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Introduction
On February 27, 2010 a magnitude (Mw) 8.8 earthquake struck off the coast of SouthCentral Chile, resulting in significant loss of life and property. The Coasts Oceans
Ports and Rivers Institute (COPRI) of the American Society of Civil Engineers
(ASCE) deployed a team including coastal, structural and geotechnical engineers to
investigate the coastal impacts of the earthquake and tsunami. The first objective of
the Team’s reconnaissance was to identify infrastructure that performed poorly as well
as that which performed as intended. The second objective was to compare the
performance of older systems that were not designed using current methods with
systems that were designed with Chile’s modern codes. This report is intended for the
practicing engineer to use in better understanding the requirements of designing,
constructing and maintaining marine facilities.
1.1 Description of Earthquake
The February 27, 2010 earthquake epicenter was located about 35 km out to sea from
Maule, Chile (at latitude 35.909S, longitude 72.733W), which is nearly 105 km north
of the population center of Concepción and about half way between Concepción and
Constitución. Santiago, Chile’s capitol and largest city, is approximately 330 km
northeast of the epicenter. The earthquake was immediately to the north of the rupture
zone of the Mw 9.5 Chilean earthquake of 1960 (the largest earthquake recorded to
date at Valdivia). It had a plate rupture estimated to be about 550 km long by 150 km
wide. It was felt over the entire country, affecting nearly 80 percent of Chile’s
population. Numerous, significant (Mw 6 or higher) aftershocks occurred over the
following weeks.
The earthquake created intense shaking for a period as long as three minutes and a
tsunami was generated and spread across the Pacific Ocean. This tsunami (and followon waves) generated by the earthquake created a run-up of approximately 10m within
a 200 km radius of the epicenter. It was reported by other teams that a tsunami run-up
of 30m was measured in Tirua, approximately 350 km south of the epicenter. This
tsunami produced extensive damage to coastal communities and facilities.
The 2010 earthquake is the fifth largest ever recorded to date. Although this event was
much stronger than the 2010 Haiti earthquake with an Mw 7.0, it caused substantially
less damage due to the more earthquake-resistant infrastructure and lower population
density of the affected area. Due to the extreme magnitude of the Chile event,
significant damage to ports, buildings, roads, bridges and other modern lifeline
facilities were reported throughout central Chile. An example of significant damage to
the waterfront observed in Talcahuano is shown in Figure 1.1.
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According to the United States Geological Survey (USGS, 2010), at least 521 people
were killed, with 56 missing, and about 12,000 injured during the earthquake or
tsunami. In addition, it was noted that about 800,000 people were displaced and at
least 370,000 houses, 4,013 schools, 79 hospitals and 4,200 boats were damaged or
destroyed by the earthquake and tsunami in the Valparaiso-Concepción-Temuco area.

Figure 1.1 Damage to the Waterfront Observed in Talcahuano
The total economic loss in Chile was estimated by Chilean President Sebastian Pinera
at 30 billion U.S. dollars immediately after assuming office (BBC, 2010). In many
areas the electricity, telecommunications and water supplies were disrupted and the
airports at Concepción and Santiago had minor damage. The tsunami damaged or
destroyed many buildings and roads at coastal towns such as Dichato, Talcahuano,
Constitución, Concepción and Pichilemu. It also created damage as far away as San
Diego, California and created a small seiche in Lake Pontchartrain, Louisiana. A
maximum Peak Ground Acceleration (PGA) of 0.65g was recorded at Concepción
(USGS, 2010); and readings closer to the epicenter suggest PGA over 1g (Boroschek,
2010).
There was also damage to port and harbor infrastructure in several locations. Some of
the ports were able to return to full operations within days while others had not
returned to full operations at the time of the COPRI Team visit. Port damage included
subsidence, container crane failure, foundation damage, and a multitude of other
modes of failure. Several early field investigations with documented water levels from
the tsunami were published by GEER (2010) and JRC (2010) of the European
Commission.
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1.2 Objectives of this Study
COPRI of ASCE deployed a team including coastal, structural and geotechnical
engineers to assess and learn from the effects of the February 27, 2010 earthquake and
subsequent tsunami which struck off the coast of South-Central Chile. ASCE and
COPRI have been very active over the past ten years investigating damage to coastal
and port infrastructure associated with earthquakes, tsunamis, hurricanes (typhoons)
and other natural disasters. A parallel investigation by Technical Council on Lifelines
and Earthquake Engineering (TCLEE) of ASCE investigated damages to primary
infrastructure, including support facilities for major ports (TCLEE, 2010).
The primary purpose of this COPRI Investigation was to assess and learn from the
performance of port infrastructure including waterfront, storage and protective
structures, handling equipment, foundations and utilities. It is important for COPRI to
learn from the performance of these systems, provide recommendations, and, based on
these findings, reassess the effectiveness of design guidelines and repair
recommendations in both Chile and the U.S. In addition, the Team investigated the
tsunami-impacted areas to assess the run-up heights, performance of coastal structures,
and scour and deposition of sediments. Before, during and after the visit by the COPRI
Team to the sites, there were as many as thirty other investigation teams working.
Therefore, the confined focus of this study remained on harbor structures affected by
the earthquake and related tsunami impacts. It is COPRI and ASCE’s intent that by
performing this assessment and working with pertinent organizations in both
countries, a significant reduction in future loss of lives and lifeline services may be
possible.
1.3 Site Investigation
There are 37 commercial ports in Chile, with the largest facilities supporting mining in
the north and container import and export at major population centers. A summary of
foreign cargo passing through visited ports is included in Table 1-1.
Table 1-1. Total Cargo in Foreign Trade Passing through Ports Visited by Team
Total Cargo
Percent of
(MT)*
National
Talcahuano
283,880
0.4
Terminal Gasero ABAS
95,713
0.1
Lirquen
4,010,319
5.1
Coronel
3,343,591
4.2
Valparaiso
6,342,893
8.0
San Antonio
8,970,758
11.3
National Total
79,154,264
41.3%
*Note: the cargo at Terminal Gasero ABAS is liquefied gas and the use of metric tons
(MT) can be misleading.
Source: Data from Camara Maritima y Portuaria de Chile A.G.
Port

4

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

The COPRI Investigation Team visited port, harbor and coastal areas listed below:











Talcahuano
San Vicente Port
San Vicente Marine Gas Terminal
Dichato
Lirquen
Coronel
Santa Maria Island
Caleta Tumbes
Valparaiso
San Antonio

The Team’s schedule for visiting these ports is shown in Table 1-2.
Table 1-2 Schedule of Team’s Visits
Date
Sunday,
April 11
Monday,
April 12

Time
12:25PM –
4:30 PM
8:30 AM –
11:00 AM
1:00 PM –
5:00 PM

Tuesday,
April 13

8:00 AM –
5:00 PM

Wednesday,
April 14

8:00 AM –
12:00 PM
8:00 AM –
12:00 PM
12:00 PM –
1:00 PM
3:00 PM –
5:00 PM
10:00 AM –
11:00 AM
11:00 AM –
11:10 AM

Thursday,
April 15

Friday, April
16

Saturday,
April 17

3:00 PM –
6:00 PM
10:00 AM –
12:00 PM

Team 1
Ports

Team 2
Coastal

Talcahuano Area
Ports of Talcahuano

Town of Dichato

Visit the Ports of San Vicente and Terminal Gas
Abastible
Santa Maria Island
Port of Lirquen & Coronel
and area south of
Concepción
Professor Baeza, University of Concepción &
Tigo
Port of Valparaiso
Professor Patricio Winckler, University of
Valparaiso
Port of San Antonio
Daniel Ulloa, Director of Public Works (MOPW)
Hernan de Solminihac , Minister of Public Works
Professor Rodolfo Saragoni (Head of Seismic
Design), and Prof. Ruben Borosch (Head of
Structural Design), University of Chile-Santiago
Ricardo Norambuena , UNESCO

CHILE EARTHQUAKE AND TSUNAMI OF 2010

5

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

Each of these sites provided some unique information based on ongoing operations,
proximity to the epicenter, design, age of the structure and protection from tsunami
impacts. Not only were the effects of the earthquake and the dynamic response
evident, but it was also clear that the land mass had risen relative to mean sea level
from 1 to 2m vertically and up to 10m horizontally. Figure 1.2 shows the location of
the above sites in relation to the epicenter of the earthquake. Figure 1.3 shows the
locations of the above sites in the Concepción region.

Figure 1.2 Map of Chile with Sites Visited Circled
(Source: OpenStreetMap.org, accessed 9-11-12)
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Figure 1.3 Map of Concepción Region
(Source: OpenStreetMap.org, accessed 10-18-2011)
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The Escuela de Ciencias del Mar of the Pontificia Universidad Católica de Valparaíso
measured the movement of the earth relative to pre-earthquake conditions. It also
recorded early field measurements of the tsunami run-up and wave height, as show in
Table 1-3.
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Table 1-3. Estimates of Tsunami Run-Ups at the Coast and
Uplift of the Coast above Mean Sea Level
Location
Tsunami Run-Up
Uplift of Coast
Pta. Tumbes
12 m
0.5 m
Isla Santa María
6m
3m
Pta. Lavaplé
4.5 m
2.5 m
Llico
10 m
1.5 m
Lebu
12 m
1.8m
Tirúa
30 m
0.5
Source: Data from Escuela de Ciencias del Mar, Pontificia Universidad Católica de
Valparaíso
In addition, much information was obtained through meetings with universities and
agencies including:






University of Concepción
University of Valparaiso
Ministry of Public Works, Santiago
University of Chile
UNESCO

The Team also had brief meetings with the staff at the Transportable Integrated
Geodesic Observatory (TIGO).
Each of the site visits and meetings is documented in this report. In addition, during
the trip, a daily blog of the activities was available on the COPRI website
(http://blogs.asce.org/coastalsolutions/?p=678).
1.4 The COPRI Investigation Team
The COPRI Investigation Team consisted of the following members, with areas of
expertise noted:




Billy Edge, Team Leader: tsunamis, coastal engineering
North Carolina State University and UNC Coastal Studies Institute
Martin Eskijian, Team Co-Leader: liquid fuel & gas, tanks, ports, refineries
California State Lands Commission
Kandiah (Arul) Arulmoli: geotechnical engineering
Earth Mechanics, Inc.
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Russell Boudreau: tsunamis, coastal engineering
Moffatt & Nichol
Miguel Carbuccia: seismic design of port structures
PBS&J
Omar A. Jaradat: seismic design of port structures
Moffatt & Nichol
Marc Percher: seismic design of oil terminals
Halcrow, Inc.
Jaime Serrano: sea and port engineering
GSI Ingenieria

The Team typically operated together during visits to facilities and interviews.
However, only Russell Boudreau and Billy Edge visited Dichato and Santa Maria
Island.

Chapter 2
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Seismic Ground Motion
In the first month after the initial shock, there were a significant number of aftershocks
of Mw 6.0 to 6.9. Figure 2.1 shows the main shock and aftershock distribution. Figure
2.2 shows a USGS "shake map" indicating the ground motion effects at various
distances from the epicenter.

Figure 2.1 Space Google Earth Image Superimposed with Main Shock and Aftershock
Distribution (Locations from USGS)
In terms of damage, this report focuses on port and harbor structures; however there
was significant impact to the population with 1.5 million homes damaged, out of a
total 4.5 million in the country. The earthquake was strong enough in Buenos Aires,
Argentina (1,400 km from the epicenter) to force building evacuations, and was even
felt in Sao Palo, Brazil (2,900 km from the epicenter). It was also reported that Lake
Pontchartrain, Louisiana (7,000 km from the epicenter) had a seiche following the
event. This earthquake is reportedly the fifth largest ever recorded.

9
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Figure 2.2 Shake Map (Source: USGS)
2.1 Available Acceleration Records
The most extensive available sets of records have been published and are still being
updated by Professor Boroschek et al (2010). Professor Boroschek provided
acceleration records available at the time of the Team’s visit, as shown in Table 2-1.
Table 2-1: Acceleration Records
Location
Max Horiz (g’s) Max Vert (g’s)
Concepción
0.65
0.58
Vina del Mar (downtown)
0.33
0.19
Santiago (University)
0.17
0.14
(Source: Data from R. Boroschek)
From a personal conversation with Professor Boroschek, the estimates are 25 to 30
records may be available, with perhaps many more from private sources. It was also
reported that the LNG receiving terminal was instrumented. It is understood that the
USGS and entities from other countries (such as Canada, France and Germany) have
placed instruments to record aftershocks. Professor Boroschek estimates that there are
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approximately 60 accelerometers in Chile that are being monitored by the University
of Chile. The philosophy was to place the newer, digital instruments in the northern
part of the country, with the older, film-based analog type instruments used in SouthCentral Chile. The older film type records are difficult to digitize by hand as it
requires segregating the different overlaid records (two horizontal and one vertical).
Other problems with the records are that in most cases there is no corresponding
subsurface soil / rock data and, if there is, it usually extends no deeper than 10m below
grade, which is not sufficient to understand the true nature of the record. Subsurface
information at the free field sites is limited and deeper borings are needed. Private
funding would help obtain subsurface data using borings but, to date, this has not been
a priority.
Figure 2.3 shows the one previously unpublished time history record and spectra in
Concepción (Bollweg, 2010). The records were digitized and plotted by CGS-SMIP.
Although the PGAs are no more than 0.65g, the spectral peaks are greater than 2g and
1.5g at periods of 0.2 seconds and 0.8 seconds respectively.

Figure 2.3 Time History Record and Spectra in Concepción
(Source: Courtesy of Prof. Klaus Bataille Bollweg, Universidad de Concepción)
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Chile has about 60 strong motion accelerometers placed throughout the country; many
recorded the event, but access to the data is limited. A few records were available at
the time of this report, but in most cases there is little information about the underlying
soil conditions, or plans/elevations of placement in buildings. Most of the records
away from the epicenter indicated peak horizontal ground accelerations of less than
1g, with vertical accelerations almost as high as horizontal. At some locations near the
epicenter, peak horizontal accelerations exceeded 1g. The strong motion was reported
to have lasted for almost three minutes in some locations.
2.2 Tectonic Plate Permanent Displacements
Tectonic deformation was prevalent in many areas and contributed to the damage.
There were areas of uplift and subsidence, which complicates the modeling of the
tsunami. It is reported that the city of Concepción moved more than 3m westward, and
the capital, Santiago, moved about 28cm west-southwest (Impact Forecasting LLC,
2010). In terms of uplift in the area of the San Vicente Gas Terminal, it was reported
to the Team that the berth water depth decreased by about 1.5m. Figure 2.4 shows the
fault slip and tectonic movements over a large area. At the time of the Team’s visit,
efforts to estimate the tectonic deformations were under way; at the time of
publication, these efforts are still ongoing. In addition to seismic ground motion, this
earthquake produced permanent tectonic displacement, with some areas displaced
vertically and/or horizontally. The effects on port structures can be significant in terms
of reducing vessel draft, and/or mooring/ berthing hardware being out of place.

