by the rupture of a reverse or 
thrust fault. The causative 
fault is believed to extend in a 
southeast-northwestern arch 
and runs almost parallel to the 
Caribbean coastl i ne 
(Fig.No.11 ). The slip plane is 
inclined at 40 ° to 45 ° to the 
east ; there is no evidence of 
the fault breaking the ground 
surface and it is supposed 
that the fault plane surfaces 
under sea level off the Costa 
Rica coast. The length of the 
fault rupture is estimated at 
90 to 1 00 km. It is due to 
compression forces acting on 
the upper part of the Carib-
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bean Plate oriented to the southwest along the Colombian depression off the Costa Rica and 
Panama coast. 

The intensity of the earthquake, measured in the Modified Mercalli scale, was MM IX for 
the epicentral area in the Estrella Valley of Costa Rica (Fig.No.11 ). An intensity of VIII was 
estimated for Limon, Bataan, Matina, Estrada, and Sixaola in Costa Rica, as well as for Bocas del 
Toro in Panama. For San Jose and the central region of the country, an intensity of MM VI to VII 
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was estimated. The event was felt with intensity MM II as far north as Tegucigalpa, Honduras and 
in Panama City to the west. 

An array of strong motion instruments was set up at various sites in the country, most of 
them in San Jose and the central region of the country, the most densely populated area, as well 
as along the western Pacific coast, considered the most seismically active zone. The Caribbean 
region was considered until now of lesser seismic hazard. Unfortunately, due to this fact, no 
strong motion instrument was installed in Lim6n or near the epicentral area. 

The instrument closest to the epicenter was installed in San Isidro del General on the 
opposite (western) slope of the Talamanca mountain range, 73 km away from the seismic source, 
and recorded peak horizontal ground accelerations of 0, 15 g and 0,20 g. In Cartago, 94 km away 
from the epicenter, an instrument on alluvial soil recorded peak accelerations of 0,22 g and 0,27 
g; the strong motion phase lasted over 20 seconds (Fig.No.12). In San Jose at 110 km from the 
epicenter, the values of peak horizontal accelerations ranged from 0,08 g to 0,20 g. 

The earthquake affec
ted mainly the Atlantic region 
of Costa Rica and the Bocas 
del Toro province in Pana
ma, which are soft alluvial 
coastal areas. Except for 
Limon and Main to the north 
of the fault, with a 
surrounding population of 
100,000 people, and Changui
nola, Panama to the south 
with a population of 30,000, 
the region of most severe 
intensity is sparsely 
populated. These are fertile 
plains where large banana 
plantations produce the most 
important export product of 
Costa Rica. 

In Costa Rica, 48 
people were killed and about 
600 were injured. Including 

Figure No. 13 
Collapsed wood-frame house supported on wooden piles 

Panama, the death toll amounts to about 100 people dead. In Costa Rica, 2600 houses collapsed 
and 3,500 suffered damage (Fig.No.13); 7,400 people were homeless and displaced. Moderate 
to severe damage was observed in the small communities on the eastern slopes of the volcanic 
mountain range. The event caused low damage in the Central Valley, yet some structural failures 
and secondary damage could be observed in San Jose. 

The most severe impact of the earthquake was to lifelines, especially due to the collapse 
and severe damage to highway and railroad bridges (Fig .No.14). Also the fracture, lateral spreading 
and settlement of road embankments (Fig.No.15) and the damage and deformation of railway lines 
due to both the liquefaction of loose sand and the failure of underlying soft soils, accounted for 
extensive and severe damage. This left the port of Lim6n and the southern atlantic region, as well 
as small communities in the mountain ranges uncommunicated with the rest of the country. The 
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transport and export 
capabilities of banana, the 
major export product of Costa 
Rica, was seriously disrupted. 

The water system in 
Limon suffered extensive 
damage due to rupture of 
buried pipelines. Repair work 
of the system lasted over a 
period of several months and 
unfortunately the service 
could only partially reesta
blished after a month. Power 
distribution lines also suffered 
damage and although electric 
power supply was interrupted 
in Limon, it was reestablished 
24 hours after the main 
event. There was no damage 
to the high-voltage 
transmission lines, neither to 
the oil pipeline that runs 
parallel to the main highway 
to San Jose. 

The event confirmed 
the high vulnerability of 
lifelines during strong 
earthquakes. The economic 
losses of the earthquake are 
estimated at 250 million 
US.dollars, plus 30 million 
dollars of losses caused to 
companies involved in the 
production and export of 
banana. Insurance companies 
paid up to 20 million 
US.dollars for damage claims. 

Figure No. 14 
Collapse of the Estrella river highway bridge. The two main 70 m steel truss 
spans collapsed due to the 22. April 1991 earthquake 

Figure No. 15 
Fracture and settlement of highway embankments due to soil liquefaction 
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5. GEOLOGICAL CHANGES AND EFFECTS 

Important geological 
changes and effects were 
caused by the earthquake. It 
triggered massive landslides in 
the Talamanca mountain 
range (Cordillera de 
Talamanca) (Fig.No.16). This 
side-effect of the event 
caused extensive destruction 
of rain forests and obstruction 
of riverbeds, representing a 
significative ecological impact 
for the country . 

Extensive liquefaction 
effects were widely observed 
in the soft alluvial coastal 
areas of Costa Rica and 
Panama. Sand boils in 
container yards of the Limon 
port (Fig.No .17), as well as 
the ejection of large quantities 
of sand into the drainage 
ditches of banana plantations 
in Panama (Fig.No.18), are 
examples of this phenomena. 
Ground fracture and settle
ment in Changuinola, Panama, 
was the consequence of the 
loss of resistance of soft soils 
and loose sands (Fig.No .19). 

The most relevant 
geological effect caused by 
the event was the up-lift of 
the upper continental crust, 
raising the coast, most 
notably in Limon, by an 
estimated 1,20 to 1,50 
meters. The uplift can be 
observed from the Matina 
River north of Limon down to 
Sixaola on the Panama-Costa 
Rica borderline in the south 
(Fig .No.20) . 

Figure No. 16 
Large landslides in the Talarnanca mountain range triggered by t he 
eathquake caused the destruction of vast areas of rain forest 

Figure No. 17 
Ejection of sand and settlement due to liquefaction in the conta iner ~--= ~
the port of Limon 
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What was previously a 
shallow submerged coral 
bottom, is now exposed with 
surf breaking as much as 100 
meters out from the former 
shoreline and breakwater 
(Fig.No.21 ). The original 
waterline, which left a 
distinctive mark on wharfs 
and docks, is now at least 
one meter above current sea 
level, as shown in Figure 
No.22. The mooring of large 
ships has been hindered at 
Limon and Main as a result of 
continental uplift reducing 
water depth at the docks. 

Figure No. 18 
Liquefaction and ejection of sand into drainage ditches in the banana 
plantations, Changuinola, Panama 

Figure No. 19 
Fracture and settlement of the ground surface due to 
liquefaction, Changuinola, Panama 
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Figure No. 20 
The most relevant geological aspect of the earthquake 
was the uplift of the upper continental crust raising the 
coast by an estimated 1,20 to 1,50 meters . 



