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Abstract

Alaska is the most earthquake prone area in the United States. On October 23, 2002 a 6.7

magnitude earthquake occurred in interior Alaska. This was followed by a magnitude 7.9

earthquake that occurred near Denali on November 3, 2002. The Denali earthquake was

the largest inland earthquake in North America in almost 150 years. Only minimal

structural damage was reported. Subsequently, structural engineers should question why 
minimal damage.

As a part of an investigation to evaluate this unusual phenomenon, two structures were

selected for seismic analysis, a building and a bridge. The building is at Alyeska Pump

Station # 10 (3 miles from the epicenter) and only non-structural damage occurred. A 3

span truss bridge near Tok, Alaska was selected as the second. This structure experienced 
only minimal damage.

Seismic analysis was performed on these two structures for horizontal excitations. A 

corrected seismic data from Pump Station # 10 was used as the earthquake excitation 

record. The maximums for displacements, member forces and member stresses were 

studied. The results show that no structural damage should have occurred for the building 

and minimal damage for the bridge. These findings compare favorably with field 

inspection results reported by others.
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1

Alaska Earthquake History

Chapter 1

•  Seism ic Zone 4
•  Seism ic Zone 3
•  Seism ic Zone 2A
•  Seism ic Z one 2B
•  Seism ic Z one 1

•  Seism ic Zone 0

(1.1) Seismic Zones of United States

Alaska is the most earthquake prone state in the United States. Many earthquakes of 

considerable magnitude occur every year in Alaska. The division of seismic zones in the 

United States is shown below in the figure 1.1 [8].

Figure 1.1: Seismic Zone Map of the United States [8 ]

(1.2) Alaska Earthquake

The figure 1.2 compares 

California.

History

the number of earthquakes from 1976 1980 in Alaska and

Year

Figure 1.2: Alaska Earthquake History [1]
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In the year 1979, 476 earthquakes (magnitude greater than 3.0) occurred in Alaska. 

Whereas in the rest of the United States only 261 were reported and California accounted 

for 179 of the 261 [1],

(1.3) Denali Earthquake

Alaska was struck with the Nenana earthquake on Wednesday, October 23rd , 2002 at 

3:27 AM AKDT (Alaska Day Time) with a magnitude of 6.7 and was struck again with 

the Denali earthquake with a magnitude of 7.9 on Sunday, November 3rd, 2002 at 1:12 

PM AKDT. The magnitude of the Denali earthquake was higher and the overall damage 

to the transportation systems and facilities was greater than $ 60 million. Because of its 

close proximity to the Alyeska Pipeline, causing only minimal structural damage and the 

large cost to roads and airports, the Denali earthquake record was selected for study.

The largest inland earthquake in North America in almost 150 years struck central Alaska 

on Sunday, November 3 with a magnitude of 7.9. It ruptured three different faults ending 

with a total rupture length of approximately 330 km. It started on the previously 

unrecognized Susitna glacier thrust fault, a splay fault (fault with elevated pressures) at 

south of the McKinley strand (part) of the Denali Fault System (DFS). Then the rupture 

transferred onto the main strand of the DFS and continued as a right-lateral strike-slip 

event for nearly 220 km until it reached the Totschunda fault near 143°W longitude. At 

that point, it right-stepped onto the more south-easterly trending Totschunda fault and 

stopped after rupturing nearly 70 km [1],

Geologists reported maximum vertical offsets on the Susitna Glacier Thrust of 4 m and 

maximum horizontal offsets of 8.8 m west of the Denali and Totschunda fault junction. 

While the fault rupture lasted for approximately 100 sec from its initiation to the arrest, 

its distal effects were felt for many days. The Denali fault event was felt as far as 

Washington and caused seiches (oscillations in water level) in pools and lakes as far as 

Texas and Louisiana [lj.The epicenters of Denali and Nenana earthquakes are shown in 

circles in the picture below. Magnitude 6.7 corresponds to the Nenana earthquake that
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occurred on 23rd October, 2002 and magnitude 7.9 corresponds to the Denali earthquake. 

The figure 1.1 shows the epicenters of the Denali and Nenana earthquakes.

Figure 1.3: Epicenters of Denali and Nenana Earthquakes [1]

The epicenter of this earthquake was located approximately 75 miles (135 km) south of 

Fairbanks and 176 miles (283 km) north o f Anchorage. The Alaska earthquake 

information center reported that it was centered 45 miles east-northeast of Cantwell in the 

state's remote interior. The town is located near Mount McKinley, North America's 

highest peak. The area is not heavily populated, and there are rarely any tourists at that 

time of year. The quake struck at 1:12 PM local time, causing countless landslides and 

road closures, but minimal structural damage and amazingly few injuries and no deaths. 

The earthquake resulted from a slip on the Denali fault. This fault stretches over 700 km 

across the State of Alaska and extends southeastward into Canada [1].

The location of the earthquake in relation to communities in Alaska is

• 43 miles east of Denali Park

• 45 miles east-northeast of Cantwell

• 55 miles west of Pump Station #10

• 64 miles west-southwest of Fort Greely

• 66 miles west-southwest o f Denali Junction

Over 14,000 aftershocks occurred after the main earthquake event until the middle of 

December, 2002. The largest aftershock (5.8 magnitude) occurred after 20 minutes of 

the earthquake [1].
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Chapter 2 

Literature Survey and Data Collection 

(2.1) Structural Damage

There was minimal structural damage during the Denali earthquake. Structural damage to 

Highway bridges, Trans Alaska Pipeline System and to structures at Fielding Lake is 

described in this chapter.

(2.1.1) Fielding Lake

Widespread liquefaction and lateral spreading was observed at Fielding Lake, along the 

Richardson Highway. Consider that at this lake, where the upper soil crust was not frozen 

during the earthquake. Thus, large fissures, spreading cracks, and slumping were classic 

features of the failures found at Fielding Lake. This damage was caused by lateral 

spreading along the lake shore [2]. This is shown in the figure 2.1 below.

Figure 2.1: Lateral Spreading of the Structure in the Fielding Lake State Park [2]

Structures on the spreading ground were deformed and displaced. For example, an 

underground septic tank buoyed to the surface lifting a small structure [2]. This was 

shown in the figures 2.2 and 2.3.
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k
When ground temporarrly 

liquefies, it has the properties 
of a dense fluid. Relatively 

buoyant air, gas or water filled 
structures (here at Fielding 
Lake, an out-house*) can 
emerge from the ground

Figure 2.2: Underground Septic Tank Buoyed to the Surface [2]

Figure 2.3: Deformed Structures on the Spreading Ground [2]
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(2.1.2) Trans-Alaska Pipeline System (TAPS)

Oil was discovered at Prudhoe Bay in Alaska in 1968. To transport the warm crude oil 

from the North Slope o f Alaska to an ice-free port, a 48-inch diameter pipeline was built 

traversing Alaska from Prudhoe Bay to Valdez, See figure 2.4. The Trans-Alaska 

Pipeline System (TAPS) was built from April 29, 1974 to June 20, 1977 by the Alyeska 

Pipeline Service Company. Cost o f construction was about $8 billion. It provides an 

average of 0.98 million barrels of oil per day [3].

Figure 2.4: TAPS Pipeline Alignment [3]

(2.1.2.1) Pipe Displacements

The figure 2.5 shows the pre- and post-earthquake locations of the pipeline through the 

1,900 foot wide fault offset zone near pump station # 10. The photos were taken from the 

north looking south. The fault offset occurred through the "zigzag" diagonal section of 

the pipeline furthest away from the camera. In the left photo, the pipeline can be seen to
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be in its unstressed pre-earthquake condition. In the right photo, the pipeline is seen in its 

stressed post-earthquake condition. The "bulging" seen in the formerly straight 

alignments reflects the build up of elastic bending moment in the pipeline due to the 

imposed shortening of the pipe as a result of the fault offset [3].

Figure 2.5: Pipe Location: Pre-Earthquake (Left) & Post-Earthquake (Right) [3]

(2.1.2.2) Horizontal and Vertical Offsets

The original design included specific mitigation measures to deal with fault offset. At the 

Denali fault crossing, the original design allowed for as much as 20 feet of right lateral 

offset and at the same time up to 6 feet of vertical offset. The November 3, 2002 Denali 

earthquake event produced about 14 feet of right lateral offset with almost no 

vertical offset [3].

The figure 2.6 below shows an oblique aerial view of the pipeline in its post-earthquake 

position. The shaded lines highlight the fault rupture cracks in the ground, and the arrows 

show the right lateral offset [3].



8

Figure 2.6: An oblique Aerial View of the Pipeline in the Post-Earthquake [3]

(2.1.2.3) Damage to Supporting System

Where the fault crossed the Trans-Alaska Pipeline, dislocation occurred along a series of 

echelon (high) fissures. One of these echelons (high fissures) breaks intersected the end 

of one of the teflon surfaced skids (sleepers) that supports the pipe in the fault zone. The 

Teflon skids were displaced about a meter. Although displacements occurred, no damage 

to the pipe was reported [3].

Where the fault crossed the trans-Alaska pipeline strong shaking, inertial motions, and 

permanent offset o f the fault beneath the pipe resulted in damage to 8 horizontal support 

members, and 9 anchored supports near the fault crossing. The pipe is free to slide on 

Teflon skids and in numerous locations, especially south of the fault, the pipe collided 

with vertical support members (VSM). These effects were not critical to the integrity of 

the pipeline, which performed well during the event, see figures 2.7 to 2.12 [3].
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4m pact mark
Failed cross-m em ber.

""-Collapsed Teflon  shoe

Figure 2.7: Impact of Pipe against Vertical Side Supports [3]

Trans Alaska 
Pipeline:

•48" pipe pushed to 
limit of VSM

•Teflon shoe off-center

Figure 2.8: Pipe Pushed to the Limit of VSM [3]
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•T A P S  pipe striking 
V S M  with dam aging  
force south of fault Static  

Offset 
ushion on 
east side

Trans-Alaska Pipelin 
Denali Fit, crossingW B B P f  xvggggg

Figure 2.9: Pipe Striking VSM with Damaging Force [3]

Trans Alaska 
Pipeline:

•9 Anchor-points 
tripped and slid during 
the event. Several 
anchors had flange 
damage

Figure 2.10: Damage to Anchoring System [3]
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Figure 2.11: Vertical offset of Fault Lifting Pipe and Teflon Shoe off Sleeper Skid 
Beam [3]

Denali Fault Zo ne
-4 8 ” pipe transitions  
from elevated  support 
structure to g round- 
level skid-beam  
(“s leeper ra ir)-te flo n  
shoe assem bly

Figure 2.12: Pipe Transition from Elevated Support structure to Ground level [3]
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The Denali earthquake occurred at 1:13 PM Alaska Standard Time on 11/3/2002. There 

is an automatic shutdown switch (with an acceleration trigger) that closes the pipeline 

valves 10 minutes after an earthquake. This type of shutdown is extremely undesirable 

since it can cause hydraulic surges and it disables the leak detection system. After it was 

determined that there was no leakage, the switch was manually over-ridden to have a 

more controlled (and safer) shutdown. At 2:00 PM, the pipeline was manually shutdown 

for precautionary purposes. At 8:00 AM on 11/6/2002, (3 days later) the pipeline was 

restored to service [3].

