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Preface

Once again, | had the honor and pleasure of working with some of the best engineers in
the structural and seismic fields in organizing the National Seismic Conference & Workshop on
Bridges and Highways. This is the third conference in the series and follows the successful
conferences held in San Diego, California in 1995 and in Sacramento, California in 1997. The
2002 seismic conference was organized through a lot of hard work by the Steering Committee,
Technical Committee and the staff at the Multidisciplinary Center for Earthquake Engineering
Research (MCEER). It was the Steering Committee’s objective to focus the 3™ National
Seismic Conference on seismic events, lessons learned and design code developments that have
taken place since 1997. 1 believe we have achieved that objective.

The Federal Highway Administration is proud to continue co-sponsoring the National
Seismic Conference in order to provide a dedicated forum for the exchange of information on
current national and international research and practices for seismic-resistant design and retrofit
of bridges and highway systems in all seismic zones. The conference will focus on advances in
engineering and technology that provide increased seismic safety of highway bridges, other
highway structures, and highway systems in the new millennium. The International Forum will
be conducted by invited speakers from countries that have implemented advanced earthquake
design and mitigation technologies and approaches. New and innovative technologies in
earthquake engineering and information on the latest research and developments affecting
earthquake engineering will be displayed in the conference’s Technology Show and Information
Display.

Five quick years have elapsed since the second conference and many significant seismic
events have occurred around the world that have taught us new lessons or reconfirmed old
lessons learned from past earthquakes. Past lessons on the importance of proper detailing,
adequate bearing seats and column concrete confinements have been reconfirmed over and over
again by recent earthquakes. New lessons have been learned from the recent 1999 Kocaeli and
Duzce earthquakes in Turkey; the 1999 Chi-Chi earthquake in Taiwan, the 2001 Nisqually
earthquake near Seattle, Washington, the 2001 Gujarat earthquake in India and the 2002 Istanbul
earthquake in Turkey. These major seismic events have given us a better understanding of the
near-fault and ground rupture effects, as well as the behavior of structures that were designed or
retrofitted using modern codes.

During the same time period, our design methodologies have undergone many changes
and a new “Comprehensive Specification for the Seismic Design of Bridges” (NCHRP 12-49)
has been completed by the joint-venture partnership of the Applied Technology Council (ATC)
and MCEER. Based on NCHRP 12-49, sponsorship of MCEER and funding from FHWA, a set
of seismic design provisions titled “Recommended LRFD Guidelines for the Seismic Design of
Highway Bridges” is being developed by a team of practicing engineers and researchers. These
provisions will be submitted to AASHTO for adoption as guide specifications.

Also, numerous universities and the three National Earthquake Engineering Research
Centers, established by the National Science Foundation, are performing research to advance the
knowledge of seismic hazards and their effects on buildings, bridges and other facilities to
reduce the impacts of future earthquakes. At the same time, new shake tables and dynamic
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testing facilities came online since the Second National Seismic Conference. The world
renowned Charles Lee Powell Structures Laboratory at the University of California, San Diego
has been expanded to a Physics High Bay Laboratory and a new Structure Response
Modification Device (SMRD) has been built. This gives UCSD the capability to test very large
structural specimens and large full-size seismic isolation and energy dissipation devices, such as
the ones being used on the new Benicia-Martinez Bridge. The University of California, Berkeley
has expanded their seismic testing laboratory and shake table at the Richmond Field Station. The
University of Nevada, Reno has also expanded their facilities with the new Large-Scale
Structures Laboratory equipped with three MTS shake tables.

The events and developments in the seismic field have indeed been very exciting during
the past few years. It is the Steering Committee’s hope that the 3" National Seismic Conference
& Workshop on Bridges and Highways will contribute to the safety of the bridges and highway
systems in the United States and abroad by presenting and helping facilitate the exchange of
information on current seismic design practices.

I would like to express my appreciation to all the Steering Committee and Technical
Committee members for their guidance and assistance in organizing this conference. The
Technical Committee, chaired by Tom Post, did an excellent job of reviewing and ranking the
numerous abstracts received.

My very special thanks go to Jim Cooper (FHWA), Jim Roberts (retired Caltrans) and
Jim Gates (retired Caltrans). To Jim Cooper for planting the seed and giving me the opportunity
to organize the first and subsequent conferences. To Jim Roberts for his dedication to the
engineering community and for supporting the First and Second National Seismic Conferences
with his time and staff while he was Chief Bridge Engineer for Caltrans. To Jim Gates for
giving freely of his time and technical expertise in developing the technical programs for the
First and Second National Seismic Conference. Without the support of the three Jims the First
and Second National Seismic Conferences would never have gotten off the ground.

Also, I would like to express my deepest appreciation to the following individuals for all
their hard work and who, during certain periods of time, worked with me almost on a daily basis
to put the various pieces of the conference together. They are: Dr. Ian Buckle of University of
Nevada, Reno; Dr. Frieder Seible of UCSD; lan Friedland of ATC; Dr. Phillip Yen and Myint
Lwin of FHWA; Dr. Michel Bruneau, University at Buffalo and MCEER, Mike Higgins of
Soundprint Technologies, and Don Goralski, Jane Stoyle, Debbie O’Rourke, and Carolyn
Baumet of MCEER.

I would like to thank all the presenters, session chairs and exhibitors for all your hard
work and for helping to support this conference. Last, but not least, I thank all the participants
coming from near and far to this conference. I hope all of you will have a good time in the City
of Roses, while gaining valuable technical knowledge and lasting friendships through the
activities of this conference.

Roland Nimis, P.E.

Chair, Steering Committee
Federal Highway Administration
Western Resource Center

San Francisco, California
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Lessons Learned from the 1999 Kocaeli, Turkey Earthquake

Saad El-Azazy, W. Phillip Yen, Hamid Ghasemi, James D. Cooper, Roy A. Imbsen

ABSTRACT

The North Anatolian Fault (NAF), which runs east west across northern Turkey with an
approximate length of 1100 km (see Figure 1) again ruptured on August 17, 1999, resulting in a
7.4 magnitude earthquake. The epicenter of the earthquake was near the town of Golciik, a
province of Kocaeli, which is about 80 km east of Istanbul. This Kocaeli Earthquake resulted in
more than 15,000 deaths and caused extensive destruction to residential and commercial
buildings and industrial facilities in many cities.
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Figure I.  The North Anatolian Fault Zone

The NAF has been studied jointly by both Turkish and U.S. scientists for many years. In
particular, U.S scientists have been interested in the NAF because there is a strong similarity
between the creep rate and energy release of both the North Anatolian and the San Andreas fault
in California. Both faults have generated large magnitude earthquakes within the last 100 years.

