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Earthquakes, Permafrost,
and Seasonal Frost:
What Happens?
by Kenan Hazirbaba & J. Leroy Hulsey
Consider climate change or global warming and ask the
question: What will happen to the permafrost in Alaska during
an earthquake?
This study shows us that warm permafrost and seasonally
frozen soils are liquefiable. This means that we will be faced
with additional engineering challenges, higher construction
costs, and certainly damage to the existing infrastructure.
Loss of soil support is expected to occur where icerich silts exist. A large portion of Alaska has continuous or
discontinuous permafrost areas that are expected to degrade as
temperatures rise. Alaska is also seismically active, meaning
that earthquakes occur frequently, sometimes resulting in
dramatic threats to people’s lives and property.

Current Research
This research focuses on developing an understanding
of liquefaction potential and the mechanism of liquefaction
of a partially frozen or thawed soil that is subjected to an
earthquake.
Ph.D. candidate Yu Zhang developed laboratory studies
to simulate freezing and thawing processes on soil samples.

This includes dynamic load testing to investigate temperature
effects on dynamic properties and on the liquefaction behavior
of partially frozen and thawed soil. Test material was sampled
at milepost 76.2 on the Tok Cutoff, Alaska at Mabel Creek
Bridge, which was damaged by the Denali Fault Earthquake of
November 3, 2002. There is evidence that the Mabel Creek area
soils liquefied and spread laterally during that earthquake, when
the surficial soil layer in the area was frozen or partially frozen.
Researchers modified a triaxial cell system in order to
be able to control the temperature of a soil sample when it is
loaded into the load frame (see page 2). A Styrofoam cover was
made to insulate the triaxial cell, and to sustain the temperature
of soil samples that were frozen and thawed by refrigerator
cooling baths. Freezing and thawing processes were simulated
on soil samples before conducting triaxial cyclic tests.
The Mabel Creek silt specimens were 100 millimeters
in diameter and 210 mm in height, compacted by moist
tamping using the under-compaction method, with an initial
water content that produced 50% saturation in the specimen.
Deaired water was introduced to the saturated soil specimen
until its B-value was greater than 0.95, then consolidation was
accomplished under 100 kPa of confining pressure.
After consolidation, the specimens were frozen multi-axially
(Continued on page 2)
Top: Research assistant and PhD candidate Yu Zhang. Photo by Todd
Paris, UAF Marketing & Relations.
Bottom: Sampling at Mabel Creek on the Tok Cutoff in November,
2006. Photo courtesy of AUTC research staff.
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under drained conditions at the confining pressure of 100 kPa for 24 hours. Researchers
compared the change of liquefaction behavior and dynamic properties for samples with
different conditioning temperatures through cyclic triaxial tests.
Several series of cyclic triaxial strain-controlled tests on samples, which were
individually thawed at 0.5°C, 1° C, 5° C, 24° C after freezing, have been conducted.
Experimental results to date indicate that:
(1) Temperatures close to the thawing point cause Mabel Creek silt to have the
highest pore pressure development and the lowest damping ratio.
(2) The freezing and thawing cycle under multi-axial freeze-thaw of the Mabel
Creek silt can densify the soil specimen and further increase dynamic shear
modulus while decreasing damping ratio when compared to the virgin
specimen.
(3) Unfrozen water content and ice strength influence dynamic shear modulus,
hence the dynamic shear modulus in a partially frozen state is higher than that
in an unfrozen state, and lower than that in its completely frozen state.

Future Activity
As a result of this study, we now know that warming permafrost and seasonally
frozen soil can liquify with seismic loading. We also know from previous experiences
that significant earthquake damage can occur at sites in Alaska characterized by silty soil
deposits. Now the question is: How do we design against the liquefaction potential of silty
Alaskan soils? This will impact the future design of foundations on warm permafrost.
At this point, there are several unanswered questions. The soils at Mabel Creek
represent only one soil type. This study could be extended to examine other soil types
typically encountered in Alaska. Additionally, since temperatures are changing due to
climate changes, we must ask: How do we plan for those changes in future designs?