(2.1.3) Damage to Transportation Systems

Roads, bridges, bridge approaches, airports, and other transportation infrastructure were 

severely damaged during the Denali earthquake. This was due to poor soil, strong 

shaking, and proximity of the fault rupture. The damage to highways required about $30 

million in emergency repairs with probably another $30 million for permanent repairs 

scheduled for the summer [3],

(2.1.3.1) Highway Bridges

About 300 of Alaska’s 1000 highway bridges are located in the area of strong (>0. lOg) 

ground shaking. Most of the longer spans are through-trusses while shorter spans are steel 

or pre-cast concrete girders. These bridges were built from the 1940’s to the 1990’s and 

follow the American Association of State Highway Official (AASHTO) bridge design 

specifications that were current for the time. This means that the seismic design for most 

bridges was a small (6%) lateral load until ATC-6 was adopted by AASHTO in the 

1980’s. Although many bridges were damaged and several will have to be replaced, all 

bridges continued to carry traffic after the earthquake (a few with load restrictions) [3]. 

Listed here are the highway bridges that experienced minimal structural damage, see 

table 2.1 [3],
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Table 2 .1 :Highway Bridges with Reported Damage [5]

Bridge
Number

Bridge Name and 
Location

Epicenter
[miles]

Bridge
Description

Latitude and 
Longitude

505 Tanana River Bridge 149 946 ft., 3-span 
cantilever truss

LAT 63.317N 
LONG 142.645W

506 Tok River Bridge 143 136 ft., 3-span 
steel girder

LAT 63.325N 
LONG 142.835W

656 Mable Creek Bridge 127 41 ft. pre-stressed 
concrete T girder

LAT 62.850N 
LONG 143.667W

655 Slana Slough Bridge 125 41 ft. pre-stressed 
concrete T girder

LAT 62.860N 
LONG 143.680W

654 Slana River Bridge 125 149 ft., 3-span 
steel girder

LAT 62.857N 
LONG 143.697W

858 Slana River Bridge 123 250 ft., 3-span 
steel girder

LAT 62.705N 
LONG 143.947W

(2.1.3.1.1) Tanana River Bridge (MP 1303 on Alaska Highway)

This 946 ft. long bridge (Bridge # 505) was built in 1994. It’s a 3 span cantilever truss 

bridge on pier walls and seat-type abutments. It is a two lane highway bridge located near 

Tok, Alaska. The superstructure is supported by two moveable bearings at the abutments 

and by two fixed bearings at each pier. The bridge is almost parallel to the Denali Fault. 

During the earthquake, the superstructure moved 3 3/4" transversely, breaking the steel 

pin bearings at the west pier and knocking off the top sill plates. Abutment 1 may have 

moved by crowding the Tok end expansion joint. The total estimated cost o f damage is 

$300,000. It includes $100,000 for joint work, $150,000 for lateral restraint and $50,000 

for re-seating the superstructure to its original position [3]. See figure 2.13.
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Figure 2.13: Tanana River Bridge Location [21]

Figure 2.14: Sliding of the Top of the Bearings about 4” along the Pins 

and Knocking off the Top Sill Plates [3]
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This bridge is a 135.5 feet long steel girder bridge with three simply-supported spans on 

steel pile bents and abutments. The bridge was built in 1962. This is a two lane bridge 

located at Tok. The embankments settled several feet and the deck spalled at the 

expansion joint. Approximately 60 square feet of deck spalled at pier 3 expansion joint. 

The transition rail bolts sheared off. The total estimated cost for this bridge is $10,000. 

Further, the spalled deck should be replaced [3].

(2.1.3.1.2) Tok River Bridge (MP 1303 on Alaska Highway)

Figure 2.15: Tok River Bridge Location [21]
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(2.1.3.1.3) Mabel Creek Bridge (MP 76.3 on the Tok Cutoff)

This bridge is a 41-foot long pre-cast, pre-stressed concrete ‘T ’ girder bridge with steel 

sheet pile abutments. The structure was built in 1979. The embankments settled several 

feet and the top o f the sheet pile abutments rotated backward. A sheet pile abutment was 

deformed between 9" to 12" out of plumb. The total estimated cost o f damage for this 

bridge is $1,000,000 [3].

Figure 2.16: Mabel Creek Bridge Location [21]
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(2.1.3.1.4) Slana Slough Bridge (MP 75.8 on the Tok Cutoff)

This bridge is nearly identical to Mabel Creek, a 41-foot long pre-cast, pre-stressed 

concrete ‘T ’ girder bridge with steel sheet pile abutments. It was also built in 1979 (see 

figures 2.14 and 2.15). The embankments settled several feet and the top of the sheet pile 

abutments rotated backward. A sheet pile abutment deformed between 9" to 12" out of 

plumb and the total repair cost was estimated at $1,000,000 for this bridge [3].

Figure 2.17: Slana Slough Bridge Location [21]
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Figure 2.19: Embankment Movement [3]
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This bridge is a 149 foot long continuous, three span steel girder bridge (that looks fairly 

new). Timber piles support concrete bent caps and reinforced concrete seat-type 

abutments. The embankments settled several feet. The approach railing was damaged due 

to shoulder slope failures. The total estimated cost for this repair of this bridge is $36,000 

[3],

(2.1.3.1.5) Slana River Bridge (MP 75.6 on Tok Cutoff)

Figure 2.20: Slana River Bridge Location on Tok Cutoff [21]
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This bridge is a 250 ft long continuous, three span, steel girder bridge with reinforced 

concrete hammerhead single column bents and seat-type abutments. The bridge was built 

in 1966. During the earthquake the bridge moved longitudinally to the west several 

inches. The west expansion joint device was tightly closed and the embankment settled 

about 6 inches. The expansion joint on the east side o f the bridge was wide open (see 

figure 2.16).The approach fill settled about 3". The repair costs are at $100,000 [3],

(2.1.3.1.6) Slana River Bridge (MP 2 on Nabesbna Road)
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Figure 2.21: Slana River Bridge Location on Nabesbna Road [21]
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Figure 2.22: Sunken West Embankment at Slana River Bridge [3]

(2.1.4) Power Systems

There were no damage to power systems either in Delta Junction or Fairbanks and no 

power outages. From Tok to Northway to Mentasta there were momentary power outages 

for few hours. This was likely due to low voltage distribution circuit slapping [3]. The 

Golden Valley Electric Association (GVEA) system (the local power company in 

Fairbanks) was minimally affected by November 2002 earthquake. Few blown fuses in 

transformers were noticed and some of the alarms in substations had to be reset. Other 

damage to facilities involved a few minor cracks in one of the GVEA buildings but there 

was no reported structural damage. The GVEA users were not even affected by power 

outages [6].
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(2.1.5) Communication Systems

The equipment had been designed and installed to modem seismic standards. The central 

offices located at Delta Junction and Tok suffered no material structural or equipment 

damage. There was no reported loss of telephone service [3].

(2.1.6) W ater and W astewater Systems

The only civilian water and wastewater utility systems near the epicenter area are located 

in Fairbanks. Golden Heart Utilities operates both these systems, which serve about 

80,000 people. There is one water treatment plant and one wastewater treatment plant. 

There are about 500 miles of water distribution and wastewater collection pipes. Water 

was reported to slosh out of the clarifiers at both the water and wastewater plants; there 

were no leaking pipes. Ground motions in the Fairbanks area were between 0.04g to 

0.05g. However, much of the soil underlying Fairbanks is sandy and gravelly by nature, 

and a closer earthquake event would no doubt have caused damage to water and 

wastewater systems [3].

A well ejection up to 3 feet was reported in Tok and Slana. There were intermittent 

reports of sanding for a few minutes (or hours) at wells. There were reports of improved 

water quality after the earthquake in a few locations and reports of reduced water quality 

after the earthquake at other locations [3].

(2.1.7) Oil and Gas Distribution Systems

At Mentasta, about half of the oil tanks at homes toppled and in a few locations small 

diameter buried pipelines from oil tanks to homes were damaged. At Mentasta, PGA 

(Peak Ground Acceleration during the earthquake) was 0.4g or higher [3],

At the Northway Airport, the PGA was between 0.2g and 0.35g. The unleaded gasoline in 

three horizontal oil tanks is delivered to small pumps at the airport apron via underground
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small diameter pipes. These pipes broke due to earthquake-induced liquefaction. There 

was little spill, as the system is normally pumped [3].

(2.2) Non-Structural Damage

A lot of non-structural damage occurred during the Denali earthquake to airport runways, 

rail roads. Shattered lakes, fissures and lateral spreading were observed at several lakes.

(2.2.1) Shattered Lakes

Ice on frozen lakes and ponds was shattered within about 30-40 km of the fault along the 

western part o f the surface rupture and to the east became more widespread (see figures

2.17 and 2.18). In the Northway region ice on most lakes was broken at distances of 

more than 100 km [2],

lake  ire  s h a tte r n rox im al to D en a li and  T o ts c h u n d a  fau lt

Figure 2.23: Shattered Lake Ice near to Denali and Totschunda Fault [2]
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Figure 2.24: Completely Shattered Lake (1 km south of Totschunda Fault) [2] 

(2.2.2) Fissures

The airport at Northway was rendered unusable by lateral spreading (see figure 2.19). 

The frozen surface layer and pavement runway were cut by fissures, many 10-30 cm 

wide, some more than a meter wide. On the perimeter of the runway were large sand 

vents and sinkholes up to 4 m in diameter and up to 1 m deep (see figure 2.20). Away 

from the runway, houses and structures were unseated and tilted on their foundations, and 

road settlements bent and crushed drainage culverts [2],

Figure 2.25: Lateral Spreading in the Northway Airport Runway [2]
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Figure 2.26: Sand Vents and Sink Holes at the Northway Airport [2]

(2.2.3) Liquefaction and Lateral Spreading

(2.2.3.1) Fielding Lake and Richardson Highway

Widespread liquefaction and lateral spreading was observed at Fielding Lake, along the 

Richardson Highway, where the upper soil crust was not frozen during the earthquake. 