Figure 2.4 Fault Slip (Left) and Vertical Deformation (Right)
(Color in Meters (Left) Modeled by Gavin Hayes of USGS)
(Source: GEER, 2010; reproduced with permission from GEER)

Chapter 3
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Tsunami Characteristics
Since 1562, there have been 28 tsunamis in Chile of substantial impact, suggesting a
recurrence interval of 16 years. Of these, the most destructive tsunamis were generated
by earthquakes in the years 1730, 1835, 1868, 1877, 1922, 1960 and 2010, suggesting
a recurrence of nearly 50 years when considering the national coastline in its entirety
(USGS, 2010).
As a result of the February 27, 2010 earthquake, tsunami waves were reported to hit
with great intensity along approximately 550 km of mainland coast, from San Antonio
(33º 35'S, 71º 37'W) to Tirúa (38 º 20'S, 73 º 29'W), affecting also the Juan Fernández
Islands (33º 37'S, 78º 50'W), located 600 km offshore. Although the magnitude of the
earthquake was 8.8 on the Richter scale, the focal depth was estimated at 35 km
(Boroschek, et al. 2010) and this may have limited the magnitude of the resulting
tsunami. The earthquake was recorded at over 150 locations around the Pacific,
triggering tsunami alerts in 54 countries and territories.
Post-event International Tsunami Survey Teams (ITST) were coordinated by the
United Nations Educational, Scientific and Cultural Organization (UNESCO) through
their International Tsunami Information Center (ITIC) whose aim was to evaluate the
characteristics of flooding and impacts on land and port infrastructure facilities in the
whole affected areas of Chile. Immediately after the event a number of investigators
traveled to the coast of Chile to document the characteristics of the tsunami and the
damages (ITIC, 2010). A U.S. National Science Foundation (NSF) sponsored team
worked together with local engineers and scientists in Chile under the coordination of
the ITIC of UNESCO. The NSF sponsored team was led by Costas Synolakis,
University of Southern California and Hermann Fritz, Georgia Institute of
Technology.
The ITST group surveyed the Chile coast from as far north as San Antonio to as far
south as Tirúa. At the same time, the Joint Research Centre (JRC) team, led by A.
Annunziato of the European Commission was in the field collecting additional data.
These early field efforts, beginning on March 26, 2010, were focused on evaluating
the following elements: type of tsunami source, tectonic and seismic parameters,
submarine avalanches and landslides, effects of terrain deformation, shoreline
configuration at the arrival locations, the approximate parameters and arrival of the
tsunami, tsunami damages and casualties, and public response. These parameters also
serve the larger aim to collect data for assessing the accuracy of tsunami inundation
models and to understand the complex near shore wave dynamics that affect tsunami
inundation and run-up (JRC, 2010).
Tsunami waves are of relatively long periods and very low wave height in the open
ocean. A tsunami can have wave periods ranging between 5 and 60 minutes. As a
13
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tsunami approaches land, the wave height grows appreciably. The shape of the
offshore and near shore bathymetry has a substantial effect on the tsunami wave
height, and the topography has a large effect on the run-up of the tsunami as well.
Tsunamis that originate in Chile can travel across the Pacific Ocean and arrive with
significant energy to cause damage.
3.1 Observations
A conspicuous feature of the Chilean tsunami was its extreme variability in height
along the coastline. This clearly resulted in variability in destructiveness and wave
run-up. This is illustrated in Table 3-1. The table presents a compilation of preliminary
water heights from JRC (2010), ITST (2010) and GEER (2010) teams. Estimates
made by the COPRI Team exceed those presented in the table for both Dichato and
Talcahuano. The arrival of the times of the first four waves is also included in the table
and is based on eyewitness accounts reported by residents to ITST teams. The
eyewitness observations, however, did not always match well with the recorded data.
Table 3-1 Water Heights and Wave Arrival Times
Community
Curanipe
Constitución
Dichato
Iloca
Juan Fernandez
Pellehue
Pichilemu
San Antonio
Talcahuano
Valparaiso
* Splash estimate

Water
Height
(Meters)
6–9
6.9 - 11.2,
26*
3.6 - 9.4
4 - 8.2
5
7.2 - 9.3
4
2.5 - 3.4
3.3 - 6.3
2.6

Approximate Wave Arrival
Time
1st
2nd
3rd
4th
6:30 7:00
3:50
4:17
4:50
5:20
4:00
4:00
4:25
4:15
3:50
3:50
3:54
4:00

5:00
4:25
4:40
4:20
4:20
5:30
4:50

7:30
7:30
6:00
5:20

6:40
6:00

Local tsunami wave height and arrival times were influenced by bathymetry, coastal
topography, aspect, fault slip and localized subsidence and uplift due to the
earthquake.
Generally, the first tsunami wave arrived less than 30 minutes after the earthquake
according to local witnesses. In those areas where three or four waves were reported,
the third or fourth wave was typically the largest. This would likely have provided
adequate time for safe evacuation at the smaller coastal towns since the tsunami waves
arrived more than two to four hours after the earthquake.
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Figure 3.1 illustrates the variation of wave height along the coast. These were
measurements taken by the ITST - UNESCO Team led by Professor Costas Synolakis.
The data extend much further south of the epicenter where there were many
observations on the order of 10m. The highest water levels recorded by ITST groups
were generally in the 10–12m range except in a couple of rare instances.
The earthquake occurred on a falling tide and the tsunami waves diminished before the
next high tide. This is clearly seen in the recording for Talcahuano in Figure 3.2. Of
note, the tidal range measurement device, shown in Figure 3.2, stopped functioning as
its range was exceeded.
North of the epicenter, in Valparaiso, Figure 3.3, the signature of the tsunami is much
more irregular suggesting a large amount of reflection in the record. These data were
uploaded to the GOES satellite and then stored at NOAA with the other stations
available on NOAA’s website: http://wcatwc.arh.noaa.gov/previous.events/Chile_0227-10/Tsunami-02-27-10.htm.

Figure 3.1 Illustration of the Variability of Tsunami Wave Height along the Coast
(Source: Fritz 2011, Springer Science + Business Media)
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Figure 3.2 Predicted Ride Record at Talcahuano with Actual Tide and Tsunami
Record (Source: NOAA)

Figure 3.3 Predicted Tide Record at Valparaiso with Actual Tide and Tsunami Record
(Source: NOAA)
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Figure 3.4 Location of Water Level Observations
(Source: Fritz 2011, Springer Science + Business Media)
Investigators are trying to determine why run-up of 30m occurred at the coast of Tirúa,
south of the Bio-Bio Region. Marco Cisternas, tsunami specialist at the School of
Marine Sciences of the Universidad Católica de Valparaíso (UCV), maintains that the
change from 4m to 30m wave run-up in areas very close is something that "we do not
understand why it happened. It is an issue that has to be analyzed by scientists." He
also noted that in some areas the waves arrived 20 minutes after the earthquake, while
in other locations they arrived four hours later. He suggested the cause for this is not
known; however, it is likely that the first two or three waves were much smaller than
the fourth in these cases (El Mercurio, 2010).
Damage from the tsunami included structural failure from hydrodynamic loading,
impact from floating objects and debris, impact from large fishing vessels, and scour
at foundations. Video (http://www.youtube.com/watch?v=8M_SSm7ppO4) taken in
Dichato clearly shows that much of the scouring occurred during the outflow or
receding wave. Moreover, this video also shows wood- and steel-hull fishing vessels
that floated back and forth over land with the waves and some came to rest in the
village as shown in Figure 3.4. It is estimated that 1,500 (over 80 percent) of the
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homes were destroyed in Dichato. Many were destroyed by foundation failure, others
by floating debris (boats, houses, etc.) and some by the hydrodynamic loading.
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In Dichato and elsewhere, timber structures did not survive the tsunami. Reinforced
concrete buildings performed very well structurally, even when inundation reached
well above the ground floor level. However, concrete and masonry buildings did not
survive well when they were affected by significant scour as shown in Figure 3.5.
In addition to houses and buildings, the tsunami also created significant damage which
was caused by floating objects in Talcahuano, as shown in Figure 3.6. Another impact
created by the tsunami was from the vertical lift forces from the water on submerged
objects such as bridges and piers.
An additional impact of the inundation of the tsunami is in the soil failure that can
cause collapse of a sheet pile wharf as was observed in Talcahuano Harbor and the
Port at Coronel (Figure 3.7). The elevated pressures from the water and saturated
backfill can cause collapse during the drawdown of the tsunami.

Figure 3.5 The Le Bu Lying in the Beach Neighborhood at Dichato –
Formerly Moored Offshore of the Beach
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Figure 3.6 Masonry Structure at Dichato which Survived the Hydrodynamic
Loads but Lost the Foundation Due to Scour

Figure 3.7 Boats, Shipping Containers and Debris Near the Coast in Talcahuano
(Source: AP Photo/ Natacha Pisarenko #100301118368
http://www.boston.com/bigpicture/2010/03/chile_three_days_later.html.)
3.2 Tsunami Predictions
Immediately after the earthquake, predictions were made of the tsunami travel and
magnitude. Several predictions are summarized on the USGS (2010) web site. Figure
3.8 is the prediction made by the NOAA (2010). There are several other predictions
that were made available and they generally show the same trend. The detail is, of
course, in describing the irregularity of the wave pattern along the coast as affected by
reflection, diffraction, shoaling, refraction and run-up at the coastline. This work is
still ongoing.
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Figure 3.8 Tsunami Prediction made by NOAA Showing Magnitude and Time of
Arrival (Source: NOAA)
3.3 Summary
When a tsunami occurs following an earthquake the effects can be significant, with
loss of life and massive destruction. This tsunami was quite large all along the central
coast of Chile, but it had little effect across the Pacific Ocean basin. There was much
damage directly from the tsunami to buildings, roads, bridges, waterfront
infrastructure, and port operations. The loss of life was reported to be higher from the
tsunami than the earthquake. In Constitutión, about 500 people were camping on an
island off the Maule River and many drowned or were reported missing. These people
were not coastal residents and were not well educated about the potential dangers of
tsunamis. Also, over half of the town’s permanent population of 750 was reported
drowned. This was the location of the most deaths reported from the effects of the
tsunami. Elsewhere, due to adequate warnings given by the local officials, loss of life
due to the tsunami was reduced.
It is believed that in all instances, the rising and lateral movement of the ground
occurred at the time of the earthquake. This reduced some of the damage from run-up
where substantial uplift movement occurred.
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The wave height and run-up of the tsunami wave ranged from 4.5m at Punta Lavapié
(Gulf of Arauco), where the ground rose 2.5m, to 30m at the coast of Tirúa (Bio-Bío).
In Lebu the run-up was measured at 12m and there the ground rose 2m and disrupted
navigation in the river.
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Lastly, the effects of the tsunami were wide spread and varying. They included:







Human and animal losses due to drowning
Failures of a structural nature, undermining and failure of foundations
Dragged boats and floating debris
Loss of basic services and lifelines
Impacts on the morphology and marine ecosystems
Pollution

In the following chapters, the effects of the earthquake and the tsunami are detailed for
each of the sites the Team visited.

Chapter 4
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Site Investigations
4.1 Port of Talcahuano
The port and surrounding city of Talcahuano were severely damaged by combined
inertial forces due to earthquake and tsunami events. The north-facing opening of
Talcahuano Bay was particularly susceptible to the impacts of the south-traveling
tsunami waves (see Figure 4.1). The tsunami inundation was observed to be on the
order of 10m, resulting in vessels and containers being carried from the port to act as
missiles within the town. Retaining seawalls failed throughout the area, resulting in a
loss of backlands surface due to liquefaction and lateral spreading of fill materials.
Much of the port facility was damaged beyond use or repair and will require
replacement. All told, the devastation seen in Talcahuano was the worst experienced
during the Team’s journey.

Figure 4.1 Port of Talcahuano
(Source: OpenStreetMap.org)
22
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Description
The Port of Talcahuano is located at latitude S 36 deg. 42.5 min and longitude W 73
deg. 6.5 min. The Port of Talcahuano infrastructure consists of Berths 1 and 2
platforms, their esplanades and two warehouses and a berth for of smaller vessels
(Broad Esplanade “Blanco Encalada”) and the so-called Broad Esplanade “María
Isabel,” for fishing vessels. Esplanade fills that make up the platform are protected by
riprap. A detailed description of the Port of Talcahuano can be found in Appendix
A-1.
Observations
Due to the severe tsunami impact in Talcahuano, it is difficult to discern distinct
earthquake damage versus tsunami related damage. While liquefaction of subsurface
materials is highly likely, no sand boils or similar evidence of liquefaction was visible
as it would have been washed away by the tsunami. Figure 4.2 shows evidence of
exposed marine growth now permanently above the water line, indicating some level
of permanent uplift.

Figure 4.2 Exposed Marine Growth
Vessels and containers were lifted from the port area and carried into the town,
causing devastation within the portside areas. Damage to the backland areas was
similarly severe, and many vessels were still on land at the time of the Team’s visit, as
shown in Figure 4.3. In many locations, algae or kelp was visible at elevations up to
approximately 10m hanging from structures (see Figure 4.4). Damage to the first floor
of a multistory building on the adjacent navy base, as shown in Figure 4.5, also
corresponded to a tsunami inundation of approximately 10m (see Figure 4.6). These
markers correspond well with the findings of others.
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Figure 4.3 Vessel Impacted Light Structure

Figure 4.4 Seaweed/Kelp on top of Remaining Steel Frame of
Warehouse Indicating Level of Tsunami Run-up
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Figure 4.5 Building with Ground Floor Windows
Destroyed by Tsunami

Figure 4.6 First Floor Glass Windows
Destroyed by Tsunami Run-up
Damage from the tsunami was not limited to missile impact. A large underground tank
was found above the surface and is believed to have been buoyantly lifted out of the
ground (see Figure 4.7). Within the port facility, a diesel tank on legs was found to
have fallen (see Figure 4.8). It is unknown if the containment structure originally
under the tank was anchored or if the fall was due to ground shaking or tsunami
buoyancy uplift.
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Figure 4.7 Buried Tank Lifted and Displaced by Buoyancy and Tsunami

Figure 4.8 Tank Overturned by Tsunami (Buoyancy and Hydrodynamic Loading)
While not visited by the Team, the adjacent navy base and Astilleros y Maestranzas de
la Armada (ASMAR) shipyard were visible from the Port of Talcahuano. The base
appeared to have suffered significant damage to breakwaters, vessel impact, and
differential displacement of buildings on the mole, likely due to retaining wall failures.
One large vessel (likely in the range of 30,000 MT) was at a visible skew (see Figure
4.9, as taken from Bunta Tumbes) having been lifted out of the dry dock during the
tsunami and being deposited on land as the tsunami receded. It is important to note
that such large vessels are not immune to the tsunami inundation as they may break
their lines and be carried with the tsunami, becoming extremely massive missiles.
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Figure 4.9 Large Vessel Lifted out of ASMAR Drydock
The Maria Isabel fishing pier berth seawall moved outwards by approximately 4m and
tilted by approximately 2m at the top at the northern section of the structure (see
Figure 4.10). This movement was likely due to inertial response of the wall as well as
the excessive earth pressures on the seawall due to liquefaction and lateral spreading
of the subsurface materials. In addition, cracking and differential displacements of the
deck were also observed, likely caused by liquefaction and lateral spreading of the
materials below the concrete surface. Tire fenders were found pulled over the top of
the sheet pile wall, which likely occurred during the tsunami surge.

Figure 4.10 Outward Movement of Maria Isabel Fishing Pier Seawall –
Tire Fenders Uplifted

28

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

The southern portion of the structure exhibited lesser damage which may correspond
to a rock dike and to a decrease in draft depth towards the south. Cranes in these areas
were severely damaged (see Figure 4.11), likely due to impact from vessels or other
objects. It is expected that this facility will require complete replacement to return to
operations.

Figure 4.11 Damaged Crane at Maria Isabel Fishing Pier
Berth 1 exhibited some rotation (less than 1m) at the top of the sheet pile wall (see
Figure 4.12). At the far north corner of the berth approximately 100m square of the
surface has descended by 1 to 2m, likely due to the loss of the northern seawall (see
Figure 4.13). Again, it is believed that the seawall failed due to earthquake inertial
response of the concrete deck and deck movements due to liquefaction and lateral
spreading of the subsurface materials. The unreinforced concrete surface displaced as
slabs, remaining rigid between pour joints, creating a highly disjointed surface which
prohibits vehicular access (see Figure 4.14); the light pole with shallow foundation
rotated visibly, as shown in Figure 4.15. Three days after the earthquake small boats
could gain access to the berth. The water depth at the berth did not appear to change;
however the major debris adjacent to the berths must be removed prior to large vessels
being able to access the terminal. At the time of the Team’s visit, the berth was in
partial use.
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Figure 4.12 Seawall Movement at Berth 1

Figure 4.13 Loss of Northern Seawall and Adjacent Settlement of Fill

29

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

30

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Figure 4.14 Movement of Fill Concrete Cover along Pour Joints

Figure 4.15 Rotation of Shallow-Founded Light Pole
Berth 2 exhibited significant damage, with one portion of the berth completely failed,
as shown in Figure 4.16. Where the seawall did not fail, the outside face raised by
approximately 15.2 to 30.5cm (see Figure 4.17). At the failure location the sheet pile
type changed, corresponding to a different era of construction (see Figure 4.18). The
edge of the sheet pile wall at this intersection appeared rough, with no distinct edge
visible; however it was not possible to compare this section with that which had failed
as the failed section was completely submerged. It was estimated that the lateral
spreading at the face of the pier is approximately 4m. This berth is expected to require
complete replacement prior to returning to operational status.

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Figure 4.16 Failure of Seawall at Berth 2

Figure 4.17 Settlement of Fill Behind Sound Seawall Adjacent to Failed Seawall
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Figure 4.18 Seawall at Edge of Failure
Findings
While on site, the COPRI Investigation Team visited the city center, fishing pier and
the main port. From the port it was also possible to view damage at the local navy base
and ASMAR shipyard. Severe damage was noted throughout the port facilities and
adjacent town. Several wharf sheet pile retaining walls were found to have failed and
retained soil had flowed resulting in large settlement in the backlands. One shallowfounded light pole was noted to have tilted. One elevated diesel tank had fallen and a
buried diesel tank had floated to the surface. Tsunami run-up was noted to be
approximately 10 m. Impact damage due to floating vessels, cars, containers, etc. was
noted throughout. A receded waterline, due to the South American Tectonic Plate
uplift, was observed close to shore.
Acknowledgements
The ASCE/COPRI Team would like to thank Mr. Carlos Aranguiz, Manager of
Development, Ports of San Vicente and Talcahuano for his assistance and guidance
during the visit.
4.2 Port of San Vicente
The Port of San Vicente consists of three berths, one of plumb tubular steel piles with
"K" bracing above the water line, and the other two of prestressed concrete piles and
steel plumb piles. An access bridge connects the wharves to the backlands, and was
the most noticeable failure. Differential lateral movement between the wharves and
the backlands caused about 100m of the access bridge to collapse into the water. In
addition, non-compacted fill in the backlands experienced differential settlement, due
possibly to lateral spreading and/or liquefaction. This backland failure caused much of
the area to be unusable, and, at the time of inspection had not been repaired.
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Description
The Port of San Vicente is located at latitude S 36 deg. 43.5 min and longitude W 73
deg. 8.1 min. The Port of San Vicente consists of a breakwater, three berths,
backlands, coastal protection barriers and various industrial facilities. The port of San
Vicente primarily exports forest and fishery products, foodstuffs and uses containers.
It is located about 2 km west from the Port of Talcahuano across the Westside of
Peninsula Tumbes outside Concepción Bay. The port is in a naturally protected harbor
area (see Figure 4.19). The marginal wharf has three berths (1-3), with various
structural designs. A detailed description of the Port of San Vicente can be found in
Appendix A-2.

