Some Observations of Geotechnical Aspects of the February 28, 2001, Nisqually Earthquake in Olympia, South Seattle, and Tacoma, Washington
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A significant earthquake (Mw = 6.8) occurred in the Puget Sound area of western Washington at 10:54 a.m. on February 28, 2001. This intraslab subduction zone event, named the Nisqually earthquake, is a result of high-angle normal faulting due to downdip tension in the subducting Juan de Fuca Plate, and it is similar in mechanism to events that occurred on April 13, 1949 (Puget Sound event of Mw = 7.1) and on April 29, 1965 (Seattle event of Mw = 6.7). The hypocenter for the earthquake was preliminarily located at N47.1525° and W122.7197° at a depth of 52.4 km, and the causative fault plane has a strike of 357° and dips to the east at 69°.

The Nisqually earthquake produced strong ground shaking over a wide area and caused damage in the Olympia, Seattle, and Tacoma areas of Washington. No fatalities are directly attributable to the earthquake, but damage has been preliminarily estimated at $2 billion. Although the intensity of ground motions was not especially severe, dozens of buildings in the area have been red-tagged, and hundreds more have been damaged. Observations of liquefaction were widespread in parts of Olympia and South Seattle, and several significant lateral spreads, embankment slides, and landslides occurred. The relatively long duration of the event and the relatively low cyclic resistances of some of the fills in the area are likely causes for the significant liquefaction and ground failure observed for this event.

This preliminary report is based on a field reconnaissance of the geotechnical effects of the Nisqually earthquake in the Olympia, South Seattle, and Tacoma areas by a group of researchers and consultants during the period of February 28, 2001 to March 7, 2001. This effort did not intend to document all of the geotechnical effects of the Nisqually earthquake. Instead, our reconnaissance effort focused on the selected areas identified previously with the goal of developing well-documented case histories of liquefaction and ground failure and their effect on engineered systems.

Strong Ground Motions and Site Effects

· - Seismological Setting 

· - Recorded Ground Motions 

Seismological Setting
The hypocenter for the earthquake was preliminarily located at N47.1525° and W122.7197° at a depth of 52.4 km. The earthquake is estimated at a moment magnitude (Mw) of 6.8. The preliminary mechanism for this earthquake is tensional (normal) faulting in the subducting (downgoing) Juan de Fuca Plate, caused by bending of the plate. Figure 1 illustrates a preliminary moment tensor solution from the UC Berkeley Seismological Laboratory. The fault plane has a strike of 357° and a dip of 69°. Rupture propagated approximately 8 km south and 14 km north of the hypocenter. The dip extent of the rupture is approximately 16 km, thus the approximate fault area is 350 km2. Peak slip is approximately 3 m. Updated information can be obtained at http://www.seismo.berkeley.edu/seismo/.

The Pacific Northwest is a tectonically active subduction region. Figure 2 illustrates the historical seismicity in the hypocentral region. The line of earthquakes growing deeper to the east (toward the right hand side of the figure) outline the subducting Juan de Fuca plate. The 2001 Nisqually earthquake is located in the same general area as the Mw = 7.1 earthquake of April 13, 1949.


Figure 1. UC Berkeley Seismological Laboratory Moment Tensor Solution.
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Figure 2. Cross section of historical seismicity in Washington state.

Recorded Ground Motions
Preliminary reports indicate that a total of 56 free field motions were triggered by the event. This number is likely to change rapidly as new records are processed. Further revision may also result in removing some of the records due to instrument malfunctions. Figures 3 to 6 show contour plots of peak ground acceleration, peak ground velocity, and spectral acceleration at a period of 0.3 and 1.0 s. Updated maps can be seen at http://www.geophys.washington.edu.

