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THE LOMA PRIETA, CALIFORNIA, EARTHQUAKE OF OCTOBER 17, 1989:
PERFORMANCE OF THE BUILT ENVIRONMENT

HIGHWAY SYSTEMS

By Mark Yashinsky,
California Department of Transportation (Caltrans)

ABSTRACT

This paper summarizes the impact of the Loma Prieta
earthquake on highway systems. City streets, urban freeways,
county roads, state routes, and the national highway system
were all affected. There was damage to bridges, roads, tun-
nels, and other highway structures. The most serious dam-
age occurred in the cities of San Francisco and Oakland, 60
miles from the fault rupture. The cost to repair and replace
highways damaged by this earthquake was $2 billion. About
half of this cost was to replace the Cypress Viaduct, a long,
elevated double-deck expressway that had a devastating col-
lapse which resulted in 42 deaths and 108 injuries.

The earthquake also resulted in some positive changes
for highway systems. Research on bridges and earthquakes
began to be funded at a much higher level. Retrofit programs
were started to upgrade the seismic performance of the
nation’s highways. The Loma Prieta earthquake changed
earthquake policy and engineering practice for highway de-
partments not only in California, but all over the world.

INTRODUCTION

The Loma Prieta earthquake occurred on the San Andreas
fault in the Santa Cruz Mountains of Northern California.
The earthquake caused damage to roads and bridges within
about 100 miles of the epicenter including major damage to
bridges in the cities of San Francisco and Oakland. On two
bridges, this damage resulted in a tragic loss of life. On the
Cypress Viaduct in the City of Oakland, 42 people died and
108 people were injured. One person died and 13 people were
injured on the nearby East Bay Crossing of the San Fran-
cisco-Oakland Bay Bridge. Approximately 100 bridges suf-
fered some damage from the earthquake. Eleven bridges and
several roads were closed, resulting in traffic problems in
the weeks and years following the quake.

This report is a summary of how roads and bridges were
impacted by the earthquake. The main impact was damage
to roads and bridges. However, there were other effects to
bridges as well. These include changes to bridge seismic
design codes, acceleration of California’s bridge retrofit pro-

gram, initiation of bridge retrofit programs in other states
and countries, changes to emergency response procedures,
improved methods of analysis, higher levels of bridge re-
search funding, legislation affecting bridges, and changes to
society’s attitudes concerning bridges and earthquakes.

The Loma Prieta earthquake occurred in a remote loca-
tion and was much smaller than a maximum credible event
for the area. However, because it interrupted a World Series
baseball game being played in San Francisco, it caught the
world’s attention. Moreover, although overall damage to the
state highway system was minimal, there was major damage
to some important bridges. These facts, as well as the unfor-
tunate loss of life on two bridges, made the California De-
partment of Transportation (Caltrans) a target for criticism
after the earthquake. Some felt that Caltrans was negligent
in allowing seismically deficient state bridges to be used by
the public. Should Caltrans have been aware of any bridges
that couldn’t withstand a large earthquake? Should Caltrans
have replaced all bridges that were seismically deficient?
These questions led Governor Deukmejian to create a Board
of Inquiry to determine why the bridge damage occurred.
The board spent several months holding hearings to deter-
mine what Caltrans’ seismic policies were before the earth-
quake. On May 31, 1990, the board published its report
“Competing Against Time” (Thiel, 1990). They found that
Caltrans had been doing a good job of improving their seis-
mic design procedures for new bridges. They felt that the
major cause of the bridge damage was the low level of fund-
ing for Caltrans’ seismic retrofit program. They recommended
that Caltrans increase funding for the seismic retrofit pro-
gram, fund additional seismic research, utilize more state-
of-the-art solutions to protect bridges from future earthquakes,
and open Caltrans up to external review of its seismic poli-
cies.

The State of California has about 24,000 state and local
bridges, many of which were designed before a rigorous seis-
mic design code was developed. Before the 1971 San
Fernando earthquake, there was minimal seismic criteria for
bridges. The San Fernando earthquake was the genesis of
Caltrans’ education into the effects of earthquakes on bridges.
One of the lessons from that earthquake was that bridge su-
perstructures could fall off hinge and abutment seats. Thus
Caltrans began the first seismic retrofit program to provide
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cable restrainers and shear
keys on existing bridges to
prevent them from separating
at the thermal expansion joints
during earthquakes. This pro-
gram cost $54 million and re-
sulted in retrofits to about
1,265 bridges. The earthquake
also showed that columns with
#4 ties at 12 inches were inca-
pable of handling the large dis-
placements that occurred.
Caltrans changed its design
criteria to include more tightly
spaced transverse reinforce-
ment and better reinforcing de-
tails between columns and
footings and bent caps. The
Whittier-Narrows earthquake
of 1987 again pointed out the
need to retrofit older uncon-
fined columns. Caltrans began
a testing program at the Uni-
versity of California at San
Diego to evaluate the effective-
ness of encasing columns in
steel shells. Caltrans learns
from every earthquake and
uses that knowledge to im-
prove design procedures.

The seismic criteria for
bridge design in place at the
time of the Loma Prieta earth-
quake was far in advance of
that being used by the rest of
the country. However, the
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Table 1.—Chronology of significant events related to the Loma Prieta earthquake

DATE

EVENT

9 February 1971

I October 1987
17 October 1989

21 October 1989
23 October 1989
2 November 1989

3 November 1989
6 November 1989

17 November 1989

18 November 1989
25 November 1989
28 November 1989

30 November 1989
13 December 1989
14 December 1989
4 January 1990
17-18 January 1990
26 January 1990

8 February 1990
10 February 1990
1-2 March 1990
15 March 1990

31 May 1990

17 January 1994
17 December 1995

15 November 1996

15 November 1998
31 December 2000

6.6 magnitude San Fernando earthquake occurs (major bridge damage).
Causes major changes to Caltrans’ seismic design procedures.
Initiates Phase 1 retrofit program (providing restraint at hinges).
6.1 magnitude Whittier Narrows earthquake occurs (minor bridge damage).
Initiates Phase 2 retrofit program (providing confinement for single column bents).
7.1 magnitude Loma Prieta earthquake occurs at 5:04 P.M. (P.S.T.).
(12 state bridges and several highways closed ).
Rescue effort ends on the Cypress Viaduct.
California Legislature holds special session to address Loma Prieta.
Route 92/101 Interchange reopens.
Mora Drive Overcrossing reopens (10 state bridges still closed).
State Route 129 reopens in Watsonville.
State Legislature appropriates $1 million for seismic engineering research.
State Bill 36X and Assembly Bill 36X signed into law mandating a seismic retrofit
program for all publicly owned bridges.
East Bay Bridge reopens.
West Grand Avenue Viaduct reopens.
The Distribution Structure reopens (7 state bridges still closed).
Highway 17 landslide cleared and the road is reopened to traffic.
China Basin Viaduct reopens (6 state bridges still closed).
Testimony begins before the Governor's Board of Inquiry (first of seven public
hearings).
Full scale test of portion of Cypress Street Viaduct begins.
Governor's Board of Inquiry tours damage.
Testimony continues before the Governor’s Board of Inquiry (second public hearing).
Testimony continues before the Governor’s Board of Inquiry (third public hearing).
Testimony continues before the Governor’s Board of Inquiry (fourth public hearing).
Struve Slough Bridge reopens to traffic. 5 state bridges remain closed - Cypress
Viaduct, Central Viaduct (partial), Embarcadero Viaduct, Terminal Separation, and
the Southern Viaduct.
Testimony continues before the Governors Board of Inquiry (fifth public hearing).
Cypress demolition completed
Testimony continues before the Governors Board of Inquiry (sixth public hearing).
Testimony concludes before the Governors Board of Inquiry (seventh public hearing).
Governor's Board of Inquiry publishes its report, "Competing Against Time."
6.7 magnitude Northridge earthquake occurs at 4:30 AM. (P.S.T.).
Southern Freeway Viaduct completely reopened to traffic, however retrofit is still
continuing.
Top deck for Central Viaduct removed. No decision made for retrofit or replacement
of northern (concrete) portion of structure.
Rte 880 (Cypress) Viaduct replacement completed (anticipated).
Anticipated completion of Phase 11 bridge retrofit program including San Francisco
Bay Toll Bridges.

speed at which Caltrans retrofits older bridges as new
knowledge revealed their vulnerability is highly depen-
dent on budgetary constraints. Before Loma Prieta, it was
hard to justify spending a great deal on seismic retrofits
when there were so many other pressing problems. Be-
fore the San Fernando earthquake, there was very little
bridge damage from any California earthquake. Until
Loma Prieta, only two people had ever died in California
from bridge damage during earthquakes. Many more
people die every year from traffic accidents on the high-
way system than from bridges collapsing during earth-
quakes and yet both of these problems are competing for
the same scarce tax dollars. Since Loma Prieta and the
recommendations of the Governor’s Board of Inquiry,
Caltrans has made protecting bridges from earthquakes a
high priority. Before Loma Prieta such a commitment was
almost impossible in spite of the fact that living where
earthquakes occur is dangerous. The people of California
do not have enough money to remove all dangers to soci-

ety. However, Caltrans is working to reduce the risk of
bridges collapsing during earthquakes.