Figure 4.19 Aerial View of the Port of San Vicente
(Source: OpenStreetMap.org)
Observations
Earthquake Damage
There was no deck damage or bollard failure noted and, during the time of inspection,
the port was back to 60 percent of normal operations. The berths were completely shut
down for five days after the earthquake, and the initial shipment was wood from Berth
3. There were some restrictions due to pile leaning, creating a P-delta gravity concern.
The berths were inspected one week after the earthquake by an American firm. Load
limits were placed on the crane and also on the wharf backlands. A complete
underwater inspection was performed, but details and photographs have not been
obtained.
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Berth 1
The steel plumb piles indicate that the berth has tilted and has settled. Initial inspection
indicated that the berth had settled 70cm at the north waterside corner and has also
rotated. Bracing under the deck had no reported damage, but was not observed in this
investigation due to an outside concrete face that limited the access underneath the
wharf.
Berths 2 and 3
Due to the differential lateral displacement, these marginal wharf structures moved
away from the backlands and the concrete slab bridge connecting the pile-supported
structures to the backlands collapsed for the last 100m along Berth 3 South End. No
apparent settlement was noted for either Berth 2 or 3.
Damage observed from the waterline indicated spalling at the pile/capbeam
connection, along Pile Rows 4 and 5 (shorter piles), measuring from the waterline (see
Figure 4.20). Limited cracking of the deck beams occurred at the large diameter steel
piles, suggesting that the deck had lesser moment capacity than the piles (contrary to
modern marine design philosophy of protecting deck elements by forcing hinging in
the piles). The expansion joint between Berths 2 and 3 indicated differential lateral
movement of 30cm on the waterside, and 45cm on the landside.

Figure 4.20 Cracking and Spalling at Pile-Cap Beam Connection –
Primarily Along One Column Line
Backlands
During the visit containers were stacked 10 high due to the limitations in the
backlands, due to differential settlement, estimated to be about 70mm. There is also
the possibility that the entire port area moved 3m, similar to Talcahuano. At the time
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of the visit, the survey using distant points had not yet been performed, but the port
authorities believed that the entire port area has moved, both horizontally and
vertically. A bathymetric survey is also planned. Having stationary points to serve as
the origin of the survey was uncertain at the time of the visit.
The backlands of fill material had the most dramatic failure with differential
settlement, liquefaction and lateral spreading. With the shortage of asphalt pavement
materials, concrete and cobblestone are the preferred materials used for backland
surfacing. Figure 4.21 and Figure 4.22 illustrate the differential movement and
collapse of the cobblestone decking. In areas of concrete cover, the concrete rotated as
blocks, separating at construction joints. Jack-hammer demolition of concrete cover
was ongoing at the time of the survey. The dike containing the backland fill apparently
moved outward, which may have caused most of the lateral spreading, in addition to
possible liquefaction.

Figure 4.21 Settlement at Expansion Joint and Ruptured Rail
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Figure 4.22 Backlands Soil Failure
Reportedly, there was about 70cm of differential settlement along the water side of the
backlands. The differential lateral movement can be clearly illustrated by the collapse
of the bridge between the backlands and the pile-supported wharf structure (see Figure
4.23 and Figure 4.24). Sand boils were reported by geotechnical consultants but were
not observed during the visit. In one area which was reported to have been densified
with dynamic compaction, there was no visible differential settlement and no damage.
With the cobblestone blocks, the material can be filled, compacted and the damaged
portions easily replaced.

Figure 4.23 Access Ramp Collapse Due to Differential
Lateral Movement at Berth 1
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Figure 4.24 Separation Due to Access Ramp Collapse at Berth 3
Tsunami Damage
There was no apparent tsunami damage or a large surge noticed. The breakwater, as
well as the direction of the tsunami relative to the Tumbes peninsula, may have been
effective in reducing the tsunami effects. The breakwater had no obvious failures,
though it was not closely observed by the Team.
Tectonic Effects
There is possible tectonic movement, but at the time of inspection, there had not been
any new surveys or bathymetric studies to verify.
Findings
The pile supported marginal wharves, Berths 1-3, performed quite well, and better
than expected. Spalling and moderate to severe damage was noted at the concrete
pile/deck connection. This was common for two rows of piles, on Berths 2 and 3.
Observations under the deck of Berth 1 were not possible due to the concrete wall
along the outside face of the wharf to the waterline blocking access underneath wharf
ramp. Differential displacement between the pile-supported structure and the
backlands, connected by the 3m access ramp suffered damage. The backlands, in areas
that were not dynamically compacted, experienced failure and could not be used to
transport containers. Areas that were dynamically compacted performed quite well and
were in use during the inspection.
One recommendation is that all fill material in the backlands should be dynamically
compacted, and if not, the next earthquake would be expected to yield the same sort of
damage. For the access bridge between the wharves and the backlands, a larger seat to
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allow for differential motion would reduce the probability of a similar failure next
time.
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4.3 San Vicente Gas Terminal
The San Vicente Gas terminal is a tubular steel plumb and batter pile structure that
imports primarily propane and butane. Generally, the structure and gas pipelines
performed exceptionally well and there was no major structural damage. An electrical
tray on the top of the access trestle fell onto the trestle deck, and one connection for
the hose structure failed. While the tubular steel structure performed well, the tectonic
uplift of about 1.5m reduced the available water depth at the terminal; 200,000 cubic
meters of dredging will be required to restore the design depth.
Description
The San Vicente Marine Gas Terminal is located at latitude S 36 deg. 44.8 min and
longitude W 73 deg. 10 min. The San Vicente gas terminal is a modern, tubular steel
structure, supported by plumb and batter piles. Propane and butane gases are the
primary products, with ten or more calls per month. The unloading time is about two
days, via a hose. Figure 4.25 shows an aerial view of the terminal and Figure 4.26
shows a view of the terminal from the beach. There are four mooring dolphins, and
one mooring buoy with hooks. The dolphins have larger diameter piles.

Figure 4.25 San Vicente Marine Gas Terminal
(Source: OpenStreetMap.org)
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Figure 4.26 View of the Gas Terminal Trestle from the Beach
Observations
Earthquake Damage
There was no major structural damage to the terminal. The electrical tray on the top of
the access trestle fell. The hose tower is a tubular steel structure with braces and gusset
plate connections on three sides. Due to the structural configuration, columns moved
in the laterally unbraced direction on the open side. Plastic deformation occurred at the
joint and plates connecting the braces ruptured, as shown in Figure 4.28. Figure 4.29
shows the replacement-in-kind repair observed at the time of the Team’s visit. It was
stated that the replacement-in-kind repair was selected for rapid return to operations.
There is consideration of adding lateral bracing to the direction that had the local joint
failure.

Figure 4.27 Electrical Cable Tray Anchorage Repaired After Earthquake
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Figure 4.28 Failed Gusset Plate Connection Due to Earthquake

Figure 4.29 Repaired Gusset Plate Connection after Damage Due to Earthquake
The power went out immediately after the earthquake and remained out for one week.
The emergency system was set-up so that in the case of a power failure the sprinkler
system was automatically activated. While the facility had a back-up power system,
when the system was activated it failed to operate. During that one week, there were
no expected vessel calls, so there was no actual loss of operations. The structure was
inspected above and below the water line following the earthquake. No damage was
apparent.
Tsunami Damage
The tsunami run-up height was reportedly 4m, as described by the workers, and
reportedly there was a vessel at the terminal. The tsunami was visible to the vessel
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crew and terminal operators (full moon and low tide). The earthquake was felt on the
pier, so there was some warning time before the tsunami arrived. The standard
operating procedure during an "abnormal event" is to terminate operations and release
the vessel, even without a tug. Reportedly the first tsunami wave arrived before the 14
mooring lines were released; therefore, lines were parted. The breaking strength and
line properties were not determined. The hoses were disconnected and the
current/wave was apparently in line with (solely in the surge direction), or away from,
the pier as no impact damage to the loading platform, dolphin, or fender systems was
noted.
Tectonic Effects
As shown in Figure 4.30, there was significant tectonic uplift at this site. Reportedly
the sea bed was uplifted 1.5 m. The exposed marine growth shown in the figure further
documents the uplift. Previously, the water depth was 16m, with an under keel
clearance of 2m providing a vessel arrival draft of 14m. Following the earthquake and
uplift, the under keel clearance was reduced to 0.5m, with an allowable vessel arrival
draft of 13.8m. The terminal is dredging 200,000 cubic meters in order to get the
terminal back to its prior depth. A new bathymetric survey was in progress during the
visit.

Figure 4.30 Exposed Marine Growth on Steel Piles Indicating a Tectonic Uplift
Findings
This terminal performed better than expected and had no significant structural
damage. The hose unloading platform was slightly damaged, and the electrical cable
tray collapsed. The tsunami effects were minimal due to the vessel not impacting the
dolphins and/or main trestle structure. The terminal operators stated that the mooring
lines parted, and the vessel left the terminal. The most significant problem is the
tectonic uplift, which reduced the under keel clearance from 2.0m to the required 0.5
m, which is less than the previous operational restriction. The terminal plans to
dredge, to provide the 2m of under keel clearance for vessels.
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4.4 Dichato
The disastrous impact of the February 27, 2010 earthquake was the unfortunate result
of the powerful tsunami that was generated, combined with the geographical
orientation of the village of Dichato within a small bay that was directly exposed to
the approach direction of the tsunami waves. Approximately 80 to 90 percent of the
village residences and infrastructure was destroyed by the tsunami.
Description
Dichato is located at latitude S 36 deg. 32.5 min and longitude W 72 deg. 56 min.
Dichato is a small fishing village and resort community located in the municipality of
Tomé, approximately 45 km north of Concepción. The town has a population of
approximately 3,000 people. In addition to supporting a small community and fishing
fleet, the town has hosted the University of Concepción’s Marine Station for decades.
The station was used primarily for marine biology research. Dichato is also popular
for tourism during its summer season.
Dichato is situated within the small Dichato Bay facing north, as shown in Figure
4.31. A small river feeds into the bay. The geography of the town is low-lying in the
vicinity of the bay front, with surrounding hills along the eastern and southern edges
of the town.

Figure 4.31 Dichato Bay
(Source: OpenStreetMap.org)
The north-facing Dichato Bay was particularly hard hit by the tsunami as it was
directly open and exposed to the south-traveling tsunami waves south of the epicenter
along the coast.
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Long term residents and fishermen knew that after the earthquake the threat of a
destructive tsunami was real (Washington Post, 2010). Many residents fled for high
ground immediately after the earthquake ceased. Some did not make it to higher
ground, and others returned from high ground before the tsunami waves diminished
(Toronto Star, 2010). Some people ventured down to their homes after the fifth wave,
not realizing the sixth and seventh waves would be even more devastating. In total, 47
people were reported to have lost their lives either during the earthquake or ensuing
tsunami. Eighty to 90 percent of the residences were severely damaged or destroyed.
Observations
There was widespread destruction throughout the low-lying portion of Dichato
primarily due to tsunami inundation (see Figure 4.32). Evidence of tsunami run-up to
an elevation of +10 to 12m could be seen based on water marks on residences and
debris in trees. Damage to residences included damage due to floating debris,
flooding, and foundation scour. The local fishing fleet was severely damaged as
vessels were carried ashore during the tsunami up-rush, some as far inland as 1.5km
(see Figure 4.33). The seawall fronting the bay front was heavily damaged due to both
debris impact and scour, as shown in Figure 4.34. The bridge that crosses the river
mouth toward the north end of Dichato was also destroyed (see Figure 4.35).

Figure 4.32 Typical Residence Tsunami Damage
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Figure 4.33 Fishing Vessel Carried 1.5km Inland

Figure 4.34 Seawall Destruction and Road Damage
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Figure 4.35 Bridge Destroyed at River Mouth
“Forty years of work gone in a few minutes.” These were the words of Dr. Vincent
Gallardo, professor and researcher at the University of Concepción, Department of
Oceanography and Center for Biotechnology. Dr. Gallardo was referring to the
University’s Marine Station, which was completely devastated, including laboratories,
offices, two guest houses, staff facilities, and its coastal research vessel, the Kay Kay.
Figure 4.36 shows the complete damage of the laboratory interior.

Figure 4.36 University of Concepción Marine Station Laboratory Damage
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Findings
Coastal bays and other indentations that are open to the direction from which tsunami
waves approach are particularly susceptible to inundation and related damages.
Damages to residences could have been reduced through more tsunami-resistant
design practices such as scour resistant foundations, use of other than wood-framed
structures, etc. An audible and visual tsunami warning system would be beneficial,
especially for visitors unfamiliar with the area’s susceptibility to such events. Clearly
identified and accessible evacuation routes to higher ground would be effective in
reducing future casualties, especially for children, seniors and disabled people.
4.5 Lirquen
The Port of Lirquen consists of two piers (East and West) and six berths; some
portions built more than 100 years ago, and more recent construction in the mid 1980s
and 1990s. The piers are constructed of concrete decks with steel or concrete vertical
and batter piles. In general these two structures performed well, though some
permanent deformation did occur. There was about a 40cm settlement on the older
sections of the East Pier (Berths 1-4) and damage was due primarily to settlement
and/or liquefaction. There was no evidence (above water) of inertial load damage to
either of the two structures. The moveable cranes on the newer West Pier (Berths 5
and 6) were reported to have “walked” during the earthquake. The structures were
inspected immediately after the earthquake and within five days operations were
restored. There was some damage along a new rock dike and fill material under
construction at the coastline. Damage of the rock dike was believed to be caused by
liquefaction, lateral spreading, and possibly tectonic displacement. In the backlands
several rail tracks were found to have ruptured, possibly due to ground lurching.
Description
The Port of Lirquen is located at latitude S 36 deg. 42.5 min and longitude W 72 deg.
58.4 min. The Port of Lirquen is the third largest in Chile and is used primarily to
export wood and cellulose, and to import fertilizer. About 60 percent of the cargo is
shipped via rail, and 40 percent by truck. The existing backland area is about 35
hectares and includes covered warehouses. Construction is under way to add
approximately 10 hectares of backland. The marine structures are annually inspected
both above and below the water line. There are no accelerometers on the wharves, and
thus no actual in-structure acceleration records were obtained from this earthquake.
The earthquake epicenter was estimated to be 80 km north from this port.
The facility has two piers (see Figure 4.37). The older East Pier has Berths 1-4 with
two on each side of the pier. A conveyer belt delivers the bulk product to or from
vessels. This pier was built in two time periods. The landside berths, Berths 3 and 4,
were built over 100 years ago from available materials, such as rails for piles. Berths 1
and 2 were built in the 1980s, with steel piles and a concrete deck. The newer Berths 1
and 2 were designed for 50,000 DWT equivalent vessels. The underlying soil is
primarily sandstone. The original purpose of Berths 3 and 4 was to export coal and
wood. As the coal mine closed, the pier became a general purpose terminal.
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Figure 4.37 Port of Lirquen
(Source: OpenStreetMap.org)
The newer West Pier was built in the mid 1990s, with two berths, Berths 5 and 6; one
on each side of the pier. The West Pier structure is a steel frame with concrete deck,
with steel batter (both directions) and plumb piles. There are five moveable diesel
cranes on the pier, each with a capacity of 500 MT, and trucks are used along the pier
to transport the cargo to shore. There is an access trestle for truck access only. As the
access trestle is not designed for the heavy loads of the moveable cranes, the cranes
are permanently located on the pier. The design of Berths 5 and 6 was based on
conventional building codes, using force-based design methods, reportedly with a
0.20g ground acceleration. The primary lateral load is vessel impact during berthing;
the allowable vessel draft is 17.5m. Reportedly the new wharf was designed for 3000
Kg/m2. Currently the maximum vessel size is 60,000 DWT equivalent size, with an
LOA of 290m. Construction is underway to extend the West Pier by 68m, with the
same maximum vessel draft for larger vessels up to 75,000 DWT equivalent size, with
an LOA of 320m. At the time of the earthquake, steel pipe piles for the extension were
installed but the new deck was not installed (Gonzales, 2010).
The backlands and warehouse areas near the shore have some fill areas, but are
generally part of a hill that was flattened, so that the typical top strata is not topsoil or
loose material. In most areas the backlands are covered with a reinforced concrete slab
and reportedly capable of stacking five containers high. A new dike was built along
the shore, about 650m in length with rip rap estimated to be 300-500cm in size to
retain the fill material that was placed to create the new backland area.

48

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

Observations
Earthquake Effects
In general, seismic, inertial damage was non-existent for these pile-supported
structures in sandstone. There were no vessels in the port at the time of the earthquake.
Workers stated that the seismic motion was longitudinal along the piers. In the
backlands, there were warehouses that failed; however, there were no reported deaths
or major injuries. Two of the five moveable cranes were stated to have "walked" along
their normal movement path (i.e.: they didn't move out of line towards the edge of the
pier) and there was no damage to the cranes or above deck structure (Gonzales, 2010).
Power was out for two to three days; resulting in loss of operations for the conveyer at
the East Pier, but no effect on the diesel cranes at the West Pier. Reportedly, the water
depth increased by about 13 cm (Gonzales, 2010).
The East Pier (Berths 1-4) also performed quite well, except for some settlement at ten
of the bents along the trestle. Surveys indicated a settlement of about 40 cm, and a
slow continuing of settlement for some time after the earthquake (see Figure 4.38).
The port continues to monitor vertical displacement weekly, and stated that over time
the additional displacement appears to be negligible. The trestle was tested postearthquake with static vertical loads, and then trucks were used for dynamic vertical
load tests. The truck speed on the trestle was reduced from 40 km/hr to 30 km/hr. In
place of altering the substructure, the trestle deck is to be covered until level, and
evaluated over time to allow for the settlement of the piles. Damage to the bulk
conveyor system was also stated, which delayed operations beyond the time period
under which the electricity was lost.