Figure 7 compares the attenuation relationship of Youngs et al. (1997) with recorded peak ground accelerations. Recorded accelerations plot within one standard deviation of the median. Figure 8 shows the Significant Duration (Trifunac and Brady 1975) at selected ground motion stations as reported by the University of Washington department of geophysics (http://www.geophys.washington.edu). The median duration is 30 s. Figure 9 shows four recorded time histories.
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Figure 3. Contour map of PGA.
(Figure by: Pacific Northwest Seismograph Network,PNSN)
[image: image3.png]PNSN Peak Velocity Map {in om/s) Epicenter: 17.6 km NE of Olympia, WA
Wed Feb 26, 2001 10:54:00 AMPST M6 Na7.15W12272 D:0102261654

[y

1/ 95

RES 25" EE
PROCESSED: on Mars, 1 cor22s PH PST,




Figure 4. Contour map of PGV.
(Figure by: Pacific Northwest Seismograph Network,PNSN)
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Figure 5. Contour map of spectral acceleration at T = 0.3 s.
(Figure by: Pacific Northwest Seismograph Network,PNSN)
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Figure 6. Contour map of spectral acceleration at T = 1.0 s.
(Figure by: Pacific Northwest Seismograph Network,PNSN)
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Figure 7. Comparison of recorded peak ground acceleration (PGA) with the attenuation relationship proposed by Youngs et al. (1997). The median and median plus and minus one standard deviation PGA values are given for rock and soil site classes, respectively. The closest distance to the fault plane is based on the fault plane solution developed by Dreger (2001) with a simplification for the dip of the fault. Distance is judged to be accurate to within 5 km. The site classifications were provided by Kathy Troost and Derek Booth of the University of Washington and are based on geologic maps. The classifications will require re-examination after more information becomes available.
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Figure 8. Significant Duration (duration from 5% to 95% of Normalized Arias Intensity). Duration estimates obtained from the University of Washington department of geophysics http://www.geophys.washington.edu. The closest distance to the fault plane is based on the fault plane solution developed by Dreger (2001) with a simplification for the dip of the fault. Distance is judged to be accurate to within 5 km. The site classifications were provided by Kathy Troost and Derek Booth of the University of Washington and are based on geologic maps. The classifications will require re-examination after more information becomes available.
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Figure 9. Time histories for the East-West component of selected stations. The approximate closest distance from the fault for these stations are 39 km for the USGS stations (WSDOT test lab and Gig Harbor Fire Stations), and about 56 km for the University of Washington stations (Boeing Field and Seward Park). (Courtesy of Robert Mitchell, Shannon and Wilson, Inc.).

Soil Liquefaction and Ground Failure
Distribution and Characteristics of Liquefaction
· - South of Downtown Seattle 

· - Olympia and Tumwater 

The South of Downtown District in Seattle (SODO), and Olympia are located approximately 60 km and 35 km respectively from the approximate fault plane of the earthquake. Liquefaction of sands and silty sands was pervasive and manifested itself at ground level in the form of sand boils, ground cracking, pavement settlement, failure of overlying earth structures, etc.

South of Downtown Seattle
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Map of the South of Downtown Seattle area, showing the location where soil liquefaction, as evidenced by sand boils, was identified as well as possible liquefaction, which was interpreted from settlement of sidewalks and broken water mains.
A special section has been dedicated to the King County International Airport (Boeing Field) not shown on this map.
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The northern boundary of observed liquefaction was found to begin in the vicinity of the southern end of the Alaskan Way Viaduct shown in the photo!!!!. 

· [image: image11.jpg]



Large sinkhole of approximately 1.5 m diameter found south of the Alaskan Way viaduct. The diameter of the ejected sand is about 15 m. (N47.58577° W122.33971°; 03/02/2001) 
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Sand ejected through a crack perpendicular to the rail tracks. The opening was found to run through the road (Marginal Way) and all the way into the port facilities seen in the background. (N47.58487° W122.33980°; 03/02/2001) 
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Particle size analysis test performed on the ejected soil collected in the vicinity of the sand boil shown to the left. The soil classifies as SM (Silty fine sand) according to the USCS. 25% in weight passes the #200 sieve. (N47.58637° W122.33969°) 
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Cracking of wooden ties due to the load of the train in an area were ground loss caused loss of support. (N47.58487° W122.33980°; 03/02/2001) 
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Liquefied sand ejecta found along centerline of Utah Ave, near cross with Holgate St.The joint along the centerline seems to have opened approximately 2 cm to 3 cm. (N47.58541° W122.33512°; 03/03/2001) 
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Sand boils found in Union Pacific train yard. (N47.58458° W122.33669°; 03/02/2001) 
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Particle size analysis tests performed on the ejected soil collected from the sand boil shown to the left. The soil grain size distribution varies. WP 38 (red) classifies as SP-SM (Poorly graded sand with silt), and WP 39 (blue) classifies as SM (Silty sand) according to the USCS. (N47.58482° W122.3367°, N47.58458° W122.33669°) 
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Liquefaction sand boil found east of the Amtrak car wash facilities. (N47.58324° W122.33034°; 03/03/2001) 
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Particle size analysis test performed on the ejected soil found at the site shown to the left. The soil classifies as SP (Poorly graded clean sand) according to the USCS. (N47.58324° W122.33034°) 
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Cracks and warping of the pavement together with ejected sand found in a parking lot east of Boing Field. (N47.53390° W122.31405°; 03/03/2001) 
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Particle size analysis test performed on the ejected soil shown to the left. The soil classifies as SP-SM (Poorly graded sand with silt) according to the USCS. (N47.53390° W122.31405°) 
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Extensive liquefaction as evidenced by sediment ejecta was observed in this area north of Terminal 30 at the Jack Perry Memorial Park. The 6 m-high building located directly adjacent to this area had no observable damage due to liquefaction. ( N47.58740° W122.33968°; 03/02/01) 