Figure 2.21 shows classic features associated with lateral spreading along the lakeshore 

such as large fissures, spreading cracks, and slumping [2],

Figure 2.27: Lateral Spreading of Shoreline at Fielding Lake [2]
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(2.2.3.2) Tanana River

Tanana River valley liquefaction was widespread from Fairbanks to the west, to at least 

several hundred kilometers eastward. Liquefaction damage became increasingly severe to 

the east of Delta, even as the distances to the fault increased. In the Tok region nearly 

every river bar deposit appears to have failed (see figures 2.22 to 2.24) [2],

For several hundred kilometers along the Tanana River, a 
pattern of polygon shapes defined lateral spreading ground- The 
polygons formed when the frozen crust (<0.3 m thick) fractured 

above liquefied ground and displaced.

Figure 2.28: Lateral Spreading Along Tanana River [2]
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the sliding polygon crust, 

§and ̂ ents indicate 
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Figure 2.29: Sand Vents at Tanana River [2]
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S an d  vents  a re  a prim ary ind icator of soil 
during e a rth q u a k e s . W a te r  pressures  

to the surface  carrying en tra in ed  sand , 
a vo lcan o -like  structure

Figure 2.30: Soil Liquefaction at Tanana River [2]

(2.2.4) Airports

There are dozens of airport runways in the area of strong shaking. The lack of roads and 

the large distances make air travel a necessity in Alaska [3].

(2.2.4.1) Northway Airport

An airport near Northway suffered severe damage during the earthquake. This airport 

was originally built during World War II with 5,100 foot long paved runway. During the 

earthquake, the soil liquefied causing large cracks to split the runway (see figure 2.25). A 

$10 million contract was awarded to ground-up and re-grade the runway. Due to the cold 

weather the runway could not be compacted and it will require more work in the spring 

when the soil thaws [3].
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Figure 2.31: Cracks in Northway Airport Runway [3]

(2.2.4.2) Gulkana Airport

The airport in Gulkana has a 5,000 foot runway. This airport had settlement at the south 

end of the runway (which has not been repaired). This has resulted in a shorter distance 

(about 3,000 feet) for takeoffs and landings. The roadway from the Taylor Highway to 

Eagle Airport settled several feet during the earthquake. Since the Taylor Highway is 

closed during the winter, this damage was not a major concern for early repair [3].

(2.2.5) Railroad

The Alaska Railroad (ARR) has almost 500 miles of track from Seward to Fairbanks. The 

fault rupture initiated about 40 miles east of the railroad and propagated to the east. 

Because of the distance and direction of the fault, the railroad suffered only modest 

damage from the earthquake. Train service was resumed after the completion of the 

initial inspection and minor repairs. Repairs included rolling a few rocks out of the way 

in slide zones [13].



29

There was one area of subsidence at MP 377.5 (15 miles north of Healy) where the 

railroad crosses an area o f permafrost (see figure 2.26). This location has had a long 

history of subsidence as the permafrost has degraded since the railroad was constructed 

(about 1919). It is thought that there was some liquefaction here, as this area has fine

grained soils and the melted permafrost would provide plenty o f water for liquefaction. 

This spot was about 200 feet long, settlement was about 2 feet, and the railroad distorted 

horizontally about 6 inches [13].

Figure 2.32 Area of Subsidence at MP 377.5 (Railroad Sagging) [13]

There was one other short (150 foot long) section of embankment that was discovered to 

have minor shoulder slumping at MP 315.5, about 4 miles south of Cantwell but no 

immediate repair was required. The railroad was placed back in service before the next 

train (that day), but trains were slowed down [13].

(2.2.6) Distantly Felt Effects

The earthquake created a ripple effect thousands of miles away. The passing seismic 

waves triggered a series o f micro-earthquakes (M<3) at the Geysers geothermal area in 

northern California and at Yellowstone National Park in Wyoming [3],
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In the New Orleans area (over 3000 miles away) residents saw water in Lake Ponchetrain 

slosh about as a result o f the quake's power. Similar observations were recorded in 

Seattle, Minnesota, Texas and Louisiana. As far east as Pennsylvania and Georgia, USGS 

instruments recorded significant changes in ground-water level immediately following 

the earthquake. Minnesota and Wisconsin residents reported that water wells became 

turbid (dirty) [3].

(2.3) Other Sources of Data Collection

As part of this research, data were requested from various organizations and private 

companies. Table 2.1 shows the details.
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Table 2.2: Other Sources of Data

No. SOURCE
INFORM ATION

REQUESTED
DATA COLLECTED

1

Alyeska Pipeline 

Service Company, 

Fairbanks

Structural damage at 

pump station #10  and 

Structural Drawing for PS 

#10 Steel Building

No structural damage. But non-structural damage to light 

fixtures, suspended ceiling, plumbing, communication and 

kitchen facilities. Provided structural drawings for PS #10 

steel structure.

2 AK DOT, Fairbanks Earthquake survey report Tanana Bridge (Bridge # 505) damage report

3 AK DOT, Juneau Location of Bridge # 505 Location of the Tanana bridge (Bridge # 505)

4

Geo Physical, Institute, 

University of Alaska- 

Fairbanks

Earthquake motion data 

for Bridge # 505 and 

Alyeska steel structure at 

pump station #1 0

Strong motion data at Alyeska pipeline pump station #10

5 PDC, Fairbanks Earthquake survey report No damage report available

6 USGS, Anchorage Earthquake motion data http://nsmp.wr.usgs.gov

7

Anchorage School 

D istrict, Anchorage Earthquake survey report No reported damage to Anchorage School District Property

http://nsmp.wr.usgs.gov
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Table 2.2: Other Sources of Data (Continued)

8 ASCE Earthquake survey report No Response

9
Golden Valley Electric 

Association
Earthquake survey report Minimum Non-structural Damage. But, no structural damage

10
University o f Berkeley 

California
Earthquake survey report No Response

11
Tryck Nyman Hayes, 

INC., Anchorage
Earthquake survey report No Response

12
DOWL Engineers 

Anchorage
Earthquake survey report No Response

13
Bloom Enterprises 

Fairbanks
Earthquake survey report No Response

14
Larsen Consulting 

Group, Anchorage
Earthquake survey report No Response

15
Shannon & Wilson, 

Anchorage
Earthquake survey report No Response

16
Welden Construction, 

Inc., Eagle River
Earthquake survey report No Response
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Table 2.2: Other Sources of Data (Continued)

17 ACS, Alaska Earthquake survey report No Response

18 City of Fairbanks Earthquake survey report No Response

19 City of Anchorage Earthquake survey report No Response

20 City of Valdez Earthquake survey report No Damage to all of the 96 structures that Valdez city owns

21 City of Ketchken Earthquake survey report No Response

22 Red Cross - Anchorage Earthquake survey report Recreational Cabin Damage at Parks Highway

23

Alaska Division o f 

Homeland Security and 

Emergency 

Management

Earthquake survey report Cracks in the ground in Fielding Lake Camp Ground.

24

Alaska Railroad 

Corporation, Anchorage, 

AK

Earthquake survey report Alaska Railroad did not experience any notable damage
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Seismic Analysis

(3.1) Methods of Seismic Analysis

Seismic analysis is used for analyzing the structures during earthquakes. This chapter 

describes the methods of seismic analysis. The following are the some of the methods 

used for analyzing the seismic response of structures.

• Response Spectrum Analysis

• Response History Analysis

• Time History Analysis and

• Harmonic Analysis (sinusoidal load with time)

In general, a static analysis is sufficient if one is interested in the long-term response of a 

structure when the applied loads are applied slowly. However, if the duration of the 

applied load is short, such as in an earthquake, a dynamic analysis for a given earthquake 

excitation will be more accurate [9]. For simple structural systems, an equivalent static 

load may be used to approximate the maximum expected response.

(3.2) Static Load (Design Response Spectra) Analysis

In a static analysis, an equivalent static force is computed by multiplying the response 

acceleration by the mass of the system in accordance with Newton’s second law. Hence, 

an increase in the mass means an increase in the applied force. The particular response 

acceleration is determined from a design response spectrum [9].

Since the natural frequency of the structure is unknown in a static analysis, the maximum 

value of acceleration determined from the response spectrum is used to calculate the 

frequency [9].

(3.3) Response Spectrum Analysis

(3.3.1) Response Spectrum

A response spectrum is a plot, for a given earthquake history, of the relationship between 

the maximum value of a specific response quantity (e.g., acceleration, velocity,

Chapter 3
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displacement) and vibration period (or frequency). Sample acceleration, velocity and 

displacement spectra are presented in the figure 3.1. Such spectra are generally plotted 

for linear-elastic response and one or more damping ratios. A typical damping ratio is 5%

[10].

Period (sec.)

Figure 3.1: Response Spectra for Acceleration and Displacement [10]

(3.3.2) Distinction between Design Spectra and Response Spectra

A design spectrum differs conceptually from a response spectrum in two important ways. 

First, the jagged response spectrum is a plot of the peak response of all possible SDF
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systems and hence is a description of a particular ground motion. The smooth design 

spectrum, however, is a specification of the level of seismic design force, or deformation, 

as a function of a natural vibration period and damping ratio [11].

This conceptual difference between the two spectra should be recognized, although in 

some situations, their shapes may be similar. Such is the case when design spectrum is 

determined by statistical analysis of several comparable response spectra [11].

(3.3.3) Response Spectrum Concept

G.W. Housner was instrumental in the widespread acceptance of the concept of the 

earthquake response spectrum. The concept that was introduced by M.A. Biot in 1932. 

This idea is used as a practical means of characterizing ground motions and their affects 

on structures. The response spectrum provides a convenient means to summarize peak 

response of all possibles as if applied to a linear SDF (Single Degree Freedom) system 

that is subjected to a particular component of ground motion. It also provides a practical 

approach to account for dynamic (short duration) loading in the design of structures and 

development of lateral force requirements in building codes [11].

A plot of peak values of a response quantity as a function of the natural vibration period 

(Tn) of the system, or a related parameter such as circular frequency (wn) or cyclic 

frequency (fn) is called the response spectrum for that quantity. Each such plot is for a 

SDF system having a fixed damping ratio f, and several such plots for different values of 

fare  included to cover the range of damping values encountered in actual structures [11].

(3.3.4) Peak Modal Responses

The peak value rno of the nth mode contribution rn(t) to response r(t) can be obtained form 

the earthquake response spectrum or design spectrum and An is the peak value of 

acceleration. By writing this into a mathematical equation,

f r o  f r  An (3.1)
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The algebraic sign rno is the same as that of the rnst because An is positive by definition. 

Although it has an algebraic sign, rno will be referred to as the peak modal response 

because it corresponds to the peak value of An(t). This algebraic sign must be retained 

because it can be important. All response quantities rn(t) associated with a particular 

mode, say the nth mode, reach their values at the same time instant as An(t) reaches its 

peak [11].

