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Summary

Significant mitigation efforts against earthquake losses have been going on in Chile since the two
large earthquakes that occurred in 1960 and 1985. The low number of casualties that occurred in
this lage earthquake is an obvious result of these mitigation efforts. With respect to lifelines,
many more lessons will be learned from this latest earthquake, particularly in the area of
interdependence. The study of lifeline resiliency must continue wabus fon cost effective
expenditures for earthquake preparedness to lifeline service providers.

Geologic Aspects
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than 200 were due to the tsunami that arrived within as little as 10 minutes after the strong
shaking.

On February 27,20, at 3:34 A.M. local time, there was a moment magnitude (Mw) 8.8
earthquake off the west coast of Maule region, Chile. This earthquake, which was located
offshore aNI@F<FODK$>P@>NN®d&pth of 35 km and had a plate rupture of about 550 km
by 150km, shook a large region with an estimated 80% of ChileOs population. The epicenter is
located 335 km SW of the capitol city of Santiago and 105 km NNE of the coastal city of
Concepcion. Numerous large aftershocks occurred over the months, includiig@ver

magnitude 6 or higher aftershocks within the following week.

MH#S()*+#S%", +#SH)-."[*)O#KSC",2"$322*--#5$).$)$2348#-9,49%$6+) #$E3*45)-AK$C) 7$)$
7*E5*2.,343M34#3$#)-."I*)0O#@%e earthquake occurred in a region of known high seismicity at
the interface bveen the Nazca plate and the South American tectonic plates. The Nazca plate is
converging eastward at a rate of about 80 cm per year. Chile has a long history of large
earthquakes, including great subduction zone earthquakes of magnitude 8 or larGablesée

Great Historic Earthquakes in Chil§).

$
Table 1. Great Historic Earthquakes in Chile
1575 Valdivia earthquake 8.5
1730 Valparaiso earthquake 8.7
1751 Concepci—n earthquake 8.5
1835 Concepci—n earthquake 8.5
1868 Arica earthquake 9.0
1906 Valpara’so earthquake 8.2
1922 Vallenar earthquake 8.5
1943 Coquimbo earthquake 8.2
1960 Valdivia earthquake 9.5
1985 Santiago earthquake 8.0
1995 Antofagasta earthquake 8.0

Modified ASCETCLEE Chile web report Page2 May 2010



In addition to the main shock, which caused coastal regions to both uplift and subside, tsunami
waves hit the low lying Chilean coastline as well as distant shores across the Pacifid'®gean.
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[#$23)7 +,443B& of the reported 486 caadties, more than 200 were due to the tsunami that

arrived within as little as 10 minutes after the strong shaking.

"H$H)-."1*)O#S-#T7*+ #585,491)L,1*1$-#23-5#53$6#)0$9-3*45%$)22#+#-).,3473$,4%."#3$
%342#62,34%)-#)$3:3<@GI19%$C,."$38#-$G<$7#23457$3:$7 .- @SB, #55(#-2)++,$
R4.#47,.A$3:$SRRR$C) 7$#L6#- #42#53,48)$4* 1 E#-$3:$23)7.)+$)45$,4+)A5$PR([ELtE the7 @$
large epicentral region, the geologic conditions vary from mountainous terrain and valleys to

river and coastal terrains. The ground watanditions were favorably low because the

earthquake occurred towards the end of summer. As a result, fewer landslides and ground related
failures related to liquefaction, lateral spreading and bearing capacity occurred. Certain areas
were subjected to tmusing of high seismic energy as well as ground motion amplification due to
soft soils.
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Chile Earthquakes from 1900 - 2010 (USGS)

Earthquake location map, including main shock, aftershocks, and historic earthquakes.
Source:
http.//earthquake.usgs.gov/earthquakes/eqinthenews/2010/us2010tfan/20100227 Main.pdf
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Tsunami damage to bridge in Constitucion. The bridge girder was lifted by the tsunami and
moved inland about 1 ft for a distance of about 6 bents. During the TCLEE team visit on April
16, 2010, the bridge traffic was being controlled to one lane of traffic. Team members witnessed
official search activities for missing persons.

