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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established in 1986 to
develop and disseminate new knowledge about earthquakes, earthquake-resistant design and seismic
hazard mitigation procedures to minimize loss of life and property. The emphasis of the Center is on
eastern and central United States structures, andlifelines throughout the country that may be exposed
to any level of earthquake hazard.

NCEER’s research is conducted under one of four Projects: the Building Project, the Nonstructural
Components Project, and the Lifelines Project, all three of which are principally supported by the
National Science Foundation, and the Highway Project which is primarily sponsored by the Federal
Highway Administration.

The research and implementation plan in years six through ten (1991-1996) for the Building, Nonstructural
Components, and Lifelines Projects comprises four interdependent elements, as shown in the figure
below. Element I, Basic Research, is carried out to support projects in the Appliéd Research area.
Element IT, Applied Research, is the major focus of work for years six through ten for these three
projects. Demonstration Projects under Element III have been planned to support the Applied
Research projects and include individual case studies and regional studies. Element IV, Implementa-
tion, will result from activity in the Applied Research projects, and from Demonstration Projects.

ELEMENT I ELEMENT Il ELEMENT Iil
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
e Seismic hazards and ¢ The Building Project Case Studies
ground motion ¢ Active and hybrid control
¢ The Nonstructural ¢ Hospital and data processing
* Geotechnical Components Project facilities
engineering ¢ Short and medium span bridges
¢ The Lifelines Project L e Water supply systems in
¢ Structures and systems Memphis and San Francisco
- * The Highway Project : Regional Studies
* Riskandreliability , * New York City
* MississippiValley
« Intelligent and protective * San Francisco Bay Area
systems ¢ City of Memphis and Shelby
County, Tennessee
* Socioeconomic issues J_L J—L
Vv

Y4
ELEMENT IV
IMPLEMENTATION

s Conferences/Workshops
¢ Education/Training courses
¢ Publications

* Public Awareness




Research under the Highway Project develops retrofit and evaluation methodologies for existing
bridges and other highway structures (including tunnels, retaining structures, slopes, culverts, and
pavements), and develops improved seismic design criteria and procedures for bridges and other
highway structures. Specifically, tasks are being conducted to: (1) assess the vulnerability of
highway systems and structures; (2) develop concepts for retrofitting vulnerable highway structures
and components; (3) develop improved design and analysis methodologies for bridges, tunnels, and
retaining structures, with particular emphasis on soil-structure interaction mechanisms and their
influence on structural response; and (4) review and improve seismic design and performance criteria
for new highway systems and structures.

Highway Project research focuses on one of two distinct areas: the development of improved design
criteria and philosophies for new or future highway construction, and the development of improved
analysis and retrofitting methodologies for existing highway systems and structures. The research
discussed in this report is a result of work conducted under the new highway construction project,
and was performed within Task 112-D-1.1(b), “Establish Representative Pier Types for Comprehen-
sive Study” of the project as shown in the flowchart.

The overall objective of this task is to identify and establish pier designs and details currently in use
throughout the U.S. The task was split into two parts, one focused on collecting and establishing
representative pier types in the eastern U.S. and the other concerned with western U.S. practice.
This report describes bridge pier types and seismic design and detailing procedures typical of the
western U.S. since the mid-1970s. The companion report, NCEER-96-0005, describes pier types
and seismic design and detailing procedures representative of the eastern U.S. since about 1980.

The states contributing material include Alaska, Arizona, California, Idaho, Montana, Nevada,

Oregon, Washington and Wyoming. Column and pier design and detailing issues, bent cap detailing
issues, footing detailing issues and construction material issues are addressed.

v
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ABSTRACT

This report describes bridge pier types and seismic design and detailing procedures for new con-
struction typical of the western U.S. since the mid-1970s. The companion report, NCEER 96-
0005, describes pier types and seismic design and detailing procedures representative of the east-
ern U.S. since about 1980. Representative bridge types and pier type details for nine western
states are referenced in Section 2. The states.contributing material include Alaska, Arizona, Cali-
fornia, Idaho, Montana, Nevada, Oregon, Washington and Wyoming. Section 3 of the report in-
cludes column and pier design and detailing issues which include: column spiral reinforcement;
column shear reinforcement, within the outside potential plastic hinge zones; spirals, hoops or
tie requirements into bent caps and footings of fixed columns; column reinforcement lap splice
restrictions; column reinforcement recommendations into knee joints; modification of linearly
elastic seismic forces by R or Z factors; multi-column bent and pier wall foundation supports;
column flares reinforced with minimal transverse and longitudinal reinforcement; fully confined
column flares; distinction between a column and pier wall; pier wall confinement reinforcement;
and partial height pier walls. Section 4 of the report includes bent cap detailing issues and Sec-
tion 5 footing detailing issues. Section 6 addresses construction material issues.
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SECTION 1
INTRODUCTION

