TR : DA —

PAGE { NCEER-94-0008 pPB94-193851
4, This ond Subbitie & Ressnt Date
The Northridge, California Earthquake of January 17, 1994: March 28, 1998
Performance of Highway Bridges .
7. awmerts) _
i. G. Buckle & Pribrming Grasnamrien e v

5. Parforming Nama Addegen 18, Prejesl/Tank/Werk
State Unlversity of-;lew York at Buffalo -

Department of Civil Engineering

1L ContrustiC) or Grantll) No.

Buffalo, New York 14260 o FHWA IDTFHGI-OBI-C-
0106
. @ BCS 90-25010
it Addree Rapert & Pariad Cavered
‘National Genter for'Earthquake Engineering Research - Ty ot ¢
State University of New York at Buffalo ‘ Technical report

Red Jacket Quadrangle
Buffalo, New York 14261

I8 Suppiememary Hem  THIS research was conducted at the State University of New York @ Buffalo
and was partially supported by the Federal Highway Administration under contract number
DTFH61-92-C-00106, the National Science Foundation under Grant No. BCS 90-25010 and

the New York State Science & Technology Foundation under Grant No. NEC-31029.

16, Avwea aimis 200 werent  During the Northridge earthquake of January 17 in Los Angeles,
Califarnia, seven highway bridges suffered partial collapses and another 170 bridges suf-
fered damage ranging from minor cracking to the slumping of abutment fills. This report
thus contains a detailed summary of the performance of eight bridges that sufferad major
damages. These bridges are as follows: 1) Galvin Canyon Undercrossing; 2) Route SR 1%/
1-5 Separation and Qverhead (Southbound); 3) Route SR 14/1-5 North Connector Over-
crossing; &) Bull Creek Canyon Channel Bridge; 5) Mission-GCothic Undercrossing; 6)
Balboa Boulevard Overcrossing: 7) Fairfax-Washington Undercrossing; and 8) LaCienega-
Venice Undercrossing. Damage sustained by these and other bridges can be categorized a3
follows: abutment back-fill settlement and erosion; abutment and shear key structural dam-
age; flexural failures in plastic hinges with inadequate confinement; pounding and unseat-
ing at hinge seats and girder supports; shear failures in short single columns, piers, mul-]
ti-column bents, columns with flares and other accidental restraints, and columns in
skewed bridges. It is observed that of those bridges with collapsed spans, all were de-
signed and constructed from the mid-sixties to the mid-seventies. None were "new” in thef
sense of being buiit to current codes. Most had been retrofitted with cable restrainers,
where appropriate. Some bridge columns in the epicentral region had also been
strengthened with steel-jackets. Whereas several cable restrainer units failed, none of thcﬁ
steel-jacketed columns showed distress despite strong ground shaking in some cases.
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ABSTRACT

On January 17, 1994 at 4:31 am., a magnitude 6.6 earthquake struck the Los Angeles meiropolitan
area. Epicentered in the San Femnando Valley town of Northridge, California, the earthquake caused
serious damage to buildings and sections of elevated freeways; ignited at least one hundred fires as it
ruptured gas pipelines; and disrupted water supply systems. As a consequence, 57 people died,
another 1,500 were seriously injured, and 22,000 wete left homeless. Over 3,000 buildings, most of
which were residential structures, were declared unsafe for reentry due to earthquake damage. Los
Angeles, a city which has extensively prepared itself for carthquakes, found that it had experienced
the most destructive event since the 1906 San Francisco carthquake. Direct economic losses are
estimated currently at over $20 billion.

This reconnaissance report provides an analysis of major bridge damage which occurrad during the
earthquake. Eight highway bridges are described in terms of their geometry, site ground motions,
observed damage and likely failure modes.

This report is one of three NCEER reports resulting from reconnaissance activities following the
Northridge, California carthquake. The other two reports are: The Northridge, California
Earthquake of January 17, 1994: General Reconnaissance Report and The Northridge,
California Earthquake of January 17, 1994: Performance of Gas Transmission Pipelines.
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SECTION 1
INTRODUCTION

During the Northridge earthquake of January 17 in Los Angeles, California, seven highway bridges
suffered partial collapses and another 170 bridges suffered damage ranging from minor cracking to
the slumping of abutment fills. Many of the damaged structures were closed only temporarily for
inspection and/or shoring but some were closed permanently and have since been demolished
pending replacement. Of those bridges with collapsed spans, all were designed and constructed from
the mid-sixties to the mid-seventies. None were “new” in the sense of being built to current codes.
Most had been retrofitted with cable restrainers, where appropriate. Some bridge columns in the
epicentral region had also been strengthened with steel-jackets. Whereas several cable restrainer
units failed, none of the steei-jacketed columns showed distress despite strong ground shaking in
some cases.

This report contains a detailed summary of the performance of eight bridges that suffered major
damage. These bridges are as follows:

Gavin Canyon Undercrossing

Route SR14/1-5 Separation and Overhead (Southbound)
Route SR14/1-5 North Connector Overcrossing

Bull Creek Canyon Channel Bridge

Mission-Gothic Undercrossing

Balboa Boulevard Overcrossing

Fairfax-Washington Undercrossing

La Cienega-Venice Undercrossing

e B Shalbal ol

Figure 1-1 shows the location of these bridges relative to the epicenter of the earthquake in
Northridge [1].

Damage sustained by these and other bridges can be suminarized as follows:

Abutment back-fili sertlement and crosion

Abutment and shear key structural damage

Flexural failures in plastic hinges with inadequate confinement

Pounding and unseating at hinge seats and girder supports

Shear failures in short single columns, piers, multi-column bents, columns with flares and
other accidental restraints, and columns in skewed bridges.

The performance of buildings and lifeline sysiems is described in a companion NCEER report
entiticd The Northridge, California Earthquake of January 17, 1994: General Reconnaissance
Report [1].

1-1
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Gavin Canyon Undercrossing (1-6)
SR14/1-5 Separation and Overhead (Southbound)
SR14/1-5 North Connector

Bull Creek Canyon Channel Bridge (SR118)
Mission-Gothic Overcroasing (SR118)

Balboa Boulevard Overcroasing (SR118)
Fairfax-Washington Undercrossing (I-10)

La Cisnega-Venice Undercrossing {I-10)

FIGURE 1-1 Location Map of Bridges with Major Damage



SECTION 2
SEISMOLOGY AND GEOTECHNICAL ASPECTS

2.1 Seismological Observations

On the morning of January 17, 1994 at 04:30:55.4 (PST), an earthquake accurred near Northridge in
the San Fernando Valley 35 km northwest of the Los Angeles central business district in Southern
California (34° 12.7'N 118° 32.3', depth 18km). The preliminary momeni estimate determined from
regional surface waves and teleseismic recordings was | to 1.5 X 102% dyne-cm, which gives a
moment magnitude of M, =6.7. The preliminary local magnitude determined fron: telemetered
strong-motion insiruments in Southern California was M =6.4. Both the first-motion focal
mechanism from local stations and the teleseismic mechanism show a thrust fault on a plane trending
in a northwest direction. The pattern of aftershocks reveals that the plane dipping toward the
southwest is the fault plane, and its dip is 40° to 50°.

A contour map of the maximum component of peak horizontal acceleration for the San Fernando
Valley and Los Angeles Basin developed by Todorovska and others {2] is shown in Figure 2-1. A
similar map for the vertical component is shown in Figure 2-2, These maps were constructed by the
University of Southern California (USC) using data from the Los Angeles Strong Motion
Accelerograph Network. Other sources included the California Strong Motion Instrumentation
Program (CSMIP) and U.S. Geological Survey's National Strong Motion Program (USGS/NSMP).

The strong ground motions from the Northridge earthquake were recorded on many instruments
within the Los Angeles area. Peak accelerations of free-field instruments were generally 0.5g to 1.0g
in the aftershock arca and decreased to 0.1g at distances of about 50km. Several sites close to the
epicentral area recorded accelerations over lg. The exiensive damage caused by this earthquake
emphasizes the need for better understanding of local site conditions that affect ground motion.
More than 75 instruments were deployed following the mainshock to study these site effects.
Seismic instruments were placed at many of the strong motion instrument sites that produced
significant records of the mainshock. Also, many of the severely damaged areas in Northridge,
Sherman Qaks and Santa Monica were instrumented, as well as the collapsed bridge sites at the
Route 14/1-5 interchange, Route 118 necar Woodley, and the [-10 freeway near La Cienega
Boulevard.

Thousands of aftershocks occurred in the two month period following the earthquake including six
M5, forty-three M4 and 284 M3 events as of March 15. The locations of the aftershocks are
distributed across an area about 30 x 20km. These locations are clearly deeper toward the south and
in cross-section reveal a plane dipping toward the southwest which is interpreted to be the fault plane
for the earthquake, This plane extends from the mainshock hypocenter at 18km upward toward the
surface. Preliminary analysis of telgseismic data indicates that most of the slip on the fault plane
occurred at depths below 5 to 10km with relatively little slip of the shallow portions of the fault.

The location of the fault plane, as inferred from the aftershock distribution, does not correspond to
any mapped geologic faull. The earthquake did occur, however, within a system of known thrust
faults that extend along the northern edge of the San Fernando Valley. Most of the mapped faults
have northerly dips, although there are several structures, such as the nearby (Qak Ridge system, that
have southerly dips.

2-1
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Many of the aftershocks are located on or close to the rupture plane. However, there are also many
off-fault events that have a variety of focal mechanisms. One example is the M5.1 earthquake of
January 29 which was a shallow strike-slip event above the main rupture plane. Portabie instruments
recorded accelerations of up to 0.8g from this earthquake,

Real-time information about the mainshock and aftershocks were broadcast to 15 members of the
Caltech-USGS Broadcast of Earthquakes (CUBE) program. This project is a cooperative effort to
provide rapid earthquake information in Southem Califorria. CUBE participants include
governmental emergency response agencies, water and power utilities, railroads, and other private
sector organizations. Earthquake locations and magnitudes are disseminated via pagers and
computer displays throughout Southern California and to other parts of the country. Generally,
information is received within five to eight minutes of the earthquake occurrcnce. Because of
various problems encountered at the time of the Northridge earthquake, information about the
mainshock was relatively slow in being released. However, data on the first aftershocks were being
broadcast within 15 minutes of the mainshock.

Aftershocks were recorded at several sites by California Department of Mines and Geology, U.S.
Geological Survey and Lamont-Doherty Earth Observatory (LDEQ) personncl. Some of the LDEO
data are presented in Section 4.2.

2.2 Geodetic Observations

Results from re-surveys of benchmarks, using the Global Positioning System (GPS), reveal the static
displacements due to the earthquake at 15 sites. In the aftershock region, there were vertical uplifts
of 40 to 50cm and horizontal motions of 2 to 20cm. These movements are consistent with the fault
geometry derived from seismological observations of a plane dipping toward the southwest at about
40°, Preliminary modeling of the data indicate that there was a slip of 2.5 to 3.5 meters on a 10 x
10km patch of the fault. The motion was primarily thrust faulting, and most of the slip occurred at
depths of greater than 6km.

2.3 Geological Observations

Two areas of surface cracking observed immediately after the earthquake are being studied. It is
unclear if these cracks are direct results of tectonic faulting or due to ground shaking. The small
amount of observed surface cracking, however, is consistent with the geodetic results that there was
not a large amount of slip on shallow portions of the fault.

The most extensive area of ground deformation was in Potrero Canyon on the north side of the Santa
Susana mountains near the northern edge of the aftershock zone. A series of discontinuous tension
cracks and normal faults with displacements of up to 60cm were observed on both the north and
south sides of the canyon extending for about 3km. Evidence for compressional features with
vertical displacements of 8 to 20¢m were also observed along the south margin of the canyon. None
of the deformations was associated with any previously mapped surface fault.

. A second system of small cracks was studied along a2 5km zonc in Granada Hills, a region that had
numerous water and gas main ruptures caused by the earthquake. The complex series of cracks had
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both extensional and lefi-lateral features. Some of the deformation occurred in association with
buried stream channels but may alsa represent secondary faulting on the Mission Hills fault.

There were extensive landslide occurrences in the younger sediments of the western Santa Susana
Mountains, Oak Ridge and Big Mountain areas. Rock falls have choked the ravine bottoms of many
canyons in the Santa Susana Mountains. These were of some concern following the earthquake
since heavy rains could saturate the material, causing it to mobilize into debris flows that threaten
structures near the mouths of the canyons.

2.4 Geotechnical Aspects

The geotechnical aspects of the Nonhridge earthquake include soil amplification, topographic effects
on the intensity, frequency and duration of ground motion, soil liquefaction, permanent ground
deformation, and landslides. In general however, the geotechnical effects on the performance of
bridges during the earthquake were relatively minor. Effects on buildings and buried lifeline systems
are described in [1].



SECTION 3
GAVIN CANYON UNDERCROSSING -
BRIDGE NUMBER 53-1797R & L

3.1 Description

This undercrossing carries the north and south bound lanes of Interstate 5 over Gavin Canyon Road
using two separate bridges. Interstate 5 is the main link between Northern and Southern California.
The bridges are located approximately 2-1/2 miles northwest of the 1-5/SR14 interchange. They were
originally constructed in 1967 and were retrofitted with expansion joint hinge restrainers in 1974.

Each bridge is five spans in length and consists of three frames separated by expansion joints with 8
inch bearing seats. Span lengths on the northbound bridge are 120.0, 170.0, 208.0, 145.0 and 98.0
feet. The southbound bridge has span lengths of 128.0, 170.0, 208.0, 145.0 and 90.0 feet. Both
bridges are 68.0 feet wide.