Figure No. 21 
What was formerly a submerged coraline bottom, is now 
exposed due to the continental uplift, with waves 
breaking 50 meters from the former breakwater at Limon 

Figure No. 22 
The suction pipes of the fire pump stat ion at the port of 
Moin are now protruding 30 cm above sea level due to 
the coastal uplift 

6. DESCRIPTION AND EVALUATION OF DAMAGE 

6. 1 ROADS AND BRIDGES 

The most severe damage caused by the earthquake was the collapse of highway 
(Fig.No. 14) and railroad bridges and severe damage to highways and rail lines due to fracture and 
settlement of embankments (Fig.No.15). A total of 5 important highway bridges suffered collapse, 
many smaller bridges were damaged and 8 railraod bridges suffered partial collapse or were 
damaged. As a consequence, the southern Atlantic region, including the Estrella Valley with 
important banana plantations, was left uncommunicated. 

Rail lines proved to be especially vulnerable to damage due to soil settlement and 
liquefaction. The failure and settlement of soft alluvial soils in the coastal areas undermined the 
track bed and caused deformation and bending of rail lines (Fig .No.23). 

The existing railroad bridges are old structures built in the first decade of this century , 
most of them lower deck steel trusses with simple supports (Fig.No.24). The damage consisted 
mostly in the overturning of abutments and the movement of concrete filled steel caissons that 
were pushed toward the river channel by lateral spreading of embankments (Fig.No.25). Many 
bearings and support mechanisms failed and were displaced (Fig.No.26); consequently, the 
superstructure tilted and settled. Most of the steel truss bridges were repaired by jacking them up 
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Figure No. 23 
Deformation and bending of rail lines due to failure of 
soft alluvial soils 

Figure No. 25 
Failure of abutments due to soil settlement and lateral 
spreading of embankments• Ba nano River railway bridge 
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Figure No. 24 
Old railway bridges, mostly lower deck steel trusses, 
showed better performance than modern highway 
bridges 

and provisionaly supporting them with timber 
elements. On the other hand, repair work of 
rail lines proceeded very quickly. Thus, three 
weeks after the earthquake, the train traffic 
was reestablished, allowing the transport of 
banana. In general, railroad bridges, steel 
truss structure built 85 years ago 
(Fig.No.24}, showed much better behaviour 
than modern highway bridges (Fig. No. 14). 
This was due primarily to a more 
conservative design, the good use of roller 
bearings and more generous support 
dimensions. 

Modern highway bridges were not as 
fortunate and five of them collapsed 
(Fig.No .14 and No.27). They could not be 
repaired or replaced as quickly as the railroad 
structures. Traffic of vehicles in the first two 
months was only possible by routing it 
through shallow parts of the 



Figure No. 26 
Displacement of support mechanisms - The Matina River 
railway bridge suffered settlement 

Figure No. 28 

Figure No. 27 
Collapse of two spans of Bananito River highway bridge 

rivers during low water 
periods (Fig.No.28). 
Nevertheless, the rainy 
season made the rivers 
difficult to ford, even for 
trailers and four-wheel 
vehicles . 

Common to all collap
sed highway bridges, with 
one exception, is a multispan, 
statically determinate, simply 
supported superstructure 
(Fig.No.29). As experience 
has shown, this system is 
very vulnerable to suffer 
collapse due to large 
horizontal displacements 
during strong motion 
earthquakes. 

Fording a river during low water periods, due to collapse of highway bridges By contrast, the Chirri-
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Figure No. 29 
Vizcaya River highway bridge - Center pier 
overturned due to failure of piles, causing the 
collapse of two spans 

p6 River bridge (Fig. No 30). was the 
only one in the area of severe shaking 
that was designed as a 6-span 
continuous steel plate girder 
construction 400 m in length. The 
superstructure suffered permanent 
lateral displacement, yet it showed 
good seismic performance. Only the 
end span, simply supported on the 
abutment and first pier, suff~red 
collapse (Fig.No.31 ). Traffic over the 
bridge, a vital link between San Jose 
and Limon, was reestablished five 
days after the earthquake by fillfng 
the gap created by the dropped 
section with compacted gravel. 

The Estrella River bridge is a 
steel truss, lower deck superstructure 

Figure No. 30 
Chirrip6 River bridge - The steel-plate girder superstructure, 
continuous over six spans, showed a good performance during the 
earthquake due mainly to the higher redundancy of the system 

Figure No. 31 
Collapse of end span of Chirrip6 River bridge simply supported on 
the abutment and first pier 

with two spans, each 75 min length, simply supported on the piers (Fig.No.14); it includes an 
approach span on the northern river margin. The collapse of the two main spans was due to the 
failure and displacement of the supports, as well as the use of inadequate support mechanisms 
(Fig.No.32). The pendulum or rocker bearing movable supports used in this bridge have previously 
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shown very poor seismic performance. On the other hand, the fixed supports have shown to be 
not as fixed as supposed in the design, since the anchor bolts are sheared off or pulled out by the 
seismic induced forces . 

Figure No. 32 
Expansion support devices used in the La Estrella River 
bridge proved to be inadequate to resist the large 
horizontal displacements induced by the seismic 
excitations 

Figure No. 33 
Vert ical offset and severe fracture of road surface due to 
loss of resistance of underlying soft alluvium soils 

In all collapsed bridges, no provisions for maintaining structural integrity and for limiting 
horizontal displacements were provided. Moreover, no seismic blocks, anchors, or other type of 
mechanisms for displacement restraint were provided at the bridge abutments and piers. It is also 
a pity that the advantages of continuity and redundancy were not considered in the design of 
these structures. 

Liquefaction and ground motion amplification in soft soils contributed to bridge damage, 
but the collapse of the simple spans was precipitated by aforementioned omissions. It should be 
remembered that continuity, high redundancy, structural integrity, restraint of horizontal 
displacements and the use of adequate support mechanisms and bearings are basic requirements 
for the earthquake-resistant design of bridges. 

Settlement of approach embankmets created vertical offsets of over one meter between 
road surface and bridge deck, and lateral spreading of soft soils near river channels resulted in 
rotation and overturning of abutments . Due to soil liquefaction and failure of the underlying soft 
soils , the highway embankments and fills suffered extensive and severe fracture, lateral spreading, 
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and settlement (Fig.No.33). About 60 km of highway roads were damaged. Repair works were 
carried out with more celerity than for bridges. Heavy equipment quickly graded the fractured 
roadway sections and filled the open fisures to restore the road surface. 

6.2 LIQUID STORAGE TANKS 

The RECOPE oil 
refinery in Mofn suffered 
severe damage to tanks, 
towers, pipelines and 
equipment. One tank exploded 
and another one caught fire. 
Fortunately, the fire was 
quickly controlled and a major 
conflagration was averted. 
Many tanks suffered severe 
damage due to sloshing of the 
liquid content causing the 
collapse of the roofs, as well 
as spilling of the crude oil 
content (Fig.No.34). Other 
tanks also suffered the 
buckling of its steel cylindrical 
walls. The production of 
gasoline and other products 
was paralyzed for four 
months. 