In the summer of 1993, the National Center for Earthquake Engineering Research initiated a re-
search program directed at developing improved seismic analysis and design procedures for
highway infrastructure. The research program is sponsored by the Federal Highway Administra-
tion of the U.S. Department of Transportation and consists of a series of special studies, each fo-
cused on the seismic analysis or design of specific highway system components (e.g., bridges or
tunnels) and structural elements (e.g., foundations or substructures).

As a basis for developing improved bridge design standards, an early task within this program
was conducted to identify and establish pier designs and details currently in use throughout the
U.S. The task was split into two parts, one focused on collecting and establishing representative
pier types in the eastern U.S. (Task 112-D1.1(a)) and the other concerned with western U.S.
practice (Task 112-D-1.1(b)).

This report describes bridge pier types and seismic design and detailing procedures typical of the
western U.S. since the mid-1970s. The companion report, NCEER 96-0005, describes pier types
and seismic design and detailing procedures representative of the eastern U.S. since about 1980.

Column and pier seismic typical design and detailing procedures are outlined in this report for
new construction. Design and detailing procedures for bridges which fall into Seismic Perform-
ance Categories (SPC) C and D of the AASHTO Standard Specifications for Seismic Design of
Highway Bridges are emphasized (AASHTO, 1992). The California Department of Transporta-
tion (Caltrans) has been conducting research and intensely studying earthquake effects on bridges
since the 1971 San Fernando (Sylmar) earthquake, the 1989 Loma Prieta earthquake, and the
1994 Northridge earthquake. The lessons learned from these earthquakes, and subsequent re-
search, have shaped Caltrans’ current seismic design requirements. California’s experience and
detailing requirements influenced the development of the AASHTO Standard Specifications for
Seismic Design of Highway Bridges.

Therefore, Caltrans' seismic design procedures are also extensively referenced throughout the re-
port (Caltrans, 1996). These two specifications are the only complete guidelines for the seismic
design of western bridges. Most western states follow the AASHTO specifications, but some
have adopted many of Caltrans' procedures and detailing practices.

1 Preceding page blank






SECTION 2
REPRESENTATIVE PIER TYPES (WEST)

A table has been prepared identifying representative bridge types for nine western states. Com-
mon substructure types or pier types are included in Table 2-1. In addition, several states submit-
ted representative pier type details which are included in this report.



TABLE 2-1 Representative Pier Types for Nine Western States

State Seismicity Common Superstructure Types Common Substructure Types
Categories
Alaska Mostly higher 1. P/S precast bulb tees, up to Concrete pier cap with high
categories C & D 140" spans. capacity steel pipe or H pile
extending from cap to pile
tip.
Arizona Mostly A & B 1. P/S precast I-girder. Concrete columns on spread
2. Steel I-girders. footings; flares avoided in
3. Box Girder. categories C & D.
Drilled shafts.
California Do not use 1. CIP Box Girder — longer spans. Round, oblong or hexagon
AASHTO. 2. Slab — short spans. concrete columns on foot-
ings.
Accec. 0.1g t0 0.7g. Commonly have concrete
pile extension bents.
Idaho A,B&C 1. P/S precast concrete I-girders. River crossings (large ice or
2. Steel welded plate girder. debris flows) require solid
Majority of bridges shafts or hammer head style
A <0.29 pier.
Interchanges utilize P/S pre-
cast I-girder with multi-
column bent or hammer head
style bent concrete bridges <
300' in length.
Montana Mostly A & B, but [ 1. P/S I-girder simply supported. Concrete columns on foot-
some up to D 2. Steel girder continuous. ings.
Recently using steel pipe pile
or drilled shaft bents in low
seismic zones.
Nevada A-D 1. Post-tensioned box girder. Concrete columns on foot-
2. Steel beam. ings — no longer using flares.
Oregon Mostly B & C 1. P/S precast beams. Oblong concrete columns on
2. Cast-in-place concrete. pile or spread footings.
Use revised
AASHTO Map
Washington A-D 1. P/S precast I-girder. Round concrete columns on
pile or spread footings — no
flares.
Wyoming Mostly A, with 1. Steel beams. Round concrete columns on
some up to C. 2 footings.