The two outside frames are of cast-iu-place reinforced concrete box girder construction, each
supported on a monolithic end diaphragm abutment and a single two column bent. The center frame
is a cast-in-place prestressed concrete box girder supported on two bents, each with two columns.
The abutments, expansion joints, and bents are all oriented at a relatively large skew that is
approximately 67 degrees to normal. The bridges are separated by a 42.0 foot wide median. A
schematic of the bridges is shown in Figure 3-1.

The structure is located in mountainous terrain. Large approach fills exist on each end of the bridge.
Bent footings are supported on steel *“H” piles that penetrate through approximately 20 feet of (oose
to very dense sands and gravels down to siltstone and shale. These footings are relatively compact in
size and provide limited resistance to rotation. Abutments are supported on spread footings located
in the approach fills.

Reinforced concrete columns measure 6.25 ft x 10.0 ft in cross-section at the base and have large,
but lightly reinforced, architectural flares that widen out to over 20 ft at the soffit. All columns are
poorly confined with nominal 1/2 inch diameter ties at 12 inches on center over the full length of the
column. Main column steel is spliced at the footing. At bents 2 and 5 the clear column heights are
generally shorter with all but two columns measuring between 28.3 and 38.9 feet. One column
within cach of these bents is noticeably longer. These columns measure 53.6 and 67.3 feet,
respectively. The columns in bents 3 and 4 are typically longer than those in bents 2 and 5 and
measure between 65.9 and 73.0 feet in length, Column details are shown in Figure 3-2.

The bridge survived the 1971 San Fernando earthquake with only minor damage. Most damage was
confined to the expansion joint hinges and consisted primarily of minor spalling and cracking of the
concrete near acute comners of the supporting portion of the hinges. The expansion joints were
displaced transversely up to approximately 1-3/4 inches and damage to barrier rails at the hinges
indicated a longitudinal movement during the earthquake of approximately three inches. Settlement
of the bridge, particularly at the west end, was noticed after the earthquake [3,4].
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Expansion joint hinge restrainers were not present during the 1971 earthquake. They were placed
after the earthquake and are unusual by modem standards in that they are oriented along the
centerline of the bridge rather than normal to the expansion joims. Restrainer details are shown in
Figure 3-3.

3.2 Ground Motion

Ground shaking at this bridge site is thought to have been severe. The bridge is located in one of the
regions where extensional surface fractures were noticed. This and other preliminary seismological
analysis indicates the bridge site is near the surface projection of the Oak Rjidge - “Newhall” fauit
which is thought to be the source of the earthquake [51.

The nearest strong motion data available at the time of this writing is from CSMIP Sta. No. 24279, a
free field instrument located approximately 2-1/2 miles to the north at the Newhall Fire Station {6].
This instrument is founded on alluvium of unknown depth. Peak accelerations in excess of 0.6 g
were recorded in all three directions. The motions for the peak horizontal accelerations were nearly
in phase indicating a horizontal ground acceleration peak of approximately 0.8 g in a northeasterly
direction. Very strong shaking lasted for approximately six to seven seconds.

High horizontal accelerations were also recorded at the Olive View Hospital parking lot free field
instrument in Sylmar (CSMIP Sta. No. 24514) which is approximately seven miles east of the bridge
site. A peak horizontal acceleration of 0.91 g was recorded in the easterly direction. Strong shaking
lasted for approximately nine seconds.

Records from both instruments have been processed and indicate very high spectral accelerations for
the frequency range of these structures [7]. In fact, in the case of the Newhall record, the five
percent damped spectral accelerations for the north-south component of ground motion exceed the
Caltrans’ design spectrum for the bridge site for the period range between 1/2 to 2 seconds. (Caltrans
uses a smoothed elastic design spectrum based on average motions for the “maximum credible
earthquake” on the most critical known fault [8].)

3.3 Observed Earthquake Damage

The ATC/NCEER reconnaissance team did not visit this site because demolition of the unstable side
spans had progressed to the point that collapse evidence had been destroyed and little would have
been gained from a site visit. However, other teams from Caltrans and the University of California
at Berkeley were on the scene earlier, and this description of damage is drawn from their
observations and an interpretation of available photographs.

Both structures suffered failures due to total or partial loss of support at the expansion joint hinges.
The acute comer of the supported span tended to become unseated first due to a counterclockwise
rotation of cach the structural sections about a vertical axis (Figure 3-4).

The movement of the superstructure caused restrainer cables to be pulled at an angle to their
principal axis as evidenced by spaliling at the edges of cored holes through which the restrainers
passed. In some cases restrainer cables snapped as the expansion joints separated while in other
cases they pulled through the expansion joint diaphragm (Figure 3-5). Some cables remained intact

3-4
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helping to support the partially unseated spans and preventing unseating of the span at one of the
hinges.

Despite the strong ground shaking at the site, the structure suffered very little column damage as can
be observed in Figure 3-6. Only minor cracking was observed at the base of some columns.
Cracked pavement at the bridge approaches is evidence that the fills shifted during the earthquake.
There was some minor abutment damage.

3.4 Failure Analysis

The failure of this bridge is attributed to large lateral and rotational movements of the superstructure
sections which caused the narrow expansion joint hinges to become unseated. Rotational movement
of the end spans was probably induced by the eccentricity between the center of mass of the
superstructure and the center of stiffness of the end frame which tended 10 be shifted toward the
rather stiff diaphragm abutmenits. It should be noted that the strong shock measured at the Newhall
Fire Station was oriented in a direction transverse to the bridge. Motion in this direction would have
resulted in maximum excitation of rotational response of the end spans.

An additional factor in the response of the structure is the large difference in the vibrational
characteristics of the center framie compared to the two end frames. The center frame is much more
flexible and has a natural period of vibration that is much longer than the end frames. Calculated
relative displacements between the two frames based on a 0.6g Caltrans design spectra loading
exceed the eight inch hinge seat width by several inches. It is unlikely that restrainers would have
been able to prevent the out of phase movement between the three frames that most likely occurred
during the earthquake.

Rough calculations show that the columns within this bridge were likely to have been exposed 1o
relatively high ductility demands if it is assumed that footings remained fixed against rotation. The
satisfactory performance of the columns at bents 3 and 4 is attributable to the relatively low shear
forces resulting from their long length and low percentage of longitudinal reinforcement. However,
more damage was expected at bents 2 and 5 due to high calculated shear forces. The fact that these
columns remained relatively undamaged may be explained by rocking of the footings. Calculations
show that these footings are unable to develop the ultimate moment capacity of the column and most
likely rocked during the earthquake thus preventing the development of high shear forces. However,
such rocking most likely aggravated the relative superstructure displacements at the hinges.

3.5 Issues/Questions

This failure illustrates the difficulties associated with large skews and with multiple expansion joints.
A major lesson is the importance of eliminating and/or minimizing skew and expansion joints,
especially in high structures where the vibration characteristics of adjacent frames are different from

one another.

This failure also illustrates that just because a bridge survives one earthquake (Sylmar, 1971), it does
not necessarily mean it is immune to damage in future earthquakes.
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FIGURE 3-5 Gavin Canyon Undercrossing -
Hinge Seat and Failed Cable Restrainer

FIGURE 3-6 Gavin Canyon Undercrossing -
Collapsed End Spans After Demolition
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The unique response of skewed bridges to carthquakes has been observed in the past. As of yet there
is no widely accepted design procedure that adequately accounts for all of the effects of skew during
an earthquake. Research is needed to better understand this phenomenon and to develop a
methodology for designing skewed supports.

With respect 10 column behavior, this bridge is another example of the importance of relative shear
strength. The absence of damage in the presence of ground motions that most likely exceeded those

for the “maximum credible earthquake” illustrates the need for more research on the effects of shear
on column behavior,



SECTION 4
ROUTE 14/1-5 SEPARATION AND OVERHEAD (SOUTHBOUND}) -
BRIDGE NUMBER 53-1960F

4.1 Description

The southbound SR14/1-5 separation and overhead structure is located at mile post 24.5 on Route §
in Los Angeles County approximately 24 miles to the northwest of downtown Los Angeles and is
generally aligned in a north-south direction. The structure carries traffic from southbound Route 14
to southbound Route 5 spanning the Route 5 southbound and northbound mainlines. Route § is a
U.S. Interstate running north-south along the west coast and Route 14 is a State highway beginning
at the SR14/1-5 interchange and running northeast to U.S. Route 395 in Kern County.

The SR14/1-5 interchange is located on steeply dipping, well consolidated sandstone of the Towsley
formation. Alluvium is present locally. Structures are founded in the sandstone with abutment fills
present at approaches. A general view of this interchange immediately following the earthquake of
Janvary 17 is shown in Figure 4-1. A simplified plan view of this interchange is given in Figure 4-2.
In this view, the four viaducts which allow the interchange of traffic between 1-5 and SR14 are
shown. A fifth structure, which carries southbound truck traffic from SR14 to I-5, is not shown. It
suffered only minor shear key damage and is not discussed further in this report.

The southbound SR14/1-5 separation and overhead is a 10-span continuous, cast-in-place, five-cetl
concrete box girder bridge. It has seat type abutments and single column bents. The total length is
1582 feet with an overall width of 53 feet. There is no skew but the structure is curved to a radius of
2200 feet. The bridge is constructed in five segments with four intermediate hinges. See Figure 4-3
for details of span geometry.

The structure was under construction at the time of the 1971 San Fernando earthquake. The bottom
slab and stem concrete had been placed from abutment 1 to the hinge of span 3 when this earlier
earthquake occurred. (These spans subsequently collapsed in the Northridge earthquake of 1994).
Concrete from the hinge of span 9 to abutment 11 was completely placed but the spans had not yet
been prestressed. The remainder of the superstructure had not been constructed. Most of the
damage to the superstructure was the result of falsework settlement [9].

Reconstruction began in 1972. At the same time, Type 2 hinge restrainers were installed at hinge
locations in spans 5 and 6. Type 1 hinge restrainers were added at the hinge located in span 9. (See
Figure 4-4 for typical restrainer details).

4.2 Ground Motion

This interchange is approximately 2-1/2 miles from the Gavin Canyon Undercrossing. The ground
motions here can be assumed to be similar to those experienced at the Gavin Canyon site (Section
3.2). However, one difference may be the effect of spatial variation in the ground motion for a
viaduct of this length (in excess of 1500 feet),

During the week immediately following the carthquake, several agencies recorded aftershocks in the
area for the purpose of quantifying spatial effects. These agencies included the U.S. Geological



FIGURE 4-1 SR14/1-5 Interchange -
General View from Abutment 10 of the South Connector Looking Southwest
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Survey, the California State Department of Mines and Geology and the Lamont-Doherty Earth
Observatory.

The Lamont-Doherty Earth Observatory deployment consisted of eight sites (denoted as circles in
Figure 4-2) arranged in two lines at roughly a 35° angle. At cach site, the ground acceleration in
three orthogonal directions was digitall* recorded at 200 samples per second. The stations were
arranged at unequal increments alor  each line with the closest spacing being one meter and the
largest around 750m. The sites v ¢re "hard” rock (conglomerate, sandstone and siltstone) or very
shallow soils. Several hundred aftershocks were recorded including several over magnitude four
earthquakes.

An example of the spatial variability of ground motion recorded at this location is shown in Figures
4-5 and 4-6. Figure 4-5 shows the vertical components of the P-wave from a M4.7 aftershock
recorded at four sites within 150 meters. Figure 4-6 shows the difference between site SO and sites
52-4. It is scen that the first two cycles of P-wave motion (5.5 to 6.1 seconds) are well correlated at
all four sites with correspondingly small differential motions. After 6.1 seconds, the waveforms are
much less correlated and differential motions increase. It will also be noted that the differential
motion increases with distance. The peak difference between S0 and $4 (150 m apart) is twice the
difference between S0 and S§2 (10 m apart). Further, the peak differential motion can be larger than
the peak ground motion and, in this example, it occurs later in the waveform.

The impact of these variations in ground motion on structural performance should be the subject of
future research.

4.3 Observed Earthquake Damage

As shown in Figure 4-7, spans 1, 2 and 3 collapsed, pier 2 was completely crushed and pier 3 sheared
through the superstructure. The mode of failure at pier 2 could not be determined by visual
observation as it was completely crushed under the superstructure. The three spans which collapsed
made up the first frame with piers 2 and 3. Span 1 was supported on a 24 inch seat abutment and
frame | terminated at an in-span hinge, approximately 22 feet from pier 4 in span 3. The in-span
hinge seat was 14 inches in width and Type 1 restrainers (Figure 4-4) tied frames | and 2 together.
Restrainers were not used at either abutment.

The right exterior shear key at abutment 1 was damaged; however the left shear key had little visual
damage. The superstructure at abutment 1 displaced approximately 10 feet up station (north) and 10
feet right (east). The pier 3 bent cap was inclined towards pier 4 and the measured ground separation
from the column at pier 4 was approximately six inches north-south and four inches east-west. At
the in-span hinge 1, cantilever side, the transverse shear key was damaged; however the shear key
was still in place (Figure 4-8). At this same hinge, the equalizing bolts failed in tension (Figure 4-9)
and the nuts on the restrainer cable studs were missing (Figures 4-10 and 4-11). The vertical shear
planes noted on the faces of pier 3 bent cap appeared to be similar to the web stem and soffit cracks
documented at these locations after the 197! San Fernando earthquake. The piers were not detailed
as ductile elements; however visual inspection of piers 3 and 4 above grade did not indicate
structural damage. The predominant motion of the structurc appeared to be in the north-south
direction.
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4.4 Failure Analysis

The possible failure mechanisms appear to be:

1.

Seat loss at in-span hinge | caused span 3 to collapse, which overloaded the bent cap and
web interfaces at pier 3; the subsequent collapse of span 2 overloaded pier 2 followed by the
collapse of span | and unseating at abutment 1.

