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The Board of Inquiry has identified three essential challenges that must be addressed by the citizens of
California, if they expect a future adequately safe from earthquakes:
1. Ensure that earthquake risks posed by new construction are acceptable.
2. Identify and correct unacceptable seismic safety conditions in existing structures.
3. Develop and implement actions that foster the rapid, effective, and economic response to and
recovery from damaging earthquakes.
Competing Against Time
Governor’s Board of Inquiry on the 1989 Loma Prieta Earthquake

It is the policy of the State of California that seismic safety shall be given priority consideration in the allo-
cation of resources for transportation construction projects, and in the design and construction of all state
structures, including transportation structures and public buildings.

Governor George Deukmejian

Executive Order D-86-90, June 2, 1990

The safety of every Californian, as well as the economy of our state, dictates that our highway system
be seismically sound. That is why I have assigned top priority to seismic retrofit projects ahead of all
other highway spending.

Governor Pete Wilson

Remarks on opening of the repaired Santa Monica Freeway

damaged in the 1994 Northridge earthquake, April 11, 1994

The Seismic Advisory Board believes that the issues of seismic safety and performance of the state’s
bridges require Legislative direction that is not subject to administrative change.

The risk is not in doubt. Engineering, common sense, and knowledge from prior earthquakes tells
us that the consequences of the 1989 and 1994 earthquakes, as devastating as they were, were small
when compared to what is likely when a large earthquake strikes directly under an urban area, not at its
periphery. Geological science makes it clear that such an event will happen.

California must complete this race. When great earthquakes occur, we must be ready—no matter
what part of the state is heavily shaken. To do any less is to concede responsibility and accept the conse-
quences of loss of life and widespread economic disruption when truly large California earthquakes occur.

Earthquakes measure our actions, not our words.

The Race to Seismic Safety
Protecting California’s Transportation System
Caltrans Seismic Advisory Board, 2003
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Report Organization

"This report is organized in two parts. Sections 1-3 review the findings and recommendations of
the Seismic Advisory Board and are meant for all readers. Sections 4-13 provide technical details
of the basis for the recommendations of the SAB. For reference purposes, Attachment 1 repro-
duces Governor George Deukmejian’s Executive Order D-86-90, and Attachment 2 provides the
findings and recommendations from the two immediate predecessors of this report: Competing
Against Time, and The Continuing Challenge. In many ways, the findings of those reports are still
current and warrant examination. The Seismic Advisory Board has considered carefully these
previous findings and recommendations, and still supports them today as current and worthy of
guiding the future state program.
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Seven Recommendations for
a Safer Transportation System

The Seismic Advisory Board has reviewed current and past Caltrans bridge seismic design
practices and makes the following seven recommendations to help California achieve a safe
transportation system:

1. SEISMIC SAFTEY POLICY. The California Legislature should establish as state policy the
current Caltrans practice: “It is the policy of Caltrans—to the maximum extent feasible by
present earthquake engineering practice—to build, maintain, and rehabilitate highway and
transportation structures so that they provide an acceptable level of earthquake safety for
users of these structures.”

2. NON-STATE-OWNED BRIDGE RETROFITS. The Legislature should provide timetables for
the seismic retrofit of non-state-owned bridges so that those bridges requiring retrofit are
completed within the next 5 years. The standards for non-state-owned bridges should be the
same as for state-owned bridges.

3. DESIGN STANDARDS. Caltrans should maintain its standards for construction and retrofit
of bridges and other transportation structures to provide life safety for all structures and
functionality for lifeline and other important structures following an earthquake. Further,
Caltrans should maintain its current policy that seismic-related design and construction
issues be independently reviewed to ensure compliance with these standards. Selective seis-
mic peer reviews should be conducted under policies and procedures reviewed by the Seis-

mic Advisory Board (SAB).

4. REGULAR SAFETY REASSESSMENT. Caltrans should regularly reassess the seismic hazard
and engineering performance of bridges, including existing, retrofitted, and new structures.
Caltrans should determine, as measured by the then-current state of knowledge, whether
bridges and transportation structures can be expected to perform in an acceptable manner
under earthquake shaking.

5. TOLL BRIDGE SEISMIC SAFETY PROGRAM. The Toll Bridge Seismic Safety Program
needs to be completed efficiently and without further delay.

6. PROBLEM-FOCUSED INVESTIGATIONS. Caltrans should continue its commitment to
problem-focused seismic investigations at or above its current level.

7. EMERGENCY RESPONSE. Caltrans should maintain its rapid response capability to evaluate,
repair, and restore damaged bridges, regardless of the cause—whether natural or terrorist.



Executive Summary

Will future California earthquakes again cause destruction of portions of California’s transporta-
tion system, or will their impacts be controlled to limit the damage and disruption any large
earthquake will cause?

"This is the key question addressed by the Caltrans Seismic Advisory Board in this report.
Much has been accomplished, but more remains to be done. The highest priority goals are
repairing and retrofitting state-owned and state-maintained critical bridges. However, there are
still hundreds of other vulnerable bridges owned by local or regional agencies that require analy-
sis and retrofit. The Caltrans Seismic Advisory Board (SAB) has assessed the current state of
affairs and concluded that there are seven priority recommendations that need to be acted on if
the state is not to re-experience the calamities of the past—loss of life, collapse of highway
bridges, and billions of dollars in disruptions to California’s economy.

The Seismic Advisory Board believes that unless the seven SAB-recommended actions are
taken, the answer to the above question is that the state faces destruction of many bridges and
highway transportation structures in a large earthquake, not an outcome of limited impacts.
Modern state bridges have yet to experience a Big One—a major earthquake in an urban area, as
happened in the San Francisco Bay Area in 1906. Ongoing tectonic deformations in California
make it absolutely certain that it will happen. No one knows how soon, or where it will occur.
Will we be ready? The race is on and we are in it whether we choose to run or not.

It is the conclusion of the Seismic Advisory Board that the state is at a crossroad. It must
maintain a focus on seismic safety or pay the consequences. As every Californian is aware, the
state’s budgetary crisis is severe. However, reducing financial support for bridge seismic design
has been shown to have devastating consequences for the state. Following the 1971 San
Fernando earthquake, Caltrans expanded its earthquake engineering research support, initiated a
retrofit program with cable restrainers, and administratively formed an earthquake engineering
group. Later in the decade, when the Governor and the Legislature changed priorities under bud-
getary pressures, the group was disbanded and the assigned department staff scattered. Earthquake
safety for California’s highways was once again just another competitor for state highway funds—
not a priority. The Loma Prieta and Northridge earthquakes—both of which caused catastrophic
bridge failures—underscored the cost of this change in priorities.

In 2002, Assembly Bill 2996 eliminated the separate Seismic Safety Retrofit Account and put
seismic safety projects once again in direct competition with construction and maintenance
projects under the State Highway Account. The process of de-emphasizing seismic safety has
already begun.

The SAB is using this report, which it has entitled The Race to Seismic Safety, to urge both
Caltrans and the state Legislature to codify and institutionalize practices that will lead to ade-
quate seismic performance of the state’s transportation structures.
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It is truly a race against the certainty of future earthquakes. If California is to win this race,
then as a state we must reinforce our resolve and redouble our efforts to build a highway trans-
portation system that can deliver statewide life-safe performance in a large earthquake.

The issue is not to increase significantly the resources applied to the task, but to complete
the job begun in earnest in 1989, resolve those safety issues not yet addressed, and maintain the
seismic safety commitment so that highway bridges and other transportation structures will per-
form at an acceptable level of safety and functionality in future earthquakes.

The Seismic Advisory Board believes that the issues of seismic safety and performance of the
state’s bridges require Legislative direction that is not subject to administrative change.

The risk is not in doubt. Engineering, common sense, and knowledge from prior earthquakes
tells us that the consequences of the 1989 and 1994 earthquakes, as devastating as they were, were
small when compared to what is likely when a large earthquake strikes directly under an urban
area, not at its periphery. Geological science makes it clear that such an event will happen.

California must complete this race. When great earthquakes occur, we must be ready—no
matter what part of the state is heavily shaken. To do any less is to concede responsibility and
accept the consequences of loss of life and widespread economic disruption when truly large Cal-
ifornia earthquakes occur.

Earthquakes measure our actions, not our words.
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Section 1

Status of Bridge Safety

Every Californian who drives is aware of the
significant, statewide effort to seismically ret-
rofit bridges. To date, the Caltrans race to
seismic safety has resulted in the retrofit of
over 2,000 of the most vulnerable highway
bridges in an effort to improve their earth-
quake performance and provide a life-safe and
reliable highway transportation system.

However, over time, memory of disas-
trous events is diminished and actions to
moderate or avoid them in the future often
become less resolute. This is certainly the
experience with seismic hazard in California.
Before the 1971 San Fernando earthquake, it
was assumed that operational loads on
bridges presented more severe structural
requirements for bridges than did earth-
quakes. The San Fernando earthquake of
1971 (magnitude 6.6) dramatically illustrated
the error of this assumption and the public
paid for the consequences in out-of-service
roadways. Following the San Fernando earth-
quake, there was a concerted effort to retrofit
bridges, but the resolve eventually diminished.
While the interest of Caltrans remained
strong, the resources were unavailable.

The 1987 Whittier Narrows earthquake
rekindled interest in highway bridge safety
when a bridge failed in that moderate magni-
tude 6.0 earthquake. Only after the 1989
Loma Prieta earthquake (magnitude 6.9), with
its spectacular bridge failures, was there a fun-
damental change in attitude at the state level
with respect to the seismic safety of transpor-
tation structures. The 1994 Northridge (mag-
nitude 6.7) earthquake reinforced commit-
ment to achieving adequate bridge perfor-
mance for California. Itis now almost 10 years

since the Northridge earthquake, so the same
decay of interest is of critical concern. The
state should reaffirm its commitment to main-
taining a seismically safe highway system.
The effort to produce a seismically safe
transportation system requires quantifying
the seismic hazard of sites and predicting the
response of new and existing structures to
earthquakes. It is not technically possible or
economically practical to expect that all bridges
will be undamaged when an earthquake
occurs. Indeed, the seismic performance goal
is that a standard bridge will remain life-safe,
but may be significantly damaged, possibly
beyond repair, and important bridges on life-
line routes remain in service. The demand fol-
lowing an earthquake is on the restoration of
the economic functioning of the community,
in which highways and bridges provide vital
links, and without which recovery is impeded.
The Governor’s Board of Inquiry on the
1989 Loma Prieta earthquake warned in 1990
that the effort to make bridges safe would take
significant, sustained investments in retrofit
construction and research to learn how to
build better bridges. Following the Loma Pri-
eta earthquake, the California Department of
Transportation (Caltrans) established the Cal-
trans Seismic Advisory Board (SAB) to provide
advice on seismic policy and technical prac-
tices. The devastating 1994 Northridge earth-
quake again illustrated both the extent of the
problem and the consequences of not taking
action. The SAB was charged with advising the
Director of Caltrans on issues of importance in
achieving the Caltrans obligation to provide
seismic safety for California’s transportation
structures. In the 1994 SAB report to the

Status of Bridge Safety



2

Figure 1-1.
Significant large
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since the 1800s.
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Director of Caltrans, The Continuing Challenge
(Housner et al. 1994), the Seismic Advisory
Board urged both Caltrans and Governor Pete
Wilson to take action on many fronts to rectify
the earthquake hazard posed by bridges. The
response of Caltrans is to be commended, and
great strides have been made.

"Today, however, the state’s fiscal and
administrative environments have changed.
With California’s deepening budget deficit
crisis, seismic performance of the transporta-
tion system could again be pushed to a back
burner. The Seismic Advisory Board believes
strongly that bridge seismic design and the
safety of transportation structures should be a
priority for the State of California.

"This report, The Race to Seismic Safety, was
prepared by the Seismic Advisory Board to
document the accomplishments and advances
made by Caltrans since 1989 and to provide
guidance for resolving outstanding safety
issues so that highway bridges will perform at
an acceptable level in future earthquakes. As
of this writing (December 2003), there is still
much to do to ensure the safety and reliability
goals for California’s approximately 24,000
state and local highway bridges.

The Race to Seismic Safety

1.1 Actions Following the
1971 San Fernando
Earthquake

"The seriousness of highway earthquake safety
was first identified in 1971 when the Inter-
state 5 (I-5) Golden State Freeway Inter-
change in the San Fernando Valley collapsed
during the magnitude 6.6 San Fernando
earthquake. The interchange was under con-
struction at the time of the earthquake. The
San Fernando earthquake occurred at the
north end of the San Fernando Valley, where
a limited number of bridges were in place, and
its impacts on bridges were concentrated in
this area. Because of the design characteristics
of the I-5 Interchange, it was determined that
there were two principal failure modes:
*  Failure of the high, single-column sup-
ports of the connectors and overcrossings.
®  Separate sections of the bridge could
move independently, accumulating
excessive relative displacements at the
supporting movement joints greater than
the joints could accommodate. This
resulted in span unseating and bridge
collapse under gravity loads.




These findings led to a statewide Cal-
trans retrofit program to install cable
restrainer devices on existing highway
bridges. Cable restrainers limit the relative
displacement across joints, and thereby pre-
vent individual sections from falling. Many
other seismic issues relating to state and local
bridges were identified, and research into
their resolution initiated. Budget limitations
in the late 1970s eventually limited the prin-
cipal actions by Caltrans to installation of
cable restrainers.

1.2 Actions That Followed
the 1987 Whittier
Narrows Earthquake

In 1987, the relatively small magnitude 6.0
Whittier Narrows earthquake nearly caused
the collapse of a freeway bridge, again over
Interstate 5. This time it was a bridge of com-
mon type—it was not high and had short mul-
tiple-column supports. This magnitude 6.1
earthquake, and its accompanying ground
motion, was smaller than was then commonly
believed by engineers to represent a threat to
bridges and transportation structures. This
unexpected damageability caused an acceler-
ated effort by Caltrans to understand how
bridges perform in earthquakes and how to
better design them so they do not fail. The
new effort following the 1987 earthquake was
modest and consistent with state and Caltrans
budget priorities at that ime. The Column
Retrofit Research Program, already underway,
provided the technical means to respond to
the bridge performance problems exposed in
the earthquake and the impetus to continue.

1.3 Advances Following the
1989 Loma Prieta
Earthquake

The wake-up bell tolled tragically on the
evening of October 17, 1989 when the mag-
nitude 7.0 Loma Prieta earthquake caused
unprecedented damage to bridges throughout
the San Francisco region. The two-level ele-
vated Cypress Street Viaduct collapsed in
Oakland, killing 41 people. A section of the
San Francisco-Oakland Bay Bridge failed,
causing the bridge to be out of service for 30
days. Highway bridge closures caused immea-
surable economic losses and disruption—even
for bridges over 60 miles from the epicenter,
where seismic ground motion was low
enough that only a few of the most vulnerable
buildings were damaged at that distance.
Following the 1989 Loma Prieta earth-
quake, Governor George Deukmejian
appointed a Board of Inquiry to assess trans-
portation deficiencies and how to fix them.
The Board’s work resulted in the influential
report entitled Competing Against Time (Hous-
ner et al. 1990; see also Attachment 1 to this
report). Governor Deukmejian issued Execu-
tive Order D-86-90 to implement the Board’s
principal recommendations. The order stated:

It is the policy of the State of Califor-
nia that seismic safety shall be given prior-
ity consideration in the allocation of
resources for transportation construction
projects, and in the design and construction
of all state structures, including transporta-
tion structures and public buildings.

With this Executive Order, earthquake
safety issues became, for the first time in Cal-

Status of Bridge Safety
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ifornia, a specified primary goal for all con-
struction—not a secondary or tertiary goal
that would be addressed only if the funds
were available. Subsequently, the Legislature
and the public approved a bond issue, which
provided the resources needed to begin
addressing and resolving the problem of how
to design bridge and transportation struc-
tures to perform acceptably under the influ-
ence of strong earthquake ground motions.

1.4 Advances Following the
1994 Northridge
Earthquake

In 1994, the earthquake bell again rang. The
magnitude 6.7 Northridge earthquake struck
the San Fernando Valley with losses that
added up to over $50 billion in direct dam-
age, several times more than in the Loma Pri-
eta earthquake. Damage to highway bridges
was far greater than expected by the public,
although retrofitted bridges performed well
and the damage was generally limited to
those that had not yet been retrofitted. One
of the primary freeway arterials of the region,
the Santa Monica Freeway (I-10) on the
Wilshire corridor failed. Herculean efforts by
Caltrans and its contractors repaired and
restored the freeway within 90 days. In sharp
contrast, it took years to replace the Cypress
Street Viaduct after 1989 (still not completed
when the Santa Monica Freeway was already
back in service).

The Santa Monica Freeway was only one
of the freeways damaged by the Northridge

earthquake. Caltrans efforts to repair damage

The Race to Seismic Safety

to SR-118, I-5, and SR-14 were rapid and
effective. The Northridge earthquake
occurred in a region of Los Angeles that had
already been tested by the San Fernando
earthquake 23 years earlier. Ground shaking
in the Northridge earthquake at the Santa
Monica Freeway was modest enough that
only the most vulnerable nearby buildings
were affected, yet Santa Monica Freeway
bridges failed. Many of the bridges damaged
in 1994 had already been identified as requir-
ing retrofit. Unfortunately, the earthquake
occurred before the work was done.

1.5 Completing the Task:
Building the Seismic
Safety of California’s
Bridges and
Transportation
Structures

The Governor’s Board of Inquiry warned in
1990 that the effort to make bridges safe
would take significant, sustained investment
in retrofit construction and research to learn
how to build better bridges. Only parts of the
Board’s 1990 recommendations had been
implemented by the time of the 1994
Northridge earthquake. The Caltrans Seis-
mic Advisory Board, comprised of many of
the members of the earlier Board of Inquiry,
assessed the risk in its 1994 report The Con-
tinuing Challenge, in which the SAB urged
Caltrans and Governor Pete Wilson to take
action on many fronts. In response to these
recommendations, Caltrans and the state
government renewed and redoubled their
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These regions are near major, active faults
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efforts with a significant design and construc-
tion program to mitigate the hazards posed
by California bridges.

There can be no question that the seismic
hazard of the State of California has an
impact on every one of its citizens, both in the
form of direct damage and loss, or from
earthquake-caused taxes and disruption of
economic activity. A plot of major earth-
quakes since the 1800s (Figure 1-1) shows
how seismically active California is. This is a
short time period of experience. The proba-
bilistic hazard map (Figure 1-2) gives a
clearer view of the state’s risk.

The regions affected by the recent 1994
Northridge and 1989 Loma Prieta earth-
quakes were large, but greater magnitude
earthquakes are in the offing (USGS 1988),
and may be focused directly under population
centers instead of some distance away.

At the time of the present report
(December 2003), Caltrans has substantially
achieved its highest priority goals in repairing
and retrofitting state-owned and state-main-
tained critical bridges. Nevertheless, there
are still many bridges that require analysis
and retrofit to newly updated criteria.

From the evidence available, the SAB
concludes that other state and local agencies
have only a fair to poor record to date in mit-
igating the seismic hazard of their bridges
and transportation structures—with the
exception of Santa Clara and Los Angeles
counties, which have essentially completed
the task. Interestingly, these two counties
were the hardest hit by the 1989 and 1994
earthquakes.

The Race to Seismic Safety

Significant seismic performance deficien-
cies of major bridges identified following the
San Fernando, Loma Prieta, and Northridge
earthquakes are being addressed by Caltrans.
Seismic retrofit programs are underway or
completed for most of the major toll bridges.
The replacement of the San Francisco-Oakland
Bay Bridge East Spans and the construction of
the new Benicia-Martinez Bridge are in process.
The new toll bridge at the Carquinez Strait is
complete. The Golden Gate Bridge District is
moving ahead with retrofit work on the Golden
Gate Bridge. Considering how high the seismic
threat is, it is essential that efficient completion
of these major toll bridge seismic safety projects
be completed without further delay. For other
state-owned bridges, the first wave of seismic
retrofit has reduced the damageability of these
bridges to an acceptable life-safe (that is, non-
collapse) level. But what of the rest? Many exist-
ing bridges, accepted by preliminary screening,
should be reevaluated in light of current under-
standing of their structural performance. In
addition, a number of gaps in the seismic safety
of the state’s bridges and transportation struc-
tures may still remain.

It has been nine years since the 1994
Northridge earthquake, our most recent
wake-up call. Much remains to be done, and
just like in the past, the resolve to complete
the job is waning with the passage of time.
What remains to be done is both prodigious
and vital. The race is on to complete the task
before the next Big One strikes and finds us
unprepared.



Section 2

Recommendations for Action

The Seismic Advisory Board submits the fol-
lowing seven Recommendations to make Cal-
ifornia’s transportation system life-safe and,
for important bridge structures, ensure that
they continue functioning after an earthquake.

These Recommendations are intended to
increase the seismic safety of California’s
bridges and transportation structures and
avoid the complacency caused by the absence
of recent major, damaging earthquakes that
force us to pay attention. These recommen-
dations are action-driven. It is the SAB’s
intent that after a future major California
earthquake, the state will not have to explain
why the highway transportation system did
not perform as the public expected.