(3.3.5) Modal Combination Rules

This deals with combining the peak modal responses rno (n = 1, 2, 3 ....) to determine the 

peak value r0. It will not be possible to determine the peak value r0 from rno because, in 

general, the modal responses rn(t) attain their peaks at different time instances and the 

combined response r(t) attains its peak at yet a different instant. Approximations must be 

introduced in combining the peak modal responses rno determined from the earthquake 

response spectrum. This is because no information is available when these peak modal 

values occur. The assumption that all modal peaks occur at the same time and their 

algebraic sign is ignored provides an upper bound to the peak value of the total response

[11].

N

r 0 <  X  I r "° l ( 3 -2 )
n=1

This upper bound value is usually too conservative. Therefore, this absolute sum 

(ABSSUM) modal combination rule is not popular in structural design applications.

The square root of sum of squares (SRSS) rule for modal combination, developed in E. 

Rosenblueth’s Ph.D thesis (1951), is

r0 * ( £  r2no )1/2 (3.3)
n=\

The peak response in each mode is squared, the squared modal peaks are summed, and

the square root of the sum provides an estimate of the peak total response. This modal

combination rule provides excellent response estimates for structures with well separated 

natural frequencies. At times it has been misapplied to systems with closely spaced
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natural frequencies, such as piping systems in nuclear power plants and multistory 

buildings with an un-symmetric planar shape [11].

The complete quadratic combination (CQC) rule for modal combination is applicable to a 

wider class of structures as it overcomes the limitations of the SRSS rule. According to 

the CQC rule,
N N

r0 ~ ^  PinPorno) (3-4)
1=1 n=1

2Each of the N terms on the right side of this equation is the product o f the peak responses 

in the ith and nth modes and the correlation coefficient for these two modes, P i n varies 

between 0 and 1 and pm = 1 for i=n.

P i n -  i / ( 3 - 5 )

J +  /  COiyjl-  i  COnyJl ~ ^ n ) \

+ C'iOi + C'nCOn'

<Z'n = Cn + —  ( 3 .6)
COnS

Where con and cot = nth and ith natural frequencies

£ n and C, i = damping ratios for nth and ith modes 

S = duration of the earthquake excitation

(3.3.6) Interpretation of Response Spectrum Analysis

The response spectrum analysis (RSA) described above is a procedure for dynamic 

analysis of a structure subjected to an earthquake excitation, but it reduces to a series of 

static analyses. For each mode under consideration, Sn (static analysis of the structure 

subjected to forces) provides the modal static response rnst. And rnst is multiplied by the 

spectral ordinate An to obtain the peak modal static response rno. Thus the RSA procedure 

avoids the dynamic analysis of SDF systems necessary for response history analysis. 

Response history analysis determines the response of a structure to an earthquake induced 

ground motion, identical at all support points of the structure. However, the RSA is still a
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dynamic analysis procedure, because it uses the vibration properties -  natural 

frequencies, natural modes and modal damping ratios- on the structure and the dynamic 

characteristics of the ground motion through its response spectrum. Response history 

calculations have been done in developing the earthquake response spectrum [11].

(3.3.7) All about Response Spectrum Analysis

The basic mode superposition method, which is restricted to linearly elastic analysis, 

produces a complete time history response of the joint displacements and member forces 

due to a specific ground motion loading. There are two major disadvantages of using this 

approach. First, the method produces a large amount of output information that can 

require an enormous amount of computational effort to conduct all possible design 

checks as a function of time. Second, the analysis must be repeated for several different 

earthquake motions in order to assure that all the significant modes are excited, since a 

response spectrum for one earthquake, in a specified direction, is not a smooth function

[12].

There are significant computational advantages in using the response spectra method of 

seismic analysis for prediction of displacements and member forces in structural systems. 

The method involves the calculation of only the maximum values of the displacements 

and member forces in each mode using smooth design spectra that are the average of 

several earthquake motions. SRSS and CQC3 methods of combining results from 

orthogonal earthquake motions will allow one dynamic analysis to produce design forces 

for all members in the structure [12].

(3.4) Response History Analysis

The response history analysis (RHA) procedure provides structural response r(t) as a 

function of time, but structural design is usually based on peak values of forces and 

deformations over the duration of the earthquake-induced response. For a SDF system 

peak response can be determined directly from the response spectrum for the ground
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motion without carrying out a response history analysis. For a MDF (Multi Degree 

Freedom) system the peak response can be calculated from the response spectrum, but the 

result is not exact in the sense that it is not identical to the RHA result. The estimate 

obtained is accurate enough for structural design applications. Response spectrum 

analysis (RSA) procedures, account for a structure that is excited by a single component 

of ground motion, thus simultaneous action of the other two components is excluded 

(earthquake excitations are recorded in two- mutual perpendicular horizontal directions 

and a vertical direction) and multiple support excitation is not considered [11].

(3.5) Time History Analysis

The time history analysis technique is used to determine the system response by 

numerical integration. The excitation is needed over short time increments. The 

displacement of the structure at any instant of time during the entire time history of the 

earthquake under consideration can be obtained from the time- displacement plot. In this 

method, the earthquake data is given in time- ground acceleration pairs for the entire 

duration of the earthquake. The available seismic data in a given direction is resolved in 

to longitudinal and transverse directions of the structure to perform the seismic analyses 

in these directions respectively [17].

For structures exhibiting strong nonlinear response, Time History analysis is performed 

using the earthquake data. In this method, the equations o f the motion, shown below, are 

integrated directly in time, and the response displacements are evaluated at every time 

increment [17].

Mil + Cu + Ku = P(t)(3.7)

The choice of time increment, At, is important, because it affects not only the accuracy of 

the solution but also the number of solution steps, hence the efficiency [17],

At < Ts In(3.8)

Where Ts is the shortest period (highest frequency) of interest, chosen by careful 

consideration of the frequency content of the loading and natural vibration periods of the 

structure. In earthquake analysis, the frequency content o f the load is between 0.1 to 25
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Hz. The choice o f the earthquake for use in time history analysis is another very 

important parameter affecting the obtained results. Real earthquake time histories are 

preferable, since they represent the actual characteristics of the earthquakes. In the 

absence of earthquakes recorded at or near the site under consideration, it is 

recommended to study carefully the seismo-tectonic environment and choose strong 

motion acceleration from a similar environment. It is advisable to use three different 

earthquakes in the analysis of important structures [17].

(3.6) Harmonic Analysis

A harmonic analysis determines the steady-state response of a linear structure to loads 

that vary sinusoidal with time. The systems response is calculated for several frequencies. 

Structures subjected to the dynamic action of rotating machinery produce harmonic 

excitations. Modal analysis can be performed using harmonic analysis. A modal analysis 

extracts the natural frequencies and mode shapes of the system [9].
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(4.1) Introduction

The Tanana River Bridge (Bridge # 505) was built across Tanana River in 1944 near Tok, 

Alaska. It is located at a distance of 8 miles east from Tok. This is a 2 -lane 3-span 

highway bridge. The bridge has a main span of 430 feet and 2 short spans of 258 feet 

each. The total length is 946 feet.

Chapter: 4

Tanana River Bridge

Figure 4.1: Tanana River Bridge near Tok, Alaska
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Figure 4.2: Another View of the Bridge at Tok, Alaska

(4.2) Modeling

The bridge structure was modeled in STAAD Pro 2002 using 12 degrees of freedom 3- 

Dimensional beam elements to perform a finite element analysis [18], see figure 4.3. A 

dynamic analysis was performed on the structure by subjecting it to November 2002 

Denali earthquake motion, recorded at Alyeska Pipeline Service Company Pump Station 

# 1 0 . Both material and section properties of the members, in the actual bridge were 

assigned to the beam elements in the model. The properties of the truss members in the 

drawings were field verified during field trip to the bridge. The computer model has 678 

joints and 1660 members. The Modulus of Elasticity of the Steel (E) is 29000 ksi. The 

steel is an ASTM A7-42 with yield strength of approximately 33 ksi. For the truss 

members in the model, moments were released at the ends and are made to carry only
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forces in all 3 directions (Fx, Fy and Fz). The other members in the model carry moments 

as well as forces in the 3 directions.

y -̂ vi .uvi

Figure 4.3: 12 DOF (Degrees of Freedom) Beam Element (Local Coordinates)

Model verification tests were performed using a static analysis. During these tests 

mathematical instabilities were found. An attempt was made to stabilize these members 

using Master-Slave method. But, it is not appropriate for seismic analysis (due to the 

transfer of masses and forces from slaves to master joints). So, dummy members were 

added at the several locations in the upper bracing system of the structure. These 

members were given nearly zero mass and zero stiffness and a small moments of inertia 

(0.1 in4) and small areas (0.1 in2) in all 3 directions. Figure 4.4 shows the location of
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those members that required stabilizing. Figure 4.5 and 4.6 show the computer model 

used to perform this analysis.

Members to be stiffened

Figure 4.4: Location of Dummy M embers

Dummy members

Figure 4.5: 3-D View of the Bridge from STAAD.Pro 2002
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Figure 4.6: End View of the Bridge Model 

(4.3) Dead Load of Deck and Driving Surface

The driving surface has 2.75 inches of asphalt over a 6 inch timber deck. This uniformly 

distributed load is carried by the deck beams spanning along the length of the bridge.

The spacing of the steel deck beams is 4.54 feet and the width of the roadway is 4.54 feet 

beyond the exterior beams. So the exterior beams carry more load than the interior 

beams, see figures 4.7 and 4.8.

Figure 4.7: Bottom View of the Bridge Showing Deck Beams
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The deck load was distributed to the interior and exterior supporting beams based on the

Figure 4.8: Partial Plan of Tributary Area for Deck Beams

The wearing surface was assumed to weigh 140 pcf (pounds per square foot). The timber 

deck was assumed to weigh 40 pcf.

Calculation of floor beam loads in pounds per linear foot (pcf) is shown below.

Exterior beams deck loads:

1. Timber deck

py = (40 pcf) (4.54 + 4.54/2) (6/12) = 136.25 plf

2. Asphalt surface

py = (140 pcf) (4.54+ 4.54/2) (2.75/12) = 218.56 plf

Total deck load 354.817 plf
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Interior beams deck loads:

1. Timber deck

py = (40 pcf) (4.54) (6/12) = 90.8 plf

2. Asphalt surface

py = (140 pcf) (4.54) (2.75/12) = 145.65 plf

Total deck load = 236.458 plf

Table 4.1: Superimposed Deck Load

Deck Beams Timber Load (plf) Asphalt Load (plf) Total Load (plf)

Exterior Beams 136.25 218.56 354.817

Interior Beams 90.8 145.65 236.458

(4.4) Model Verification

The self weight of the structure was included by calculating the area o f the members and 

using the specific weight o f the steel of 490 pcf. Once, the modeling was complete 

(geometry, member properties, support conditions and member releases were checked), 

static checks were performed to make sure that the model behaved correctly. As part of 

these static checks, the model was subjected to longitudinal and lateral loads at the mid 

spans and the results were compared at similar locations and checked for accuracy, see 

figure 4.9 for the complete computer model. This model represents the true structure, see 

figure 4.2

Figure 4.9: Bridge with Abutments and Piers
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(4.4.1) Vertical Loads at End Spans

A 100 kip load was applied at the center of spans 1 and 3 on the near and far trusses. 