Dichato Tsunami damage
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Geotechnical Aspects

The level of ground shaking was controlled by the rupture patterprakanity to the

earthquake rupture and the local soil conditions. Ground shaking and geotechnical related ground
failures impacted all lifelines and resulted in damage to buildings, bridges, highways, railways,
ports, and systems involving water, wasteéenagas and liquid fuel, electrical,

telecommunication, as well as contributing to lifeline interdependency issues. Geotechnical
related failures involve soft soil site amplification, bearing capacity and fill failures, slope and

dam failures, and liquegtion and lateral spreading failures especially near waterways. Areas

with engineered solils including industrial facilities on wetland sites, retaining walls and ground
improvement appeared to perform w&Efer to the lifeline chapters for more details.

The areas nearest the rupture plane generally experienced a moderate level of ground
deformation ranging from extensite-none in areas by the rivers, coast, floodplains, lowlands,
and dunes. The most extensive lifeline damage was observed closesidasthevith a

concentration in areas of poor soils that failed through liquefaction, lateral spreading, settlement,
or was inundated by the tsunami. The areas that experienced liquefaction and lateral spreading
are concentrated in the lowlands with higbund water conditiond.iquefaction occursaring
earthquake shakindroose, saturated sandy soils can contract, which can lead to an increase of
pore water pressure. When pore water pressure increases, the effective stress reduces, and soils
can Oliquefy Liquefaction is often associated with lateral spreading and permanent ground
displacements in the down gradient direction. Several coastal and river vicinities experienced
extensive liquefaction, resulting in sand boils and fissures, and lateral sgreadi

In the city of Concepcion, ground motions recorded on bedrock appear rich in low frequency
energy and had uncorrectedhximum recorded peak ground acceleratiof0.65gin the north
south direction, 0.58 g in the eastst direction, and 0.60 g ihd vertical direction (see

figure). Ground motions on alluvial sites are expected to substantially lower; however, no
recordings have been obtainels an exampleConcepcionOs waste water plant was developed
on an extensive site adjacent to the Bio BreeRmouth near the Pacific Ocean.ighite
experienced extensive liquefaction, including sand boils, fissures, settlement, and lateral
spreading, which led to extensive damagd will require many more months to repainother
example is south of Congeion in coastal Coronel, the fishing port experienced liquefaction and
lateral spreading (see figure).

Several lifelines incorporate compacted engineereahfdl the construction of their
infrastructureincluding wetland sites in the vicinity of Cacion, earthen dams, levees, bridge
abutments, road embankmerasdcut-andfill roads. For the most part, engineered fill soils
performed well. In Concepcion, geotechnical ground improvement was condutiedliimited
areas at the ENAP oil refinerytd®de columns and micropiles supporting heavy equipment were
reported to perform well with no observgundsettlementn the vicinity.

This earthquake only caused minimal slope failures in a few localized areas. Areas that
experienced earthqualieggered landslides were mostly in areas of weak slopes and previous
landslide terrain. Road cuts and steep slopes that were marginally stable before the earthquake
were commonly destabilized from the ground shaking. Reactivation ofstadti® landslides,

suchas in the coastal town of llocand activation of slopes that have been undercut by river or
wave erosion or road building activities was observed.
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Accelerogram from San Pedro High School station in Concepcion. Source: University of Chile, Santiago.
(Report titled: Informe Tecnico, Teremoto Cauquenes 27 Febrero 2010, Servicio Sismologico, 3 Abril
2010.)
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Liquefaction and lateral spreading damage at Coronel fishing port. Note the damaged lifeline.
Electric Power

The transmission network performed rezaay well and was ready to provide power within 24
hours after the main shocRhe long narrow configuration of the system dictated by the shape of
the country and the topography of the land limits transmission line raderdion and system
redundancy While much of the equipment is the same as that found in the United States, Chile
makes extensive use of pantograph disconnect switches and teakdikestank circuit
breakersyhich are used sparingiy the western United States. We understandntizaie than
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25 failuresoccurred within these elemenkaitthat these failuresepresented a small percentage

of their inventory. Over the last 25 years, the backbone 220 kV and 500 kV systems were
designed with earthquake provisions considered. Thigsywas located mostly in areas with
modest levels of ground motions (PGA = 0.10g to 0.25g) and performed reasonably well overall.
Lower voltage sultransmission systems near the coast, which experienced higher levels of
ground shaking (PGA = 0.2g to 0g)5also suffered sporadic dama@¥hile there were a few
exceptions, seismic practices, such as equipment anchorage and slack in conductor connecting
equipment, \eredone very well.