The California State Legislature also played an ac-
tive role after the earthquake. They wanted to ensure that
the public would be adequately protected against a recur-
rence of events like the Cypress Viaduct collapse. A spe-
cial 2-week session was called by the Governor beginning
on October 23, 1989, to write specific legislation to ad-
dress seismic safety issues. Simultaneously, the Senate
Transportation Committee held a hearing in San Francisco
to gather facts about the bridge damage. Burch Bachtold,
Director of District 4 (where most of the damage occurred)
and James Roberts, Chief of the Division of Structures
testified at the hearing. At the end of the 2-week session,
on Wednesday, November 6, 1989, the Governor signed
24 bills that made seismic safety a much higher priority
in California. The Senate and Assembly passed identical
bills to speed the legislative process. The most significant
legislation for highways was Assembly Bill 36X. It ex-
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empted earthquake repair work from having to meet the usual
time-consuming permit processes. This enabled repairs of
the damage to begin quickly. It also allocated a quarter-cent
sales tax that helped raise money to seismically retrofit vul-
nerable bridges. The most significant events related to high-
way systems after the earthquake are listed in table 1.

After the earthquake, Caltrans’ first task was to identify
the damaged state and local bridges and to determine what
repairs were needed before they could be reopened. To un-
derstand how Caltrans’ emergency response worked after
Loma Prieta requires an explanation of how Caltrans is orga-
nized. Caltrans divides the State of California into 12 Trans-
portation Districts. Most of the earthquake damage occurred
in District 4 (fig. 1). District transportation engineers work
out of an office located in each District. District 4’s office
was located in San Francisco at the time of the earthquake.
The District Director is in charge of district personnel and
signs all the contracts for work done in their District.

Bridge maintenance engineers have three offices. Bridge
Maintenance South is located in Los Angeles, Bridge Main-
tenance North is located in Sacramento, and Toll Bridge
Maintenance is located at the Bay Bridge Toll Plaza. Bridge
maintenance engineers are responsible for the inspection and
evaluation of all state and local bridges, and the maintenance
of state bridges once construction is completed. Each bridge
maintenance engineer is assigned responsibility for the
bridges in their transportation district. If the maintenance
engineer requires traffic control or a manlift, the engineer
will usually ask a district maintenance crew for help.

Bridge construction engineers have a main office in Sac-
ramento; however, they typically work from a field office
next to their construction site. They are responsible for over-
seeing the work of contractors on bridge projects. If the work
involves roads and bridges, a district construction engineer
will have overall responsibility for the project and the bridge
construction engineer will be responsible for any structures
on the project. Bridge design engineers work from an office
in Sacramento and design structural facilities on state roads.
All bridge maintenance engineers, bridge construction engi-
neers, and bridge design engineers work for the Division of
Structures. The Chief of the Division of Structures at the time
of the earthquake was James E. Roberts.

District transportation engineers have general responsi-
bility to ensure that all transportation systems are function-
ing in their district. Most of the responsibility for bridges
comes from the Division of Structures in Sacramento. Con-
sequently, coordination between District and Headquarters
staff was required after the earthquake. This coordination
required good communication, especially between field and
office personnel. Immediately after the earthquake, most of
the damaged bridges were identified by District maintenance
crews, California Highway Patrol officers, and bridge con-
struction engineers. This was because they were in the area
and could quickly examine the bridges nearby. They closed
the structure if it was deemed hazardous and contacted Dis-
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Figure 1.—Map of state highway districts (numbered) impacted
by the earthquake.

trict office personnel who would then contact bridge mainte-
nance. Most field personnel were equipped with mobile two-
way radios.

Immediately after the earthquake, electricity, phone ser-
vice, and the radio transmitter were all inoperative at Dis-
trict 4’s office. One of the lessons learned from the earthquake
was how effective cellular phones and pagers were for com-
munication with field personnel. Unfortunately, they were a
scarce commodity in the days immediately following the
earthquake. To improve communication, an emergency com-
mand center was set up in the office at the Caldecott Tunnel.
This center had superior radio equipment for communicat-
ing with field personnel. Even so, the mobile radio band was
so jammed after the earthquake that a new band had to be
found for Caltrans’ staff. After a few days, bridge mainte-
nance set up headquarters at the Cypress Viaduct to manage
the inspection and repair effort. However, due to the distrac-
tions imposed by the rescue effort at Cypress, the bridge
maintenance command center eventually moved to the Bay
Bridge Toll Plaza. All of the staff from bridge maintenance
north as well as six engineers from bridge maintenance south
participated in the inspection effort. Every morning all bridge
maintenance engineers were given state routes to in-
spect. They drove along the route with a log book and
checked off each bridge as they completed an inspec-
tion report. They also inspected all county and city
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bridges. Maintenance engineers also completed inspec-
tions for all of the Bay Toll Bridge Crossings.

After the bridge maintenance engineer determined
what was needed to temporarily or permanently repair
a damaged bridge, an emergency contract would be
created by the District Director. The ability to quickly
write contracts and obtain money to pay contractors
was essential to expedite bridge repair and reopen dam-
aged bridges after the earthquake. California’s legisla-
ture passed a bill to allow Caltrans to forego (for a
limited time) the lengthy process of obtaining environ-
mental documents so they could quickly make repairs
and reopen bridges. Moreover, the District Director
could hire contractors and write emergency force ac-
count contracts that would bypass the process of ad-
vertising contracts and evaluating bids, which can take
many weeks. A force account pays a contractor for la-
bor, equipment, and materials at the direction of a
Caltrans’ engineer, usually at a higher rate than would
normally be allowed. The repair of most bridges im-
mediately after the earthquake was made with force ac-
count contracts. The Bay Bridge was repaired in 30
days with a force account contract. A special contract
with an incentive clause for early completion was writ-
ten to replace the Struve Slough Bridges in Watsonville.
Contractors from the Bay Area immediately began shor-
ing damaged bridges, on occasion, even before an in-
spector had a chance to examine the bridge. Hard work
on the part of many individuals helped the Bay Area
recover so quickly. Several interesting reports describe
how the Bay Area turned to trains, ferries, and other
forms of mass transit after the earthquake (Bennett,
1991; Fahey, 1991).

Money for emergency repairs was available on fed-
eral aid roads from the Federal Highway Administra-
tion (FHWA) (table 2). The United States Congress
appropriated $1.37 billion of emergency relief funds
for the repair of roads and bridges. On those roads not
eligible for FHWA funding, the State Office for Emer-
gency Services (OES) and the Federal Emergency Man-
agement Agency (FEMA) provided funds for
earthquake repairs. These funds are appropriated by the
Congress of the United States after an emergency and

are used not only for road repairs but also to repair
public buildings and other public facilities. FEMA and
FHWA money was available to both state and local
bridges. However, the vast majority of state roads and
bridges are repaired with FHWA funds, while the ma-
jority of local agency repairs are made with FEMA
money. The cost to repair or replace damaged bridge
structures after the earthquake was about $1.7 billion.
However, the replacement of the Embarcadero Viaduct,
Terminal Separation, and a portion of the Central Via-
duct may never occur due to opposition from the city
of San Francisco. The cost to repair roads was an addi-
tional $0.3 billion. Table 2 shows how the federal emer-
gency relief funds were allocated to repair the damage.
An additional $0.33 billion came from the state of Cali-
fornia. These costs do not include retrofitting or re-
placing seismically deficient structures in the Bay Area
after the earthquake. To put these costs in perspective,
we can compare the costs to the highway system from
other recent earthquakes as shown in table 3. What is
particularly worrisome about the Loma Prieta earth-
quake is that most of the highway damage occurred so
far from the fault rupture.