Deflections were noted down at the bottom chord in the centre of the spans 1, 2 and 3, see 

table 4.2. Span 1 is from abutment 1 to pier 1, span 2 is from pier 1 to pier 2 and span 3 is 

from pier 2 to abutment 2.

Abutment 1

Figure 4.10: Vertical Loads at the Center Spans 1 and 3 

Table 4.2: Deflection in the Bridge for Vertical Loads at the Center Spans 1 & 3

Location Deflection (in)

Mid span in the near truss in span 1 0.823

Mid span in the far truss in span 1 0.823

Mid span in the near truss in span 2 0.514

Mid span in the far truss in span 2 0.514

Mid span in the near truss in span 3 0.823

Mid span in the far truss in span 3 0.823

(4.4.2) Vertical Loads at Center of Span 2

A 100 kip load is applied the on the bottom chord in the mid span of span 2 the bottom 

chords for both the near and far trusses, see figure 4.11. The bottom chord deflections 

were compared at the centre of spans 1, 2 and 3, see table 4.3.
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Figure 4.11: Vertical Loads at the Center Span 2

Table 4.3: Deflection in the Bridge for Vertical Loads at the Center Span 2

Location Deflection (in)

Mid span in the near truss in span 1 0.257

Mid span in the far truss in span 1 0.257

Mid span in the near truss in span 2 1.579

Mid span in the far truss in span 2 1.579

Mid span in the near truss in span 3 0.257

Mid span in the far truss in span 3 0.257

(4.4.3) Vertical Loads at Mid Spans 1 ,2  and 3

A 100 kip load was applied at the bottom chord o f the mid span of 1, 2 and 3 on the near 

and far trusses, see figure 4.12. Bottom chord deflections were compared at the centre of 

the spans 1, 2 and 3, see table 4.4.

Figure 4.12: Vertical Loads at the Mid Spans 1,2 and 3
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Table 4.4: Deflection in the Bridge for Vertical Loads at all Mid Spans

Location Deflection (in)

Mid span in the near truss in span 1 0.566

Mid span in the far truss in span 1 0.566

Mid span in the near truss in span 2 1.065

Mid span in the far truss in span 2 1.065

Mid span in the near truss in span 3 0.566

Mid span in the far truss in span 3 0.566

(4.4.4) Horizontal Loads on Trusses - Fixed Abutments

100 kip horizontal load was applied at the near and far trusses at the abutment, for the 

purpose of model verification. The support conditions at the abutment were allowed to 

move along the roadway (roller). This support condition means that it resists forces Fy 

and Fz. Moments (Mx, My and Mz were released) see figure 4.13. Reactions at the pier at 

the near and far trusses are calculated, see table 4.5.

Figure 4.13: Horizontal Loads at Fixed Abutments

Table 4.5: Reaction at Abutment for Fixed Abutments

Location Horizontal Reaction (kip)

Near truss at Abutment 1 100

Far truss at Abutment 1 100
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(4.4.5) Horizontal Loads on Trusses -  Pinned Abutments

100 kip horizontal load were applied at the near and far trusses of the abutment. Supports 

at the abutment were pinned, see figure 4.14. Subsequently, the reactions at the pier at the 

near and far trusses were calculated, see table 4.6.

Figure 4.14: Horizontal Loads at Pinned Abutments

Table 4.6: Reaction at Abutment for Pinned Abutments

Location Horizontal Reaction (kip)

Near truss at Abutment 1 100

Far truss Abutment 1 100

(4.4.6) Transverse Loads at the Mid Span 2

100 kip transverse loads were applied at the near and far trusses at the center of span 2, 

see figure 4.15. Supports reactions in the transverse direction at the piers were calculated, 

see table 4.7.

Figure 4.15: Transverse Loads at the Center of Span 2
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Table 4.7: Reactions at the Piers

Location Transverse Reaction (kip)

Near truss at pier 1 50

Far truss at pier 1 50

Near truss at pier 2 50

Far truss at pier 2 50

(4.5) Seismic Data

There is no seismic station near bridge # 505 (8 miles from Tok, Alaska). Therefore, the 

November 2002 Denali earthquake excitation at pump station # 10 (3 miles from 

epicenter) was used for the seismic analysis. Pump station # 10 was 120 miles west of 

this bridge. Pump station # 10 is the only seismic station at which the corrected seismic 

data is available, a record that is more suitable for seismic analysis. Seismic data are 

available in time - acceleration pairs. The acceleration record at pump station # 10 is 

available in two horizontal directions, N43.3 and N46.7E. This is resolved in the 

directions, along the bridge and across the bridge. This data were used for seismic 

analysis. The seismic data were obtained from USGS web site and also from Roger 

Hansen, Geophysical Institute, University of Alaska -  Fairbanks.

The bridge orientation details are collected from Alaska Department of Transportation. 

The orientation of the longitudinal axis of the bridge is approximately N 17 E. And the 

transverse axis of the bridge is perpendicular to the longitudinal axis, see figure 4.18. The 

peak ground acceleration along the Bridge is 0.116g and the peak ground acceleration in 

the transverse direction of the Bridge is 0.171 g. This indicates that the seismic motion in 

the transverse direction is 1.5 times more than the longitudinal direction. The seismic 

excitations in longitudinal and transverse directions were shown in figure 4.16 and 4.17.
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Time - Acceleration ( Longitudinal Direction)

Figure 4.16: Seismic Motion in Longitudinal Direction of Bridge

Time - Acceleration ( Transverse Direction)

Figure 4.17: Seismic Motion in Transverse Direction of Bridge
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Figure 4.18: Longitudinal and Transverse Directions

(4.5.1) Loading

The bridge was analyzed considering self weight and the superimposed deck load. There 

was no snow accumulation on the structure. So, snow load is not considered. When 

analyzing the bridge for seismic motion in longitudinal or transverse directions, the entire 

mass of the bridge is made to act in the direction of the seismic motion.
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C h a p te r  5 

Structural Steel Building

(5.1) Introduction

Alyeska Pipeline Service Company has a building located at approximately 3 miles from 

the epicenter of the quake at pump station #10. Subsequently, this building was selected 

for study because of it’s proximity to the epicenter. This building structure consists of 

two structural steel braced frames that are connected together in an L-shape. The L-shape 

consists of the central building at right angles to the living quarters. The living quarters 

are two- story and the central building is a one story, as shown in the figure 5.1 and 5.2. 

The central building is mainly used for recreational activities such as gym, pool and the 

living quarter is like a place of living. The building was built in the late 1970s and was 

designed for seismic zone IV (according to U.B.C -1976 edition).

Figure 5.1: Pump Station # 10 Building [4]
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The central building is 55 feet wide and 108 feet long. The finish (first) floor height is 

l l ’-l Vi \  The roof trusses are located at a height of 23’-l lA ”.T he Living Quarter is 34 

feet wide and 140 feet long. The finish (first) floor height is 11 ’-1 lA ” inches. The second 

floor height is 23’-2 Vz \  The roof height is 31’-8”.

'Central Building 55 X 108
[Living Quarter 34 X 140]

Figure 5.2: Building Dimensions [4]

(5.2) Modeling

The building structure was modeled using 12 DOF (Degrees o f Freedom) beam elements 

to conduct a finite element analysis. The program selected for this study was STAAD Pro 

2002 [18], The structure was analyzed by subjecting the building to the November 2002 

Denali earthquake motion. There were a total of 1,351 joints and 2,332 members. The 

properties of the members in the actual building were assigned to these beam elements, 

see figures 5.3 and 5.4. The structure is a braced frame in which the supporting structure 

has beams and columns. The floors are supported by a concrete floor on steel bar joists.
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The bar joists frame into the steel beams. The steel is an ASTM A242 with yield strength 

of 50 ksi.

Figure 5.3: 3-D View of the Building Model from STAAD.Pro 2002
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Figure 5.4: Plan View of the Building

(5.2.1) Equivalent Beams for Bar Joists

The steel bar joists shown on the building drawings were not listed by the steel bar joist 

institute tables. The research attempted to contact the designers to find the section 

properties for these bar joists, but could not able to get the required information. So, steel 

bar joists in central building and living quarter are substituted with the nearest 

approximate bar joists available in the bar joist table. Therefore, it was appropriate to 

analyze the building for both the strongest and the weakest joists that are replaced for the 

actual bar joists that are shown in the drawings. First, the building was analyzed using the 

strongest joists, and found that these are not very strong enough. So, the attempt to 

analyze the building for the weaker joists is not considered. All bar joists were treated as 

shear connections when they were fastened to the other members.
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Figure 5.5: Typical Steel Bar Joist [20] 

(5.2.1.1) Central Building

The central building roof system is framed with bar joists into the beams and columns. 

The central building roof bar joists shown in the drawings are 18D12 and 8B9. As the 

exact bar joists were not available, 18D12’s were substituted with 18J8 (stronger bar 

joist) and with 18J5 (weaker bar joist). The 8B9’s were substituted with 8J2 (the only 

type available in bar joist table), see table 5.1.

(5.2.1.2) Living Quarter

The living quarter floor and roof system was framed with beams supporting steel bar 

joists. The floor bar joists are 24H at the second floor and 16E12 bar joists are at the roof. 

The 16E12 bar joists were substituted with the nearest bar joists available from the bar 

joist table, as the exact bar joists are not available, see table 5.1.

Table 5.1: Equivalent Bar Joists for Substituting the Existing Bar Joists [14]

Building Location Joist Strongest joist available 
for substitution

W eakest joist 
available for 
substitution

Central Roof 18D12 18J8(cold formed chords) 18J5(cold formed 
chords)

Central Roof 8B9 8J2(hot rolled chords) 8J2(cold rolled chords)

Living 2nd floor 24H 24J8(cold formed chords) 24J6(cold formed 
chords)

Living Roof 16E12 16J8(cold formed chords) 16J4(cold formed 
chords)
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(5.2.1.3) Calculation of Equivalent Bar Joist Properties

The moment of inertia in the major axis of bending was obtained from the bar joist table. 

The Ix and Iy are assumed to be very low, if  there is no load coming on the bar joist. Let 

A] and A2 be the top and bottom cross sectional areas of the bar joist, separated by a 

distance (d), then the moment of inertia is calculated from the equation (5.1).