Since the devastating 1939 Erzincan Earthquake with its epicenter almost 1000 km east
of Istanbul, earthquakes with a magnitude larger than 6.5 have occurred frequently along the
NAF with their epicenters moving progressively westward towards Istanbul. This has long
caused much concern in Turkey and the recent Kocaeli earthquake with its M,, of 7.4 and its
close proximity to Istanbul has elevated these concerns. The scientists at the Istanbul Technical

Saad El-Azazy, PhD, PE, Senior Bridge Engineer, CALTRANS, Sacramento, CA

Phillip Yen, PhD, PE, Structural Research Engineer, FHWA, TFHRC, McLean, VA

Hamid Ghasemi, PhD, Structural Research Engineer, FHWA, TFHRC, McLean, VA

James D. Cooper, PE, Technical Director, Office of Bridge Technology, FHWA, Washington, DC
Roy. A. Imbsen, Dr. Eng., PE, President, Imbsen & Associates, Inc., Sacramento, CA



University have suggested that a large magnitude earthquake much closer to Istanbul can be
expected in the near future.

Soon after the Kocaeli earthquake, an FHWA team of scientists and engineers were
dispatched to Turkey at the invitation of the Turkish General Directorate (KGM) to inspect
structures on the Trans European Motorway (TEM) and to evaluate their condition. In addition
to scientists and engineers from the Federal Highway Administration, the team included
members from the California Department of Transportation and Imbsen and Associates Inc. This
team spent 3 weeks in Turkey, working very closely with their Turkish counterparts. This paper
provides an overview of the Team's observations and findings on the structures along the TEM
and the lessons learned.

In general the bridges on the TEM performed acceptably. There was only one bridge
collapse that affected the TEM directly, and minor to moderate damage to others along the TEM.



Structural Movement and Damage to the Alaskan Way
Viaduct Due to the Nisqually Earthquake

George Comstock and Harvey Coffman

This paper addresses the effects of the February 28, 2001 Nisqually Earthquake on the
Alaskan Way Viaduct located on the Seattle Waterfront, approximately 35 miles from the
epicenter.

Seismic ground motions at the Viaduct will be summarized from the seismic monitoring
stations. Supplemental physical evidence from buildings and bridges in the vicinity provide a
basis for characterizing the seismic ground motion. Preliminary findings indicate that the most
significant ground movement was transverse to the bridge centerline, corresponding to seismic
shear wave propagation from the epicenter, with a gravitational coefficient (g) of approximately
0.16. There is also some evidence of localized soil subsidence in the vicinity of the adjacent
seawall attributable to the earthquake.

Established elastic movement and permanent deformation of the Viaduct as a
consequence of the seismic ground motions is discussed. Inspection findings document
information establishing conclusions presented, with information gathered from historical bridge
records. These inspection findings indicate that the bridge generally moved within elastic limits
transverse to the roadway centerline, with some longitudinal movement in portions of the
southern end. Inspection findings subsequent to the earthquake provide the basis for discussion
of structural damage, and will include structural failure of the Pier 100 East column, and
structural distress to Piers 94, 97, 121, 145, and 160 including adjacent crossbeams and
longitudinal beams. Other bridge conditions not directly related to the earthquake will be
addressed as they affect the seismically induced damage, including settlement of selected
foundations

A description of how the monitoring programs were developed and how they will be used
in the future to determine structural movement is presented. Two methods for recording small
structural movement have been implemented. One system is based on surveys with established
control points and a second system utilizes “crack monitors” installed on the bridge over selected
structurally significant cracks.

George Comstock, P.E., Regional Inspection Engineer, Bridge Preservation Office, Washington State
Department of Transportation, P.O. Box 47341, Olympia, WA 98504-7341.

Harvey Coffman, S.E., Bridge Preservation Engineer, Bridge Preservation Office Washington State
Department of Transportation, P.O. Box 47341, Olympia, WA 98504-7341.
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This paper discusses the effects of the February 28, 2001 Nisqually Earthquake on the Alaskan
Way Viaduct located in the downtown Seattle waterfront area. The structure is approximately 35
miles from the epicenter, which was centered in the South Puget Sound Nisqually Delta.

The Alaskan Way Viaduct carries north-south traffic on State Route 99 (SR 99), through
Seattle from just south of Holgate Street (pier 183), north to the Battery Street Tunnel (pier 1).
The Viaduct is located to the west of Interstate Route 5 (I-5), between downtown Seattle and
Elliot Bay. (See Figurel. )

At 11,156 feet (2.1 miles) in total length, the Viaduct is a very complex structure
supported on pile foundations that extend through the waterfront fill and tideflat deposits to
underlying dense soil. Starting at the north end of the Viaduct the south portal of the tunnel, the
first 0.4 mile (pier 1-53) of the Viaduct consists of either single or separated single-deck
structures carrying the northbound and southbound lanes. Near Pike Street (pier 53), the Viaduct
then transitions to a double-deck cross-section, with the southbound lanes on the lower deck and
the northbound lanes on the upper deck. This configuration extends to the south for about 1.5
miles to Holgate Street (pier178). In the southerly 0.2 mile (pier 172 - 183), the viaduct

Battery Street Tunnel Alaskan Way Viaduct
.l Legend N
23 ?*.q% : g::lr;?: '[!)Et?:tésuncrete Structure
{ o we Douhle Deck Concrete Structure
\ X % ; Ramp Structures Seattle
SN

Pier 87 - 100 Damage
Pier 81 — 94 Damage

NOR
0.20 NS PGA
022 EWPGA KDE
0.19 NS PGA
015 EWPGA
Pier 145 Damage

Safeco
*———— | 021NSPGA

0.18 EW PGA
Pier 160 — 162 Damage

MNisqually Earthquake |
Epicentér approx 35 miles. SW

Figure I. MAP OF THE ALASKAN WAY VIADUCT AND VICINITY



reverts to a single structure carrying the northbound lanes, as the alignment of the southbound
lanes moves to the west, from its location under the northbound lanes, to a new alignment.
Throughout the length of the Viaduct there are five ramps providing local access.

The northerly 1650 feet (pier 1 — 40) of the viaduct is carried by a series of three-span
units of continuous reinforced concrete tee-beam spans, each from 30 to 40 feet in length. Pier
supports are multiple concrete columns on individual pile supported footings. At this point, the
bridge (pier 40 — 44) consists of four wide-flange steel girder spans, varying in length with a
maximum span of about 65 feet, carrying a reinforced concrete roadway slab and traffic over
railroad tracks. Piers for these spans are transversely braced steel columns supported on
individual concrete pedestals on piles-supported footings. The Viaduct continues to the south
(pier 44 — 53) with another series of three-span units of continuous reinforced concrete tee-beam
spans. The spans rest on multiple concrete columns on individual pile-supported footings, until
the structure begins its transition into a double-deck configuration.

The one and one-half miles of double-deck structure (pier 53 — 178) has two similar, yet
different configurations, related to the origin of their design, by the city (pier 1 — 136) or the
state (pier 136 — 183). The basic configuration is a series of continuous three-span units, having
spans in the range of 60 to 75 feet, with a unit length of from 180 to 225 feet. (See Figure 1)
Supporting piers are concrete frames, with either square or rectangular columns on each side of
the roadway, and deep crossbeams at the top of the columns and below the lower roadway. The
primary longitudinal supports for the spans are 7-feet deep by 1 foot 7-1/2 inch wide exterior
girders rigidly connected to the pier columns. The double-deck portions of the bridge designed
by the state provide four or five smaller longitudinal beams equally spaced between the exterior
girders. These beams are supported on concrete crossbeams at each pier and by floorbeams
located at the third points within each span. This system supports the reinforced concrete
roadway slab and traffic above. The double-deck spans designed by the city are similar except
that three longitudinal beams are provided between the exterior girders: a shallow beam at the
center and a two deep beams, haunched at the pier cross beam at the quarter points between
exterior girders. All pier frame columns are supported on individual footings founded on deep
piles. Along the length of the double-deck portion, pier frames have been extended as outriggers
where needed to accommodate ramps, roadway transitions or obstacles in the landscape below.