P/S precast I-girder.

Steel pile extension bents.




TABLE 2-1 Representative Pier Types for Nine Western States (cont.)

State Common Superstructure to Substructure to Common - Comments
Substructure Connection Foundation Connection | Abutment Types
Alaska Pile has moment resisting NA. Mostly pile exten- | Seat type.
connection to cap. Beams set | sion bents.
on bearing pads.
Arizona Steel girders are set on bear- | Fixed column base. Seat type — fixed | Generally fol-
ing pads. end diaphragms low AASHTO,
are avoided. but include
some Caltrans
criteria.

California Monolithic integral bent caps. | Fixed column base for Box girders on Do not follow

Spiral continues into cap. single column bents, seat type abut- AASHTO,
pinned for multi-column | ments, slab has have own
base. integral abutment. | seismic speci-

fications.

Idaho Pin or expansion style con- Fixed column base. Concrete structure

nection. less than 300'and |

with skews less
than 30 degrees an
integral abutment
is used. All other
bridges a standard
backwall style
abutment is used.

Montana Spiral continuous into cap, Fixed column base. Seat type.

beams set on bearing pads. ‘

Nevada Monolithic integral bent caps, | Fixed column base. Diaphragm abut-

spiral continuous into cap. ment most com-
mon. Steel girders
set on bearing
pads.

Oregon Spiral continuous into cap. Fixed column base. Mostly seat type, | Are beginning
then integral to introduce
abutment. base isolation

. systems.

Washington | Monolithic super to substruc- | Fixed column base. Integral abut-

ture connection. Spiral into ments, then seat

| cap. type.
Wyoming Steel beams set on bearing Pile extension bents not | Monolithic cast. ~90% of state

pads. Concrete I-girders cast
monolithic with cap.

usually designed for pile
tension.

Some are seat

type.

is Category A.
Category D is
in Yellowstone
Park.

Preceding page blank







SECTION 3
COLUMN AND PIER DESIGN AND DETAILING ISSUES

3.1 Column Spiral Reinforcement

Description: Preference is given to columns with a circular main longitudinal reinforcement
layout, confined with transverse spiral or welded hoop reinforcement. The helically formed spi-
ral cage usually maintains a constant diameter throughout the column length. Only if the column
has very unusual geometry is rectangular reinforcement layout appropriate. Oblong columns
should be reinforced with two or more interlocking spiral cages. In order to insure adequate
shear transfer between the spirals, special details are needed in the interlock area. Spiral rein-
forcement is the most preferred transverse reinforcement. For bar sizes larger than #6 for trans-
verse reinforcement, hoops are generally used.

See Figures 3-1, 3-2, 3-3, 3-4, 3-5, 3-6, and 3-7.

Advantages: Spiral reinforcement provides excellent main longitudinal reinforcement confine-
ment by taking advantage of hoop stress. Columns that are properly confined have been demon-
strated to possess several times the ductility of inadequately confined columns. The amount of
transverse reinforcement required to properly confine the column core concrete can be consid-
erably reduced by using spirals instead of rectangular hoops and cross ties, and the open core
area facilitates the placement and consolidation of concrete.

Disadvantages: Spiral Columns are somewhat more difficult to construct than tied columns, es-
pecially interlocking spirals. Non-prismatic shapes are more difficult to accommodate.

Historical: Following the San Fernando (Sylmar) Earthquake in 1971, the seismic detailing of
columns was significantly changed. Since many columns failed due to a lack of confinement,
procedures for determining the required transverse reinforcement and column shear reinforce-
ment details were revised. Greater emphasis was placed on ensuring that the columns are ade-
quately confined, particularly in the plastic hinge zone.

Between 1983 and 1988, the National Institute of Standards (NIST) conducted full-scale and
prototype (1/6 scale) tests on 30 and 15 foot columns (Stone & Cheok, 1989). These tests con-
firmed that ductility ratios in the 6 to 10 range can be obtained for properly confining columns.
The columns eventually failed when the confining reinforcement fractured, followed by buckling
of longitudinal reinforcement.