Olympia and Tumwater
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NOTE: Points mapped in blue areas (water) were identified in portions of land that have been filled in after the baseline map was drawn.
Numerous cases of liquefaction in the form of lateral spreads were observed in the Olympia-Tumwater area, these are reported in the lateral spread section. Level ground liquefaction was also observed in the Port of Olympia. Some others cases are documented as follows.
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Large liquefaction sand boil on the rail tracks north of Deschutes Parkway. The bridge in the far background is the damaged 4th Ave. Bridge. (N47.04303° W122.91140°; 03/01/2001) 
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Particle size analysis test performed on the ejected soil found at the site shown to the left. The soil classifies as SP (Poorly graded clean fine sand) according to the USCS. (N47.04303° W122.91140°) 
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A line of sand boils along the eastern edge of Sunset Lake mobile home park, Tumwater. (N47.00165° W122.92351°, 02/28/2001) 
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Soil Liquefaction and Ground Failure
Lateral Spreads
Deschutes Parkway and Capitol Interpretive Center, Olympia
· - North Deschutes Parkway 

· - East Capitol Lake 

· - Marathon Park, Capitol Lake 

· - Central West Deschutes Parkway 

· - Railroad embankment west of State Capitol 

· - Capitol Interpretive Center 

· Site A 

· Site B 

· Site C 

· Site D 

· Site E 

Sunset Lake, Tumwater
Deschutes Parkway and Capitol Interpretive Center, Olympia

(click on marked areas for specific site coverage) 
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North Deschutes Parkway
North Deschutes Parkway Map
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CROSS-SECTIONAL DISPLACEMENT MEASUREMENTS WERE TAKEN ON 03/01/2001 AND 03/03/2001 AT 9 LOCATIONS ACROSS THE EMBANKMENT STARTING AT THE WATER SIDE, CONTINUING ACROSS THE ROADWAY, AND FINISHING AT THE RAIL LINE. THESE PROFILE MEASUREMENTS WERE PERFORMED AT A NUMBER OF STATIONS ALONG THE ROAD AS INDICATED ON THE MAP BY THE RED DOTS.

Download these measurements (pdf file - 12 KB)
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Ground failure along North Deschutes Parkway showing lateral spread toward Capital Lake, which is to the left of the photograph; view is to the south
(GPS N47.042° W122.913°; 1400 03/01/01) 

· [image: image30.jpg]



Pavement distress at North Deschutes Parkway; view is to the north.
( N47.040° W122.915°; 1330 03/01/01) 
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Ground failure along North Deschutes Parkway showing lateral spread toward Capitol Lake, which is to the right of the photograph; view is to the north.
(N47.040° W122.915°; 03/01/2001) 
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Back of lateral spread observed at the North Deschutes Parkway at the middle of the largest lateral spread feature. Sand ejecta can be seen in the lower right corner of the photograph. The crack shown in the middle of the photograph crosses the road near the second lamp post in the background of the picture; view is to the south and Capitol Lake is to the left.
(N47.041° W122.914°; 03/01/2001) 