2.1 Seven Transportation
Recommendations of
the Caltrans Seismic
Advisory Board

1. SEISMIC SAFETY POLICY. The Califor-
nia Legislature should establish as state
policy the current Caltrans practice: “It is
the policy of Caltrans—to the maximum
extent feasible by present earthquake engi-
neering practice—rto build, maintain, and
rebabilitate highway and transportation
structures so that they provide an acceptable
level of earthquake safety for users of these
structures.”

Discussion: Such practice has been the policy

of Caltrans since the 1989 Loma Prieta earth-

quake, but it has not been articulated as an
agency mission or responsibility.

"To ensure that the public’s interest in
safety is met, the state has committed in a

continuing way—through enforcement of
independent technical review—to the safe
construction of schools, hospitals, and public
and private buildings. The Caltrans SAB con-
siders it appropriate that highway structures
be held to the same standard of performance
as other constructed facilities vital to the
safety and robust functioning of the economy.

The Seismic Advisory Board recom-
mends that the above Caltrans policy be for-
mally adopted by the Legislature to ensure
adequate seismic performance of the state’s
highway system now and in the future. Cur-
rent Caltrans actions remain consistent with
this recommendation, as originally directed
by Executive Order D-86-90.

The Seismic Advisory Board believes that
the issues of seismic safety and performance of
the state’s bridges require Legislative direction
that is not subject to administrative change.

Caltrans is also responsible for non-high-
way bridges in California, but its responsibil-
ity is limited to those structures where a
failure could adversely impact the state high-
way system, e.g., railway bridges over state
highways. However, where railway bridges do
not affect the state’s highways, the state does
not impose safety requirements for their
design and construction. It is important to
note that the economic recovery of the state
after a damaging earthquake may be limited
by the performance of these other bridges,
and the speed with which other transporta-
tion modes are restored to pre-earthquake
service condition.

Implementing this seismic safety policy
will require a continuous commitment of
resources similar to that of the last decade.

Recommendations for Action



2. NON-STATE-OWNED BRIDGE RET-
ROFITS. The Legislature should provide
timetables for the seismic retrofit of non-
state-owned bridges so that those bridges
requiring retrofit are completed within
the next 5 years. The standards for non-
state-owned bridges should be the same
as for state-owned bridges.

Discussion: Caltrans has proceeded well in

upgrading the seismic safety performance of

its bridges. However, many local (city and
county) agencies have not addressed their
bridge safety issues with the same complete-
ness. This is despite the fact that the Federal

Highway Administration (FHWA) and Cal-

trans funded assessment of non-state-owned

bridges, identified those that potentially
require seismic retrofit, and developed retro-
fit plans for those needing them. Caltrans
even provided that the state and federal gov-

ernments would reimburse 100 percent (80

percent federal, 20 percent state) of the

design and construction cost as a response to
recent earthquake recovery efforts. Yet many
jurisdictions have been slow in responding
and addressing the safety of their bridges. As
of the beginning of 2003, local agencies are
no longer automatically receiving the 20 per-
cent state matching funds since the Seismic

Safety Retrofit Account was eliminated by

AB2996. Local agencies are now required to

provide 20 percent of the total cost of the ret-

rofits from their respective allocations of

State Highway Account funds. As a result,

local actions to complete the retrofit task

have been greatly reduced.
Currently, only about 37 percent of non-
state-owned bridges with identified deficien-
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cies have been retrofitted and an additional
12 percent are under construction. This com-
pares with an over 90 percent completion rate
for state-owned bridges.

Even if users of the highway system do
not understand who controls what bridges,
they should not be misled into thinking that
seismic safety issues have been addressed for
these structures when in fact a non-state-
owned portion of the system has been unre-
sponsive—even when costs were covered.

The objective of retrofit of non-state-
owned highway bridges is to provide a reli-
able highway transportation system in the
post-earthquake period, regardless of the
jurisdictional issue of who is responsible for
its individual elements. Evidence suggests
that retrofit of the remainder of these local
bridges will not happen unless it is mandated.
Many local agencies control bridges that form
the “backbone” of the transportation system,
and without Legislative mandate, these
bridges will probably not be retrofitted before
the next big earthquake strikes.

3. DESIGN STANDARDS. Caltrans should
maintain its standards for construction
and retrofit of bridges and other transpor-
tation structures to provide life safety for
all structures and functionality for lifeline
and other important structures following
an earthquake. Further, Caltrans should
maintain its current policy that seismic-
related design and construction issues be
independently reviewed to ensure compli-
ance with these standards. Selective seis-
mic peer reviews should be conducted



under policies and procedures reviewed

by the Seismic Advisory Board (SAB).
Discussion: It is important to the economy
and safety of the people of California that all
bridges and other transportation structures in
the state highway system, whether existing or
newly constructed, have predictable seismic
performance. A key question related to per-
formance is “What level of safety is high
enough?” While it is economically impracti-
cal to make every transportation structure
fully damage-resistant, it is practical to expect
that the lives of the users of these structures
be as safe as is required for critical building
structures, such as schoolhouses and hospi-
tals. To achieve the desired performance, it is
important that expected seismic performance
be independently verified. Currently, it is Cal-
trans practice to use internal technical review,
not independent external peer review, for
most retrofit and new design. These are
effective practices, but need policy direction
to ensure continued action.

4. REGULAR SAFETY REASSESSMENT.
Caltrans should regularly reassess the
seismic hazard and engineering perfor-
mance of bridges, including existing, ret-
rofitted, and new structures. Caltrans
should determine, as measured by the
then-current state of knowledge, whether
bridges and transportation structures can
be expected to perform in an acceptable
manner under earthquake shaking.

Discussion: Caltrans has made great strides in

the past decade in transforming California’s

state highway system into one with predict-
able, good seismic performance. During this

period, a major retrofit effort has upgraded
over 2,000 bridges (about 18 percent of the
state inventory). Much has been learned
about the technical issues of seismic perfor-
mance. In some cases, there has been an
improvement in our understanding of the
reliability of retrofit approaches. Some struc-
tural details that were previously accepted
without retrofit are now suspect. At the same
time, there has been significant change in our
understanding of the earthquake risk as geol-
ogists and seismologists have gained more
understanding of California’s seismic hazards.
It is vital that the process of providing a reli-
able transportation system reflect these
improvements in knowledge and understand-
ing, both of the engineering performance of
structures and the seismic hazard at the site.
Because a bridge has been reviewed as
acceptable at one time or has been retrofitted,
there is no assurance that it will still provide
acceptable performance when knowledge and
understanding of seismic performance have
improved. The SAB believes that periodic
reassessments should be initiated by new tech-
nical developments or on a set timetable—
perhaps every 10 years since construction was
completed. Under Federal Highway Admin-
istration (FHWA) requirements and the stan-
dards of the American Association of State
Highway Officials (AASHO), every two years
Caltrans conducts assessments of the struc-
tural condition of every state bridge. If the
mandate is broadened to include visual assess-
ment of expected seismic performance, where
appropriate for the type of bridge or condi-
tion, then this program is an ideal vehicle
through which to regularize seismic perfor-

Recommendations for Action
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mance assessments. It has the potential
advantage to the federal government that at
small expenditures for assessment, large
disaster recovery costs could be avoided.

5. TOLL BRIDGE SEISMIC SAFETY PRO-
GRAM. The Toll Bridge Seismic Safety
Program needs to be completed effi-
ciently and without further delay.

Discussion: The design basis for the Toll

Bridge Seismic Safety Program was well-

developed and benefited from research find-

ings. The engineering models and analysis
procedures used are expected to reliably pre-
dict their performance. Extensive independent
technical peer reviews give added confidence
that the completed designs for those toll
bridges are technically appropriate. While the
seismic retrofit of most of the toll bridges is
complete, retrofit construction is still under-
way on the Richmond-San Rafael Bridge and
the West Spans of the San Francisco-Oakland

Bay Bridge. Construction of the new Benicia-

Martinez Bridge and the new East Spans of

the San Francisco-Oakland Bay Bridge are

underway. The work on toll bridges should be
completed as a priority, so that it will be done
before the next big earthquake.

6. PROBLEM-FOCUSED INVESTIGATIONS.
Caltrans should continue its commitment
to problem-focused seismic investigations
at or above its current level.

Discussion: A cornerstone of the significant

improvements in bridge design in the past

decade has been the commitment of Caltrans
to a vigorous research program. Striking
changes in seismic design and construction
practices within Caltrans have resulted from
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problem-focused research and investigations
to resolve critical issues, and to understand
why bridges performed as they did in recent
California earthquakes. Highly focused
research has provided an economical means
by which the seismic hazard of bridges has
been mitigated.

The good performance of retrofitted
bridges in the Northridge earthquake can be
directly attributed to Caltrans research pro-
grams. The evolving post-Loma Prieta earth-
quake design and retrofitting practices used
by Caltrans appear to be sound. No signifi-
cant damage has been reported to the 60
bridges retrofitted by Caltrans in regions of
strong shaking since the start of the post-1987
retrofit program. The retrofit techniques
used included procedures that were developed
principally from the research program com-
pleted for jacketing of bridge columns.

The innovative approaches in analysis
and design developed from research have
allowed most of the major bridges—includ-
ing most of the toll bridges—to have their
seismic performance improved by retrofit
rather than replacement, with significant cost
savings. In the case where retrofit was not
appropriate (e.g., the East Spans of the San
Francisco-Oakland Bay Bridge), techniques
developed by Caltrans research efforts have
allowed new design approaches that have
improved seismic performance. These Cal-
trans efforts have brought about not only bet-
ter understanding of the technical and
professional issues of design and seismic per-
formance of structures, but have also
achieved economy in providing an acceptable
level of seismic performance. The SAB



believes it is vital that both the state and Cal-
trans continue this research commitment.

7. EMERGENCY RESPONSE. Caltrans
should maintain its rapid response capa-
bility to evaluate, repair, and restore
damaged bridges, regardless of the
cause—whether natural or terrorist.

Discussion: Earthquakes are not the only pos-

sible cause of bridge failure. Accidents or ter-

rorist acts can damage bridges in many of the
same ways that earthquakes do. The technical
response to restore a bridge damaged from
either cause is similar. The means of making
such assessments is rapidly changing and
improving. For some structures, it may be
possible to use real-time instrument response
recordings to aid in making hard decisions on
whether or not to continue to use a possibly
damaged structure. As the capability to per-
form instrument-based evaluation proce-
dures increases, such instrumentation should
be integrated into the design and construc-
tion of highway transportation structures to
facilitate rapid condition assessment. Devel-
opment and implementation of effective
recovery procedures will not only assist Cal-
trans in rapidly restoring its structures to ser-
vice, but also improve the effectiveness and
economy of Caltrans response and recovery
assistance to other agencies, cities, and coun-
ties under the direction of the Office of

Emergency Services.

2.2 Conclusions of the

Seismic Advisory Board
It is the conclusion of the Seismic Advisory
Board that the state is at a crossroad. It must
maintain a focus on seismic safety, or pay the
horrific consequences. As every Californian is
aware, the state’s budgetary crisis of 2003 is
severe.

The 1971 San Fernando earthquake
exposed the severity of the hazard posed by
bridges in earthquakes. Caltrans expanded
earthquake engineering research support, ini-
tiated a retrofit program with cable restrain-
ers, and administratively formed an
earthquake engineering group. However,
later in the decade, when the Governor and
the Legislature changed priorities under bud-
getary pressures, the program was curtailed
and the assigned department staff scattered.
Earthquake safety for California’s highways
was once again just another competitor for
state highway funds—not a priority. The
Loma Prieta and Northridge earthquakes
made clear the potential cost of this change in
priorities. The SAB believes that the discon-
tinuation of the Seismic Safety Retrofit
Account in 2002 could be the precedent for
delays in the Local Bridge Seismic Retrofit
Program unless action is taken.

Earthquakes measure our actions, not our
words. If we are to win this race against future
earthquakes, then as a state we will have to
reinforce our resolve and redouble our efforts
to yield a highway transportation system that
can withstand the test. The issue is not to
increase significantly the resources applied to
the task, but to complete the job begun in ear-

Recommendations for Action
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nest in 1989, resolve those safety problems
not yet addressed, and maintain that commit-
ment so that highway bridges will perform at
an acceptable level in future earthquakes.
The race is on. We cannot stop until we
reach the goal. The state must complete the
race before the next severe earthquake so that
it will not have to explain a failure to act. To
do any less is to concede the race and accept
that the consequences will be loss of life and
widespread and severe economic disruption
when truly large California earthquakes occur.

The Race to Seismic Safety



Section 3

Key Questions of

Public Concern

The state is faced with a decision on whether
to implement the seven Recommendations of
the Seismic Advisory Board as contained in
this report, and maintain the current effort to
achieve adequate seismic performance of
bridges, or to lessen or curtail these efforts.
Stated plainly, the choice is whether to com-
plete the formidable task of seismically pro-
tecting our transportation system or allow its
safety to diminish and decay.

Anticipating the future is difficult—par-
ticularly when there are big choices to be
made. There are, however, questions that can
be addressed now that may help in under-
standing the dimensions of the choices to be
made. Six questions are assessed below, ones
that are, in the SAB’ judgment, issues essen-
tial to understanding the choice between
increasing bridge seismic safety efforts or
abandoning them mid-stream. The SAB’s
answers to, and discussion of, these key ques-
tions are predicated on the assumption that
the priority for seismic safety of bridges
becomes a competing priority for Caltrans and
local transportation agencies, not a number
one priority as it has been for the past 15 years.

1. How will the transportation
system perform in the coming big
earthquake?
The answer depends on the type of bridge,
and the service it provides. Given that current
retrofit construction underway is completed,
it is expected that major bridges on desig-
nated lifeline routes will perform well
(termed critical bridges, for which there are
no alternatives, e.g., San Francisco-Oakland
Bay Bridge; there are relatively few of these

bridges in the state). It is expected that these
bridges will be closed for a short period of
time while they are inspected and minor
repairs completed to ensure safety.

Following a large earthquake, the SAB
expects that many Standard bridges near the
epicenter will be sufficiently damaged as to be
out of service for a period of time, and some
may require replacement. Collapse is not
expected for most of these bridges, but repair
for some may not be economical. Within
urban areas, the differences between the per-
formance of retrofitted bridges and those
awaiting retrofit may be extreme, with retro-
fitted bridges performing much better.

2. Why is improving seismic safety a
good investment?
The highway system is a vital element of the
functioning of the California economy. If an
earthquake damages the transportation sys-
tem severely enough, there will be harsh
impacts on California’s economy and the mar-
ket position of its businesses will suffer. It is
clear from observations of California and for-
eign earthquakes that protecting the transpor-
tation system from catastrophic earthquake
impacts saves lives and guards the state’s abil-
ity to prosper and compete economically. Ret-
rofit and strengthening structures protects
them not just from the effects of earthquakes,
but from acts of terrorists as well.

3. Why haven’t the programs for retro-

fit of local bridges been completed?
A much smaller percentage of locally-owned
bridges have been seismically retrofitted than
have state-owned bridges.

Key Questions of Public Concern
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Caltrans and the Federal Highway
Administration (FHWA) provided the assess-
ment, design, and construction funds for seis-
mic retrofit of non-state-owned bridges as
part of the post-earthquake recovery process.
Seismic retrofit plans for most bridges that
need it are complete. Now, however, in 2003,
local communities must provide 20 percent of
construction costs of a bridge project from
their share of the State Highway Account.
Consequently, many local communities see
the more imminent need of maintenance and
new construction projects; thus seismic retro-
fit progress for non-state-owned bridges has
slowed to a snail’s pace.

4. Has the retrofit program to date
been effective?
Yes. It has been effective in that the seismic
safety of those bridges assessed and modified
is expected to be significantly better than
those that have not been retrofitted. The
state’s goal, from Governors Deukmejian to
Gray Davis, for seismic performance for the
vast majority of state bridges is that they not
represent a life safety threat to the public. The
1994 Northridge earthquake dramatically illus-
trated the success of retrofit—the 60 bridges
retrofitted by Caltrans in the region of strong
shaking showed no significant damage and
could be reopened to traffic the following day.

5. Should we spend more money on
seismic safety?

Yes. The job is not yet done if the people of

California want their transportation system

to be reliable for use during and after earth-

quakes. Many of the bridges in the state could

be significantly compromised following an
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earthquake. Simply put, the job is only par-
tially done. There is much more to do. Many
retrofits now underway and planned will not
be completed unless the resources are avail-
able. This is particularly true for remaining
work on local bridges and toll bridges.

6. Why are the East Spans of the San
Francisco-Oakland Bay Bridge being
replaced rather than retrofitted?

The economic impacts of the closure of the

Bay Bridge were massive following the 1989

Loma Prieta earthquake—to say nothing of

the social disruption. The major damage was

limited, and the bridge was returned to ser-
vice in just one month. Notwithstanding, the
damage was more severe than the obvious
dropped deck spans on Pier E-9, which was
the immediate reason for closure. Piers and
other supports on the east section of the
bridge were damaged, and their seismic
capacities significantly reduced. Structural
vulnerability assessments of the East Spans
showed that more than 75 percent of the
bridge members did not meet current defor-
mation or strength capacity requirements
and, if retrofitted, would need to be replaced
under full traffic.

The San Francisco-Oakland Bay Bridge
is near the Hayward fault, which the USGS
recently assessed as having a 27 percent prob-
ability of a magnitude 6.7 or greater earth-
quake in the next 30 years. If this happens
before replacement of the East Spans, cur-
rently under construction, is completed, there
is a potential for portions of the existing east-
ern portion of the bridge to collapse. The San
Francisco-Oakland Bay Bridge is heavily used



for most of the day, and many lives are likely
to be lost in any significant collapse.

The likelihood of earthquake ground
motions sufficient to cause collapse of a por-
tion of the existing East Spans of the San
Francisco-Oakland Bay Bridge is so high that
the only reasoned approach was to either
seismically retrofit the bridge or to replace it
to ensure an acceptable level of reliability and
safety. The retrofit option was deemed too
expensive and less reliable. For the sake of
public safety during a lengthy retrofit period
and a seismically more reliable new structure,
the decision was made to replace, rather than
retrofit, the East Spans. (Note that the West
Spans, the suspension portion of the bridge,
is not being replaced, but retrofitted as the
most economic way to provide for acceptable
levels of performance.)

Questions Following Future Earthquakes

No matter how well or poorly bridges
perform in future earthquakes, questions will
be raised about performance.

The 1989 Loma Prieta earthquake initi-
ated the beginning of the process of resolving
the seismic performance issues of California’s
highway transportation system. In his 1989
charge to the Board of Inquiry, Governor
George Deukmejian directed that five spe-
cific issues arising from the 1989 Loma Prieta
earthquake be addressed. To the Governor’s
original list of issues, the Board of Inquiry
added another, on safety of bridges.

1. Determine why bridges failed in the
earthquake.

2. Determine whether these failures were
or could have been foreseen.

3. Advise on how to accurately predict pos-
sible future bridge and structure failures.

4. Determine if the schedule for and man-
ner of retrofitting these structures prop-
erly utilized the seismic and structural
information that has been developed fol-
lowing other earthquakes in California.

5. Make recommendations as to whether
the state should modify the existing con-
struction or retrofit programs for freeway
structures and bridges in light of new
information gained from this earthquake.

6. Are California's roadways earthquake-
safe?

These are the same issues likely to be
raised after future earthquakes if the task of
implementing the recommendations in this
report falls short. The answers the state will
give then will depend on actions it takes now
and in the immediate future.

The balance of this report provides a
review of the state-of-the-art and the state-
of-practice in seismic design of bridges.
These sections are not necessarily complete,
either in coverage or scope. The Seismic
Advisory Board provides the following sec-
tions of this report as the technical basis upon
which it makes its seven Recommendations.

Key Questions of Public Concern
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Section 4

San Francisco-Oakland Bay
Bridge East Spans Seismic
Safety Project

4.1 Background of East
Spans Retrofit/
Replacement Issues

The San Francisco-Oakland Bay Bridge

(Figure 4-1) carries 10 lanes of Interstate

traffic on two decks. More than 280,000 vehi-

cles use the bridge each day. This aging struc-
ture was first opened to the public in 1936. It
was designed according to elastic theory to

resist approximately 0.10g horizontal acceler-
ation, which was the best understanding of the

seismic hazard at that time (Caltrans 1998)."

At 5:04 pm on October 17, 1989, both
spans of the double-deck roadway above Pier E9
experienced partial collapse under the seismic
motions from the Loma Prieta earthquake
(Figure 4-2). The damage cost a human life
and closed the bridge for 30 days, causing
millions of dollars per day in economic losses
to the Bay Area.

The Loma Prieta earthquake had a
moment magnitude of 6.9. Its epicenter was
nearly 100 kilometers southwest of the bridge.
An earthquake of that magnitude that far away
was thought to present a relatively minor
threat to the San Francisco-Oakland Bay
Bridge compared to a larger, and much more
likely, earthquake on either the San Andreas
(15 km west) or the Hayward fault (8 km east).