Most of the bridges with major damage were closed
at least temporarily after the earthquake. All of the
double-deck viaducts in San Francisco with the excep-
tion of the Alemany Interchange were closed due to
column cracks. Some bridges, like the eastern portion
of the San Francisco-Oakland Bay Bridge and the
Struve Slough Bridge were reopened in record time.
Other bridges, like the Cypress Street Viaduct and the
Southern Freeway Viaduct, were still undergoing re-
pair or replacement 6 years after the earthquake. Fi-
nally, structures such as the Embarcadero Viaduct and
Terminal Separation were demolished with little chance
of ever being rebuilt. A combination of politics, eco-
nomics, and the state of bridge research were powerful
forces affecting the fate of each damaged bridge.

After any earthquake, two groups from Caltrans
are responsible for making a thorough investigation of
bridge damage. Bridge maintenance engineers record
the damage so that they can maintain their bridges and
finance repairs. Caltrans’ Post Earthquake Investiga-

Table 2.—Cost to the Federal government of repair to highway system

Type of Repair Federal = Highway  Administration
funds, in millions of dollars

Replace Embarcadero and Terminal Separation. 120

Replace Central Viaduct. 40

Other Bridge Repair and Replacement. 910

State Highway Repair. 280

City and County Roads and Bridges. 21
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Table 5.—State bridges with $5,000 to $100,000 of damage

MAP COUNTY  ROUTE  POST BRIDGE NAME STATE EPICENTRAL YEAR DAMAGE

LOCATION # MILE BRIDGE # DISTANCE BUILT

(see fig 6)

1 cC 004 R14.61 Route 4/242 Separation 28-243s 68 78 Abut. 1 joint damage

2 CcC 242 R03.24 West Connector OC 28-249g 68 78 Joint seals damaged

3 ALA 080 03.79 Powell Street UC 33-020 60 54 Approach slab damage

4 ALA 580 45.23 North Connector Viaduct 33-302h 59 70 Hinge diaphragm damage

5 ALA 580 45.14 580/w980 South Connector 33-303h 59 70 Crack in C-bent

6 ALA 980 01.98 East Connector Viaduct 33-304g 59 70 Crack in C-bent

7 ALA 084 R29.68 First Street Separation 33-398 47 65 Cracks in Bent 2 column

8 SF 480 04.51 Marina Viaduct 34-014 62 36 Hinge cracks Bents 37-39

9 SF 001 06.18 West Pacific Avenue UC 34-015 62 39 Gunite soffit fell Bent 4

10 SM 280 R0.01 Alpine Avenue UC 35-0091 31 69 Abut. & soffit cracks

" SM 001 17.90 San Gregorio Creek Bridge 35-030 35 31 Wingwall cracks

12 SM 001 R44.88 Milagra Drive POC 35-188 54 65 Minor crack at Column 2

13 SM 092 R13.83 Foster City Lagoon 35-1891 43 67 Column cracks

14 SM 001 R46.65 South Connector OC 35-204f 55 72 Spalling at Bent 3

15 SM 280 R00.30 San Francisquito Creek 35-234! 31 69 Backwall, soffit cracks

16 SM 380 05.73 Huntington Avenue OH 35-253 51 71 Curtain wall damage

17 SM 092 T12.78 Mariners Island OC 35.284 43 77 Spalls at Pier 2

18 SCR 152 01.94 Corralitos Creek 36-001 1 36 Cracks in piles

19 SCR 001 10.01 Aptos Creek Bridge 36-011 4 48 Curtain wall cracks

20 SCR 001 R02.68 Connector Separation 36-084f 10 67 Abutment 1 shifted

21 SCL 101 R00.70 Sargent Bridge and Overhead 37-006! 20 70 Column & girder cracks

22 SCL 101 00.01 Pajaro River Bridge 37-007 21 M Expansion joint damage

23 SCL 017 05.43 Sidehill Viaduct 37-029 14 40 Bearing seats damaged

24 SCL 017 01.14 Madrone Drive UC 37-059 10 38 Abutments rotated

25 SCL 880 05.34 Coyote Creek Bridge 37-065r 24 52 Abut. 4 approach settled

26 SCL 017 06.55 Main Street OC 37-117 14 55 Abut. 3 & bin wall cracks

27 SCL 101 43.85 Lawrence Expressway OC 37-152 26 61 Cracks and spalls

28 SCL 085 R18.49 West Connector OC 37-228f 23 67 Cracks and spalls

29 SCL 280 17.78 Arastradero Road UC 37-251r 29 67 Column cracks

30 SCL 280 18.38 Page Mill Road UC 37-252k 29 69 Column cracks

3 SCL 280 R02.87 Bird Avenue OC 37-267 20 69 Abut approach buckled

32 SCL 101 R04.94 Monterey Road UC 37-304) 18 73 Barrier rail, approach slab, & jt
seal damage

33 SCL 101 R04.94 Monterey Road UC 37-304r 18 73 Appr. Slab & joint damage

34 SCL 101 R05.08 South Gilroy OH 37-305r 18 73 Approach slab damage

35 SCL 152 R09.91 10th Street Separation 37-325 18 72 Slope paving damage

36 SCL 101 R19.21 Coyote Creek Bridge 37-349r 15 80 Abutment 4 approach settled &
misc. Cracking

37 SCL 101 03.25 Route 101/25 Connector 37475 ¢ 20 89 Hinge damage

38 SBT 101 05.21 San Benito River Bridge 43-0041 21 32 Pile & girder cracks

39 MON 001 96.44 Elkhorn Slough 44-074 17 85 Concrete column spalls

40 SCL 280 11.50 Foothill Expressway 37-2391 24 67 Slope paving d d
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Table 6.—City and county bridges damaged during earthquake

Local Bridge Owner Map Location #  State Epicentral Damage or repair cost
(see fig. 7) Bridge # Distance (mi)
7th street bridge City of Oakland 1 33C-149L/R 567 Approach settlement
Fruitndge Avenue Bridge Alameda County 2 33C-147 54 4 $8,778
3rd Street Bndge City of San Francisco 3 34C-027 587 $5,500
3rd Street Bridge City of San Francisco 4 34C-024 56 6 $33,783
Geary StreetP O C City of San Francisco 5 34C-043 603 Minor column cracks
San Jose Street P O C City of San Francisco 6 34C-14 572 Movement (very minor)
East Grand Avenue OH South San Francisco 7 35C-148L/R 513 Spalls at pier & abutment
Produce Avenue Bridge South San Francisco 8 35C-021 513 Wingwall damage
San Mateo Road Bridge South San Francisco 9 35C-048 513 Sidewalk crack @ abut.
Hickey Bivd OC South San Francisco 10 35C-032 542 Damage at abut 1
Foster City Blvd Bridge Foster City 11 35C-070L/R 414 Bridge movement
Shell Bivd Bridge Foster City 12 35C-070 a5 Bridge movement
Hillsdale Bivd Bridge Foster City 13 35C-068 416 Spalling at shear keys
Beach Park Bivd Bridge Foster City 14 35C-062L/R 416 Settlement and spalls
Riverside Bndge Ctty of Santa Cruz 15 36C-099 87 Major damage - closed
Ocean Village Bridge City of Santa Cruz 16 36C-100 87 Major damage to piers
Soquel Bridge City of Santa Cruz 17 36C-105 87 Cracks to second pier
San Lorenzo River Bridge City of Santa Cruz 18 36C-102 87 Abutment damage
Corralitos Creek Bridge Santa Cruz County 19 36C-081 90 Minor cracks
Zayante OH Santa Cruz County 20 36C-092 100 Settlement and hinge spall
Aptos Creek Bridge Santa Cruz County 21 36C-075 40 Cracks above arch
Spreckles Road Bridge Santa Cruz County 22 36C-113 42 Approach settlement
Rodeo Guich Bridge Santa Cruz County 23 36C-042 58 Cracks In abutments
Soquel Creek Bridge Santa Cruz County 24 36C-078 50 Approach settlement
Almitos Creek Bridge City of San Jose 25 37C-808 122 Abut. Shear key damage
Rundell Creek Bridge Santa Clara County 26 37C-174 12.7 Abut backwall cracks
Uvas Creek Bridge Santa Clara County 27 37C-177 157 Hinge and abut damage
Los Gatos Creek Santa Clara County 28 37C-584 110 Prer & abut damage
Llagos Creek Bridge Santa Clara County 29 37C-167 10.0 Pier & abut. damage
San Antonio Road Overhead City of Mountainview 30 37C-120 289 Sheared hinge boits
Ciff Drive Bridge City of Capitola 31 36C-110 57 Approach settlement
Pajaro Creek Bridge City of Watsonville 32 44C-55 11.5 Pier and abut. damage
Elkhorn Road OH Monterey County 33 44C-33 134 Approach settiement, spalls at