Research Team
This project is lead by PI Kenan Hazirbaba. Co-PI J. Leroy Hulsey addresses
research activities focused on soil-structure interaction. This project is jointly funded by
the AUTC and the Permafrost Technology Foundation. To learn more about PTF, visit
http://permafrost.org/.
Left: Modified triaxial cell
system capable of controlling
soil sample temperatures.
Photo by Yu Zhang.
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Opposite: Billy Connor, observing damage caused by the 2002 Alaska Earthquake, found a
tree split apart by moving ground, just off the Richardson Highway near Summit Lake.Photo
courtesy of B. Connor. Bottom: Sharon McLeod-Everette; photo courtesy of S. McLeodEverette.
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Director’s Notes: the 2002 Earthquake
On 3 November 2002, the floor beneath me began to shake, and then it
shook violently for what seemed like an eternity. I knew immediately that this was
perhaps the largest earthquake I had ever experienced in my 36 years in Alaska.
My first thought: Anchorage and Valdez have been hit again. Luckily, this turned
out to not be the case.
The 7.9 earthquake I experienced was centered along the Denali Fault,
between the Parks and Richardson highways. The rupture line extended from the
epicenter eastward across the Richardson and the Tok Cutoff.
This area, thankfully, is sparsely populated. While there were numerous
landslides, there was only one reported injury. Items danced out of cupboards,
a few houses slipped off their foundations, and at least one tree was split up its
middle.
The Trans-Alaska Pipeline sustained very little damage, as it was constructed
with seismic events in mind. Basically, it slid around in its supports; a few support
members broke, but the pipe remained intact and did not leak.
AKDOT&PF was not so lucky. Much of the Tok Cutoff was damaged by soil
liquefaction beneath the roadway. Three bridges in the area were damaged;
two required replacement. Whole slabs of pavement on both the Richardson and
the Tok Cutoff shifted completely to one side, as if someone with a giant cake
server picked it up and slid them aside. The runway at Northway Airport cracked
extensively; it required complete reconstruction.
As I surveyed damage along the highways, I began to ask our bridge and
geotechnical professionals if they knew what part frozen soils might have played in
the seismic response of AKDOT&PF’s bridge structures. To my surprise, no one had
an answer. While my expertise in soil-structure interaction during seismic events
is limited, my intuition told me that the role of frozen soils could very well be a
problem. This question spurred the research projects described in this newsletter.
Alaska lays claim to two of the top three earthquakes in recorded history: the
Huslia Earthquake (7 April 1958) and the Great Alaska Earthquake (27 March 1964).
Earthquakes occur daily in Alaska; at least one of magnitude 7 or greater occurs
each year. Consequently, seismic design is critical. While the answers we’re getting
are very important to Alaska, they apply worldwide, since many areas have similar
winter conditions, soils, and seismic events.
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Guest Column: the 1964 Earthquake
It seems ironic that after editing all these articles – there I sat in Anchorage,
and a big jolt shakes the building…only 4.7, but it was a sharp 4.7 with about a
minute of wiggles afterward.
It sure got everybody talking about what they were doing during the 1964
earthquake – I was picking a bobbie pin out of a crack in the bedroom windowsill
when it hit. I thought I was getting dizzy,because my head started bumping into the
window. I got to watch the Chugach range disappear above the kitchen window,
and then below the kitchen window, see the waves in the ground make tall treetops
touch the ground on one side and then the other side, the dish cupboard door
swing open, the dishes march to the very edge of the shelf, tilt like they were about
to fall and then slide back in and the cupboard door would slam shut. The freezer
was walking back and forth in front of the kitchen door and the refrigerator was
doing the same, blocking the hall to the living room and the other door out of the
house. What an experience!
The people six miles down the road, at Milepost 158 Glenn Highway, had
huge cracks in the ground that you couldn’t see the bottom of; they smelled to high
heaven of sulfur for days. Their house broke apart into the lake, which came up; their
airplanes – which were on skis and tied down to the ice, were mostly under water.
What a mess they had – they stayed with us quite a while, until they could get their
house on level ground and patched back together.