Figure 4.38 Vertical Settlement of Trestle for Older East Pier (Berths 1-4)
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The West Pier (Berths 5 and 6) performed very well, except for the "walking" of the
cranes, which fortunately didn't walk off the pier (see Figure 4.39). The cranes showed
no sign of any damage and vessel traffic resumed within five days.

Figure 4.39 Mobile Crane that "Walked" During the Earthquake (Berths 5 and 6)
In the backlands there was severe damage to some of the warehouses, but personnel
were able to exit the structure. The ground surface in this area is generally flat and
subsurface soils are competent and not prone to liquefaction. There was some lateral
differential movement near the warehouses, possibly due to ground lurch (horizontal
deformation in relatively flat ground that is caused when the shear demand caused by
the earthquake exceeds the capacity of the ground), resulting in tension failure of train
rails set on reinforced concrete slab (see Figure 4.40). This differential movement
occurred within 10m of the warehouse exit on relatively flat ground. Port engineers
estimated that the force required for the rail and reinforced concrete slab to fail in
tension was 600 MT. The concrete slab was 30cm thick with reinforcement along the
bottom. This type of failure occurred in a few locations, including locations at or away
from existing joints in the rail, and will require new rail sections to repair.
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Figure 4.40 Crane Rail Failure in Backlands
A seismic displacement of about 2m vertical and about 5m horizontal, for a length of
about 125m occurred at the new rock dike along the coastline. At the time of the
inspection, the dike had been repaired (see Figure 4.41). There was also some
evidence of the tsunami run-up pooling in some areas. One additional effect of the
earthquake was the tectonic decrease in the offshore areas of about 13 cm; the port has
not taken advantage of the added draft, but continues to survey.

Figure 4.41 Rock Dike that Displaced (Vertically and Horizontally) –
Repaired Condition
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Tsunami Effects
Three tsunami waves were noted in the area, the first about two hours after the
earthquake (approximately 5:30 AM local time) and the last one two hours later. It
isn't clear when the middle wave occurred. The maximum run-up height was estimated
to be 6.4m, about 2m above high tide. The initial wave occurred at the time of low
tide, resulting in a lowest possible tsunami wave height. Water covered both piers but
caused no structural damage. In the backlands, the warehouses were flooded.
Findings
Damage was much less than expected at the Port of Lirquen based on comparisons
with the experiences at Port of Talcahuano and Port of San Vicente. The settlement of
the oldest portions of the one pier indicates some liquefaction or other type of soil
failure. While designs were based on conventional building practice, the pile
supported marine structures performed very well. The failure of the train rails was not
expected and indicated a significant horizontal movement of the land mass due to
ground lurch.
In general, these piers performed quite well. One recommendation would be to have
some sort of seismic restraint on the cranes; the next time an earthquake occurs, this
facility might not be as fortunate, and a crane might "walk" off the pier. A seismic
restraint system would minimize this risk. Although this terminal was not in operation
at the time of the earthquake, there was a loss of power for days, similar to other port
facilities; therefore, this port, and others, should consider development of an alternate
power source in the event of the loss of commercial power.
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4.6 Port of Coronel
The privately owned Port of Coronel has two modern piers, each supported on tubular
steel batter and plumb piles. The older, northern structure was built in the mid 1990's
and because of lateral displacement and kinematic loading deformation on the piles,
the access trestle is severely damaged and only suitable for limited vertical loading.
There was little evidence of any inertial failure modes for this pier. The kinematic soil
movement also generated to 1 to 2m of lateral spreading near the abutment in the
backlands. Damage included vertical steel pipe piles bent up to approximately 30
degrees off plumb in the landside longitudinal direction of the pier in the landside,
buckled shear stiffeners, and ruptured welds at batter piles.
The southern pier, built in 2009 with base isolation, had no apparent structural
damage, except for some minor cracking on the trestle. There was no evidence of
significant soil movement at this structure. There was damage to one crane, believed
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to be the result of a vessel-structure interaction. The tsunami effects were one 3m
wave, which did not overtop the pier decks and did not enter the backlands.
Description
The Port of Coronel is located at latitude South 37 deg. 1.4 min. and longitude West
73 deg. 9 min. The privately owned Port of Coronel is located about 30 km south of
Concepción and mainly exports wood and its byproducts. The facility includes two
piers and 25 hectares of backland area (see Figure 4.42). A steel sheet pile structure
was driven into the sand along the beach area to define the backland.

Figure 4.42 Port of Coronel Northern and Southern Piers
(Source: Google Earth)
The northern pier, consisting of Berths 1, 2, 3 and 4, was built in three phases: the first
phase constructed was Berths 1 and 2 between 1995 and 1996; Berth 3 was
constructed during the second phase between 2000 and 2001; and the third phase
consisted of Berth 4, constructed between 2003 and 2004. The structure consists of
steel tubular batter and plumb piles bents with steel pile cap beams and concrete deck.
Section sizes and detailing of the steel connections are typical of marine structure
designs of the period. The available water depth is approximately 13m. The total pier
length is approximately 516m, consisting of a 116m access trestle and a 400m
platform.
The southern pier, constructed between 2007 and 2009, includes a base isolation
system mixed with steel plumb piles and a concrete deck. Figure 4.43 shows the
southern face of this pier. This is the only pier structure in Chile supported with a base
isolation system. The pier has a total of 200 steel pipe piles, both plumb piles
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supporting the deck and batter piles supporting the base isolation system. The basic
pier deck is a waffle slab system with beams 110cm deep (including the slab) and a
general deck thickness of 30 cm. For the general deck areas, vertical steel tubular piles
are utilized and frame into the concrete cap beams. The top 8m of the vertical piles are
grouted, with doweled bars penetrating into the cap beams/slab, and each pile has steel
ribbed rings of welded rebar at every 20cm to transfer shear load inside of the piles.
The concrete deck has plastic fiber additives for crack control, with 6cm of concrete
cover on the bottom and 5cm along the top of the deck. The total pier length is
644.5m, consisting of a 222.5m access trestle and a 419m platform.

Figure 4.43 Port of Coronel South Pier with Container Cranes
The base isolation system is constructed of four lead core rubber seats on the top of
four battered piles, connected with a steel frame, referred to as “tables”. There are 24
of these "tables", with each table staggered in plan to allow for only two batter piles
per five pile per bent. Figure 4.44 shows a typical section of the base isolation "tables"
and Figure 4.45 shows a plan view of the configuration. As constructed, these 24
"tables" serve as moment resisting frames (see Figure 4.46 through Figure 4.48).
Additional sketches of this steel frame pile cap "table" arrangement with vertical and
batter piles and the base isolation system are available (GEER, 2010). The lead pads
are 70cm in diameter with a thickness of 24 cm. Each of these base isolation elements
was tested, both statically and dynamically, prior to installation with a video recording
made of each test.
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Figure 4.44 South Pier Typical Section View of Bent with Base Isolation (South Pier)

Figure 4.45 South Pier Base Isolation “Table” Typical Details
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Figure 4.46 Typical View of the South Pier with the Base Isolated Steel "Tables" with
Batter Piles and Exterior Plumb Piles, and Concrete Waffle Construction of the Deck

Figure 4.47 Close up of the Base Isolation System (South pier) – View 1
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Figure 4.48 Close up of the Base Isolation System (South pier) – View 2
The southern pier access trestle has both plumb and batter steel piles, both in the
transverse and longitudinal directions (1:3 batter). The piles are hollow 70 to 80cm
diameter piles, with thickness from 14 to 25mm and a constant thickness for the entire
pile length.
The maximum vessel size for the southern pier is 150,000 DWT, with an LOA of
260m. The water depth for the southern pier is 12.6m, and the top of the deck is 6m
above MHW. The tidal range was stated to be 1.5m.
The soil conditions include 16m of silty sand, on top of a layer of silty clay. The pile
tips extend -56m below MLLW and penetrate the silty clay layer (which may be
liquefiable) and bear on sandstone.
These two structures have been inspected above and below the water line every six
months. Based on these previous inspections, there is no indication of any marine
degradation. There is no seismic instrumentation on either of the two piers.
Observations
Earthquake Effects
North Pier
The behavior of the two piers was entirely different. The older, north pier with plumb
and batter steel piles experienced kinematic loading, especially near the shore along
the trestle, and reportedly there was a 50cm displacement of the abutment shore side.
Figure 4.49 shows some spalling at the trestle / abutment connection. Figure 4.50
shows break out of the exterior abutment wall at the trestle due to seismic shaking or
soil movements. Figure 4.51 through Figure 4.53 show the kinematic failure and
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displacement of the north pier trestle. These piles were plumb and are now damaged
beyond repair. The welded connection of the plumb pile cap plate to the bottom flange
of deck framing was damaged, and in many cases the connection separated the pile
from the deck. Reportedly, this failure of the piles at the cap beam occurred at 40
locations on the pier, and ten locations on the access trestle. Figure 4.54 shows the
failure of the steel beam stiffener plates over the pile connection. The first four bents
near the abutment are now all at a 30 deg off plumb angle. It is difficult to quantify
exactly what combination of lateral soil movement, kinematic load and possibly
inertial loads contributed to this dramatic failure. It is unknown if pile failures or
plastic hinges formed below the ground surface.

Figure 4.49 Damage at the Expansion Joint between the North Pier Trestle and the
Landside Abutment

Figure 4.50 Damage to the Exterior Abutment Wall at the North Pier Trestle
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Figure 4.51 Northern Pier - Access Trestle Plumb Pile bent 30 deg due to
kinematic loading

Figure 4.52 Close up of Failed Connection between Battered Pile on
North Pier Trestle
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Figure 4.53 Complete Separation of the Batter Piles from the Steel Cap Beam
(North Pier Trestle)

Figure 4.54 Close up of Buckled Stiffeners above Trestle Piles, with Failure
at the Plate/Pile Connection
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The fire water line broke away from its anchorage, as shown in Figure 4.55, but did
not rupture. It is not known if it remains pressurized and in use.

Figure 4.55 Water Pipeline which Broke away from Anchorage
South Pier
There is some evidence of small soil movement based on sheet pile wall movement
adjacent to the South Pier trestle (see Figure 4.56); however no significant kinematic
loading of the structure was observed. The base isolation pads showed no evidence of
damage and it appeared that the deck returned to its original location; however, a
750mm expansion joint was reduced to 280mm (see Figure 4.57). One 6-inch water
pipe was severely bent as it extended into the expansion joint space between the trestle
and pier. While severely damaged, the pipe did not rupture and no leaks occurred at
the adjacent flanges. There was some minor spalling around the plumb piles and one
moderate crack at a plumb pile on the trestle (see Figure 4.58).
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Figure 4.56 Sheet pile Wall Movement Adjacent to South Pier

Figure 4.57 Separation of the Expansion Joint of South Pier Trestle - Notice Bent
Pipelines and Extended Electrical Cable
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Figure 4.58 South Pier Trestle - Vertical Pile/Cap Beam Connection Spalling
One vessel was unloading at the time of the earthquake and a crane was in the process
of picking up a container. After the earthquake, the crane lost power and the vessel
departed the berth. The vessel caught on the hanging container and one of the cables
broke. Based on the available evidence and discussion with the facility operators, it is
postulated that vessel-structure interaction due to seismic displacement occurred at
this facility, which would be a novel and unique behavior likely due to the base
isolation. One crane leg was impacted by the vessel, and it is postulated that this
impact occurred when the vessel listed toward the pier and/or the pier deck moved
toward the vessel (see Figure 4.59 and Figure 4.60). Mooring lines with additional
loads from the deck movement may also have played a part in this behavior. The
initial separation of the vessel and the crane at that height was estimated to be 3.3m.
The vessel’s crew cut the mooring lines and left the port without any warning or
knowledge of the tsunami. There was no other damage to the gantry cranes, and no
reports of motion or displacement.
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Figure 4.59 South Pier Container Crane with Impact Damage from Moored
Vessel Impact (Vessel – Structure Interaction)

Figure 4.60 South Pier Close-up of Minor Dent / Scratch on Container Crane Due to
Impact of Moored Vessel (Vessel-Structure Interaction)
Backlands
The yard between the north and south pier had lateral spreading adjacent to the sheet
pile wall. Five stacked containers fell and ripped open. The lateral spreading and
displaced direction of the north pier piles are believed to be an indication of kinematic
soil motion having occurred. However, as shown in Figure 4.61 and Figure 4.62 the
steel sheet piles along the beach at the shore side of the lateral spreading showed no
tilt or displacement, possibly indicating that the entire soil layer moved as one unit.
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Figure 4.61 Steel Sheet Piles Adjacent to Beach with Lateral Spreading in Backlands

Figure 4.62 Lateral Spreading in the Backlands, Adjacent to the Beach Sheet
Pile Structure
Tsunami Effects
The tsunami was observed to be only one wave/run-up with a height of about 3m. The
wave did not overtop either of the two piers or reach into the backlands. For this
terminal, the tsunami effects were not significant and therefore no damage resulted.
No tectonic plate uplift effects were noted, however the port is studying bathymetry
and will be monitoring tidal variations in the near future to see if there are any
differences.
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Major Observations/Findings and Recommendations
This facility presents a range of structural behavior in response to the earthquake. The
northern pier trestle may be partially usable for vertical loads but will require
extensive rehabilitation to restore it to its original condition. Because of the kinematic
loading, it is difficult to determine the below grade condition of the piles on the main
portions of the pier. It is believed that the kinematic loading is a result of the 1-2m of
lateral spreading observed near the abutment in the backlands. Some of the vertical
piles were bent up to 30 degrees, with buckled stiffener plates and ruptured welds with
failed connections at the pile/cap beam connection. Clearly this pier was not designed
for kinematic loading but performed quite well with respect to inertial loading.
The new southern pier, with the base isolation configuration with square steel framing
into the piles, and a waffle type concrete slab performed quite well. There was no
evidence of permanent deformation and operations have resumed to full operational
status. However, one container crane was slightly impacted by a moored vessel and
experienced some repairable damage. This novel vessel-structure interaction due to
earthquake loading should be studied in more depth and considered in future design of
base-isolated marine structures.
Tsunami effects were minimal, and the 3m height never reached the pier decks. No
observations were made at the time of the earthquake and reportedly there was only
one wave.
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4.7 Santa Maria Island
Observations of Santa Maria Island provided a clear example of the sheer power and
energy released during the February 27, 2010 seismic event. Already a prime
laboratory for the study of tectonic uplift, the island provided dramatic evidence of
being tilted and thrust vertically upward at least 3m. The resulting impacts to coastal
infrastructure were equally as dramatic. For example, an existing small craft harbor
before the event was reduced to a shallow, non-navigable embayment.
Description
Santa Maria Island is located at latitude South 37 deg. 2.5 min. and longitude West 73
deg. 30 min. Santa Maria Island is located approximately 50 km southwest from
Concepción, Chile, about 20 km west off the coast. The island is relatively small
(approximately 11.5 km north-south and from 0.5 to 6.5 km east-west) and has three
small communities that depend primarily on fishing with some agriculture for
commerce. An aerial photo of the island is shown in Figure 4.63. The community at
the north end of the island lives on a mesa that is approximately 70m above sea level,

66

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

but the width is less than 200m and both sides of this mesa have steep cliffs and
substantial cracks with massive slides resulting from earthquakes. Almost half of the
2,200 inhabitants of the island live in the southern community of South Port.

Figure 4.63 Aerial view of Santa Maria Island
(Source: OpenStreetMap.org)
Santa Maria Island is an extension of the Arauco Peninsula and has been uplifted and
tilted slightly eastward, with at least 3m of coastal uplift. Previous work by
paleoecologists shows that people practicing agriculture were present on the island at
least 1,200 years ago according to Dr. Simon Haberle of Australian National
University. Immediately prior to the earthquake, he and his team were working on
Santa Maria Island collecting paleo cores to determine the nature and timing of past
environmental changes. According to Melnick et al. (2006), a blind reverse fault has
been documented at this location and it creates a fault-cored anticline, which is
responsible for uplift and tilt of Santa Maria Island at about 2 mm/year. Melnick
studied the tilted abrasion surfaces and proposed that this splay fault may have been
triggered by the 1835 event (Melnick et al., 2006). Their field work at the island in
early March 2010, after the Mw 8.8 event, suggested further uplift and tilting of the
island. Uplifting here has been observed previously and reported by Darwin (1851); he
reported that he observed 3m of uplift at Santa Maria Island due to the 1835
earthquake. According to Darwin (1851) “… the southern end of the island of St.
Mary was uplifted eight feet, the central part nine, and the northern end ten feet.”
Ruegg, et al. (2009) have had three campaigns of global positioning measurements
since 1996 during which they have determined that the vertical movement of this area
is about 10 mm/year and the eastward movement is about 68 mm/year. In their work
they predicted an earthquake similar to the 2010 quake near Maule.
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In the worst case scenario, that strains have not been relieved at all since 1835, at a
convergence rate of 68mm/year, more than 10m of slip deficit will have accumulated
since 1835. It is possible that the northern part of the plate interface between
Constitución and Concepción was affected by the earthquakes of 1851, 1928 and
1939, but it is unlikely that this was the case near the city of Concepción. We would
then conclude that the southern part of the Concepción–Constitución gap has
accumulated a slip deficit that is large enough to produce a very large earthquake of
about Mw=8.0–8.5. This is of course a worst case scenario that needs to be refined by
additional work (Ruegg, et al., 2009).