abutments & girders

Table 7.—Functional classification of bridge structures

Bridge Type

Description

Bridge (BR)
Overhead (OH)
Underpass (UP)
Overcrossing (OC)
Undercrossing (UC)
Separation (SEP)
Interchange
Causeway

Viaduct

Aqueduct

Pipeline Overcrossing
Pedestrian Overcrossing (POC)

Usually reserved for structures over water.

A structure carrying a highway over a railroad.

A structure carrying a railroad over a highway.

A structure carrying a local road over a highway.
A structure carrying the highway over a local road.
A separation in grade between two highways.
Structures connecting intersecting roadways.

A low structure over a body of water.
A long structure carrying a highway over many obstacles.
A structure carrying water over many obstacles.

A structure carrying a pipe over a highway.

A structure for carrying people.
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Figure 108.—Elevation drawing of Bents 64 to 67 at Embarcadero Viaduct.
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Figure 109.—Elevation drawing of Bent 71 at Embarcadero Viaduct.
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Llev &2

HIGHWAY SYSTEMS
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Figure 112.—Elevation drawing of Bent 77 at Embarcadero Viaduct.
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THE LOMA PRIETA, CALIFORNIA, EARTHQUAKE OF OCTOBER 17, 1989: PERFORMANCE OF THE BUILT ENVIRONMENT

STATE OF CALIFORNIA a"dg‘ No. 35-38
DEPARTMENT OF TRANSPORTATION
SUPPLEMENTARY BRIDGE REPDRT Location 04-SM-84-R
OS5~MISA (REV. § 75) Dist - Co.- Rte - PM . City
10/17./89 EARTHQUAKE INSPECTION
Date of October 19, 1988

DUYBARTON BRIDGE

Name

The bridge was checked on October 18, Dy driving across the structure
and checking for misalignment, cracks and spalls at roadway level.

The bridge was insoected an Octoper 19, by walking the steel span box
girder (Spans 16 -30). The only damage found was at the under side

of the earthguake expansion joints at Picr 16 and Pier 31. These
joints were designed to open and close up to 18 inches plus or minus
under large earthguake foading with some damage. The damage is that
the hold down to!t bolting the olate spanning the large gap have been
pulled at top of the bait sieeves resuiting in the spalling aoout half
of the slab thickness at each balt.

The substructure, the concrete aoproach spans and the approach trestle
(slab) spans were inspected from the adjacent fishing piers and from
a State maintenance boat. No damaze was ajparent.

RECOMMENOATION

Repair the concrete ceck spalls under the deck plate at expansion
joints at Piers 16 and 31. 40029X89292X R- (H4221) $10,000

Richard ¥. %hite, P.E
C16762 Xy

7 RWW/REK/art
o i W 57
Robert E. Keim / LC % cc: Oist. 04 (2)
coders

Figure 262.—Post-earthquake inspection report for the Dumbarton Bridge.

Table 22.—Peak ground motion for Dumbarton Bridge

Channel Location Orientation Acceleration Velocity Displacement
(8 (in/s) (in)

1 West Free Field 357° 126 7.52 1.95

2 West Free Field Up .058 2.33 0.78

3 West Free Field 267° 128 7.56 2.92
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SANTA CRUZ MTNS (LOMA PRIETA) EARTHQUAKE OCTOBER 17, 1988 17:04 PDT
SAN FRANCISCO BAY - DUMBARTON BRIDGE: CSMIP S/N 596

PHASE 2 FILTERED DATA: ACCELERATION, VELOCITY AND DISPLACEMENT
USABLE DATA BANDWIDTH: 0 17 TO 23 6 HZ (0.04 TO 5 88 SEC) RECORD ID: 58596-56220-90208 03
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< S — -
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~— __700 2 | " " " | " b L 1 n n " 2 1 i i A n 1 " " P
70 7
= - f -5.93 |
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=
_70 1 1 " 1 F— 1 1
20
» - -1.97 _j
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= L t |
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Figure 263 —Dumbarton Bridge free-field motions (courtesy of California Strong Motion Instrumentation Program).
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SANTA CRUZ MTNS (LOMA PRIETA) EARTHQUAKE OCTOBER 17, 19838 17:04 PDT
SAN FRANCISCO BAY ~ DUMBARTON BRIDGE: CSMIP S/N 596

PHASE 3 DATA- RESPONSE SPECTRA RECORD ID: 58596-56220-90208.03
USABLE DATA BANDWIDTH: 0.17 TO 23 6 HZ (0.04 TO 5.88 SEC)

5 T T T [ T T T T | T T T T ] T T T T T T T T T l T T T T l T T T T [ T T T T

- CHN 1. 357 DEG .
T 4r n
b3
o0 WEST END FREE FIELD
g 3k i
T
& L 4
g DAMPING VALUES. 0,2,5,10,20%
g 2r -
w
5 - i
3
[72]
o0
<<

- CHN 2: UP b

WEST END FREE FIELD

DAMPING VALUES: 0,2,5,10,20%

ABSOLUTE ACCELERATION, SA (G)

2+ -
1 —
o el 4 | S it
5 T T T T 1 [ T 1T 177 ] T 1T 17T ] T 17 177 I 1 T 1 —[ 1 1T 7T T 1T 17

- CHN 3: 267 DEG -

WEST END FREE FIELD

DAMPING VALUES: 0, 2,5, 10,20%

ABSOLUTE ACCELERATION, SA (G)

PERIOD (SEC)

Figure 264. —Free-field response spectra for Dumbarton Bridge (courtesy of California Strong Motion Instru-
mentation Program).
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HIGHWAY SYSTEMS

SAN FRANCISCO BAY - DUMBARTON BRIDGE 1989 LOMA PRIETA EARTHQUAKE
19 PIER 17, SOUTH SIDE OF CAP - Up MAX. ACCEL. = 0.12g
21 PIER 17, NORTH SIDE OF CAP - Up 0.11g
15 PIER 17, BASE OF SOUTH BENT COLUMN - Up 0.06g
o ANAIANIAGIAPANAL N s

20 PIER 17, BASE OF NORTH BENT COLUMN - Up 0.06g
e AP I NI e

22 PIER 21, SOUTH SIDE OF CAP - W 0.33g

24 PIER 21, BASE OF SOUTH BENT COLUMN - W 0.27g

PIER 17, SOUTH SIDE OF CAP - W

17 0.44¢g

14 PIER 17, BASE OF SOUTH BENT COLUMN - W 0.31g
4 PIER 13, SOUTH SIDE OF CAP - W 0.33g
1 PIER 13, CENTER OF FOOTING - W 0.17 g

12 PIER 15, CENTER OF FOOTING - W 0.20 g
PIER 14, CENTER OF FOOTING - W

9 0.17 g

I T T T T T A T O 0 0 B B A B A O |
5 10 15 20 25 30 35 40 45 50
TIME - SECOND

Figure 265.—Acceleration
records for portion of
Dumbarton Bridge (courtesy
of California Strong Motion
Instrumentation Program).