Sharon McLeod-Everett, a
l i f e l o n g Al a sk a n , g r e w u p n e a r
Glennallen. She began her career
w i t h t h e A l a sk a D e p a r t m e n t o f
Highways at the age of 17, at
t h e Ta z l i n a M a i n t e n a n c e s t a t i o n .
S h e c om p l e t e d he r c a r e e r wi t h
AKDOT&PF as the Director of the
F H WA- f u n de d L o c a l Te c h n i c a l
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Softly with Me. Those who know
S h a r on k n o w t h at s h e i s n e v e r a t
a l o ss f o r a g ood s t o r y.
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Seismic Design of Deep Bridge Pier
Foundations in Frozen Ground
by Sri Sritharan and Aaron Shelman,
Iowa State University

4

Winter earthquakes can cause catastrophic failure of
bridges that are constructed in frozen soils. This happens
not only in Alaska, but also in the rest of the world. These
failures are a serious safety and traveling infrastructure
concern. Researchers at the Alaska University Transportation
Center and Alaska Department of Transportation & Public
Facilities teamed with Iowa State University researchers
in an effort to prevent these failures, and in so doing, have
stepped to the leading edge in research on this topic.
The research team is establishing a rational seismic
design methodology that will take into account seasonally
frozen and unfrozen conditions in both cohesionless and
cohesive soil. Besides examining new design methodology,
the research integrates the expected material behavior
at cold temperatures into the design method, and goes
further to examine the broad impacts on the national bridge
infrastructure.

Background
In today’s engineering practice, bridge columns are
often supported by cast-in-drilled-hole shafts (CIDH) because
construction is simple, column-foundation connections are
eliminated, and it reduces construction costs. The integrated
column-foundation system must, however, be designed to
account for the effects of soil-foundation-structure interaction,
or SFSI. Previous research on this topic has proposed methods
that attempt to capture the SFSI effects in seismic loading
based on the lateral stiffness of soil under warm weather
conditions. These models, however, are unable to address the
effects of SFSI in seasonally frozen conditions. SFSI effects
are significantly different under frozen conditions, altering the
structural demands markedly. These conditions can cause:
Below, left: Steel shell confined cylinder; next, part of the typical
cylinder gauging; third, steel shell cylinder inside environmental
chamber prior to testing. Right: Final failure of confined cylinder after
cyclic testing. Photos courtesy of ISU.
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Above, left: ISU graduate student Aaron Shelman; right:: ISU
Professor Sri Sritharan. All photos courtesy of ISU.

►►shear increase in the column by 25% to 30% ,
►►shear increase in the foundation shaft by 25% to 80%,
►►an upward shift of the plastic hinge location,
►►a reduction in lateral displacement capacity, etc..
These drastic changes in demand were proven
experimentally in an exploratory research program at ISU.

Ongoing Research
Material Behavior

at

C o l d Te m p e r a t u r e s

Integrating accurate material properties is necessary
to establish a valid design method, as cold temperatures will
significantly affect material behavior. In order to quantify
the material behavior, numerous tests are currently under way
on concrete samples, steel reinforcement coupons, and soils.
These are conducted in temperature-controlled environmental
chambers at cold temperatures from 23 °C to – 40 °C (73 °F
to -40 °F), a range expected in seasonal wintry conditions.
Pictures detailing concrete cylinder testing appear below.

Broad Impacts

The broad impact study took into account the effects of
seasonally frozen ground, seismic hazard locations, and bridge
distribution where possible. This is important, because some of
the largest recorded earthquakes in U.S. history have occurred
during winter months, including the New Madrid earthquake
(Continued on page 7)

Earthquakes, Seasonal Freezing,
and Alaska’s Bridges: Effects of
Seasonal Freezing on the Seismic
Behavior of Alaskan Bridges
 				

by Zhaohui (Joey) Yang
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Project Objectives

How would the effects of soil-foundation-structure
interaction on a bridge response to a winter seismic event differ
from one in a summer season? How would a bridge structure
designed according to current AASHTO standards respond to
a seismic event during winter? Currently, there is evidence
that the response of a highway bridge behaves quite differently
in different seasons. However, there are no data to provide
engineers with the necessary tools to appropriately design
bridges in order to mitigate or take advantage of these effects.
We know that soil conditions in Alaska change
dramatically from winter to summer. Frozen soils are much
stiffer than unfrozen soils, and soil modulus can change by
two orders of magnitude during the freezing process. In other
words, the top 5 to 8 feet of materials in a bridge site that
behave as soils in the summer would act like concrete in the
winter. As such, the interaction between bridge substructures
and soils will vary greatly depending on the season, especially
during seismic events. However, the effects of soil freezing on
bridge behavior have not been systematically studied; neither
is there a design code that accounts for the effects of seasonally
frozen soil on bridge substructure behavior.
Top: Co-PI Yang measures the ground temperature by using a digital
temperature acquisition cable.
Below, left: Seismic Instruments and data recording system installed
on the back wall of the bridge.
Below, right: UAA graduate students Ruel Binonwangan and Gang
Xu drill an observation borehole 6 feet deep to install a temperature
probe, used to measure soil frost depth. Photos courtesy of UAA
research team.