Small volume steel 
tanks at several chemical 
product transfer plants in 
Main suffered damage, mostly 
by typical "elephant foot" 
type buckling of the cylindrical 
walls (Fig.No.35). 

Common to all 
damaged tanks is the non
anchored condition of the 
cylindrical steel wall to the 
perimetral reinforced concrete 
foundation beam. This 
condition has been known to 
be unfavourable to seismic 
behaviour of liquid storage 
tanks as it produces an 
amplification of the structural 
response and leads to a poor 
seismic behaviour. 

Figure No. 34 
Sever damage due to sloshing of liquid content in steel tanks c ausing the 
collapse of roofs and the spilling of the crude oil - RECOPE oil refinery in 
Main 

Figure No. 35 
Typical "elephant foot " buckling of cylindrical walls of steel tanks 
Transmerqufn chemical plant in Main 
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Figure No. 36 
Anchor devices of cylindrical steel walls of three Diesel 
tanks at RECOPE refinery prevented damage and loss of 
contents 

Figure No. 37 
Steel tanks well anchored to the reinforced concrete 
perimetral foundation beam showed a good performance 
at the oil refinery 

The anchoring of steel tanks to the foundation ring is a basic requirement for improving the 
seismic performance of these structures, as confirmed in past destructive events. In a chemical 
product storage plant, owned by Exxon Corporation and located near the RECOPE refinery, 
designed in the author's office, no damage was observed in the well anchored cylindrical walls; 
they were almost full at the time of the earthquake. In the RECOPE Refinery, the only tanks which 
were well anchored to the foundation ring were also designed in the author's office (Fig.No.36 and 
37). They were three large Diesel and crude oil tanks; no damage was observed and the sloshing 
produced no roof damage or spilling of liquid content . 

A valid conclusion is that well-anchored liquid storage tanks behave much better than non
anchored tanks. 

6.3 PORT FACILITIES 

Two of the main port facilities of Costa Rica are located on the Caribbean coast in Limon 
and Moin. The first one suffered severe damage, due mainly to liquefaction, settlement and 
ejection of sand in the container yard; large sand boils covered the port facility (Fig.No.17). Also, 
the dock itself suffered structural failure at some pile heads; nevertheless, the mooring operations 
were not affected and normal loading and unloading operations proceeded within three days after 
the earthquake . In Mofn , founded on stable soil, there was no evidence of settlement and damage 
was low. 
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Due to the uplift of the continental upper crust, the sea water depth was lowered in about 
1,20 to 1,50 meters, as seen in Figure No. 22, which shows the suction pipes at the fire pump 
station in Moin protruding 30 cm above sea level. The reduction of the water depth due to the 
continental uplift will impede temporarily the mooring of large vessels; dredging work has been 
necessary in order to restore the original water depth. 

6.4 STRUCTURAL DAMAGE 

Only two spectacular 
collapses of reinforced 
concrete buildings were 
observed in Lim6n, which is 
located on a coral outcrop 
(Fig.No.38). One three story 
hotel suffered total collapse, 
another four story hotel 
suffered partial collapse 
(Fig.No.39). But considering 
the magnitude of the event, 
we must conclude that 
damage to buildings and 
houses was relatively low. 
Near the collapsed hotel, 
minor o no damage to 
buildings and houses was 
observed (Fig.No.40). 

There are some cases 
of collapse of steel-frame 
structure warehouses due to 
the toppling of stacks of 
heavy paper rolls, the raw 
material employed in the 
production of cardboard boxes 
for banana export (Fig .No.41 ); 
the impact of the paper rolls 
against steel columns caused 
the collapse of two 
structures. With these 
exceptions , steel-frame 
structures used for single
story industrial and 
warehouse occupancy, 
showed good performance, as 
they have in past 
earthquakes. 

Other structures 
suffered structural damage, 
such as the reinforced 

Figure No. 38 
One of the few collapses of reinforced concrete buildings - Hotel 
Internacional , Limon 

Figure No. 39 
Partial collapse of a 4 story re inforced concrete building - Hotel Las Olas, 
Lim6n 
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Figure No. 40 

masonry shear-walls of a box
manufacturing facility, a 
precast and prestressed 
concrete structure. A precast 
concrete structure under 
construction, in which the 
moment-resistant cast-in
place joints were not yet 
poured, suffered total collapse 
(Fig.No.42). With this 
exception, precast concrete 
structures showed a good 
performance. This indicates 
that the design practice in 
Costa Rica, which uses rigid 
cast-in-place joints for 
moment trasmission, is 
adequate to provide seismic 
resistance for this construc
tion system. 

Minor or no damage to buildings and houses was observed near the 
collapsed Internacional Hotel, Limon 

Damage to equipment due to settlement of the floor, anchor failure and displacement, 
was extensive, even in industrial plants were there was no evidence of structural failure. 

In San Jose, 90 km from the epicentral area, some buildings showed secondary damage 
and few suffered failure of structural elements. Most failures were due to the "short column" 
effect, a common case of structural damage. 

Figure No. 41 
Toppling of heavy paper rolls caused the collapse of two 
steel frame structures, Limon 
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Figure No.42 
A precast prestressed concrete frame structure under 
construction, in which the cast-in-place joints were not 
yet poured, suffered total collapse . The structure in the 
background with the same construction system showed 
a good performance 



6.5 HOUSES AND DWELLINGS 

The earthquake caused the collapse of 2,600 houses, and moderate to severe damage to 
about 3,500 houses, both in the epicentral area and the Caribbean coastal region of Costa Rica 
(Fig.No.43) Most damaged and collapsed houses were of wood-frame construction, being the 
typical construction practice to build them about 1 ,0 m above ground level, supported on wooden 
piles (Fig.No.13 and 43); this is done in order to protect them from flooding and soil moisture. 
Generally, the pile-supported, pin-joined structure has no provisions and little capacity for lateral
load resistance. Collapse was mainly due to the timber house displacing off its supports. Moreover, 
most of the timber piles were rotten by termites or organically decayed and were the main cause 
of the collapse. This construction type is typical only to the Atlantic region of Costa Rica and is 
not used in the rest of the country. 

Figure No. 43 
Collapse of a wood-frame house supported on wooden 
piles. 

Figure No. 44 
Reinforced masonry houses near the epicentral area 
showed a good seismic behaviour 

The actual tendecy is to build houses with reinforced concrete-block masonry walls, a 
system that showed a good behaviour in the past. Figure No.44 shows examples of undamaged 
concrete-block masonry houses in the banana plantations near the epicentral area. Precast 
concrete pannel houses also showed an excelent performance during the earthquake. In Limon 
itself, the largest city near the earthquake source (40 km from the epicenter) no extensive damage 
was observed. Figure No.40 shows undamaged houses and buildings near one of the few collapses 
of reinforced concrete structures observed in Limon. Damage to masonry dwellings consisted 
mainly in cracking of plaster and masonry walls. 

7. EVALUATION AND COMPARISON OF DAMAGE 

The three earthquakes described, caused damage and the collapse of about 2,600 houses. 
Nevertheless, no general and extensive destruction could be observed similar to that caused by 
recent destructive earthquakes. 