· Area 1
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Slope failure at the north end of the North Deschutes Parkway
(GPS N47.042° W122.912°; 1300 03/01/01) 
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Distress to sidewalk and pavement at the North Deschutes Parkway; view is to the north.
(03/03/2001) 
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Distress to sidewalk and pavement at the North Deschutes Parkway; view is to the north.
(03/03/2001) 
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Sinkhole that developed in the days following the earthquake; significant damage was not observed at this location on 03/01/2001 immediately after the earthquake.
(03/03/2001) 
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Pavement distress at the North Deschutes Parkway; view is to the north and Capitol Lake is to the right of the photograph; same view as photograph #2 above.
(03/03/01) 

East Capitol Lake
Area 2
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Lateral spread/slumping of newly constructed shoreline along the east side of Capitol Lake. Sand boils found in restricted access area beyond scope of this photo.
(N47.03810° W122.90695°; 03/03/2001) 
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Cracking through recently placed fill.
(N47.03810° W122.90695°; 03/03/2001) 

Marathon Park, Capitol Lake
Area 3
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Ground distress around the structure that houses the bathrooms located south of Deschutes Parkway failure.
(N47.03677° W122.91150°; 03/01/2001) 
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Sand boil at entrance of the Marathon Park parking lot. 

Central West Deschutes Parkway
Area 4
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Road failure at Capitol Lake.
(N47.03578° W122.91188°; 02/28/2001) 

· [image: image43.jpg]



Large cracks along the direction of the road.
(N47.03578° W122.91188°; 02/28/2001) 

Railroad embankment west of State Capitol
Area 5
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Lateral spreading of railroad embankment extending from Marathon Park (looking southwest).
(N47.03723° W122.90963°; 02/28/2001) 
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Lateral spreading of railroad embankment extending from Marathon Park (looking northeast).
(N47.03723° W122.90963°; 02/28/2001) 

Capitol Interpretive Center
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Site A
· [image: image47.jpg]



Head scarp of lateral spread showing remains of sand boil (after heavy rains). The total length of the scarp is approximately 200 feet with a maximum vertical drop of 3 feet.
(N47.04270° W122.91090°; 03/04/2001) 
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Head scarp (background) and tension crack lower in slope (foreground) in lateral spread.
(N47.04270° W122.91090°; 03/04/2001) 

Site B
· [image: image49.jpg]



Lateral spread of embankment in Capitol Interpretive Center. The drop seen at the end is varies between 3 to 4 feet.
(N47.02386° W122.90520°; 03/04/2001) 
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Sand boil in separation of soil in embankment of Capitol Interpretive Center. Note the rotation of blocks. Although not seen completely in the photo, the total length of the scarp is approximately 150 feet.
(N47.02386° W122.90520°; 03/04/2001) 

Site C
· [image: image51.jpg]



East to west view of lateral spread of embankment in Capitol Interpretive Center. The length of damage is approximately 75 feet.
(N47.02396° W122.90660°; 03/04/2001) 
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West to east view of embankment failure. Note translation and rotation of blocks.
(N47.02386° W122.90520°; 03/04/2001) 

Site D
· [image: image53.jpg]



East to west view of an embankment failure (lateral spread) in Capitol Interpretive Center. This embankment failed towards the north. The failure shown in the photo to the right can be seen in the far end of the pathway.
(N47.02447° W122.90784°; 03/04/2001) 
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West to east view of an embankment failure (lateral spread) in Capitol Interpretive Center. This embankment failed towards the south.
(N47.02461° W122.90852°; 03/04/2001) 

Site E
· [image: image55.jpg]



East to west failure of full width of embankment due to liquefaction. Note the rotation from vertical of the trees. This slide is located at a close distance from the restrooms of the Capitol Interpretive Center.
(N47.02525° W122.91000°; 03/04/2001) 
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Close-up of head scarp. Note the rotation of blocks.
(N47.02525° W122.91000°; 03/04/2001) 

Sunset Lake, Tumwater
· [image: image57.jpg]



Aerial view of the flow slide that occured along a perimeter road of Sunset Lake. The street affected by the slide is roughly aligned north-south where north is towards the bottom right corner of the photo. 
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Liquefaction was also observed in the northeast corner of the Sunset Lake mobile home park. A gas pipeline in this area was ruptured.
(02/28/2001) 
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Area along the main drop where liquefaction sand boils were observed and a sample was collected. The vertical displacement along the scarp is approximately 3 feet. 
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Particle size analysis test performed on the ejected soil collected along the main scarp of the slide. The soil classifies as SM (Silty fine sand) according to the USCS. 15% in weight passes the #200 sieve. (N47.00165° W122.92351°) 
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Soil Liquefaction and Ground Failure
Airports
King County International Airport, Boeing Field, Seattle

Clck on image to enlarge it.