Shear failure at the interface between the web stems and pier 3 bent cap (towards pier 4) led
to the collapse of span 3, and the unseating of span 3 at the in-span hinge; the subsequent
collapse of span 2 caused overloading and collapse of pier 2 followed by collapse of span 1
and unseating at abutment 1.

Non-ductile failure of pier 2 caused collapse of spans | and 2, failure of the bent cap and web
interfaces at pier 3 with the subsequent collapse of span 3. However the bent cap at pier 3 is
inclined towards pier 4. Also, crushing of column concrete below the bent cap towards pier
4 (Figure 4-12) and no crushing of column concrete below the bent cap towards pier 2
(Figure 4-13) would indicate that perhaps span 3 collapsed first. Further, span 2 was 206 feet
long versus span 3 being 149 feet to the in-span hinge; thus if span 2 collapsed first it would
have pulled the pier 3 cap towards pier 2.

The circumstantial evidence available at the site, especially the damage sustained by the face of pier
3, suggests that mechanism 1. is the likely failure mode.
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FIGURE 4-8 SR14/1-5 Separation and Overhead (Southbound) -
Hinge Seat and Shear Key in Span 3

FIGURE 4-9 SR14/1-5 Separation and Overhead (Southbound) -
Equalizing Bolt at Hinge in Span 3
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FIGURE 4-10 SR14/1-5 Separation and Overhead (Southbound) -
Equalizing Bolt and Restrainers at Hinge in Span 3

FIGURE 4-11 SR14/1-5 Separation and Overhead (Southbound) -
Restrainer Studs at Hinge in Span 3
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FIGURE 4-12 SR14/1-5 Separation and Overhead (Southbound) -
North Side of Pier 3 and Cap

FIGURE 4-13 SR14/1-5 Separation and Overhead (Southbound) -
South Side of Pier 3 and Cap
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SECTION §
ROUTE 14/1-§ NORTH CONNECTOR OVERCROSSING -
BRIDGE NUMBER 53-1964F

5.1 Description

The SR14/1-5 north connector overcrossing structure is located at mile post 24.92 on Route S in Los
Angeles County approximately 24 miles to the northwest of downtown Los Angeles. The structure
is curved with a radius of 550 feet and a subtended angle of approximately 101 degrees. The
structure carries traffic from southbound Route 14 to northbound Route 5, spanning Route 5 (truck),
Weldon Canyon Road, and Southern Pacific Railroad tracks. Route 5 is a U.S. Interstate running
north-south along the west coast and Route 14 is a State highway beginning at the SR14/1-5
interchange and runs northeast to U.S. Route 395 in Kern County. The SRI4/I-5 interchange is
located on steeply dipping, well consolidated sandstone of the Towsley formation. A general view
and plan of the interchange are shown in Figures 4-1 and 4-2.

The north connector in the SR14/1-5 interchange is a 10-span. continuous. cast-in-place, three cell,
concrete box girder bridge. It has seat type abutments and singlc column bents supported on both
spread footings and piled footings. The total length is 1,532 feet with an overall width of 34 feet.
The bridge is constructed in five segments with four intermediate hinges. See Figure 5-1 for details
of span geometry.

This bridge was under construction at the time of the 1971 San Fernando earthquake. Approximately
80% of the superstructure from abutment 1 to hinge 4 in span 8 was complete, During this earlier
earthquake, the deck profile altered a total of 0.4 feet in a reasonably uniform change from abutment
1 to the hinge at pier 8. The hinges had minor damage of crushed expansion material, slight spalling,
separated walerstops, and failed equalizing boits. Pier 2 showed signs of movement at the ground
ievel having an embankment scparation of 2-inch around the column. A crack was also noted on the
superstructure soffit near pier 3 [9).

Reconstruction began in 1972 to build the substructures at pier 10 and abutment 11, and the
superstructurc between the hinge in span 8 to abutment 11. Type | hinge restrainers, (4 units per
hinge) were added at the exterior cells. The construction of pier 10 incorporated double #4 spirals at
a 3.5 inch pitch along the entire length of the column.

5.2 Ground Motion

This interchange is approximately 2-1/2 miles from the Gavin Canyon Undercrossing. The ground
motions here can be assumed to be similar to those experienced at the Gavin Canyon site (Section
3.2). However, as noted in Section 4.2, one difference may be the effect of spatial variation in the
ground motion for a viaduct of this length (in excess of 1,500 feet).

During the week immediately following the earthquake, several agencies recorded aftershocks in the
area for the purpose of quantifying spatial effects. These agencies included the U.S. Geological
Survey, the California State Department of Mines and Geology and the Lamont-Doherty Earth
Observatory. Results obtained in the vicinity of the southbound SR14/1-§ separation and overhead
are discussed in Section 4.2.

5-1



UORBAJ[Y PUB UB]] [BIIUIY)
= JOYPIMUUOY) YIION S-I/FIUS 1-S TANDIA

NOILVAT13 Q340713A3a
Lag 993 g 131d viod €404

S —

:o.Nmm P

5-2



5.3 Observed Earthquake Damage

As shown in Figures 5-2 and 3-3, spans | and 2 collapsed and pier 2 was completely crushed. The
mode of failure for this pier could not be determined by visual observation. Span 1 was 188 foot
long, simply supported at the seat abutment and at the in-span | hinge. The hinge and abutment
seats were both 14 inches in width and hinge restrainers had been installed at the hinge. (Current
Caltrans design specifications require that abutment seat minimum widths be 24".) The shear keys at
abutment | were not severely damaged, indicating that motion was primarily in the longitudinal
direction of the bridge at abutment 1, i.¢., in a north-south direction (Figure 5-3). Equalizing bolts at
abutment 1, shown in Figure 5-3, failed. Pier 2, which collapsed, was supported on a spread footing
and was approximately 21 feet high. The other two piers making up frame | were pier 3,
approximately 73 feet high supported on CIDH piles and pier 4, approximately 60 feet high
supported on a spread footing. These pier columns were not detailed for ductile behavior having #4
ties at 12 inch centers.

5.4 Failure Analysis

Possible failure mechanisms appear to include: (1) seat loss at abutment | causing span | to collapse
with subsequent failure of pier 2 followed by collapse of span 2 to pier 3; (2) non-ductile shear
failure of pier 2 followed by the collapse of spans | and 2.

Without analysis, the sequence of failure is uncertain but it seems likely that pier 2 failed first
followed by the collapse of the two spans. It is possible that pier 2 attracted a much higher
proportion of the lateral load than assumed in design because of its relatively short height. Further,
there was probably a significant reduction in the axial load in the pier due to both the severe
curvature in the bridge and the high vertical accelerations in the ground motion. This reduction in
axial load may have reduced the capacity of the column to less than the demand leading to the failure
of the pier.
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FIGURE 4.2 SR14/1-5 North Connector -
Collapsed End Spans After Demolition

FIGURE 5-3 SR14/1-5 North Connector -
Seat and Transverse Shear Keys at Abutment 1
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SECTION 6
BULL CREEK CANYON CHANNEL BRIDGE -
BRIDGE NUMBER 53-2206

6.1 Description

This bridge carries 10 lanes of traffic on State Route 118 and off ramps to Woodley Avenue, over a
small drainage canal in the northern San Fernando Valley. It is located approximately one mile west
of the interchange with 1-405 and is adjacent to the Mission-Gothic Undercrossing (Br. No. §3.2205)
which suffered a partial collapse during the earthquake. The bridge is relatively new, having been
constructed in 1976.

The bridge is essentially two parallel structures separated by a longitudinal expansion joint that runs
down the median of the freeway. The superstructure for each bridge consists of a three span, multi-
cell, cast-in-place prestressed concrete box girder that is typical of bridges built in California in the
seventies. At the center of the freeway, the three spans measure 90.5, 101.0, and 65.0 feet in length.
Because of the ofT ramps, the bridge is considerably wider at the east end. A schematic of the bridge
is shown in Figure 6-1.

The abutments and bents are not quite parallel and are laid out on skews which vary from
approximately 37 to 47 degrees from normal. This results in the span lengths for the westbound
bridge being slightly shorter than those on the eastbound bridge. Reinforced concrete columns,
which are fixed against rotation at both the top and the bottom, are approximately 24 feet in length
and have a four foot wide regular octagon shaped cross-section. Longitudinal reinforcement varies
from 2.0 to 3.5 percent of the cross-sectional area. Transverse reinforcement consists of #5 spirals
that are spaced at a pitch of 3" over a length of 4'-0" just above the footings and just below the soffit.
The remaining transverse reinforcement is spaced at a pitch of 12 inches. A transverse reinforced
concrete training wall is located several feet above the footings between the columns in bent 3.
Column details are shown in Figure 6-2.

Monolithic end diaphragm abutments are supported on greased pads that allow for prestress
shortening and temperature movement. Transverse movement at the abutments is restrained by
concrete shear keys built into the abutment footings. Abutment and bent footings are supported on 16
and 24 inch diameter cast-in-drilled-hole piles, respectively. Piles are approximately 40 feet long at
the abutments and 30 feet long at the bents. The soil profile is alluvium consisting of slightly
compact to dense silts, sands and gravels in excess of 90 feet deep.

6.2 Ground Motion

This bridge site is located approximately five miles northeast of the epicenter of the carthquake.
Strong motion instruments that recorded the highest levels of motion during this earthquake are
located within & north-south oriented band that passes through the epicenter and includes the region
where this bridge is located. A large portion of the damage to manmade facilities, including several
bridges on SR118 and I-5, was concentrated within this band.

The nearest two strong motion instruments are each located on the edge of this hypothetical band
approximately four miles southeast of the Bull Creek Canyon Channel Bridge. Both instruments
recorded strong shaking that lasted approximately 10 seconds [6).
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A triaxial free field instrument located at Arleta on deep alluvium (CSMIP Sta. No. 24087) recorded
peak accelerations of 0.34g in the east-west direction and 0.31g in the north-south direction. These
records have been processed and reveal five percent damped response spectra in both horizontal
directions comparable 1o the Caltrans’ smoothed elastic design spectra for peak rock accelerations
between 0.2 and 0.3g. [7,8]. An unusual characteristic of the records obtained from this site was the
relatively high peak accelerations of 0.55g measured in the vertical direction.

A second instrument located at the base of a seven story hotel in Van Nuys recorded peak
accelerations of 0.47g in the north-south direction and 0.41g in the east-west direction. Peak vertical
accelerations of 0.3g obtained at this site are more typical of those recorded in past earthquakes,
being approximately two-thirds of the peak hotizontal accelerations.

It is speculated that ground motions at the bridge were higher than those recorded by either of the
above two instruments. This speculation is based on the extent of damage to other structures in the
vicinity, and on the location of the hypothetical band of strong motion mentioned above.

6.3 Observed Earthquake Damage

As shown in Figure 6-3, this bridge sustained irreparable damage to its columns during the
earthquake. At bent 2, the two southernmost columns in the eastbound bridge failed just below the
well confined section near the superstructure soffit as shown in Figure 6-4. This caused the
superstructure to drop several inches at these locations resuiting in cracking and spalling in the soffit
near the location of the failed columns. Some remaining columns in the eastbound bridge exhibited
diagonal cracking. bent 2 columns on the westbound structure sustained far less damage.

At bent 3 all columns in both bridges failed just above the training wall as shown in Figure 6-5.
These failures occurred in an area above the well confined section of the column that was near the
footing. Disintegration of these columns during the earthquake resulted in a significant drop in
elevation at bent 3.

There was no visible sign of damage to the abutments, but there was an offset of the easterly
approach pavement of approximately 15 inches suggesting a failure of the buried transverse shear
keys in the abutment footing.

6.4 Failure Analysis

The failures at bent 3 may be explained by the presence of the training wall which forced the plastic
hinge to form at the top of the wall and thus above the confined section of the column. The training
wall also shortened the effective height of the column thus increasing the shear forces in the columns
due to flexural demands. Some torsional shear forces were also induced because of the eccentricity
of the training wall to the centerline of the column.

Bent 2 failures and possible abutment shear key failures were probably a result of the failed columns
at bent 3 and the subsequent shifting of lateral forces to the remaining supports. It is felt that the
bent 2 column failures were essentially shear failures aggravated by the degradation of shear strength
that resuited from flexural yielding. This conclusion is supported by the behavior of the various
columns in bent 2.



FIGURE 6-3 Bull Creek Canyon Channel Bridge -
Side View
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FIGURE 6-4 Bull Creek Canyon Channel Bridge -
Hinge Formation Below Well Confined Section in Column of Bent 2 (Eastbound Bridge)

FIGURE 6-5 Bull Creek Canyon Channel Bridge -
Hinges in All Columns of Bent 3 Immediately Above the Channe! Training Wall
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The easthound and westbound bridges are very similar in geometry. The tributary deadload for each
of the columns in bent 2 is approximately equal, and the column heights and cross-sectional
dimensions are essentially the same. Therefore, hypothetical elastic moment demands in each of the
cclumns as a result of earthquake loading is expected to be similar. However, columns on the
westhound bridge are more lightly reinforced than those on the eastbound structure thus resulting in
lower ultimate moment capacities and higher ductility demands.

On the other hand, ultimate shear forces, which are directly proportional to column flexural strength,
are approximately 30 percent higher in the columns on the eastbound bridge. Since columns on this
bridge failed while those on the westbound bridge did not, despite their potentially higher ductility
demands, it is concluded that the failures resulted because of higher shear forces and are not solely
due 1o flexural yielding in the region below the well confined zone of the column,

6.5 Issues/Questions

The column failures demonstrate the risks of atternpting to optimize column designs by trying to
predict the location of plastic hinging, even in relatively simple columns such as these. The
placement of a training wall forced hinging to occur at a location unforeseen by the designer. Also,
it does not appear the columns were adequately reinforced for shear. Therefore, it would seem
prudent to place closely spaced transverse reinforcement over the full length of the column. It is
relatively inexpensive to do so and it will help minimize the effects of unforeseen conditions.