3.2 Column Shear Reinforcement, Within and Outside the Potential Plastic Hinge Zone
(AASHTO Standard Specifications for Seismic Design of Highway Bridges 8.4.1)

Description: AASHTO Seismic Specifications require the column, or piles in column bents,
transverse reinforcement in the plastic hinge region to meet three criteria's: shear capacity to re-
sist applied loads; have a minimum volumetric ratio; and have a spacing not to exceed the lesser
of 4 inches (6 inches, Category B) or one-quarter the minimum member dimension. This

7
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reinforcement must extend over a length from each column end not less than the maximum
cross-sectional column dimension or one-sixth the column clear height, but not less than 18
inches.

The specifications do not specify a required percentage of confinement reinforcement outside the
plastic hinge region.

Caltrans' transverse reinforcement requirements are similar to AASHTO, the minimum rein-
forcement percentage in the column is taken as the largest of the steel based on the following
criteria: minimum steel, confinement, and shear capacity (Caltrans' Bridge Design Specification
(Caltrans' B.D.S.) 8.19.1, 8.18.2, and 8.16.3, respectively). These three requirements must be
met throughout the column length. Within the plastic hinge zone, a more stringent criterion is
used for the confinement condition. The plastic hinge zone is defined as the larger of the column
or pier wall region within 24 inches of the support, one-sixth the column length, or the maximum
horizontal dimension of the prismatic column portion (Caltrans' B.D.S. 3.21.8.2). Once the re-
quired spiral pitch or hoop spacing has been determined, this spacing is generally kept constant
for the entire column length in order to simplify construction.

See Figures 3-2, 3-8, 3-9, and 3-10.

Advantages: These procedures ensure that adequate transverse steel has been provided to allow
for the formation of plastic hinges without the loss of structural integrity. This confining steel
allows for ductile column design.

Disadvantages: Slightly more steel than required is usually used outside the plastic hinge zone.

3.3 Spirals, Hoops, or Ties are Required to Continue into Bent Caps, and Footings of
Fixed Columns (AASHTO Standard Specifications for Seismic Design of Highway
Bridges 8.4.3)

Description: The column or pile bent transverse reinforcement required for column confinement
must continue into the adjoining member a distance equal to one-half the maximum column di-
mension, but not less than 15 inches. The reinforcement may be discontinuous at the footing top
mat reinforcement and bent cap bottom mat reinforcement to simplify construction. The rein-
forcement spacing is usually kept the same as that required in the plastic hinge zone.

Caltrans' criterion is similar but more stringent than AASHTO’s (Caltrans' B.D.S. 8.18.2.1.4 and
8.18.2.1.3). The transverse reinforcement is required to continue into the footing of fixed col-
umns to the point of tangency of the column bar hooks. Transverse reinforcement is also re-
quired to extend into the cap a distance equal to the lesser of one-half the confined core diameter,
or the development length of the main column reinforcement, either straight or hooked. If the
compression member (column or pier) has a larger cross section than that required by loading,
the requirement that the transverse reinforcement must extend into the joint may be waived if
structural analysis or tests demonstrate that the transverse reinforcement is not required. In order
to take advantage of the main longitudinal reinforcement development length reduction

20



(AASHTO and Caltrans' B.D.S. 8.25.3.3), the maximum allowable transverse reinforcement
spacing in the joint is limited to 4 inches.

See Figures 3-1, 3-2, 3-3, 3-4, 3-5, 3-6, 3-7, 3-8, 3-10, 3-11, 3-12, 3-13, 3-14, and 3-15.

Advantages: The joint becomes more ductile due to the confining steel in the cap and footing
region. A more secure embedment bond is created between the column reinforcement and the
adjoining member. The column main longitudinal reinforcement embedment length is reduced
since the required development length is 25 percent less when a 4" maximum spiral spacing is
used.

Disadvantages: Construction is more difficult since a large amount of steel must be placed in
the column-bent cap and column-footing intersection regions. Special cap stirrup detailing is re-
quired through the column area. In prestressed bridges with monolithic bent caps, the column
spiral reinforcement may have to be adjusted to clear prestress ducts.