The low voltage (34.5 KV and below) distribution system sustained rdaraage due to

collapsed buildings and damaged poles. The hardest hit regions were Region VIl and Region
VIIl. We understand that one company had to replace a total of 450 poles and lost 1,500 poles
out of an installed base of 759,000, and 82 transformeref 50,109. Most of these losses were

in the tsunami areas. The underground distribution cable network worked well. Resources from
other companies and neighboring countries came to help the restoration effort. Two weeks after
the earthquake, theddribution system service was restored.

P a /‘i 1
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Pantograph disconnect switch Damaged candlestick style live-tank circuit breakers

Telecommunication

All service providers, both landline and wireless services, experienced extensive setbacks due to
commercialpower outages, equipment failures, building failures, and loss of reserve power in
most distributed network facilities (base stations, small remote switches, and digital loop carrier
(DLC) remote terminals). Only critical officBsCentral Offices over 5@subscribers, MTSOs
(Mobile Telephone Switching Offices), and fiber backbone carrier ofli¢es/e backup power
generators. Majority of the cell sites and remote offices have 3 to 4 hours and 8 hours of battery
reserve power, respectively. The earthquadaurred at 3:34 AM in the morning, by about 6:30

AM most cell sites and remotes sites ran out of power. Due to damage to roads and bridges,
access to these sites became extremely difficult to set up generator to power the transmission
equipment. We obseed that most network operators have an insufficient number of portable
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generators to power all the sites. About 50% of the cell sites had battery failures because of
damage to batteries. Failures during shaking were due to the fact that most detlyedoaits

were not anchored and batteries were not secured on the shelves of the battery racks. Fallen
antenna from towers were another common occurrence in Regions VIl and VIII. A number of
cell sites installed on roofs of commercial buildings wereatgwhen the buildings were
structurally damagedell site towers are designed based on wind load. Based on our collected
information, one operator had issues with antennas in 50 % of their sites. At least two towers
collapsed, one was a monopole design on poor soil while the other was mounted on a concrete

water tank that collapsed.

Both landline and wireless services were restored 7 days after the earthquake. Many utilities that
relied on wireless servicgere having difficulties within the first weel{ter the earthquake to
dispatch maintenance crews to damaged sites in order to restore service.

Another example of damage is that a backup generator failed due to a transfer switch problem,
which was used to power the air conditioner. This caused overheating of electronic components
that resulted in equipment malfunction.

About 70 % to 80 % of the cell sites in regions VII and VIII had problems with either equipment
or antenna damage. This rate falls to about 50 % in region V, mostly in sites located in rooftops.
Cell sites do not typically anchor equipment. Switches and MTSOs have seismic designed
equipment. Fallen perimeter walls or nearby construction collapse affected operation in a few
cell sites.

Although fiber optic cables were severed in many locations mostly due to collocating on bridges
and overpasses, alternative links provided by another company allowed to some transmission
circuits for inter LATA (local access and transport area) operation.

Close to 200 outside plant DL.C or DSLAM remote terminals were affected mostly due to lack of
power. Close to 150,000 landline subscribers were affected mostly in small remote offices with
less than 5000 subscribers again due to power problem as none of these sites have backup power
generators.