One explanation for the comparatively low damage and low economic losses in houses and 
dwellings in Costa Rica can be explained by the local construction practice. Costa Rica is the only 
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country in Latin America, from Mexico to Argentina, in which adobe construction was prohibited 
80 years ago by a Presidential executive decree after the destructive 1910 Cartage earthquake. 
Bahareque and unreinforced masonry construction were progressively abandonded in the 1930's 
and substituted by reinforced masonry construction systems, which have shown good perfor
mance during recent earthquakes in Costa Rica. 

We should remember how in 1972 an earthquake completely destroyed downtown 
Managua, Nicaragua. Then, 10,000 people were killed, mainly due to the collapse of bahareque 
construction houses and buildings. In other countries, the bahareque construction also showed 
poor performance, as in the 1986 San Salvador earthquake . In the rural zone of Guatemala, many 
towns were destroyed by the earthquake of 1976; 22,000 people were killed under the rubble of 
adobe houses and heavy tile roofs. In the 1970 Chirnbote, Peru earthquake, 50,000 people also 
died in adobe houses, which were also responsible for severe damage and high economic losses 
caused by the 1985 Chile earthquake. 

Thus, bahareque and adobe construction, although abandonded in Costa Rica, has been 
responsible for very high death tolls and also for enormous economic losses in other countries. On 
the other hand, reinforced masonry construction in Costa Rica has shown a good performance. 
This type of construction includes concrete hollow blocks with integral reinforcement in the cells 
or clay bricks and concrete blocks with reinforced concrete elements that confine the wall panels. 
Figure No .40 was taken in a area of most severe ground shaking and in zones were soft soil 
conditions caused severe settlement and fracture of highway embankments. Since most of these 
houses lacked a strict supervision and control when built, one can assume that the constructive 
details and material quality are either not optimum, or do not correspond to good construction 
practice . Nevertheless, the damage in this type of construction has been only moderate . 

The death toll of 48 people killed and the economic losses no exceeding US.$ 250 million, 
considering the magnitude of the 22.April 1991 Lirn6n, earthquake, are still low if compared to 
the figures of other destructive events in the American continent as shown in Table No .1. We 
must remember that the 7,4 magnitude of this event is much larger than that of the 1 988 Armenia 
earthquake which caused a death toll of more than 25,000 people killed; the epicentral distance 
of Limon compares to that of Leninakan and Kirovakan, two Armenian cities which were almost 
destroyed by the 1988 earthquake . 

Table No.1 
CONSEQUENCES OF RECENT EARTHQUAKES 

Event Death Toll 

Chimbote, Peru 1970 67 000 
Managua 1972 10 000 
Guatemala 1976 22 000 
Mexico City 1985 > 15 000 
San Salvador 1986 1,200 
Lorna Prieta, Calif . 1 989 63 
Costa Rica 1 990 0 
Costa Rica 1991 48 
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Economic Losses 
(actual cost) 
U.S.$ (millions) 

4 000 
5 000 

> 10 000 
2 000 

> 12 000 
30 
250 



A comparison with destructive events of the same magnitude is also helpful in drawing 
conclusions from the last seismic activity in Costa Rica, as shown in Table No.2. 

Table No.2 
COMPARISON OF EARTHQUAKES OF EQUAL MAGNITUDE 

Event Magnitude Death toll 

Armenia 1 988 6,9 > 25,000 
Costa Rica, 25.March 1990 6,9 0 

San Salvador 1 986 5.4 1,250 
Costa Rica, 22.December 1990 5,7 0 

Northern Iran 1 990 7.4 > 50,000 
Costa Rica, 22.April 1991 7.4 48 

8. CONCLUSIONS 

The balance of the strong seismic activity in Costa Rica that started in March 1990 and 
lasted 14 months, including three main events of magnitudes 6,9; 5,7 and 7,4, as well as a 
seismic swarm of two month duration, can be considered positive if compared with the effects 
of similar destructive earthquakes in other countries. Thus, some conclusions can be drawn from 
this experience. 

Bridge design practice needs to be revised and upgraded following the 22.April 1991 
earthquake, in which modern highway bridges collapsed or showed a very poor seismic 
performance. Devices for limiting horizontal displacements should be adopted and the advantages 
of redundancy and continuity should be taken in consideration, as well as measures in order to 
assure structural integrity. 

The earthquakes have brought up errors in conceptual structural design, deficiencies in 
construction practice, bad constructive details and low quality materials choice. Nevertheless, the 
good performance of buildings and structures is predominant throughout the country . 

The low number of dead and injured people and the relatively low economic losses, as 
compared to the figures of other destructive earthquakes in many countries (Table No.1 ), can be 
explained partly by: 

a. The adobe, bahareque and unreinforced masonry construction systems were 
abandoned many decades ago and substituted by more adequate systems for house 
construction such as reinforced masonry. 

b. In contrast to other countries, in which earthquake-resistant requirements were 
established after a major seismic catastrophe, Costa Rica established a modern 
seismic code in 1974, long before a destructive event occurred. The code, 
considered as one of the most advanced, was implemented in 1 986. It is 
considered that observance of the seismic code is also an important factor that 
contributed to the good seismic behaviour of most buildings . 
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c. Many public and private buildings, as well as essential facilities have been 
retrofitted in order to improve their seismic performance. Hospitals, telephone, and 
communication buildings have been reinforced and upgraded. No essential building 
suffered collapse or structural failure and no telephone line was lost due to the 
earthquakes. Secondary damage in hospitals was low to moderate. 

d. In many countries there exists a clear divorce between the architectural and the 
engineering professions. The architect establishes the configuration of the building 
and determines the resistant system without the participation of the engineer. In 
this initial stage of design, there is no due consideration of the earthquake-resistant 
requirements. 

Costa Rica is characterized by good a collaboration between architect and engineer. 
The latter participates in the early design process, suggesting the optimum and 
most efficient structural system to resist earthquake-induced loads. 

e. Construction practice has improved during the last decades, and contractors have 
improved their equipment, as well as their technical and professional team. The 
quality control by independent consulting engineers and architects, which carry a 
strict inspection of the construction process, has also improved. 

f. Public and private owners are more aware of the consequences of earthquakes, 
especially due to the tragic experiences in neighbouring countries like Nicaragua, 
El Salvador, Guatemala, Colombia and Mexico. They are now willing to hire 
competent consulting firms and qualified structural engineers with experience in 
earthquake resistant design and they take this much more seriously than in the 
past. 
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APPENDIX A - PARTICIPANTS7 

U.S. - Costa Rica Workshop 

Ing. Victor Aeon 
Compafi.ia Consultora Vanderlaat y 
Jimenez S.A. 
Tel.(506)24-0574 
Fax. (506)25 - 5275 
Apdo.3742-1000 San Jose, C.R. 
Bridge construction 

Ing . Roy Acuna Prado, M. Sc . 
Heriel S.A. 
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Fax .(506)24-7511 
Apdo . 361-2010 Zapote, C.R. Rica 
Structural engineering 