Table 23.—Peak structural motion for Dumbarton Bridge (courtesy of California’s Strong Motion Instrumentation Program)

Channel Location Orientation  Acceleration Velocity Displacement
(9) (ins) (in)
1 Pier 13, Footing West 0.167 12.6 413
2 Pier 13, Footing Up 0.077 248 0.72
3 Pier 13, Footing North 0.077 7.01 2.20
4  Pier13,Cap West 0.327 26.1 6.34
5  Pier13, Cap South 0.097 8.23 247
6 Pier14,Cap South 0.095 941 252
7 Pier 15, Footing North 0.103 7.87 248
8  Pier15, Cap South 0.103 9.84 250
9 Pier 14, Footing West 0.172 13.9 445
10 Pier 14, Footing Up 0.070 21 0.69
11 Pier 14, Footing North 0.100 7.56 243
12 Pier 15, Footing West 0.205 16.7 4.61

13  Pier 15, Footing Up no record
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Figure 273.—Bearings on Hayward BART Viaduct (courtesy of Joseph

Penzien).
17 - Free Field - N Nax. Accel, = 8.16 ¢
19 - Free Foeld - W Nax. Accel. = 0.16 ¢
18 - Free Freld - Up Nax. Accel, = 8.80 ¢
| 4 | |-
8 5.8 10.8 15.8 2.0 2.8
Tine {Sec)

Figure 274 —Free-field ground motions for Hayward BART Viaduct (cour-
tesy of California Strong Motion Instrumentation Program).
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16! 10 10! 1h?

Frequency (cps)

Figure 275.—Free-field response spectra for Hayward BART Viaduct (cour-
tesy of California Strong Motion Instrumentation Program).

HAYWARD - BART ELEVATED SECTION 1989 LOMA PRIETA EARTHQUAKE

1 BENT 132, DECK, SOUTH OF JOINT - W MAX. ACCEL. = 0.41g

BENT 132, TOP, CENTER - W

13 BENT 132, BASE - W 0.14g

10 BENT 133, DECK. NORTH OF JOINT - W 0.519

16 BENT 135, BASE - W 0.154g

g BENT 134, DECK, SOUTH OF JOINT - N 0.21g

BENT 133, DECK. SOUTH OF JOINT - N

;WWWWMMWWMWWWW

g BENT 132, DECK, SOUTH OF JOINT - N 0.23 g

T M At

5 BENT 132, DECK, NORTH OF JOINT - N 0.24g

%MWWWWM

3 BENT 132, TOP CENTER - N 0.22g

2 BENT 132, BASE - N

gttt o U AN VARV A A e e

14 BENT 135, BASE - N 0.159

AN NN#VANﬁhwdwﬁvhhﬂﬂﬂﬂ\mf\“wafﬂAﬂMVwAﬂ\N¢u—dN~/\w&~‘v~*~wvwﬂ~ﬁﬂ~4~—————\
TS N N TN AN N TN SN (NS NUUNY SN SN N N SN N TN N NN A TN TN N N SN SN B B |
0 5 10 15 20 25 30

TIME - SECONO

Figure 276.—Accel-
eration records for
Hayward BART Via-
duct (courtesy of Cali-
fornia Strong Motion
Instrumentation Pro-
gram).
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HIGHWAY DAMAGE

There was a great deal of damage to highways from
landslides, liquefaction, and ground deformation that oc-
curred as a result of the earthquake. Although there was
no surface rupture, there were surface deformations that
caused substantial damage to roadways. This section de-
scribes the performance of streets, roads, and highway
structures other than bridges during the earthquake.

The area of road damage was quite extensive. Rock
and land slides occurred in the Santa Cruz Mountains close
to the fault and for 70 miles northward. Liquefaction-in-
duced road damage was similarly spread out from
Monterey County south of the fault to the City of San Fran-
cisco and Highway 80 about 60 miles north of the fault.
The one constant was that wherever road damage occurred,
poor soils were usually present. Although there were many
damaged roads, the cost of bridge damage far exceeded
road damage, owing to the heavy cost of repairing or re-
placing the double-deck bridges.

Roadways, along with culverts and retaining walls,
sustained more damage from soil movement and ground
deformation, than from shaking. In general, landslides
were more damaging in areas of cuts, while settlement
was more damaging in areas of fill. Caltrans currently does
not design roads, culverts, and retaining walls for a seis-
mic load, nor does doing so seem appropriate from what
was seen after the earthquake.

There has been some speculation that earth-retaining
structures, such as abutments and retaining walls, should
be designed for a much larger earthquake force. However,
Caltrans has not seen any damage from Loma Prieta or
any other strong earthquake that would justify designing
earth-retaining structures for an additional seismic load.
There was no damage to any Caltrans retaining wall as a

result of Loma Prieta. There were some signs of move-
ment to locally owned retaining structures.

California has always had a problem with landslides
on roads along its coast and mountain passes. Slide re-
moval is routinely done to keep some roads open. Heavy
rains frequently cause slides by increasing the overbur-
den and reducing soil friction. This situation is exacer-
bated, not created, by earthquakes like Loma Prieta.

Highway damage from settlement, lateral spreading,
and soil liquefaction are just beginning to be addressed
(mostly in Japan) by soil modification before the facility
is built. Roads built on well-engineered material suffered
little damage during the earthquake.

It would appear that research and study into highway
damage was not as intensive as research into bridge dam-
age after the earthquake. However, geotechnical studies,
particularly on the seismic behavior of weak clays and
loose alluvium, have intensified as a result of the earth-
quake. Table 24 and figure 288 summarize state highway
damage from the earthquake. The source for much of the
information on highway damage comes from Heyes
(1990). This is an excellent source of information on the
earthquake.

There was also substantial damage to city and county
streets and roads. Table 25 lists all local roads that were
repaired with Federal emergency funds. Other informa-
tion on local road damage comes from reports by city and
county engineers, as well as researchers and geotechnical
engineers that studied the damage. Not only city and
county roads, but roads owned by state parks and beaches,
roads owned by military bases, and private roads were
impacted by the earthquake. Some of that damage is listed
in table 26. These three tables, although not a complete
listing, contain most of the major road damage that occurred.

Table 24.—Damage to State highways and related facilities from the earthquake.

Location

Damage

Route 17 in Santa Cruz and Santa
Clara Counties

Route 9 in Santa Cruz County
Route 152 at Heckler Pass in
Santa Cruz County

Route 236 in Santa Cruz County
Route 35 in Santa Clara County
Route 101 near Gilroy in Santa
Clara County

Route 280 in Santa Clara County

Route 1 and Mountain Lake in San
Francisco

Route 1 in Marin County

Many landslides and rockslides. Roadway damage from soil
settlement. Ground surface rupture caused a vertical uplift of the
road near the top of Santa Cruz Mountains.

Moderate slide closed this road for several days.

Rockslides, highway cracks, and settlement.

Few small slides closed this road after earthquake.
Road was closed for 2 days while 6 small slides were removed.
Median barrier railing was badly cracked by Sargeant Overpass.

Soil heaved damaging roadway in fill area near Magdalena
Avenue.

Liquefaction of fine-grained foundation soils severely damaged
300 feet of roadway. Roadway had to be repaired several times
before settlement was controlled.