There were many logistical problems in order to refuel sites with permanent generators or at sites
where portable generators were deployed. It was difficult to buy or rent portable generators.
Some of them were provided by affiliated companies outside of Chile. Diesel supply was
difficult to ensure. Some network operators had some supply contracts in place before the
earthquake. Road conditions and lack of power at diesel supply points affected recovery
operations. Lack of personnel and need for maintenance also affected diesel supply. Theft of
batteries, generators and diesel was an additional problem not expected.
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Unsecured batteries on unanchored battery rack fell off the rack and damaged (Courtesy Carlos Urzua
Acuna)

Water andWastewater
Essbio Potable Water
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Santiago Potable Water System
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Other Factors
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13
Damaged Large Diameter Welded Steel Water Pipe (Courtesy WWPP Chile)
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Typical Collapsed Elevated Small Steel Tank (Constructed 1999)

Gas and Liquid Fuel

Chile has two principal oil refineries, one west of Santiago and one in Concepci—n. Both
refineries shut down (loss of power, check critical elements, appraise possible damage) with only
minor, noncritical damage. ThAconcaguaefinery near Santiago had minor damage and

restarted 10 days after the earthquake. The capacity of this refinery is about 98,000 bpd. The Bio
Bio refinery near Concepci—n sustained what could be considered minor damage, except that the
refractory in the baters fell to the heater floors, precluding the use of the heaters. The Bio Bio
refinery was shut down after the earthquake. One of the two steel crude oil piffelifesds

into the refinery failed due to liquefaction and lateral spreading of beadk.s@he gasoline

and diesel for the service area of this refinery is currently being imported. It has been estimated
that three to seven months will be required to bring the refinery to its operating capacity of
130,000 barrels per day. Tank sloshinguroed in floating roof tanks with resulting spillover of
product. One floating roof tank developed a leak due to local ground failures.

Santiago is supplied with imported LNG (Liquefied Natural Gas). There is a limited amount of
natural gas imported fromrgentina to supply the old inner city of Concepci—n. LPG (Liquefied
Petroleum Gas) is the principal gas fuel for the remainder of Chile. Marine offloading facilities at
Concepci—n had minor damage, which has been substantially repaired, so that thaibRIG te

and bulk storage facilities are now functioning satisfactorily. There was no damage observed in
the gas storage facilities in Concepci—n.
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Oil tank sloshing spill over the rim
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Refinery plant in Concepcion
Ports

The TCLEE team observed a smaion of the ports affected by the earthquake. The damages
are outlined below.
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Talcahuano Area

Isla Rocuantan industrial area of fish processing plamtas almost demolished by tteinami.

The industrial portion of thport wasdevastated with waved d-5 meters high. A fish oil tank

was relocated by the tsunami more than 300 meters from its original location. The centainer
handling portion of the port was not as severely damaged. Depending on orientation relative i
the tsunami, some nearby portéfeted only minor damage.

Coronel

Pier 1 at the Coronel Port sustained significant damage to piles; a few piles had welds complt
broken from the bottom of the pier deck. Supporting beams close to the abutment were
deformed. Damage observed mainly wlas to poor soil conditions and permanent ground
deformation and lateral spreading. Pier 2 at Coronel was constructed with base isolation des
and it had only very minor surface cracks around a few pier heads. The conveyor pier for
transporting minetta from ships to warehouses was under construction and only suffered minc
damage.

South of the main industrial Coronel Port, a pier used mainly for unloading goods by the
fisheries industry was damaged by lateral spreading and was partially coll&opsttermore,

the power supply cable for the crane at the end of the pier was severed. We understand that
pier will have to be replaced.

Lirquen

The Lirquen Port sustained very minor damage to the piers. Two warehouses in this port
sustained extenge structural damage. At the time of our visit, one of the warehouses had bee
demolished, while the largest one was being repaired. Furthermore, port transportation was
affected because the railway tracks were damaged in several areas. The traeksbedded in
concrete and had been snapped longitudinally due to ground deformation. Railway tracks on
were not damaged.

This fish oil tank was moved 300 m by the tsunami Fisherman’s wharf at Port Coronel
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Concrete pier moved towards shore due to lateral
spread lateral spread

Pier I at Coronel

~ D4/13/2010

Pier #2, a base isolated pier-the part of the pier
where the cranes are located did not have any
damage

Pier 1: a few pile supports with broken weld were
observed

Airports

Santiago Arturo Merino Ben'tez International Airportvas close for a week due to extensive
nonstructural elements damage in the passenger terminal building. In the departure hall (about
300 m long by 60 m wide), all the ceiling tiles fell. A few pipes in rest rooms bveken.