Ing . Pedro Afonso Lopez 
Geotecnia S .A. 
Tel.(506)53-0135 
Fax . (506)53-0135 
Apdo.7462 -1000 San Jose, C. R. 
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Ge61 . Alvaro Aguilar 
Project Planning Dept . 
RECOPE 
Tel . (506)53-3442 
Fax.(506)24-9210 
Apdo . 4351-1000 San Jose, C.R. 
Seismology, tectonics 
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Fax . (506)21-0184 
Apdo.165-2400 Desamparados , C.R. 
Structural engineering 

Ing . Mario Arce , Director 
Escuela de Ingenieria Civil (EIC) 
Universidad de C.R . 
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Fax . (506)53- 7331 
2060 Escuela de Ingenieria Civil 

Universidad de C.R. , C.R. 
Lifelines, structures 

Ing. Alfredo Arce Valenzuela 
CEPREDENAC-Universidad del 
Guatemala 
Tel.(502)69-2776/692563 
Fax . (502-2)38-0212 

Valle 

Apdo.82-01015, Guatemala, Ciudad de 
Guatemala 
Structural engineering 

Ing. Jorge Enrique Balma S. 
Proyes S .A. 
Tel . (506)53-8573 
Fax . (506)24-3038 
Apdo.3878-1000 San Jose , C.R . 
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Geol . Rafael Barquero 
Seismology and Vulcanology Div . 
Instituto Costarricense de 
Electricidad (ICE) 
Tel . (506)24-0244 
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Apdo.10032-1000 San Jose, C. R. 
Lifelines 

Sr. Paul Bell 
Regional Advisor 
USAID OFDALAC 
Tel.(506)20-4545 
Fax.(506)31-4111 
Apdo.825-1200 Pavas , C.R . 
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Ing . Juan Bermudez, Vice-Pres . 
A.C.I.E. 
Tel.(506)28-6432 
Fax.(506)28 -0662 
Apdo.759-1000 San Jose , C.R . 
Structural engineering 

7 A translation of some of the titles and institutions for the 
Costa Rica participants is included at the end of this section (p. 
71) 
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Dr. Ian Buckle 
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Buffalo 
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Eugene E. Cole 
Cole, Yee, Schubert & Assoc. 
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2500 Venture Oaks Way, Suite 200 
Sacramento, CA 95833-3287, USA 
Structural engineering 

Dr . Marc Eberhard, Ass. Prof. 
University of Washington 
Tel. (206)543 -4815 
Fax. ( 206)543-1543 
233 More Hall-98195 Seatle , WA 98195 
Structural engineering 
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engineering 
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Ge61. Jose Alberto Fernandez 
Project Planning Div. 
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(RECOPE) 

.Tel.(506)53-3442 
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Apdo.4351-1000 San Jose, C.R. 
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Ing. Raul Gonzalez s., M.Sc . 
Dinamica Estructural Ltda. 
Tel . (506)53-6321,536351 
Fax.(506)53-6321 
Apdo.65-2050 San Pedro, C.R . 
Structural engineering 

Dr. Federico Guendel U. , Ph.D. 
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National Science Foundation 
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Ing . Mario Lara Eduarte 
Edica Ltda. 
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Apdo.2205-1000 San Jose 
Construction engineering 

Dr. George C. Lee , Director 

de 

National Center for Earthquake 
Engineering Research 
State University of NY at Buffalo 
Tel . (716)636-2771 
Fax.(716)636-2495 
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Structural engineering 

Dr. Roberto T. Leon, Assoc. Prof. 
Dept. of Civil and Mineral Eng . 
University of Minnesota 
Tel. (612) 625-8534 
Fax. (612) 626-7750 
Minneapolis , MN 55455-0220 
Structural engineering 

Dr. S.C. Liu, Director 
EQ Hazard Mitigation Program 
National Science Foundation 
Tel.(202)357-9780 
Fax.(202)357-9803 
1800 G ST. NW Washington, D.C. 20550 

Sr . Verny Lizano Soto 
Instituto Nacional de Seguros (INS) 
Tel . (506)23-5800 

Geol . Eduardo Malavassi, Ph.D. 
Observatorio Vulcanologico y 
Sismologico de C.R . (OVSCR) 
Tel.(506)37-4570 
Fax.(506)38-0086 
Apdo . 86-3000 Heredia, C.R. 
Seismology and zonation 

Ing. Francisco Mas 
Comision Permanente de Estudio y 
Revision del Codigo Sismico de C.R. 
Tel . (506)25-7846 
Fax.(506)53-3189 
Apdo.7-2440-1000 San Jose, C. R. 
Earthquake engineering 

Ing. Leon Mayer Giberstein, M.Sc. 
Ingenieria Sismo Resistente S.A. 
Tel.(506)332784 
Fax.(506)235194 
Apdo.1050-1000 Centro Colon San Jose, 
C.R. 
Structural engineering 

Dr. Robin K McGuire, President 
Risk Engineering Inc. 
Tel.(303)2789800 
Fax.(303) 2789803 
5255 Pine Ridge, Golden, CO 80403 
Seismic risk and seismic hazard 



Dr. Jack Moehle, Director 
EQ Engr. Research Center 
University of California 
Tel . (510)2319554 
Fax. (510)2319471 
1301 S 46th St. Richmond, CA 94804 
Structural engineering 

Ge61. Sergio Mora Castro, Ph.D. 
Geology Dept. 
Instituto Costarricense de 
Electricidad (ICE) 
Tel.(506)344826,207141 
Fax.(506)203430 
Apdo.10032-1000 San Jose, C.R. 
Landslides, geotechnical engineering 

Geof. Luis Diego Morales, M.Sc. 
Comisi6n Nacional de Emergencias 
Tel.(506)202020/204177 
Fax.(506)202054 
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DR . Farrokh Nadim, Ph.D. 
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Dr. Manuel Obando, M.D. 
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Tel.(506)333333/201690 
Fax . (506)572139 
Apdo. 192-1150 San Jose, C.R. 
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Dr. Michael O'Rourke, Prof. 
Professor Civil Engineer 
Rensselaer Polytech Inst . 
Tel . (518)2766933 
Fax.(518)2764833 
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RPI, 12181 Troy NY, U.S.A. 
Lifelines 

Fis. Javier Pacheco A. , Ph.D. 
Centro de Investigaciones Geofisicas 
Universidad de Costa Rica 
Tel. (506) 342703 
Fax.(506)341627 
Apdo. 2060 Universidad de C.R., C.R. 
Seismology and tectonics 

Ing. Juan Pastor G., Ph.D . 
Comisi6n Permanente de £studio y 
Revision del C6digo Sismico de C.R. 
Tel. (506)257688 
Fax.(506)537331 
Laboratorio de Materiales y Modelos 
Estructurales 
Facultad de Ingenieria 
Apdo. 2060 Universidad de C. R. 
Structural engineering 

Ing . Luis Pernudi S. 
Instituto Nacional de Seguros 
Tel.(506)330444/505542 
Fax . (506)232029/337936 
Apdo.3558-1000, San Jose, C. R. 
Seismology and structural engineering 