Lone Tree landslide was accelerated by earthquake.
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Table 25.—Federal emergency relief funding of local roads

Road’s Damaged Location Cost
Cervantes Street San Francisco 194,374
Bay Street San Francisco 67,792
Marina Blvd. San Francisco 452,242
4th Street San Francisco 67,233
Laguna Street San Francisco 12,960
6th Street San Francisco 435,792
5th Street San Francisco 275,077
Mission Street San Francisco 161,897
Folsom & Embarcadero  San Francisco 19,383
Folsom Street San Francisco 321,532
South Van Ness San Francisco 20,228
Valencia Street San Francisco 377
14th Street San Francisco 134,116
7th Street San Francisco 546,768
Townsend Street San Francisco 29,852
Hyde Street San Francisco 3,115
Grove Street San Francisco 89,871
17th Street San Francisco 27.276
Sacramento Street San Francisco 66.320
Washington Street San Francisco 17,224
Pine Street San Francisco 25,401
Stuart Street San Francisco 19,400
Harrison Street San Francisco 54,667
Howard Street San Francisco 80,351
Market Street San Francisco 39,300
Beach Park Blvd. Foster City 10,920

Santa Theresa Blvd. Santa Clara Co. 6,885

Soquel-San Jose SantaCruz Co.  2.358371
HIGHWAY 236 Summit Road Santa Cruz Co. 612,935
ANDSLIDE Capitola Drive Santa Cruz Co. 74,998
HIGHWAY 9 Brommer Street Santa Cruz Co.  12.497
LANDSLIDE -~ East Cliff Dr Santa Cruz Co. 63,473
[ElGHWAY 35 3 N \ v Grahamhill Rd. Santa Cruz Co.  39.093
NDSLIDE P [GHWAY 162 @»q@ﬁ Portola Road Santa Cruz Co. 18920
; ! Valencia Road SantaCruz Co. 71,144
E:ﬂggﬁ;g w ’ ‘ %@m Freedom Blvd. Watsonville 7,500
PaCIFIC GRove o ST (._S\ . Pierce Rcad Saratoga 44.027
i l Various Locations Los Gatos 77,688
11 S comzALLs 7th Street Oakland 25,089
Cliff Drive Capitola 59,579
Figure 288.—Location of State highway damage. E;agl\ssi:?rtri:ée zﬁég:’iﬁtey ;,6]46(7)26
Industrial Blvd. &  San Carlos -21,125
Laurel Street
California & Broadway  Burlingame 26,600
Bayshore & Rollin Rd.  Burlingame 26,600
Bear Valley Rd. Marin Co. 4,555
Two Locations Redwood City 15,064
West Frontage Rd. Berkeley 213,100
Table 26.—Damage to roads and tunnels not covered elsewhere
Road Damage
Jetty Road - Moss Landing State Beach in Monterey Liquefaction and lateral spreading of soil caused the road-
County way to cave in and damage to a corrugated metal culvert.

Treasure Island roadways

San Juan Watsonville Rd. south of Aromas Rd. in
Monterey County

Cienega Rd. 0.3 miles south of Union Rd. in Santa Benito
County

San Thomas Expwy. between Campbell and Hamilton in
Santa Clara County

Industrial Blvd., Laurel St., Elm St., Cedar St., and
Alameda Dr., City of San Carlos, San Mateo County

Broadway Street Tunnel between Mason and Hyde in San
Francisco

Road damage due to liquefaction at the Naval Base.

North side of roadway bank has slid 100 feet. Repair cost
$4,000.

Pavement buckled. Repair cost, $0.

55 soundwall panels tilted. Repair cost, $47.016.

Some new culvert cracks noted. Repair costs, $23,660.

Minor movement diaplaced some tiles. Cost, $0.
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Oakland - Caldecott Tunnel (Hwy 24, North Tunnel, 3100 feet long)
(CSMIP Station 58359) Record 58359-C0162-89297.01
o--'.cvu----ul‘lll\lllll“‘i.iol--l“loil;‘;‘&‘-‘.‘-‘i‘-o-icl&%‘l‘i‘a‘“‘-‘l‘l‘-‘l ln ll.'.‘s‘.‘.‘z‘.'.-"a‘..“’.‘.‘.‘."...‘..‘....-‘:..'.‘.‘.‘.l
7’ West Portal ~ L*(251°) T:Trigger time 00:04:37.0 Max. Accel. = 0.06 g
- ~ PN\
_8 " - Up 0.03 g
9 " - T*(161°) 0.06 g
- e A e P A AN AN AN A N P A A A e e
10 1/2 - Length Poiht - L (223°) 0.02 g
11 " - Up 0.02 g
12 " - T (133°) 0.03 g
13 1/3 - Length Point: North Wall - L (223°) 0.04 g
14 " South Wall - Up 0.03 g
15 " Roof - T (133°) 0.03 ¢
16 b Nor*h Wall - T (133°) 0.04 g
—— N
17 " South Wall - T (133°) 0.04 2
18 " North Wall - Up 0.03 g
19 " Roof - Up 0.03 g
—_ P
*L,T = Longitudinal, Transverse to Tunnel Axis.
Note: Sensors 1-6 were remov:d due to environmentel proslems.
.-.-.- -- --.--.------. ----.---.--.-.-.-.--...--- -.-.-- --------.-.‘

1

3

10 15 20 Sec.

Figure 316.—Strong motion records for Caldecott Tunnel (courtesy of California Strong Motion Instrumentation Program).

DAMAGE TO CULVERTS

Culverts are commonly used to allow water to drain
under (rather than across the surface of) roadways. There
are several types of culverts, and each had its own type of
earthquake damage. Corrugated metal pipe (CMP) culverts
are most commonly crushed or pushed out of the ground
during earthquakes as a result of liquefaction of the base
material. Occasionally these culverts will be damaged
when fill material slides downhill, as a result of being set
on sloping ground or because of landslides. Reinforced
concrete box culverts are occasionally damaged due to
poor connection details between the walls and the roof or
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CHANGES TO ENGINEERING PRACTICE

Caltrans began designing for earthquake loads soon
after the 1933 Long Beach earthquake. However, it was
the 1971 San Fernando earthquake that resulted in most
of the changes to the seismic specifications for bridges.
After that earthquake, Caltrans began designing bridges
for seismic loads using the maximum credible earthquake
from Greensfelder (1974). Taking the maximum accelera-
tion from the bridge location on a map along with the ap-
propriate depth of alluvium at the site, the bridge engineer
could choose the appropriate response spectra to perform
a multimodal dynamic analysis of the structure. The re-
sponse spectra were normalized from five significant Cali-
fornia earthquakes on rock, amplified based on the depth
of alluvium at the bridge site, and reduced for 5 percent
damping. For a large bridge project, a site-specific re-
sponse spectra was developed.

The bridge model included a bridge-abutment stiff-
ness limited to a yielding force of 7.9 kips/ft2. Column
foundations were originally modeled as pinned or fixed.
Column moments taken from this elastic multimodal
analysis were then reduced by a risk and ductility factor
to approximate the true, nonlinear behavior of the bridge.
This reduction in moments was based on Newmark (1971),
who stated that for long-period structures (periods greater
than about 0.7 seconds), the maximum displacement of
elastic and inelastic structures (with the same period) is
about equal. Therefore, although it was the moment that

\

Mu,

Idealized Linear Behavior

Idealized Nonlinear Behavior

My \

1 1

2y 4a

Equal Displacement Theory

Au Mu

Ay "My

2) Linear and Nonlinear Structures having
equal natural periods (>.7 sec.) have
equal maximum displacements.

1) The Ductility Factor p=

was being considered in the analysis, it was really the
maximum displacement that was being controlled by the
ductility factor (fig. 326). The values for ductility were
based on tests done in New Zealand that showed that well-
confined columns can undergo large displacements and
curvature without failing (Park, 1971). An additional fac-
tor which considered the risk associated with different
bridge elements was added to the ductility factor, result-
ing in the risk and ductility factor “Z” shown in figure
327 (Caltrans, 1983).

Using this reduced moment and the appropriate axial
load, the column section and the amount of column steel
were selected from an interaction diagram or the program
YIELD from McBride (1992). This limited the forces in
the bridge to the largest plastic moment that these col-
umns could develop. Adjacent members, such as footings
and bent caps were designed to be at least as strong as the
plastic column moments. This forced yielding to occur in
the columns, where damage could be controlled by well-
confined spiral reinforcement. The abutments were then
designed to add significant damping to the system. Suffi-
cient seat widths and restrainers were provided at bridge
joints to keep the superstructure from falling. Thus, dur-
ing a very large earthquake, column reinforcement would
yield, bridge joints might bang and spall, and the soil be-
hind the abutment might degrade, but the bridge would be
able to handle the earthquake due to the ductility of the
bridge columns.

Assumptions of column ductility underwent intense
scrutiny after the earthquake, (Priestley and Seible, 1991).
They found that well-confined columns were able to
achieve the ductility assumed in Caltran’s design. Testing
was also done to determine the ductility of old, uncon-
fined columns, steel-shelled columns, and fiber-wrapped

1
Well confined ductile
multi-column bents

Wall contined ductile
single column bents (3.0) \

»

Adjustment Factor (Z)
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Figure 326.—Equal displacement theory for seismic bridge design.