To the south of the double-deck spans the state-designed longitudinal supporting system
continues for the northbound lanes (pier 178 — 183) with two four span continuous units, while
the southbound lanes (pier 178 — 181) shift to the west from below the northbound lanes to a
separate ground level alignment. The northbound lanes continue for an additional 454 feet as an
elevated structure on a series of fifteen short, reinforced concrete, pile-supported slab spans
enclosed within side walls, and end with an at-grade abutment.

CHARACTERIZING THE SEISMIC GROUND MOTIONS AND STRUCTURAL
RESPONSE OF THE VIADUCT

The Alaskan Way Viaduct did not have seismic monitoring equipment in place during the
Nisqually Earthquake, nor does it have any equipment now. However, there were 3 recording
stations within about 1000 feet of the viaduct at the time of the earthquake. (1) These stations
recorded peak ground accelerations ranging from 0.15g to 0.22g, averaging 0.19g in the East-
West direction and 0.20g in the North-South direction. (See Figure I for station locations)



Figure Il Alaskan Way Viaduct Looking North Near Pier 100

The structural response of the Alaskan Way Viaduct appears to have been predominantly
East-West transverse movement of the bridge, resulting in permanent deformation of the
structure at several locations. There is also evidence of North-South longitudinal structural
movement, based on lower deck curb cracking and spalling at pier 121 (due to frames impacting
across deck joint) and spalling of columns under lower deck edge beams at piers 130 - 140.

It is notable that other bridges in the vicinity, including the Spokane Street Viaduct and
the Holgate Street Bridge also displayed seismic related damage indicating excessive movements
in an East-West orientation.

There was no evidence of soil liquefaction within the Right-of-Way limits of the Alaskan
Way Viaduct. However, there was one localized area of soil subsidence and suspected
liquefaction adjacent to the City of Seattle Seawall near pier 60. This seawall parallels the
Viaduct for much of the bridge length. There are also reports of soil liquefaction as evidenced
by sand boils in several wharfs to the South of the Viaduct.

Earthquake Damage

Structural distress was found at the pier 97-100 rigid frame, including damage to the
column to floorbeam, column to edge beam rigid connections (See Figure I1I), and 3 to 4 inches
of transverse lateral leaning of the frame. (2) Lateral displacement of the upper deck fog line
across the joint at piers 97 and 100 confirm that the internal forces of the frame reached
equilibrium in a new position as a result of the earthquake (See Figure IV). At pier 100 East
column damage includes the fracture of steel reinforcement where the column vertical
reinforcement is welded to the hooked end of the upper deck floorbeam reinforcement.

(See Figure V) The rigid frame connections were most severely distressed on the East Pier 100
column, where the concrete in the upper deck floorbeam to column connection suffered



cracking and spalling, allowing for the exposure of the reinforcement bar by hand removal of
concrete rubble. Also the Pier 100 East column, the lower edge beam connection had a 6mm
wide crack at the top with structural cracking of the adjacent areas of the column up to 2mm.
The Pier 97 East column had very similar conditions, although the crack widths were smaller and
the upper deck floorbeam to column connection had a clearly defined 2mm crack without any
rubble. The interior sections of the floorbeams, girders and edge beams within this frame also
displayed many old and fresh cracks ranging from hairline to 2mm in width.

Figure III North half pier 100 column damage. Three Lines of Square cross beam bars
welded to square column bars. Left bar fractured.



Figure 1V Pier 100 - 1 Inch Fog Line Offset And 3% Inch Curb Offset On East Side

This damage is also associated with settlement of 5 to 6 inches at piers 98 and 99 East
column footings respectively. This settlement predated the Nisqually Earthquake as evidenced
by corrosion on the fractured face of the steel reinforcement at pier 100, previous inspection
records documenting a 2 inch curb offset at pier 100 (3), and lack of evidence of ground
subsidence around these piers immediately after the earthquake. The pier 98 and 99 East
footings were exposed for inspection and no structural damage was found, suggesting that the
settlement occurred in the supporting piles. A review of the soil profile indicates that there is a
25 foot dip in the underlying glacial till under piers 98 and 99. It is possible that these piles were
not driven to the till during construction.

A laboratory analysis of the fractured steel reinforcement at pier 100 confirms that the
failure was sudden, and indicates that a combination of extremely poor weld quality combined
with brittle metal characteristics makes this detail extremely vulnerable to fracture. (4)

Taken as a whole, this damage at Frame 97-100 reduced the overall structural stability of
the pier 100 frame, including substantial loss of moment continuity and shear capacity between
the upper deck floorbeam and the pier 100 East column. There was also loss of strength in the
connection between the pier 100 East column and the East edge beams in Span 99.

Frame 91-94 displays damage very similar to that found at Frame 97-100, though less
severe. (2) This damage includes significant cracking of the columns (See Figures VI & VII) and
1 to 2 inches of transverse lateral leaning of the frame. Lateral displacement of the upper deck
fog line across the joint at pier 91 confirms that some permanent transverse deformation of the
frame occurred as a result of the earthquake.

Again mirroring the conditions found at Frame 97-100, there is settlement of
approximately 3 inches at pier 93 East column footing. This settlement having predated the
Nisqually Earthquake based on lack of evidence of ground subsidence around the pier
immediately after the earthquake. Continuing the comparison with Frame 97-100, the soil
profile indicates there is a dip in the underlying glacial till under pier 93. It is a possibility that
these piles were not driven to till during construction.
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Though this damage is similar to that found at Frame 97-100, no investigations have been
conducted to determine if the top column reinforcement is fractured, or if the pier 93 footing is
damaged.

Areas of structural distress were found between piers 160-163 with significant cracking
of the longitudinal edge beams and transverse floor beams. (2) There is also 1 to 2 inches of
transverse lateral leaning of the frame. Lateral displacement of the upper deck fog line across
the joint at pier 160 confirms that this lean is earthquake related.

Areas of structural distress were found at the rigid frame at pier 145, including significant
cracking of the transverse floor beams. (2) The pier 145 South frame shows evidence of a
transverse lateral leaning of the frame between piers 145 and 148. Lateral displacement of the
upper deck fog line across the joint at pier 145 confirms that this lean is earthquake related.

Cracking was found at pier 121 column at the groundline. (2) This column displayed
fresh open vertical cracks on three sides of the column, all within approximately 4 feet of the
groundline. This damage is considered minor and does not compromise the structural integrity
of the column. The lower deck curb at the deck joint at pier 121 was also cracked and spalling,
due to impact of the frames during the Nisqually Earthquake.
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Figure V Pier 100 East Column Broken Rebar
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Figure VII Pier 94 East Column West Face at Lower Deck
Note: Imm Cracking At Curb To Column Interface
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Structural Repairs

The structural repairs performed as a result of the Nisqually Earthquake are limited to
Frame 97-100, and were performed in three phases:

Phase 1 Emergency Repairs consisted of strapping shoring to the pier 100 East and West
columns to provide additional support to the Span 99 longitudinal edge beams and upper and
lower floorbeams. This repair did not restore moment continuity to the Pier frames, but
prevented any further collapse of the bridge and allowed for the use of the structure with load
restrictions. This shoring was removed during Phase 2 repairs.