Ing. Romulo Picado Ch. 
Comisi6n Permanente de £studio y 
Revision del C6digo Sismico de C.R. 
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Fax.(506)268179,270753 
Apdo . 5890-1000 San Jose, C.R. 
Structural engineering 
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Escuela de Ingenieria Civil 
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Fax.(506)537331 
Apdo. 2060 Universidad de C.R., C.R. 
Structures and lifelines 

Ing. Ana Lorena Quiros , MSc . 
Consultores Gutierrez y Quiros 
Tel. (506) 229369 
Fax . ( 506) 234990 
Apdo.134-1000 San Jose, C.R. 
Structural engineering 



Ing . Mario A. Rivera L. 
Universidad Nacional de Honduras 
Tel. (50 .. )327999/321491 
Fax. (50 .. )321263 
Apdo.Ciudad Universitaria , 
Tegucigalpa AMDC , Honduras 
Structural engineering 

Ing . Jose Rodriguez Barquero, Head 
Geotechnical Engineering Dept. 
Instituto Costarricense de 
Electricidad (ICE) 
Tel.(506)263714,207468 
Fax . (506)314744 
Apdo.195-1002 Paseo de los 
Estudiantes 
Geotechnical Engineering 

Dr. Jose M. Roesset, Professor 
Dept . of Civil Engineering 
The University of Texas at Austin 
Tel.(512)4714927 
Apdo . ECJ 4604-78712 Austin, Texas , 
U.S.A. 
Structural dynamics, soil-structuctre 
interaction 

Ing. Luis Rojas Ph.D.* 
Luis E. Rojas e Ingenieros Asociados 
Tel. (506)227667 
Fax.(506)339540 
Apdo.03 -1150 La Uruca 
Structural engineering 

Mr . Richard D. Ross, Secretary 
Central Unites States Earthquake 
Consortium (CUSEC) 

Mr. Harvey G. Ryland, Director 
Central Unites States Earthquake 
Consortium (CUSEC) 
Tel. (901)3450932 
Fax. (901)3450998 
2630 East Holmes Road 
Memphis, TN 38118-0932, U. S.A. 

Ing . Sergio Saenz , M. Sc. 
Escuela de Ingenieria Civil 
Universidad de C. R. 
Tel. (506)539595 
Fax . (506)259551 
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Apdo .118-2050 San Pedro, 5444-2050 San 
Pedro 
Geotechnical engineering 

Ing. Wilberth Sanchez V. 
Engineering Dept. 
REC0PE 
Tel. (506) 531941 
Fax.(506)531917 
Apdo.4351-1000, San Jose , C.R. 
Structural engineering 

Ing. Guillermo Santana B., Ph.D. 
Comisi6n Permanente de Estudio y 
Revision del C6digo Sismico de C.R. 
Tel.(506)537331,357151 
Fax.(506)537331 
Apdo.592-2150 Moravia 
Seismology and ground motion 

Ing. Franz Sauter F. 
Comision Permanente de Estudio y 
Revision del C6digo Sismico de C.R. 
Tel. (506)256733 
Fax. (506)346866 
Apdo . 6260-1000 San Jose 
Earthquake engineering 

Ronald F. Scott, Professor 
Engr . & Appl. Sci. 
California Institute of Technology 
Tel.(818)3564233 
Fax . ( 818 ) 5 6 8 2 719 
MC 104-44, Cal Tech, 91125 Pasadena 
U. S.A. 
Geotechnical engineering 

Ing. Edgar Solano Barrantes 
Jefe Uni dad de Inspecci6n y 
Evaluaci6n 
Instituto Nacional de Seguros 

Ing. Jose Carlos Solano Rodriguez 
Direcci6n de Ingenieria 
Institute Costarricense de Acueductos 
y Alcantarillados 
Tel. (506)382762 
Fax.(506)554706 
Apdo.5120-1000 San Jose 
Lifc:?lines 



Mr. Lacey E. 
Central United 
Consortium 

Sutter, 
States 

Chairman, 
Earthquake 

Director, Tennesse Engineering 
Management Agency 

Ing. Marco Valverde Mora, President 
Asociaci6n Costarricense de Mecanica 
de Suelos y Cimentaciones (ACMSC) 
Tel.(506)534779,207701 
Fax. (506)249774 
Apdo.2346-1000 San Jose 
Geotechnical engineering 

Ing. Marcos Vinicio Vasquez Ramos 
Centro de Investigaciones Geotecnicas 
CEPREDENAC 
Tel. (50 .. )229800/229688 
Fax. (50 .. )211933 
San Salvador, El Salvador 
Structural engineering 

Ing. Ezequiel Vieto S. 
Vieto y Asociados 
Tel. (506)245049 
Fax. ( 506) 246 773 
Apdo.138-2010 Zapote 
Geotechnical engineering 

Ing. Daniel Vilaplana 
Direcci6n de Ingenieria 
Refinadora Costarricense de Petr6leo 
Tel. (506)531941 
Fax. (506)531917 
Apdo.4351-1000 San Jose 
Structural engineering 

Ing . David Wong, Ph.D. 
Universidad Tecnol6gica de Panama, 
CEPREDENAC 
Tel. (507)354152 
Fax . (507)325128 
Apdo.6A-l480 E~ Dorado, Panama 
Evaluaciones Estructurales 

T. Leslie Youd 
Professor Brigham Young University 
Tel . (801)3786327 
Fax . (801)3782478 
Apdo.368 CB-84602 Provo , Utah, U.S.A. 
Geotechnical engineering 
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KEY TO LIST OF ADDRESSES 

Professional Titles: 

Geo£ . 
Geol . 
Ing. 

- Geophysicist 
Geologist 

= Engineer 

Institutions: 

AyA - Institute Costarricense de Acueductos y Alcantarillados (Costa Rican 
Water Works Institute , national water distribution and treatment 
company, an autonomous agency of the C.R. government) 

ACIE Asociaci6n Costarricense de Ingenieria Estructural (Costa Rican 
Association of Structural Engineers) 

ACMS C Asociaci6n Costarricense de Mecanica de Suelos y Cimentaciones 
(Costa Rican Association of Soil Mechanics and Foundations) 

CEPREDENAC- Centro de Prev encion de Desastres Naturales (regional disaster 
preparedness center based at the U. del Valle, Guatemala) 

CNE Comisi6n Nacional de Emergencias (National Emergency Commission , 
Costa Rica's counterpart to FEMA ) 

CPERCSCR Comisi6n Permanente de Estudio y Revision del C6digo Sismico de C.R . 
(Permanent Comission on Updating the Costa Rican Seismic Design 
Code) 

EIC Escuela de Ingenieria Civil (Civil Engineering Department , 
University of Costa Rica) 

ICE Instituto Costarricense de Electricidad (national eletric power 
company, an autonomous agency of the C.R . government) 

INS Instituto Nacional de Seguros (National Insurance Institute) 
OVSCR Observatorio Vulcanol6gico y Sismol6gico de C. R. (Vulcanological and 

Seismological Observatory of Costa Rica, a part of UNA) 
RECOPE Refinadora Costarricense de Petroleos (national oil refining 

company, an autonomous agency of the C.R. government) 
UCR - Universidad de Costa Rica (University of Costa Rica, located in San 

Pedro, a suburb of San Jose) 
UNA Universidad Nacional Aut6noma (National Autonomous University of 

Costa Rica, located in Heredia) 
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NATIONAL SCIENCE FOUNDATION 
WASHINGTON D.C. 20550 

8:30 a.m. 