Following the Loma Prieta earthquake,
Caltrans began a multi-year seismic vulnera-
bility assessment and retrofit project of all
major bridges in California, including the San
Francisco-Oakland Bay Bridge (SFOBB) East

Figure 4-1. West (foregreound) and East Spans of the existing
San Francisco-Oakland Bay Bridge.

o ‘ﬁ.‘;‘. Figure 4-2.

Collapse of one
span of the east-
ern section of the
San Francisco-
Oakland Bay
Bridge during the
1989 Loma Prieta
earthquake.

*

Sections 4.1 through 4.3 are from Seible et al.
(2003).

San Francisco-Oakland Bay Bridge East Spans Seismic Safety Project



Figure 4-3. Rendering of the new East Spans of the San Francisco-Oakland Bay Bridge at night (Lin, T.Y. International 2000b).

Spans (Seible 2000). Caltrans first evaluated
retrofit of the existing East Span steel truss
structure. Retrofit of the existing span proved
to be extremely expensive and of questionable
reliability in terms of performance of the ret-
rofit. Notwithstanding, a limited seismic ret-
rofit of the existing East Span was completed
to provide some protection from failure
should low level earthquake ground motion
occur before the replacement bridge was
complete. Due to the difficulty of implement-
ing a retrofit plan under full traffic, Caltrans
determined that a replacement structure
would provide a seismically more reliable
alternative to retrofit. This decision resulted
in the SFOBB East Spans Replacement
Project. This bridge replacement project is
the largest bridge project in California's his-
tory (estimated at close to $3 billion). The
principal objective is for the bridge to be safe
and reliable and be returned to service as
quickly as practical without interruption of
trans-Bay traffic following a big earthquake.

4.2 New East Spans
Replacement Project

The Caltrans concept for the SFOBB East
Spans Replacement Project consisted of two
parallel reinforced concrete viaducts. These
viaducts would extend from Oakland to Yerba
Buena Island. The Metropolitan Transporta-
tion Commission (MTC), which represents
the nine Bay Area counties and acts under
authority granted by the California Legisla-
ture, petitioned the Legislature to approve an
additional budget to include a “signature
span” and various amenities to the Caltrans
concept. MTC appointed an Engineering
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and Design Advisory Panel (EDAP), a panel
of worldwide-recognized experts in bridge
design, to develop recommended guidelines
for the design of the new SFOBB East Spans.

4.2.1 EDAP Panel Recommendations
Among other recommendations of the Engi-
neering and Design Advisory Panel, the fol-
lowing recommendations had a major impact

on the design of the new bridge (Caltrans
2002):

* The new East Spans and the retrofitted
West Spans should be designed to pro-
vide postearthquake “lifeline service.”

®  The new East Spans should have a cable-
supported main span with a single verti-
cal tower with single or multiple legs in
the transverse direction and single or
multiple planes of supporting cables.

*  The new East Spans should not be
double-decked.

*  The cable or suspension tower on the
East Spans should not be taller than the
suspension towers on the existing West
Span.

* The new East Spans should have bicycle
and pedestrian lanes.

Following these and other recommenda-
tions, Caltrans selected and contracted with
the joint venture of T.Y. Lin International/
Moftatt & Nichol to develop 30 percent
designs for two alternative bridges: one with a
cable-stayed main span and one with a self-
anchored suspended main span (Caltrans 1998;
Goodyear and Sun 2003; Tang et al. 2000).
After careful evaluation, and mainly due to its
better assimilation with existing suspension
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Figure 4-4. Schematic representation of the new East Spans of the San Francisco-Oakland Bay Bridge.

bridges in the San Francisco Bay Area, the
self-anchored suspension (SAS) bridge was
chosen (Figure 4-3).

4.2.2 Design of New East Spans
The new East Spans (Figure 4-4) consist of
four distinct structures:

* The Oakland landing, or touchdown,
structure.

*  Asegmental concrete box girder crossing

called the Skyway.

* A self-anchored suspension Signature
Span.

* A series of multi-cell post-tensioned con-
crete box girder bridges providing the

transition to the tunnel on Yerba Buena
Island (Tang et al. 2000).

The new East Spans will feature parallel
roadways and will be built next to the existing
East Span bridge, which will be dismantled
after the new bridge is opened to traffic.
Skyway
The Skyway consists of two parallel segmen-
tal precast concrete viaducts with a typical
span of 160m, grouped in frame units of three
or four piers per frame, separated by expan-
sion joints. The haunched single cell box
girder cross-section has a depth of 5.5m at
midspan (9.9 m at the pier) and features two
vertical webs spaced 8.5 m apart.

The total deck width of 25 m is reached
using overhangs of 8.3 m on each side. The
deck is post-tensioned in the longitudinal and
in the transverse directions, while the webs are
post-tensioned longitudinally and vertically.

The cast-in-place hollow rectangular
reinforced concrete piers of the Skyway rely

on highly confined corner elements for
inelastic deformation capacity and on con-
necting structural walls for stiffness and
strength (Figure 4-5). The Skyway piers imi-
tate the main span tower in geometry and
architectural treatment through cover con-
crete articulation, helping to maintain a con-
sistent visual theme throughout the entire
bridge (Hines et al. 2002). The Skyway piers
have heights ranging from 36 m at Pier E3 to
14 m at Pier E16 with monolithic connections
to the superstructure and to the foundations.

Signature Span

The Signature Span (or main span) of the
new eastern portion of the San Francisco-
Oakland Bay Bridge will be the world’s largest
self-anchored suspension (SAS) bridge. The
SAS Signature Span consists of a 385 m front
span and a 180 m back span. The single tower
is 160 m tall and is made up of four steel
shafts (tapered stiffened box members) con-
nected with intermittent shear links along its
height. The tower pile cap is positioned at
water level supported by thirteen 2.5 m diam-
eter cast-in-steel-shell (CISS) concrete piles.
The permanent shell terminates 30 m below
the pile cap with a cast-in-drilled-hole
(CIDH) pile continuing to a depth of approx-
imately 75 m below the water line and into
the bedrock of the Franciscan Formation.
The 0.78 m diameter main cable is anchored
to the deck at the east bent (Pier E2) and
looped around the west bent (Pier W2)
through deviation saddles. At Pier E2 the
cable is parallel to the deck, inducing a hori-
zontal compressive force in the deck only.
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Skyway (reinforced concrete)
PostTensioned Segrnental Box Girder

Main Span (steel)
Seif-Anchored Suspension Bridge

Hollow Rectangular Pier with
Highly-Confined Comer Elements

Figure 4-5. Rendering of the new East Spans of the San Francisco-Oakland Bay Bridge and of the key structural com-
ponents tested in the Charles Lee Powell Structural Research Laboratories at the University of California, San Diego
(original rendering: T.Y. Lin International).

On the Oakland end, at Pier W2, the
inclined main cable induces a horizontal
compressive force into the deck and a vertical
tensile force that has to be resisted by the
pier. The uplift at W2, due to the self-weight
of the front span, is balanced partly by the
self-weight of the massive cap beam of Pier
W2. The additional seismic uplift is resisted
by a tiedown system consisting of 28 tendons
(each with 61-15 mm diameter strands)
anchored in the cap beam and in the founda-
tion blocks. The tension forces are resisted by
the weight of the foundation blocks encased
in the bedrock and by eight 2.5 m diameter
CIDH concrete piles.

Pier W2 consists of a north and south
pier fixed at the base and tied together at the
top by a stiff cap beam. Each pier is made up
of four 3.5 m diameter circular concrete col-
umns, with pentagonal-shaped architectural
concrete to ensure visual consistency with the
other piers of the bridge. The columns are
fixed to the foundation block and to the cap
beam and are not interconnected (Figure 4-5).
Pier E2 consists of a north and south pier
fixed to the foundation at the base and tied
together at the top by a stiff cap beam, and is
similar in design to the Skyway piers.

The Race to Seismic Safety

Superstructure

"The superstructure of the SAS bridge consists
of two 25m wide dual, hollow orthotropic
steel boxes, accommodating five lanes of traf-
fic and two shoulder lanes each. The super-
structure is under a permanent compression
load of 200MN per each girder, correspond-
ing to about 30 percent of the nominal yield
strength of the longitudinal girders, to bal-
ance the cable tension forces. The box girders
are connected by crossbeams spaced 30 m
apart. The crossbeams carry the transverse
load between the suspenders and ensure that
the dual boxes act compositely during wind
and seismic loads. The suspenders are splayed
to the exterior side of the box girder and are
spaced 10 m apart.

4.3 Seismic Design
Philosophy Employed in
Development of the East
Spans

4.3.1 Performance Limit States

The seismic risk to the new East Spans of the
San Francisco-Oakland Bay Bridge comes
mainly from the Hayward fault, located 12 km
east and capable of generating a 7.5 Richter
magnitude earthquake, and from the San
Andreas fault, located 25 km to the west and
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Figure 4-6. Seismic response mechanism of the new East Spans of the San Francisco-Oakland Bay Bridge.

capable of generating an 8.1 Richter magni-
tude earthquake.

The new East Spans are designed to
resist two levels of earthquake, namely:

* The Safety Evaluation Earthquake
(SEE), addressing an approximately
1,500-year event on either fault.

* A Functional Evaluation Earthquake
(FEE) corresponding to a shorter return
period (~300-year) event.

The FEE performance criteria require
full service almost immediately following the
earthquake with only minimal damage to the
structure. Minimal damage implies essen-
tially elastic performance, and is character-
ized by minor inelastic response, narrow
cracking in concrete, no apparent permanent
deformations and only limited damage to
expansions joints that can temporarily be
bridged with steel plates.

After an SEE event, the new East Spans
would provide service with no more than
repairable damage to the structure. Repair-
able damage is damage that can be repaired
with minimum risk, such as minimal damage
to superstructure and tower shafts, limited
damage to piers (including yielding of rein-
forcement and spalling of concrete cover) and
tower shear links, small permanent deforma-
tions that do not interfere with the service-
ability of the bridge, and damage to expansion
joints that can temporarily be bridged with
steel plates. To ensure the ability of the bridge
to carry traffic across expansion joints after
the SEE event, the allowable average perma-
nent deformation is limited to 300 mm.

4.3.2 General Seismic Design Concept
The design philosophy for the new East Spans
is aimed at providing an inherent toughness
in the pier-foundation system, defining a clear
sequence of yielding damage in overload con-
ditions, and avoiding the need for inspection
or repair at inaccessible locations.

These requirements and the high seis-
micity in the Bay Area required state-of-the-
art capacity design of the new bridge, allowing
plastic deformation in clearly designated
structural components that were specially
designed for this purpose. For example, in the
Skyway, plastic hinges are allowed to form at
the top and bottom of all concrete piers, pro-
tecting the foundations and the superstructure
against overload. In the SAS bridge, shear
hinges are allowed to form in the steel shear
links connecting the four steel shafts of the
main tower, protecting the tower legs against
yielding (Figure 4-5). The shear links were
designed to be replaceable after a seismic
event. Expansion joints reduce the constraints
between the four distinct structures of the
bridge and within the Skyway (Figure 4-6).

To implement this design philosophy and
to meet the expected performance require-
ments, the East Spans were designed based on
capacity design principles for limited-ductility
structures. Detailing and proportioning
requirements for full-ductlity structures
were implemented, delivering a structure
with excellent serviceability characteristics
and a high degree of inherent safety and reli-
ability. To demonstrate that all performance
requirements can be safely met by the pro-
posed design, components in the bridge that
were expected to see any inelastic action
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under the SEE, had to be proof-tested at
large or full scale to clearly establish all per-
formance limit states.

4.3.3 ProofTest Program

The design of the bridge was carried out
based on nonlinear time-history analyses with
multiple support input. The ground motions
used for the analyses were specially developed
for this project, taking source-to-site effects,
near-source effects, as well as site-specific
geological and geotechnical characteristics
into account.

Local element capacities were established
from first principles using section analyses or
through detailed nonlinear finite element
modeling. The performance limit states
(capacities at predetermined damage/perfor-
mance levels) for all components with
expected inelastic actions or plastic hinges
(Figure 4-6) were required to be verified by
means of full or large-scale proof testing.

This proof-testing program was con-
ducted at the Charles Lee Powell Structural
Research Laboratories at the University of
California, San Diego. In the framework of
this program, two steel shear links at 100 per-
cent scale were tested (McDaniel et al. 2001),
two concrete piers of the Skyway at 25 per-
cent scale were tested by Hines et al. (2002)
and a 25 percent scale model of the West
Anchor Pier W2 was tested by Dazio and
Seible (2002). Two steel shear links at 50 per-
cent scale were tested by Dusicka et al. (2002)
at the University of Nevada at Reno. The lat-
ter tests complemented the full-scale shear
link tests performed at U.C. San Diego, since
proper boundary conditions for the link in
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the form of half-scale tower leg sections were
introduced in the Nevada tests.

Two segmental box girder sections of the
Skyway at approximately 20 percent scale,
were tested by Megally et al. (2001) to inves-
tigate different design philosophies for the
segment-to-segment construction joint in
order to optimize the erection procedure of
the Skyway, yet ensure satisfactory seismic
performance. Two panels of the SAS bridge
steel box girder were tested at 45 percent
scale by Chou et al. (2002) to investigate the
ability of the deck to sustain seismic-induced
compressive stresses near yielding without
buckling. These proof-of-concept tests for
the SFOBB East Spans are discussed below.

4.4 Peer Review and
Construction

Upon award of the design contract, Caltrans
appointed a Seismic Safety Peer Review
Panel (SSPR) comprised of Gerald Fox,
bridge design engineer; Ben Gerwick, con-
struction engineer and professor emeritus at
U.C. Berkeley; .M. Idriss, geotechnical engi-
neer and professor at U.C. Davis; Joseph
Nicoletti, consulting structural engineer; and
Frieder Seible, structural engineer and pro-
fessor at U.C. San Diego. An initial act by the
Seismic Safety Peer Review Panel was the
appointment of an ad hoc committee to
establish the ground motion parameters for
the design of the new bridge. The SSPR met
periodically with the design team throughout
the development of the design to provide
assurance to Caltrans that appropriate design
criteria had been developed and properly
implemented, that appropriate analytical pro-



cedures were being applied, and that all other
quality assurance procedures prescribed by
Caltrans were being followed. It should be
noted that three of the SSPR are also mem-
bers of the Caltrans Seismic Advisory Board,
which facilitated keeping the Board apprised
of significant issues during design.

4.5 Problems and Delays

This important seismic safety project as been
plagued with a number of unfortunate prob-
lems and delays. Although the City of San
Francisco was on record as approving the
design and alignment of the new bridge, about
six months after award of the design contract,
it requested Caltrans to change the alignment
or to reconsider retrofit of the existing bridge.
The U.S. Navy, in the process of transferring
ownership of Yerba Buena Island to San Fran-
cisco, refused access to Caltrans for the neces-
sary geotechnical investigations on the island.
After about two years of delay and several
hundred million dollars of estimated construc-
tion costs, the stalemate was resolved by the
Federal Highway Administration (FHWA)
claiming federal priority for the bridge right-
of-way on the island.

"The advertising and award of the Skyway
contract, under construction as of this writing
(December 2003), resulted in limited compe-
tition and costs significantly in excess of con-
ventional estimates. The limited availability of
qualified contractors and the heavy and com-
plex construction equipment required for this
bridge, plus the fact that a number of contrac-
tors and their equipment were already com-
mitted to similar work on several other toll
bridges in the Bay Area, combined to create

the adverse bids. Additionally, the large size
and cost of the proposed construction incre-
ments (the Skyway cost is approximately 1.3
billion dollars) require proportionately large
bid and performance bonds and, in the cur-
rent economic recession and the risk of ter-
rorist activity, banks are reluctant to commit
such large amounts of money to one project.

4.6 Potential Future
Problems and Concerns

Caltrans had initially planned to combine the
SAS Signature Span and the transition struc-
tures on Yerba Buena Island in one contract
in order to avoid potential conflicts with two
or more contractors occupying the limited
work area on the island. However, in view of
the experience gained with Skyway contract,
dividing the increment into two or more con-
tracts became a desirable alternative and Cal-
trans decided to separate the SAS and the
transition structures into separate contracts.
Other California Toll Bridge Seismic
Safety Programs are funded entirely with
state funds but, after the overrun on the Sky-
way contract, the state requested federal assis-
tance with the remainder of the East Spans
project. Federal funding requires compliance
with the Federal Procurement Regulations
that impose “Buy American” provisions on
certain construction materials such as struc-
tural steel. In view of the fact that very few
U.S. steel suppliers currently have the neces-
sary facilities, experience, and access to water-
ways to fabricate, ship, and erect the large
steel sections required for the SAS, Caltrans
was understandably concerned regarding the
SAS contract. Fortunately, the “Buy Ameri-
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can” provisions contain an alternative clause
that permits buying from international
sources if the U.S. costs are 25 percent or
more in excess of the international costs.

In order to facilitate procurement of bid
and performance bonds and also in response
to pressure from small business groups, Cal-
trans is attempting to break up the remaining
work into smaller contracts. For example,
Pier W-2 at the west end of the SAS has been
awarded as a separate contract and the tem-
porary bypass structure on the island will be
awarded as separate contract.

The current schedule envisions the
award of the SAS superstructure contract and
the temporary detour structures in December

The Race to Seismic Safety

2003 and the YBI transition structures in
February 2005. Because of the current and
potential cost overruns on this project and
the present budgetary crisis in California, the
Seismic Advisory Board is extremely con-
cerned that this very important seismic safety
project may experience significant delays
and/or work stoppages. The Board wishes to
remind the Director that the existing East
Span, vital to the economic wellbeing of the
Bay Area, is living on borrowed time with
respect to the seismic hazard. The timely
completion of the bridge truly embodies The
Race to Seismic Safety.



Section 5

Review of Seismic
Hazards in California

5.1 Nature of the

Earthquake Hazard
Knowledge of seismic hazards in California,
their assessment, and methods by which their
effects can be mitigated has grown substan-
tially in the decade since the Loma Prieta and
Northridge earthquakes. Special intensive
studies by Caltrans for the retrofit of San
Francisco Bay Area toll bridges and substan-
tial research contributions from other state
agencies, university engineering groups, and
private consultants have brought two notable
advances.

First, the seismic hazard map for Califor-
nia by Caltrans has been updated (Figure 1-2).
Second, the special nature of the strong
ground shaking near the fault source of large
earthquakes has now been documented by
instrumental observations, including the
1995 Kobe earthquake (M6.9), the 1999 Izmit
earthquake in Turkey (M7.6), the 1999 Chi-
Chi earthquake in Taiwan (M7.6), and the
November 2002 Denali earthquake in Alaska
(M7.9).

These recent time histories and spectra
and their critical applications to structural
response of bridges have provided the basis
for more reliable and economical retrofit
schemes.

5.1.1 Updates in Ground Motion
Attenuation

Recently published studies have found signifi-
cant differences in attenuation between vari-
ous tectonic regions as well as for various
geologic conditions and seismic sources. The
last decade has seen the number of recordings
of strong ground motion increase signifi-

cantly, allowing the development of region-
specific attenuation relations. In particular,
data close to the fault source have increased
the constraints on the behavior of the attenua-
tion relation at short distances, and the uncer-
tainty in attenuation relations has been better
characterized by considering alternative mod-
els. More attention is now being given in seis-
mic hazard analyses to the variability of the
seismic wave attenuation in California, as well
as the uncertainty. In a current research pro-
gram, Caltrans is providing substantial sup-
port for this work through a number of
university-based research investigations.

5.1.2 Near-Fault Ground Motions

Knowledge of near-fault ground motions,
which often contain large long-period pulses,
has improved dramatically since 1989. There
are two causes for these long period pulses in
near-fault ground motions. One is the con-
structive interference of the dynamic shaking
due to fault rupture directivity (Figure 5-1).
"The other is due to the permanent offset, or
“fling,” of the ground along the fault.
Rupture directivity effects are especially
severe when the rupture is toward the site and
the slip direction (on the fault plane) is
aligned with the rupture direction. Rupture
directivity is strongest on the component of
motion perpendicular to the strike of the fault
(fault normal component). Additionally, per-
manent fling effects occur parallel to the slip
direction when the site is located close to a
fault with significant surface rupture. For
strike-slip earthquakes, rupture directivity is
dominant on the fault-normal component and
static displacement effects are observed on the
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Figure 5-1. Recorded ground
velocities show the effect of fault
rupture directivity. 1979 Imperial

Valley, California earthquake

(Bolt and Abrahamson 2003).
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fault-parallel component. Thus, for strike-slip
earthquakes, like those caused by rupture of
the San Andreas and Hayward faults, the rup-
ture directivity pulse and the fling-step pulse
will naturally separate themselves on the two
horizontal orthogonal components.