Figure 327 —Ductility and risk factor “Z” used in the seismic design of bridges.
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columns. This was essential for the seismic retrofit effort
that Caltrans undertook after the earthquake.

Looking at the bridge damage from the earthquake
reveals a couple of significant contributing factors. Bridge
columns designed after the 1971 San Fernando earthquake
performed well. However, older columns with poor con-
finement and lap splices in areas of plastic hinging showed
their vulnerability. Caltrans, therefore, accelerated the
Phase 2 retrofit program, which provided column confine-
ment with a steel shell for older single-column bents. These
retrofits often required a column footing retrofit and some-
times an abutment retrofit as well. This was because the
shelled column now could form a plastic moment which
had to be resisted by the footing or because modifying the
abutment was sometimes a cheaper way of protecting the
columns, particularly for short bridges. Caltrans also be-
gan a program to retrofit bridges with multicolumn bents.
This usually required checking the moment capacity of
the bent cap. Along with the seismic retrofit program came
amuch more intense research program to test the assump-
tions of the seismic retrofit strategies. In many cases a
seismic retrofit had to wait for test results to show the
effectiveness of a design strategy.

After the earthquake, Caltrans began spending money
on research equal to 1 percent of its construction budget,
or about $5 million a year. The most important research
done immediately after the earthquake was to test the duc-
tility of older column designs and the ductility of the seis-
mic retrofits of columns (Chai, 1991). Other significant
research was the testing of shear walls (Haroun, 1993),
studies of the shear capacity of column-superstructure and
column-footing joints (Stojadinovic, 1995; Seible, 1994;
Ingham, 1994), footing retrofit tests (Xiao, 1994), and
studies on column shear and P-Delta effects (Priestley,
1993; MacRae, 1993; Ascheim, 1992; Mahin, 1991).
Through this intense research effort, reliable values for
the shear, moment, and displacement capacities of vari-
ous bridge members were established, which were of great
benefit to Caltrans’ retrofit program.

The cost of designing a new bridge to perform well
for a large earthquake is relatively small compared to the
cost of retrofitting an existing bridge to perform as well.
This is because it is difficult to change the dynamic be-
havior of a structure after it is built. The bridge research
paid for itself many times over by identifying a larger seis-
mic resistance in many bridges. Investigations into the
damping values of bridges (Werner, 1993), research on
the stiffness of soil-structure elements by Romstad (1996),
Po Lam (1986, 1991), and others, and work to provide
Caltrans with a nonlinear bridge-analysis program by
Powell and Campbell (1994) and Prakash (1994), all con-
tributed to an increased understanding of bridges and new
analysis techniques that aided Caltrans’ retrofit efforts.

Funds for seismic retrofits came from several sources.
The State of California raised its sales tax one-quarter cent

for a limited period to provide revenue for the seismic ret-
rofit program. Federal funds that would have been used
for the state transportation program were diverted to pay
for retrofits. A total of $750 million was spent retrofitting
1,039 state-owned bridges. After the 1991 Northridge
earthquake, phase 2 of this program was begun to retrofit
an additional 1,155 state bridges at a cost of about $1.05
billion. A third retrofit program was begun to retrofit state-
owned toll bridges. A $2 billion bond measure (Proposi-
tion 192) was passed by the people of California in
November 1995 to pay for the phase 2 retrofit program.
However, the cost of the toll bridge program will most
likely exceed the remaining funds. A decision has yet
(1997) to be made on how the additional funds will be
obtained. The Golden Gate Bridge retrofit was paid for by
raising tolls from $1 to $3. A program was also begun to
retrofit locally owned bridges using Federal bridge replace-
ment and rehabilitation funds. Additional retrofit programs
may be required in the future for specific routes and loca-
tions. For instance, California and the Federal government
are interested in a higher performance level for essential
routes that must remain open after a disaster. This will
require a future retrofit program. Bridges that are deemed
vulnerable to large velocity pulses from nearby faults may
one day be retrofitted. Likewise, most California bridges
have not been analyzed for very long duration earthquakes.
However, these retrofit programs may have to wait for large
and very damaging earthquakes. In 1992, the 7.6 magni-
tude Landers earthquake occurred, but because it caused
little damage, it was quickly forgotten. The driving force
for money to improve the seismic vulnerability of high-
way systems has been disasters of a magnitude to evoke
concern to the media, the government, and the public (not
necessarily in that order).

Since there is a relatively small amount of money to
make the 12,000 state bridges (and the 12,000 locally
owned bridges) capable of surviving a maximum credible
earthquake, a great deal of effort was expended in refin-
ing analysis tools and eliminating bridges from the pro-
gram. The first step in this process was the development
of a risk algorithm to list all bridges according to their
vulnerability to the maximum credible earthquake. This
algorithm looked at factors such as the year built, length,
daily traffic, etc. The algorithm was run using a database
that was created through a general plan review of all state
bridges. Those bridges with good seismic details were
eliminated from the database for this first general plan
review. The result was a list of all state bridges from the
most vulnerable, with a value of one, to the least vulner-
able, with a value of zero. A total of 440 bridges, which
included all vulnerable single-column bent bridges as well
as all toll crossings, was removed from this list for imme-
diate analysis and retrofit. Some single-column bridges
with difficult details or some with single and multicolumn
bents were left in the list for later review and retrofit. The
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rest of the bridges in the list went through a rank analysis,
which was a refinement over the previous algorithm and
considered such things as distance from a major fault. This
algorithm (Sardo, 1993) was based on recommendations
by the Caltrans Seismic Advisory Board. Then a second
review of the most vulnerable bridges was begun by engi-
neers to eliminate those from the retrofit program with
good seismic details. The most vulnerable bridges from
the database were put together into projects usually based
on their location. This made it easier for a contractor to
retrofit several bridges at once. Caltrans’ Local Assistance
Branch was in charge of turning the retrofit list into
projects with separate expenditure authorizations. Because
Caltrans’ management felt their designers could not per-
form their regular work as well as all the retrofit work,
the decision was made to hire consultants to do most of
the retrofit design. A similar program to retrofit the 12,000
local agency bridges also was started. Local bridges in
Los Angeles and Santa Clara Counties were managed by
those counties, while the rest were managed by Caltrans.
Federal bridge replacement funds became available to ret-
rofit some of these bridges.

After a consultant or design section was given a ret-
rofit project, they usually spent some time running calcu-
lations and coming up with a retrofit strategy. Then a
strategy meeting was organized. This was usually attended
by Caltrans engineers who had experience and expertise
in seismic retrofits. The retrofit project engineer would
describe the analysis procedure they followed and the ret-
rofit strategy they proposed. Then Caltrans staff would try
to find flaws in the strategy, things the engineer might have
missed, possible mistakes, and tried to get the engineers
to sharpen their pencils. This was because Caltrans was
trying to eliminate all unnecessary expense. This resulted
in many innovations in retrofit design. The dominant new
retrofit strategy was to limit the displacement demand to
less than the displacement capacity at the columns and by
taking as much force as possible at the abutments. This
strategy depended upon two excellent programs. The pro-
gram COLX (which later became XSECTION) calculated
the displacement capacity of single columns and the pro-
gram FRAMEX (which later became wFRAME) calcu-
lated the displacement capacity of frames (Seyed-Mahan,
1995). The original method of comparing column moment
demands from a multimodal analysis with column moment
capacities (and checking the shear) would suggest a great
deal of retrofitting was needed. By going to a displace-
ment analysis, engineers could make retrofits that handled
the maximum credible event with very little damage.

How much damage a structure was allowed to sustain
during an earthquake became the subject of intense re-
view after Loma Prieta. Eventually standards were devel-
oped for one bridge capacity at a functional demand level
and a second capacity at a safety demand level for two
types of bridges, important and regular structures. This

criteria was developed with Caltrans’ Seismic Advisory
Board. However, for the vast majority of retrofits the cri-
teria remained “no collapse.” Therefore, much of a strat-
egy meeting’s effort was to eliminate retrofits whose
purpose was to prevent damage rather than collapse.