· [image: image62.jpg]



East to west aerial view of the area around the control tower showing the location of sand boils on the main runway. 
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Aerial view of sand boils on main runway. 
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Photo 1- Approximately 85-meter long crack with sand ejecta on the taxiway in front of the terminal conference room. Horizontal deformation was 2.5 cm with 1.25 to 2.5 cm vertical offset. Sand is located on Taxiway A as shown on the map above.(10:15; 03/02/01) 

· [image: image65.jpg]



Photo 2 - Crack of the taxiway pavement approximately 35-meter long between two storm drains. The pavement settleled 5 cm and separated 3.8 cm relative to the main catch basin. Sand ejecta was deposited around the cracks. (10:20; 03/02/2001) 
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Photo 3 - Close-up of the crack described in the photo above. 
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A line of sand boils along Taxiway A. (03/01/2001) 
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Liquefaction in grassy area north of taxiway A-6 resulted in 8 to 9 inches of settlement. (12:00; 03/01/2001) 
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Photo 4 - 4.5-m by 3.5-m sinkhole with a maximum depth of 1.2 meter. Two sand boils were observed to the east and south of the sinkhole. The farthest boundary of the southern sand boil was 11 meters away from the sinkhole boundary. (10:45; 03/02/2001) 
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Soil Liquefaction and Ground Failure
Waterfront Structures
· - Port of Seattle 

· Terminal 18 

· Terminal 5 

· Terminal 30 

· - Port of Olympia 

· - US Naval Reserve Center 

Port of Seattle
Terminal 18, Harbor Island, Seattle

Clck on image to enlarge it.
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Post-earthquake water pipe break (WP 135 in plan view map). Although only one of the two pipes broke, this is still a clear indicative of liquified ground.
(N47.57380° W122.34828°; 03/02/2001) 

· [image: image73.jpg]



South to north view of the crack along the contact between the pile supported structure over which the cranes operate and the earth fill over which the containers are stored. At the point where this photo was taken a 5 cm vertical drop was measured (WP 136 in plan view map)
(N47.57559° W122.34664°; 03/02/2001) 
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Sand boils found along a crack with a maximum measured vertical drop of 13 cm (see WP 138 on plan view map). This crack is not along the contact between the pile supported structure over which the cranes operate and the fill. The crack extends for a length of approximately 100 meters.
(N47.58877° W122.34706°; 03/02/2001) 
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Particle size analysis test performed on the ejected soil found at the northeast end of Terminal 18 (WP 138 on plan view map). The soil classifies as SM (Silty fine sand) according to the USCS. 29% in weight passes the #200 sieve.
(N47.58877° W122.34706°) 
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Extension Cracks found running along what was is pressumed to be a buried utility line. Each of these cracks measured 1 cm to 2.5 cm.
(N47.58931° W122.34715°; 03/02/2001) 
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East to west view of the rockfill levee at the north end of Terminal 18. 

· Clck on image to enlarge it.
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Circular shaped crack with a maximum vertical settlement of 6 cm. The crack's length is approximately 20 meters and is located close to the Crowley Maritime Corporation facilities.
(N47.58881° W122.34937°; 03/02/2001) 

Terminal 5
· [image: image80.jpg]



Cracks in the internal side of the rails of the crane. Due to the advent of large gauge cranes, the width of the pile supported structure was no enough to accomodate the new 100 feet cranes, therefore the internal rail runs over a separate structure that consists of a pile supported beam. This configuration caused both rails to behave differently under shaking. The crane was not located at this point during the earthquake.
(N47.57960° W122.36186°; 03/02/2001) 
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The rails of the crane separated a maximum of 2 inches between 1900 and 2300 feet. However, once the crane slowly traveled over them, this separation was corrected. The location of a test pit for inspection of the pile supported beam is seen in the photo. Divers inspected the conditions of the pile supported deck.
(N47.57960° W122.36186°; 03/02/2001) 