At the time of the Team’s visit, the Regional Planning Department was meeting with
the local group at the north to convince them to move to a safer part of the island. It
has been reported by the Department of Public Works that the island rose
approximately 3m during the February 27, 2010 earthquake with a large lateral
movement to the west. The tsunami height is believed to be approximately 6m at this
location.
Observations
The general landform of the island varies from high bluffs on the western side of the
island and falls to a wide coastal plain on the eastern side. Both the southern and
southeastern points are growing from the material eroded from bluffs on the western
side and the northern point of this island. Figure 4.64 shows a slump created by the
earthquake at the northern point of the island within about 100m of the island’s end.
Similar slumping occurred on most of the western side of the island, shown in Figure
4.65.

Figure 4.64 Earth Slope Failure on the Island North Point, Looking North
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Figure 4.65 Failure on Western Side of Santa Maria Island
Figure 4.66 was taken before the earthquake of January 1, 2002 at 8:00 AM while
Figure 4.67 was taken near high tide on April 13, 2010 at approximately 11:00 AM.
Figure 4.67 shows the effect of the uplift is visible at the north end of the island.
Notice that there are no exposed rocks in the surf in the earlier photo although it does
appear that a wave is breaking over a shallow object. There is also a small jetty at the
upper end of the beach. In Figure 4.67 there is no beach of sand as it has been washed
away by the tsunami. In the surf zone there are many rocks now exposed and above
the water. The evidence of the South American Tectonic Plate uplift and tsunami is
obvious and the effect of this on the fishing community is apparent by the absence of
the buildings and the boats.

Figure 4.66 North Point of Santa Maria Island Before the Earthquake
(Photo by Simón Alvaro Muñoz U.)
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Figure 4.67 North Point of Santa Maria Island After the Earthquake
The area near the shoreline also indicates the significant rise of the island above the
former sea level. The retaining wall shown in Figure 4.68 indicates the line or top of
algae growing on the structure. At the south end of the island, the fishing community
had approximately 200 fishing boats. After the tsunami, there were no more than 40
boats remaining. Figure 4.69 and Figure 4.70 show the effects of the earthquake and
tsunami on the ramp used to launch the fishing boats. Figure 4.69 was taken before the
earthquake on January 24, 2008 at 5:25 PM. The dark sand indicates the high tide
condition. Figure 4.70 was taken April 13, 2010 at about 11:40 AM. It can be seen in
this photograph that the wetted line of the sand on the right of the picture marks the
location of high tide that occurred about 30 minutes before the photograph was taken.
The difference in the high water lines from the two photos is estimated at
approximately 2m.

Figure 4.68 Retaining Wall Showing the Former Line of Marine Algae
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Figure 4.69 Fishing Boat Launching Ramp Before the Earthquake
(Photo by Simón Alvaro Muñoz U.)

Figure 4.70 Fishing Boat Launching Ramp After the Earthquake
The destruction of the ramp is probably a combination of the earthquake and the
scouring action of the tsunami. The fishing pier in the distance was destroyed by the
tsunami, although many of the pilings remained. There are many species of sessile
organisms and sea grass that are now dehydrated on the shoreline as shown in Figure
4.71 and Figure 4.72. The latter figure was taken from about 70m and it is not as clear
as the former that was taken close by the rocks. Nevertheless, it is clear that the sea
bed has risen and the exposed organisms are now dead and decaying.
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Figure 4.71 Area Formerly Underwater, Which is Now
Nearly 2m Above Mean Sea Level

Figure 4.72 Exposed Marine Grass and Organisms on the
Northwestern Side of the Island
Findings
It is clear from the observations made by the Team that the tectonic uplift of the island
has created a significant change in the local environment. The earthquake was also
responsible for the soil failures along the bluffs of the island on both the east and west
sides. The effect of the tsunami on the infrastructure was only apparent at the southern
community. There, several hundred fishing boats were lost and the launch ramp was
undermined from scour. The large spit on the southeast side was overwashed in a
number of places with the dunes being breached and flooding of the interior occurred.
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Currently there is no launch facility since it no longer extends below sea level.
Therefore all boats are launched through the surf. The fishing pier is not operational as
it was destroyed by the tsunami. With a decrease in water depth at the pier, it will need
to be extended to deep water before it can be restored to functionality.
Lastly, the inhabitants at the northern end of the island live in a high hazard zone. It
appears that the sloughing of the high bluffs will continue to threaten their lives and
homes and agrarian fields.
Acknowledgements
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4.8 Caleta Tumbes
Caleta Tumbes suffered significant damage from both the February 27, 2010
earthquake and resulting tsunami, though it was difficult to discern the primary cause
of so much damage. This location was particularly hard hit, with the majority of the
landside structures and coastal infrastructure being significantly damaged or
destroyed. Tsunami impacts may have been exacerbated by a focusing of wave energy
in the channel between the point of land where the village is located and a moderatesize island located directly off the point.
Description
Caleta Tumbes is located at latitude South 36 deg. 38 min. and longitude West 73 deg.
5 min. Observations were made at the small fishing village of Caleta Tumbes located
on the northeastern tip of the Peninsula Tumbes, which forms the western boundary of
Bahia Talcahuano (see Figure 4.73). The Mw 8.8 earthquake that occurred at 3:34 AM
local time on February 27, 2010 was centered off the coast of the Maule region,
approximately 70km north of Caleta Tumbes. This megathrust earthquake generated a
devastating tsunami that propagated radially from the epicenter. Similar to Dichato,
though at a larger scale, the north-facing opening to Concepción Bay was particularly
susceptible to the impacts of the south-traveling tsunami waves (see Figure 4.73).
The impact of the tsunami may also have been exacerbated by a focusing of the
tsunami wave energy in the channel between the eastern edge of the peninsula and the
adjacent Quiriquina Island to the east, creating an amplified impact of high tsunami
inundation and flow velocities. The vast majority of the fishing fleet was completely
destroyed.
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Figure 4.73 Concepción Bay, Peninsula Tumbes (Source: OpenStreetMap.org)
Observations
Observed maximum tsunami inundation was approximately 10 to 12m above sea level
based on damages and debris along the cliff side. Damages included destruction of a
concrete pier (Figure 4.74), residential structures (Figure 4.75) and the local fishing
fleet. A seawall located landward of the pier appeared to have suffered little to no
damage (Figure 4.76). Dramatic damages to shore side structures and automobiles
demonstrate the destructive force of the tsunami at this location (Figure 4.77).

Figure 4.74 Destroyed Pier
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Figure 4.75 Typical Residence Damage

Figure 4.76 Intact Seawall
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Figure 4.77 Example of Destructive Force of Tsunami
Findings
Coastal bays and other indentations that are open to the direction from which tsunami
waves approach are particularly susceptible to inundation and related damages.
Damages to residences could have been reduced through more tsunami-resistant
design practices such as scour resistant foundations, use of other than wood-framed
structures, etc. An audible tsunami warning system would be beneficial, especially for
visitors unfamiliar with the area’s susceptibility to such events. Clearly identified and
accessible evacuation routes to high ground would be effective in reducing future
casualties, especially for children, seniors and disabled people.
4.9 Valparaiso
The Port of Valparaiso has a variety of structures, construction dates and performance
from this earthquake. Berths 1-3 were built in the late 1990's and performed quite
well. The oldest, Berth 4, was built in the late 1880's and was non-operational due to
failure at the pile/deck connection and differential settlement. The 1930’s constructed
mole with caissons along the perimeter, Berths 6 to 8, also failed due to differential
lateral movement and the resulting water intrusion and settlement. By mid-March
2010, the Port of Valparaiso was reportedly back to 90% of normal operations. Six
berths (1-4, 6 and 8) are operational, with Berths 5 and 7 being reviewed prior to
returning to normal operations (Portstrategy, 2010). The majority of the damage was
from lateral spreading, settlement and other geotechnical issues. There was little
evidence of inertial failures, except for the cranes moving off tracks at Berth 8. A
water level rise due to the tsunami did occur, but it did not overrun the wharves or
cause damage.
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Description
The Port of Valparaiso is located at latitude South 33 deg. 2.1 min., longitude West 71
deg. 37.7 min. The port of Valparaiso is not as large as the nearby port of San
Antonio, but is a major import/export and cruise ship terminal for Chile. A private
company, Empressa Portuaria Valparaiso (EPV), runs the terminals and was created
by the Chilean government in 1997. The total length of all berths is 1400m with
depths ranging from 6.2m to 11.4m. The prime exports are copper, wine and fresh
fruit. In 2007, the port moved 9.7 MT of cargo, including 6.3 MT of containers (more
than 845,000 TEUs), and 1.2 MT of loose cargo. In 2007, the port had 116,000
passengers pass through the cruise ship terminal, with up to 50 vessels during the
summer months. The port has experienced large earthquakes in 1906, 1971, 1985 and
the most recent 2010 event. The 1985 earthquake epicenter was only 40 km north
(WorldPortSource, 2010). Figure 4.78 shows show a view of the port. A detailed
description of the Port of Valparaiso can be found in Appendix A-3.

Figure 4.78 Aerial view of the Port of Valparaiso
(Source: OpenStreetMap.org)
Observations
In general, the newer berths performed quite well, with the exception that some mobile
cranes came off their rails. Commercial power was unavailable for approximately five
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days. Almost immediately after the earthquake, all berths were inspected above and
below the water line. There was no noticeable tsunami damage.
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Earthquake Effects
Berths 1, 2 and 3
No apparent damage to the structure, as shown in Figure 4.79. There was no evidence
of soil movement.

Figure 4.79 Berths 1-2 Top of Deck
Berth 4
Pictures were not permitted, but the failure mechanism was a punching shear of the
piles through the deck as a result of differential settlement in the underlying materials
supporting the deck. Settlement on the order of 20cm around the piles was reported.
Crane rails were deformed and could no longer be used. The damage was similar to
that resulting from the 1985 earthquake which was repaired using new asphalt; the
same repairs are being planned for the damage caused by the February 27, 2010
earthquake. During the Team’s visit, Berth 4 was not fully operational.
Berth 5
Pictures were not permitted, but differential movement and settlement occurred
between the gravity wall and the infill. The berth has translated about 20cm offshore,
and settlement was up to 45cm near the middle of the pier. The offshore translation is
an increase to an existing translation which occurred prior to the February 27th 2010
earthquake. It was reported that prior to the event workers had noted a “sloshing”
sound occurring below the deck, which may imply that long term migration of soils
may have caused voids underneath the deck to develop. Berth 5 was not operational at
the time of inspection. It was reported that a Chilean geotechnical engineer had been
consulted and deemed that the facility could not be repaired. The future of this berth is
unknown as the decision to replace or prohibit use of the facility has become an
environmental and strategic planning question.
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Berths 6-8
Berths 6-8 had sinkholes and lateral displacement. The areas of displacement and
lateral spreading are shown in Figure 4.80. Figure 4.81 shows the lateral
spreading/failure of Berth 6, and Figure 4.82 shows the outward displacement of the
mole wall of Berth 7. These two berths were not operational at the time of the
inspection. The caissons had moved outward, allowing for water intrusion and further
settlement. Figure 4.83 shows the general lateral spreading at Berths 6 and 8. Figure
4.84 shows a bollard failure along the mole structure, and Figure 4.85 shows a
sinkhole indicating water intrusion. However, portions of Berth 6 and Berth 8 were in
use at the time of inspection (Figure 4.86). Figure 4.87 shows cranes at Berth 8 which
were noted as having come off their rails.

Figure 4.80 Approximate Location of Lateral Spreading and
Displacement, Berths 6, 7, and 8 (Source: OpenStreetMap.org)
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Figure 4.81 Berth 6 - Failure of Fill and Lateral Spreading

Figure 4.82 Berth 7 Outward Displacement of Mole Wall1
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Figure 4.83 Typical Lateral Spreading and Ruptured Out-of-Service Rail
at Berths 6 and 8

Figure 4.84 Mole Area - Bollard Failure at Berths 6-8 Caisson/Soil Movement
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Figure 4.85 Berths 6-8 Sinkhole in the Fill Material of the Mole

Figure 4.86 Vessel Moored at Berth 6
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Figure 4.87 Mobile Cranes which came off their Rails at Berths 8
Tsunami Effects
This port had no apparent tsunami damage. The maximum wave height was reported
to be 1.6m (Impact Forecasting, 2010). There was no reported vessel incidents
associated with this wave height.
Findings
While on site at the Port of Valparaiso, the Team visited berths with large diameter
concrete piles, concrete caissons, concrete block wall, and vertical pile supported
wharf. Settlement of fill was noted at the large diameter concrete piles and concrete
block-wall supported Berth 4. Lateral movement and settlement were observed at the
retaining structure at Berth 5, which was not operational at the time of the observation.
The concrete block key walled mole (Berths 6, 7, and 8) was found to have cracked at
the northwest corner, resulting in settlement, water intrusion, sinkholes as well as
ruptured rails. Facility operators stated that cranes at Berth 8 came off their rails due to
the earthquake.
Acknowledgements
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4.10 San Antonio
The Team visited vertical-pile supported wharves and piers at the Port of San Antonio.
Wharf damage was limited to settlement and movement of the access ramp. At the
time of the earthquake, seven ships were at berth. These vessels exited under
emergency operations within 1.5 hours. Due to loss of electricity, container cranes
were immobilized while containers were in the process of being loaded, resulting in
damage to cranes when the exiting vessels caught on the hanging containers. Two
cranes were damaged; one beyond repair. Additionally, bollards were pulled off
wharves when the vessels exited. From interviews with port personnel, the tsunami
run-up did not overtop the breakwater, though some damage to the breakwater was
observed. After the tsunami passed the entrance of the harbor, it overtopped one of the
lower piers with 20cm of water according to the port engineer.
Description
The Port of San Antonio is located at latitude South 33 deg. 35.2 min and longitude
West 71 deg. 37.4 min. The Port of San Antonio consists of nine berths, seven
marginal wharfs and two pier structures, as shown in Figure 4.88. The original port
dates back to 1911, with an original facility constructed at this location, which was
later demolished to make way for the current facility. Berths 1, 2, and 3 are marginal
wharfs located on the South Pier and constructed in 1991. Berths 4 through 7 are
marginal wharfs located on the Mole Pier and were constructed between 1911 and the
late 1970’s. Berths 8 and 9 are circa 1980 pier structures located on the north side of
San Antonio bay, with small fishing piers and marinas between them and the South
Pier and Mole Pier. In addition to the marine structures, the facility encompasses
backlands, warehouses, rail yards, and truck scales. The facility has a regular annual
inspection program with above and underwater structural inspections, with bathymetry
surveyed every two years. A detailed description of the Port of San Antonio can be
found in Appendix A-4.
Observations
Earthquake Effects
In general this port facility performed well for seismic inertial response, with only
minimal damage and a return to operations within 48 hours of the earthquake. The
duration of loss of operations includes time loss due to commercial power in the
region, as well as underwater and above water inspection of the berths. It should also
be noted that even with the aftershocks up to a Mw 6.9, no additional damage was
observed. The gravity retaining wall at Berths 1 to 3 experienced 30cm to 50cm of
settlement. This settlement resulted in movement of the ramp between the wharf and
the landside. While this results in an observable angle to the ramp, as shown in Figure
4.89, it has not affected operations and the berths were operational during our visit.
While crane damage did occur, as noted below, there was no crane damage due to
earthquake inertial effects.
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Figure 4.88 Port of San Antonio
(Source: OpenStreetMap.org)

Figure 4.89 Settlement within the Backlands at Berths 1 to 3
Berths 4 through 7 also experienced settlement. At Berth 4, settlement due to normal
operation traffic had been noticed; therefore it was expected that voids were occurring
below the concrete. An additional 15cm of settlement was noticed due to the
earthquake. However, as the existing 30cm to 50cm of poured concrete topping stops
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the appearance of sand boils, it is not known if this settlement was due to liquefaction.
The retaining wall at Berth 5 was found to have displaced 15 cm, which, when
considered with the displacement which occurred during the 1985 earthquake, results
in a total displacement of 30 cm.
Berth 8 had no change in the mudline depth or pile clear height; however Berth 9
experienced significant slope loss which has resulted in a halt to operations at the
facility. During underwater inspection, it was determined that the piles were exposed
by an additional 3m vertical height due to slope movement away from the face of the
pile (i.e.: the piles retain the slope uphill). This loss of soil height acts to increase the
unbraced length of the pile, decrease soil resistance, and induce additional load due to
soil retainment. Future use of the facility is to be determined by additional
geotechnical studies.
Berth 9 is the only chemical handling facility within the port. Post event, the pipelines
have been hydrostatically tested and no problems were found. One landside tank
rupture did occur; however detailed study of this tank failure is outside the scope of
this report.
Cracking and settlement occurred in the backlands; however to a much less significant
level than that which occurred during the 1985 earthquake and prior to the use of
dynamically compacted soil. Truck scales within the backlands were severely
damaged. Two of the four backlands truck scales were located above a U-shaped
trench which collapsed. However, this has not impacted operations as two truck scales
are sufficient for normal operations.
Breakwaters suffered some movement of loss of rocks, with sliding towards the ocean
and falling of top blocks, as shown in Figure 4.90 and Figure 4.91. It is unknown if
this damage is due to inertial effects, damage to the underlying dike, or tsunami
impact.
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Figure 4.90 Breakwater Damage - Large Concrete Block has Moved off the
Breakwater