Phase 2 Repairs are considered permanent and consisted of grouting Pier 100 East
column top; installation of new pile founded concrete pedestals at Pier 100 to support the Phase 2
shoring; installation of strongbacks and transverse post-tensioned diagonal bracing tie rods at
Piers 98 and 99; placement of horizontal transverse post-tensioned tie rods and whalers between
upper and lower floorbeams at Pier 97 and 100; carbon fiber wrap strengthening of girders and
floorbeams; and epoxy injection of cracks in girders, floorbeams, and columns (See Figure VIII
& 1X). These repairs were intended to stabilize the frame against further transverse movement,
strengthen the individual frame members to restore shear and moment capacity, and to resist a
0.10g earthquake loading. These repairs allowed for the use of the structure without any load
restrictions in this frame, although it should be noted that other portions of the structure have
been found structurally inadequate and require load restrictions. These repairs were modified as
part of the Phase 3 repairs.

Phase 3 Repairs modified the Phase 2 repairs to remove the diagonal bracing at Piers 98
and 99, which were an obstruction to street traffic under the Viaduct. These modifications are
considered permanent and are meant to last for the remainder of the structure life. The Phase 3
modifications consisted of installing post-tensioned dowels in the column top-upper deck
floorbeam connection at Piers 97 and 100 to restore moment capacity; removing the diagonal
transverse tie rods with a steel rigid frame under the lower deck; replacing the horizontal tie rods
and whalers between upper and lower floorbeams at Piers 97 and 100; and removing the pile
founded concrete pedestals for the Pier 100 shoring under the Viaduct (See Figure X & XI).
These modifications are intended to restore the moment capacity of the column to upper
floorbeam connections, allowing for the removal of those elements of the Phase 2 repairs that
obstructed traffic under the viaduct.

Inspection and Monitoring Methods

The post earthquake inspection had two objectives: Determining immediate earthquake
damage and establishing baseline information for use in monitoring the structure for the
remainder of its service life. Several aspects of this monitoring program are on going on a semi-
annual and annual inspection schedules.

The “bread and butter” post earthquake inspection consisted of a close visual inspection;
systematic photographic documentation; and crack mapping of the columns, floorbeams and
selected girders from pier 53 to the South abutment (pier 183) of the structure. The other
portions of the bridge and ramp were inspected but not found with conditions that warranted
more detailed inspection post earthquake efforts.
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Figure VIII Pier 98 - 99 Phase 2 Repairs Looking North East

Figure IX Pier 98 Phase 2 Repair Looking North
Post-Tensioned Diagonal Transverse Bracing — Removed in Phase 3
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Figure X Pier 97 Phase 3 Repair Looking North Note that Diagonal Bracing is Removed

In addition to this, the following inspection and monitoring methods were utilized:

A. Measurement of pier 53 to South abutment (pier 183) column transverse leaning. The
results of these measurements indicate the columns are not truly vertical as shown on the plans,
although conclusions are hard to reach. This is because measurement techniques and
construction tolerances cloud the results, and only those areas mentioned above clearly show a
transverse lean of significance.

B. Measurement of the deck joints and curb offsets. This work also included scribing
lines in the steel armored deck joints to precisely establish future measurement locations. The
results of these measurements correlate with findings of the leaning columns, and when
compared with joint data collected in pre-earthquake inspection reports, helped to establish
definitively that the Nisqually Earthquake caused permanent deformation of several frames.

C. Survey of Upper Deck Gutterlines. This survey, conducted in April 2001, provided
substantiation for the settlement of the East columns at piers 93, 98 and 99, and indicates that the
South end of the structure from approximately pier 150 to the South abutment has settled over
time. Future gutterline surveys are planned on a regular basis.

D. Detailed 3-D Survey Data for Frame 97-100. This survey program consists of targets
located on the bridge that are surveyed periodically to check for signs of movement, and is
capable of detecting movement within approximately 4 to % inch vertically, laterally, or
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Figure XI Pier 97 East Column Phase 3 Repair
Post Tensioned Rods Installed in South Half of Split Pier Looking North

longitudinally. Repeated survey observations in 2001 did not find any uncontrolled movement
of the structure, but did document movement associated with the emergency repairs in this area

E. Exposure of Footings at pier 98 and 99 East Columns. These footings were exposed to
look for evidence of damage and obtain elevations for comparison with the “as-built” plans. No
damage was found; measurements of the elevations at the top of the footings were inconclusive.

F. Installation and Monitoring of Crack Gauges on Structure. The Alaskan Way Viaduct
currently has 28 crack gauges installed on columns girders, and floorbeams at various points on
the structure, concentrated at areas of known distress. These gauges are monitored every six
months for signs of structural movement across open cracks in these primary members. To date,
no structural movement has been recorded.
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Performance of Roads and Bridges in the January 26, 2001
India Earthquake

Bijan Khaleghi, Ph.D. S.E. and Gary Norris, Ph.D.

ABSTRACT

A massive earthquake, described as the worst earthquake in India's history, struck Gujarat
on Friday January 26, 2001. The earthquake was of magnitude 7.9 and relatively shallow at depth of
14.1 miles (22.7 km) below ground surface. The infrastructure was torn apart and many bridges and
culvert structures suffered damage. This paper focuses on the first hand observations of damage to
the bridge structures.
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INTRODUCTION

Bridges in the Kachchh region are generally stream or railroad crossings. Bridges are
typically composed of short spans with span lengths of approximately 50 ft (15 m) each. Bridges
are simple spans with expansion joints at each pier. L-shaped abutments are typical for all newer
concrete and older masonry bridges. Both old and bridges under construction suffered extensive
damage during the earthquake. Excluding the damage from the earthquake, the condition of cast-in-
place concrete bridges is in general unsatisfactory and substandard.

Earthquake damage to bridge structures can be attributed to the lack of seismic design and
detailing of both old bridges and bridges under construction. Bridges are typically composed of
multiple simple spans supported on elastomeric bearings with no continuity of the superstructure or
any fixity at the intermediate diaphragms. The substructure of most bridges is wall piers supported
on shallow foundations with no consideration for ductility nor any thought for the use of deep
foundations where liquefaction and lateral spreading is to be expected in a seismic event.

SEISMOLOGY OF THE REGION

The Kachchh region is located in Gujarat in western India, south of Pakistan and north of
the Gulf of Kachchh. Kachchh is located in zone V, the highest zone on India’s seismic zonation
map (1). Gujarat has a long history of strong earthquakes, though such intraplate earthquakes are
less frequent than those associated with subduction of the Indian Plate beneath the Asian Plate along
the Himalayan front. The last two strong earthquakes in Gujarat took place in 1956 and 1819, with
magnitudes of 7.0 and 8.0, respectively. India’s seismic map is shown in figure 1.