What is important for large Caltrans
structures is that the directivity of the fault
source rupture causes spatial variations in
ground motion amplitude and duration around
faults, with systematic differences between the
strike-normal and strike-parallel components
of horizontal ground motion amplitudes (Bolt
and Abrahamson 2003). These variations start
to become significant at a period of 0.6 sec-
onds and generally grow in size with increas-
ing period. Modifications to empirical strong
ground motion attenuation relations have
been considered in studies of Caltrans toll
bridges to account for the effects of rupture
directivity on these strong motion amplitudes
and durations. Instrumental measurements
show that such directivity can modify the
amplitude velocity pulses by a factor of up to
10, while reducing the duration by a factor of 2.
A clear illustration is the recorded ground
velocity of the 15 October 1979 Imperial Val-
ley, California earthquake generated by a
strike-slip fault source (Figure 5-1). The main
rupture front on the fault moved toward El
Centro and away from Bonds Corner.

The Race to Seismic Safety

5.1.3 Seismic Strong Motion, Seismic
Hazard, and Design Ground
Motions

There are two basic approaches to develop-

ing design spectra: deterministic and proba-

bilistic. Both have been used in studies of
large structures in California, but hazard esti-
mates for Caltrans Important bridges have
used the probabilistic method.

The deterministic approach uses selected
individual earthquake scenarios (magnitude,
distance, directivity, etc.). The ground
motion is then computed using appropriate
attenuation relations with a specified proba-
bility of the ground motion parameters not
being exceeded in a specified scenario earth-
quake. Because there is scatter in the ground
shaking measurements from earthquake to
earthquake, averages must be used. A design
spectrum is developed by scaling a standard
spectral shape. Typically, a probability of
nonexceedance of either 0.5 (median) or 0.84
(median plus one standard deviation—a mea-
sure of scatter) ground motion is used. The
specific implementation of this approach by
Caltrans in the design of Standard bridges is
described in Section 5.3.1.

The probabilistic approach differs from
the deterministic approach in that it consid-
ers the rate of occurrence of local earth-
quakes and also the variability of the ground
motion (number of standard deviations above
or below the median) and its associated prob-




ability distribution. The hazard curve gives
the probability that any of the scenarios
(ground motions) will produce a ground
motion exceeding a selected value. For prob-
abilistic analyses, the design ground motion is
typically given by an equal hazard spectrum.
Equal hazard spectra are constructed by first
computing the hazard at each spectral period
independently.

The equal hazard spectrum for a bridge
site may not be physically achieved in a single
event, but is meant to represent design crite-
ria for all reasonable cases. An equal hazard
spectrum gives at each spectral period the
response spectral value that has the specified
return period of the earthquake motion.

5.1.4 Design Time Histories

"The construction of strong motion time his-
tories has become an essential part of the defi-
nition of hazard for the design and testing of
critical Caltrans structures. There are two
main methods used to develop design seismic
ground motions: (a) scaling observed ground
motions from past earthquakes and (b) adjust-
ing observed ground motions to match a
selected design spectrum. The second method
has been adopted in recent Caltrans work.
Spectrum-compatible time histories are
time histories that have been modified in
terms of the amplitude of their frequency
content to match the entire design spectrum.
"The selection of the initial time histories for
use in either scaling or spectral matching has
turned out to be critical in testing the nonlin-
ear response of the soil and structure. Poten-
tial starting (“seed”) motions are based on
their duration, site characteristics, event mag-

nitude and recording distance, and the gen-
eral character of the displacement history. In
particular, for near-fault time histories, the
character of the displacement pulse as
one-sided, two-sided, or multi-sided is chosen
so that the selected motions will have dis-
tinctly different time signatures (uncorre-
lated) to test thoroughly the structural design.

For most engineering applications, the
ground motion is defined at a single point. In
reality, for viaducts, large bridges, and dams,
out-of-phase wave motions over inter-sup-
port distances cause differential ground accel-
erations and differential rotations along the
base of the structure. Studies of the spatial
variation of strong ground motions from
observations of instrumental arrays of strong
motion instruments are now available and the
results have been incorporated into structural
response analyses for some large Important
Caltrans structures.

5.1.5 Strong Ground Motion
Estimation

As an example of the contemporary analysis of
a Caltrans structure, consider the estimation of
the strong motion parameters for the East
Spans of the San Francisco-Oakland Bay
Bridge. The bridge lies between two major
active faults: the Hayward fault 8 km to the east
and the San Andreas fault 15 km to the west.
A design spectrum was derived based on
probabilistic seismic hazard. A response spec-
trum with a return period of 1,500 years was
selected as a “Safety Evaluation Earthquake.”
The hazard analysis included the effects of
rupture directivity by modifying the attenua-
tion relations to include fault rupture effects
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Figure 5-2. Comparison of the design spectrum and the spectrum of a modified time
history (horizontal fault-normal component) for the East Spans, site of the San Fran-

cisco-Oakland Bay Bridge.

(Figure 5-2). Differences between the two
horizontal components (fault-normal and
fault-parallel) arise from the inclusion of the
direction of the fault rupture.

The hazard for the 1,500-year return
period was separated (deaggregated) into the
contributions from each active fault to deter-
mine which earthquakes are most important.
In this case, the deaggregation indicated that
the seismic hazard at the Bay Bridge is domi-
nated by a M7.8 earthquake at about 20 km
distance on the San Andreas fault and an
M?7.0 earthquake at about 10 km distance on
the Hayward fault. The deaggregation also
showed that at a spectral period of 3 seconds,
the 1,500-year return period ground motion
is dominated by forward rupture directivity.

For the Hayward fault source, suitable
observed time histories were available for
direct use as initial time histories; however,
for the San Andreas source scenarios, there
are as yet no recorded time histories that sat-
isfy the required magnitude and distance
range, so some appropriate time histories
were constructed as “seed” motions. Design
spectrum-compatible time histories are
shown in Figure 5-3.

The Race to Seismic Safety

The seismological problems described in
the summary description above are expected
to persist. First, greater sampling of strong
ground motions at all distances from fault
sources of various mechanisms and magni-
tudes will inevitably become available. An
excellent example is the very recent M7.9
earthquake generated by the rupture in 2002
of the Denali fault in Alaska, from which
valuable and relevant recordings of ground
motion were obtained.

5.2 Geologic Hazards

Bridge performance is dependent on its site,
and it is through the structure’s interaction
with its site that earthquakes impacts occur.
The largest proportion of earthquake impacts
to bridges are through vibratory ground
motions. The others sources are through
earthquake-induced site failure by faulting,
liquefaction, densification and landsliding, or
through water waves caused by tsunamis or
dam ruptures.

5.2.1 Fault Rupture

Caltrans recognizes the importance of con-
sidering the effects of fault rupture offset,
along with ground shaking, on the seismic
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Figure 5-3. Spectrum-compatible fault-normal time
histories of the San Andreas fault source for one com-
ponent of acceleration, velocity, and displacement.
These were mathematically constructed from record-
ings of the 1940 and 1979 Imperial Valley, California
earthquakes for the San Francisco-Oakland Bay
Bridge (Fugro/Earthmechanics 1998).

response of bridge and tunnel structures
crossing active faults. Both deterministic and
probabilistic methods are being used to eval-
uate expected horizontal and vertical offsets
on designated active faults (Wells and Cop-
persmith 1994; Bechtel/HNTB 2002).

The impact of fault displacements can be
very dramatic. The cause of the Chi-Chi,
Taiwan earthquake was a south-to-north rup-
ture of a well-mapped fault called the Che-
lungpu thrust, which runs along the west
margin of the central mountains in Taiwan.
The surface fault rupture was approximately
100 km long, with segmented offsets and a
striking northeast-trending jog at its north-
ern termination (Figure 5-4). The maximum
fault slip was about 10 m, located 30 km
north of the hypocenter near the towns of
Wufeng and Nantou. Vertical ground dis-
placements ranged up to 7 m along the
northern part of the rupture, and as much as
5 m in the southern part.

Various design concepts are adapted to
accommodate the possible occurrence of
large horizontal and vertical components of
fault offset underneath a bridge structure.
These design concepts provide flexibility in
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Figure 5-4. The Chelungpu fault scarp as it crosses the Tachaihsi River, pro-
ducing a 6-meter-high waterfall and destroying the road bridge. The damaged
Shihkang dam is in the distance (from Bolt 2003; photo courtesy of Jack Un,

Flying Tiger Photographic, Inc.).

the superstructure. through the use of a long
simply-supported span crossing the fault
zone, extending the width of support seats,
and enhancing the ductility in columns and
foundations.

An example where Caltrans went to great
effort to develop such concepts was in design-
ing bridges for the 1-210/I-215 Interchange
located in San Bernardino (Gloyd etal. 2002).
This interchange is located between two
major faults, namely the San Jacinto fault
located about 3 km to the west and the San
Andreas fault located about 6.5 km to the
east. Excavating trenches within the area of
the planned bridge structures provided evi-
dence that fault ruptures had taken place.
This discovery motivated Caltrans to set up a
Technical Advisory Panel (TAP) to review the
information and provide expert recommen-
dations for structural design.

Caltrans also gave consideration of the
effects of fault rupture on bridge seismic
response in its retrofit program for the major
toll bridges. Two of these bridges have a fault
passing underneath the structure: the Palos
Verdes fault passes underneath the Vincent
Thomas Bridge in Los Angeles (Clarke and
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Table 5-1. Farthquakes that produced damaging tsunamis.

Earthquake Date Magnitude
San Francisco 1906 8.3
Lompoc 1927 7.3
Santa Monica 1930 5.2%
Aleutians 1946 7.8
Kamchatka 1952 8.2
Aleutians 1957 8.3
Chile 1960 8.6
Alaska 1964 8.4

CaliforniaMaximum
Observed Wave Ht-ft.
2

10

21

Kennedy 1997) and the Rose Canyon fault
has strands that pass underneath the Coro-
nado Bay Bridge in San Diego (Kennedy and
Clarke 1997).

Fault offsets up to 2.7 meters in the hori-
zontal direction and up to approximately 0.35
meters in the vertical direction were consid-
ered for the Vincent Thomas Bridge (Fugro/
Earth Mechanics 1996). Due to the relatively
high flexibility of this suspension bridge, it
was found that fault rupture effects are negli-
gible compared to corresponding effects
caused by dynamic ground shaking. However,
due to the much lower flexibility of the San
Diego-Coronado Bridge, the estimated fault-
offset displacements, which range from 0.5 to
0.8 meter under the various spans (2 through
21), did influence retrofit design concepts for
the structure (Fugro/Earth Mechanics 1997).
Specifically, rubber bearing base-isolation
devices were placed between the bridge’s
towers and its deck to provide the needed
flexibility to safely accommodate the design
fault offset displacements.

In the future, Caltrans should complete
its development of seismic design criteria
related to controlling the effects of expected
fault offsets on the seismic response of bridge
and tunnel structures.

5.2.2 Tsunamis

Of all natural hazards affecting the safety of
bridges and highways, tsunamis have received
the least attention. Yet, records show that
destructive tsunamis have occurred in the
past and have caused damage to California
highways and bridges located along the coast.

The Race to Seismic Safety

The most destructive tsunami to hit Cal-
ifornia was the result of the 1964 Great
Alaska earthquake. This tsunami caused dam-
age along all West coast states. Crescent City,
California was hardest hit where, due to the
shape of its bay, it was struck by a 21-foot
wave. This tsunami damaged the breakwater
and washed away embankments of the Elk
River Bridge and destroyed a timber bridge at
Dutton docks. Farther down the coast from
Crescent City, wave heights reached 10 feet
at Half Moon Bay, 10 feet at Santa Cruz, 8.5
feet in Monterey, and 6.5 feet in San Diego.

Table 5-1 lists those earthquakes that
have caused tsunami damage along the Cali-
fornia coastline, along with their dates of
occurrence, magnitudes, and wave heights.
Although the amount of bridge and highway
damage from the tsunamis produced by these
past earthquakes has been relatively small,
expanding population centers and their asso-
ciated infrastructures (including highways
and bridges) along the California coastline
could significantly increase the risks associ-
ated with tsunamis unless plans are developed
to control the risk.

Caltrans has begun to identify the risks
to its highway system associated with tsuna-
mis. Corresponding design criteria, devel-
oped by federal and other state agencies, are
being reviewed. Preliminary screening of
bridges located within one-half mile of the
coastline is being conducted to identify those
bridge structures at risk. The objective of this
effort is to develop a sound policy related to
the characterization and mitigation of tsu-
nami damage.
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There is recent strong evidence that very
large magnitude earthquakes have been gen-
erated by slip on the tectonic plate along the
Cascadia subduction zone (northern Califor-
nia, Oregon, and Washington). These earth-
quakes have been dated from soil layers
formed along the cost due to large tsunamis.

Caltrans should conduct a tsunami risk
assessment for sites along the coast and
should develop design criteria for preventing
structural damage due to tsunami-induced
wave actions.

5.2.3 Site Response

Recorded ground motions collected over the
years have indicated the strong effects of local
site conditions. Figure 5-5 shows the spectral
ordinates of the horizontal motions recorded
at a rock site (Gilroy No. 1) and a nearby soil
site (Gilroy No. 6) during the 1979 Coyote
Lake earthquake.

Quantifications of the effects of local site
conditions have been made based on
recorded data in addition to the use of cali-
brated dynamic response analyses. The need
for analytical procedures is necessitated by

the sparsity of recorded motions at all possi-
ble local site conditions.

Procedures to calculate the effects of
local site conditions on earthquake ground
motions were initiated in the U.S. by the pio-
neering work of Penzien et al. (1964) and
Penzien (1970), who evaluated the site
response at Elkhorn Slough as part of a
research project sponsored by Caltrans. This
was followed by development of the equiva-
lent linear method of analysis (Idriss and Seed
1968), which became a mainstay for conduct-
ing site response studies for the past 35 years.
"The computer program SHAKE (Schnabel et
al. 1972), which incorporated the equivalent
linear method of analysis, has been and con-
tinues to be about the most widely used pro-
gram for calculating site response of level
ground.

More detailed procedures, incorporating
nonlinear soil properties, have also been
developed or are being developed. Of partic-
ular interest is the development of the com-
puter program “Open Seas,” which is being
completed at the PEER Center at Berkeley.
"This program will be tested and calibrated by
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Figure 5-6. Liquefaction leading to lateral movement of river
banks and resulting in the collapse of the Showa Bridge in
Niigata during the 1964 Niigata earthquake.
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Figure 5-7. Liquefaction leading to lateral movement and cracking of
pavement at the approach to the San Francisco-Oakland Bay Bridge
during the 1989 Loma Prieta earthquake.

calculating the site response at a Caltrans
bridge site in northern California. This effort
is supported in part by Caltrans.

It is important to note that equivalent lin-
ear procedures are adequate for calculating
site response parameters if there is no soil fail-
ure caused by the earthquake ground motions.
When soil failure is likely, nonlinear analyses
are preferable to estimate the amount and
directions of deformations that could be
caused by the earthquake ground motions.

The procedures currently used by Cal-
trans to conduct site response evaluations and
to develop earthquake ground motion param-
eters for design purposes are summarized in
the report Seismic Soil-Foundation-Structure
Interaction (SAB 1999a), which was completed
in 1999 by the Ad Hoc Committee on Soil-
Foundation-Structure Interaction, a commit-
tee appointed by the Seismic Advisory Board.

5.2.4 Liquefaction

One of the most dramatic causes of damage to
structures has been liquefaction in saturated
sand deposits. Liquefaction has been mani-
fested by the formation of boils and mud-
spouts at the ground surface, by seepage of
water through ground cracks or in some cases
by the development of quicksand-like condi-
tions over substantial areas. Where the latter
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phenomenon occurs, buildings may sink sub-
stantially into the ground or tilt excessively,
lightweight structures may float upwards to
the ground surface and foundations may dis-
place laterally, causing structural failures.
Liquefaction can also lead to massive lateral
movements (or lateral flow). These aspects
are illustrated in Figures 5-6 and 5-7.

While liquefaction has been reported in
numerous earthquakes, nowhere has the phe-
nomenon been more dramatically illustrated
in modern times than in the Niigata, Japan
earthquake of 1964 and in the Alaska earth-
quake the same year. These two earthquakes
helped identify liquefaction as a major prob-
lem in earthquake engineering and much was
learned from examination of soil behavior in
these two events. More recently, liquefaction
was one of the dominant causes of damage in
the 1989 Loma Prieta earthquake in Califor-
nia, the 1995 Kobe earthquake in Japan, the
1999 Kocaeli earthquake in Turkey, and the
1999 Chi-Chi earthquake in Taiwan.

The current approaches for evaluating
the potential for triggering liquefaction and
for developing defensive measures were insti-
gated by the results of field studies following
the occurrence of the 1964 Anchorage and
Niigata earthquakes. These were followed by



extensive laboratory studies on small and
large samples tested on shaking tables to eval-
uate the factors that influence the onset of
liquefaction, the consequences of liquefac-
tion, and the means by which to mitigate
these consequences. Field-based procedures
for assessing the liquefaction potential were
developed to overcome many of the difficul-
ties of obtaining representative samples of
cohesionless soils.

Much progress has been made regarding
soil liquefaction over the past 49 years, since
the occurrence of the 1964 Alaska and the
1964 Niigata earthquakes. Many of the issues
associated with the triggering, the conse-
quences, and the mitigation of liquefaction have
been raised and addressed over this time span.

The triggering of liquefaction is cur-
rently assessed for most projects using field-
based procedures, which include the use of
the standard penetration test (SPT), the cone
penetration test (CPT), shear wave velocity
measurements (Vs), and the Becker penetra-
tion test (BPT). The mostly commonly used
procedures are the SPT-based and the CPT-
based with sampling. These procedures are
summarized in the proceedings of the recent
NCEER/NS Workshop (1997), and most
recently updated by Seed et al. (2001) and by
Idriss and Boulanger (2003).

The consequences of liquefaction could
include one or more of the following:

e Settlements, which can be of the order of
5 percent of the thickness of the liquefied
soil layer(s)—such settlements can be
uniform in some cases, but are mostly
abrupt and nonuniform.

*  Loss of lateral support; e.g., piles extend-
ing to or through the liquefied soil layer(s).

* Loss of bearing support.

¢ Flotation of buried structures such as
underground tanks.

* Increased lateral pressures against retain-
ing structures such as quaywalls.

e Lateral spreads (limited lateral move-
ments).

e Lateral flows (extensive lateral move-
ments).

The options available include:
1. Accept the risk.

2. Modify the design to accommodate the
consequences.

3. Remediate to decrease or eliminate the
consequences.

Occasionally, an optimum solution might
consist of a combination of remediation to
decrease the consequences and modification
of design to accommodate the decreased con-
sequences. Mitchell (1998) provides an excel-
lent summary of the various techniques
available for mitigating liquefaction, includ-
ing the performance of a number of remedi-
ated sites during recent earthquakes.

Caltrans conducts liquefaction assess-
ments using the current field-based proce-
dures, as appropriate, and has completed
several remediation projects, such as the 805/8
Interchange in San Diego and the Oakland
approach to the San Francisco-Oakland Bay
Bridge.
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5.3 Structural Performance
of Highway Bridges
The structural performance of highway
bridges during earthquakes depends on the
characteristics of the free-field ground
motions produced, soil-foundation-structure
interaction (SFSI; see Section 5.4), fluid-
structure interaction (FSI; see Section 5.5),
and the force/deformation properties of
structural components and members.

Prior to the 1971 San Fernando earth-
quake, the specified earthquake loading used
by Caltrans in the design of highway bridges
consisted of an equivalent horizontal static
loading equal to 2, 4, or 6 percent of the dead
weight of the structure, depending on foun-
dation type. When using this loading in com-
bination with other static loadings, working
stress design at that time allowed a 33-1/3
percent increase in allowable stresses. The
heavy damage to bridges during the San
Fernando earthquake made it very clear that
much higher seismic input must be specified
for design if life-safety performance require-
ments are to be met. This realization initiated
the Highway Bridge Seismic Retrofit Pro-
gram by Caltrans, begun in 1971 and con-
tinuing to date.

In 1973, Caltrans issued new seismic
design criteria for highway bridges, which
greatly increased the specified seismic load-
ing. For the first time, such loadings were
specified in terms of response spectra, which
depend on expected peak ground acceleration
at bedrock level, site soil conditions, funda-
mental period of vibration of the structure,
and a response modification factor to control
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inelastic deformations (damage level). The
criteria allowed the response of Standard
bridges to be designed to this response spec-
trum, using equivalent static loadings. The
forces in internal components could be deter-
mined through linear static analyses. How-
ever, the response of complex or Nonstandard
bridges was to be obtained using the response
spectrum method of linear dynamic analysis.
These Seismic Design Criteria for Bridges,
first issued by Caltrans in 1973, were still in
effect at the time of the 1989 Loma Prieta
earthquake.

Since the 1989 Loma Prieta earthquake,
Caltrans has continued to upgrade its Seismic
Design Criteria for Bridges as new knowl-
edge is gained through Caltrans seismic
research efforts and strong motion measure-
ments obtained during recent earthquakes:
1994 Northridge, California; 1995 Kobe,
Japan; 1999 Chi-Chi, Taiwan; and 2002
Ismit, Turkey. Design deficiencies revealed
by the damage produced in these earthquakes
have led to improved analytical seismic per-
formance assessments and both analytical and
experimental research.