Historical: During the 1971 San Fernando earthquake, column reinforcement pulled out of the
footings at the [-5/14 Interchange. One of the precautions instituted to prevent this failure mode
was to require the spiral reinforcement to continue into the joint.

3.4 Column Reinforcement Lap Splices are Restricted (AASHTO Standard Specifications
for Seismic Design of Highway Bridges 8.4.1(F))

Description: The column main longitudinal reinforcement may only be spliced in the center half
of the column. The splice length must be at least 60 bar diameters, but not less than 16 inches.

Caltrans' does not permit lap splices in the column main longitudinal reinforcement within the
column plastic hinge zone (Caltrans' B.D.S. 8.32.1). Outside the plastic hinge zone, lap splices
are only permitted if the column height is greater than 34 feet clear, and then only for No. 11 bars
and smaller. In these taller columns, lap splices are not allowed within ten feet of the column
ends if the column is fixed. If the column is pinned at the bottom, lap splices are allowed only in
the bottom two-thirds of the column. Continuous unspliced column bars from the footing into
the bent cap is the preferred detail.

AASHTO Seismic Specification 8.4.1(E) does not allow lap splicing of transverse shear rein-
forcement within the plastic hinge zone. Caltrans' does not permit lap splices within or outside

the plastic hinge region in spiral or hoop reinforcement, only welding or mechanical couplers are
allowed (Caltrans' B.D.S. 8.18.2.2.6).

See Figures 3-1, 3-2, 3-7, 3-14, 3-16, 3-17, and 3-18.
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Advantages: By prohibiting the use of lap splices in column main longitudinal reinforcement,
potential anchorage failures are avoided during column degradation from seismic shaking. The
loss of the concrete cover around the column will not adversely affect the main reinforcement if
the transverse reinforcement is welded or mechanically spliced.

Disadvantages: The column cage must be in position before the footing concrete is placed, or
butt welding or mechanical splices must be used to join the column reinforcement to column re-
inforcement in the footing. Supporting tall column reinforcement cages can be difficult during
construction.

Historical: Prior to the 1971 San Fernando earthquake it was common practice to splice column
reinforcement to dowels cast into the footing. The recommendation to make column reinforce-
ment continuous into the footing was one of the first changes implemented after this earthquake.

3.5 Column Reinforcement is Recommended to be Continuous Through Knee Joints

Description: In rigid frame structures where the vertical support member is continuous with the
edge of the deck, such as outrigger bents and vehicle carrying culverts, the joint must be rein-
forced to develop the full nominal capacity of the joint. The joint must be able to resist moments
and shears from horizontal and vertical loads through the joint. This often requires the vertical
member reinforcement along the outside face of the support to bend and extend the full devel-
opment length into the supported horizontal member.

The detailing of knee joints is not addressed in the current AASHTO or Caltrans' bridge codes,
but is in the recently released LRFD Specifications (AASHTO, 1994).

See Figure 3-19.

Advantages: Extending the vertical reinforcement into the horizontal member helps develop a
moment resisting ductile joint.

Disadvantages: During construction, the vertical bars that continue into the horizontal member
must be bent to match the superstructure slope and camber. Since these bars usually have large
diameters, it is difficult to field bend for alignment adjustments.

Historical: One of the causes that led to the collapse of the Oakland, California, Cypress Street
Viaduct during the 1989 Loma Prieta earthquake, was the lack of reinforcement continuity
through the joints. The vertical reinforcement continued straight up the outside face of the col-
umns. Horizontal reinforcement terminated into the columns with a standard length hook. This
detail did not provide the required strength and ductility during the severe seismic shaking.

This type of joint failure led directly to the addition of a specification in the new LRFD code

(Section 5.11.1.2.4), which states that all joints must be detailed to assure continuity of rein-
forcement through the joint.
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3.6 Modification of Linearly Elastic Seismic Forces by R or Z Factors. (AASHTO Stan-
dard Specifications for Seismic Design of Highway Bridges 3.6; Caltrans' B.D.S.
3.21.1.2)

Description: Seismic design forces are determined in a similar manner by both the AASHTO
and Caltrans' design specifications. Seismic design forces are determined from response spec-
trum analysis and modified by displacement ductility reduction factors. In the AASHTO ap-
proach, small to moderate earthquakes are resisted in the elastic range. Inelastic deformation is
allowed for larger earthquakes. Response Modification Factors (R) are dependent on the compo-
nent being designed, and range from 2 to 5 for columns and piers. In Seismic Performance Cate-
gory A, only connections must be designed to resist earthquake forces. In Category B, axial,
shear, and moment forces are modified by the R factor. In Categories C and D, only seismic
moment forces are modified.