The tectonic setting of the Kachchh region is characterized as a relatively stable continental
region similar in nature to the Midwest and the Eastern United States (2). The ground acceleration
records from the nearest working strong motion station in the city of Ahmedabad (in Zone 3) some
200 miles away from the epicenter are shown in figure 2. As indicated in figure 2, the thrust fault
associated with the earthquake did not rupture the ground surface. East-northeast compression rides
and fissures near the epicenter are largely the result of lateral spreading of the soil crust over soil
beneath that liquefied.

It has been estimated (EERI, April 2001) that 10,000 square kilometers of highly susceptible
deposits in low-lying salt flats, estuaries, intertidal zones and young alluvial deposits liquefied (3).
Dissipation of pore water pressure from liquefaction over a wide area around Lodai, which is at sea
level, caused water to pipe to the surface and erupt through boils and fissures to a reported height of
6 feet. After a couple of days, according to local sources, such flow diminished but
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Figure 1. Seismic Zonation Maps Figure 2. Fault Type Associated with the Earthquake

persisted for several weeks. As seen in figure 3, there was still standing water in places six weeks
later, in spite of the warm climate.

Widespread occurrence of ground cracks and sand boils with dried ejected sediments
observed at the epicenter and throughout the region ranged between 6 to 24 inches (150 to 600 mm)
wide and up to 6 feet (1.8 m) deep. There was little or no vertical separation or elevation difference
across these extensional features. Figure 4 is typical of the widespread occurrence of ground cracks.

Figure 3. Surface Water near the Epicenter Figure 4. Ground Cracks at the Epicenter
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PERFORMANCE OF ROADS

The Gujarat Roads and Buildings Department administrates design, construction, and
maintenance of roadways, bridges and other structures. National Highway 8 (NHS) is the most
important road in the Kachchh region. NH8A connects local ports and towns to India’s highway
system. The new NHS8A is still under construction and is planned as a four-lane divided modern
style toll road. This replacement of NH8A is being constructed at a higher elevation than the
existing road to better accommodate monsoon flooding, as shown in figure 5.

Local roads in Gujarat are mostly two lanes between towns and one lane to and between
villages. Such roads are in general subject to a low volume of vehicular traffic with very few heavy
trucks. After the earthquake, these roads were crucial for accessibility and emergency response to
remote areas.

Newly finished roadways suffered some damage. Longitudinal cracks 2 to 4 inches (50 to
100 mm) wide and approximately 12 inches (300 mm) deep developed along the shoulder and edge
of the traffic lanes on the embankment. Settlement of the shoulder edge and holes about 24 inches
(600 mm) in diameter and 18 inches (450 mm) deep are also visible in the photo. A longitudinal
crack separated the entire guardrail system from the roadway shoulder. While rock blocks were laid
and mortared in place on the face of the slope, earthquake caused settlement and down slope
movement of the underlying soil as was the likely cause of such distress as shown in figure 6.

Figure 5. The new NH8A Road Figure 6. Roadway cracking

Damage to Traffic Bearing Drainage Structures

Lack of structural adequacy resulted in the collapse of traffic bearing roadway drainage
structures, as shown in figure 7. Such roadway drainage structures were, in most cases, concrete
box culverts, concrete pipes and unreinforced masonry box culverts. To accommodate post-
earthquake traffic, temporary detours were provided across adjacent dry season riverbeds.
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Damaged drainage structures are not repairable and should be rebuilt with oversight that standards
for design and construction are met.

Figure 7. Collapse of Roadway Drainage Structure

DAMAGE TO PROMINENT BRIDGES: RUDRAMATA AND SUJABARI

Due to poor construction, a harsh environment (monsoon/typhoons and saline ground water
accompanied by hot dry weather) and little maintenance, bridges of the area are in substandard
condition. Lack of suitable materials and the quality of construction, deterioration of concrete and
rusting of reinforcing steel is common to most roadway bridges.

The Rudramata Bridge, built in 1966, is the largest precast/prestressed prestressed concrete
girder bridge in the region and one of the few bridges that performed well during the earthquake. It
is located on State Highway 45 in north central Kachchh about 10 miles (16 km) from the epicenter
of the earthquake. The main structure of the bridge performed relatively well during the earthquake,
but the north end approach suffered damage resulting in the closure of one lane of traffic. The
bridge is 24 feet (7.3 m) wide and is composed of 10 simple spans of 55 feet (16.8 m) each, with
expansion joint at the piers. The superstructure consists of two precast/prestressed prestressed
girders with cast-in-place concrete deck and diaphragms. The substructure elements are reinforced
concrete towers each supported on a large diameter caisson. Figure 8 shows the Rudramata Bridge
and the collapse of the end approach and traffic barrier.

Elastomeric bearings support the prestressed girders at both ends and at intermediate piers.
There were no longitudinal restrainers or transverse stops to control the superstructure movement on
the piers. Due to seismic excitation, each expansion joint shifted off center on its pier. Different
openings of the expansion joints on opposite sides of the deck indicate that rotation of
superstructure occurred. This behavior is typical for continuous bridges made of simple spans
supported on elastomeric bearings.
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Lateral spreading and ground cracking at the north pier resulted in settlement of the bridge
approach. As shown in figure 9, cracks in the ground at the north abutment are parallel to the stream
bank. Crack were 6 to 12 inches (150 to 300 mm) wide and up to 4 ft (1.2 m) deep. There was no
noticeable displacement of the end or intermediate piers due to ground movement. Gapping or
separation between the pier caissons and the surrounding ground of up to 12 inches (300 mm)
occurred due to movement of the surface soil.

Figure 8. Rudramata Bridge Figure 9. Ground Cracks at Piers

The tower at Pier 2 experienced cracking as shown in figure 9. The cracks are mostly at the
beam to column connection and along the exterior face of the columns. Cracks are primarily shear
cracks at the connections and are due to the bending of the tower under the seismic loads. The
maximum crack size is approximately 4 to 'z inch (6 to 12 mm) in width. Some of the cracks have
since been patched, though proper procedure for crack repair requires removal of spalled concrete,
sandblasting and provision of adequate cover. Smaller cracks could be repaired by epoxy injection.

The Sujabari Bridge is the longest bridge in the region. Built in the fifties, it consists of 36
spans crossing the Gulf of Kachchh on NH8. The bridge is a cast-in-place box girder superstructure
supported on the reinforced concrete wall piers on elastomeric bearings. The substructure is
supported by well foundations composed of a stack of precast concrete rings augured into the
ground to the desired tip elevation and covered by a cast-in-place reinforced concrete cap for wall
pier support. Given the age of the bridge, seismic analysis and detailing were not considered in its
design. There is no continuity or ductility in the structure; therefore each span acted independently
and the entire structure experienced a collection of out-of-phase dynamic motions or modes.

Sand boils, lateral spreading and settlement were widespread in the gulf. The entire area
under and around the bridge liquefied as a result of the earthquake. Sand boils up to 2 ft wide were
widespread along the bridge alignment. The damage to the bridge indicates there was both
longitudinal and transverse movement of the bridge super and substructure. The embankment at the
north end of the bridge settled approximately 12 inches and moved toward the channel. This
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settlement and lateral spreading of the embankment extended to the bridge abutment and resulted in
settlement of the roadway.