Figure 4.91 Breakwater Damage - Displaced Dolos on Outside Face
Tsunami Effects
At the time the earthquake, seven of the nine berths were in use. At that time the
existence of an incoming tsunami was not known, but was expected by port personnel.
The port authority has a mandatory requirement that after strong ground motion, all
vessels are to evacuate. Based on this requirement, the local authority ignored federal
government reports that there was no tsunami, and issued an order to evacuate all
vessels from the port.
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The evacuation of the facility was performed based on an existing emergency
evacuation plan. While it is likely that vessel captains observed the earthquake
occurring, no vessel attempted to evacuate until the order was given. During normal
operations the port requires that vessels are escorted with tugs within the port. At the
time of the earthquake, there were no tug boats available, and no line handlers to
release the lines to facilitate an orderly evacuation. All vessels left the port under their
own power, and, in some cases, without releasing all mooring lines. When the first
tsunami wave arrived one and a half hours after the earthquake, all of the vessels had
departed, with the exception of one at Berth 1, which may have broken its lines due to
buoyancy during the tsunami. It is very likely that without the evacuation of these
vessels, there would have been significantly greater damage, as the vessels would
become massive impacting missiles, capable of destroying any wharf/pier structure.
While the emergency vessel evacuations reduced the overall damage, it did result in
extensive damage to mooring hardware and cranes. As a result of the earthquake,
commercial power was lost, and the port had insufficient power to operate the
container cranes even with the emergency generators. And with the loss of full
commercial power, container cranes were frozen in place. As vessels evacuated the
port, some were caught on cranes, the crane spreader bar, cables or the container. The
vessels pulled away, regardless of the position of the cranes.
At Berth 2, two cranes were damaged. One crane had a ship catch on a hanging
container resulting in severe damage to the crane arm and buckling in one leg. It is
believed that the crane arm can be removed and replaced or repaired. The second
crane is considered a complete loss. The tower of the ship hit the crane arm and pulled
the crane off of its rails. Both of the seaside legs yielded, and buckling damage
occurred at multiple locations within the frame of the crane, as shown in Figure 4.92
through Figure 4.97. Cranes were inspected by Stevadore Services of America and
retrofits for stability were determined by the crane manufacturer (Figure 4.94). At the
time of the Team’s visit, the retrofit for stability had been completed, but the cranes
had not been moved or demolished as there is settlement within the backlands behind
the severely damaged crane. As this crane is located in the middle of Berths 1 to 3, it
limited access to the area. This has a consequence beyond the expense of demolition
and replacement, as the damaged crane remained in the track area and thus other
cranes cannot pass. The estimated replacement cost per crane is US $7 to $8 million,
however the demolition and removal of the existing crane may significantly increase
costs. One additional crane was noted as being hit by a vessel, but no significant
damage occurred and the crane remains in use.
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Figure 4.92 Crane Damage as a Result of the Container being Trapped on the Vessel
during Departure - Damage Noted by Circled Areas

Figure 4.93 Close-up of Bent Crane Frame
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Figure 4.94 Brace Added to Container Crane

Figure 4.95 Damaged Pieces of Container Crane

Figure 4.96 Crane Wheel is off Track
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Figure 4.97 Buckling at Base of Container Crane
At Berths 4 to 7 escaping vessels caused damage to the bollards, as shown in Figure
4.98. Based on observations while on site, standard operations make use of multiple
mooring lines per hook, with four lines per hook observed in at least one location.
Therefore, the summation of line capacities can become significantly higher than the
rated capacity of the bollard. The bollards at Berths 4 to 7 were estimated by Daniel
Ruz Araneda to be approximately half the strength of those at Berths 1 to 3, which
suffered no bollard damage. At Berths 4 and 5, two bollards were pulled to the point
that the bollard ruptured or the anchorage failed. A third bollard was lost when it was
impacted by the ramp of a car carrier vessel. While the loss of a bollard requires the
alteration of the mooring line arrangements and may result in decrease in facility
operations, it is still a preferable mode of failure to structural damage. Failure of the
anchorage is preferred as replacement of bollard hardware and anchorage is likely less
costly and time consuming than repair or replacement of structure.
Berth 7 saw similar damage to a bulk transfer crane as that seen at Berths 1 to 3. The
arm of the crane froze within the ship when electrical power was lost. The arm was
then severely damaged and the crane lines were broken when the vessel evacuated. At
the time of the Team’s visit, the port was determining if the crane damage was
repairable. There was no damage to the pier; however it is unknown if this is due to
the lines being cut/released or if the bollard and supporting structure were stronger
than the lines. An anchored mooring buoy used at Berth 8 was found floating at the
northeast corner of the bay after the vessel evacuation and tsunami. It is unknown if
this buoy broke free from the soil during the earthquake due to soil slope movement,

CHILE EARTHQUAKE AND TSUNAMI OF 2010

91

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

after the earthquake due to vessel escape, or was moved by the tsunami overpowering
the dead man with buoyancy.
When the tsunami did arrive, it approached from the south and breached on the
breakwater prior to wrapping into the bay. The tsunami was estimated at a 4m height
based on inundation of Berths 1 to 3 (3.8m deck height) but lack of inundation at the
other berths (4.6m deck height). Flooding of the backlands also occurred, though no
damage was noted due to flooding. Seiche waves were also noted within the basin for
the first day after the initial tsunami.
To the south of the port and outside of the breakwater, there is a beach named Llolleo
where there was a campground with about 200 cabañas of light construction, used
primarily during the summertime. This area was heavily damaged due to the tsunami,
resulting in five deaths and an additional two missing persons. It is believed that many
of these deaths may have been tourists.

Figure 4.98 Anchorage Failure at Bollards in San Antonio
Findings
Damage to marine facilities at the Port of San Antonio mostly occurred due to the
evacuation of vessels in advance of the tsunami, in spite of the government saying that
no tsunami was expected. Loss of electrical power resulted in cranes being in the way
of escaping vessels and subsequent damage to the cranes by the vessels. However, it is
likely that had the vessels not escaped, damage to the facility and surrounding area
may have been significantly greater. Settlement of retaining structures adjacent to pile
supported wharves resulted in displacement of access ramps, but no loss of operations.
As damage at the facility was mainly due to rapid vessel evacuation, recommendations
are similarly focused. The development of a tsunami evacuation plan in advance is
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recommended. Additionally, rapid decision making on the part of the local authority,
in the face of distant federal government statements, likely resulted in significantly
decreased damage. Operations should consider the need of vessels to evacuate,
including use of one line per bollard and the consideration of mooring hooks with
mechanical releases where possible. All mooring points (bollards, hooks or other
devices) should be designed to facilitate more than the breaking strength of the
strongest line in service. This would result in minimum damage to the structure.
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Interviews
5.1 University of Valparaiso
On Thursday, April 15, 2010, the Team met with Professor Patricio Winckler Grez,
Professor of Maritime Engineering of the University of Valparaiso and his fellow
faculty, Mauricio Reyes Gallardo, Marcelo Muñoz Perez and Andrés Repetto
Bustamante. The meeting was held on the campus to discuss the field investigation
work of his team and their studies of this and previous tsunamis that have affected the
coast of Chile.
During the meeting with Professor Winckler, the Team presented a summary of the
investigation objectives and reporting for COPRI. This was followed by several
presentations provided by Professor Winckler.
He first provided an overview of the history of earthquakes and tsunamis along the
Chilean coast. He focused on the measured or hindcasted rupture lengths and their
relationship to the strength of tsunami generation. He noted that damaging tsunamis
occur with a frequency of about 50 years. They are expecting that another major
earthquake will soon occur off the northern coast of Chile.
For the February 27, 2010, earthquake the rupture length was estimated to be about
450 km. He noted that the strength of tsunamis occurring with a frequency of less than
16 years typically did little damage to the coast.
This tsunami occurred during the night with a clear sky and full moon. Therefore,
many people actually observed the approaching waves. Professor Winckler showed
photos taken of the approaching waves from above a high vantage point near
Constitutión and a video taken north of Valparaiso about four or five hours after the
earthquake. At this location, the tsunami was merely a slow rising water level with
some horizontal momentum.
Unfortunately, many of the tidal recordings in the areas most affected were destroyed
during the tsunami. However, some gages were operating and the data were uplinked
via GOES satellite to NOAA. Professor Winckler noted that the data at NOAA can be
downloaded. According to their survey of witnesses, the tsunami arrived as a positive
wave first. After the first wave there were many reflections in the large bays which
lasted for some time. The arrival of the first wave did vary with the distance from the
epicenter according to observations.
Their field investigation included approximately 450 locations that they measured
profiles showing the height of the tsunami and the level of run-up. Much of the work
was done in collaboration with several international teams almost immediately after
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the earthquake. One team was from the United States led by Professor Costas
Synolakis of the University of Southern California and Hermann Fritz of the Georgia
Institute of Technology. Near the area of the epicenter they typically observed
flooding signatures up to 8m depending on topography and offshore bathymetry. They
had not personally visited the locations with run-up signatures reported to be up to
30m. Their data were being uploaded into a “kml” file to be viewed in Google Earth.
They observed a large amount of tsunami damage, primarily to small buildings in
coastal communities. Scouring of inadequate foundations was a frequent cause of
failure. In other cases the foundations remained as the structure was destroyed.
Because the cleanup and reconstruction started almost immediately after the
earthquake, they were not able to see damages in many areas before cleanup was
started.
Professor Winckler also discussed the lack of planning for safety of infrastructure
including schools. He suggested that typical adobe houses behaved poorly by
absorbing water and had limited structural capacity. They have been working on risk
assessment for tsunamis. They also feel that there is urgency to put forth better
planning, as the damaged towns are being rapidly rebuilt and they need better
guidance.
He also showed some of the modeling he has been doing with an available commercial
tsunami model developed in Japan. He gave a few examples of the application to
specific tsunami events with reasonable success.
The meeting was very fruitful with much information shared on tsunami observations
and measurements by those conducting the measurements. The information on their
state of tsunami modeling and incorporation into planning efforts was also very
informative.
5.2 Ministry of Public Works
On Friday, April 16, 2010, the Team met with the Sub-Director of the Department of
Ports of the Ministry of Public Works, a dozen civil engineering staff of the
Department of Ports of the Ministry of Public Works, and Hugo Baesler Correa (Port
Engineer from PM Ingenieros Chilean Company). The initial meeting scheduled was
to meet with the National Director of Ports, but that morning he had to fly to
Concepción for an emergency meeting regarding works to help the ports from the area
affected by the earthquake.
A presentation was given by one of the civil engineers which showed their findings
after the earthquake, the presentation was titled, “Chilean Government - Emergency
and Reconstruction Works Department of Ports – 2010”. The presentation showed the
collapse of the Pier “Lo Rojas” in Port of Coronel, damages of the Pier “Lota Bajo”,
and most importantly, the damages on the exit of the Lebu River into the Pacific
Ocean, which included lateral spreading on the river’s side retained soil and 3m uplift
of the river bed, reducing the available vessel draft to almost zero. This created an
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unexpected, unwanted dam for the river which puts the adjacent town of Lebu in
danger of an eventual flood during winter rainy season. The presentation also showed
the damages on Port of Talcahuano; especially lateral spreading of failing retaining
walls along the mooring lines, retaining wall failure at Berth 2, as well as tsunami
damage bringing boats from the port up to the town center.
The civil engineering staff informed us of the lack of a Chilean Port’s Seismic Design
Code. They asked us to emphasize the need to the Chilean Government to allocate
resources to create the Port’s Seismic Design Code. We recommended that the new
code should follow current practices in the Ports of Los Angeles and Long Beach
where it is a performance-based design code. They made clear that the immediate
allocation of resources would help the basic health of the population affected by the
earthquake, and then spend time and effort to work on the creation of the code. At this
time, Martin Eskijian, offered a free copy of MOTEMS and an explanation of the
basics of performance-based design was given as a symbolic start on helping Chile
with their Port’s Seismic Design Code.
And, in conclusion, the Sub-Director of Port Department personally thanked us all for
our work on the Chile Earthquake Investigation and for our recommendations and
volunteered future help on the creation of the Chilean Port’s Seismic Design Code.
5.3

University of Chile

Professor Roldolfo Saragoni
Professor Saragoni had extensive knowledge of the current condition of strong motion
accelerometers in Chile. He had worked with the Ports of San Antonio and Port of
Valparaiso for the placement of accelerometers. He stated that maintenance is a
problem, and without the people to follow-up, in time maintenance and failures would
occur. The area affected by the earthquake was instrumented with analog (film)
accelerometers, as newer digital equipment was placed in the North, with the belief
that the next major earthquake would be in the North, and maintenance would be more
difficult in the North.
Professor Saragoni had many comments about the tsunami, including that it was
fortunate the tsunami occurred at low tide, and with a full moon. He stated that in
many areas the average vertical run-up was 10m. He stated that bathymetry did change
after the earthquake. He noted that the Japanese have suggested pine forests to deflect
the tsunami effects in areas of sparse population, and Chile has found that breakwaters
work fairly well to reduce the impacts along the shoreline or in port areas.
Professor Saragoni was surprised that there was such extensive liquefaction in this
earthquake, unlike the 1985 one centered near Valparaiso - which had only limited
areas of liquefaction. One thought is the black volcanic sand may be cemented - and
less susceptible to liquefaction. However, with a tsunami, the effects of liquefaction
can easily be swept away and therefore made difficult to identify.
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Soil information was also discussed. Borings are almost non-existent adjacent to free
field instruments. In Valparaiso, bedrock is around elevation 56m, so the soil to the
surface may not be defined. For stations installed prior to 1985, there are no borings to
bedrock. From Concepción south there was no dynamic information recorded, such as
shear wave velocities.
Professor Ruben Boroschek Krauskoph
Professor Boroschek is in charge of collecting and disseminating data from the
accelerometers that are operated by the University of Chile. At the time of the Team’s
visit, Professor Boroschek had processed ten records and had ten more to go. He
estimated that there are between 25 to 30 records from private sources that wouldn't be
available to the public. His "Informe Preliminar Red Nacional de Acelerografos Terremoto Centro Sur Chile, 27 de Febrero de 2010, Informe Preliminar" are the most
commonly available set of public records and spectra from this earthquake.
Universities in British Columbia and Canada as well as the USGS were in the process
of installing additional accelerometers to measure aftershocks. Additional instruments
belonging to German and French researchers are located in the northern portion of
Chile; however, data captured from these instruments won't be released the public for
at least two years.
In Santiago, instrumentation was extremely limited. Records from one 9-story
building, one 22-story building, one subway station, and one bridge were available for
this earthquake. There were no known records from any port area. Professor
Boroschek stated that the LNG receiving terminal had its own accelerometers, but that
data would remain proprietary.
A decision was made to move the digital equipment to the north, because it's more
difficult to reach, and move all of the analog (film) instruments to Central/South Chile.
Thus, from Valparaiso south to Concepción, the older analog film-type instruments are
in-place. These analog film-type instruments require processing to digitize and
separate the records, which is extremely time consuming. For the analog film-type
records, the estimated time to process one record is about three weeks. Professor
Boroschek stated that the time to untangle and digitize 0.5 seconds was about two
hours of work, so the process has been agonizingly slow. Digital equipment may be
available in the future, but inexpensive digital equipment (approx. $1,000 U.S. per
instrument) writes over old records. However, even with the overwriting of data, these
systems are clearly superior to the current analog film-type of recorders.
One of the major problems restricting available data in Chile is the lack of a nationally
funded strong motion program. We mentioned the California Strong Motion
Instrumentation Program (CSMIP), funded through building permits. To date, Chile
has no such program, and it is extremely unfortunate that ground motion and the
corresponding in-structure response have not been obtained in a logical and systematic
fashion. Many universities have installed equipment, but finding the funding to
continue maintenance for 10, 20 or even 30-40 years, is difficult, and this appears to
be a major stumbling point. With the paucity of data, it is difficult to research and
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publish any meaningful structural behavior linked to actual in-structure response of
buildings or other structures. Professor Boroschek recommends, and we concur, that
Chile adopts a policy similar to Europe, where the data is available to the public after
five years.
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5.4

UNESCO

Ricardo Norambuena
On Saturday April 17, 2010, the Team met with Ricardo Norambuena, Coordinator of
Coastal Programs for the Santiago office of the UNESCO Regional Office for
Education in Latin America and the Caribbean. He is also the coordinator for
UNESCO’s ITST in Chile in response to the earthquake.
UNESCO’s Intergovernmental Oceanographic Commission coordinated post-tsunami
field surveys of the tsunami and its effects. It was responding to the requests of the
Government of Chile. The goals of UNESCO’s coordination efforts were to include:





Promote sharing of data among field parties
Minimize logistical problems for visitors and hosts
Link visitors to Chilean collaborators
Provide the Government of Chile with a summary of the ITST-Chile findings