5.3.1 Ground Motion at Bridge Site

Assessing the seismic performance of a par-
ticular bridge structure requires characteriza-
tion of the seismic excitation specified,
whether it is for a functional level event
(FEE) or a safety evaluation event (SEE) .
Such characterization is represented by an
acceleration response spectrum for each com-
ponent (x, y, and z) of free-field ground
motion expected at its site. The individual
spectral values represent the seismic inputs to
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the response spectrum method of linear
dynamic analyses mentioned above.
Currently, the acceleration response
spectra used by Caltrans to represent hori-
zontal (x and y) components of free-field
motion are those developed by the Applied
Technology Council (ATC) under Caltrans
support. Twelve sets of these spectra, repre-
senting four different Site Classes (B, C, D,
and E) and three different earthquake magni-
tude ranges (M = 6.5 £0.25,7.25 £0.25, and
8.5 £ 0.25) were developed, as shown in the
1996 ATC report entitled Improved Seismic
Design Criteria for California Bridges: Provi-
sional Recormmendations. Site Classes B, C, D,
and E (AT'C-32 1996) are those conditions as
defined in the National Earthquake Hazard
Reduction Program (NEHRP) report enti-
tled Recommended Provisions for the Develop-
ment of Seismic Regulations for New Buildings
and Other Structures, Vol. I (NEHRP 1997).
One of the 12 sets of spectra (Figure 5-8)
represents California-type rock condition (B)
and the magnitude range M = 7.25 £ 0.25. The
individual curves in this set represent different
peak ground acceleration levels ranging from
0.1g to 0.7g (g = acceleration of gravity = 32.2
ft/sec? = 981 cm/sec?). The peak acceleration
level used to assess the performance of a par-
ticular bridge structure to the SEE earthquake
condition is that value shown on the 1996 Cal-
ifornia Seismic Hazard Map at the bridge’s site
location. All spectral values represent reason-
able upper-bound mean values. For some
Important bridges, SEE earthquake ground
motionsare characterized by deterministically
developed site-specific acceleration response

spectra representing mean plus one standard
deviation (m + 10) values.

For the Caltrans Toll Bridge Seismic
Safety Program, probabilistically developed
site-specific uniform hazard response spectra
have been used to assess seismic performance.
The 1,500-year return period spectrum has
been used to represent the SEE earthquake
condition; and, a lower level return period
spectrum has been used to represent the FEE
earthquake condition. For these Important
bridges, nonlinear time history analyses have
been carried out to assess seismic perfor-
mance using three components (x, y, and z) of
response spectrum-compatible time histories
of motion as input at each pier location.

5.3.2 Performance Objectives

The design of bridge structures to perform
satisfactorily under expected seismic condi-
tions requires that realistic earthquake inputs
be specified and that structural components
be proportioned and detailed to resist these
and other combined loadings within the lim-
its of specified performance criteria.

Shortly after the 1989 Loma Prieta
earthquake, Caltrans, with advice from the
Seismic Advisory Board, established two per-
formance levels and two groundmotion
intensity levels for the design and evaluation
of bridges (Table 5-2).

The definitions of terms incorporated in
Caltrans Memo to Designers 20-1, January
1999 in 'Table 5-2 are:

Immediate Service Level. Full access to nor-
mal traffic available almost immediately.
Limited Service Level. Limited access
(reduced lanes, light emergency traffic) possi-
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Table 5-2. Performance levels and ground motion intensities (Caltrans Memo

to Designers 20-1, January 1999).

Ground Motion at Site

Functional Evaluation

Safety Evaluation

Standard Performance Level

Not Applicable

Limited Service Level
Significant Damage

Important Bridge
Performance Level

Immediate Service Level
Minimal Damage

Immediate Service Level
Repairable Damage

See Table 10-3 for toll bridges.

ble within days. Full service restorable within
months.

Minimal Damage. Essentially elastic perfor-
mance.

Repairable Damage. Damage that can be
repaired with a minimum risk of losing func-
tionality.

Significant Damage. A minimum risk of col-
lapse, but damage that would require closure
for repair.

Important Bridge. One or more of the fol-
lowing items present. Important and Non-
standard bridges

* Bridge is required to provide sec-
ondary life safety (e.g., access to an
emergency facility)

* Time for restoration of functionality
after closure creates a major eco-
nomic impact.

* Bridge is formally designated as crit-
ical by a local emergency plan.

Safety Evaluation Ground Motion. Up to
two methods of defining ground motions
may be used.

*  Deterministically assessed ground
motions from the maximum possi-
ble earthquake as defined by the
Division of Mines and Geology
Open-File Report 92-1 (1992).

*  Probabilistically assessed ground
motions with a long return period
(approx. 1,000-2,000 years).

For Important bridges, both methods
shall be given consideration. However, the
probabilistic evaluation shall be reviewed by a
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Caltrans-approved consensus group, thatis, an
assigned group of Caltrans engineers who are
independent of the design team for the specific
bridge. For all other bridges, ground motions
shall be based only on the deterministic evalu-
ation. In the future, the role of the two meth-
ods for other bridges should be reviewed by a
Caltrans-approved consensus group.

Functional Evaluation Ground Motion.
Probabilistically assessed ground motions
that have a 40 percent probability of occur-
ring during the useful life of the bridge. The
determination of this event shall be reviewed
by a Caltrans-approved consensus group. A
separate Functional Evaluation is required
only for Important bridges. All other bridges
are only required to meet specified design
requirements to ensure Minimum Perfor-
mance Safety Evaluation Level compliance.

The above performance criteria have not
changed since Caltrans implemented them in
the early 1990s.

5.3.3 Assessment of Seismic
Performance

"The procedure used by Caltrans to assess the
seismic performance of a particular bridge
structure depends on the type of structure—
Standard or Nonstandard, Ordinary or
Important—and the level of seismic excitation,
Functional Evaluation Earthquake (FEE), or
Safety Evaluation Earthquake (SEE).

Standard Bridges

Standard new bridges in California are
designed in accordance with the Caltrans
Bridge Design Specifications (BDS), supple-
mented by the Caltrans Seismic Design Crite-




ria (SDC), and standard design aids and details.
Standard bridges are defined by Caltrans as
meeting all of the following requirements:

1. Span lengths less than 300 feet.

2. Constructed with normal weight con-
crete girders and column or pier ele-
ments.

3. Horizontal members either rigidly con-
nected, pin connected, or supported on
conventional bearings (isolation bear-
ings and dampers are considered non-
standard components).

4. Dropped bent caps or integral bent caps
that terminate inside the exterior girder.
C-bents, outrigger bents, and offset col-
umns are considered nonstandard com-
ponents.

5. Foundations supported on spread foot-
ings, pile caps, or pile shafts.

6. Founded on soil that is not susceptible to
liquefaction, lateral spreading, or scour.

Initial design of the bridge is performed
to establish member sizes based on the gravity
load demands and experience regarding antic-
ipated lateral loads. The ground motion at
bedrock level is obtained from the Caltrans
deterministic hazard map and a standard spec-
tral shape (ARS plot) for the ground motion.
The soil class is selected from the BDS.
Ground motion effects on the initial design
are determined from a mathematical model of
the design subjected to a global linear spectral
response analysis (simple, Standard bridges
may be analyzed using equivalent static analy-
sis). These effects are combined with gravity
load effects to establish displacement

demands for the vertical lateral load resisting
elements (e.g. columns, piers, and pier walls).
The displacement demands are compared
with the available displacement capacity of the
elements, the design is revised as required,
and the procedure is iterated as necessary.
"The remaining structural components are
designed to remain elastic based on the yield
capacity of the vertical resisting elements.

Nonstandard Bridges

When Caltrans assesses the performance of a
Nonstandard bridge structure, i.e., one hav-
ing abrupt changes in mass, stiffness, and/or
geometry, a separate linear response spec-
trum multi-modal analysis of a multi-degree-
of-freedom (MDOF) system is used at the
discretion of the engineer, but is not manda-
tory. Modeling is often carried out for each of
three (x, y, and 2) rigid boundary inputs, as
defined by their corresponding acceleration
response spectra. Displacement demand/
capacity ratios are determined for each ele-
ment as the basis for evaluation. Force reduc-
tion factors and force demand/capacity ratios
are no longer used.

The robustness of the design depends
very much on the amount of redundancy in
the structural system. If the system is highly
redundant, the distribution of internal forces
will change each time an individual compo-
nent undergoes yielding, which will continue
until an analytical collapse mechanism is
reached. Nevertheless, the results of the lin-
ear response spectrum analysis will provide
guidance toward making effective modifica-
tions to the initial design, leading to an
improved design in terms of meeting the
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specified FEE or SEE performance criteria.
The structure can continue to displace well
beyond yield until one of its ductile compo-
nents reaches deformation capacity.

As in the case of a regular structure,
assessing the performance of the preliminary
design of a Nonstandard structure under the
SEE condition should focus primarily on
evaluating global displacements and deforma-
tions in those individual components that
experience yielding. For an Important bridge,
a response spectrum modal analysis, along
with response modification factors, is not rec-
ommended at this stage of the design process.
Rather, nonlinear finite-element modeling of
the overall system, including foundations,
should be established for use in carrying out
nonlinear time history analyses with the
objective of determining maximum values of
component deformations, which can be com-
pared with their corresponding deformation
capacities. Deformation capacity of a member
is defined as that deformation level at which
the member’s resistance starts to decrease
with increasing deformation.

In carrying out these nonlinear time his-
tory analyses, simultaneous three-dimensional
(%, y and z) response spectrum-compatible
time histories of seismic input should be used,
since superposition of separate solutions is no
longer valid due to the nonlinear character of
response. Further, for a long structure
strongly coupled along its alignment, multi-
ple-span segments of the total structure
should be modeled; and, simultaneous three-
component time histories of seismic input
should be applied at each pier location. From
pier to pier, these inputs should possess
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appropriate spatial characteristics reflecting
realistic wave passage, wave scattering, and
local site response effects; and, as mentioned
previously, if located in the near-field to a
controlling seismic source, each input should
possess an appropriate velocity pulse (or
pulses). Such velocity pulses will most likely
dominate the critical nonlinear response of a
bridge structure in such a location.

In assessing the final design performance
of an Important Nonstandard bridge structure
under the SEE condition, it is recommended
that a minimum of three independent sets of
three-component seismic inputs be applied to
the nonlinear model separately, and that the
largest of the resulting maximum values of
critical response be used in assessing perfor-
mance. This recommendation is made because
of the large variations in critical response that
usually occur due to nonlinear effects.

Nonstandard and Important bridges are
often peer-reviewed.

5.3.4 Future Improvements Needed
Significant changes in seismic design criteria
and performance assessment capabilities have
taken place since the 1971 San Fernando
earthquake. These changes have primarily
been a result of advances in:

* Predicting the characteristics of expected
free-field ground motions during future
seismic events.

*  Advancing linear and nonlinear modeling
and dynamic analysis capabilities.

*  Changing design detailing to satisfy
strength/ductility requirements and to
avoid brittle failures.



*  Applying statistical and probabilistic
methods to characterizing expected
ground motions and structural behavior.

* Recognizing and quantifying uncertain-
ties in all aspects of bridge engineering.
However, much remains to be done. As

indicated above (Section 5.3.2), performance

levels implied in the various performance
objectives require an assessment of the struc-
tural and nonstructural damage that might
affect the function of the bridge under speci-
fied ground motions. For Important bridges
located close to an active fault, near-fault
ground motions (Section 5.1.2) should be
specified. The large long-period pulses in
these motions are critical in evaluating
expected damage. Improved guidelines should
be developed for assessing seismic response of
bridges to near-fault ground motions.

To satisfy performance objectives during
the design phase, appropriate acceptance crite-
ria must be developed to define the structural
and nonstructural limit states for the desired
levels of performance. Current practice relies
primarily on strain limits for structural com-
ponents (e.g. strain limits for reinforcing steel
and concrete) but more needs to be done
through testing and analytical studies to define
the realistic limit states that control the func-
tional performance of a bridge.

5.4 Soil-Foundation-
Structure Interaction

In designing Standard bridges supported on
pile foundations, or single shafts where the
foundation soils are competent (standard
penetration blow count N > 20), full fixity is
normally assumed for the structure at the pile
cap level or at about 3 pile diameters below
that for structures supported on pile groups.
Free-field ground motions are then specified
as seismic inputs at the points of full fixity.
When foundation soils are not competent
(soft soils), soil-foundation-structure interac-
tion effects are considered by evaluating
foundation stiffness at the pile cap level using
the empirical p-y method, as discussed below.
For large massive bridges, such as Cali-
fornia’s toll bridges, soil-structure-interaction
can have a major effect on their seismic
response to major earthquakes. Recognizing
this fact at the beginning of the Caltrans Toll
Bridge Seismic Safety Program, and recog-
nizing the lack of adequate guidelines within
Caltrans for treating SFSI, the Caltrans Seis-
mic Advisory Board (SAB) recommended at
its meeting on December 19, 1995 that a spe-
cial committee be appointed to develop such
guidelines. As a result of this recommenda-
tion, the SAB Ad Hoc Committee on SFSI
was established in January 1996 consisting of:
Joseph Penzien (Chair), International Civil
Engineering Consultants, Inc.; Abbas
Abghari, Caltrans; John F. Hall, California
Institute of Technology; I.M. Idriss, Univer-
sity of California at Davis; Ignatius Po Lam,
Earth Mechanics, Inc.; Brian H. Maroney,
Caltrans; Joseph P. Nicoletti, URS Consult-
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Figure 5-9. Bridge foundation types.

ants; Frieder Seible, University of California
at San Diego; and Wen S. Tseng, Interna-
tional Civil Engineering Consultants, Inc.
The final report of the SAB Ad Hoc Com-
mittee on SFSI entitled Seismic Soil-Founda-
tion-Structure Interaction was submitted to
Caltrans early in 1999 (SAB 1999a).

5.4.1 Whatis SFSI?

The 3-D (x, y, and z) motions produced by an
earthquake at ground surface and at depth, in
the absence of any structure and supporting
foundation at a site, are referred to as “free-
field” ground motions. If, for example, a
heavy rigid mat foundation should be resting
on the ground surface at the time of an earth-
quake, without the presence of a structure, it
will be put into motion as a result of the
forces that develop at the interface of the soil
and the mat. The resulting inertia forces in
the mat will feed back into the soil at the
location of the soil/mat interface, causing the
ground motions to be modified from the
free-field motions. The modified motions
will, in turn, alter the motion of the mat and
the corresponding feedback forces into the
soil. This back and forth coupled effect
between soil and foundation is known as
“soil-foundation interaction” (SFI).

If a structure should be resting on the
mat foundation at the time of an earthquake,
it will be put into motion as a result of the
forces that develop at the interface of the
foundation and the structure. The resulting
inertia forces in the structure will feed back
into the mat foundation, causing its motions
to be different from the motions of the cou-
pled soil/mat system at this same location.
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These modified motions of the mat will, in
turn, alter the motions of the structure and
the corresponding feedback forces into the
mat. This back and forth coupled effect
between foundation and structure is known as
foundation-structure interaction (FSI). The
combined coupled soil-foundation and foun-
dation-structure interactions, which are tak-
ing place simultaneously, are referred to as
soil-foundation-structure interaction (SFSI).
While a mat foundation is used above to
illustrate SFSI, the same interaction behavior
applies to other types of foundations as well.

5.4.2 Types of Bridge Foundations
"There are four general types of bridge founda-
tions: spread footing, caisson, large-diameter
shafts, and slender-pile group (Figure 5-9).

Spread Footings

Spread footings bearing directly on soil or
rock are used to distribute the concentrated
forces and moments at the base of bridge
piers and/or abutments over sufficient areas
to allow the underlying soil strata to support
such loads within allowable soil bearing pres-
sure limits. Of these loads, the lateral forces
are resisted by a combination of friction on
the foundation bottom surface and passive
soil pressure on its embedded vertical face.
Spread footings are usually used on compe-
tent soils or rock, which have high allowable
bearing pressures. These foundations may be
of several forms, such as 1.) isolated footings,
each supporting a single pier column or wall
pier, 2.) combined footings, each supporting
two or more closely spaced bridge columns,
and 3.) pedestals, which are commonly used
for supporting steel bridge columns where it




is desirable to terminate the structural steel
abovegrade for corrosion protection. Spread
footings are generally designed to support the
superimposed forces and moments without
uplifting or sliding. As such, inelastic action
of the soils supporting the footings is usually
not significant.

Caissons

Caissons are large structural foundations,
usually constructed in water in a manner that
will permit dewatering to provide a dry con-
dition for excavation and construction of the
bridge foundations. Caissons can take many
forms to suit specific site conditions and can be
constructed of reinforced concrete, steel, or
composite steel and concrete. Most caissons
are in the form of a large cellular rectangular
box or cylindrical shell structure with a sealed
base. They extend up from deep firm soil or
rock bearing strata to above mudline, where
they support the bridge piers. The cellular
spaces within the caissons are usually flooded
and filled with sand to some depth for greater
stability. Caisson foundations are commonly
used at deepwater sites that have deep soft
soils. Resistance to the imposed forces and
moments from a single pier takes place by
direct bearing of the caisson base on its sup-
porting soil or rock stratum and by passive
resistance of the side soils over the embedded
vertical face of the caisson. Since both the soil
bearing area and the structural rigidity of a
caisson are very large, the transfer of forces
from the caisson into the surrounding soil
usually involves negligible inelastic action at
the soil/caisson interface. In some cases, the
seismic retrofits were designed to include

foundation rocking where soil interactions
become an important aspect of the design
process. As a note, new bridge designs typi-
cally do not rely on rocking.

Large Diameter Shafts

These foundations consist of one or more
reinforced concrete cast-in-drilled-hole
(CIDH) or concrete cast-in-steel-shell
(CISS) piles of large diameter, usually in the
range of 4 to 12 ft (1.22 to 3.66 m). Such
shafts are embedded in the soils to sufficient
depths to reach firm soil strata or rock where
a high degree of fixity can be achieved, thus
allowing the forces and moments imposed on
the shafts to be safely transferred to the
embedment soils within allowable soil bear-
ing pressure limits and/or allowable founda-
tion displacement limits. The development of
large diameter drilling equipment has made
this type of foundation economically feasible;
thus, its use has become increasingly popular.
In actual application, the shafts often extend
above the ground surface or mudline to form
a single pier or a multiple-shaft pier founda-
tion. Because of their larger expected lateral
displacements, compared to those of a large
caisson, a moderate level of local soil nonlin-
earity is expected to occur at the soil/shaft
interfaces, especially near the ground surface
or mudline. Such nonlinearities should be
considered in design.

Slender Pile Groups

Slender piles refer to those piles having a
diameter or cross-section dimension of less
than 2 ft (0.61 m). These piles are usually
installed in a group and provided with a rigid
cap to form the foundation of a bridge pier.
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Piles are used to extend the supporting foun-
dations (pile caps) of a bridge down through
poor soils to more competent soil or rock. A
pile’s resistance to vertical load may be essen-
tially by point bearing when it is placed
through very poor soils to a firm soil stratum
or rock, or by friction in the case of piles that
do not achieve point bearing. In real situa-
tions, the resistance to vertical load is usually
achieved by a combination of point bearing
and friction. Resistance to lateral loads is
achieved by a combination of soil passive
pressure on the pile cap, soil resistance
around the piles, and bending of the piles.
The uplift capacity of a pile is generally gov-
erned by the soil friction or cohesion acting
on the perimeter of the pile. Piles may be
installed by driving or by casting in drilled
holes. Driven piles may be timber piles, con-
crete piles with or without prestress, steel piles
in the form of pipe sections, or steel piles in
the form of structural shapes (e.g., H shape).
Cast-in-drilled-hole piles are reinforced con-
crete piles installed with or without steel cas-
ings. Because of their relatively small cross-
section dimensions, soil resistance to large
pile loads usually develops large local soil
nonlinearities that must be considered in
design. Furthermore, since slender piles are
normally installed in a group, mutual interac-
tions among piles will reduce overall group
stiffness and capacity. The amounts of these
reductions depend on the pile-to-pile spacing
and the degree of soil nonlinearity developed
in resisting the loads.

The Race to Seismic Safety

5.4.3 Modeling of Soil-Foundation
Interaction (SFI)

Depending on foundation type and its soil
support condition, the modeling of SFI
effects for bridge foundations can be classified
into two categories: 1.) the so-called “elasto-
dynamic” method developed and practiced in
the nuclear power industry for large founda-
tions and 2.) the so-called “empirical p-y”
method developed and practiced in the off-
shore industry for pile foundations

The fundamental elements of the elasto-
dynamic method are the constitutive relations
between an applied harmonic point load and
the corresponding dynamic response dis-
placements that take place within a uniform
or layered half-space medium. These consti-
tutive relations, called dynamic Green’s func-
tions, allow the formulation of a complex
frequency-dependent impedance (dynamic
stiffness) matrix relating a set of discrete
interaction forces at the soil/foundation inter-
face to a corresponding set of discrete relative
motions between the foundation and free-
field soil. The real parts of the coefficients in
this matrix represent stiffness and inertia
effects in the soil; while the imaginary parts
represent radiation and material damping
effects. Using standard finite element model-
ing of stiffness, mass, and damping within the
foundation, along with specified 3-D free-
field soil motions, the seismically-induced
dynamic motions at discrete locations in the
foundation can be evaluated. Of particular
interest are the time histories of motion of
the foundation at its intended interface loca-
tion with a structure once constructed. These
particular motions are referred to as founda-



tion “scattered” motions. In addition to eval-
uating dynamic motions at discrete locations,
corresponding stresses and deformations can
be evaluated consistent with the foundation’s
finite element model.