U.S. - CoSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 

STRUCTURES OF THE 1990 - 1991 CoSTA RICAN EARTHQUAKES 

Laboratorio de lngMo«ia Sismica. 2060 Uwersidad de Costa Rica, Co,ta Rica 
PhoMIF ax /506/ 53 733 r 

£mail: GSAHTANA@ UCRVM2.BITNIT 

Taller sabre 
Los Terrernotos de 1990-1991 

Efectos sabre Suelos y Edificaciones 

PROGRAMA 
Jueves 2 de Abril 

Auditorio Alberto Brenes, Facultad de Derecho 
Universidad de Costa Rica 

CE.!sEMONIA DE APERT\JRA 

Bienvenida: 
Dr. Roberto Leon, University of Minnesota, 
EEUU. 
Participaciones especiales: 
Arq. Henry Lagorio, Director de/ Programa, 
National Science Foundation (NSF), EEUU 
Ing. Eduardo Sibaja, Director Ejecutivo, 
Consejo Naciona/ de lnvestigaoones 
Cientificas y Tecnol6gicas (CON/CIT). 
Dr. Luis Garita, Rector, Univ;;rsidad de 
Costa Rica. 
uc. Rafael A. Calderon, Presidente de la 
Republica 

Primera Sesi6n 

10:15 a.m. 

11:00 a.m. 

11 45 a.m. 

Geotecnla ("). 
Prof. T. Leslie Youd, Brigham Young 
University, EEUU. 
Efectos en la zona epicentral, licuaci6n, 
wacterfsticas de/ sue/o. 

Comportamiento de las edificaciones. 
Ing. Franz Sauter, Franz Sauter y 
Asociados. 
Estructuras de concreto reforzado, 
mamposterfa no reforzada, estructuras 
prefabricadas, puentes. 

Uneas vitales y plantas industr iales. M 
Dr. Michael O'Rourke, Rensselaer 
Polytechnic Institute, EEUU. 

Los TE~REMOTOS DE 1990 • 1991 EN COSTA RICA 
Presidente de mesa: Prof. George Housner 

Lineas de conducci6n electrica, agua 
potable, plantas de tratamiento de aguis, · 
infraestructura de transpor1e, tanques de 
almacenamiento, plantas industria/es. 

9:1 S a.m. Cafe 

9:30 a.m. Sismicidad y zonificaci6n sismica. 
Or. Guillermo Santana, Laboratorio de 
lngenieria Sismica, UCR. 
Tecr6nica local, sismicidad hist6rica, 
programa de medici6n de sismos tuer1es, 
registros de/ movimiento sfsrrvct) fuerte, 
relaciones de atenuaci6n, condiciones de 
campo fibre. 
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12:30 p.m. 

7:30 p.m. 

Fin de la sesi6n 

CONFERENCIA ESPECIAL 

Desarrollo hist6rico de la lngenierfa 
Sfsmica. M 
Prof. George Housner, Professor Emeritus 
California Institute of Technology, EEUU. 

§ 

(") Nora: Estas conferencias seran dictadas en el idioma ingles. 
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DOE: COSTA RICA 
NATIONAL SCIENCE FOUNDATION 

WASHINGTON D.C. 20550 

U.S . - COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 

STRUCTURES OF THE 1 990 - 1991 COST A RICAN EARTHQUAKES 

Leboratorio CM lngen;.,;. SiNniu, 2060 Universi<Md CM Costa Rica, Costa Rica 
Phon.;Fex (506/ 53 7331 

Email: GSANTANA @ UCRVM2.8fTNET 

Grupo D: Lifelines 
Uneas Vitales 
Third Floor, Room B 
Leaders: O'Rourke, Morales 
Members: A. Arce, Bell, Calvo, Lizana, Pernudi, Pujol, Rivera, 
Ross, Ryland, E. Solano, J. Solano, Sutter, Vasquez, Vilaplana, 
Wong 

Administrative Items: 

Lunch: A menu will be circulated during the morning session; please make sure 
all those attending the luncheon sign up and list their preferences. This 
will hopefully make lunch a much smoother operation today. 

Field Trip : Please circulate a sign up sheet for those who will be travelling to Limon 
on Saturday. We need a head count for the restaurants. Please go over 
the details on time of departure, etc. on the previous page. 

Proposals: Attached is a sample form for the type of write-up we would like for 
each project this afternoon. Please share it with other members of your 
group so that discussions remain focused. 
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NATIONAL SCIENCE FOUNDATION 
WASHINGTON D.C. 20550 

U.S. - COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 

STRUCTURES OF THE 1990 - 1 991 COSTA RICAN EARTHQUAKES 

uborarorio <H 1ng.,,;,,,;. s;..,,;,;., 2060 Univanidlld <H C08ta Ria, C~t• Rica 

Phon./Fax /506/ 53 7331 
Email: GSANTANA@ UCRVM2.BITNET 

Grupo A: Seismology and Zonation 
Sismologfa y Zonificaci6n Sfsmica 
Third floor, Room A 
Leaders: McGuire, Santana 
Members : A. Aguilar, Barquera, Boschini, Fernandez, Guendell, M. 
Laporte, Malavassi ,Montero, S. Mora, Pacheco 

Administrative Items: 

Lunch: A menu will be circulated during the morning session ; please make sure 
all those attending the luncheon sign up and list their preferences. This 
will hopefully make lunch a much smoother operation today. 

Field Trip: Please circulate a sign up sheet for those who will be travelling to Limon 
on Saturday. We need a head count for the restaurants. Please go over 
the details on time of departure, etc. on the previous page. 

Proposals: Attached is a sample form for the type of write-up we would like for 
each project this afternoon. Please share it with other members of your 
group so that discussions remain focused. 
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INVESTICACIOl'ES 
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---1.11-U--+.-Jl--~IVEl!SllAD OE COS'Tl RICA 
NATIONAL SCIENCE FOUNDATION 

WASHINGTON D.C. 20550 

U.S. - COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 
STRUCTURES OF THE 1 990 - 1991 COST A RICAN EARTHQUAKES 

laboratorio de /ngeni.n. S/smia, 2060 Univ.,.;,Jad tJ. Cost• Rica. Co8t• Ria 
Phonw'Fu (506/ 53 733 I 

Email: GSANTANA @ UCRVM2.BfTNET 

Grupo B: Soils 
lngenierra Geotecnica 
First Floor, Room B 
Leaders: Youd, G. Laporte 
Members: M. Arce, Afonso, Aguilar, Esquivel, Fernandez, M. 
Gutierrez, Mendez, R. Mora, Saenz, Scott, Valverde, Vieto , 

Administrative Items: 

Lunch: A menu will be circulated during the morning session; please make sure 
all those attending the luncheon sign up and list their preferences. This 
will hopefully make lunch a much smoother operation today. 