The Sujabari Bridge suffered significant damage during the earthquake, as shown in figure
10. Due to the criticality of this transportation link, the Sujabari Bridge was kept open for one lane
of select traffic a full month after the earthquake, until construction of the new bridge (parallel to it)
was complete.

Figure 10. The Sujabari Bridge

Due to ground movement and liquefaction, some piers moved and associated spans shifted
on bearing supports. During the earthquake the superstructure slid off its bearings at several
intermediate piers and had to be jacked back to its original position. Pier 14 rocked off its
foundation but was immediately repaired and limited traffic allowed. Both sub and superstructure
moved, as shown in figure 11.

The in-span hinges suffered some damage with shear failure of the inclined faces of the
hinge as shown in figure 12. The expansion joints were closed, rotated, and had popped out
throughout the bridge. The cracks in the balusters extend into the bridge deck slab.

Figure 11. Longitudinal Movement of the Piers ~ Figure 12. Failure of In-span Hinge
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DAMAGE TO OLDER BRIDGES

Bridges on NH8A are two lane bridges with wide unpaved shoulders. They are composed
of multiple spans with an expansion joint at each pier. Spans about 50 feet (15 m) long are cast-in-
place flat slabs or tee-beams. The superstructure is supported on reinforced concrete wall piers,
masonry wall piers or concrete arches with masonry fascia walls on shallow foundations.
Elastomeric bearings are typical for all bridges.

These bridges are all in a poor condition with spalled concrete and exposed rusted rebar.
Past attempts at repair using a shotcrete layer did not protect the structure from deterioration. In
spite of such poor structural condition, none of the bridges collapsed during the earthquake. This is
in part due to over design, given the use of the short spans and large wall piers. Some bridges
suffered more damage than the others. The bridge shown in figure 13 did not collapse during the
earthquake, but suffered serious damage to end diaphragms, end pier walls, backwall, bearings and
traffic barriers. The traffic barriers are in most cases post-and-beam type and their connection to the
balusters and slab are completely deteriorated even prior to earthquake. Given the need to maintain
traffic flow on NHS, temporary supports allow for its continued use, though the damage incurred
dictates that it be replaced.

Figure 13. Failure of Super and Substructure Figure 14. Expansion Joint Failure

Shallow foundations moved laterally with the dried crust of near surface soil in which they were
embedded. Cracking of the soil surface was likely due to lateral spreading over liquefiable material
at depth. Such ground separation (openings of 6 to 12 inches /150 to 300 mm) caused differential
pier movements. However, due to the lack of fixity on top of the piers, no significant bending or
joint failures occurred during the earthquake. There was some tilting of wall piers, which, due to
the large size of the pier cap, did not cause concern.
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The out-of-phase and uncontrolled movement of the bridge elements resulted in banging at
the expansion joints and dislocation of the superstructure at the bearings. In some cases, the
expansion joint shifted on the pier wall. Due to the poor condition of the concrete, damage of the
slab at the expansion joint grew to include the cantilever slab. As shown in figure 14, the concrete
at the end of the girder is sheared off and the bearing area is significantly reduced. Vertical cracks
due to shear friction appear at the end of the girder. The substructure experienced diagonal cracking
in the pier cap and vertical cracking in the wall pier. Cracks are 2 to 1 inch wide and require
immediate repair. Epoxy injection may be considered an appropriate remedy for repair.

The masonry wall piers are supported on a continuous raft footing approximately 3 feet (900
mm) deep as shown in figure 15. The superstructure is supported on bearings, which over the years
have completely deteriorated, such that their existence is hard to discern. The concrete arches are
supported on the mat footing on pedestals. Due to the longitudinal movement of the bridge, the
fixed connection failed and the end diaphragm cracked vertically. The end span sagged by about 2
inches resulting in cracking and spalling of the concrete at the bottom of the slab.

Figure 15. Failure of Masonry Wall Pier Bridge

The continuity of the arches and footing allowed the bridge to act as continuous structure
during the earthquake. Concrete arches performed well during the earthquake, but they suffered
some damage to the masonry fascia walls. Minor cracks were observed in the reinforced arches but
were closed due to the compressive nature of arch action.

Damage to Bridges under Construction

The new Sujabari Bridge (adjacent to the older one) was nearly complete (two spans to
finish) at the time of the earthquake. The bridge was completed within a month of the earthquake
and traffic was diverted from the existing damaged bridge to this new bridge. The new bridge is a
cast-in-place tee-beam girder bridge with the same number of spans and expansion joints as the
older bridge.
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The substructure consists of hammerhead piers supported on well foundations. There are
transverse stops at pier caps but there are no longitudinal restrainers at expansion joints. Minor
damage occurred at the expansion joints of both end and intermediate piers, which was repaired as
the bridge was completed. The expansion joint at the end pier is supported by a short cantilever span
to a L-abutment as shown in figure 16. The new Sujabari Bridge performed relatively well during
the earthquake. This behavior can be attributed to attributes more suited to the seismic environment
such as the use of more flexible hammerhead piers (instead of rigid wall piers) and transverse girder
stops at piers to prevent the transverse movement of the superstructure.

There were a total of 10 other bridges under construction on NH8A at the time of the
earthquake. Some were almost complete while others still had falsework in place for superstructure
construction. They are located adjacent to older bridges so, once finished, each bridge can take two
lanes of traffic in one direction. These bridges under construction were designed and detailed with
the same structural concepts as the older bridges. They have short spans approximately 50 ft long
with no continuity (expansion joints at each pier) or provisions for ductility. They have cast-in-
place super and substructures with L- abutments at end piers. There was no indication of seismic
design and detailing and in spite of the high potential for liquefaction in this seismic zone V;
shallow rather than deep foundations were employed. The failure of abutments, piers, expansion
joints, and settlement of approach slabs, as shown in figure 17, was typical among the bridges under
construction.

Figure 16. The New (Parallel) Sujabari Bridge Figure 17. Failure of Approach Slab

Due to the similarity of the structures, damage to these shorter bridges was nearly the same.
Unfortunately, the damage to these bridges under construction was more significant than to the
existing or older structures. The description of damage, though taken from several bridges, can be
considered systematic to all. Due to the shorter end span of the bridge shown in figure 18, the
superstructure was changed from tee-beam to shallower flat slab. To accommodate this difference
in superstructure depth, an auxiliary crossbeam was provided on top of the main crossbeam. Due to
the movement of the pier toward the dry stream bed the fixed connection between the two
crossbeams failed and the top crossbeam slid off the lower crossbeam. The expansion joint shifted
about 15 inches (375 mm) form centerline of the pier.
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Due to the relative longitudinal movement of the bridge superstructure and the abutment, the
superstructure banged into the abutment backwall and caused cracking and spalling of the concrete
at the base of the backwall. The push from the superstructure caused the collapse of the abutment
backwall, which then pushed into the approach slab. The approach backfill settled and spread out
toward the wingwalls. Consequently the connection between wingwall and abutment wall failed as
shown in figure 19. Settlement of the approach backfill of between 12 and 18 inches was typical.
The repair of this end pier requires extensive work including rebuilding of the abutment wall,
expansion joint, backwall, wingwalls, backfill and approach slab.