In California, bridges are designed to resist forces determined from response spectrum analysis
for the maximum credible earthquake. The response spectrum forces are divided by the reduc-
tion/risk factor (Z) which is a function of the member component type and fundamental period of
the structure. For example, the maximum Z factors for single and multiple column bents are 6
and 8, respectively. Pier walls are usually designed for a Z factor of 2 unless special tie criterion
is met, in which case a ductility up to 6 can be used. Well-confined columns are expected to re-
sist larger forces than they are designed for by accounting for ductile behavior.

Advantages: The method of taking elastic seismic forces and reducing them by a ductility factor
greatly simplifies the analysis process. Elastic seismic forces may be calculated by single mode
or response spectrum analysis. If R or Z factors are not used, nonlinear seismic analysis would
have to be performed on the structure, which involves a more complicated analysis. Normally,
conventional bridge structures with T>0.7 seconds produce linear analysis results comparable to
non-linear analysis (Neward and Rosenblueth, 1971). Therefore, the response spectrum method
is the preferred design method for these structures.

Disadvantages: All empirical methods inherently have approximations built into them. The
seismic design accuracy is greatly dependent on the reduction (and risk) factor accuracy.

3.7 Multi-column Bent and Pier Wall Foundation Support Condition

Description: The AASHTO and Caltrans' Bridge Design Specifications do not make recom-
mendations regarding the type of support condition to be used at the base of columns and pier
walls. Caltrans' does, however, recommend that a multi-column bent be pinned to the foundation
in Memo to Designers 6-1. This condition is attained by stopping the column main longitudinal
reinforcement, providing dowels near the column center, and supporting the column on a footing
bearing surface. Pier walls are pinned in the longitudinal direction by providing a single row of
dowels and redu¢ing the contact area with the footing. Arizona and Washington recommend that
columns and pier walls be fixed to the foundation by continuing the longitudinal and transverse
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reinforcement into the foundation. Other states evaluate the support condition when a founda-
tion is present on a case by case basis.

See Figures 3-1, 3-2, 3-3, 3-4, 3-5, 3-6, 3-8, 3-9, 3-14, 3-15, 3-19, and 3-20.

Advantages: The greatest advantage to pinning the base of the column or pier wall is the reduc-
tion in loads transmitted to the footing, resulting in reduced footing sizes. The pinned columns
will also soften the response to an earthquake, effectively lengthening the longitudinal structure
period. The longer period can be advantageous by moving the structure away from the peak of
the response spectrum curve. An additional construction advantage is that the column cage does
not have to be placed prior to the footing pour, only the shear key dowels.

Disadvantages: In pinned columns, larger seismic forces may be transferred to the abutments,
and moments and displacements may increase at the top of the columns. Also, the column mag-
nification factors applied to the service loads will increase due to the pinned base condition,
which may increase the moment demand from service loads. If the design moment of the col-
umn increases, and subsequently the main longitudinal reinforcement must be increased, larger
plastic hinging moments and shears may result. Depending on how the structure's fundamental
period (T) is affected, it may become more prudent to fix the column to the footing. In addition,
fixed columns offer greater redundancy in resisting lateral loads. Pinned columns will also have
to be braced during construction.

Historical: In the past, column and pier wall supports have been pinned to the foundation as a
means to reduce thermal stresses in multi-span rigid framed bridges. Some states have extended
this philosophy to bridge seismic design.

3.8 Column Flares Reinforced with Minimal Transverse and Longitudinal Reinforcement

Description: Column flares are added for architectural enhancement of the bridge. The columns
are usually only flared in one direction (transverse), but when required for aesthetics, may be
flared in two directions. Reinforcement in the flare is usually nominal, with No. 6 or No. 7
longitudinal bars spaced around the flare parameter at about 12 inches, and having No. 4 ties at
12 inch spacing. In these columns, the flares are not expected to contribute to the column capac-
ity during an earthquake. In Washington, and sometimes in California, the column flare is dis-
continued at the bottom of the cap by the use of expansion material. Washington also requires
flare longitudinal reinforcement to be unbonded in the column-cap intersection region (to prevent
strain hardening). This detail prevents the column flare from contributing to the column-cap
joint capacity.