Terminal 30
· [image: image82.jpg]



South to north view of crack along the contact between the pile supported structure over which the cranes operate and the earth fill over which the containers are stored. The opening of the crack is approximately 2 cm to 3 cm and the vertical offset is 4 cm to 5 cm.
(N47.58479° W122.34074°; 03/02/2001) 

· [image: image83.jpg]



Slumping of the compacted gravel fill at the northwestern end of Terminal 30. The horizontal displacement measured in the cracks adds up to more than 30 cm. Very little to no ravelling was observed along the steep free face and no surface evidence of liquefaction was observed in the close vicinity of the slope.
(N47.58462° W122.34209°; 03/02/2001) 

· [image: image84.jpg]



Compacted gravel overlying a rockfill levee along the north end of Terminal 30. The slope of this face is about 1:1.5. The pile supported structure is seen in the background. 

· [image: image85.jpg]



A view from underneath of the pile suported structure at the contact with the earth fill. As seen in the photo, the two structures are divided by a concrete key wall and protected by concrete sacks. Damage to piles was not evident. 

Port of Olympia
· [image: image86.jpg]



Cracking of road in the Port of Olympia due to liquefaction.
(N47.05564° W122.89985°; 03/01/2001) 
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Particle size analysis test performed on the ejected soil found in the vicinity of the crack shown in the photo to the left. The soil classifies as SP (Poorly graded fine sand) according to the USCS. The soil was rich in shells.
(N47.05564° W122.89985°) 

· [image: image88.jpg]



1 cm to 2 cm wide cracks parallel to 20 foot-high slope along the east end of the Swanton Marina & Boatworks.
(N47.05115° W122.89602°; 03/01/2001) 

US Naval Reserve, located at south end of Lake Union, Seattle.
· [image: image89.jpg]



4" wide crack that is evidence of displacement of the Pier towards the north with respect to adjacent Naval Reserve Center.
(03/03/2001) 

· [image: image90.jpg]



Fender pile destroyed.
(03/03/2001) 
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Soil Liquefaction and Ground Failure
Buildings
· - South of Downtown, Seattle 

· - US Naval Reserve Center 

South of Downtown, Seattle
· [image: image91.jpg]



Fill settlements of about 1 cm were typically observed in the Pioneer Square area of Seattle. Fill settlement at the Seattle Fire Dept. headquarters building is shown above.
(N47.5998° W122.3318°; 03/02/2001) 

· [image: image92.jpg]



Sand ejecta along edge of foundation in south Seattle, along 4th St..
(N47.5833° W122.3294°; 03/03/2001) 

· [image: image93.jpg]



Sand slurry inundated the basement of this warehouse located on Hanford St. between 1st. Ave. and Occidental Ave. The perimeter wall appeared to have buckled inward.
(N47.5752° W122.3336°; 03/03/2001) 

· [image: image94.jpg]



Inspection of the perimeter wall along Occidental Ave. revealed cracks on the ground surface and outward displacement of the top of the wall of 2 cm to 3 cm.
(N47.5752° W122.3336°; 03/03/2001) 

· [image: image95.jpg]



5 cm to 7 cm settlement of the sidewalk surrounding this 4-story building located on 1st. Ave. in south Seattle
(N47.5820° W122.3334°; 03/03/2001) 

· [image: image96.jpg]



4 of the garage slabs of the 8-foot deep basement at the location shown to the left, heaved 2 to 3 feet. The garage was also inundated as a result of the breakage of the 4-inch pipe that provides water to the building. Although initially yellow tagged, this building was fully operational 2 days after the earthquake.
(N47.5820° W122.3334°; 03/03/2001) 

· [image: image97.jpg]



Structural damage of red-tagged masonry building in South Seattle.
(N47.5838° W122.3339°; 03/04/2001) 

· [image: image98.jpg]



At NE corner of building shown to the left, the grade beam cracked (~4.5 cm opening with 1.5 cm of vertical offset) and damaged column and wall that it supported.
(N47.5838° W122.3339°; 03/04/2001) 

· [image: image99.jpg]