During the meeting with Mr. Norambuena, the Team presented an abstract of our
objectives and observations. Following a discussion of our observations and lessons
learned, Mr. Norambuena also gave a presentation of the ITST work. In general, he
explained that the Government of Chile is focused on emergency response and not on
the science of the earthquake or tsunami. The United Nations provided U.S. $10
million to Chile which includes support for this work which will provide a better
understanding of the character of the tsunami and its impact in both the near-source
and distant regions. It will also provide information on the impacts to the government
in Chile and enable them to enhance their tsunami disaster risk management practice.
The ITST-Chile Coordination Team led by Mr. Norambuena worked with local and
international scientists and government officials to enable a coordinated survey of the
tsunami impact and damages to a degree. They were also responsible for keeping
information flowing between various Survey Teams with a goal of seeking to
minimize overlap and duplication. They coordinated with team leaders for the rapid
assessment efforts that took place during 8-20 March, 2010. The team leaders included
Ricardo Norambuena (UNESCO-Santiago), Marcelo Lagos (Universidad Católica de
Chile), Daniel Melnick (Postdam University), Marco Cisternas (Universidad Católica
de Valparaiso) and Patricio Winckler Grez (Universidad de Valparaiso). The actual
surveys included many more individuals from multiple countries.
Mr. Norambuena described the information they obtained from their site visits at the
following locations:
 Dichato
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Santa Maria Island
Ilolleo
Tubul
Puerto Sur
Lebu
Tirua

From their interviews his teams were able to determine that:
 The second series of tsunami waves arrived about four hours after the first
tsunami waves, depending on location.
 People normally waited 30 to 45 minutes before evacuation and most people
returned to their homes after four hours.
 During the Santa Maria interviews, they recorded that the earthquake lasted
three minutes.
They have surmised that an off coast landslide could possibly be the reason for
multiple tsunamis. There is a known submarine trench offshore that is rich in sediment
and steep. This could possibly be a trigger for a submarine landslide and a source of a
second tsunami.
During the meeting with Mr. Norambuena, Heinrich Bahlburg (Geologisch –
Palaontologisches Institut, Westfalische Wilhlms Universitat Munster, Germany) also
made a presentation on their investigation of sediment deposits. The Team also made
some logistical and coordination suggestions to the team that had just arrived from
Japan, including Hideo Matsutomi (Akita University) and Kenji Harada (Saitama
University). Their objective was to observe effects of coastal forest which can reduce
tsunami energy and the distribution of waterline (tsunami trace) around a detached
building, from which they could deduce inundation flow direction, velocity, and fluid
force acting on the buildings.
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Lessons Learned and
General Recommendations
6.1 Lessons Learned
The damage to coastal areas visited by the ASCE/COPRI Team varied widely, both in
cause and severity. With the magnitude of this earthquake, inertial load failures were
much less than expected, and the primary cause of failure for coastal structures was
soil failure, including liquefaction, lateral spreading and settlement. The concrete and
steel pile structures with concrete decks performed quite well, and the usual design
code was the building-based Chilean Building Seismic Code. Most of the behavior
was within elastic limits and very conservative. The one new pier with the base
isolation system of "tables" performed extremely well and had no visible damage.
Chile has an extensive program of above/under water inspection and, in general, the
structures were of modern construction and very well maintained. This is important; if
there is serious marine degradation before the earthquake it makes it very difficult to
assess and prevent seismic damage.
Soil failure was the primary cause of damage to port/coastal structures due to the
earthquake. Liquefaction of unconsolidated or improperly consolidated soil in the
backlands was a frequently observed failure mechanism. Sheet piles failed, backland
areas settled and there was significant lateral spreading at the port facilities in the
Concepción area. Kinematic loading on piles was noticed and constituted a significant
failure mechanism.
One unexpected result of the earthquake was the tectonic uplift and horizontal seaward
movement observed at some of the sites. The uplift reduced vessel draft but was fairly
uniform so that the structures remained level. The horizontal displacement damaged
sea walls, riprap and slopes and in some cases was simple to repair. In other cases
remediation was not straightforward.
Tsunami damage to port structures was practically non-existent. Port authorities
seemed to have a protocol to have vessels leave immediately following a major
earthquake. So, if the ground motion was significant, ports ordered vessels out, in spite
of the federal government advising that there was no tsunami. If the vessels had
remained in the ports, damage could have been extensive, as the vessels become
missiles and could have easily destroyed anything in their path, as has been seen in
other earthquake/tsunami scenarios such as the 2004 Indian Ocean Tsunami, in
Chennai, India (Strand, 2007).
Another unexpected failure mode was crane damage due to the loss of commercial
power following the earthquake. As the effects of the earthquake were realized,
commercial power for many of the ports stopped, with container cranes locked in
99

100

CHILE EARTHQUAKE AND TSUNAMI OF 2010

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

position. In some cases containers were being loaded or unloaded, and there was no
way to move the crane or drop the load. As vessels exited the ports to avoid the run-up
and possible loss of moorings, the containers were locked, with the crane attached
causing vessel-structure interaction damage. Although this was not a direct damage
scenario, it was significant and resulted in the loss of at least one container crane.
The visit to the Santa Maria Island illustrated another failure mechanism as the hills
where many homes are located have started to slide towards the coastline. This could
become critical for the life of the residents. Tsunami damage was evident in some
areas, especially in the coastal town of Talcahuano. There was an official warning
issued by the federal government that no tsunami would result from this earthquake. In
some isolated areas, campers and non-residents were the most vulnerable, not being
familiar with the possibility of a tsunami following a major earthquake.
With a history of very large earthquakes in Chile, one would expect that there would
be an extensive network of strong motion instrumentation. As the Team discovered in
this investigation there is no national program, nor sufficient funding to address this
scientific need. Many of the existing instruments are privately owned, and in most
cases there is no record of the subsurface profile or shear wave velocities, making the
record more questionable. Was there hundreds of feet of alluvium, was bedrock near
the surface, is the area around the instrument fairly uniform? What is the shear wave
velocity of the area, and was it uniform with depth? These questions could not be
answered, and combined with the paucity of data, definitive statements about the
significance of free field peak ground motion and/or spectra are questionable. Instructure response information was even sparser, and without having the drawings and
knowing the location of the instruments, any conclusions that one might make would
be questionable. In addition, Chile is still using the older film type records which
overlapped records close to the epicenter, separating the records and digitizing "by
hand" is difficult and labor intensive. Digital instruments were moved to Northern
Chile, away from this central region that has recently experienced major earthquakes.
6.2 General Recommendations
In general, Chile's port and harbor structures performed well, with pile supported
piers/wharves having limited structural damage except for soil/geotechnical failures.
The usual design code was the NCh 433 Building Seismic Code and is conservative.
Chile should investigate the use of "performance-based design", as is being used in
California, for the ports of Los Angeles, Long Beach and Oakland. There are
numerous seismic codes in California that are publically available, and Chile should
investigate and utilize some of these codes, based on years of full-scale testing and
refinement.
Tsunami warnings and evacuation routes need to be clearly communicated to port
authorities and coastal communities, and in the absence of any definitive warning, port
authorities should have a protocol to have vessels and staff leave the port following a
strong earthquake. It is very possible that conventional communications are cut -off
including land phone lines, cell phones and radio/television. A tsunami plan should be
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in place at all port areas and coastal cities, with generational multi-lingual education
being a key component, and with the assumption that key communication links may
be non-operable.
Chile needs a funded national strong motion program, perhaps similar to the one in
California, which assesses a fee to building permits to fund the program. Along with
the instrumentation, soil conditions are recorded, borings are taken for free-field data,
and in-structure instruments are noted on the structural drawings available to the
public. In addition to the records, California has used the funds to sponsor research to
understand the behavior and consequences of earthquakes. California has
subcommittees that vote on instrument placement, and uses groups of specialists in
buildings, geotechnical and lifeline engineering (including ports/harbors). The
California Strong Motion Instrumentation Program (CSMIP) could be helpful in
setting up a program in Chile.
Tectonic damage, whether vertical or horizontal is beyond the scope of ordinary
design and could not have been predicted or accommodated in design. Post-event
dredging may be an expensive "fix" that cannot be avoided. In one case of a river
flowing into the Pacific Ocean, that after the "uplift" the river could no longer drain
into the ocean. This created a serious potential flooding situation until the cross
section is enlarged.
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Detailed Existing Facility Data
Engineer Jaime Serano, D.CE, of GSI Ingenieria provided to the Team four Spanish
language documents providing detailed descriptions of the existing ports of
Talcahuano, San Vicente, Valparaiso, and San Antonio. Pertinent information from
these documents has been translated by Miguel Carbuccia of the Team and is provided
in this appendix. It is our intent that the research community will better understand the
effects of earthquakes and tsunamis on existing infrastructure through the use of this
detailed information on pre-existing conditions.
A- 1.

Port of Talcahuano

The Port of Talcahuano infrastructure consists of a mole1 with Berths 1 and 2. Their
respective esplanades2 are two warehouses and a berth for of smaller vessels called
Broad Esplanade “Blanco Encalada”) and a berth called Broad Esplanade “María
Isabel,” for fishing vessels. The mole esplanade is filled by riprap. The general layout
for the port is presented in Fig. A-1.
The oldest berth infrastructure is the Broad Esplanade “Blanco Encalada,” built in
1915, followed by the Berth 2 and Broad Esplanade “María Isabel,” built in 1942, and
the last one is Berth 1, built in 1973.
The Broad Esplanade, “Blanco Encalada”, is located parallel to the coast and serves
smaller boats. This 382m long esplanade consists of a concrete block wall on a base of
60 kg to 1,500 kg of rocks, as shown in Fig. A-2. The blocks have a stone veneer
front. A cast-in-place concrete mass was placed over the blocks with carved stones on
top of the wall at an elevation of +4m MLLW. The esplanade behind the wall consists
of an underwater fill of boulders and gravel, over which there is an underwater
granular material fill between elevations +1.6m and +3.0m and finally another
granular material fill between elevations +3m and +4m. The esplanade has a 0.20m
thick cast-in-place concrete surface. The esplanade fill consists of a sandy compacted
fill suitable for pavement placed over an underwater sandy fill, over the underwater
boulders and gravel fill.
On the south side of the port is the 96m long Broad Esplanade “Maria Isabel” (see Fig.
A-3). Due to a lack of records, it is assumed that this esplanade is similar in
1

In most countries, mole is commonly used to identify a breakwater and in particular
a breakwater with attached berths.
2
Esplanade is used most commonly to denote a flat area where people walk. In this
case the term refers to a flat area across which people, goods and equipment moves to
and from the vessels.
103

Downloaded from ascelibrary.org by Jaime Serrano on 07/01/13. Copyright ASCE. For personal use only; all rights reserved.

104

CHILE EARTHQUAKE AND TSUNAMI OF 2010

construction to Berth 2 as both were built around the same time. The esplanade
retaining wall consists of steel sheet piling wall. This wall is pulled by 7.6cm diameter
tieback rods spaced at 1.60m, and anchored on another parallel wall 10m behind the
sheet piling. The fill behind the steel sheet piling is crushed granular material. The
edge of berthing consists of a reinforced concrete capbeam over the steel sheet piling
wall. The wharf supports cranes servicing fishing vessel operations. The esplanade has
a 0.20m thick cast-in-place concrete surface over fill suitable for pavement over an
underwater sandy fill over an underwater fill of boulders and gravel.
The berthing works at the Port of Talcahuano consist of Berth 1 and 2, 155m long with
8.3m draft and 205m long with 7m draft respectively, intended for commercial ships.
These berths are located on the eastern side of the mole, 360m long and variable width
between 89m in the north end of Berth 1 and 15 m at the south end of Berth 2. The
mole consists of underwater and compacted rocky fills.
Berth 1 construction was completed in October 1973. The berth is 155m long; its north
side end is a 30m long wall. Berth 1 consist of a steel sheet piling wall of varying
heights between 16m and 23m, pulled by steel tiebacks anchored to concrete walls,
located approximately 35m from the edge of the Berth, as shown in Fig. A-4 through
A-9. The steel tiebacks are spaced at 1.18m, as shown in Fig. A-4. The anchor walls
are reinforced concrete walls, as shown in Fig. A-5. The concrete f’c is 30MPa. The
tiebacks are made of steel 7.6cm diameter rods, with yielding stress of 45 kg/mm2.
The rectangular space between sheet piling has been filled with plain concrete with f’c
of 20MPa from the foundation surface up to an elevation of +/-0.0. The steel sheet
piling height varies between 3m and 10m from south to north of the berth. The edge of
the berth is a 3.8m x 1.4m reinforced concrete capbeam on top of the sheet piling wall.
The top of wall elevation is +3.8m. The steel sheet pile wall is protected against
corrosion by a cathodic protection system. In the north end corner there is a pipe pile
wall consisting of 450mm diameter by 8mm thick which are 21.15m long, as shown in
Fig. A-6. This pipe pile wall stabilizes the fills at the end mole corner.
Over the steel sheet piling wall back wedge there is an underwater rocky material
uncompacted fill size 0.64cm to 20.3cm to elevation +1.60m. Over this fill was placed
granular material 0.64cm to 7.6cm in compacted layers up to elevation +3 m, and over
this, a layer of quarry material suitable for pavement.
The backlands fills consist of materials placed underwater, 250 kg to 1,500 kg. rocky
material .64cm to 20.3cm and crushed material 0.64cm to 7.6cm which consists of
crushed rocky material which is less than 100 kg and includes 20% sand. The
backlands have a 0.20m thick cast-in-place concrete surface.
A light pole on shallow 2.25 x 2.25m foundations is located near the center of the
mole adjacent to this berth. There are 135m crane rails 5.25m gauge, however there is
no crane on site.
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Berth 2 is 205m long steel sheet piling wall as shown in Fig. A-10. This wall is pulled
by 7.6cm diameter tiebacks spaced at .60m, anchored on a parallel wall located 21m
behind the sheet piling. The fill behind the steel sheet piling is crushed granular
material. The edge of berthing is a reinforced concrete capbeam of the steel sheet
piling wall, as shown in Fig. A-11. The top of wall elevation is +3m. The steel sheet
piling wall is not protected against corrosion. An abandoned warehouse for fish
storage is located adjacent to the berth. Train rails are located on the berth, but there
no cranes on site.
Behind the steel sheet piling wall there is a crushed granular material fill up to
elevation -0.5m. Over this is an uncompacted granular fill, and over this a compacted
fill suitable for pavement. The backland fills consist of compacted 250 kg to 1,500 kg
rocky material of 0.64cm to 20.3cm and compacted quarry material suitable for
pavement.

Fig. A-1 Port of Talcahuano (Source: OpenStreetMap.org)
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Fig. A-2 Broad Esplanade “Blanco Encalada” Gravity Wall
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Fig. A-3 Section at Maria Isabel Esplanade

Fig. A-4 Berth 1 Tieback Layout
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Fig. A-5 Berth 1 Tieback Anchor Wall

Fig. A-6 Berth 1 Steel Sheet Pile Wall Layout
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Fig. A-7 Berth 1 Typical Section at Extreme South

Fig. A-8 Berth 1 Typical Section at Extreme North
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Fig. A-9 Site Berth 1 Typical Section at Head Wall

Fig A-10 Berth 2 Typical Section
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Fig. A-11 Berth 2 Head Wall
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Port of San Vicente