The fundamental elements of the empirical
p-y method are discrete sets of nonlinear lateral
“p-y,” axial “t-z,” and axial pile-tip “Q-d”
springs, which are attached to piles, and char-
acterize the local soil resistances to pile
motions. Construction of the nonlinear p-y,
t-z, and Q-d relations at each specified depth
location depends mainly on soil material
strength parameters, i.e., the friction angle,
f, for sands and the cohesion, ¢, for clays.
Since these relations are nonlinear, the equiv-
alent linear procedure using secant moduli is
normally used to establish a matrix relating a
set of discrete interaction forces at the soil/
pile interfaces to a corresponding set of dis-
crete relative motions between piles and free-
field soil. Since the p-y, t-z, and Q-d relations
are based on static or pseudo-static test
results, they cannot represent inertia and
damping effects in the soil. Thus, the equiva-
lent linear soil stiffness matrix, so obtained, is
a real valued constant coefficient matrix
applicable at zero frequency.

The coefficients are, however, functions
of the amplitudes of the relative displace-
ments between piles and free-field soil. Using
the soil stiffness matrix for assumed values of
these relative displacements, along with a
finite element stiffness matrix of the pile
group, including pile cap, and specified 3-D
free-field soil motions, seismically induced
motions within the entire pile foundation can
be evaluated. Should the amplitudes of the

relative displacements between piles and free-
field soil be significantly different from their
assumed values, the equivalent linear coeffi-
cients in the soil stiffness matrix should be
modified accordingly and be used in a reeval-
uation of the seismically-induced motions
within the entire foundation. By such itera-
tions, motions are finally obtained that are
compatible with the coefficients in the soil
stiffness matrix. The final pile cap motions
obtained by this iterative procedure are
referred to as foundation “kinematic”
motions, since inertia and damping effects in
the entire soil/pile-group system have not
been included.

5.4.4 Modeling of Soil-Foundation-
Structure Interaction (SFSI)

Soil-foundation-structure interaction is the
integration of these three elements to evaluate
the overall performance of the structural sys-
tem. Consider a large bridge structure sup-
ported on caisson foundations. The soil/
caisson system can be modeled as described in
Section 5.4.3, making use of the elasto-
dynamic method in treating soil-foundation
interaction. Subjecting this system to speci-
fied seismically-induced free-field soil
motions, the resulting caisson stresses, defor-
mations, and scattered motions can be
obtained. Further, subjecting the model of
this soil/caisson system to a harmonic force
component (force or moment) in each degree
of freedom (DOF) permitted by the model at
the intended foundation/structure interface
location, the corresponding harmonic dis-
placement components (translation and rota-
tion) in all the interface DOF can be obtained.
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By doing so, a foundation impedance matrix
that is complex and frequency-dependent is
obtained. The real parts of the coefficients in
this matrix represent mass and stiffness effects
in the soil-foundation system; while, the
imaginary parts represent corresponding
material and radiation damping effects.
When nonlinearities develop in the
bridge’s superstructure under the specified
seismic condition, the equations of motion of
the entire structure above the foundations
must be expressed in the time domain in
order to permit a solution. The interaction
forces can then be evaluated and applied to
the isolated foundation system to evaluate
stresses and deformations within the separate
foundations. Of course, when nonlinearities
are developed under the specified seismic
input, these terms must be changed to their
appropriate nonlinear hysteretic forms. The
most common types of nonlinearities that
occur in structures have been modeled and
implemented into computer programs. The
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resulting nonlinear equations of motion can
then be solved by numerical step-by-step
methods yielding displacement interaction
force vectors for elements of the bridge.

If, instead of caisson foundations as
described above, the bridge structure is sup-
ported on groups of slender piles, the empiri-
cal p-y method would be used in treating soil-
foundation interaction. Subjecting each soil/
pile group system to specified seismically-
induced free-field soil motions, the resulting
pile stresses and deformations and the pile
cap scattered motions can be obtained. Fur-
ther, subjecting the model of each soil/pile
group system to a harmonic force component
(force or moment) in each DOF permitted by
the model at the intended pile cap/structure
interface location, the corresponding har-
monic displacement components (translation
and rotation) in all of the interface DOF can
be obtained. By doing so, a foundation stiff-
ness matrix that has constant coefficients is
obtained.
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Figure 5-11. Slender pile group foundation and a portion of the beam-element half-model.

The finite-element model of the entire
bridge structure above its pile-group founda-
tion is combined with the foundation stiffness
matrix of assembled individual foundation
matrices, and the combined vector of individ-
ual kinematic foundation-motion vectors can
be determined.

Since the p-y method of treating SFI
makes use of the equivalent linear procedure
to obtain secant moduli (Section 5.4.3), itera-
tion must be followed in treating SFSI effects
on the seismic response of the complete cou-
pled soil-foundation-structure system so that
the final secant moduli are compatible with
the relative displacements produced in the
p-¥, t-z, and Q-d springs.

The procedure described above for treat-
ing SFSI, using either the elasto-dynamic or
p-y method of modeling SFI, makes use of
the substructure method of developing the
equations of motions for each soil-foundation
system isolated from the structure, and then
couples these equations of motions for all
foundations to a set of separately developed
equations of motion for the structure. This
coupling of equations of motion is carried out
in such a manner to satisfy compatibility con-
ditions at the interfaces between structure
and foundation. The advantage of such sub-
structuring is to reduce the number of
degrees of freedom when treating the SFSI of
the complete bridge system. Some engineers
prefer, however, to initially formulate the
equations of motion of the coupled soil-foun-
dation-structure system, thus avoiding the
substructuring procedure.

A deeply embedded caisson foundation
(Figure 5-10) of a large bridge on San Fran-

cisco Bay, along with its quadrant model, was
analyzed for SFI effects using the elasto-
dynamic method. A slender pile group foun-
dation of another Bay-crossing bridge (Fig-
ure 5-11), along with its beam-element half-
model, was analyzed for SFI effects using the
p-y method.

5.4.5 Demand Versus Capacity
Analyses

Evaluation of the seismic performance of a
bridge involves two parts: 1.) determing seis-
mic demands using the methodologies
described above (Section 5.4.4), and 2.) evalu-
ating the corresponding seismic resistance
capacities. The objective of the capacity eval-
uation is to determine the most probable lev-
els of seismic resistance of the various
elements, components, and subsystems of the
bridge. The resistance capacities provided by
this evaluation, along with the corresponding
demands, provide the basis for judging seis-
mic performance of the complete bridge sys-
tem during future earthquakes. In the context
of SFSI discussed herein, the capacity evalua-
tion focuses on soil-foundation systems.

For a bridge subjected to static loadings,
the soil-foundation capacities of interest are
the load resistances and the associated foun-
dation deflections and settlements. Their
evaluation constitutes the bulk of the tradi-
tional foundation design problem. When the
bridge is subjected to oscillatory dynamic
loadings, including seismic, the static capaci-
ties mentioned above are, alone, insufficient
input to the complex process of judging soil-
foundation performance. In this case, it is
necessary to assess entire load-deflection
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relationships, including their cyclic energy
dissipation characteristics, up to load and/or
deformation limits approaching failure con-
ditions in the soil-foundation system. Because
of the complexity of this assessment, the
capacity evaluation must be simplified in
order to make it practical. This is usually
done by treating each soil-foundation system
independently and by subjecting it to simpli-
fied pseudo-static monotonic and/or cyclic
deformation-controlled step-by-step pat-
terns of loading, referred to as “pushover”
loading.

5.4.6  Future Development

From the discussions in Sections 5.4.3 and
5.4.4, characterization of the soil-foundation
interaction forces for seismic demand analysis
purposes can be achieved using either the
elasto-dynamic model or the empirical p-y
model for the soil medium, each of which has
its own merits and deficiencies. The elasto-
dynamic model is capable of incorporating
soil inertia, damping (material and radiation),
and stiffness characteristics; and, it can incor-
porate the effects of global soil nonlinearities
induced by the free-field soil motions in an
equivalent linearized manner. However, it
suffers from the deficiency that it does not
allow for easy incorporation of the effects of
local soil nonlinearities. On the other hand,
the empirical p-y model can appropriately
capture the effects of local soil nonlinearities,
butits deficiency is not being able to properly
simulate soil inertia and damping effects, and
it cannot treat the effects of global soil non-
linearities. Since the capabilities of the two
models are mutually complimentary, it is log-
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ical to combine the elasto-dynamic model
with the empirical p-y model by connecting
them in series such that the combined model
has the desired capabilities of both models.
This combined model is referred to as the
“hybrid model” (SAB 1999a).

The elasto-dynamic method of treating
SFSI is valid for foundations having large
horizontal dimensions, such as large spread
footings and caissons, while the empirical p-y
method is valid only for slender-pile founda-
tions subjected to large-amplitude deflec-
tions. For foundations intermediate between
these two classes, e.g., those using large
diameter shafts, both of these methods are
deficient in predicting SFSI behavior. In this
case, the hybrid method of modeling has
definitive advantages, and further, it has the
potential to treat all classes of foundations
with reasonable validity. The hybrid method
does, however, need further development,
refinement, and validation to make it fully
acceptable for bridge applications.

5.4.7 SFSI Conclusions

Computer programs are now available to
Caltrans for treating SFSI effects on the seis-
mic response of large massive bridges using
the methodologies described in Section 5.4.
They also have available complete models of
each existing toll bridge, which will allow
nonlinear time-history analyses to be carried
out assessing its dynamic response to future
seismic events. While the methodologies
have been greatly advanced in recent years,
further improvements can be achieved as sug-
gested in Section 5.4.6.
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5.5 Fluid-Structure
Interaction

As pointed out in Section 5.4, soil-structure
interaction can have a major effect on the
seismic response of large massive bridges
such as California’s toll bridges. For these
bridges, large portions of the substructures
(piers and/or foundations) extend downward
through relatively deep water before reaching
the mudline (Figure 5-9). In these cases,
fluid-structure interaction can also have a
major effect on seismic response. Thus, mod-
eling of both types of interaction should be
included when conducting seismic perfor-
mance evaluations.

In treating fluid-structure-interaction,
the fluid (water) is assumed to be incompress-
ible and inviscid, leading to irrotational flow
of the water around the structure. The math-
ematical formulation of this flow is expressed
by Laplace’s equation in terms of a three-
dimensional time-dependent velocity poten-
tial ¢(x, y, z, ). Having solved for this velocity
potential, the time-dependent water pressure
distribution over the surface of the structure
can be evaluated.

Integrating this distribution over speci-
fied segments of the structure yields two
resultant time-dependent forces. One of these
forces is proportional to the relative accelera-
tion between the free-field water and the
structure; the other being dependent on rela-

tive velocity. The proportionality constant to
the relative acceleration has units of mass;
thus, it is referred to as the hydrodynamic
added mass. This added mass is combined
with structural mass in formulating the inertia
term in the equations of motion. The force,
which depends upon relative velocity, repre-
sents hydrodynamic damping caused by sur-
face waves moving away from the structure.

For bridge structures, it is usually suffi-
cient to consider only the hydrodynamic
added mass and neglect the hydrodynamic
damping. For a cylinder (e.g., the leg of a pier
or the shaft of a foundation with its axis posi-
tioned vertically in the water), the added mass
is easily obtained using the set of curves in
Figure 5-12 published by Goyal and Chopra
(1989a and 1989b). In this figure:

m9(2) is the hydrodynamic added mass

per unit of height

mQ  is the mass per unit height of the
water displaced by the cylinder

is depth of the surrounding water

z  is distance above the base of the
cylinder

is the radius of the cylinder

Note that the added mass decays to zero at
the water surface.
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For a vertically positioned structural
member having an elliptical cross-section
instead of the circular cross-section men-
tioned above, a set of curves similar to those
in Figure 5-12 were published by Goyal and
Chopra making it easy to obtain the hydrody-
namic added mass to be used for motion in
each principal direction. This set of curves
for the elliptical cross-section, as well as those
shown in Figure 5-12 for the circular cross-
section, were obtained by closed-form solu-
tions of Laplace’s equations. An approximate
procedure is given by Goyal and Chopra for
finding the hydrodynamic added mass for
other cross-sections having symmetry about
both axes making use of the set of curves for
the elliptical cross-section.

The hydrodynamic added masses for
bodies of arbitrary shape can be obtained
through Laplace-type solutions, however not
in closed form. They can however be
obtained through numerical computer solu-
tions (Yeung 1982).

5.6 Retrofit Versus New
Design

5.6.1 Ordinary Standard Bridges

Design of new or retrofitted elements is gov-
erned by the same standards as new design to
meet the performance objectives indicated in
Sections 5.3.1 and 5.3.2. While the same
ground motion is used for retrofit design as is
used for new design, it is recognized that the
design and detailing of an existing bridge
cannot comply in all aspects with that for a
new bridge, and some noncomplying features
can be accepted without significantly com-
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promising the seismic safety of the bridge. In
the past, faced with limited funding for com-
plete seismic retrofits and competing needs
for action, Caltrans has sometimes only
addressed the retrofit of only the most vul-
nerable components (e.g. installing restrainer
cables and jacketing columns) of those gov-
erning the bridge’s seismic response.

While this has generally been beneficial,
it must be recognized that the partial retrofit-
ting of selected components may have adverse
effects on the seismic vulnerability of the
remaining deficient elements. For example,
the strengthening of a column by jacketing
may not have yielded a bridge superstructure
or foundation whose expected seismic perfor-
mance is rated as acceptable. In some cases,
the modification may have had an adverse
effect on the other members of the super-
structure and the foundations by transferring
higher loads to column-to-deck connections
that are already inadequately seismically rein-
forced. The Seismic Advisory Board recom-
mends that, when adequate funds are not
available for complete retrofits, consideration
should be given to incremental retrofits that
do not significantly adversely affect the
remaining components and are compatible
with the complete retrofit scheme.

The design of Ordinary Standard new
bridges is generally not independently peer
reviewed, but is reviewed by Caltrans engi-
neer(s) not specifically part of the design team.



5.6.2 Important and Nonstandard
Bridges
Important and Nonstandard bridges include
all those bridges that do not meet the defini-
tion of Ordinary Standard bridges. The retro-
fit design of such bridges is generally
independently peer reviewed, often internally
within Caltrans. The representation of the
ground motion, the performance objectives,
and the analyses are the same as those for new
bridges, but as indicated above, some non-
complying design and details may be
accepted if there is significant cost saving
without serious compromise to the seismic
safety. Since many of these bridges contain
unique or archaic components, simulated
load testing and other investigations may be
required to define their structural properties.

5.7 Special Problems:
Wharves, Quaywalls,
Tunnels, and Soundwalls

5.7.1 Wharves and Quaywalls
Quaywalls and marginal wharves are coastal
structures constructed parallel to the shore-
line to provide access and mooring of vessels
and/or to support roadways for vehicle traffic.

Marginal Wharves

Marginal wharves consist of a pile-supported
deck with a short cut-off wall at the inboard
edge. Under Caltrans specifications, the slope
of the soil material under the deck is gov-
erned by the width of the deck and the
required dredged depth at the face of the
wharf, but usually not steeper than 1.5 hori-
zontal to 1 vertical. Rock rip-rap with a filter
layer may be provided to prevent raveling of

the slope. Wharves are usually constructed of
reinforced concrete with vertical precast con-
crete piles. Batter piles are usually avoided in
wharves because the greater stiffness of
inclined piles as compared with that of verti-
cal piles under lateral loads makes it difficult
for them to effectively share lateral loads and
also because it is difficult to achieve an ade-
quate joint at the deck level.

In addition to the hazard associated with
ground shaking, marginal wharves are also
vulnerable to lateral spreading if the soils
below the wharf are susceptible to liquefac-
tion. In either case, the sloping soil below the
deck, in which the piles are embedded, results
in the inboard piles having a shorter effective
length, and therefore greater lateral stiffness,
than the outboard piles. These stiffer piles
will attract a greater proportion of the lateral
loads from ground shaking or lateral spread-
ing and, because of their short effective
length, will tend to be “shear critical,” rather
than yielding in flexure. This condition can
lead to brittle shear failure of these piles if the
lateral loads have been underestimated.

Quaywalls
Quaywalls usually consist of a vertical bulk-

head with an anchor system. The anchor sys-
tem may rely on passive pressure of a
concrete block against the soil, or it could
consist of a pair of batter piles if the anchor
cannot be reasonably constructed in compe-
tent soil. Alternative bulkhead systems could
consist of cellular sheetpile cofferdams or, if
the underlying soils are competent, gravity-
type retaining walls may be used.
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The seismic vulnerability of quaywalls is
similar to that of marginal wharves. Inertia
effects create lateral forces on the bulkhead
that can be further increased if liquefaction
occurs in the retained soil. Liquefaction
could also reduce the passive pressures on the
anchor block allowing lateral spreading and
potential collapse of the bulkhead system.

5.7.2 Tunnels

"Tunnel performance during an earthquake is
related to the behavior of the lining and
maintenance of vehicle access at portals. The
linings of tunnels generally perform well
compared to aboveground structures, since
their deformations tend to conform closely to
the deformations of the ground surrounding
them. However, some damage to tunnel lin-
ings has occurred during earthquakes due to
fault rupture through the lining and liquefac-
tion of soils surrounding them. Some struc-
tural damage has also occurred at tunnel
portals as a result of landslides, which blocked
vehicle access (FHWA 2003).

Difterent types of tunnel linings are used,
depending on the type and condition of sur-
rounding ground materials. In the case of
tunneling through rock, rock bolts are used
to secure and prevent the fallout of rock
blocks from between fractures. Shotcrete is
then applied to fill crevices and smooth the
surface. Further buildup of shotcrete with
wire mesh can serve as a liner to protect
against the fallout of small rocks. An alterna-
tive system of steel ribs and poured concrete
lining is also used in tunnel construction. In
some cases of railroad tunnels through rock,
no linings have been installed.

The Race to Seismic Safety

Tunnels constructed in soft ground are of
two types—bored, and cut-and-cover. Bored
tunnels are lined by placing segmental lin-
ings, either steel or precast concrete, directly
behind the tunneling shield as it moves for-
ward. Grouting is then inserted into the void
space between the lining and its surrounding
soil. Cut-and-cover tunnels are constructed
by excavating a wide trench, constructing the
tunnel structure (usually a rectangular cast-
in-place reinforced concrete box section with
single or multiple cells) in the trench, and
then backfilling along the sides and above the
structure up to the initial grade level.

A subaqueous tunnel is constructed by
floating single or multi-cell segments of pre-
fabricated reinforced concrete tube sections
into position, sinking them by introducing
water into their cells, connecting the seg-
ments together in a prepared trench at the
bottom, backfilling around and over all seg-
ments, and finally removing water and end
diaphragms from all segments.

While the potential for seismic damage to
tunnels is generally small compared to that for
aboveground structures, damage can occur,
especially when located near the contributing
seismic source (source-to-site distances < 10
km). Such damage can be caused by:

e Fallout of a large block of rock due to
inadequate rock bolting, resulting in a
crushed lining.

* Landslide that has a failure surface
through a tunnel, causing excessive shear
distortion and/or partial collapse of the
lining.



e Landslide above a portal that causes
damage to its structure and/or blockage
of the tunnel entrance.

e Fault rupture intersecting a tunnel, caus-
ing large shear distortions within a nar-
row zone at the fault line.

* Liquefaction of soils surrounding a tube
or box section, causing flotation or sink-
ing of the structure depending on relative
weights of tube and surrounding soils.

e Racking of bored tunnel lining or cut-
and-cover box section, causing excessive
localized flexure deformations.

* Relative displacements across seismic
joints at the ends of a tunnel that exceeds
their corresponding capacities.

It is important that the risks associated
with possible future damages to tunnels in
California be assessed. In those cases of high
risk, retrofit measures should be considered
where feasible and cost-effective. When
effective retrofit measures cannot be devel-
oped, e.g., in the case of potential damage
due to fault rupture through a tunnel, contin-
gency plans should be in place to repair the
damages following a major seismic event.

5.7.3 Soundwalls

Soundwalls employed by Caltrans are typi-
cally constructed with 8-inch reinforced con-
crete block masonry. Walls at the edge of a
roadway may be freestanding or, in some
cases, such as adjacent to a cut slope, the
lower portion of the wall may function as a
retaining wall. Soundwalls have also been
installed on the safety rail of highway bridges.