See Figures 3-12, 3-15, 3-17, and 3-21.
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Advantages: The column flares enhance the appearance of the bridge, creating a softer and
more pleasing structure.

Disadvantages: The column must be designed to provide sufficient capacity both before and
after an earthquake in which the flares fail. In addition, it may be difficult to accurately predict
the ductility and plastic hinging capacity of lightly to moderately reinforced flares. If the flares
do not fail as expected, the shear associated with the nominal moment capacity of the section
may be significantly greater than that associated with hinging of the prismatic column section.
This complicates the seismic analysis for both the column stiffness and the location along the
column at which the plastic hinge may develop. The increased capacity of the column due to the
flare may force the plastic hinge to form further down the column than expected, and result in
larger plastic hinge moment and shear forces than predicted.

Historical: In California, the use of architectural flares began in the 1970's in locations of high
pedestrian traffic and low speed vehicle traffic in an attempt to beautify the state highways.
However, many of the early columns were highly reinforced even when the flares were not to be
considered effective during an earthquake. During the Northridge earthquake in 1994, several
architectural flares that were expected to become non-effective did not, causing plastic hinges to
form much lower than expected on the column. Therefore, Caltrans is currently reviewing the
appropriateness of using column flares.

3.9 Fully Confined Column Flares

Description: In these columns, the flares are designed to contribute strength during earthquakes.
These flares are properly confined with ties and cross ties, and the flare longitudinal reinforce-
ment tends to be larger size bars, such as No. 11. California and Nevada appear to be the only
western states that have used fully-confined flares.

See Figure 19.

Advantages: Again, the aesthetic appearance of the bridge is enhanced. This detail can add
significant strength to the column without increasing the column size. The flares can be espe-
cially useful on columns that are pinned on the bottom and all resisting moment capacity must be
supplied at the top of the column.

Disadvantages: The designer must ensure that the confining steel has been properly detailed in
order for the column to behave as a ductile unit. This will require that cross ties are included in
the flare lateral reinforcement. Since the column has larger load carrying capacity than a column
with only a confined core, the nominal moment capacity and, therefore, the plastic moment ca-
pacity will increase substantially. This will create much larger plastic shears, which will increase
the lateral reinforcement requirements. In addition, the cross ties must be detailed to insure that
they do not "slip down" as the cover concrete spalls during seismic activity.
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When the column flares do not have a definitive transition point from prismatic to flared section,
such as in a parabolic flare, it may become very difficult to predict the location at which a plastic
hinge may form. This in turn further complicates the plastic shear design.

Caltrans bridge design is based on a "strong-bent cap weak-column" approach. Large column
flares may make it difficult to force plastic hinges into the columns as opposed to the bent cap
members. When the column section is increased in size, a careful analysis of the bent cap is war-
ranted to insure that the cap is capable of resisting these large column moments. If a plastic mo-
ment is likely to develop in the cap, the cap must be resized or made more highly reinforced to
force the plastic moment back into the column section. This may lead to impractical or uneco-
nomical designs.

Historical: Same as minimally reinforced concrete flares. For the reasons listed above, Cal-
trans' has discouraged using this type of detail in recent years.

3.10 Distinction Between a Column and Pier Wall (2.5 Times Width). (AASHTO Standard
Specification for Seismic Design of Highway Bridges 8.4.1, Caltrans' B.D.S. 7.5.1)

Description: A member is considered a column when the ratio of the clear height to width is
greater than 2.5, otherwise, the member is considered a pier. A pier wall may be designed as a
column about the weak axis and as a pier in the strong direction.

Advantages: Pier wall use is normally dictated by site conditions. One common location is in
waterways. The pier wall prevents debris from becoming tangled on individual columns, which
could restrict stream flow and significantly increase lateral loads on the foundation. A pier wall
also decreases the impediment of stream flow, which helps to reduce backwater curves.

Disadvantages: In California, when a pier wall is designed with a ductility/risk (Z) factor less
than 2, a thicker pier may be required. When Z factors are greater than 2, a substantial amount of
ties are required.