Field Trip: Please circulate a sign up sheet for those who will be travelling to Limon 
on Saturday. We need a head count for the restaurants. Please go over 
the details on time of departure, etc. on the previous page. 

Proposals: Attached is a sample form for the type of write-up we would like for 
each project this afternoon. Please share it with other members of your 
group so that discussions remain focused . 

167 



INSTTI\JTO 0[ 
IN\IESTICACION:S 
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--~+t---+---r".'."••~SllAD 0€ COSTA "11:A 
NATIONAL SCIENCE FOUNDATION 

WASHINGTON D.C. 20550 

U.S. • COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 
STRUCTURES OF THE 1 990 • 1991 COSTA RICAN EARTHQUAKES 

i.Aboratorio d4i Inge,,;.,;. S/Ynic.tl, 2060 Universk»d d4i Cost• Ria, CO$t• Ria 
f'hon&/Fu /5061 53 7331 

Email: GSANTANA @ UCRVM2.BrTN£T 

Grupo C: Structures 
Comportamiento Estructural 
First Floor, Room A 
Leaders: Le6n, Gutierrez 
Members: Araya, Baima, Baltodano, Bermudez, Buckle, Cartin, 
Castro, Cole, Chasi, Eberhard, Gonzales, Hernandez, Herrera, 
Lagorio, Lara, Lee, Liu, Mas, Maier, Meltzer, Mora, Morena, 
Pastor, Picado, Quiros, Roesset, Rojas, Sanchez, Sauter, 

Administrative Items: 

Lunch: A menu will be circulated during the morning session; please make sure 
all those attending the luncheon sign up and list their preferences. This 
will hopefully make lunch a much smoother operation today. 

Field Trip: Please circulate a sign up sheet for those who will be travelling to Limon 
on Saturday. We need a head count for the restaurants. Please go over 
the details on time of departure, etc. on the previous page. 

Proposals: Attached is a sample form for the type of write-up we would like for 
each project this afternoon. Please share it with other members of your 
group so that discussions remain focused. 
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NATIONAL SCIENCE FOUNDATION 
WASHINGTON D.C . 20550 

Friday, April 3 

U.S. - COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 

STRUCTURES OF THE 1990 - 1991 COSTA RICAN EARTHQUAKES 

uboratorio de Inger,;.,;. Slsmica, 2060 Univer:,idad de Cost• Ria, Co3t• Ria 
Phone/Fu 15061 53 7331 

Errwil: GSANTANA @ UCRVM2.BITNET 

PROGRAM - PROGRAMA GENERAL 

RESEARCH NEEDS 

OISCUSION SOBRE NECESIDADES DE INVESTIGACl6N 

Viernes 3 de abril 

8:30 a.m. Grupo A : Seismology and Zonation 
Sismologfa y Zonificaci6n Sfsmica 
Third floor, Room A 
Leaders: McGuire, Santana 
Members: A. Aguilar, Barquera, Boschini, Fernandez, Guendell, M. 
Laporte, Malavassi,Montero, S. Mora, Pacheco 

Grupo B: Soils 
lngenierfa Geotecn ica 
First Floor, Room B 
Leaders: Youd, G. Laporte 
Members : M. Arce, Afonso, Aguilar, Esquivel, Fernandez, M. 
Gutierrez, Mendez, R. Mora, Saenz, Scott, Valverde, Vieto, 

Grupo C: Structures 
Comportamiento Estructural 
First Floor, Room A 
Leaders: Le6n, Gutierrez 
Members: Araya, Baima, Baltodano, Bermudez, Buckle, Cartin, 
Castro, Cole, Chasi, Eberhard, Gonzales, Hernandez, Herrera, 
Lagorio, Lara, Lee, Liu, Mas, Maier, Meltzer, Mora, Morena, 
Pastor, Picado, Quiros, Roesset, Rojas, Sanchez, Sauter, 

Grupo D: Lifelines 
Uneas Vitales 
Third Floor, Room B 
Leaders: O'Rourke, Morales 
Members: A . Arce, Bell, Calvo, Lizano, Pernudi, Pujol, Rivera , 
Ross, Ryland, E. Solano, J. Solano, Sutter, Vasquez, Vilaplana, 
Wong 
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RATORIO DE 
RIA SISMICA 

IMSTITIJT0 OE 
IMV[ STICACIONES 

DI IN COICAIA 

---if-'H· l--lf--+-~n SIDAD 0( COSTA RICA 
NATIONAL SCIENCE FOUNDATION 

WASHINGTON D.C. 20550 

U .S . • COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS ANO 

STRUCTURES OF THE 1990 · 1991 COSTA RICAN EARTHQUAKES 

ul>oratorio d. 1ng.,,;.,;. Si:ln1ia. 2060 Univer7HMd d. Co.st• Ria. Cost• Ria 
Phone/Fu /5061 53 7331 

Em,,il: GSANTANA @ UCRVM2 .BITNET 

10:30 a.m . Coffee (Cafe) (Group leaders meet br iefly) 

10:45 a.m . Sess ions resume 

12 :30 m . Sesi6n almuerzo . 
Charla: La investigaci6n cientffica en Costa Rica, Ing. Eduardo Sibaja, 
Director Ej ecutivo, CON/CIT. 

PRIORIT AZATION 

PROPUEST AS DE NECESIDADES PRIORITARIAS DE INVESTIGACION 

2:00 p.m. Working gropus - Grupos de trabajo 

4: 00 p.m. Coffee - Cafe 

4 :30 p .m. Final Session - Sesi6n Final (Th ird Floor ) 
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NATIONAL SCIENCE FOUNDATION 
WASHINGTON D.C. 20550 

Saturday, April 4 

U .S . - COSTA RICA WORKSHOP ON THE EFFECTS ON SOILS AND 

STRUCTURES OF THE 1 990 - 1991 COST A RICAN EARTHQUAKES 

L..boratorio th 1ng.,,;.,,. Slsmic.a, 2060 Univ•r3i<Jad th Cost• Rica, Cost• Rica 
Phon.;Fu /506/ 53 7331 

Errwil: GSANTANA @ UCRVM2.SITNET 

Site Visit - Visita al campo 

VISIT TO THE LIMON AREA 

Sabado 4 de abril 

ZONA AFECT ADA POR EL TERREMOTO DEL 22 DE ABRIL DE 1991 

6:30 a.m. Salida a la Provincia de Lim6n (U. de Costa Rica) . 

7:00 a.m. Departure from the Hotel 

Visit to bridges on the road between San Jose and Limon, rail bridge at 
matina, RECOPE Refinery, Hotel Las Olas, and to bridges on the road 
south of Limon. 

Visita a los diferentes puentes de la Ruta Nacional 32, a los puentes 
ferroviarios en Matina, al plantel de refinerfa de RECOPE en Moin, al 
antiguo Hotel Las Olas, a los diferentes puentes de la Ruta Nacional 36, 
a los sitios de fuerte evidencia de licuaci6n. 

6:30 p.m. Conclusion Dinner - Cena de conclusi6n de gira en Puerto Lim6n. 

10:00 p.m. Arrival in San Jose - Llegada a San Jose 
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