With this project, we aim to: (1) gain in-depth
understanding of seasonally frozen ground effects on the
seismic response of bridges by conducting experiements and
analyses, and (2) help establish design guidelines that address
the effects of frozen soil conditions typical of Alaska in bridge
seismic analysis, including modeling, analyzing, and detailing
of bridge structures.
One integral part of this project is to conduct a systematic
study by using a bridge supported by deep foundations. Such a
bridge would need to satisfy the following criteria:
►►be supported by deep foundation commonly used by AK
DOT & PF, i.e. steel-pipe piles;
►►have a deep foundation embedded in representative soils
►►be a manageable size; and
►►have a relatively simple geometry.

Current Activity
Anchorage’s Campbell Creek Bridge at the North Fork
satisfies all these criteria, providing a great test bed for this
project. It is a 360 foot long, three-span pre-stressed concrete
girder bridge supported by steel pipe piles. In this project, a
bridge dynamic response monitoring system is collecting bridge
response data during both earthquake events and ambient
vibrations, including traffic-induced shaking. Corresponding
frozen ground depth and temperature data is being collected by
using a digital temperature acquisition cable and an observation
borehole, as well as via electric resistivity tests. The bridge
dynamic characteristics will be analyzed and correlated to the
ground frozen depth and other factors to provide insight on the
(Continued on page 7)
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Earthquakes, Permafrost, Seasonal
Freezing: Can we design for how
bridge sites might behave?
by Zhaohui (Joey) Yang & Gang Xu (UAA),
Kenan Hazirbaba (UAF), & Utpal Dutta (UAA).
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Once completed, this project will help engineers
understand the effects of seismic activity on frozen soils,
and the attendant damaging effects on bridges and other
infrastructure during seismic activity. This project will also
develop guidelines that will assist engineers to account for
the effects of these components during structural design. The
end result will be the ability to construct bridges and other
infrastructure that are safer during seismic events, and less
susceptible to serious damage. That means future maintenance
and repair costs will be significantly reduced, as will the need
for new construction to replace failed structures.

Background
Alaska is one of the most seismically active zones in the
world. Several high magnitude earthquakes have occurred and
caused severe damages in Alaska during the winter season. The
Huslia Earthquake of April 7, 1958 (Ms=7.3) caused substantial
ground failure in Interior Alaska. The Great Alaska Earthquake
of March 27, 1964 (Mw = 9.2) cause widespread destruction to
southcentral Alaska. Recently, the Denali Fault Earthquake of
November 3, 2002 (Mw=7.9) caused considerable damage to
the highway system including the destruction of several bridges
and highway infrastructures. Evidence from these earthquakes
indicates that seasonal frost and permafrost are likely important
factors that contributed to the substantial damage as a result of
these quakes. However, there are few studies on how frozen
soils might affect the way the ground responds.
Interior Alaska (for example, the Fairbanks area) is
underlain by discontinuous permafrost with a thick active
layer that freezes in winter and thaws in summer. Southcentral
Alaska (for example, Anchorage) experiences a fairly deep
layer of seasonal frost that forms in winter and thaws in
summer. Current design codes such as International Building
Code (IBC) 2000 and American Association of State Highway
and Transportation Officials (AASHTO) specifications do not
address specifically how to account for such effects in the
structural seismic design. The objectives of this project are
to understand the effect of frozen soils on the ground motion
characteristics during earthquakes, and to provide engineers
with appropriate design guidelines to account for the frozen soil
effects on seismic design in cold regions.