Light fixtures were damaged. HVAC equipment and ducts were shaken loose from the ceiling
and fell. A few glass windows were broken or shaken loose. The only structural damage was the
bridge connecting the terminal building to the overpassps#id. If the earthquake happened

during peak occupancy of the terminal, many injuries and casualties could have resulted from
these fallen objects.

The mounting pedestal of the steel frame that connects the cab of the control tower to the
concrete structe was damaged due to location of anchors too close to the edge of the concrete
pedestal. Due to strong shaking the equipment in the cab was damaged. One wood equipment
cabinet that was anchored to the concrete floor was sheared off at the base.o@dgsw

windows were broken. The traffic control has been relocated to secondary control tower until
the main tower is repaired.
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One atgrade unanchored 1.4 milliditer welded steel water tank collapsed. The water is for fire
fighting for the airport, ad was full at the time of the earthquake. Tank failure was likely due to
repeated wall uplifts, and wall buckling.

Communication to the backup airport Concepcicanriel Sur)Airport was disrupted, flights
cannot be directed to Concepci—n Airport évédid not have any problem. The terminal
building had water damage due to broken sprinkler system and no one on the night shift knew
where to shut off the water until about 7 AM in the morning.

The control tower of this airport had a few panes ofsgleisdows broken and some equipment

on the desks fell over. An HF system was dispatched from Santiago Airport as a backup
communication system, but before it arrived the communication link was up. There was no
commercial flight for 10 days after the daytiake. The airport typically averaged 50 operations
(take-off or landing) per day prior to the earthquake. During relief efforts, operations peaked at
more than 340 flights a day, placing significant stress on the small crew of 6 qualified air traffic
controllers and one supervisor.

There was no damage to the runways, but as a precaution the Instrument Landing System (ILS)
was put out of service until recalibrated by a check flight from Santiago.

Santiago Airport control tower damage of the four anchor points of the cab structure
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Non-structural damage of Santiago Airport passenger terminal on the departure level (courtesy of Juan
Pablo Murioz)

Roads and Bridges

The bridge damage was significant; many bridges should have been designed to provide full
sewviceability following a major earthquake as experienced in CKigay of the bridges failed
because of poor detailing at the connections and articulations without the proper attention given
to following the load path from the superstructure through tiggéisubstructurand down to

the foundation with capacity protection provided through the load pein bridges with

skewed supports failed and old bridges, adjacent to the failed bridge, with no skew remained
standing.

Some of thedctors contributingo the observed bridge damage and failaresoutlined below
* Bridgesthatwere designed to be ductile with plastic hinging occuraingelected
locations failed prior to the formation of plastic hinging, illustrating the presence of a
weak link in tle load path.
* Bridges collapsed because of inadequate support lengths and restraint.
* Lateral spreading of the foundations and embankments at the piers and abutments.
* Shear connections failed at the intermediate piers and abutments.
» Skewed supports withoutgper shear connections and support widths either failed or
moved to locations rendering a bridge unsafe to carry traffic loadings.
* Foundation failures due to liquefaction leading to support movements and rotations.
A majority of the road damage causedthy earthquake was a result of poor soil and the lack of
subgrade soil treatment during road construction, or badly compacted fills. Soil slumping on the
edge of the shoulder and surface cracks were the commonly observed damage to roads and
highways in Rgion VII and Region VIII.
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Note the circled areas, showing rotation of the deck.

$
Railroads

There were minor damage to railway tracks that run along Highway 5. The eleateiegaars
were not operating due to power distribution system failures. We observed a few sections with
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fallen poles along the railway track. The TCLEE team visited one of the train station buildings
that had been damaged. We understand that sevena older adobe stations in the effected
regions will require significant repairs. Train service between Santiago and the south was not
operating during our investigation period. However, the commuter tralbsnoepci—nere
operating during our visit

Overhead power line for electric power rail cars failed
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Empirical restoration times for power delivery, water distribution, and telecommunications. The letters C
and T indicated the cities of Concepcion and Talcahuano, respectively. Both cities are in Region VIII,
whose capital is Concepcion.
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Co-located power and telecommunication cables along the damaged Juan Pablo Il bridge over the
Biobio River in Concepcion.
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