Information received from Caltrans indi-
cates that, in the past, the walls were designed
in accordance with the 1979 UBC, but cur-
rent designs are based on the 1997 UBC.
Design in accordance with these provisions
apparently has raised some questions:

* The UBC ground motion in many cases
is substantially lower than that obtained
from the Caltrans seismic hazard map
used in bridge design.

*  Soundwalls on bridges are generally
added to an existing bridge to reduce
noise and are not addressed in the UBC.

Since the seismic risk associated with the
failure of the soundwalls along the edge of a
roadway is similar to that for the adjacent
buildings, the Seismic Advisory Board con-
siders compliance with the UBC for these
walls appropriate. The use of the Mononobe-
Okabe equations to derive the seismic forces
on these walls from the retained soil is also
considered appropriate.

The failure of soundwalls installed on
bridges during an earthquake could affect the
time required to re-establish service and
become a critical factor in meeting the
desired performance level of the bridge. The
appropriate ground motionfor the design of
these walls is considered to be that used in
the design of the bridge. If the soundwalls are
to be part of the original construction, they
should be incorporated in the analytical
model of the bridge and be designed for the
indicated dynamic response.
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Section 6

Evolution of Bridge Seismic

Design Criteria

6.1 AASHTO Standard
Specifications for
Highway Bridges

The past 50 years have seen revolutionary

changes in earthquake engineering as applied

to transportation structures. This becomes
apparent when one reviews the changes in
seismic design criteria specified by the Ameri-
can Association of State Highway and Trans-
portation Officials (AASHTO)  in its

Standard Specifications for Highway Bridges,

first (1931) through eleventh (1973) editions;

and by AASHTO in its 1973 Interim Specifica-
tions for Highway Bridges and the subsequent

Standard Specifications for Highway Bridges,

twelfth (1975) through sixteenth (1996) edi-

tions; and in AASH'T'O’s LRFD Bridge Design

Specifications, first (1994) and second (1999)

editions. All of the above-mentioned specifi-

cations apply to Standard bridges having span
lengths less than 500 feet.

6.1.1 AASHTO Standard
Specifications for Highway
Bridges, 1949-1961

The first reference to considering earthquake

effects on bridges came in the fifth (1949)

edition of the Standard Specifications for High-

way Bridges, which stated that earthquake
stresses should be considered. However, no
guidelines for doing so were given. This same

reference was stated again in the sixth (1953)
and seventh (1957) editions.

*  Prior to the early 1970s, the association was
known as AASHO, the American Association of
State Highway Officials.

6.1.2 AASHTO Standard
Specifications for Highway
Bridges, 1961-1975

The eighth edition (1961) of the Standard

Specifications for Highway Bridges was the first

to specify an earthquake loading for design

(EQ), namely:

EQ=CD 6-1)

which was to be applied statically in any hori-
zontal direction as part of a Group VII load
combination given by:

Group VII=D + E + B+ SF + EQ (6-2)

in which D, E, B, and SF denote dead load,
earth pressure, buoyancy, and stream flow,
respectively. The numerical values of C were
specified to be 0.02 for structures supported on
spread footings where the soil bearing capac-
ity was rated to be greater than 4 tons/ft*,
0.04 for structures supported on spread foot-
ings where the soil bearing capacity was rated
to be less than 4 tons/ft, and 0.06 for struc-
tures founded on piles. The Group VII load
combination was to be used in the working
stress design (WSD) with a 1/3 increase in
allowable stress because of the presence of the
earthquake loading EQ. No seismic zone fac-
tors were provided in the 1961 specifications.
The above seismic loading provisions of
the eighth edition (1961) of Standard Specifi-
cations for Highway Bridges were repeated,
without modification, in the ninth (1965),
tenth (1969), and eleventh (1973) editions. It
should be noted that these seismic loading
provisions were based mainly on the lateral
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Source: AASHTO, 1977
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force requirements for buildings developed
prior to 1961 by the Structural Engineers
Association of California (SEAOC).

6.1.3 AASHTO Standard
Specifications for Highway
Bridges, 1975-1992

As a result of the 1971 San Fernando, Cali-
fornia, earthquake, during which several
highway bridges were severely damaged and
some even collapsed, the California Depart-
ment of Transportation (Caltrans) issued new
seismic design criteria for bridges in 1973,
which formed the basis of the 1975 AASHTO
Interim Specifications for Highway Bridges. The
equivalent static lateral force loading speci-
fied in this document for bridges that have
supporting members of approximately equal
stiffness was of the form:

EQ = CFW (6-3)

which was to be applied in any horizontal
direction as part of the same Group VII load
combination given by Equation (6-2) in a
working stress design with a 1/3 increase in
allowable stress. In this equation, ¥ repre-
sents dead load, I is a framing factor assigned
the values 1.0 for single columns and 0.8 for
continuous frames, and C is a combined
response coefficient as expressed by:

C=ARS/Z (6-4)

in which 4 denotes maximum expected peak
ground acceleration (PGA) as shown in a
seismic risk map of the United States, R is a
normalized (PGA = 1g) acceleration response
spectral value for a rock site, S'is a soil ampli-
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fication factor, and Z is a force reduction fac-
tor that depends on structural-component
type, and which accounts for the allowance of
inelastic deformations. The numerical values
specified for 4 were 0.09g, 0.22g, and 0.50g
in seismic zones numbered I, II, and III,
respectively.

Numerical values for R, S, and Z were
not provided in the 1975 Interim Specifica-
tions; rather, four plots of C as functions of
period T were given for discrete values of A.
Each of these plots represents a different
depth range of alluvium to rock-like material,
namely 0-10 feet, 11-80 feet, 81-150 feet, or
>150 feet. Figure 6-1 shows the AASHTO
plot for the depth range 11-80 feet. Period T
was evaluated using the single degree of free-
dom (SDOF) relation:

W
T =032 P
in which P equals the total uniform static
loading required to cause a 1-inch horizontal
deflection of the whole structure.

For complex or irregular structures, the
AASHTO Interim Specifications required use
of the modal response spectrum analysis
method to generate design loads. Where fun-
damental periods were greater than 3 sec-
onds, the AASHTO Interim Specifications
required that they be designed using “current
seismicity, soil response, and dynamic analy-
sis techniques.”

The same seismic design criteria in the
1975 Interim Specifications were repeated in
the twelfth (1977), thirteenth (1983), and
fourteenth (1989) editions of AASHTO’
Standard Specifications for Highway Bridges,

(6-5)



however in these editions, the designer was
given, for the first time, the choice of work-
ing stress design (WSD) or load factor design
(LFD). When using WSD, the same Group
VII load combination given by Equation
(6-2) was specified, along with a 1/3 increase
in allowable stress; however, when using
LFED, the Group VII load combination was
changed to the form:

Group VII=y[BpD+ B E+B+SF+EQ]
(6-6)

in which load factor y was assigned the value
1.3, Bp was assigned the values 0.75, 1.0, and
1.0 when checking columns for minimum
axial load and maximum moment or eccen-
tricity, when checking columns for maximum
axial load and minimum moment, and for

Figure 6-2. Peak rock
. acceleration map.

flexure and tension members, respectively,
and B was assigned the value 1.3 for lateral
earth pressure and 0.5 for checking positive
moments in rigid frames.

6.1.4 AASHTO LRFD Specifications—
First (1994) and Second (1999)
Editions

The working stress design (WSD) philoso-

phy, which requires that calculated design

stresses not exceed specified levels, under-
went adjustment in the 1970s through the
introduction of load factors reflecting the
variable predictabilities of different load
types, a philosophy referred to as load factor
design (LFD). During the period 1988 to

1993, the AASHTO LRFD Bridge Design

Specifications were developed using statisti-

cally-based probability methods. The load

and resistance factor design (LRFD) philoso-
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Table 6-1. Response modification factors (R).
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phy makes use of load and resistance factors
developed through statistical analyses
(Kulicki 1999).

The AASHTO LRFD Bridge Design Spec-
ifications, first (1994) and second (1999) edi-
tions, requires that each bridge component
and connection satisfy all limit states in
accordance with the relation:

nZYiQisq)Rn

in which 1) is a factor related to a ductility
factor 1), a redundancy factor 1, and an
operational importance factor 1);in accor-
dance with 1} = NpNgN;, Y, is a statistically-
based load factor applied to force effect Q;,
and ¢ is a statistically-based resistance factor
applied to the nominal resistance R,,. The
numerical values to be used for these factors
can be found in the LRFD Specifications
(AASHTO 1994, 1999).

(6-7)

6.2 Caltrans Seismic
Specifications for
Highway Bridges

6.2.1 Caltrans Modifications to

Standard Specifications,
1971-1975

Immediately after the San Fernando earth-
quake of January 1971, Caltrans modified the
numerical values of C used in Equation (6-1)
by a factor of 2.5 based on damage observed
in that earthquake. At the same time, Cal-
trans also revised the transverse reinforcing
in bridge columns, from stirrups to continu-
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ous spiral reinforcing, and increased the min-
imum transverse bar reinforcement required.
Bar spacing was revised from 12 inches to less
than 6 inches. At the same, time Caltrans
eliminated lap splices in column reinforcing,
including the splice between the column steel
and the footing steel, and discontinued the
use of splices or couplers in plastic hinge
regions on columns.

In 1973, Caltrans, working with the Cali-
fornia Division of Mines and Geology, devel-
oped a statewide seismic hazard map, which
provided bridge designers with site-specific
peak rock acceleration data (A) (Figure 6-2).
All known seismic faults were digitized and
mapped. This was the first use of site-specific
ground motions in seismic design of bridges.
Figure 6-3 shows plots of spectral accelera-
tion (ARS) as a function of period T for dis-
crete values of A, which apply to the site
condition 10-80" of alluvium. Research was
conducted to develop foundation soil
response spectra so the seismic hazard and
soil-structure interaction could be more
accurately predicted.

Starting with the new seismic design cri-
teria in 1973, Caltrans required combining
the two orthogonal seismic coefficients using
the 30 percent rule as expressed by
EQ,+0.3EQ, and EQ, + 0.3EQ,, with the
larger of the two usedy for design.

6.2.2 Caltrans Adoption of ATC-6

In 1981, the Applied Technology Council
(AT'C) issued ATC-6 Seismic Design Guidelines
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Figure 6-4. Typical ARS plot used by Caltrans for deep mud.

for Bridges under the sponsorship of the Fed-
eral Highway Administration, Department of
Transportation. These guidelines were
adopted by Caltrans immediately and formed
the basis for the Caltrans Seismic Design
specifications. Although the national guide-
lines provided four categories of seismic per-
formance, based on the levels of acceleration
coefficients, and four different analysis proce-
dures, Caltrans adopted the site-specific pro-
cedure and only one analysis procedure for
all bridges.

Since inelastic deformations are allowed
in ductile bridge elements, the combined EQ,
and EQ, elastic force components are then
divided by appropriate response modification
factors to obtain modified values of EQ. Cal-
trans used the modifications factors shown in
"Table 6-1.

6.2.3 Modifications Following the 1989
Loma Prieta Earthquake

Immediately following the Loma Prieta
earthquake of October 1989, Caltrans
engaged researchers to develop a series of
acceleration response spectra for deep mud
(Figure 6-4). An additional bridge classifica-
tion of “Important” was added to the LFD
specifications, which was intended to provide
a higher performance level after an earth-
quake.

6.2.4 ATC-32, Improved Seismic
Design Criteria for California
Bridges

Shortly after the 1989 Loma Prieta earth-

quake, Caltrans contracted with the Applied

"Technology Council (AT'C) to review the

Standard Specifications for Highway Bridges and

update them where necessary. The refinement

of this effort resulted in AT'C-32, Improved

Seismic Design Criteria for California Bridges:

Provisional Recommendations, was published in

1996 and formed the basis for the latest Cal-

trans Bridge Seismic Design Specifications.

6.3 Dual Level Design

The design of transportation structures to
perform satisfactorily under expected seismic
conditions requires that realistic earthquake
loadings during their lifetimes be specified
and that the structural components be
designed to resist these and other combined
loadings within the limits of certain expected
performance requirements. In regions of high
seismicity, earthquake loading is often critical
among the types of loading that must be con-
sidered because a great earthquake will usu-
ally cause greater stresses and deformations
in the various critical components of a struc-
ture than will all other loadings combined.
Yet, the probability of such an earthquake
occurring within the life of the structure is
very low. On the other hand, a moderate
earthquake is very likely to occur during the
same period of time and also has the potential
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to produce damage unless controlled. Con-
sidering both types of earthquakes, a dual cri-
terion strategy of two-level design is usually
adopted for Important bridges as follows:

1. Functional Evaluation Earthquake
(FEE). A functional evaluation earth-
quake is defined as one that has a rela-
tively high probability of occurrence
during the lifetime of a structure. The
structure should be proportioned to
resist the intensity of ground motion
produced by this event without signifi-
cant damage to the basic system, thus
allowing it to remain functional immedi-
ately following the FEE event.

2. Safety Evaluation Earthquake (SEE).
A safety evaluation earthquake is defined
as the most severe event that can reason-
ably be expected to ever occur at the site.
Because this earthquake has a very low
probability of occurrence during the life
of a structure, significant structural dam-
age is permitted; however, collapse and
serious personal injury or loss of life

should be avoided.

The challenge is to set seismic design cri-
teria that will satisfy this dual criterion strat-
egy in a cost-effective manner.

Important bridges located on major
heavily traveled routes, where no convenient
alternative routes exist, are now being desig-
nated as Important bridges on lifeline routes.
These bridges are expected to remain func-
tional immediately following an SEE event;
therefore, they must be proportioned to resist
the intensity of this event without experienc-
ing significant damage. Because of this speci-
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fied high level of performance during an SEE
event, response under the FEE condition is of
minor concern.

6.4 Displacement Control
Versus Strength Control

Because of the philosophy of accepting non-
linear yielding in structural supporting ele-
ments, design control is now based on
allowable displacement of columns rather
than the strength of these columns.

6.5 Caltrans Seismic Design
Criteria

Caltrans seismic design practice began to
change soon after the 1989 Loma Prieta
earthquake. Seismic design criteria utilizing
displacement ductility design methods were
developed in 1991 and early 1992, with over-
sight from external peer review panels, for
the Terminal Separation Viaduct Replace-
ment project in San Francisco, the Santa
Monica Viaduct retrofit in southern Califor-
nia, and the 1-880 Cypress Viaduct recon-
struction project in Oakland. The project-
specific seismic design criteria created for
these projects served as a catalyst in the rapid
evolution of Caltrans seismic design practice
from force-based to state of the art displace-
ment ductility-based analysis procedures.
While commonly practiced on individual
projects, in September 1993, Caltrans pub-
lished Memo-to-Designers 20-7, formally
adopting displacement ductility analysis as an
approved alternative method to seismically
retrofit bridges. Interim memos and design
guidelines were issued as new information
was developed. In July 1999, Caltrans Seismic



Design Criteria (SDC) was published, docu-
menting the extensive change in practice that
had occurred since the 1989 Loma Prieta
earthquake in the seismic design of new
bridges.

The Caltrans SDC is based on the results
of AT'C-32, research findings, experience
gained during the Seismic Retrofit Program,
information exchanged with external peer
review panels, input by the Seismic Advisory
Board, and engineering judgment. This per-
formance-based criteria utilizes displacement
ductility principles to avoid brittle failures,
capacity design principles to target inelastic
response at predetermined locations while

protecting the rest of the structure from dam-
age, and places an emphasis on redundancy,
member proportioning and balanced geome-
try to encourage predictable behavior of the
structure. As new knowledge is gained and
research results are assessed and imple-
mented, the SDC continues to be updated.
The current version of the SDC was pub-
lished in December 2001, with another
update pending at the time of publication of
this document.
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Section 7

Past Performance of
Transportation Structures
and Ensuing Changes in
Caltrans Practices

7.1 Introduction and
Background
It has been over 30 years since the 1971 San
Fernando earthquake in California. This
event was the genesis of modern bridge seis-
mic design specifications and construction
details in the United States. Thirteen years
have passed since the Governor’s Board of
Inquiry into the cause of structural failures
during the Loma Prieta earthquake of Octo-
ber 1989. The Board issued its final report
with the warning title Competing Against Tinze.

The California Department of Transpor-
tation staff engineers, consulting firms, inde-
pendent peer review teams, and university
researchers have cooperated in an unprece-
dented, accelerated research-based program
of bridge seismic design and retrofit
strengthening to meet the challenge pre-
sented in that report.

Performance of highway bridges in the
January 1994 Northridge earthquake pro-
vided reasonable assurance that those bridges
designed or retrofitted to the post-1973
design criteria, and which have improved
structural detailing, can withstand expected
earthquakes without collapse or serious dam-
age. The major causes of damage in the ear-
lier earthquakes have been separation of deck
expansion joints, causing deck systems to col-
lapse, and the failure of older nonductile col-
umns. Bridges constructed prior to the 1971
San Fernando earthquake have suffered the
most damage in recent California earth-
quakes. Those bridges were designed for
ground accelerations of 0.06g with no consid-
eration for the spectral response of the struc-

ture, for the performance of the foundation
material in a seismic event, or for structural
ductility. Damage to bridges in Kobe (1995),
Turkey (1999) and Taiwan (1999) followed
similar patterns because the bridges were
generally designed under older codes and had
not been retrofitted to meet the latest codes.
Bridges designed for the latest codes per-
formed well and showed that modern design
codes and details produce bridges that can
withstand major earthquakes.

Since 1971, Caltrans and the California
Geological Survey (CGS), formerly known as
the California Division of Mines and Geology
(CDMG), have developed a comprehensive
seismic hazard map of the state that allows
bridge designers to design for site-specific
peak rock acceleration. Caltrans and CGS
have conducted research to develop founda-
tion-soil response spectra so that the seismic
hazard and soil-structure interaction can be
more accurately predicted. Based on the
results of this research, Caltrans has adopted
more stringent performance criteria to pre-
vent collapse or serious damage in major
earthquakes. Soil liquefaction effects have
been researched and appropriate mitigation
techniques have been developed and are cur-
rently being implemented. The required con-
finement details have been developed to
ensure ductile performance in a seismic event,
tested in half-size laboratory models for con-
firmation of ductile performance. These con-
finement details have been used in newer and
retrofitted bridges, and field-tested in three
moderate earthquakes (the 1992 Landers and
Cape Mendocino earthquakes and the 1994
Northridge earthquake). At the national level,
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Figure 7-1. Spans slipped off narrow support seats in the 1971 San Fernando earthquake.

the American Association of State Highway
and Transportation Officials (AASHTO) has
adopted seismic design specifications pat-
terned after the West coast specifications.
The excellent performance of bridges utiliz-
ing these newer design criteria and details
gives bridge designers an indication that these
structures can withstand a larger earthquake
without collapse. Damage should be
expected, but it can be repaired in many cases
while traffic continues to use the bridge.

The California State Department of
"Transportation (Caltrans) owns and maintains
over 12,000 bridges with spans over 20 feet
(6.7 meters). There are an equal number in
the city and county systems. Caltrans main-
tains the condition data for all these bridges
and some 6,000 other highway structures such
as culverts (spans under 20 feet/6.7 m), pump-
ing plants, tunnels, tubes, Highway Patrol
inspection facilities, maintenance stations, toll
plazas and other transportation-related struc-
tures. Structural details and current condition
data are maintained in the Department Bridge
Maintenance files as part of the National
Bridge Inventory System (NBIS) required by
Congress and administered by the Federal
Highway Administration (FHWA)).

These data are updated annually to the
FHWA and are the basis upon which some of
the federal gas tax funds are allocated and
returned to the states. The maintenance,
rehabilitation, and replacement needs for
bridges are prorated against the total national
needs. Not until 1993 was seismic retrofitting
accepted as an eligible item for use of federal
funds because it was assumed by most other
states to be only a California problem. After
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much lobbying by Caltrans, the Federal
Intermodal Surface Transportation Efficiency
Act (ISTEA) of 1992 provided for seismic
retrofit to be eligible for federal bridge funds.

Prior to the 1933 Long Beach earth-
quake, there was no special consideration for
seismic design of buildings or bridges in Cali-
fornia. The severe damage to schools that
resulted from that seismic event resulted in
creation of the Structural Engineer license
and a requirement for special consideration of
seismic forces in the design of public schools
in California. After the 1940 El Centro earth-
quake, the bridge design office of the Califor-
nia Division of Highways developed minimal
seismic design factors for bridges. The 1940 El
Centro record was digitized and used for
buildings as the seismic design spectra for over
30 years before an earthquake of greater mag-
nitude occurred in California. The 1971 San
Fernando earthquake caused severe damage to
hospitals, public utilities, and freeway
bridges, recording a peak ground acceleration
of 1.0g and large ground displacements. The
1971 earthquake caused both building and
bridge designers to revise their design criteria
and structural details to provide better resis-
tance to the forces and displacements of
major seismic events.

AASHTO has typically adopted seismic
design criteria modeled after those in Califor-
nia, initially as guideline specifications only.
Undtil recent years, most other states in the
United States have not been concerned with
seismic design for bridges. For example, the
1940 California seismic design criteria were
not adopted by AASHTO until 1961, and the
1973 California seismic design criteria were



expansion joints.

not adopted nationally until publication of
the AASHTO Interim Specifications in 1975.