I = A, (d/2)2 + A2 (d/2)2 (5.1)

The bar joists at the second floor, 24 H , are carrying a load of 2 Vi inch concrete fill over 

a 1 Vi inch deep 20 gauge composite metal deck. Iy and Ix are calculated using the 

equations (5.2) and (5.3) equation, see table 5.2.

<    >
1 1  I  2 H

 > Bar Joist

Figure 5.7: Side View of Bar Joist carrying Concrete Fill
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Since the concrete fill and the bar joist act together, forming a composite section,

IY = tb3/ 12 (5.2)

Ix — bt3/ 3 (5.3)

Where t = thick ness of the concrete fill = 2 Vi inches 

b = effective concrete fill width that is carried by the joist (< 12* t and < bw) 

bw (web diameter of the joist is 0.83 inches) controls the b value

Table 5.2: Bar Joists Properties [14]

Joist Iz
(m ax)

Iz

( min)
Ax

(max)
Ax

(min)
Iy

(max)
Iy

(min)
Ix

(max)
Ix

(min)
18 J 8 185.32 111.24 1.143 0.686 0.1 0.1 0.1 0.1
8 B 9 10.95 10.78 0.342 0.336 0.1 0.1 0.1 0.1
24 H 336.67 245.10 1.168 0.851 0.119 0.119 4.329 4.329

16 E 12 144.84 73.55 1.131 0.574 0.1 0.1 0.1 0.1

(5.3) Seismic Data

There is a seismic station near the building at pump station # 10 (3 miles from epicenter). 

Seismic data was corrected at this station and is appropriate for seismic analysis, so 

earthquake excitation is used from this station. This data is available in time- acceleration 

pairs. From, the seismic station, the seismic data is available in two horizontal directions, 

N43.3 and N46.7E. This is resolved in the directions, along the building and across the 

building. And then this data was used for time history analysis. The seismic data were 

obtained from USGS web site and also from Roger Hansen, Geophysical Institute, 

University of Alaska -  Fairbanks. The building orientation details were collected from 

the owner of the building, Alyeska Pipeline Service Company. The longitudinal axis of 

the building is along the length of the living quarter. The transverse direction of the 

building is perpendicular to the longitudinal direction of the building, see figures 5.10. 

The orientation o f the longitudinal axis of the building is N 39 degrees 8 minutes W. The 

peak ground acceleration along the building is 0.34g and the peak ground acceleration in
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transverse direction to building is 0.03g. This indicates that the seismic motion in the 

longitudinal direction is almost 10 times that of the transverse direction, see figures 5.8 

and 5.9.
Time - Acceleration (Longitudinal Direction)

Figure 5.8: Seismic Motion in Longitudinal Direction of Building

-15 —1--- 1—■—■—™— ^MaMaaB------1—~ 1 —  ■.■—■ —
T im e  (seconds)

Figure 5.9: Seismic Motion in Transverse Direction of Building
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Z { Transverse Direction)

Figure 5.10: Longitudinal and Transverse Directions of Building

(5.4) Seismic Loading

The building was subjected to self weight load only. The owner of the building, Alyeska 

Pipeline Company, was contacted to determine whether there was any snow on the roof 

during the earthquake. But, there was no snow either on the roof of the building or near 

the neighborhood of the building.

When analyzing the building for seismic motion in longitudinal or transverse directions, 

the entire mass o f the building is made to act in the direction of the seismic motion.
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C h a p te r : 6 

Results and Conclusions 

(6.1) Tanana River Bridge at Tok, Alaska

The Tanana River Bridge (Bridge # 505) is a 946 feet 2 lane highway truss bridge with 3 

spans was analyzed to determine the natural frequency. The fundamental natural 

frequency was calculated to be 3.34 cps (cycles per second).

(6.1.1) Self W eight Load

Self weight of the bridge also includes the deck and the driving surface, see table 6.1.

Table 6.1: Deck and Driving Surface Loads

Deck Beams Timber Load (plf) Asphalt Load (plf) Total Load (plf)

Exterior Beams 136.25 218.56 354.817

Interior Beams 90.8 145.65 236.458

(6.1.1.1) Static Deflections

The dead load includes deck and driving surface loads. Figure 6.1 shows the static 

deflection of the lower truss members between pier 1 and pier 2. Figure 6.2 shows the 

static deflection of the lower truss members between abutment and pier.

The maximum static deflection in the bridge = 1.38 inches

(Location is at mid span between piers 1 and pier 2, at a distance of 215 feet from both

the piers).
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-1.4 

- 1.6

Figure 6.1: Static Deflection between Pier 1 and Pier 2

The maximum static deflection between abutment 1 and pier 1 = 0.237 inches

(Location of the maximum static deflection is at 86 feet from the abutment 1).

The maximum static deflection between abutment 2 and pier 2 = 0.237 inches

(Location of the maximum static deflection is at 86 feet from the abutment 2).

Pier 1 Deflection Between Pier 1 & Pier 2 Pier 2
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Figure 6.2: Static Deflection between Abutment and Pier
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(6.1.1.2) Static Axial Stresses

The static axial stresses in the bottom members of the truss from abutment to pier were 

shown in figure 6.3. The static axial stresses in the top members of the truss from 

abutment to pier were shown in figure 6.4.

•2 J * '    *   ** ' *
Distance (ft)

Figure 6.3: Static Axial Stresses in Bottom Members between Abutment and Pier
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-5...........       1.p ■.................................   ------------- -

-6 ‘!!|!| *;■v;r■■=.r.,- —" —  —1
Distance (ft)

Figure 6.4: Static Axial Stresses in Top Members between Abutment and Pier

The static axial stresses in the bottom members of the truss from pier 1 to pier 2 were 

shown in figure 6.5. The static axial stresses in the top members of the truss from pier 1 

to pier 2 were shown in figure 6.6.
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Figure 6.5: Static Axial Stresses in Bottom Members between Pier 1 and Pier 2



Pier 1
Axial Stresses from  Pier 1to P ier2 Pier 2

Figure 6.6: Static Axial Stresses in Top Members between Pier 1 and Pier 2

The maximum static axial tensile stress in the bridge = 4.7 ksi

(Location is at the top members of the near and far trusses on either side of pier 1 and

pier 2).

The maximum static axial compressive stress in the bridge = 3.4 ksi

(Location is at the top members of the near and far trusses on either side of mid span

between pier 1 and pier 2).

There were no axial stresses in the deck beams that support the bridge deck. But, there 

were very small shear stresses. Exterior deck beams, adjacent to bottom most members of
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the near and far end trusses, have a shear stress of 0.271 ksi and the interior deck beams 

have a shear stress of 0.193 ksi.

(6.1.1.3) Mode Shapes and Mass Participation Factors

The mass participation factors in X, Y and Z directions (see figure 6.7 for X, Y and Z 

directions) in percent for the first 6 important mode shapes and their corresponding 

frequencies are shown in table 6.2. Mode shapes were calculated by STAAD Pro 2002 

using Eigen solution. Natural frequency was calculated by STAAD Pro 2002 using 

Rayleigh’s method.

Table 6.2: Mode Shapes and Mass Participation Factors for Self Weight

Mode
Frequency 

(cycles per second)
X Y z Z . X I * Z z

1 2.51 0 4.11 0 0 4.11 0

2 3.71 0 0 0 0 4.11 0

3 4.14 0 0 0 0 4.11 0

4 4.81 0 17.61 0 0 21.72 0

5 5.07 0 0 0 0 21.72 0

6 5.09 0 0 0 0 21.72 0

(6.1.2) Seismic Motion in Longitudinal Direction

The bridge was subjected to seismic motion in the longitudinal direction. The seismic 

excitation record was given in time -  acceleration pairs with a time period of 0.005 

seconds, up to 83.67 seconds. The increments of time were 0.005 seconds.

(6.1.2.1) Time History Analysis

The peak ground acceleration in longitudinal direction of the bridge is 0.116 * g.

Where g = acceleration due to gravity = 32.2 ft/sec

The time increment ( At) is taken as 0.005 seconds for time history analysis. Stability and 

convergence has been checked to insure quality results.
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(6.1.2.1.1) Displacements

When the bridge was subjected to seismic motion in the longitudinal direction, the 

maximum displacement occurred at the top chord in the top member connectivity of the 

near and far trusses with the vertical member at the piers 1 and 2. But, this maximum 

displacement was only 0.0261 inches (see figure 6.8). Figure 6.9 shows the longitudinal 

displacements in top truss members between piers 1 and 2.

Figure 6.8: Time -  Longitudinal Displacement Plot for Longitudinal Motion
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Displacements From Pier 1 to Pier 2

Distance (ft)

Figure 6.9: Longitudinal Displacements in Top Truss Members from Pier 1 to Pier 2 

(6.1.2.1.2) Axial Stresses

The maximum tensile stress in the bridge = 4.9 ksi

(Location is the top most members of the near and far trusses on either side of pier 1 and 

pier 2). Axial stresses in top members of the truss from pier 1 to pier 2 were shown in 

figures 6.11.



Figure 6.10: Location of the Maximum Tensile Stress for Self Weight

Axial Stresses from Pier 1 to Pier 2

Distance (ft)

Figure 6.11: Axial Stresses in Top Members from Pier 1 to Pier 2
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The maximum axial compressive stress in the bridge = 3.4 ksi

(Location is the top most members of the near and far trusses on either side center of span

between pier 1 and pier 2).

(6.1.2.1.3) Mass Participation Factors

Table 6.3 shows the mass participation factors in X, Y and Z directions (see figure 6.12 

for X, Y and Z directions) in percent for the first 6 important mode shapes and their 

corresponding frequencies. Mode shapes are calculated using Eigen solution. Natural 

frequency is calculated using Rayleigh’s method.

Table 6.3: Mode Shapes and Mass Participation Factors for Longitudinal Motion

Mode
Frequency 

(cycles per second)
X Y z I * 1 1 ' I *

1 2.481 0 3.96 0 0 3.96 0

2 3.689 0 0 0 0 3.96 0

3 4.06 0.51 0 0 0.51 3.96 0

4 4.773 0 17.5 0 0.51 21.46 0

5 5.022 0 0 0 0.51 21.46 0

6 5.046 0 0 0 0.51 21.46 0
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(6.1.2.2.1) Displacements

Time -  Displacement plots are not available with the response spectrum analysis.

(6.1.2.2.2) Axial Stresses

The maximum tensile stress in the bridge = 4.875 ksi

(Location is the top most members of the near and far trusses on either side of pier 1 and 

pier 2). Figure 6.14 shows the axial stresses in top members from pier 1 to pier 2.