Many different retrofit strategies and analysis proce-
dures came out of Loma Prieta. The premier handbook
for retrofit design after the event was by Priestley and
Seible (1991). Caltrans revised its seismic retrofit speci-
fications (Caltrans, 1995). These sources became standard
practice by designers and consultants. The most impor-
tant values for designers were column-displacement ca-
pacities and column-shear capacities since these values
determined how much money was required for a retrofit.

Caltrans funded the Applied Technology Council
(ATC) to look at Caltrans’ seismic procedures and recom-
mend improvements similar to what they did for the Fed-
eral Highway Administration (FHWA) after the 1971 San
Fernando earthquake [ATC-6, 1981]. This work eventu-
ally became ATC-32 (Nutt, 1996). Among the innovations
in this document are new response spectra, new ductility
factors, and improved procedures for member shear and
joint shear design.

Not only did Caltrans engineering practice change as
a result of the Loma Prieta earthquake, but concerns fol-
lowing this earthquake led to new policies for most bridges
in the United States. Information on the national impact
of the earthquake was provided by Buckle (1995). Imme-
diately after the earthquake, the Federal Highway Admin-
istration (FHWA) required that all federally funded bridges
be designed using ATC-6 seismic provisions, which were
more rigorous than the current specifications used by most
states. The American Association of State Highway and
Transportation Officials (AASHTO) contracted with the
National Cooperative Highway Research Program
(NCHRP) to develop a new bridge specification using load
and resistance factor design and modifications based on
knowledge gained from the Loma Prieta earthquake. In
1990, the ATC-6 specifications became Division 1-A of
the Standard Specifications. Moreover, AASHTO asked
NCHREP to review these provisions in light of the Loma
Prieta earthquake. The National Center for Earthquake
Engineering Research (NCEER) began this work as project
NCHRP 20-7/45 and published its final report in 1991
(American Association of State Highway and Transporta-
tion Officials, 1991).

In 1991 the United States Congress authorized the
Intermodal Surface Transportation Efficiency Act
(ISTEA). Among its provisions were a 6 year research
program into the vulnerability of existing highway sys-
tems. Some of the information provided in this report, like
the performance of culverts and roadways, was obtained
through this research project. Another part of this project
was the revision of FHWA directives (Buckle, 1995). All
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this work was begun out of concerns with older highway
performance shown during the Loma Prieta earthquake.

In 1992 the FHWA awarded a research contract to
NCEER to study performance criteria, spatial variations, and
seismic details for moderate seismic zones.

In 1993, many states began to examine the seismic vul-
nerability of their large bridges out of concern with the dam-
age sustained by the San Francisco-Oakland Bay Bridge
during the Loma Prieta earthquake.

The Loma Prieta earthquake also influenced the bridge
design codes in Canada and Japan. Researchers from all over
the world came to study highway damage and what the im-
plications were for their own countries. The earthquake
showed all too clearly what could happen when a highway
department has a large inventory of older, seismically defi-
cient bridges. It also showed how the earthquake could dam-
age bridges many miles from the fault rupture. Most
importantly, it provided an increased level of funding to evalu-
ate and respond to these problems.
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CONCLUSION

This report summarizes some of the ways that the Loma
Prieta earthquake impacted highway systems. Some areas are
discussed more thoroughly than others. For instance, the
impact on state and Federal highways is addressed more than
city streets and county roads. More information is provided
on bridges than on other highway structures. The concerns
of engineers are more represented than t1ose of planners or
administrators. However, information on these other topics
is available. Specific references are listed for each bridge
and at the end of each main section. Readers looking for a
more complete listing of references related to the Loma Prieta
earthquake can refer to the Earthquake Engineering Research
Center (EERC) National Information Service for Earthquake
Engineering (NISEE) Library. They have recently completed
two large projects to provide references for the Loma Prieta
earthquake. The first project was funded by the National Sci-
ence Foundation (NSF) Loma Prieta Clearinghouse Project
of Ongoing Research Reports with an annotated bibliogra-
phy of 2,224 references. The second project is a USGS-funded
archive for a permanent record of raw research data sets. Both
of the projects will be available on CD-ROM and on the world
wide web. Their internet address is “http://
www.eerc.berkeley.edu”. Caltrans also has a homepage that
provides information about California’s highway system.
However, this homepage is not as comprehensive. One day,
all the information in the world will be easily accessible from
a personal computer. Until then, bridge plans can be obtained
by writing to Caltrans Office of Structural Maintenance and
Investigations, P.O. Box 942874, Sacramento, CA 94274.

Large earthquakes can cause human casualties, costly
damage, and closures on highway systems. We have seen
how the Loma Prieta earthquake resulted in death and injury
on older structures such as the Cypress Viaduct (an elevated
freeway) and the San Francisco-Oakland Bay Bridge (along
truss bridge). Recent earthquakes demonstrate that Caltrans
has learned the life safety lessons of the Loma Prieta earth-
quake well. They have prioritized their entire bridge inven-
tory, performed a structural analysis on the most vulnerable
structures, and developed retrofits that are meant to prevent
serious injury during future earthquakes. They are support-
ing a research program to make certain that all seismic pro-
cedures are state-of-the-art, and they have developed
performance criteria to assure that life safety is maintained
for the maximum credible earthquake. However, more work
needs to be done on the lifelines and economics issues. Road
closures caused by the Loma Prieta earthquake resulted in
significant impacts to the area’s economies. The collapse of
a section of the East Bay Bridge required commuters to take
ferries or drive far south to the San Mateo Bridge or north to
the Richmond Bridge to cross the Bay. The collapse of the
Struve Slough Bridges on the Pacific Highway isolated the
communities in that area and required a long detour. Like-
wise, landslides in the mountains and along the coast closed
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several highways and created economic impacts to those re-
gions. Caltrans addresses economic issues with a second
performance level that sets serviceability requirements for a
more frequent event. However, the cost of developing a prob-
ability-based earthquake for the bridge site and the expense
of designing bridges for a much higher performance level
has resulted in its use only on important bridges. Unfortu-
nately, politics or the cost of a retrofit often determines a
bridge’s importance rather than a detailed risk assessment.

Therefore, Caltrans may be dealing more effectively with
technical rather than the social and economic issues follow-
ing this earthquake. These technical issues include the fol-
lowing:

1. The behavior of connections and particularly how
shear is transferred at reinforced concrete joints has become
amajor issue in research and in many new retrofits. Immedi-
ately after the earthquake the solution for column to super-
structure joints was to provide so much reinforcement in the
joint that they became very expensive and difficult to build.
A testing program has resulted in an empirical method for
joint design that should give good performance during large
earthquakes. Outrigger knee joints are still an area of con-
cern. For new and retrofit designs, Caltrans has been using
pinned connections wherever possible or providing edge
beams to reduce the torsion in outrigger bent caps.

2. A more sophisticated determination of site-specific
ground motions using the shear-wave velocity of the soil,
the peak ground acceleration at the site, and the magnitude
of the event is now used in bridge design.

3. Geotechnical considerations have assumed much
greater importance following Loma Prieta. More realistic soil
stiffnesses at foundations and abutments and site-specific
ground motions at locations with problem soils are now stan-
dard. Concerns with liquefaction have prompted soil
remediation at several bridge sites.

4. More sophisticated analysis procedures including the
use of nonlinear analysis for important bridge projects are
now routinely done at Caltrans.

5. More sophisticated retrofit strategies that consider the
stiffness, strength, and ductility of bridge elements and sys-
tems to keep capacities above demands are routinely done.

Highways are an important part of American life. They
are used to get to work, to transport goods, to carry emer-
gency vehicles, and to bring equipment to damaged lifelines.
And like other lifelines, highway performance can be severely
diminished as a result of large earthquakes. The Loma Prieta
earthquake was a moderate event and yet it had a large im-
pact on highways throughout the Bay Area. Those respon-
sible for highways in areas of high seismicity may do well to
consider the lessons of the Loma Prieta earthquake. The main
lesson is that by reducing the vulnerability of highway fa-
cilities from damage, human lives, other lifelines, and the
economies of communities can be protected.
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