These four buildings all showed different levels of performance. Building D, on the left of the photo, shows signs of long term settlements to the north (to the left in the photo). The second building from the left, building C, had a number of sandboils in the basement area and differential settlements of a addition at the rear of the building. Buildings A and B and the building barely visible on the right experienced partial collapse at the rear of the buildings. Differential settlements between the buildings and the adjacent sidewalks varied from less than 0.5 cm at the right hand side of the photo to more than 10 cm at the doorway to building C.
(N47.57722° W122.33385°; 910 03/03/01) 

· [image: image100.jpg]



This sand boil in the basement of building C measured approximately 2 m in diameter. This sand boil was typical of six other similar sandboils in the basement.
(N47.57728° W122.33329°; 1601 03/02/01) 

· [image: image101.jpg]



The basement of building C, located on 1st Ave. was covered by approximately 2 feet of sand that ejected from sand boils. The building is supported on piles. 
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Particle size analysis test performed on the ejected soil found in the basement shown to the above. The soil classifies as SP (Poorly graded fine sand) according to the USCS. 

· [image: image103.jpg]



The concrete block addition at the rear of building C, which is believed to be on spread footings, has undergone significant differential settlements with respect to the original building. The distance between the jamb and the top of the door was measured to be 12.7 cm.
(N47.57728° W122.33329°; 1601 03/02/01) 

· [image: image104.jpg]



This image is of a piece of metal flashing between buildings B and C. The flashing is attached to building C and was nailed into the masonry of B. Differential settlement allowed the nail to pull through the flashing. The measured offset between the nail and the hole in the flashing was approximately 4 cm. Roofing material for building B was also attached to the C building. The roofing was also torn in tension and showed similar relative settlements.
(N47.57718 W122.33344; 913 03/03/01). 

· [image: image105.jpg]



A view from the back of the collapse experienced by buildings A and B. Approximately 3 cm of differential settlement was observed across the 16 m-long basement grade beam. However, most damage appears to be due to structural response.
(N47.5769° W122.3336°; 03/02/2001) 

· [image: image106.jpg]



Close-up of the back of building B, located between 1st. Ave. and Occidental Ave. The sand in the lower left corner of photo appears to be sand ejecta. 
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Particle size analysis tests performed on the ejected soil found in the basement ramp shown to the left. Both soil samples classify as SM (Silty fine sand) according to the USCS. 

US Naval Reserve Center
· [image: image108.jpg]



10 cm settlement measured at the northwest corner of the US Naval Reserve Building No. 10
(03/05/2001) 

· [image: image109.jpg]



View of the settlement observed along the perimetral concrete walkway of Building No. 27.
(03/05/2001) 
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Performance of Earth Structures

Earth Embankments
· - Landslide on Highway 101 

· - Slide in Martin Way, Eastern Olympia Road Embankment 

· - Earth Embankment, Olympia 

· - Railroad Embankment North of 4th Ave., Olympia 

· - Chambers Bay 

Mechanically Stabilized Earth Retaining Walls
· - Extended Stay America at Highway 101, Tumwater 

· - Costco MSE Wall, Tacoma 

Solid Waste Landfills
· - Kent Landfill 

· - Midway Landfill 

Earth Embankments
Landslide on Highway 101
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Location map of Highway 101 slide 

· [image: image111.jpg]



Slide in Highway 101 road embankment near State Road 8 junction.The earth embankment crosses a ravine that was carrying water at the time of the earthquake.The embankment is about 15 to 20 m high, has a crest width of 30 m, and has side slopes of approximately 1.5H:1V.A 1 m diameter corrugated metal culvert through the base of the embankment provides drainage across it. The failed material flowed downslope approximately 150 m and partially covered the road that parallels Highway 101 to the north.Pavement sections and culvert materials were foundabout 50 m and 70 m, respectively, north of the edge of the original road embankment (GPS N47.05834 W123.01365; 03/03/01). 

· [image: image112.jpg]



The curved headscarpof the slide is 24 m wide, and the total width of the slide at the edge of the road is 35 m.The landslide has undermined the outside lane of the two northbound lanes, so that it reaches back around 7 m from the outside edge of the emergency lane on the north shoulder of the highway (GPS N47.05834 W123.01365; 1030 03/01/01). 

· [image: image113.jpg]



View of eastern end of the headscarp at the Highway 101 road embankment slide shown in the previous photograph.In this area the headscarp is approximately 6 m high (GPS N47.05834 W123.01365; 1050 03/01/01). 