The port of San Vincente primarily exports forest and fishery products, foodstuffs and
uses containers. It is located about 2 km from the Talcahuano terminal. The marginal
wharf has three berths (Berths 1, 2, and 3), with various structural configurations.
Berth 1 is a steel pipe pile, steel cap beam structure with a concrete deck, Berths 2 and
3 are precast, prestressed concrete square piles and large diameter steel pipe piles
inshore with concrete cap beams and a concrete deck. The steel pipe piles were
installed as part of a change order during construction due to overdriving of the
concrete piles. A plan view of the port is shown in Fig. A-12. The wharves are
attached via a “bridge ramp” to the backland fill area with a seawall and are used to
store containers. The bridge ramp is a concrete slab about 3m long. The port also has a
breakwater, but this breakwater was not part of this inspection/survey. The port is
operated by a concession to San Vincente Terminal International S.A. (SVTI).
Although the port was originally designed for container cranes, mobile cranes are used
to take containers from vessels, with container lifters moving the cargo to the
backlands. From the port, the majority of the transport is by truck.
Berth 1 was built between the years 1991 and 1992, based on the design by ARA
Engineers Consulting Firm. Fig. A-13 shows a cross-section of Berth 1. The wharf
was originally designed for container cranes, but due to settlement, only mobile cranes
have been used. The structure has an inclinometer inside of one pile and on the outside
of another, in two locations spread on the structure. However, no measurements from
the inclinometer from before or after the earthquake were available.
The site was originally dredged to a natural soil slope. Over this slope a fill was placed
and is retained by a slope of rocks. The slope is (H:V = 1.7:1.0), consisting of granular
material, covered with layers of filters and rock protecting against erosion. The
constructed slope has a base of 0.5 kg to 6.0 kg rocks as a filter; and 6 kg to 10 kg
rocks, as an upper filter. Above the upper filter and below elevation –3m below
MLLW, there is a layer of 85 kg to 155 kg rocks. Above elevation -3m there is a dike
of 900 kg to 1,500 kg rocks. The wharf structure was constructed into this rock slope.
The wharf structure consists of a reinforced concrete slab with steel framing supported
by steel pipe piles. There are 20 bents of four steel pipe piles each. The two-landside
rows of piles are 1,016mm in diameter and the two waterside rows of piles are 610mm
in diameter. All the piles have an average length of 30m and are driven into the seabed
thru silty and sandy soil. The piles are connected to steel shells at the deck level by use
of grouted expanders. In each bent the steel shells are linked with two levels of cross
beams and diagonals. The steel shells are welded at the top to a steel plate that
supports the longitudinal steel beams. The beams support a system of precast concrete
panels with reinforced concrete slab. The waterside slab edge has a vertical return that
serves as a support for the fenders.
Between the landside of the wharf and the esplanade, there are precast reinforced
concrete boxes which act as a gravity wall providing support on the waterside edge of
the esplanade for a reinforced concrete "L-shaped" retaining wall structure, as shown
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in Fig. A-14. The boxes are sealed at their base with a layer of concrete placed under
water and filled with compacted granular material.
By 1995, the approximately 80m (between bents 99 and 109) of the northern end
adjacent to the esplanade settled as the wall had dropped several inches. This
settlement was due to the low bearing capacity of the seabed’s natural soil and the
weight from the 1991 fill material. In 1995 Berth 1 was repaired to mitigate the
settlement. At the time of the repair, the northern seven bents of Berth 1 were retrofitted by adding two 81.3cm x 14mm thick piles between the two landside pile rows at
each bent. The boxes and L-shaped wall were also repaired in order to bring up the
back of the wall to support the slab. During that same repair, 30m of the retaining
structures were rebuilt on the lateral side of the berth by replacing the upper layer of
riprap, precasted boxes and L-shaped retaining wall. More recently, the original fill
was replaced by lightweight ash material from Bocamina Coal-Fired Power Plant.
Berths 2 and 3 were built between the years 1968 and 1974. Fig. A-15 and Fig. A-16
show typical cross-sections of Berths 2 and 3, respectively. Water depth for these
berths varies between 12.5 and 13m, as shown in the cross-sections. Berths 2 and 3 are
of the same structural type. Both are 440m long with 89 bents each. Each bent consist
of two 1,050mm diameter x 9.6mm thick steel pipe piles with four 500mm x 500mm
reinforced concrete piles. In some bents, there are 400mm x 400mm reinforced
concrete piles in addition to those already mentioned. All steel pipe piles are filled
with plain concrete. In the zone between high tide and low tide, the piles are coated
with 3m high reinforced concrete cover for corrosion protection. Underwater, the piles
have cathodic protection based on impressed current. The deck consists of precast
concrete panels and cast-in-place reinforced concrete beams and slab.
The Berth 2 and 3 soil consists of a gravel and geocomposite base fill covered by 10
kg to 30 kg rock prisms and over this a layer of 110 kg to 235 kg rocks. The edge of
the esplanade is retained by an “L-shaped” retaining wall reinforced concrete, as
shown in Fig. A-17.
The port has a total backlands area of 207,000m2 intended for container storage,
inspection and connection to 450 reefer platforms. The collection has a static capacity
of 26,000 TEU’s subdivided into areas of stacking and repository for empty containers
that are consolidated in the terminal. The backland consists of a granular fill, placed
under water and compacted up to the pavement support elevation. The area covered by
the fill is 181,188m2. Various types of pavements cover a 178,078m2 area, including:
 7,700m2 of 0.08m thick concrete brick behind Berth 1
 2,153m2 of 0.30m thick 30MPa concrete in the coastal sector
 5,635m2 of 0.30m thick 25MPa concrete in other miscellaneous areas
 162.400m2 of stone paving in several areas
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Fig. A-12 Port of San Vicente Plan View

Fig. A-13 Berth 1 Typical Section
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Fig. A-14 Berth 1 East End Retaining Wall

Fig. A-15 Berth 2 Typical Section
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Fig. A-16 Berth 3 Typical Section

Fig A-17 Backland “L-Shaped” Retaining Wall
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Port of Valparaiso
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The port is made up of a variety of configurations and designs, from the late 1880's to the
present. Fig. A-18 shows a Google map of the port.
Berths 1, 2 and 3 (Newer container wharf)
Berths 1, 2 and 3 were designed and constructed in the late 1990's by an American firm
using conventional US codes and a spectral modal dynamic method for a force-based
seismic analysis. Construction began in September 1995 and was completed in January
1999 at an approximate cost of $40 million US dollars. The structure was originally
designed for an earthquake of Mw 8.0 located at the site. The structure was designed to
berth Panamax vessels. The berth lengths are 200m, 200m, and 220m for Berths 1, 2 and
3, respectively.
The structure is supported on hollow, steel pipe piles with a concrete deck, with a top
deck. The steel pipe piles are 813mm diameter and 914mm diameter. All piles are 19mm
thick. Rows are spaced transversely at distances of 12.6m, and 6m and longitudinal at
distances of 5m typically. All piles are driven to bed rock. Corrosion protection is
provided by a cathodic system with imposed current along with passive protection via an
epoxy-pitch coating along the entire length. The deck is 0.35m thick concrete reinforced.
The concrete compressive strength is 35MPa, and the steel reinforcing is A63-42 H.
The structure is underlain by a rock dike at a slope of 2.5:1 (horizontal to vertical).
Rocks are 350-650 kg in the less exposed area and 550-850 kg rocks in more exposed
area. The original block wall consisted of 3 blocks, which were taken out, and 3 blocks,
which remained, at the base. The top of the wall occurs at an elevation of 4.61m above
MLLW. An L-shaped reinforced concrete retaining wall retains the landside behind the
wharf and is founded at an elevation of 0.0m above MLLW. Concrete ramps run between
this retaining structure and the wharf.
Berth 4 (1880’s concrete piles)
Berth 4 was built around 1880, and consists of 3.5m diameter unreinforced concrete piles
and a concrete deck with a gravity wall retaining on the waterside. A typical section is
shown in Fig. A-19. The berth is 200m long, with an authorized draft of 9.3m and an
actual water depth of 10m. The piles are spaced at approximately 12m and above the
piles run reinforced concrete covered steel beams. The gravity retaining wall consists of
six blocks vertically and an “in-situ” massive concrete block. Pavements consist of 7cm
of asphalt over a cemented soil base built in 1985. The surface has been repaired twice
with 5cm asphalt layers. The structure supports 36-ton cranes with 17m gage, which were
installed in 1984, but crane operations were limited to avoid structure overloading. The
waterside crane rail is over the pilecap girder while the landside rail is supported on a
longitudinally reinforced concrete girder supported on prestressed concrete piles. This
berth experienced damage in previous earthquakes. Therefore the cranes were excluded
from being within 13m of the wall at Berth 4.
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Berth 5
Berth 5 is adjacent to Berth 4, with a length 137m of usable wharf, and an authorized
draft of 7.5 to 9.3m depending on the location along the wharf. A typical section is shown
in Fig. A-20. This berth was constructed in the 1930’s and consists of a gravity retaining
wall with backfill. Pavements consist of 7cm of asphalt over a cemented soil base built in
1985. The surface has been repaired twice with 5cm asphalt layers.
Prior to the February 27, 2010 earthquake there was existing movement of the wall at the
facility that required limited operations to avoid structure overloading. Therefore the
cranes were excluded from being within 19m of the wall at Berth 5.
Berths 6, 7 and 8
Berths 6, 7 and 8 are on each of the sides of a mole constructed in the 1930's. Berths 6
and 8 are on the sides of the mole, and Berth 7 is at the end of the mole parallel to shore.
Typical sections of Berths 6 and 8 are shown in Fig. A-21. The authorized drafts are
shown below in Table A-1, below. The structure consists of concrete caissons around the
perimeter with backfill inside.
Table A-1 Maximum Size of Vessels at Berths 6-8

Berth
6
7
8

Extension
(m)
192.0
127.5
235.0
180.0

Authorized
Drafts (m)
8.5
6.2
8.5
8.8

Berths 6 and 8 retaining walls consist of precast concrete blocks which are arranged in
inclined layers on a large rock base that reaches the elevation -31m, at the base of the
mole, as shown in Fig. A-23. The block wall is founded at elevation -10m, over a 6m
thick rock layer, which is supported on a 4m thick layer of rocks with gravel. The rest of
the fill down to the sea bed is a layer of round rocks and pebbles, which, at its bottom, is
supported on a layer of quarry and sand. Backfill behind the wall consists of rocks with
gravel, with a base elevation of -11m, a top elevation of 0.00m, and a back slope of 3:2
(horizontal to vertical). The mole base seaside has an inclination 5:4 (horizontal to
vertical), in its layers of rocks and rocks with gravel, and 3: 2 (horizontal to vertical), in
its rocks and pebbles layer. The mole surface was originally paved with unreinforced
concrete; however it has been mostly repaved with asphalt pavement. Two 5-ton capacity
cranes are located at Berth 8.
The retaining wall at Berth 7 consists of reinforced concrete boxes filled up with plain
concrete and rocks weighting between 5 kg to 100 kg. The boxes are supported at the
elevation -9.10m by a layer of blocks, which are supported at elevation -11.10m by a 7m
thick layer of boulders weighting between 1,300 kg to 3,900 kg. The lower layer has an
average thickness of 10m, and consists of rocks weighting from 100 kg to 1,300 kg. The
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top rock layer slope is 6:5 and the lower layer slope is 3: 2. The backfill behind the wall
is made up of rocks and gravel, with its base at elevation -11.10m and its top at elevation
+2.00m. The surface at Berth 7 is covered with pavers.

Fig. A-18 Port of Valparaiso (Source: OpenStreetMap.org)
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Fig. A-19 Berth 4 Typical Section

Fig. A-20 Berth 5 Typical Section
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Fig. A-21 Berths 6 and 8 Typical Sections

Fig. A-22 elevation of the Block Arrangement in Walls at Berths 6 and 8
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Port of San Antonio
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The Port of San Antonio consists of nine berths, seven marginal wharfs and two pier
structures, as shown in Fig. A-23. The original port dates back to 1911, with a facility
constructed on the current Site 1, which was later demolished to make way for the current
facility. Berths 1, 2, and 3 are marginal wharfs located on the South Mole and constructed
in 1991. Berths 4 through 7 are marginal wharfs located on the North Mole and were
constructed between 1911 and the late 1970’s.
South Mole – Berths 1, 2 and 3
The South Mole consists of Berths 1, 2 and 3 and associated backlands and serves as the
main cargo container terminals at San Antonio. The original facility was severely
damaged in the 1985 earthquake, with catastrophic failures of Berths 1 and 2 and soil
movement resulting in a total settlement of approximately 1m. As part of the
reconstruction in 1991 through 1992, it was determined to replace the failed structures at
a lower ground elevation (3.8m above MLLW) to save costs. Compacted soils were used
in the backlands to protect against liquefaction.
The berths consist of a marginal wharf structure with a total length of 565m (Berth 1 is
80m long, Berth 2 is 235m long, and Berth 3 is 250m long) and an average dredged depth
of 12m. A typical cross section of Berths 1, 2 and 3 is shown in Fig. A-24. The concrete
deck spans between four rows of steel pipe piles with transverse spacing of 7.4m to 9.5m
for a total width of 24m. A crane rail support is at the water side piles (Row A). Between
the landside piles (Row D) and the backlands retaining structure there is a 4.7m wide
precast ramp. The deck and ramps are designed to support HS15-44 trucks (AASHTO
Standard), with traffic parallel to the ship. The retaining structure on the landside consists
of an “L” shaped concrete retaining wall. Mooring hardware consists of 70-ton to 100-ton
steel bollards and two sets of unit fenders backing a single fender panel. Berths 1 through
3 were instrumented with accelerometers when constructed. However, since that time the
instrumentation equipment has not been operational, and no records exist from the
February 27, 2010 earthquake. It is unknown who the responsible party for maintenance
of the instruments was and why they were taken out of service.
North Mole – Berths 4, 5, 6 and 7
The North Mole consists of Berths 4 and 5 on the south side and Berths 6 and 7 on the
north side. Each berth has a different structural system.
Berth 4 was constructed between 1971 and 1977 and is a 265m long marginal wharf
consisting of a steel sheetpile wall system with a 10m dredged depth. A typical cross
section is shown in Fig. A-25. The sheet piling is driven to 18.5m depth. The sheetpiles
are topped with a 5.1m tall 1.3m thick concrete wall. The top of deck elevation is 4.9m
above MLLW. The sheetpile wall is anchored to a deadman located within the fill of the
mole. During the 1985 earthquake, Berth 4 experienced 35cm of settlement due to
liquefaction; however no repair was deemed necessary and the facility has been in
continuous operation since that event. To adjust for this settlement, 30 to 50cm of
concrete topping has been added to the surface to regain a level surface. Daniel Ruz
Araneda stated that since 1985 there has been continued settlement due to traffic;
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therefore the expectation is that there are voids below the concrete topping. Mooring
hardware consists of steel bollards and trapezoidal cell fenders.
Berth 5 was constructed between 1977 and 1979 and is a 118m long pile supported
marginal wharf structure. During the 1985 earthquake, the structure settled 15cm. A
typical cross section is shown in Fig. A-26. The structure consists of three rows of 0.8m
(waterside) and 1m (middle and landside) diameter steel pipe piles supporting a 13.9m
wide concrete deck. Piles are filled with concrete and have tip elevations of -8m to -12m.
The concrete deck is a 300mm slab supported on 450mm x 800mm longitudinal
intermediate beams on 800mm x 1400mm. The transverse pilecaps are approximately 2m
deep. The top of deck elevation is 4.9m. Between the landside piles (Row C) and the
backlands there is a 3.9m wide precast ramp. The mole backfill soils are retained with an
“L” shaped concrete retaining wall installed in 2002 and the ramp is supported on a
shallow footing above this retaining structure.
Berths 6 and 7 make up a berthing edge with a total length of 315m; however, the two
berths are of different construction types. Berth 6 was constructed between 1911 and
1918. The top of deck elevation is 4.6m. Berth 7 was constructed between 1957 and
1963. A typical cross section is shown in Fig. A-27. The top of deck elevation is 4.6m.
Berths 6 and 7 were originally built as three discontinuous wharves, each 60m long,
which were separated from each other by 40m. Each structure was originally composed
of a reinforced concrete slab supported on 1.2m deep concrete transverse beams
supported by 2.5m deep concrete longitudinal girders, as shown in Fig. A-28. The deck
framing is supported on the landside by a block of concrete on a rock prism that also
retains the soil behind it. On the waterside the deck framing is supported on reinforced
concrete columns. These columns are spaced 8m apart and are anchored to the seabed
using 10m long steel piles, driven 6m deep.
The connection between these discontinuous wharves was built in 1962 and consists of a
wall of steel H piles (driven 12m into the sea bed); 3.5m high steel sheet piles are welded
to the H piles. A reinforced concrete longitudinal beam crowns this sheet pile wall. This
cap beam supports reinforced concrete transverse beams and the reinforced concrete slab.
Deck transverse beams are supported on the landside by concrete walls on consolidated
backfill anchored by tiebacks. There is a riprap slope protection under these berths. At the
connection of the discontinuous wharves, this riprap consists of two layers of rocks of
weight equal to or greater than 700 kg.
Berth 8 Pier
Berth 8 Pier is a bulk solids cargo transfer facility located on the north side of the port,
and consists of a loading platform with two mooring dolphins, one 55m to the East and
the other 40m west. Both the platform and dolphins have a top of deck elevation of 4.8m.
The loading platform is made up of a 37.1m long by 18.8m wide reinforced concrete
deck on steel pipe piles at 10.5m spacing. The loading platform supports a permanent
crane used to move bulk solids. Mooring and berthing hardware consists of steel bollards
and cell type fenders.
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Berth 9 Pier
Berth 9 Pier is a bulk liquid chemical products transfer facility located on the north side
of the port and operated by Vopak consisting of a loading platform with three mooring
dolphins. Both the platform and dolphins have a top of deck elevation of 4.8m. The
loading platform is made up of a 69.7m long by 7m wide precast concrete deck on steel
framing and steel pipe piles. Steel framing and a precast concrete deck connect the three
dolphins and act as a pipe way and roadway. Access is via a 35.37m long by 7m wide
trestle which connects to the landside. 150mm and 250mm pipelines run across the access
trestle to the platform. Mooring hardware consists of steel bollards.
Breakwaters
The Port of San Antonio breakwater consists of the main South Mole, which gives shape
to the “Big Bay”, and the secondary North Breakwater or “Little” Mole, which creates
the “Small Bay”.
The South Mole (see Fig. A-29) was built in two sections, starting from the original
coastline to 800m westward. This first breakwater consisted of a prism of rocks weighing
from 100 kg to 2,500 kg with 3:2 slopes, up to an elevation -4.50m. Over this base a core
prism of rocks of the same specification was built, which was protected by a layer of 7
tonne stones. Currently, this section of the mole has been covered by accumulated course
fills by the depostion from the Maipo river southern sector sediment retention.
The other section of the South Mole breakwater was built over a base prism of rocks
weighing from 1 kg to 2,500 kg, with 3:2 slope. On the ocean side it has a berm of rocks
from 2 tonnes to 5 tonnes, with 2:1 slope. On top of this slope sits large artificial 40tonne weight concrete blocks, over which is a crown also made of concrete blocks as a
parapet, reaching elevation +8.00m. The spaces between the blocks of the breakwater and
the parapet are filled with large stones. Fig. A-30 shows the “Big Bay” rip-rap.
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Fig. A-23 Port of San Antonio (Source: OpenStreetMap.org)
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Fig. A-24 1, 2 and 3 Typical Section

Fig. A-25 Berth 4 Typical Section
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Fig. A-26 Berth 5 Typical Section

Fig. A-27 Berth 6 Typical Section
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Fig. A-28 Berths 6 and 7 Original Wharf

Fig. A-29 South Mole Typical Section

Fig. A-30 “Big Bay” Rip-Rap
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