The 1989 Loma Prieta and the 1994
Northridge earthquakes are the most signifi-
cant in recent California history and pro-
duced the best information for bridge
designers available. While experts consider
the Loma Prieta and the Northridge earth-
quakes of only moderate magnitude, many
bridges in the affected areas that had been
retrofitted with pre-San Fernando seismic
retrofit details performed well. This reason-
able performance of older bridges in a mod-
erate earthquake is significant for the rest of
the United States because that knowledge can
assist engineers in designing appropriate seis-
mic retrofit programs.

7.2 Performance of
Concrete Bridges

7.2.1 1971 San Fernando Earthquake

While we have learned something new from
nearly every earthquake in California and
other locations throughout the world, the
major causes of bridge damage and collapse
were made clear by the San Fernando event.
These failure modes will be repeated again
and again until bridges constructed prior to
1971 are seismically retrofitted to current
seismic safety standards. It is important to
compare bridge failures from the 1971 San
Fernando event with those of the most recent
events in Northridge, California (1994) and
Kobe, Japan (1995). The major causes of
bridge failures in 1971 were:

1. Collapse of superstructures due to support
seats that were too narrow (Figure 7-1).

Figure 7-2. Separation of thermal Figure 7-3. Pullout of column reinforcing steel.
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Figure 7-4. Single-column shear failure.

2. Separation of thermal expansion joints in
bridge deck systems, resulting in the
loss of support for suspended sections
(Figure 7-2).

3. Loss of bond between column reinforc-
ing steel and footing concrete, causing
pullout and column collapse (Figure 7-3).

4. Horizontal shear failure of supporting
columns due to insufficient lateral rein-
forcement (Figure 7-4).

Because there is no redundancy in a single-
column supported bent, these failures were
more critical than similar shear failures in
multiple-column supports, and generally
resulted in total column failure and collapse
of the supported structure.

The opposite has been true for multiple
column-supported structures, which have
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often sustained severe damage, but no struc-
tural collapse (Figure 7-5). The Seismic Advi-
sory Board believes that this is due to the
inherent redundancy in the framing systems
of multiple column bents, even though they
were not designed or reinforced to perform
as ductile members.

Immediately after the February 9, 1971
San Fernando earthquake, Caltrans began a
comprehensive upgrading of the Bridge Seismic
Design Specifications and Seismic Construction
Details. Caltrans modified the specifications to
correct the identified deficiencies so that new
bridge designs would incorporate them. After
Caltrans completed this work, the Applied
Technology Council (ATC) took the process a
step further with AT'C-6, Seismic Design
Guidelines for Highway Bridges, which became
the basis for a similar bridge seismic retrofit
design specification that was adopted in 1992
by the American Association of State Highway
and Transportation Officials (AASHTO) as
the U.S. standard.

Shortly after the 1971 San Fernando
earthquake, Caltrans adopted a site-specific
seismic design philosophy. The California
Geological Survey (CGS) was engaged for
the development of an earthquake ground
fault map. The maximum credible events on
seismic faults throughout the state define
peak bedrock acceleration levels, shown on
CGS Map Sheet 45 (Figure 6-2). This map
shows the 275 known faults in California and
includes contours of various levels of
expected peak rock acceleration determined
from average attenuation relationships devel-
oped by various seismologists. This approach
has been criticized as too conservative, but
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Figure 7-5. Multiple column shear failure.

Caltrans cost analyses show that the addi-
tional cost for an average bridge is minimal
compared to the cost of a design for a lower
probability event.

The Seismic Advisory Board believes
that the maximum credible approach is rea-
sonable for Standard bridges. Since the 1989
Loma Prieta earthquake, Caltrans has used a
site-specific hazard analysis to determine the
most probable design earthquake for major
structures. This most probable event is then
incorporated into the seismic design proce-
dure along with the maximum credible event
for Important bridges.

7.2.2 Whittier Narrows Earthquake,
1987

Hinge joint restrainers performed well dur-
ing the moderate 6.0 Whittier Narrows
earthquake of October 1, 1987. However, the
[-605/1-5 separation bridge in Los Angeles
sustained shear failure, and reemphasized the
inadequacies of pre-1971 column designs
(Figure 7-6). Even though there was no col-
lapse, the extensive damage resulted in Cal-
trans accelerating basic research into practical
methods of retrofitting bridge columns on
the existing pre-1971 nonductile bridges.
"That research program began in August 1986



Figure 7-6. Column shear failure in the
1987 Whittier Narrows earthquake.

at the University of California at San Diego,
and the Whittier Narrows earthquake
speeded its approval and execution. The
research is ongoing today at the University of
California at San Diego, the University of
California at Berkeley, and other university
and private research facilities. The Loma Pri-
eta earthquake two years later provided more
impetus to the program.

The Whittier Narrows earthquake
proved the Caltrans post-1973 Bridge Seismic
Design Specifications and Seismic Construction
Details to be adequate, and relatively new
structures performed well in the event. Older
existing bridge structures, however, proved to
be a substantially more challenging problem.

Research was undertaken in the United
States, New Zealand, and Japan to improve
analytical techniques, and to develop basic
data on the strengths and deformation charac-
teristics of lateral load resisting systems for
bridges. The National Science Foundation
began supporting bridge seismic research in
1971 and Caltrans supported research on
selected issues as well. The latter focused on
cable restrainers and related issues needed to
implement the initial efforts at bridge vulnera-
bility assessment and retrofit. In 1986, just
before the Whittier Narrows earthquake, Cal-

trans identified the vulnerable elements of
existing bridges and began a statewide High-
way Bridge Seismic Retrofit Program to sys-
tematically reinforce the older, nonductile
bridges. The first focus was on superstructure
retrofit and involved installation of hinge joint
restrainers to prevent deck joints from separat-
ing. This was the major cause of bridge col-
lapse during the San Fernando earthquake and
was judged by Caltrans engineers and other
investigators to be the highest risk to the trav-
eling public. Included in this initial phase was
the installation of devices to fasten the super-
structure elements to the substructure in order
to prevent those superstructure elements from
falling off their supports (Figure 7-7). This
phase was essentially completed in 1989, after
approximately 1,260 bridges on the state high-
way system had been retrofitted at a cost of
over $55 million.

7.2.3 Loma Prieta Earthquake, 1989

The Loma Prieta earthquake of October 17,
1989 again proved the reliability of hinge
joint restrainers, but the tragic loss of life at
the Cypress Street Viaduct on 1-880 in Oak-
land emphasized the necessity to immediately
accelerate the Column Retrofit Phase of the
Caltrans Bridge Seismic Retrofit Program
with a higher funding level for both research
and implementation.

Other bridge structures in the earth-
quake-affected counties performed well, suf-
fering the expected column damage without
collapse. With the exception of a single out-
rigger column-cap joint confinement detail,
those bridges using the Caltrans post-1973
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Figure 7-7. Early
hinge restrainer detail.

design specifications and confinement details
performed well.

Damage to long, multiple-level bridges,
such as the Cypress Street Viaduct, showed
the need to more carefully consider longitu-
dinal resisting systems because earthquake
forces cannot be carried into abutments and
approach embankments as they can on
shorter bridges. After the Loma Prieta earth-
quake caused 44 fatalities on the state high-
way system, capital funding for seismic
retrofitting was increased to $300 million per
year. At the same time, bridge seismic
research funding was increased from $0.5
million annually to $5.0 million annually,
with an initial $8.0 million allocation from
the special State Emergency Earthquake
Recovery legislation of November 1989.
Using the special research funding provided,
Caltrans engaged additional research teams

and facilities to assist in this massive program.

Both U.S. and foreign researchers have
conducted much research into the causes of
bridge damage in the Loma Prieta earth-
quake. Most of these research papers can be
obtained from the National Information Ser-
vice for Earthquake Engineering, Earthquake
Engineering Research Center (EERC) of the
University of California at Berkeley. The
EERC, located at the Richmond Field Sta-
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tion of the University of California at Berke-
ley, has been designated as the national
repository for information on the 1989 Loma
Prieta earthquake. There are over 175 docu-
ments on file at the repository relating to
bridge aspects of the Loma Prieta earth-
quake. Additional research papers and project
reports can be obtained from Caltrans Divi-
sion of Structures; the Department of
Applied Mechanics and Engineering Science,
University of California at San Diego; and
the Multidisciplinary Center for Earthquake
Engineering Research (MCEER), State Uni-
versity of New York at Buffalo (SUNY).
MCEER has a database search service known
as QUAKLINE.

7.2.4 Northridge Earthquake, 1994

The Northridge earthquake of January 17,
1994 reinforced the prior actions of Caltrans
for practice improvement, research, and retro-
fit of bridges. Efforts were increased—in some
cases significantly. Most notably, the seismic
evaluation of the toll bridges was completed.

7.3 Prior Research Results

Much had been learned about bridge perfor-
mance in previous earthquakes (1971 San
Fernando and 1987 Whittier Narrows), and
only budgetary constraints prevented Cal-
trans from executing seismic retrofit of older



bridges at a more rapid pace. It is important,
however, to observe and discuss the perfor-
mance of the new seismic design criteria that
was used on bridges designed after 1972, and
those seismic retrofit devices that had been
installed prior to Loma Prieta.

7.3.1 Hinge Joint Restraining Devices
"The initial phase of the Caltrans Highway
Bridge Seismic Retrofit Program involved
installation of hinge joint restrainers to pre-
vent deck joints from separating (Figure 7-7).
Research and testing of the restrainers was
conducted at the University of California at
Los Angeles. These joint restrainer systems
have performed well (Figure 7-8) in subse-
quent earthquakes, including the Whittier
Narrows (1987), Loma Prieta (1989), Cape
Mendocino (1992), and the three southern
California events of 1992.

In the eight counties declared disaster
areas after the Loma Prieta earthquake, there
were approximately 350 bridges that had
already been retrofitted with hinge joint
restrainers. There was no observed failure of
any of these restrainers. It is agreed by Cal-
trans staff engineers that bridge spans would
have fallen off their supports without the
installation of these restrainers. The Univer-
sity of Nevada at Reno was awarded a Cal-
trans research project to test the performance
of bridge hinge joint cable restrainers under
dynamic loading. Saiidi and Maragakis (1995)
of the University of Nevada, Reno, and Yash-
insky (1994) of the Caltrans Office of Earth-
quake Engineering have published papers
evaluating the performance of these
restrainer details.

Figure 7-8. Good
performance of new
hinge restrainer detail.

7.3.2 Properly Confined Column
Reinforcement

Most columns designed by Caltrans since
1971 contain a slight decrease in the main
column vertical reinforcing steel and a major
increase in confinement and shear reinforcing
steel over pre-1971 designs.

All new columns, regardless of geometric
shape, are reinforced with one or a series of
spiral-wound interlocking circular cages.
While hoop size and spacing vary, the typical
transverse reinforcement detail consists of #6
(3/4 inch/18 mm diameter) hoops or continu-
ous spiral at approximately 3-inch (75 mm)
pitch over the full column height. This pro-
vides approximately eight times the confine-
ment and shear reinforcing steel in columns
than was used in the pre-1971 nonductile
designs for highway bridges. After modifica-
tion of the Bridge Seismic Design Specifications
and Seismic Construction Details in 1973, all
main column reinforcing was continuous into
the footings and superstructure. Splices are
now mostly welded or mechanical, both in
main and transverse reinforcing. Transverse
reinforcing steel is designed to produce a duc-
tile column by providing shear capacity in
excess of the flexural capacity and by confining
the plastic hinge areas at the top and bottom
of columns (Figure 7-9). The use of grade
60A 706 reinforcing, a more ductile steel, in
bridges has been specified on all projects since
the early 1990s. In the eight counties declared
a disaster area after Loma Prieta, there are
approximately 800 bridges designed after
1972 and which were designed using the
newly developed Bridge Seismic Design Specifi-
cations and Seismic Construction Details. With
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Figure 7-9. New column reinforcing.
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Figure 7-10. Good performance of new column retrofit detail.

Figure 7-11. Typical rubber base isolation bearing.

the exception of damage to one outrigger
beam-column joint on the I-980 southbound
connector in Oakland, there was no docu-
mented damage to any of these 800 bridges
designed to post-1973 design specifications
(Figure 7-10).

7.3.3 ARS for Alluvium and Dense
Foundation Materials

Caltrans developed a series of acceleration
response spectra (ARS) for alluvium and aver-
age harder soils after the 1971 San Fernando
earthquake. These spectra were representa-
tive for prediction of the dynamic response of
those types of foundation materials. Professor
Harry Bolton Seed, of the University of Cali-
fornia at Berkeley, was instrumental in the
development of these design spectra. Those
bridges situated on average foundation mate-
rials and designed using these spectra and the
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post-1973 Bridge Seismic Design Specifications
and Seismic Construction Details performed
well in the 1989 Loma Prieta event.

7.3.4 Base Isolated Girder Systems
Although only one bridge in the eight affected
counties was base-isolated, it did perform well
during the Loma Prieta event. The bridge was
the Sierra Point Overhead in San Francisco,
which was designed prior to 1972 for lateral
force requirements of only 0.06g. It was sub-
jected to horizontal peak ground motions of
approximately 0.18¢g during the Loma Prieta
earthquake and showed no signs of distress. It
should be noted, however, that the Caltrans
design procedure is to force seismic loads into
the abutments, so the back wall must fail prior
to the base isolation bearings being totally
engaged (Figure 7-11).



7.4 Problems Associated
With Existing Bridge
Criteria, Details, and
Practice

A discussion of the problems encountered in
highway bridge performance during the
Loma Prieta and Northridge earthquakes will
illustrate the need for continual research in
the area of structural response in moderate
and major earthquakes.

7.4.1 Older Bridges Designed for Pre-
1972 Seismic Forces and
Design Criteria

The major causes of bridge damage in the
Loma Prieta earthquake were the criteria and
details for which they were originally
designed. There were over 4,000 bridges in
the combined state, county and city systems
in the eight counties that were declared a
disaster area after the earthquake. Only 100
of those bridges were damaged in the earth-
quake and only 25 sustained what can be
termed major damage, as reported in the
Post-Earthquake Investigation Team
(PEQIT) Report. Only one of the 800
bridges in the counties that had been
designed after 1972, and which used the
newer seismic forces and details, suffered
damage. While Loma Prieta was, admittedly,
a moderate earthquake, the bridge perfor-
mance was generally what bridge designers
expected. Most of the research that has been
commissioned since Loma Prieta is aimed at
developing better assurance that bridges will
withstand a major earthquake without col-
lapse or major damage, and ensure that
Important transportation structures can

Figure 7-12. Cypress Street
Viaduct collapse in Oakland
during the 1989 Loma Prieta

earthquake.

remain essentially functional after a major
seismic event.

7.4.2 Seismic Performance Criteria
Required
The Governor’s Board of Inquiry hearings
brought out the fact that there was no formal
documented policy on the required seismic
performance of bridges in the Caltrans Stan-
dard Specifications for Highway Bridges. These
specifications are utilized by many other pub-
lic agencies and other states; therefore, it was
critical that formal performance criteria be
developed. Performance criteria were
adopted in 1993.

7.4.3 Dynamic Response of Deep Soft
Foundations

"The effect of the dynamic response of deep soft
soils in the structure foundations also proved to
be a contributing factor to the collapse of the
Cypress Street Viaduct (Figure 7-12) and
must be analyzed and included in future Cal-
trans design procedures. This is especially
critical for structures with relatively long
periods of vibration, for instance long, tall, or
flexible bridges. The effect of incoherence in
the foundation response is an important fac-
tor in the design of very long structures such
as the San Francisco-Oakland Bay Bridge and
mile-long freeway viaducts. Abrahamson
developed the most widely used spatial coher-
ence functions for ground motions, and Hao,
Oliviera and Penzien (1989) the most widely
used approach to developing spatial ground
motion time histories. Caltrans has developed
a comprehensive set of acceleration response
spectra for various depths of soft mud. These
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Figure 7-13.
Damage pattern for
column-footing -
model with no top
mat in testing lab.

Left. Additional
reinforcing being
added to existing

column and footing.

Figure 7-15.
Right. Column
damage on
Embarcadero
Freeway Viaduct,
San Francisco.

spectra have been in use since the Loma Pri-
eta earthquake.

7.4.4 Column-Footing Interaction

Investigation of damage at the Cypress Street
Viaduct in Oakland subsequent to the Loma
Prieta event revealed a deficiency in many
pre-1973 designed bridge footings. Some of
these footings suffered joint shear failures,
which caused structural settlement. These
footings were typically designed for vertical
loads and only a 0.06¢g lateral force. Investiga-
tion and research by Chai, Priestley and
Seible (1991) of the University of California,
San Diego revealed a potential for failures
due to lack of reinforcing steel in the top of
the footing to resist lateral moments. Their
analysis and laboratory tests did show a need
for a top mat (Figure 7-13) of reinforcing
steel in footings, which substantiated retrofit
details implemented in designs prior to the
Loma Prieta event (Figure 7-14).
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7.4.5 Inadequate Column
Confinement Reinforcement

Other than the Cypress Street Viaduct failure,
column damage was limited to a few critical
bents on the Embarcadero Freeway Viaduct
(Figure 7-15) , the "Terminal Separation Struc-
ture, the Central Freeway Viaduct, and the
Southern Freeway Viaduct (Interstate 280).
All these structures were in San Francisco
and all were multi-level box girder decked
structures supported on framed bents. Gen-
erally, those damaged bents were located in
areas over deep soft bay mud.

The damage on the Central Freeway
Viaduct was located in a few bents on the
northern end between Oak and Turk Streets.
"This was the only damage to portions of a
structure that was not constructed over deep
soft soils. These structures were closed
almost immediately, with the exception of
that portion of the Central Freeway Viaduct
south of Oak Street where there was no sign
of damage. Temporary splice beams were
installed on those columns of the Central



Freeway Viaduct where column hinge joints
had been located in the original design. This
splice was intended to keep the joint from
separating in a future seismic event until a
more permanent retrofit detail with new col-
umns could be installed.

The most spectacular bridge damage,
and that which was closest to collapse,
occurred in the vicinity of Innis Street on the
Southern Freeway Viaduct, Interstate 280, a
pre-1971 design. The shorter of two columns
supporting long outrigger bents failed in joint
shear near the lower deck level (Figures 7-16
and 7-17). This freeway was damaged at only
four bent locations, however. While the dam-
age was minimal, there was obvious concern

Figure 7-16. Severe
column damage to the
Southern Freeway Viaduct,
San Francisco, in the Loma
Prieta earthquake.

Figure 7-17. Close-up
of column damage in
Figure 7-16.

for the integrity of this pre-1972 design, non-
ductile, reinforced concrete structure.

All these viaducts had been designed in
the late 1950s to early 1960s for lateral forces
of 0.06g, and used standard details of the
period, which we now know were weak and
provided insufficient confinement, especially
at beam-column joints. All the damaged areas
were shored up with heavy timber falsework
to reinforce them during aftershocks and pos-
sible future seismic events until permanent
repairs could be made. Since both the dura-
tion and magnitude of the Loma Prieta earth-
quake were high, the Seismic Advisory Board
believes it was prudent to close the structures
to public traffic until they could be retrofitted
to current seismic standards.
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Figure 7-18.
Collapsed end spans
over Interstate 5 in
the 1994 Northridge

Reconstructed
-5 interchange.

earthquake.

Figure 7-19. f:l ":;. ’

7.4.6 State Route 14/Interstate 5
Connectors

"Two miles (3km) south of Gavin Canyon,
approximately 8.2 miles (12km) from the epi-
center of the Northridge earthquake, the
major interchange at State Route 14 and Inter-
state Route 5 suffered the most significant and
expensive damage. While the news media
reported only the collapsed end spans of two
connector ramps, there was significant internal
hinge damage to other connector ramp struc-
tures, including the collapsed end spans on the
southbound Route 14 connector to south-
bound Interstate 5 (Figure 7-18). The three
end spans collapsed onto both the southbound
and northbound lanes of Interstate 5.

All the bridges in this interchange are
long, curved connector structures with sev-
eral frames and intermediate thermal expan-
sion deck hinges. During the Northridge
earthquake, a peak ground acceleration of at
least 0.70g was estimated for this location.
Measurement of aftershocks at this site indi-
cates a large variation in ground motion.
There is evidence of relative movement
between the longer columns and the short
end columns. It is apparent from analysis that
the short end columns at both these collapsed
spans caused the failure because they were
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unable to displace elastically with the remain-
der of the structure, which was supported on
much longer columns.

It is important that bridge designers ana-
lyze these failures, determine the causes of col-
lapse, develop newer and better details, and
fully implement those details in all new designs
and in retrofitting older, nonductile structures.
Many of the details have been developed and
tested, and are now in use in the California
bridge seismic retrofitting program.

These connector bridges were under
construction during the 1971 San Fernando
earthquake, during which only one column
failed. That column, 180 feet (59 m) high, was
reconstructed with multiple spiral-reinforced
column ca