As with several other bridge failures during this earthquake, the failure of the Buli Creek Canyon

columns raises a question about the interaction between allowable ductility demands and the relative
shear strength of the column. More research is needed in this area.
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SECTION 7
MISSION-GOTHIC UNDERCROSSING -
BRIDGE NUMBER 53-2205

7.1 Description

This bridge is located on State Route 118 at postmile mark 8.63 at the intersection of San Fernando
Mission Boulevard and Gothic Avenue in the Northridge area. Designed in 1973, the bridge is in
fact two separate side-by-side structures carrying east and west bound traffic through San Fernando
Valley. The structure is 536 feet long at the centerline and skewed 45.99 clockwise at abutment 1
and 44.1° counterclockwise at abutments 4 and 5. Since the abutments are almost at right angles to
each other, onc bridge is approximately 438 feet long on its centerline and the other is 634 feet on its
centerline. The shorter, westbound bridge is supported on two bents, while the longer, eastbound
bridge is supported on three bents. The superstructure is a cast-in-place prestressed concrete 7.5-foot
deep box girder. Both structures are 98 feet wide with slight variations to accommodate nearby
ramps. Some of these details are shown in Figure 7-1. Each bent of both bridges consists of two
columns, flared at the top, as shown in Figure 7-2. The total depth of the flare is 12 feet; the average
column height is 22 feet.

The columns are six-foot diameter octagonal (circular core) reinforced concrete columns wrapped
with No. 5 spirals spaced at 3.5 inches. This level of confining shear reinforcement almost satisfies
today's standards. The main longitudinal column teinforcement consists of 45, number 11 bars
embedded 6.5 feet into the cap. The flares outside of the central 6-foot diameter core are reinforced
with 22, number 11 longitudinal bars tied with number 5 bars shown in Figure 7-2. These flares are
presumed to have been provided for architectural reasons so as to improve the aesthetics of the
column-to-girder connections. Caltrans has used this detail for this purpose since the carly seventies,
especially on single column bents. These “flares™ are not intended to add to the structural strength of
the column but are expected to be damaged and later repaired as necessary. Although well-
reinforced in the vertical direction they are usually lightly reinforced in the transverse direction
outside of the central core (No. 5 bars at 12 inches). As a consequence, these architectural elements
are not considered to supplement or compromise the seismic performance of the column in any
significant way.

The bases of all the columns are supported on piled footings through Y-inch thick neoprene sheets
coated with molylube grease covered with 16 gage sheet metal. No reinforcing steel runs through
the bottom of the column into the pile cap. The lateral support for the column bases was provided by
a concrete collar cast at least 120 days after the superstructure was prestressed (Figure 7-2). The
ratios of the column lengths to the column widths, measured from the “pin” at the base to the bottom
of the flare range, from 1.7 to 2.1, thus technically making them pier walls in the transverse
direction.

The first 20 to 30 feet of the soil at the site consists of primarily loose to slightly compact brown very
fine to fine grained sand and sandy silt. The bents and the abutments were all supported on cast-in-
drilled hole concrete piles.
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7.2 Ground Motion

No strong motion accelerograph data in the immediate vicinity of the site are available at this time.
It shauld be noted, however, that intense ground motions were recorded in this general area as noted
for the nearby Bull Creek Bridge (Section 6.2). This structure is about five miles from the epicenter,
and four miles from the Sylmar accelerograph which recorded a free-field horizontal acceleration of
0.91g horizontaily. A “back of the envelope” calculation for this structure indicates that the ground
motions would have had to have been at least about 0.35g to initiate the observed damage at this
structure. It is quite likely that the ground motions at this site were larger than this estimate. In fact,
preliminary contour maps of peak ground accelerations from the Los Angeles Strong Motion Array
[2] indicate that both the vertical and the horizontal peak accelerations at the site may have been on
the order of 0.5g or greater.

7.3 Observed Earthquake Damage

The eastbound bridge collapsed completely at the end near abutment 5 and fell off the abutment seat
(Figure 7-3 and 7-4). The deck of this bridge also rotated clockwise when looking down in plan
(Figure 7-5), and was left partially standing on its severely damaged columns.

The westbound bridge (which was shorter in overall lengih than the eastbound bridge) did not
collapse. However, most of the two-column bents were severely damaged (Figures 7-6 and 7-7) with
failures occurring at mid-height just below the flare. Similar distress was observed in the eastbound
bridge but the columns near abutment 5 also sustained large lateral offsets (up to five feet) due to the
clockwise rotation of the deck (in plan). Transverse restraint at the abutmenis was provided by
external shear keys and these clearly failed at abutment S on the eastbound bridge. Evidence of
similar damage to the restraint at abutment 1, for the same bridge, is shown in Figure 7-8.

As noted above and shown in Figure 7-2, each column is pinned 1o its footing and the required shear
connection is provided by a collar, placed arcund the column, that is tied to the footing and buried
just below the surface. Figure 7-9 shows the right hand column of hent 2 of the eastbound bridge
and a substantial upheaval of soil immediately to the south of the column. Excavation by Caltrans
{and a demolition contractor) showed this disturbance to be due to the sc!lar breaking free from the
footing and being driven into the soil by the column. Figure 7-10 shows a portion of the excavated
collar; note the absence of a positive connection to the footing. It is likely that the lack of an
effective shear connection to the footing substantially reduced the forces in the column and may
explain the absence of damage in this particular column.

7.4 Failure Analysis

This bridge was well designed and detailed and would probably pass all current screcning tests for
vulnerability and possible retrofit. It is therefore of particular interest to consider the possible failure
mode.

1t is likely that several factors contributed to its collapse; one possible scenario is as follows. Since
the abutments have opposing skew angles, and are thus at right angles to one another, excessive
shear demands could have been placed on the restraints at the east abutments which then failed and
triggered the partial collapse of the bridge.
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FIGURE 7-3 Mission-Gothic Undercrossing -
Side View of Partially Collapsed Eastbound Bridge

FIGURE 7-4 Mission-Gothic Undercrossing -
Span 4 and East Abutment of Eastbound Bridge
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FIGURE 7-§ Mission-Gothic Undercraossing -
Yiew from East Abutment Showing Rotation of Eastbound
Superstructure Away from Westbound Bridge

FIGURE 7-6 Mission-Gothic Undercrossing -
Hinge Formation Below Flare in Column of Westbound Bridge (Face View)



FIGURE 7-7 Mission-Gothic Undercrossing -
Hinge Formation Below Fiare in Column of Eastbound Bridge (Side View)

FIGURE 7-8 Mission-Gothic Undercrossing -
Shear Key Damage at West Abutment of Eastbound Bridge
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FIGURE 7-9 Mission-Gothic Undercrossing -
Soil Upheaval Above Footing of Right Hand Column in Bent 2 of Eastbound Bridge

FIGURE 7-10 Mission-Gothic Undercrossing -
Excavated Collar from Footing of Right Hand Column in Bent 2 of Eastbound Bridge
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This is illustrated in Figure 7-11 which shows the eastbound bridge of the Mission-Gothic
undercrossing. For shaking predominantly in the north-south and/or east-west direction, the bridge
was “locked” in one direction but “free” in the other. For loading towards the north and east (Figure
7-11a), the bridge was restrained by the backwalls and fills behind the north and east abutments. In
this locked position, the columns and shear keys were protected by the resistance provided by the
backfills. For loading towards the south and west (Figure 7-11b), the bridge was not testrained by
either abutment and the full lateral loads were resisted by the columns until the transverse restraints
at the abutments engaged.

Under these loads, the columns began fo develop plastic hinges. But because of their flared
geometry and the accidental strength that these provide to the upperhalf of the column, these hinges
formed near mid-height. The corresponding shear forces were then almost 83% larger than if the
hinges had formed just under the soffit (as assumed in design) leading to excessive shear demands in
the plastic hinge zones. Degradation of the columns transferred more load to the abutment restraints
which subsequently failed leaving the bridge free to translate and rotate about a vertical axis. If the
north-south component dominated the ground motion, then the east abutment restraints would likely
fail before those at the north abutment leading to a clockwise rotation about the north abutment, as
shown in Figure 7-11¢.

In fact, the damage patterns and residual displacements at the west end suggest that the center of
torsion was probably nearer bent 2 than abutment 1. The corresponding rotation imposed large
horizontal deformations in the bents that increased with distance from the west end (Figures 7-11¢
and 7-5) and culminated in the unseating at the east abutmnent and the large permanent offsets in the
columns of bent 4. Partial collapse of the eastbound bridge followed, The westbound bridge was not
as extensively damaged probably because it is shorter in length and the shears in the columns and at
the abutments were not sufficient to trigger collapse.

While it is recognized that this may not have been the exact sequence of events, it is almost certain
that three factors played a contributing role in the collapse of the bridge. In summary these are;

1. The unusual gcometry and in particular the effect of orthogonal skew, and variations in skew
from one substructure to the next;

2. The unintended actions of architectural elements such as the flares on the columns which
may have inadvertently enhanced the flexural strength of the columns leading to premature
shear failures, particularly in these short columns; and

3. The inadequate capacity of shear keys and other transverse restraints at the abutments.
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(a) EQ load to north and east -
bridge restrained
by abutment backfills

NORTH ABUTMENT
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(b) EQ load to south and west -
bridge restrained by
columns & shear keys
at each abutment

(c) EQ load to south and west -
shear keys fail and
bridge rotates about
north abutment

FIGURE 7-11 Mission-Gothic Undercrossing ( Eastbound Bridge) -
Possible Load Distribution and Failure Sequence
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SECTION 8
BALBOA BOULEVARD OVERCROSSING -
BRIDGE NUMBER 53-2395

8.1 Description

The Balboa Boulevard overcrossing spans State Route 118 at mile post 7.8 in Los Angeles County,
approximately 21 miles to the northwest of downtown Los Angeles. The structure is on a north-
south tangent alignment. Balboa Boulevard is a paved undivided arterial which runs from the city
of Encino to the Route 5/210 interchange.

Built in 1976, the bridge is a two-span continuous cast-in-place box girder with 13 cells. Seat
abutments and one three-column bent support the structure. The southern reinforced concrete bin
abutment spans between the seat abutment and a diaphragm abutment, both of which are supported
on 16-inch diameter CIDH concrete piles.

The total length is 282.5 feet, with an overall width of 117 feet. There is negligible skew and
curvature. The only intermediate joint is located between the bin abutment and the box girder.
Overall geometry and span arrangements are given in Figure 8-1, and a view of the bridge is shown
in Figure 8-2.

Of particular note is the number of utilities carried by this bridge. These are summarized in Table
8-1.

TABLE 8-1 Utilities Carried by the Balboa Boulevard Overcrossing

Utitity Service Lifelines
Los Angeles Deparitment of Water and Power power 6,5" ducts
water 1, 12" pipeline
water 1,8" pipeline
Southern California Gas Company gas 22" line in 26" casing
gas 4" line in 8" casing
General Telephone Company telephone 4, 4" ducts
AT&T telephone 6, 4" ducts
Unassigned unspecified 4, 3" ducts

8.2 Ground Motion

This bridge is less than a mile west of the Mission-Gothic Undercrossing. The ground motions here
can be assumed to be similar to those experienced at the Mission-Gothic site (Section 7.2).
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8.3 Observed Earthquake Damage

Damage to the structure was primarily located at bin abutment 1. Waterlines supported from the
structure ruptured and subsequently washed out the soil beneath the approach and pile caps causing
collapse of approach pavement and undermining of the diaphragm abutment 1 and bent 2 (part of the
bin abutment). Some of this damage is shown in Figure 8-3. The seat abutment sustained damage at
the left front wall (Figure 8-4) and the adjacent curtain wall near the pile cap (Figure 8-5). The
damage appeared to be shear cracks resulting from longitudinal forces being resisted at the bin
abutment. Damage to the 16-inch exposed CIDH piles was not noted. Movement of the structure
appeared to be primarily in the north-south direction which is the longitudinal direction of the
overcrossing.

8.4 Failure Anslysis

This bridge performed satisfactorily. It resisted the longitudinal seismic forces by soil plowing at the
abutments and frame action at bent 3. Undermining at the bin abutment occurred after the
waterline(s) carried by the bridge, ruptured during the seismic event. The principal damage to the
bridge (and its closure) was therefore the result of colocation of lifelines - a reminder that the
vulnerability of a lifeline that shares right-of-way with other lifelines is determined by the most
fragile member; which may not necessarily be the lifeline under study.



FIGURE 8-2 Balboa Boulevard Overcrossing -
General View

FIGURE 8-3 Balboa Boulevard Overcrossing -
Soil Erosion at South Abutment Due to Ruptured Water Lines
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SECTIONY
FAIRFAX-WASHINGTON UNDERCROSSING -
BRIDGE NUMBER 53-1580

9.1 Description

This urban undercrossing carries both east and west bound Interstate 10 over Fairfax Avenue and
Washington Boulevard near Culver City in west-central Los Angeles County, California. Interstate
10 is reported to be the busiest freeway in the United States. The bridge was originally constructed
in 1964 and subsequently retrofitted in 1974 with expansion joint restrainers. At the time of the
carthquake the bridge was scheduled for Phase 2 retrofitting consisting of abutment shear keys, steel
column sheils, bent cap and footing strengthening, and expansion joint modifications.