Current Research Activity
Researchers selected the C Street/O’Malley Road Bridge
(C-OM) in Anchorage as one of the candidate transportation
infrastructure sites for this project. The soil profile of this
bridge site consists of three layers: the top layer with a
thickness of 25 ft. (7.5 m) consists of fine sand and silt; the
second layer is approximately 49 ft. (14m) of thick gravel
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deposits; and the third layer is the so-called Bootlegger Cove
formation, one of the important Quaternary deposits in the
Anchorage basin. The team constructed the one-dimensional
soil model based on the available geotechnical data from
boreholes to evaluate the site response characteristics at this
bridge site.
Due to the lack of available recorded earthquake data
at the C-OM site, researchers used the probabilistic seismic
hazard analysis approach to generate the hazard consistent
ground motions at the site. They selected five earthquake
records from the KiK-net strong motion database of Japan
(http://www.kik.bosai.go.jp/), based on:
►► the source mechanism,
►► epicenter distance,
►► magnitude, and
►► peak ground acceleration.
The team then scaled the response spectra of these five
records to match the probabilistic assessment (AASHTO design
spectra level) of seismic hazard maps at the C-OM site. This
study used the AASHTO level of seismic hazard.
To address seasonal frost, researchers used the ProShake
program to conduct the ground motion analysis at the C-OM
site by applying these five scaled records from the Japanese
database as the input bedrock motion, and then propagating
them through the soil profile. In this process, a frozen layer
with thickness varying from 0 ft. to 30 ft. (9.0 m) is assumed
at the top of the soil profile. Our research shows that with the
increase in the frozen soil thickness, the SA’s of the five surface
outputs decrease consistently. This is due to the average effects
of the frost crust on the ground surface.
To investigate permafrost effects, the research team
selected a typical soil profile in the Fairbanks area, and used the
same procedure as that for seasonal frost effects. We know that
the permafrost table changes from location to location, and that
the soil deposit thickness changes substantially from the edge
to the center of the Tanana River valley. We chose a typical
profile with a permafrost layer of 167 ft. (51m) thickness,
followed by approximately 20 ft. (6m) thick gravel deposits.
These two layers overlie about 30 ft. (9m) of weathered rock.
The team assumed the permafrost table to change from 0 ft. to
approximately-130 ft. (40 m) within the first layer. This site
could be classified as an AASHTO design response spectra
Class D site if the permafrost is thawed according to the
National Earthquake Hazards Reduction Program (NEHRP)
procedure.
The team generated the average response spectrum
corresponding to each permafrost table by averaging the
response spectrum of the surface motion for the five selected
input motions. For comparison with the design response spectra
of AASHTO Class B and D sites, we found that the response
spectra of the site with a permafrost table of -66 ft. (-20 m)
is substantially larger than that of a Class D site. This means
that structural design engineers absolutely must consider the
presence of a layer of permafrost during their design process.
(Continued on page 7)

Designing for how Bridge Sites Might Behave
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Future Activity
The team has studied only one typical profile with an
assumed bedrock depth thus far in the project. In the spring
of 2009, the team plans to carry out the following additional
studies to gain more in-depth knowledge of the potential effects
of seismic activity on structures:
►► conduct a sensitivity study of the effects of the
bedrock depth,
►► increase the input motions to about 10 for producing
more reliable design response spectra, and
►► expand the analysis to include the Maximum Credible
Earthquake (MCE) level hazards.

Seismic Design: Pier Foundations, Frozen Ground
(Continued from page 4)

sequence of 1811-1812, the Great Alaska Earthquake of March
27, 1964, and the 2002 Nisqually Earthquake. In the United
States, the impact study found that 66,000 bridges would be
affected by the defining seismic criteria alone. As the study
progressed, it was found that 50% of these bridges affected
by seismic would also be affected by seasonally frozen soil
conditions with a frost depth of at least four inches, or ten
centimeters.
While it was commonly assumed that the majority of
these bridges would be located in Alaska, it turns out that
approximately 96% of the bridges affected are outside of
Alaska, in high seismic regions such as Washington, the
midwest, and even in the northeastern part of California.
Researchers then broadened the study to a world scale, and
noted that the northern part of Honshu Island and the Island of
Hokkaido in Japan would also experience similar conditions
and experience winter earthquakes.
Besides the direct impact on bridges subjected to seismic
and frozen conditions under this project, the broad scale impact
of AUTC projects on seasonally frozen conditions affecting
bridge infrastructure was examined. This investigation found
that approximately 70% of bridges in the United States are
affected by seasonally frozen ground, and that the interaction of
the frozen soil is not currently accounted for in routine design.
Researchers believe that it is also fairly common at the world
stage to not account for frozen soil conditions during design
and construction of bridge structures.