Figure 18. Failure of Crossbeam Figure 19. Failure of Abutment

SEISMIC DESIGN OF BRIDGES

Bridges should be designed and detailed to minimize their susceptibility to damage from an
earthquake. Bridges that are designed and detailed in accordance with the seismic requirements may
suffer damage, but should have low probability of collapse due to seismically induced ground
motion. Bridges may be classified for their importance by the local jurisdiction. Methods of
analysis, minimum support lengths, pier design details, abutment design procedures should be
specified based on the requirements of seismic zones (4).

Single-span bridges or continues bridges composed of single-spans

Connections should be designed to restrain movement between superstructure and
substructure. Seat widths at expansion bearings of multi single-span bridges should accommodate
the maximum possible accumulated displacement in the longitudinal direction of the bridge with
consideration for the effect of span length, abutment height and skewed supports. Transverse stops
and longitudinal restrainers should be provided at all expansion joints to prevent excessive
movement of bridge superstructure. Restrainer may be provided between columns or piers at the
expansion joints to minimize the relative movement between superstructure and substructure.
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Expansion Joints

A primary focus should be the elimination of expansion joints at the end and at the
intermediate piers. If expansion joints are employed the reinforcement should be epoxy coated and
polymer or other type of durable concrete should be used.

Ductility

The response of structural components and connections can be characterized by ductile
behavior, which is based on significant inelastic deformations before any loss of load carrying
capacity occurs. It is uneconomical to design a bridge to resist seismic forces elastically. Ductility
factors scale elastic forces to lower inelastic values where seismic forces exceed their design level.
The ductility factors for connections are smaller than those for substructure members in order to
preserve the integrity of the bridge under these extreme loads. For expansion joints within the
superstructure, application of a ductility factor results in force effect magnification.

The column may yield in the transverse or longitudinal direction with plastic regions
generally located at the top and bottom of columns. Shear failure of columns due to the seismic
loads should be avoided by appropriate design and detailing of transverse reinforcement. The main
function of transverse reinforcement is to ensure that the column ends are adequately confined after
spalling and are capable to prevent buckling of the longitudinal reinforcement. The amount and the
spacing of transverse reinforcement at the confinement regions are important. The concrete
contribution to shear resistance within the plastic hinge zone is not assured particularly at low axial
load levels, because of full-section cracking under load reversals.

Piers

The effect of active earth pressure amplification of the earth mass retained by the abutment
wall and wing wall should be considered. Appropriate methods for determining the equivalent static
fluid pressures of backfill soils retained by the abutment and for saturated soils susceptible to
liquefaction should be used. Seismic design forces should account for wall inertia forces in addition
to equivalent static forces. At abutment walls, seismic design forces should also include seismic
forces transferred from the bridge superstructure through the bearing supports that do not slide
freely.

Wall type piers may be analyzed as a single column in the weak direction and treated as
wide a column in the strong direction provided the appropriate ductility factor for that direction is
used. Wall piers with an aspect ratio greater than 2.5 have low ductility capacity and no redundancy.
A small amount of inelastic deformation is expected when subjected to seismic forces. As a result, a
lower ductility factor should be used in determining the reduced design forces.

CONCLUSIONS
The January 26, 2001 Gujarat earthquake was, once again, for bridge engineers, a demonstration
of the need for reliable seismic design and detailing, and for greater focus on the quality of

construction and the use of durable materials. Based on select information acquired from a brief
visit, the authors offer the following conclusions and recommendations:
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1. The main reason for damages to both bridges under construction and existing bridges was the
omission of seismic design provisions and detailing. Appropriate specifications with respect to
the regional seismic requirements should be considered in the design and retrofit of such
bridges.

2. A seismic retrofit program should be considered for bridges currently under construction. The
program should provide for longitudinal restrainers, transverse stops and column strengthening
to meet the requirements for shear capacity, ductility and confinement.

3. Use of shallow foundations for bridges should be avoided where the potential for liquefaction is
present. Deep foundations including driven piles and drilled shafts should be considered in the
design of bridges under construction and the retrofit of bridges under construction.

4. Superstructure continuity and use of integral or semi-integral abutments should be encouraged.
The seismic performance of a bridge benefits from the elimination of expansion joints. Repair
and maintenance of expansion joints are costly and time consuming. If expansion joints are
used, special attention should be given to restraining the adjoining segments, detailing and the
quality of the materials employed in construction.

5. Due to the salt-water environment, the use of High Performance Concrete (HPC) is
recommended for improved durability. Epoxy coated rebars, or other type of corrosion-
protected rebar, should be used in bridge construction. Improving initial quality will result in
longer service life for bridges and will reduce future maintenance and repair costs. Greater
importance should be given to the curing of cast-in-place concrete by specifying continuous wet
curing for an extended period of time.

ACKNOWLEDGEMENT

The National Science Foundation (NSF) and the Earthquake Engineering Research Institute
(EERI) along with the NSF PEER Center sponsored this post earthquake damage assessment visit to
India. The authors greatly appreciate the support.

REFERENCES

1. India earthquake Internet websites and local sources.

. S. K. Ghosh, “Observation From the Bhuj Earthquake of January 26, 2001 PCI
JOURNAL, V. 46 No. 2, March/April 2001, PP. 34-42.

3. J. P. Singh, “Preliminary Observations on the Origin an the Effects of the January 26,
2001 Bhuj (Gujarat, India) Earthquake” Earthquake Engineering Research Institute
(EERI), Special Earthquake Report — April 2001

4. AASHTO-LRFD Bridge Design Specifications, 2™ Edition 1998 and interims through
2000.

29






Seismic Response of Highway Bridges Subject to Near-
Fault Ground Motions
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ABSTRACT

A multiple-span viaduct located in Izmit, Turkey was used as an example
structure to investigate the effects of near-faulty ground motions on the bridges. The
vibration tests were conducted to obtain as-built structural properties. The computer
models simulated the structure before the dynamic analysis was carried out. The bridge
was subjected to an ensemble of ground motions recorded with a range of epicentral
distances. The seismic response was interpreted to discuss the characteristics of near-fault
response.
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ABSTRACT

This paper presents preliminary findings of investigating 10 bridge sites after the Chi-Chi
Earthquake occurred on September 21, 1999. Damages of each bridge, and lessons learned from
this particular earthquake are described.
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INTRODUCTION

On September 21, 1999, at 1:47am (local time), a destructive earthquake struck the center area of
Taiwan. This earthquake measured as a magnitude Mw = 7.6 had caused more than 2,400 lives
loss and over 10,000 people injured according to the Taiwanese Official Report. Approximately
10,000 buildings/homes collapsed and about 7,000 were severe damaged. Highway bridges
including constructed under modern seismic design codes were severe damaged as well. Based
on Taiwanese Highway Bureau’s preliminary report (Yeh, Nov., 1999), at least nine bridges
were severely damaged including three of them were under construction. Five bridges collapsed
due to the faults rupture and seven bridges were damaged in the moderate level.