The bridge superstructure is a multi-cell, cast-in-place, reinforced concrete box girder typical of
California construction. It is separated by a longitudinal expansion joint that runs down the median
of the freeway. The western abutment is nearly normal to the centerline of the freeway while the
eastern abutment is skewed at approximatety 47 degrees to normal. The structure is slightly wider at
the western end to accommodate an off-ramp. A single expansion joint hinge with a seat width of
six inches is located in span 3. The structure to the south of the longitudinal expansion joint is
approximately 73 feet wide and consists of seven spans (lengths: 45.8, 112.0, 98.0, 77.6, 83.0, 81.0,
and 46.1 feet). The structure to the north flares from between 107 feet wide at the west abutment to
70 feet wide at the east abuiment and has ¢ight spans (lengths: 45.8, 112.0, 98.0, 76.1,76.1, 83.0,
81.0, and 46.1 feet). The above span lengths are measured along the approximate centerline of each
of the respective structures.

The ends of the structure are supported on steel rocker bearings approximately six inches high at seat
type abutments. The supports adjacent to the abutments consist of solid concrete pier walls designed
to hinge in the longitudinal direction at both the top and bottom. The remaining supports are multi-
column bents with poorly confined four foot round reinforced concrete columns spaced at between
25 to 31 feet on center. The number and location of columns is dictated by the geometry of the city
streets which cross under the bridge at different angles. A schematic plan and elevation of the bridge
is shown in Figure 9-1,

Although all the reinforced concrete columns have a clear length between the top of footing and the
bottom of soffit of approximately 20 feet, the amount of main reinforcement in the columns varies
between 1.0 and 5.3 percent of the cross-section area. The end condition at the base of the column
also varies depending on the bent. Transverse reinforcement consists of single hoops of 1/2 inch bars
spaced at 12 inches along the full length of the column. Hoops are lap spliced. Column details are
shown in Figure 9-2.

Abutment foundations bear directly on soil while all interior foundations are supported on 16 inch
cast-in-drilled-hole piles approximately 20 1o 25 feet in length. The soil profile at the site consists
mostly of slightly compact to dense sands and gravels in excess of 70 feet deep.
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FIGURE 9-2 Fairfax-Washington Undercrossing -
Column Details
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9.2 Ground Motion

The structure is located approximately 17 miles southeast of the epicenter of the main shock. Two
free field strong motion recorders are located within a few miles of the bridge site [6].

The first instrument {CSMIP Sta. No. 24157), which is located twao miles to the southeast in Baldwin
Hills on one meter of fill over shale/sandstone, recorded approximately 10 seconds of strong shaking
with a peak horizontal acceleration in the east-west direction of §.24g and 0.17g in the north-south
direction.

The second instrument (CSMIP Sta, No. 24389) also recorded approximately 10 seconds of strong
shaking. The peak horizontal acceleration was 0.27g in the east-west direction and 0.24g in the
north-south direction. This instrument is located approximately four miles northwest of the bridge
and is supported on terrace deposits.

Motions recorded approximately four miles away on a bridge structure within the 1-10/1-403
interchange are consistent with the magnitude of horizontal ground motion recorded at the above two
free field sites.

9.3 Observed Earthquake Damage

This structure suffered major damage during the carthquake. All of the columns in bent 3 failed
resulting in a several foot drop of the superstructure at this support (Figure 9-3). This drop caused
the superstructure to rotate about the pier wall at bent 2 and to lift off the seat at abutment 1 (Figure
9-4). As a result, flexural yielding occurred in the superstructure near bent 3. The expansion joint
hinge in span 3 remained cffective despite the narrow seat width (Figure 9-5). Observation of the
hinge restrainers after demolition of the expansion joint (Figure 9-6) showed that they remained
intact during the earthquake and helped prevent total loss of support.

The columns in bent 3 failed near the top at the expected location of plastic hinging. Transverse steel
hoops were ineffective in containing the column concrete and in preventing buckling of the main
column steel. The calumns rapidly disintegrated resulting in the damage shown in Figure 9-7.

Damage in the form of shear cracking was also observed in some of the columns in bent 4 (Figure 9-
B), but visible damage in the remaining columns of the bridge was limited to minor spalling and
flexural cracking near the top of the columns (Figure 9-9). Distribution of column damage is shown
in Figure 9-10.

9.4 Failure Analysis
The column failures at bent 3 were most likely caused by excessive shear forces. Flexura!l yielding in
the columns resulted in degradation of shear capacity while producing relatively high ultimate shear

demands. To demonstrate this effect, the columns in the right half of the bridge were analyzed for
both moment and shear.
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FIGURE 9-3 Fairfax-Washington Undercrossing -
Side View of Partially Collapsed Eastbound Bridge

FIGURE 9-4 Fairfax-Washington Undercrossing -
Uplift from Seat at Abutment 1
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FIGURE 9-5 Fairfax-Washington Undercrossing -
Rotation at Hinge in Span 3

FIGURE 9-6 Fairfax-Washington Undercrossing -
Hinge Seat and Restrainers in Span 3 after Demolition
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FIGURE 9-7 Fairfax-Washington Undercrossing -
Total Column Failure in Bent 3
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A response spectrum analysis of the bridge was performed to determine the approximate extent of
flexural yielding in the columns during the earthquake. The Caltrans' design spectra for 0.2g peak
rock acceleration and 80 to 150 feet of alluvium [8] was used to simulate the ground motion thought
to be most likely to have occurred at the bridge site.

Columns were assumed fixed at the base even though the main reinforcement was spliced at this
location. Those columns for which the main steel stopped at the footing were assumed to be pinned.
The ratio of the elastic moment from the response spectrum analysis to the ultimate moment capacity
at the axial compression produced by dead load was calculated as an indicator of ductility demand.
This is similar to the “Z” factor defined in the Caltrans Bridge Design Specifications [8].

Column shear capacity was calculated using methods proposed by researchers at the University of
California at San Diego [10]. This method considers shear capacity contributions from concrete,
steel and axial force. Ultimate shear demands were calculated using statics by assuming that the
nominal ultimate moment was present at all potential plastic hinge locations. No capacity reduction
factors were used in calculating shear capacity and no multiplier to account for strain hardening of
the steel was used in calculating ultimate shear demands. The results of the column analysis are
shown in Table 9-[.

TABLE 9-]1 Column Shear Capacities in Eastbound Bridge at Fairfax-Washington

Bent No. Column Shear (kips) Capacity/Demand Effective “Z”
for Shear
Ultimate Capacity
Demand (UCSD)
3 370 292 0.79 345
4 290 391 1.35 1.31
5 300194 303/196 1.01/1.01 2.95/6.02
6 99 176 1.78 4.33

The capacity/demand ratio for shear at bent 3 clearly shows the potential for a shear failure.
Although bent 4 columns would have been expected to perform well based on the above analysis, the
column disintegration at bent 3 would have shifted forces to this bent resulting in higher ductility
demands and a disintegration of column shear strength. This would explain the bent 4 column
faitures.

Bents 5 and 6 performed well despite relatively high calculated ductility demands and physical
evidence of flexural yielding. Both of these bents apparently experienced ductility demands similar
to bent 3. However, they each had better shear capacity/demand ratios. This seems to suggest that
even poorly confined columns are capable of sustaining relatively high ductility demands when shear
forces are low.

9-10



The notion of relative shear strength was the basis for the column screening procedure presented in
the FHWA Seismic Retrofitting Guidelines for Highway Bridges (also known as ATC-6-2) [11].
This procedure uses a column base vulnerability rating (BVR) based on simple column parameters
that can be quickly determined from the plans without doing an analysis. This method predicted the
vulnerability of columns in this bridge with good accuracy as shown in Table 9-11.

TABLE 9-11 FHWA Column Vulnerability Ratings of Eastbound Bridge
at Fairfax-Washington

Bent No. BVR
3 631082
4 671075
5 0to$.7
6 0

Note BVR = 0 implies no damage
2.5  implies minor damage (spalling)

5 implies moderate damage
7.5  implies major damage
10 implies severe damage

9.5 Issues/Questions

The lesson from this failure and that of the adjacent La Cienega-Venice Undercrossing is that
structures with multi-column bents may b¢ vulnersble to severe damage even when ground motions
are well below current design levels. Once the shear capacity of a poorly confined column is
exceeded, it disintegrates rapidly. Clearly higher priority must be given to screening and retrofitting
bridges with vulnerable multi-column bents, especially those on important routes.

The column failures at bent 3, and thus the failure of this bridge, can be explained by high shear
forces. However, the high bending ductility demands in the lightly reinforced columns at bents 5 and
6 coupled with their minimal transverse reinforcement would seem to have been the formula for
serious column failure. The fact that these columns suffered very little damage suggesis an
interaction between relative column shear strength and the bending ductility demands that columns
are capable of sustaining. Laboratory research is needed that focuses on this issue and seeks to
develop a rational procedure for practitioners to better evaluate existing columns.

This bridge failure also demonstrates the importance of expansion joint hinge restrainers in
protecting life. Although the bridge was severely damaged, total collapse was prevented. The
situation may have been different if hinge restrainers had not been used, since the failure of bent 3
would have resulted in movements at the expansion joint hinge sufficient to cause it to become
unseated.
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SECTION 10
LA CIENEGA-VENICE UNDERCROSSING -
BRIDGE NUMBERS 53-1609 AND 1609S

10.1 Description

This undercrossing carries both east- and west-bound Interstate 10 over Venice and La Cienega
Boulevards near Culver City in west-central Los Angeles County. It is approximately one-half mile
west of the Fairfax-Washington Undercrossing that also partially collapsed. The bridge was
originally constructed in 1964, and subsequently retrofitted with cable restrainers in 1978.

The bridge superstructure, between piers 2 and 9, consists of two ninc-cell cast-in-place, reinforced-
concrete box girders, varying from 70 feet to 94 feet in width. A general plan and typical section is
given in Figure 10-1. Damage sustained during the earthquake is illustrated in Figures 10-2 through
10-7. Detailed plans, sections and elevations are presented in Figures 10-8 to 10-16. These details are
generally representative of Caltrans’ design and construction practice in the mid-sixties.

The east- and west-bound bridges are separated by a langitudinal expansion joint that runs down the
median of the freeway. Both end spans consist of slab and girder construction with a span length of
approximately 51 feet (Figure 10-9). Abutment 1, pier 2 and bent 3 are nearly normal to the center
line of the bridge, whereas from bent 4 to abutment 10 there is an increasing skew that is
approximately 45° at abutment 10 (Figure 10-10). There is an off-ramp adjacent but structurally
separate from the undercrossing on the south side. There are two expansion hinges, one between
bents 3 and 4, and the other between bents 6 and 7 (Figure 10-10), From bents 3 to 7 there are
storage facilities located underneath most of the superstructure, and the concrete block walls
enclosing these facilities prevented the total collapse of the superstructure. The total length of the
bridge was 870 feet, with span lengths of §1, 116,93, 111, 112, 105, 116, 115, and 51 feet, measured
from abutment 1.

Bents 3 to 7 have three columns of support for each 70 feet 1o 90 feet width of superstructure, and
bent 8 has four columns of support (Figures. 10-11 through 10-16). All columns are four ft. in
diameter, but with significant variations in the longitudinal steel. Confinement/shear reinforcement is
a No. 4 bar at 12 inches or a No. 4 spiral with a 12 inch pitch at each column location. All columns
are supported on piled foundations of approximately 35 ft. depth.

The soil profile consists of an increasingly dense, sandy, silt soil with gravel down at least 70 ft.
where the site borings ended.

10.2 Ground Motion

The structure is located approximately 17 miles southeast of the epicenter of the main shock. Two
free-field strong motion recorders are located within a few miles of the bridge site.

The first instrument (CSMIP Sta. No. 24157), which is located two miles to the southeast in Bajdwin
Hills on one meter of fill over shale/sandstone, recorded approximately ten seconds of strong shaking
with a peak horizontal acceleration in the east-west direction of 0.24g and 0.17g in the north-south
direction.
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The second instrument (CSMIP Sta. No. 24389) also recorded approximately ten seconds of strong
shaking. The peak horizontal acceleration was 0.27g in the east-west direction and 0.24g in the
north-south direction. This instrument is located approximately four miles northwest of the bridge
and is supported on terrace deposits.

Motions recorded approximately four miles away on a bridge structure within the 1-10/1-405

Interchange are consistent with the magnitude of horizontal ground motion recorded at the abave two
free-field sites.

10.3 Observed Earthgquake Damage

This structure suffered major damage. Several or all columns at each bent, from bent 3 to bemt 8,
suffered shear cracking, flexural hinging, crushing of concrete, and symmetrical, longitudinal bar-
buckling. The shorter columns on the south side of bent 3 failed (Figure 10-2), and concrete spalling
was evident at the top of the single-column support of the off ramp (Figure 10-2). All columns at
bent 3 were designed 1o be fixed at their base. The majority of the columns at bents 4, 5 and 6
appeared to have failed, but most were inside the storage facility and not able to be inspected. Figure
10-3 is typical of the damage to the north side columns at these bents. This figure also shows the
storage facility supporting the superstructure between the hinge locations (bents 4 to 7). A view of
the superstructure is shown in Figure 10-4. The damage to the columns at bent 7 was unusual
(Figure 10-5). In this bent, flexural/shear hinges had developed at the tops of the first (Type M) and
third (Type H) columns from the north side, and at the base of the second (Type L) column. Figure
10-16 is not explicit with regard to the column fixity (Types M and H), but it does show that Type L
is fixed at its base. The three columns on the south structure did not show the same significant
damage, but they were shored as shown in Figure 10-5. The hinge adjacent to bent 6 separated
(Figure 10-6) due to the collapse of the central segment of the bridge. It was noticed that some of the
high strength rod restrainers had failed while anchor nuts were missing on others. The columns at
bent 8 (four columns per superstructure) showed significant shear cracks and concrete spalling
(Figure 10-7) and were shored.