(6.1.2.2) Response Spectrum Analysis

Figure 6.13: Location of the Maximum Tensile Stress for Longitudinal Motion
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Axial Stresses from Pier 1 to Pier 2

Figure 6.14: Axial Stresses in Top Truss Members from Pier 1 to Pier 2 for 

Longitudinal Motion

The maximum axial compressive stress in the bridge •=  3.4 ksi

(Location is the top most members of the near and far trusses on either side center of span

between pier 1 and pier 2).
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Figure 6.15: Location of the Maximum Compressive Stress for Longitudinal Motion 

(6.1.2.2.3) Mass Participation Factors

Table 6.4 shows the mass participation factors in X, Y and Z directions (see figure 6.15 

for X, Y and Z directions) in percent for the first 6 important mode shapes and their 

corresponding frequencies.

Table 6.4: Mode Shapes and Mass Participation Factors from Response Spectrum  

Analysis

Mode
Frequency 

(cycles per second)
X Y Z z * Z * L *

1 2.481 0 3.96 0 0 3.96 0

2 3.689 0 0 0 0 3.96 0

3 4.06 0.51 0 0 0.51 3.95 0

4 4.773 0 17.5 0 0.51 21.46 0

5 5.022 0 0 0 0.51 21.46 0

6 5.046 0 0 0 0.51 21.46 0
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(6.1.3) Seismic Motion in Transverse Direction

The bridge is subjected to seismic motion in the transverse direction. The seismic motion 

is given in time -  acceleration pairs with a time period of 0.005 seconds, up to 83.67 

seconds.

(6.1.3.1) Time History Analysis

The peak ground acceleration in transverse direction of the bridge is 0.171 * g.

Where g = acceleration due to gravity = 32.2 ft/sec

The time increment ( At) is taken as 0.005 seconds for time history analysis.

This indicates that the peak ground acceleration in longitudinal direction is only 67% of 

the transverse direction.

(6.1.3.1.1) Displacements

When the bridge is subjected to seismic loading in transverse direction, there is a 

maximum displacement o f 20.1 inches at the top member of truss at piers 1 and 2 at the 

far and near trusses (see figure 6.17). Figure 6.18 shows the longitudinal displacements in 

top members from pier 1 to pier 2.

Figure 6.16: Location of the Maximum Transverse Displacements



Figure 6.17: Time -  Displacement Plot for Transverse Motion
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Transverse Displacements from Pier 1 to Pier 2

Distance (ft)from Pier 1to Pier 2

Figure 6.18: Longitudinal Displacements in Top Members from Pier 1 to Pier 2 

(6.1.3.1.2) Axial Stresses

Maximum compressive and tensile stresses are occurring in the cross bracing in the 

bottom chords. The compressive and tensile stresses in the cross bracing in the top chords 

are not as high as those in the cross bracing of the bottom chords.

The maximum tensile stress in the bridge = 26 ksi

(Location is 2nd X- bracing members from Pier 1 towards Abutment 1 and similarly in the 

2nd X- bracing members from Pier 2 towards Abutment 2). Figure 6.20 shows the axial 

tensile stresses in the bottom chord X bracing from abutment to pier.
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Figure 6.19: Location of the Maximum Tensile Stress for Transverse Motion

Axial Tensile Stresse from Abutment to Pier

Distance (ft)

Figure 6.20: Axial (Tensile) Stresses from Abutment to Pier
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The maximum compressive stress in the bridge = 27 ksi

(Location is 2nd X- bracing members from Pier 1 towards Abutment 1 and similarly in the 

2nd X- bracing members from Pier 2 towards Abutment 2). Figure 6.22 shows the axial 

compressive stresses in the bottom chord X bracing from abutment to pier.

Figure 6.21: Location of the Maximum Compressive Stress

Axial(Compressive) Stress from Abutment to Pier

Distance (ft)

Figure 6.22: Axial (Compressive) Stresses from Abutment to Pier
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(6.1.3.1.3) Mass Participation Factors

Table 6.5 shows the mass participation factors in X, Y & Z directions in percent for the 

first 6 important mode shapes and their corresponding frequencies.

Table 6.5: M ode Shapes and Mass Participation Factors for Transverse Motion

Mode
Frequency 

(cycles per second)
X Y z E * S  r I *

1 0.819 0 0 30.62 0 0 30.62

2 1.165 0 0 0 0 0 30.62

3 1.322 0 0 8.44 0 0 39.06

4 1.811 0 0 10.39 0 0 49.45

5 2.056 0 0 0 0 0 49.45

6 2.078 0 0 26.78 0 0 76.23

(6.1.4) Sensitivity Analysis

Stiffness of the supports (Abutments and Piers) was altered in the transverse direction by 

placing a spring in at the supports in the transverse (Z- Direction). Then the bridge is 

subjected to the seismic motion in transverse direction. This effect was performed to 

evaluate the bridge’s vulnerability to sliding on the supports. We allowed the Stiffness to 

vary from 1 kip/in to 20,000 kip/in and the relative displacements of the bridge with 

respect to the supports were studied.
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Relative Transverse(Z) Displacements for change in Spring stiffness at the supports

<u
L_o></>cw

Abutment 1 & Abutment 2

Deck at Mid Span Between Pier & Abutment

Deck at Mid Span Between Pier 1 & Pier 2

20000

Stiffness (kip/in)

Figure 6.23: Relative Transverse Displacements for Change in Spring Stiffness at 

the Supports
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(6.2) Pump Station # 10 Steel Building

The Building has a fundamental Natural Frequency of 3.22 cycles per second.

(6.2.1) Self W eight Load

Just considering the self weight of the building, deflections and stresses are calculated.

(6.2.1.1) Static Deflections

The maximum static deflection in the building = 1.82 inches

(Location of the maximum static deflection is near the center of the building, in the 

first floor of the Central Building, at the location where the Central Building truss 

connects with W 8X21 beams).

Figure 6.24: Location of the Maximum Static Deflection in the Central Building 

I floor
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Deflection across the Central Building

Figure 6.25: Static Deflection across the Central Building I floor

(6.2.1.2) Static Stresses

The maximum static tensile stress in the building = 10.2 ksi

(Location is in the W 8X10 beams that run along the width of the building, in I floor of

the Living Quarter).
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Figure 6.26: Location of the Maximum Static Tensile Stress in I floor Living 

Quarter

The maximum static compressive stress in the building = 8. 2 ksi

(Location is in the first floor side wall in the Living Quarter, C 8X11 members).

Figure 6.27: Location of M aximum Static Compressive Stress in the I floor Living 
Quarter

(6.2.1.3) Mass Participation Factors

Table 6.6 shows mass participation factors in X, Y and Z directions (see figure 6.24 for 

X, Y and Z directions) in percent for the first 6 important mode shapes.

Table 6.6: M ode Shapes and Mass Participation Factors for Self W eight of Building

Mode
Frequency 

(cycles per second)
X Y Z 2 T I z

1 2.55 0 0 0 0 0 0

2 2.76 0 0.31 0 0 0.31 0

3 2.79 0 7.27 0 0 7.58 0

4 3.05 0 2.37 0 0 9.95 0

5 3.20 0 0 0 0 9.95 0

6 3.51 0 3.69 0 0 13.64 0
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(6.2.2) Seismic Motion in Longitudinal Direction

The building was subjected to seismic motion with a time period of 0.005 seconds, up to

83.67 seconds. The seismic motion is given in time -  acceleration pairs. The peak ground 

acceleration along the building is 0.34g. The seismic motion in longitudinal direction is 

almost 10 times that of transverse direction.

Where g = acceleration due to gravity = 32.2 ft/sec2

(6.2.2.1) Time History Analysis

Time history analysis is performed on the building structure while the building is 

subjected to seismic motion in longitudinal direction.

(6.2.2.1.1) Displacements

There was no significant amount of displacements in the longitudinal (X) direction of the 

building for the seismic motion in X direction.

Figures 6.28 and 6.19 show the location and displacement o f the living quarter roof at the 

comer of the building. The displacement was very small.

Figure 6.28: Locations for Longitudinal Displacement
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Figure 6.29: Time -  Displacement plot for Longitudinal Motion of Building

Figures 6.30 and 6.31 show the location and displacement of the central building roof at 

the comer of the building. The displacement was very small.

Figure 6.30: Location for Longitudinal Displacement of Building
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Figure 6.31: Time -  Displacement plot at another Location 

(6.2.2.1.2) Stresses

The maximum tensile stress in the building =15 ksi

(Location is in the TS 4X4 members in the Central Building first floor side wall).

Figure 6.32: Location of Maximum Tensile Stresses for Longitudinal Motion
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The maximum compressive stress in the building -  12 ksi

(Location is in TS 6X3X0.375 beams in the first floor side wall of the Living Quarter).

Figure 6.33: Location of Maximum Compressive Stresses for Longitudinal Motion

(6.2.2.1.3) Shear Forces

The figure 6.34 shows the support locations and the support numbers.

Figure 6.34: Support Locations
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Table 6.7 shows the shear forces at the column base supports in the longitudinal 

direction. The total shear force at all the supports is 24.23 kip.

Table 6.7: Shear Forces at the Column Base Supports for Longitudinal Motion

Support Number Shear Force (kip)

1 4.54

2 0.245

3 0.57

4 0.154

5 0.317

6 0.272

7 0.301

8 0.227

9 0.163

10 3.907

11 -4.572

12 0.585

13 -1.094

14 -0.83

15 -0.356

16 -0.244

17 -0.313

18 -0.203

19 -0.173

20 -0.375

21 -0.467

22 -0.581

27 -0.401

28 -0.443
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29 0.223

30 0.109

35 0.004

36 -0.119

1351 -0.058

1352 -0.047

1353 0.061

1354 0.117

1355 -0.049

1356 0.023

1357 0.013

1358 0.021

1359 0.015

1360 0.012

1373 -0.015

1374 0.096

1375 0.015

1376 0.224

1377 0.045

1378 -0.02

1379 -0.013

1380 -0.03

1381 -0.004

1382 -0.015

1383 0.09

1384 -0.608

1385 0.119

1386 -0.731
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(6.2.2.1.4) Mass Participation Factors

Table 6.8 shows the mass participation factors in X, Y & Z directions in percent for the 

first 6 important mode shapes and their corresponding frequencies.

Table 6.8: Mode Shapes and Mass Participation Factors for Longitudinal Motion

Mode
Frequency 

(cycles per second)
X Y z I * I * Z z

1 1.25 0 0 0 0 0 0

2 1.92 0.43 0 0 0.43 0 0

3 2.02 1.9 0 0 2.33 0 0

4 2.03 0.27 0 0 2.60 0 0

5 2.04 0.2 0 0 2.80 0 0

6 2.10 0.54 0 0 3.35 0 0

(6.2.2.2) Response Spectrum Analysis

Response spectrum analysis is performed while the building is subjected to seismic 

motion in the longitudinal direction.