effects of seasonal freezing on bridge seismic performance. The
results obtained from this study will be synthesized with results
from pile testing to produce design recommendations.
The dynamic response monitoring system consists of a
data recorder, 11 seismic sensors, and other accessories. These
were installed on the bridge superstructure in October 2008.
This system passed its initial test and has been operational
since mid-November 2008. A recorder with a power supply
system is installed on the back wall of the bridge. So far, the
research team has collected two sets of data and they are now
carrying out an analysis to discover how seasonal freezing
affects the bridge’s dynamic properties.
In order to understand the effects of seasonal freezing
on bridges, a reliable measure of the frost depth and frozen
ground temperature must be performed. Researchers used two
techniques to ensure an accurate evaluation of the frozen depth
and ground temperature. They drilled an observation borehole
with a depth of 6 feet at the site in early October 2008.
They are also using a Beaded Stream Digital Temperature
Acquisition cable to periodically collect ground temperature
profiles.
It is expected that the frost penetration will be uneven
for soils surrounding the piles due to the installation of steel
pipe piles. To observe the frost penetration in the soils along
the piles, an electric resistivity survey reconstructs the twodimensional resistivity distribution for the test section. Frozen
ground typically has very high resistivity, say greater than 5000
Ω-m.

Future Activity
The data processing and analysis process will continue
through the summer of 2009. Once completed, this project
will provide much-needed design recommendations for bridge
engineers in Alaska and other cold regions.

Research Team
This project is lead by Principal Investigator J. Leroy
Hulsey. Dr. Hulsey’s research tasks address large deformation
testing of bridge piles embedded in seasonal frozen soils. The
author wishes to acknowledge the technical support provided
by Drs. Jens Munk, Utpal Dutta, and Feng Xiong. Several
graduate students have also worked diligently, contributing
much to the success of this project. These students are: Mr.
Gang Xu, Mr. Ruel Binonwangon, and Mr. Qiang Li.

Future Activity
Although this current research is a good start in tackling
the issue of seasonally frozen soil and its impacts on soilfoundation-structure interaction, and thus on bridge structures
during seismic events, there is a great deal of research that yet
needs to be performed beyond this current research. AUTC and
AKDOT&PF are in a leadership position with their support of
and activity in research on frozen soils, earthquakes, and their
combined effect on the world’s bridges.
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2009 Student of the Year
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This year AUTC honors Duane Davis, a nontraditional
student who joined UAF after 20 years in the workforce.
Davis’ early career took him to remote locations all over
Alaska, including oil fields on the North Slope, where he took
part in many infrastructure construction projects, as well as
working in field investigation and laboratory testing.
In 2004, he decided to pursue degrees in both Mechanical
and Civil Engineering. Three-and-a-half years later, he completed
a Bachelor of Science in Mechanical Engineering and began
work on a Master of Science in Civil Engineering.

Duane Davis at the Transportation Research Board 88th Annual
Meeting. To his left: Randy Machemehl, Council of University
Transportation Centers President, Past Transportation Chair Norm
Mineta, and RITA Administrator Paul Brubaker. Photo courtesy of
CUTC.

During his undergraduate studies, he joined Tau
Beta Pi, the engineering honor society. Currently he
maintains a 3.83 grade point average, and he hopes to
graduate by Fall of 2009.
The prospect of merging fundamental concepts from
both Mechanical and Civil Engineering to understand
changes in material performance behavior in the Arctic,
and using that understanding to provide useful solutions
to Arctic engineering problems, interests and excites
Davis. He believes that Alaska sorely needs infrastructure
development, but that the state is limited by the economic
costs of improving existing marginal conditions through
traditional engineering solutions. New technology
and new methods must replace traditional solutions that are
inadequate or too costly.
Laboratory research he performed as an undergraduate
student studied strength improvements for marginal soils (such
as silty-sand) through the combined use of geofibers and a
synthetic fluid additive. His current research examines how
seasonal frost depth affects laterally loaded deep foundations.
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