10.4 Issues/Questions

l. The lesson from this failure is that muiti-columns bents are vulnerable to severe damage even
at relatively low ground accelerations. Once the shear capacity is exceeded, the column
disintegrates rapidly.

2. The columns on this bridge suffered very significant damage. The bridge immediately to the
cast carrying I-10 over Ballona Creek (Bridge Number 53-1579) suffered negligible damage
to its columns. It appeared to be of similar construction, but the columns were perhaps 20%
to 30% taller. This bridge is actually located between La Cienega-Venice and Fairfax-
Washington on [-10. The input ground motions can therefore be assumed to be similar but
the performance is markedly different. A detailed study of the La Cienega-Venice
Undercrossing should therefore also include a comparison with the performance at Ballona
Creek.
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FIGURE 10-2 La Cienega-Venice Undercrossing -
Column Failure in Bent 3

FIGURE 10-3 La Cicnega-Venice Undercrossing -
Column Dantage in Bents 4, S and 6 Partially Hidden
from View by Storage Facility Under Bridge
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FIGURE 10-4 La Cienega-Venice Undercrossing -
Superstructure Settlement Due to Column Failures

FIGURE 10-5 La Cienega-Venice Undercrossing -
Alternating Locations of Hinges in Columns of Beut 7
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FIGURE 10-6 La Cienega-Venice Undercrossing -
Unseated Hinge Near Bent 6

FIGURE 19-7 La Cienega-Venice Undercrossing -
Shear Cracking in Column in Beat 3
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SECTION 11
RETROFITTED BRIDGES

Many bridges in the epicentral region had been retrofitted with cable restrainers and a number of
single column bents had been strengthened with steel jackets.

Most of these retrofits performed adequately despite strong ground motion at some sites. In some
instances, cable restrainers lacked sufficient capacity to prevent the unseating of girders. Failures in
the cables at the swaged fitting (Figures 4-4 and 11-1) were common in these situations. In other
instances, fastening details were shown to be inadequate and/or punching failure of the concrete
diaphragm occurred. [n at least two cases, anchorage nuts were found to be missing. At the present
time, it is not clear as to whether these nuts were left off during construction, worked loose over
time, or stripped off during the earthquake. In most cases, these failures were in units with details
that have since been superseded by Caltrans. It is also clear that many restrainers worked as
expected and significantly reduced the number of collapsed spans.

All of the columns with steel jackets appeared 1o perform without distress. Some were on bridges
close 10 other structures which did partially collapse. One example is shown in Figure 11-2 which is
a view of a jacketed single column under an off-ramp across Ballona Creek on [-10. It is located
between the La Cienega-Venice and Fairfax-Washington structures. Close examination found no
sign of damage.



FIGURE 11-1 SR14/1.5 Interchange -
Failure of a Type I Hinge Restrainer at the Swaged Fitting

FIGURE 11-2 Bsllona Creek Undercrossing on I-10 -
Single Column Bent Retrofitted with Steel Jacket
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SECTION 12
OTHER BRIDGE DAMAGE

A complete list of damaged bridges as of February 1, 1994 is given in Table 12-1. There are 176
bridges on this list with damage ranging from minor spalling to collapsed spans. Some examples
include:

s Interstate 5 at the San Fernando Road Undercrossings (abutment and wingwall damage and
minor column spalling);

s Southwest Connector at the Interstate S/Route 118 Interchange (column shear cracks);

+ Interstate 5 at the Santa Clara River Bridge (a steel plate-girder bridge with sheared anchor
bolts and failed cable restrainers);

Route 101 at Los Virgenes (pile damage);

« Interstate 405 at the Jefferson Boulevard Undercrossing (outrigger joint cracking);

The South Connector in the interchange between Interstate 5 and State Route 14 suffered
severe pounding at the hinge seats and substantial damage to abutment 10 (Figures 12-1 and
12-2); structural damage at the hinge seats appeared to be more severe on the inside face of
the curved girder indicating greater movements in the radially outwards direction than in the
opposite direction.

e Abutment fills slumped behind the backwalls of many bridges (e.g., at the Bull Creek and
Havenhurst Bridge sites on SR118). In instances where approach slabs were used, and tied
to the backwalls, access was not impaired. However, slumping in the shoulders and
emergency stopping lanes will require repair (Figures 12-3 and 12-4).

In addition, the City of Los Angeles reported several instances of approach fill settlement, abwtment

damage, bearing and shear key damage. The Southem Pacific Railway reported inconsequential
damage to bridge structures.
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FIGURE 12-1 SR14/1-5 South Counnector -
Pounding snd Damage to Hinge Seat in Span 6

FIGURE 12-2 SR14/1-5 South Connector -
Damsage to Abutment 10
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(b) Slumping of Abutment Fills under Roadway Shoulders; Approach
Slab in Foreground Successfully Spans Settlement

FIGURE 12-3 Havenhurst Undercrossing on SR 118
12-3



FIGURE 12-4 Bull Creek Canyon Channel Bridge -
Slumping of Abutment Fills under Roadway Shoulders
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SECTION 1}
CONCLUSIONS

The following general conclusions can be made from the performance of bridges during the
Northridge earthquake,

Bridge retrofit programs are effective. Although many cable restrainers failed, they were generally of
a design that has since been superseded by Caltrans. Also, some that failed catastrophically did so
after collapse of nearby columns and loss of support for gravity loads. In these instances, the cable
loads far exceeded their design forces because they were then supporting the self-weight of several
spans of the bridge. However, some restrainers might have failed due to improper installation. In at
least one instance, the nuts on several restrainer cable studs were found to be missing with no
evidence of stripped threads. Column jackets appeared to work well and none showed signs of
damage or distress despite strong ground shaking nearby.

Prioritization algorithms for bridge retrofit need to be reexamined. At least one bridge that partially
collapsed would probably pass the current screening procedures and not be identified as vulnerable.
Structure attributes such as skew and the unintended participation of nonstructura! elements (¢.g.,
walls and flares) need 1o be further addressed. Multicolumn bents shouid also be clevated in the
priority ranking procedures.

Other conclusions include:

s Assessment of bridge vulnerabilities should not overlook the vulnerabilities of co-located
pipelines.

s Abutments and internal hinge seats must be generously proportioned 1o accommodate large
relative movements in flexible structures.

s The combination of high vertical ground accelerations in bridges with high curvature may
significantly decrease column axial loads and adversely affect shear capacities.

¢ Approach slabs that arc tied to abutment back walls can successfully bridge slumped fills
behind these walls and provide continued access.
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Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851).

"A Nonstationary Solution in Random Vibration Theory,” by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746).

"Hcrizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by A.S. Veletsos and K.W.
Dotson, 10715/87, (PB88-150859).

"Seismic Damage Assessment of Reinforced Concrete Members,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB83-150867). This report is available only throngh NTIS (sec address given above).

"Active Structural Control in Civil Engineering,” by T_T. Soong, 11/11/87, (PR88-187778).

“Vertical and Torsional Impedances for Radially [nhomogeneous Viscoelastic Soil Layers,” by K.W. Dotson
and A.S. Veletsos, 12/87, (PB88-187786).

“Proceedings from the Symposium on Seismic Hazards, Ground Mations, Soil-Liquefaction and Engineering
Practice in Eastern North America,” October 20-22, 1987, edited by K.H. Jacob, 12/87, (PB38-188115).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1687 by I
Pantelic and A. Reinhorn, 11/87, (PB88-187752). This report is available only through NTIS (see address
given above}.

"Design of a Medular Program for Transicnt Nonlincar Analysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel, 12/30/37, (PB33-187950).

“Second-Year Progmm in Research, Education and Technology Transfer,” 3/8/88, (PB88-219480).
"Workshop on Scismic Computcr Analysis and Design of Buildings With Intcractive Graphics,” by W.
McGuire, 1F. Abel and C.H. Conley, 1/18/88, (PBBS-137760).

“Optimal Control of Nonlincar Flexible Structures,” by I.N. Yang, F.X. Long and D. Wong. 1/22/88,
(PB88-213772).

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems.” by G.D.
Manolis and G. Jubn, 2/10/88, (PB38-213780).

“herative Scismic Analysis of Primary-Sccondary Systems,” by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798).

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88,
(PB38-213806).
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NCEER-88-0006

NCEER-88-0007

NCEER-88-0008

NCEER-88-0009

NCEER-33-0010

NCEER-88-0011

NCEER-88-0012

NCEER-88-0013

NCEER-38-0014

NCEER-88-0015

NCEER-88-0016

NCEER-88-0017

NCEER-88-0018

NCEER-88-001%

NCEER-38-0020

NCEER-38-0021

NCEER-38-0022

NCEER-88-0023

"Combining Structural Optimization and Structural Control," by F.Y. Cheng and C.P. Paniclides, 1/10/83,
(PB8R-213814).

"Seismic Performance Assessment of Code-Designed Structures,” by HH-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PBB8-219423).

“Reliability Analysis of Code-Designed Structures Under Natural Hazards,” by HH-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471).

"Seismic Fragility Analysis of Shear Wall Stuctures,” by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867).

"Bas¢ Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of
Performances of Various Systems," by F-G Fan, G. Ahmadi and 1.G. Tadjbakhsh, 5/18/88, (PB89-122238).

"Scismic Floor Response Spectra for a Combined System by Green's Functions,” by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875).

“A New Solution Technigue for Randomly Excited Hysteretic Structures,” by G.Q. Cai and Y X. Lin,
5/16/88, (PBBS-102883).

"A Study of Radiation Damping and Soil-Structure Intcraction Effects in the Centrifuge,”
by K. Weissman, supervised by J.H. Prevost, 5/24/88, (PB89-144703).

"Paramcter ldentification and Implementation of a Kinematic Plasticity Mode! for Frictional Soils,” by 1.H.
Prevost and D.V. Griffiths, 10 be published.

*Two- and Thrce- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam." by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB#9-144711).

"Damage Assessment of Reinforced Concrete Structures in Eastern United States,” by A.M. Reinhom, M.
Seidel, SK. Kunnath and Y.J. Park, 6/15/88, (PB89-122220).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils,” by S.
Ahmad and A.SM. [srail, 6/17/88, (PB89-10289]).

“An Experimental Study of Seismic Structural Responsc With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB39-122212). This report is available only through NTIS
(see address given above).

“Experimental Investigation of Primary - Secondary System Interaction.” by G.D. Manolis, G. Juhn and
A.M. Reinhom, 5/27/88, (PB89-122204).

"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by J.N. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909).

"Seismic Intcraction of Structures and Soils: Stochastic Approach,” by A.S. Veietsos and AM. Prasad,
7/21/88, (PB$9-122196).

“ldentification of the Serviceability Limit State and Detection of Seismic Structural Damage.” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188). This report is available only through NTIS (see
address given above).

“Multi-Hazard Risk Analysis: Case of a Simple Offshore Swructure,” by B.K. Bhartia and £ H. Vanmarcke,
7/21/88, (PB89-145213).



NCEER-88-0024

NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-83-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-38-0035

NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-0041

"Automated Seismic Design of Reinforced Concrete Buildings.” by Y.8. Chung, C. Neyer and M.
Shinozuka, 7/5/88, (PB89-122170). This report is available only through NTIS (see address given above),

"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations,” by L.L. Chung,
R.C. Lin, T.T. Soong and A M. Reinhom, 7/10/88, (PB§9-122600).

*Earthquake Simulation Tests of a Low-Rise Metal Structure,” by ).S. Hwang, K.C. Chang, G.C. Lee and
R.L. Ketter, 8/1/88, (PB89-102917).

"Systems Study of Urban Response and Reconstruction Duc to Catastrophic Eanthquakes,” by F. Kozin and
HK. Zhou, 9/22/88, (PB90-162348).

“Seismic Fragility Analysis of Plane Frame Structures,” by H H-M. Hwang and Y K. Low, 7/31/88, (PB89-
131445).

"Response Analysis of Stochastic Strucrures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB89-
174429).

"Nonnormal Accclerations Due w0 Yielding in 2 Primary Structure,” by D.CK. Chen and L.D. Lutes,
9/19/88, (PB89-131437).

“Design Approaches for Soil-Syucture Interaction,” by A.S. Veletsos, AM. Prasad and Y. Tang, 12/30/88,
(PB89-174437). This repon is available only through NTIS (see address given above).

"A Re-cvaluation of Design Spectra for Seismic Damage Control,” by C.J. Turkstra and A G. Tallin,
11/7/88, (PB89-145221).

"The Behavior and Design of Nonconiact Lap Splices Subjecied to Repeated Inclastic Tensile Loading.”
by V.E. Sagan, P. Gergely and RN, White, 12/8/88, (PB89-163737).

"Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Bancrjec and S. Ahmad, 11/1/88, (PB89-
145239).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2),* by AM. Reinhom,
SK. Kunnath and N. Panahshahi, 9/7/88, (PB§9-207133),

“Solution of the Dam-Reservoir Imcraction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring,” by C.$. Tsai, G.C. Lee and R L. Ketter, §2/31/88, (PB89-
207146).

*Optimal Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846).

“Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling," by A.
Mokha, M.C. Constantinou and AM. Reinhorn, 12/5/88, (PB89-218457). This report is availahle only
through NTIS (see address given above).

"Scismic Behavior of Flat Slab High-Risc Buildings in the New York City Arca,” by P. Weidlinger and
M. Ettouney, 10/15/88, (PB90-145681).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City,” by P. Weidlinger and
M. Ettouncy, 10/15/88, to be published.

“Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads,” by
W. Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625).
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NCEER-88-0042

NCEER-88-0043

NCEER-88-0044

NCEER-B8-0045

NCEER-88-0046

NCEER-88-0047

NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-89-0003

NCEER-89-0006

NCEER-89-0007

NCEER-8%-0008

NCEER-39-0009

NCEER-89-R010

NCEER-89-0011

NCEER-89-0012

"Modeling Stong Ground Motion from Multiple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB8%-174445).

“Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.E. Ruiz and E. Roscnblucth,
7/15/88, (PB§9-189617).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames,” by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452).

"First Expert Panel Meeting on Disaster Research and Planning," edited by J. Pantelic and J. Swyle,
9/15/88, (PB89-174460).

"Preliminary Swdies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation,* by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478).
"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically

Excited BuiMing,” by J.A. HoLung, 2/16/89, (PB89-207179).

"Statistical Evaluation of Responsc Modification Factors for Reinforced Concrete Swructures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y K. Lin, 1/49/89, (PB89-196513).

"Experimental Study of ‘Elephant Foot Bulge® Instability of Thin-Walled Metal Tanks,” by Z-H. Jia and
R.L. Ketter, 2/22/89, (PB89-207195).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault,” by J. Isenberg, E. Richardson
and T.D. O’Rourke, 3/10/89, (PB89-218440). This report is available only through NTIS (see address given
above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M. Subramani,
P. Gergely, CH. Conley, J.F. Abel and A H. Zaghw. 1/15/89, (PB89-21846%).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, {PB39-207211).

“Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico,” by
A.G. Aysla and M.J. O'Rourke, 3/8/89, (PB89-207229).

"NCEER Bibliography of Earthquake Education Matcrials,” by K.EK. Ross, Sccond Revision, 9/1/89,
(PB90-125332).

"Inclastic Threc-Dimensional Response  Analysis of Reinforced Concrete  Building
Structures (IDARC-3D), Part I - Modeling,” by S K. Kunnath and A M. Reinhom, 4/17/89, (PB90-114612).

"Recommended Modifications to ATC-14," by C.D. Poland and 1.0. Mallcy, 4/12/89, (PB90-108648).



NCEER-89-0013

NCEER-85-0014

NCEER-89-0015

NCEER-89-0016

NCEER-39-PO17

NCEER-89-0017

NCEER-89-0018

NCEER-89-0019

NCEER-89-0020

NCEER-89-0021

NCEER-389-0022

NCEER-89-0023

NCEER-89-0024

NCEER-89-0025

NCEER-89-0026

NCEER-$9-0027

NCEER-85-0028

"Repair and Swengthening of Beam-10-Column Connections Subjected to Earthquake lLoading,® by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885).

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877).

"Response of Frames With Bolted Semi-Rigid Connections, Part | - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhom, J.R. Dickerson, ] B. Radziminski and W.L.. Harper, 6/1/89,
to be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis,” by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893).

"Prcliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthguake
Education in Our Schools," Edited by K.E K. Ross, 6/23/89, (PB90-108608).

"Proccedings from the Conference on Disaster Preparedness - The Place of Easthquake Education in Qur
Schools,” Edited by K.E.K. Ross, 12/31/89, (PB90-207895). This report is available only through NTIS (see
address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A, Cozzarclli, 6/7/89, (PB90-164146).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (ID-BASIS)™ by §.
Nagarajaiah, A.M. Reinhom and M.C. Constantinou, 8/3/89, (PB90-161936). This repor is available only
through NTIS {scc address given above).

*Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445).

*Subsurface Conditions of Memphis and Shelby County,” by K W. Ng, T-§. Chang and H-HM. Hwang,
7/26/89, (PB90-120437).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.
O'Rourke, 8/24/83, (PB90-162322).

"Workshop on Serviceability Analysis of Water Delivery Systems,” edited by M. Grigoriu, 3/6/89, (PB90-
127424).

"Shaking Table Study of a 1/5 Scale Swel Fame Composed of Tapered Members,” by
K.C. Chang, I.S. Hwang and G.C. Lee, 9/18/39, (PB90-160169).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevosy, 9/14/89, (PB90-161944). This report is available only through NTIS
(sec address given above).

*1:4 Scale Mode! Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,”

by AM. Reinhom, T.T. Soong. R.C. Lin, YP. Yang, Y. Fukso, H. Abe and M. Nakai, 9/15/89, (PBOO-
173246).

*Scattering of Waves by Inclusions in a Nonhomogencous Elastic Half Space Solved by Boundary Element
Methods,” by PK. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699).

*Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Stuctures,” by HHM.
Hwang, J-W. Jaw and A L. Ch'ng, 8/31/89, (PB90-164633).
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NCEER-89-0029

NCEER-89-0030

NCEER-89-0031

NCEER-£§9-0032

NCEER-89-0033

NCEER-89-0034

NCEER-39-0035

NCEER-89-0036

NCEER-39-0037

NCEER-89-0038

NCEER-89-003%

NCEER-39-0040

NCEER-§9-0041

NCEER-90-0001

NCEER-9G-0002

NCEER-90-0003
NCEER-90-0004

NCEER-90-0005

NCEER-90-0006

*Bedrock Accelerations in Memphis Area Due w Large New Madrid Earthquakes* by HH.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330).

*Seismic Behavior and Response Sensitivity of Secondary Struciuml Systems by Y.Q. Chen and TT.
Soong. 10723/39, (PB90-164658).

“Random Vibration and Reliabilily Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951).

"Procecdings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deforrnation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O’Rourke and M. Hamada, 12/1/89,
(FB90-209388).

"Detcrministic Mode| for Scismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Bracci,
AM. Reinhom, J.B. Mander and SK. Kunnath, 9/27/89.

*On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak. 8/15/89,
(PB90-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by A.J. Walker and H.E. Stewart,
1r26/89, (PB90-183518).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York,” by M. Budhu, R. Gicse
and L. Baumgrass, 1/17/89, (PB90-208455).

"4 Detcrministic Asscssment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294).

"Workshop on Ground Motion Parameters for Scismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB$0-173923).

"Seismic Effects on Elevaled Transit Lines of the New York City Transit Authority,” by C.). Costantino,
C.A. Miller and E. Heymsheld, 12/26/29, (PB90-207887).

"Centrifugal Modcling of Dynamic Soil-Structure Interaction,” by K. Weissman, Superviscd by JH.
Prevost, 5/10/89, (PB90-207879).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment” by I-K. Ho and
AE, Aktan, 11/1/89, (PB90-251943).

"Geotechnical and Lifeline Aspects of the Ociober 17, 1989 Loma Pricta Earthquake in San Francisco,”
by T.D. O'Rourke, H.E. Stewart, F.T. Blackbum and T.S. Dickerman, 190, (PB90-208596).

*Nonnormal Response Duc 1o Yielding in a Primasy Structure,” by D.C.K. Chen and L.D. Lutes,
22890, (PB90-251976).

“Earthquake Education Materials for Grades K-12," by K.EK. Ross, 4/16/90, (PB91-251984).
“Catalog of Strong Motion Stations in Eastern North America,* by R W. Busby, 4/3/90, (PB90-251984).

“NCEER Strong-Motion Dats Base: A User Manua! for the GeoBasc Release (Version 1.0 for the Sun3),”
by P. Friberg and K. Jacob, 373190 (PB90-258062).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,*
by HH.M. Hwang and C-H.S. Chen, #/16/90(PB9(-258054).
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NCEER-90-0007

NCEER-90-0008

NCEER-90-0009

NCEER-%0-0010

NCEER-90-0011

NCEER-90-0012

NCEER-90-0013

NCEER-90-0014

NCEER-90-0015

NCEER-90-0016

NCEER-90-0017

NCEER-%0-0018

NCEER-30-0019

NCEER-%0-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

"Sitc-Specific Response Spectra for Memphis Sheahan Pumping Station,” by HH.M. Hwang and C.S. Lec,
5/15/90, (PB91-108811).

“Pilot Study on S¢ismic Vulnerability of Crude Oil Transmission Systems,” by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka, 572590, (PB91-108837).

"A Program to Generaie Site Dependent Time Histories: EQGEN,” by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91.-108829).

“Active Isolation for Scismic Protection of Operating Rooms,” by M.E. Talboti, Supervised by M.
Shinozuka, 6/8/, (PB91-110205).

"Program LINEARID for Identification of Lincar Structural Dynamic Systems,” by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91.110312)

"Two-Dimensional Two-Phase Elasto-Plastic  Seismic Response of Eanh Dams"”
Yiagos, Supervised by JH. Prevost, 620090, (PB91-11019T.

by AN.

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity.” by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhom, 7/1/90, (PB9L-
110320).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details,” by S.P.
Pessiki, C.H. Conley, P. Gergely and RN. White, 8/22/90, (PB91-108795).

“Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by )N, Yang and A.
Danielians, 6/29/90, (PR91-125393).

"Instantancous Optimal Control with Acceleration and Velocity Feedback,” by JN. Yang and Z. Li,
6/29/90, (PB91-125401).

“Reconnaissance Report on the Northern [ran Earthquake of Junc 21, 1990," by M. Mchrain, 10/4/90,
(PB91-125377).

“Evaluation of Liquefaction Potential in Memphis and Shelby County,” by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/90, (PB91-125427T).

“Experimental and Analytical Study of &8 Combined Sliding Disc B:aring ang Helical Steel Spring [solstion
System,” by M.C. Constantinou, A.S. Mokha and A.M. Reinhom, 10/4/90, (PB91-125385).

"Experimental Study and Analyticel Prediction of Earthquake Response of a Sliding Isolation System with
a Spherical Surface,” by AS. Mokha, M.C. Constantinou and AM. Reinhon, 10/11/90, (PR91-125419).

"Dynamic Interactien Factors for Floating Pile Groups,” by G. Gazctas, K. Fan, A. Kaynia and E. Kauscl,
9/10/90, (PB91-170381).

"Evaluation of Scismic Damage Indices for Reinforced Concreie Structures,” by S. Rodriguez-Gomez and
AS. Cakmsk, 930190, PB91-171322).

*Study of Sitc Responsc at a Selecied Memphis Site.” by H. Desai, S. Ahmad, E.S. Gazetas and MR, Oh,
10/1190, (PB91-196857).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Dats Access Tool for PCs and
Terminals,” by P.A. Friberg and C.AT. Susch, 11/1550, (PB91-171272).
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NCEER-50-0025

NCEER-90-0026

NCEER-9G-0027

NCEER-90-0028

NCEER-%0-0029

NCEER-$1-0001

NCEER-91-0002

NCEER-91.0003

NCEER-21-0004

NCEER-91-0005

NCEER-91-0006

NCEER-91-0007

NCEER-91-0008

NCEER-91-000%

NCEER-%91-0010

NCEER-91-0011

NCEER-D1-0012

NCEER-91-0013

"A Three-Dimensional Analytical Study of Spatial Variability of Scismic Ground Motions,” by L-L. Hong
and AH-S. Ang, 10/30/90, (PB91-170399),

"MUMOID User's Guide - A Program for the Identification of Modal Parameiers,” by S. Rodri  guez-
Go mez and E. DiPasquaie, 9/30/90, (PB91-171298).
"SARCF-Il User’s Guide - Scismic Analysis of Reinforced Concrete Frames,” by S. Rodri  guez-Go  mez,

Y.S. Chung and C. Mcyer, 9/30/90, (PB91-171280).

"Viscous Dampers: Testing, Modcling and Application in Vibration and Scismic Isolation,” by N. Makris
and MC. Constantinou, 12/20/90 (PB91-190361).

"Soil Effects on Earthquake Ground Motions in the Memphis Area,” by H. Hwang, C.5. Lee, K.W. Ng and
T.S. Cheng, 8290, (PB91-190751).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilitics
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. Q’Rourke and M.
Hamada, 2/1/91, (PB91-179259),

"Physical Space Solutions of Non-Proportionally Damped Systems,” by M. Tong, 2. Liang and G.C. Lex,
1/15/%51, (PB91-179242),

“Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174954),

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91, (PB92-
197235).

"3D-BASIS - Nonlincar Dynamic Analysis of Three Dimensional Base 1solated Structures: Part IL" by S.
Naganajaish, AM. Reinhomn and M.C. Constantinou, 2/2881, (PB91-1905353).

"A Muhidimensional Hysterctic Model for Plasticity Deforming Metals in Energy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364).

"A Framework for Customizable Knowledge-Bascd Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings,” by E.G. Ibarra-Anaya and S.). Fenves, 4991,
(PB91-210930).

“Nonlinear Aralysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method.”
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and JF. Abel, 7/2/91, (PB92-113828).

“Earthquake Education Maerials for Grades K-12,* by K.EX. Ross, 4/30/1, (PB91-212142).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile” by N.
Makris and G. Gazetns, 17891, (PB92-108356),

"Dynamic Characteristics of a Full-Size Five-Siory Stecl Structure and 1 2/5 Scale Model,” by K.C. Chang,
G.C. Yao, G.C. Lee, DS. Hao and Y.C. Yeh,” 7,291, (PB93-116648).

"Seismic Response of a 2/5 Scale Stee! Structure with Added Yiscoclastic Dampers,” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai. 5/1791, (PR92-110816).

“Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling,” by S.
Alampalli and A-WM. Elgamal, 52091, to be published.
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NCEER-91-0014

NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

NCEER-91-0018

NCEER-91-0019

NCEER-91-0020

NCEER-91-0021

NCEER-91-0022

NCEER-91-0023

NCEER-91-0024

NCEER-91-0025

NCEER-91-0026

NCEER-91-0027

NCEER-92-0001

NCEER-92-0002

NCEER-92-0003

NCEER-92.0004

NCEER-92-0005

“3ID-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures,” by P.C.
Tsopelas, 5. Nagarajaiah, M.C. Constantinou and A.M. Reinhom, 5/28/91, (PB92-11388%).

“Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building,” by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A E. Aktan, 771591, (PB92-129980).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concreie Building.” by A.G. El-Attar, R.N.
White and P. Gergely, 2728/91, (PB92-222447).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building,” by A.G. El-Attar,
R.N. White and P. Gergely, 272891, (PB93-116630).

“Transfer Functions for Rigid Rectangular Foundations.” by A S. Veletsos, A M. Prasad and W.H. Wy,
773191,

*Hybrid Control of Seismic-Excited Nonlinear and Inclastic Structural Systems,” by J.N. Yang, Z. Li and
A. Danielians, 8/1/91, (PB92-143171).

*The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Regurrence Relations for
U.S. Earthquakes East of New Madrid,” by L. Sceber and J.G. Armbruster, 8/28/91, (PR92-176742).

“Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers,” by K.E.K. Ross and F. Winslow, 722391, (PB92-129998).

*A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings,* by
H.H.M. Hwang and H-M. Hsy, 8/10/91, (PB92-140235).

"Experimental Verification of a Number of Structural System Identification Algoritims,” by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/183%1, (PB92-176577). -

"Probabilistic Evaluation of Liquefaction Potential* by HHM. Hwang and C.S. Lee,* 11/25/91, (PB92-
143429).

"Instantancous Optimal Control for Linear, Nonlinear and Hysterctic Structures - Stable Controliers,” by
IN. Yang and Z. Li, 11/1591, (PB92-163807).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges,” by M.C. Constantinou,
A. Kartoum, A.M. Reinhom and P. Bradford, 11/1591, (PB92-176973).

"Case Studies of Liquefaction and Lifeline Performance During Past Enthquakes, Yoiume 1: Japanese Case
Studies,” Edited by M. Hamada and T. O'Rourke, 2/17/92, (PB92-197243).

"Case Studics of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies,” Edited by T. O’'Rourkc and M. Hamads, 2/17/92, (PB92-197250).

"Issucs in Earthquake Education,” Edited by K. Ross, 2382, (PB92-2223R9).

“Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges,” Edited
by LG, Buckle, 2/4/92, (PB%4-142239, A99, MF-A06).

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space,” A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.
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NCEER-92-0006

NCEER-92-0007

NCEER-92-0003

NCEER-92-0009

NCEER-92-0010

NCEER-92-0011

NCEER-92-0012

NCEER-92-0013

NCEER-92-0014

NCEER-92-001%

NCEER-92-0016

NCEER-92.0017

NCEER-92-0018

NCEER-92-0019

NCEER-92-0020

NCEER-92-0021

NCEER-92-0022

NCEER-92-0023

NCEER-92-0024

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/26/92, (PB92-197201).

“Engincering Evaluation of Permanent Ground Deformations Due to Scismically-Induced Liquefaction,”
by M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PR92.222421).

“A Procedure for the Seismic Evaluation of Buildings in the Centra) and Eastern United States,” by C.D.
Poland and J.O. Malley, 4/292, (PB92-222439).

"Experimental and Analytical Study of a Hybrid Isolstion System Using Friction Controllable Sliding
Bearings" by M.Q. Feng, S. Fujii and M. Shinozuka, 3/15/92, (PB93-150282).

"Scismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings,” by AJ.
Durrani and Y. Du, $/1892.

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion,” by H. Lec and S.P. Prawel, 51192, 1 be
published.

"Study of Wire Rope Systems for Seismic Protcction of Equipment in Buildings,” by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhom, 5/20/92.

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting
and F.A. Cozzarelli, 5/26/92.

“Longitudinal Pérmanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J. O'Rourke,
and C. Nordberg, 6/15/92.

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem.” by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, S.K. Kunnath, A M. Reinkom
and 1.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).

*Observations on Water System and Pipeline Performance in the Liméon Ares of Costa Rics Due to the
April 22, 1991 Earthquake,” by M. O'Rourke and D. Ballantyne, 63092, (PP93-126811).

*Fourth Edition of Earthquake Education Materials for Grades K-12, Edited by KEK. Ross, 8/10/92.
"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermessures for Soil Liquefaction,” Edited by M. Hamads and T.D. O'Rourke, /1292, (PB93-
163939).

"Active Bracing System: A Full Scale Implementation of Active Control,” by A.M. Reinhom, T.T. Soong.
R.C. Lin, MA. Riley, Y.P. Wang, S. Aizaws and M. Higashino, 8/1492, (PB93-127512).

*Empirical Analysis of Horizontsl Ground Displacement Generated by Liquefaction-induced Lateral
Spreads,” by S.F. Batlen and T.L. Youd, 8/17/92, (PB93-188241).

*IDARC Version 3.0: Inelastic Dumage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
AM. Reinhorn and R.F. Lobo, 83192, (PB93-227502, AD7, MF-A02).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seizsmic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O’'Rourke and R. Flores-Bemrones, 97992, (PB93-130266).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I: Summary of

Experimental Findings of Full Scake Beam-Column Joint Tests,” by A. Beres, RN. White and P. Gergely,
9/30/92, (PBS3-227783, AQS, MF-ADL).
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NCEER-92-0023

NCEER-92-0026

NCEER-92-0027

NCEER-92.0028

NCEER-92-0029

NCEER-92-0030

NCEER-92-0031

NCEER-92-0032

NCEER-92-0033

NCEER-92-0034

NCEER-93-0001

NCEER-$3-0002

NCEER-93-0003

NCEER-93-0004

NCEER-93-0005

NCEER-93-0006

“Experimental Results of Repaired and Retrofited Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings.” by A. Beres, S. El-Borgi, RN. White and P. Gergely, 1029/92, (PB%3-227791,
A0S, MF-AO1).

"A Generalization of Optimal Control Theory: Linear and Nonfinear Structures,” by I.N. Yang, Z. Li and
S. Vongchavalitkyl, 11/2/92, (PB93-188621).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part | -
Design and Properties of a One-Third Scale Model Structure,” by JM. Bracci, AM. Reinhomn and J.B.
Mander, 12/1/92, (PB94-104502, AQ8. MF-AQ2).

“Seismic Resistance of Reinforced Concrete Frame Structures Designed Ouly for Gravity Loads: Part I -
Experimental Performance of Subassemblages,” by L.E. Aycardi, ].B. Mander and A M. Reinhom, 12/1/92,
(PB94-104510, AO8, MF-AQ2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Pan III -
Experimental Performance and Analytical Study of a Structural Model.” by J.M. Bracci, A M. Reinhotdl
and JB. Mander, 12/1/92, (PB93-227528, A(09, MF-AQ1).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Pant 1 - Experimental
Performance of Retrofitted Subassembleges,” by It Chondhuri, 1. B. Mander and A M. Reinhom, 12/892,
(PB93-198307, A07, MF-AQ2).

*Evaluation of Seismic Retrofit of Reinforced Concreie Frame Structures: Part Il - Experimental
Performance and Anslytical Study of a Retofitted Structural Model,” by J M. Bracci, A.M. Reinhom and
J.B. Mander, 12/8/92, (PB93-1983135, A09, MF-A03).

“Experimental and Analytical Investigetion of Scismic Response of Swucmres with Supplemental Fivid
Viscous Dampers,” by M.C. Consiantinou and M.D. Symans, 1272192, (PB93-191435).

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB%3-188621).

*Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City,” by H. Gavin,
S. Yuan, J. Grossman, E. Pekelis and K. Jacaob, 12/28/92, (PB93-188217).

“An Exptrimentsl Study on the Seismic Performance of Brick-Infilled Stcel Frames With and Without
Rewofit” by J B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/299], (PB93-227510, A07, MF-A02).

“Social Accounting for Disaster Preparcdness and Recovery Planning,” by S. Cole, E. Pantojs and V.
Razsk, 2/2293, to be published.

" Asscssment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions.” by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PR93-188639).

"Evaluation of Static and Response Spectrum Analysis Peocedures of SEAOC/UBC for Scismic Isolated
Structures,” by C.W. Winters and M.C. Constantinon, 3/2393, (PB93-198299).

“Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake Science snd
Safety for Educators,* edited by K.EK. Ross, 4293, (PB94-103066, A0S, MF-A02).

“Inciastic Response of Reinforced Concrett Structures with Viscoclastic Braces,” by RF. Lobo, JM.
Bracci, K.L. Shen, AM. Reinhom and T.T. Soong, 4/593, (PB93-227486, A0S, MF-A02).
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NCEER-93-0007

NCEER-93-0008

NCEER-93-0009

NCEER-93-0010

NCEER-93-0011

NCEER-93-0012

NCEER-93-0013

NCEER-91-0014

NCEER-93-0015

NCEER-93-0015

WCEER-93-0017

NCEER-93-0018

NCEER-93-001%

NCEER-93-0020

NCEER-93-0021

NCEER-930022

NCEER-%3-002}

NCEER-94-0001

"Scismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar,
T.T. Soong, K.L.. Shen, J.A. HoLung and Y.K. Lin, 4/12/93, (PB93-198299).

"Retrofit of Reinforced Concrete Frames Using Added Dampers,” by A. Reinhom, M. Constantinou and
C. Li, to be published.

"Seismic Behavior and Design Guidelines for Stee} Frame Structures with Added Viscoclastic Dampers.”
by K.C. Chang, M.L. Lai, TT. Soong, D.S. Hao and Y.C. Yeh, 5/193, (PB94-141959, A0Q7, MF-A02).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers,” by J.B. Mander, S.M. Waheed,
M.T.A. Chaudhary and § 5. Chen, 5/1293, (PB93-227494, AOB, MF-AQ02).

"ID-BASIS.TABS: Computer Program for Nonlinear Dynamic Analysis of Thré¢ Dimcnsional Base
Isolated Structures,” by S. Nagacajaiah, C. Li, AM. Reinhom and M.C. Consmantinou, 8/2/93, (PB%4-
141819, A09, MF-AD2).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water,” by O.J. Helweg and HHM.
Hwang, 8/3/93, (PB94-141942, A06, MF-AQ2).

"Simplified Procedures for Seismic Design of Nonstructural Components and Assessment of Current Code
Dryvisions,” by M.P. Singh, L.E. Suarez, E.E. Matheu and G.O. Maldonado, 8/4/93, (PB94-141827, A09,
MF-A02).

"An Energy Approach to Seismic Aralysis and Design of Secondary Systems,” by G. Chen and T.T. Soong,
8/6/93, (PB94-142767, All, MF-A03).

"Proceedings from Scheol Sies: Becoming Prepared for Eanhquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake,” Edited by F.E. Winslow and K.E K. Ross, 8/16/93.

"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October
12, 1992 Dahshur Earthquake," by D. Sykoma, D. Look, G. Croci, E. Karaesmen and E. Karacsmen,
8/19/93, (PB94-142221, AOB, MF-A02).

“The Island of Guam Earthquake of August 8, 1993," by S.W. Swan and S.K. Hamis, 913093, (PB9%4-
141843, A0S, MF-ADI).

"Engineering Aspects of the October 12, 1992 Egypian Eanhquake," by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/793, (PBG4-141983, A0S, MF-AO1).

“Development of an Earthquake Mation Simulator and its Application in Dynamic Centrifuge Testing,” by
. Krstelj, Supervised by J.H. Prevost, 10:23/93.

"NCEER-Taisei Corporation Rescarch Program on Sliding Seismic Isolation Sysiems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS)." by M.C. Constantinou, P.
Tsopelas, Y-5. Kim and S. Okamoto, 11/193, (PB94-142775, A08, MF-A02),

“Finite Element Modeling of Elastomeric Scismic Isolaton Bearings,” by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, w0 be published.

*Seismic Vulnerability of Equipment in Critical Facilitics: Life-Safety and Operational Consequences,” by
K. Porter, G.S. Johngon, M.M. Zadeh, C. Scawthom and S. Eder, 11/24/93.

“Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yancv and C.R. Scawthom, 12/23/93.

"Seismic Serviceability of Water Supply Networks with Application to San Francisco Auxiliary Water
Supply System,” by 1. Markov, Supervised by M. Grigoriu and T. O'Rourke, 1/21/94, 10 be published.
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NCEER-94-0002

NCEER-94-0003

NCEER-94-0004

NCEER-94-0003

NCEER-94-0006

NCEER-94-0007

NCEER-94-0008

“NCEER-Taisei Corpomation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers,” Volumes I snd 1L, by P. Tsopelas, S. Ckmmoto, M.C. Constantinon, D, Ozaki
and 8. Fujii, 2/4/94.

“A Markov Model for Local and Global Damage Indices in Seismic Analysis,” by S. Rahman and M.
Grigoriu, 2/18/94, 10 be published.

*Proceedings from the NCEER Workshop on S¢ismic Response of Masonry Infills,” edited by D.F. Abrams,
3/1/94,

*The Northridge, California Earthquake of January 17, 1994. General Reconnaissance Repori,” edited by
1.D. Goltz, 3/11/54.

"Seismic Encrgy Based Fatigue Damage Anslysis of Bridge Columns: Pant | - Evaluation of Seismic
Capacity,” by G.A. Chang and 1.B. Mander, 3/14/94, 1o be published.

*Seismic Isolation of Multi-Swory Frame Structures Using Spherical Sliding [solation Systems,” by TM.
Al-Hussaini, V.A. Zayas and M.C. Constantunou, 3/17/94.

*The Northridge, California Earthquake of Janvary 17, 1994: Performance of Highway Bridges," edited by
LG. Buckle, 1/24/94.
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