· [image: image114.jpg]



View of run-out of slide material downslope from the Highway 101 earth embankment slide. (GPS N47.05834 W123.01365; 1100 03/01/01). 

Slide in Martin Way, Eastern Olympia Road Embankment
· - Download a plan view map (Mapped by Adrian Rodríguez-Marek and Jonathan D. Bray) - PDF file - 184 KB 

· - Download a map with detailed crest deformations (Mapped by Adrian Rodríguez-Marek and Jonathan D. Bray) - PDF file - 266 KB 

· [image: image115.jpg]



The earth embankment, which is composed of compacted uniform sand in its upper section, crosses a peat bog. The embankment is about 6.5 to 7 m high, has a crest width of 24 m, and has side slopes of approximately 1.5H:1V.The slide along the northern edge is about 120 m long, and there is a 27 m long slide along the southern edge of the embankment that reaches back 4 to 5 m from the original southern edge of the embankment (GPS N47.04693 W122.85092; 0950 03/04/01). 

· [image: image116.jpg]



View to east showing slide along the northern edge of the Martin Way earth embankment slide.The maximum vertical offset of the headscarp at this area was 3.3 m (GPS N47.04693 W122.85092; 1000 03/04/01). 

Earth Embankment, Olympia
· [image: image117.jpg]



Slumping of earth embankment into ditch that parallels an active rail line between Union and Cherry Streets in Olympia.The embankment is about 5 m highThe length of the failed section of the embankment was about 50 m, although lateral displacement was observed along a total length of 120 m. The cracks in the crest of the embankment had vertical offsets of between 15 and 45 cm (GPS N47.0402 W122.8939; 1630 03/01/01). 

Inland Landsldies

· – Gravel Pit Mine 

· – Surficial Slough 

· – Pipeline landslide 

An aerial survey of a 35 square mile area south of Tumwater was carried out as part of the earthquake investigation. The trace outlined below on the overview map shows the pathway flown through the area. The objective of the aerial survey was to investigate areas of high slope stability and ground settlements according to published hazard maps (Artim, 1976). Areas that are susceptible to ground settlement are identified on the overview map below as red polygons. Areas that could be subject to ground settlement under seismic loading were mapped based on factors such as thickness and type of earth materials, consolidation test and bearing capacity data. Slopes that are potentially unstable are identified on the overview map below as purple polygons. These stability of these slopes is dependent on type of earth materials, ground shaking, water, types of vegetation and steepness of the slopes.

The overall conclusion of the survey was that little damage occured in the area flown south of Tumwater, despite the high ground motions recorded in this area. Due to the numerous open pit mines in the area we were able to observe the behavior of man-made slopes and did not identify any landslides. According to a brief interview with a shift supervisor at Centralia Mine, no landslide damages had been reported on the mine property. Several possible landslides and ground failure locations were identified during this survey which are documented below. Further ground verification of the exact cause of these failures was not possible due to time and access constraints. 
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Gravel Pit Slide
Slide is located 0.5 mile south of Highway 99 just before Sunnydale. This is an older slide which may have been reactivated during the Nisqually earthquake as can be evidenced by the fresh scarps and cracks. The younger smaller trees have most likely been planted to help retain this slope. We were not able to identify any recent talus deposits however.
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(N46 49 34.6 W122 56 49.3, 3/4/01) 

Surficial Slough
Shallow planar surficial slough on the roadside about 900 feet east of Dam Number Three. The height of the slide is approximately 8 meters.
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(N46 44 35.1 W122 50 52.0, 3/4/01)

Pipeline Slide
Slide is located at a pipeline right-of-way 1.5 miles due east of Nulls Crossing. The pipeline intersects a road at this point. It is possible that this slide was not affected by the earthquake, however the presence of newly fallen trees near the slide scarp may indicate that it was seismically induced.
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(N46 42 19.9 W122 49 41.5, 3/4/01)

*Artim, E. R., 1976, "Slope Stability Map of Thurston County, WA". Department of Natural Resources, Geologic Map, GM 16.
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(N46 42 19.9 W122 49 41.5, 3/4/01)

*Artim, E. R., 1976, " Relative Ground Settlement Hazards of Thurston County, WA". Department of Natural Resources, Geologic Map, GM 16.
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(N46 42 19.9 W122 49 41.5, 3/4/01)
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