(6.2.2.2.1) Displacements

Time -  displacement plots are not available with the response spectrum analysis.

(6.2.2.2.2) Stresses

The maximum tensile stress in the building =15.4 ksi

(Location is in the TS 4X4 members in the Central Building first floor side wall).
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Figure 6.35: Location of M aximum Tensile Stresses for Response Spectrum Analysis

The maximum compressive stress in the building = 12.3 ksi

(Location is in TS 6X3X0.375 beams in the first floor side wall of the Living Quarter).

(6.2.2.2.3) Shear Forces

Table 6.9 shows the shear forces at the column base supports in the longitudinal 

direction. The sum of the shear forces at all the supports is 24.35 kip.

Table 6.9: Shear Forces at Supports for Response Spectrum Analysis

Support Number Shear Force (kip)

1 4.57

2 0.33

3 0.612

4 0.239

5 0.325

6 0.282

7 0.303

8 0.233

9 0.163
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10 3.923

11 -4.555

12 0.529

13 -1.081

14 -0.801

15 -0.348

16 -0.235

17 -0.311

18 -0.197

19 -0.173

20 -0.374

21 -0.186

22 -0.313

27 -0.173

28 -0.175

29 0.481

30 0.340

35 0.295

36 -0.165

1351 -0.058

1352 -0.047

1353 0.095

1354 0.130

1355 -0.013

1356 0.025

1357 0.012

1358 0.021

1359 0.015
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1360 0.012

1373 -0.015

1374 0.097

1375 0.195

1376 0.227

1377 0.080

1378 -0.019

1379 -0.014

1380 -0.029

1381 -0.004

1382 -0.015

1383 0.319

1384 -0.352

1385 0.377

1386 -0.468

(6.2.2.2.4) Mass Participation Factors

Table 6.10 shows mass participation factors in X, Y & Z directions in percent for the first 

6 important mode shapes and their corresponding frequencies.

Table 6.10: Mode Shapes and Mass Participation Factors from Spectrum Analysis

Mode
Frequency 

(cycles per second)
X Y Z I * I *

1 1.25 0 0 0 0 0 0

2 1.92 0.43 0 0 0.43 0 0

3 2.02 1.9 0 0 2.33 0 0

4 2.03 0.27 0 0 2.60 0 0

5 2.04 0.2 0 0 2.80 0 0

6 2.10 0.54 0 0 3.35 0 0
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The building is subjected to seismic motion in the transverse direction. The seismic 

motion is given in time -  acceleration pairs with a time period o f 0.005 seconds, up to

83.67 seconds.

The peak ground acceleration in transverse direction of the building is 0.03g. The seismic 

motion in the transverse direction is almost 10 times less than that of the longitudinal 

direction.

Where g = acceleration due to gravity = 32.2 ft/sec

(6.2.3.1) Time History Analysis

Time History Analysis is performed on the building when the building is subjected to 

seismic motion in transverse direction.

(6.2.3.1.1) Displacements

There is no significant amount of displacements in the transverse (Z) direction of the 

building for the seismic motion in transverse direction.

Figures 6.37 and 6.38 show the location and displacement of the Central Building roof at 

the comer of building.

(6.2.3) Seismic Motion in Transverse Direction

Figure 6.37: Location for Transverse Displacement
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Figure 6.38: Time -  Displacement plot for Transverse Motion
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Figures 6.39 and 6.40 show the location and displacement of the Living Quarter roof at 

the comer of the building.
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(6.2.3.1.2) Stresses

The maximum tensile stress in the building = 21 ksi

(Location is in MC 8X18.7 beams in the first floor side wall in the Living Quarter).

The maximum compressive stress in the building =17.1 ksi

(Location is in TS 8X3X0.3125 members in the first floor side wall in the Living 

Quarter).

Figure 6.42: Location of Maximum Compressive Stresses for Transverse 
Seismic Motion
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(6.2.3.1.3) Shear Forces

The figure below shows the support locations and the support numbers.

1351

1353

1354

1355

1356

1357

1358

1359

1360 

1352

Figure 6.43: Support Locations

Table 6.11 shows the shear forces at the base of the column supports. The total shear 

force at all the supports is 34.35 kip.

Table 6.11: Shear Forces at Column Base Supports for Transverse Motion

Support Number Shear Force (kip)

1 -0.177

2 -0.106

3 -0.103

4 -0.105

5 -0.108

6 -0.107

7 -0.109

8 -0.112

9 -0.106
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10 -0.297

11 -0.214

12 -0.125

13 -0.131

14 -0.139

15 -0.099

16 -0.096

17 -0.097

18 -0.101

19 -0.092

20 -0.293

21 1.401

22 -1.919

27 1.786

28 -2.433

29 3.228

30 -3.981

35 2.343

36 -3.138

1351 -0.003

1352 0

1353 -0.024

1354 -0.009

1355 -0.024

1356 -0.009

1357 -0.022

1358 -0.009

1359 -0.019
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1360 -0.009

1373 0.008

1374 -0.004

1375 -0.013

1376 -0.007

1377 -0.016

1378 -0.007

1379 -0.013

1380 -0.005

1381 -0.012

1382 -0.005

1383 -3.196

1384 -3.016

1385 2.699

1386 2.281

(6.2.3.1.4) Mass Participation Factors

Table 6.12 shows the mass participation factors in X, Y & Z directions in percent for the 

first 6 important mode shapes and their corresponding frequencies.

Table 6.12: M ode Shapes and Mass Participation Factors for Transverse Motion

Mode
Frequency 

(cycles per second)
X Y z 1 1 ' X z

1 0.888 0 0 1.49 0 0 1.49

2 1.2 0 0 14.27 0 0 15.75

3 1.25 0 0 0.01 0 0 15.77

4 1.64 0 0 26.83 0 0 42.6

5 1.69 0 0 0.44 0 0 43

6 2.18 0 0 0.33 0 0 43.37
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(6.2.3.2) Response Spectrum Analysis

Response spectrum analysis is performed while the building is subjected to seismic 

motion in the transverse direction.

(6.2.3.2.1) Displacements

Time- displacement plots are not available with response spectrum analysis.

(6.2.3.2.2) Stresses

The maximum tensile stress in the building = 19.2 ksi

(Location is in MC 8X18.7 beams in the first floor side wall in the Living Quarter).

Figure 6.44: Location of Maximum Tensile Stresses for Transverse 
Seismic Motion by Response Spectrum

The maximum compressive stress in the building = 16 ksi

(Location is in TS 8X3X0.3125 members in the first floor side wall in the Living 

Quarter).
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Figure 6.45: Location of Maximum Compressive Stresses by Response Spectrum  

(6.2.3.2.3) Shear Forces

Table 6.13 shows the shear forces in transverse direction at the column base supports. 

The total shear force at all the supports is 31.36 kip.

Table 6.13: Shear Forces at Supports from Response Spectrum

Support Number Shear Force (kip)

1 -0.044

2 -0.003

3 0

4 -0.001

5 -0.005

6 -0.005

7 -0.006

8 -0.008

9 -0.007

10 -0.052
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11 0.032

12 0.008

13 0.004

14 0

15 0

16 0.001

17 - 0.001

18 - 0.001

19 -0.004

20 -0.019

21 1.645

22 -1.681

27 2.111

28 -2.097

29 3.647

30 -3.588

35 2.793

36 -2.692

1351 - 0.001

1352 -0.003

1353 -0.007

1354 -0.002

1355 -0.007

1356 -0.002

1357 -0.005

1358 -0.002

1359 -0.004

1360 -0.002
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1373 0.001

1374 0.002

1375 0.002

1376 -0.001

1377 -0.002

1378 0.001

1379 0.003

1380 0.001

1381 0.002

1382 0.002

1383 -2.866

1384 -2.607

1385 2.985

1386 2.399

(6.2.3.2.4) Mass Participation Factors

Table 6.14 shows the mass participation factors in X, Y & Z directions in percent for the 

first 6 important mode shapes and their corresponding frequencies.

Table 6.14: M ode Shapes and Mass Participation Factors for Response Spectrum

Mode
Frequency 

(cycles per second)
X Y z X* Xz

1 0.888 0 0 1.49 0 0 1.49

2 1.201 0 0 14.27 0 0 15.75

3 1.251 0 0 0.01 0 0 15.77

4 1.648 0 0 26.83 0 0 42.6

5 1.696 0 0 0.44 0 0 43

6 2.177 0 0 0.33 0 0 43.37
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(6.3) Conclusions

(6.3.1) Bridge

When the bridge was subjected to seismic motion along the transverse direction, the 

stresses in the bottom chords were higher (above 20 ksi). In addition to this high stress in 

the lower lateral brace, the effect of seismic motion along the bridge might have caused 

some damage in the lower lateral brace. This damage was reported in the post earthquake 

bridge inspection report [15]

Figure 6.46: Location of Damaged Lower Lateral Brace at Pier 1

Figure 6.47: Subtle Bow in Lower Lateral Brace at Pier 1
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When the bridge was subjected to seismic motion in transverse direction, the 

displacements in the top members of the trusses were very high (up to 20 inches in the 

top truss members at locations of the piers). This indicates the possibility of permanent 

misalignment in the bridge, due to large displacements. According the post earthquake 

report [15], the bridge has experienced a maximum misalignment of 4.81 inches at panel 

point LI 8 (between Pierl and Pier2, at mid span towards the pier 1).

The peak ground acceleration along the Bridge is 0.116g and the peak ground 

acceleration in the transverse direction of the Bridge is 0.171 g. This indicates that the 

seismic motion in the transverse direction is 1.5 times that of the longitudinal direction.

(6.3.2) Building

There was no structural damage to the building during the earthquake. But, there was 

significant non-structural damage to light fixtures, suspended ceiling, plumbing, 

communication and kitchen facilities [4]. The model also supports this fact of no 

structural damage in the building. This is because of small displacements and stresses in 

the building.

The peak ground acceleration along the building is 0.34g and the peak ground 

acceleration in transverse direction to building is 0.03g. This indicates that the seismic 

motion in the longitudinal direction is almost 10 times that of the transverse direction.

The non-structural damage is shown below.
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Figure 6.49: Non-structural Damage in the Central Building
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Figure 6.50: Another View of Non-structural Damage in the Central Building 

(6.4) Recommendations for Further Study

Seismic analysis on the other structures that experienced minimal structural damage 

during the Denali earthquake is recommended. If there are any corrected seismic data 

available from other seismic stations near the structures under analysis, the seismic 

analysis will be more efficient. During seismic analysis apart from self weight, live loads 

and other super imposed loads can be considered to study the behavior of the structures. 

These results may be more suitable to compare with the field results.
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