With the joint efforts between Federal Highway Administration (FHWA), Ministry of
Transportation and Communication (MOTC) of Taiwan, an investigation team was formed to
examine and collect highway bridge performance under the Chi-Chi earthquake. The team
members consisted with FHWA and Taiwanese Highway Bureau (THB) and National
Expressway Engineering Bureau’s (NEEB) Engineers of MOTC. During, the team visited 10
bridge sites which including 2 bridge sites of NEEB and 8 bridge sites of THB. The detail route
is shown in the Figure 1. This paper presents the preliminary findings and bridge lessons learned
from the team’s investigation during Nov. 15-17, 1999.

Fault Rupture Type

Taiwan is located at the junction of the Manila and Ryukyu Trench in the Western Philippine Sea
where the Philippine plate is being forced under the Eurasia plate. The Philippine plate is moving
in a northwest direction which causes a significant strike-slip component along the northern
portion of the Manila Trench and essentially creates a "transpressional" effect which has popped
up the island of Taiwan microplate relative to its larger tectonic neighbors. This “thrust fault” or
called / reverse-slip fault had elevated several locations including bridge sites lift up several feet
to 30 feet high.

Bridge Design Codes

Bridge design specification used in Taiwan have been revised three times since 1960. Prior to
1960 there were several design guide specifications used for practical design. Some of them were
based on Japanese design codes. In 1960, MOTC of Taiwan issued a standard specification
titled “Highway Bridge Engineering Design Specifications” which was used in their design and
construction of highway bridges. This design specification was based on the American
Association of State Highway and Transportation Officials’ (AASHTO) bridge design
specifications issued in 1953. In 1987, MOTC of Taiwan revised this design code based on the
1977’s AASHTO bridge design specifications. Although this code was revised again in 1995
based the 1992°s AASHTO, the codes was not changed much in the seismic design area. Table 1
shows the revision changes by years. In the latest version, Chapter 2.20 of the earlier version
was extracted as separated division which describes the detail of seismic design force. In the
1987’s version, seismic design force used the equivalent coefficient method, and dynamic effects
and soil amplification factors were included.



For bridge pier less or equal to 15 meters

K= ZSICo

For Bridge pier higher than 15 meters
Kin= BZICo

Where

K, : Lateral Seismic Design Force Coefficient and K > 0.1

Cy : Standard Seismic Design Force Coefficient and Cy = 0.15
Z : Coefficient of Seismicity ( From 0.6 to 1.2)

S : Coefficient of Soil Profile (From 0.9 to 1.2)

I : Coefficient of Importance Factor (From 0.8 to 1.0)

S : Adjusting Factor.

While the latest version of design code changes the Seismic Design Force as the following

Z C

" 12a F

(C/F,)n 1s the adjusted Coefficient of Acceleration Response Spectrum, and W is the design dead
load. ¢, is the reduction factor based on the ductility.

YV

Seismic design forces used in the epicenter area are typical 0.15g to 0.2g. With the measured
largest peak ground acceleration greater than 1.0g (986gal), the damage of bridge structures are
inevitable.

Table 1. Bridge Design Codes in Taiwan

YEAR BRIDGE SEISMIC CODE BASIS
DESIGN CODES
Prior to 1960 | Varies Bridges Design Spec. | Based on Japanese Bridge Design
Codes
Standard Specification for Based on 1953 AASHTO Standard
1960 Highway Bridges of Taiwan | Specification
2"% edition Bridge Design Based on 1977 AASHTO
1987 Codes Specification
Current Bridge Design Codes | Based on 1992 AASHTO
1995 Specifications
BRIDGE DAMAGES

Neotsou-Si and Neotsopu Kenshi Bridges

The team first visited two bridge sites of NEEB, Neotsou-Si and Neotsopu Kenshi bridges. These
two bridges are continuous spans with pre-stressed box girder superstructure; and are away from
the epicenter about 60-70km. They were still under construction and suffered similar damages.

In general, two bridges performed well. However, the pot bearings of both bridges were severe
damaged, and superstructure offset 2-30cm. Figure 2-3 shows the pot bearing damages and
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superstructure’s offset in the lateral direction. Bridges under the construction by NEEB are
parallel to the faults direction, and this may have less effect from this large earthquake.
Nevertheless, some bridge foundations and piers were poured concrete one or two days before
the earthquake, extensive NDE examinations are needed to investigate bonding issues between
reinforced steel bars and concrete. Figure 4 shows the tilting of bridge pier caused by fault
rupture and newly poured bridge foundation.

Eight bridge sites of THB’s districts were visited including one new bridge site. Six bridges were
collapsed due to fault rupture underneath or adjacent to the bridges. The average ground
movement is more than 2 m.

Shi-wei bridge

It is located on the Route 3 which was constructed in September of 1994. It consists of
northbound and southbound twin bridges. The total length of the bridge is 75 m, and was divided
into three simply supported spans (25m each). It is a curved bridge with the bridge width of 24
m and supported by five PCI girders. Each girder is supported on elastomeric bearing pads with
shear keys to provide transverse constraints. The 2™ pier of both bridges were tilting, and the
first pier of northbound revealed shear cracks. The second and third spans of southbound, and the
third span of the northbound collapsed due to piers tilting and large ground offsets. The fault
rupture was right underneath the south abutment area. Since the bridge is skewed and curved,
large ground motion might have caused bridge deck rotated and also damaged the substructures.
Since bridge were design as a simple support beam and almost certain would not be able to
accommodate this large ground movements.

Tong-feng bridge

This bridge is also on the Route 3 which is about 5 km away from Shi-wei bridge. Bridge has
573 m in length, and was consisted with three parts. The middle part was completed in 1966, and
the bridge was widened from both sides completed in 1988. The earlier construction has 22 span
with 4 PCI girders to support 9.5m wide bridge deck. Substructure is a pier wall type
construction. The later construction widened the bridge deck into 30m with PCI girders support.
However, the substructure used single column bridge piers. After earthquake, bridge has large
vertical displacements (10-20cm) and offsets (30-50cm) in the transverse direction. PCI girders
dislodged from bearings due to large transverse movements. One of girder was cracked and was
temporarily supported by a steel truss. Although the bridge was severe damaged, bridge was
reopen to the traffic with restricted lanes after bearings were replaced with elastomeric pads.

Bei-feng bridge

Located near by the Shi-kan Dam, this bridge is a simply supported PCI girder with multiple
spans. This bridge was completed in 1991. Superstructures were collapsed due to fault rupture
underneath the bridge. The fault rupture uplifted the upper steam by 5-6m, and created a new
water fall. This reverse-slip fault should also shorten the bridge length and might have pushed
the send pier to fail.

Wu-shi bridge

The bridge is on the Route 3 and connects Nan-tou and Tai-chung counties. The total length of
this bridge is 624.5m with 25m in width, and has 18 spans. In fact this bridge has two parallel
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bridges and were constructed in two different period. The superstructure of northbound bridge
was constructed in 1981, but it used the original substructure (Pier-wall type) which was
constructed in 1950s. The southbound was completed in 1983. They both use PCI girders in their
simply supported superstructure, and have pier-wall type substructures. However, the newer
bridge (Southbound) has smaller size of the older bridge (Northbound). Fault rupture occurred
behind and under northern abutments of both bridges. Although two bridges suffered similar
ground motions