3.11 Pier Wall Confinement Reinforcement (AASHTO Standard Specification for Seismic
Design of Highway Bridges 8.4.2)

Description: Pier walls may be designed as columns about the weak axis and as piers about the
strong axis. AASHTO requires a minimum reinforcement ratio, r, of not less than 0.0025 in
both the horizontal and vertical directions. In California, if a pier wall is axially loaded below
0.4Pp, (nominal axial strength at balanced strain) for Load Case VII, and is designed for a ductil-
ity of 2 or less, the wall is exempt from the stringent B.D.S. 8.18.2 confinement criteria. If the
pier wall does satisfy this confinement criteria, the wall can be defined for ductility factors from
3 to 6 about the weak axis. The confining ties must have 135° hooks on one end and 90° hooks
on the opposite end. (Caltrans' Memo to Designers 6-5)

See Figures 3-8, 3-20, 3-22 and 3-23.
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Advantages: By properly confining the main longitudinal reinforcement, pier walls can be de-
signed for much larger seismic loads without increasing the longitudinal steel in the wall. This in
turn reduces the footing size for fixed connections. Since ties are used for confinement, the tie
spacing can easily be varied to optimize the spacing in and outside the plastic region. The ties
are placed so that the 135° and 90° hooks are alternated horizontally and vertically. The use of
90° hooks allows easy placement, instead of having to "thread" the ties down from the top of the
cage.

Historical: The San Fernando earthquake brought about the use of seismic tie details for pier
walls. Initially 135° hooks were used on both ends of the ties, but this created serious construc-
tibility problems. Either field bending or rebending of the ties was required, both of which
sometimes resulted in breaking off the hook. Therefore, Caltrans began to require 135° hook
only on one end, and 90° hook on the other. The 135° hook is required to be alternately placed
on each row of the pier wall main longitudinal reinforcement.

3.12 Discourage Partial Height Pier Walls in Multi-column Bents

Description: Partial height pier walls or curtain walls are sometimes placed between columns of
multi-column bents. These walls may or may not be structurally attached-to the columns. The
partial height walls are often used in waterways or as traffic barriers between the columns.

See Figures 3-24 and 3-25.

Advantages: The partial height walls often perform the same function as full height pier walls.
In waterways, the partial walls help prevent debris from snagging on the columns, while saving
considerable material above the high waterline where the wall is no longer needed.

Disadvantages: The partial height walls can dramatically change the predicted behavior of col-
umns during seismic events. In the longitudinal direction, the wall will have only a small effect
on the structure response. However, in the transverse direction, the wall can force a plastic hinge
to develop at or near the top of the partial height wall. The walls also greatly stiffen the column
for the height of the wall, which will attract larger forces to the columns. Because the column ef-
fectively has different column lengths in the longitudinal and transverse direction, the plastic
hinge region could occur anywhere along or above the partial height wall.

Historical: Due to their unpredictable behavior during earthquakes, California and Alaska
highly discourage the use of partial height walls. The recommendation is based on the unsatis-
factory performance of these walls in past earthquakes. Poor performance occurred during the
1994 Northridge earthquake (e.g., Bull Creek Canyon Channel Bridge; see Figure 3-25).
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SECTION 4
BENT CAP DETAILING ISSUES

4.1 Bent Cap is at Least 6 Inches Wider Than the Column

Description: When reinforced concrete columns are used, the reinforced concrete bent cap
should be at least 3 inches wider than the column on each side of the cap.

See Figures 3-1, 3-3, 3-5, 3-6, 3-8, 3-10, 3-22, and 4-1.

Advantages: The larger cap section provides for better column main longitudinal reinforcement
anchorage and reduces the conflict between column and bent cap reinforcement. The larger cap
section also helps to provide greater cap flexure capacity than the column, forcing plastic mo-
ments to develop in the column.

4.2 All Bent Cap Longitudinal Steel Placed Inside Shear Reinforcement

Description: The bent cap longitudinal reinforcement is placed inside the shear stirrups and
cross ties.

See Figures 3-1, 3-3, 3-4, 3-6, 3-8, 3-10, 4-1, 4-2, and 4-3.

Advantages: The stirrups provide confinement and, therefore, a degree of ductility in the bent
cap. When closed stirrups are used, the cap torsional capacity is increased.

Disadvantages: A small increase in the construction effort is required to place the longitudinal
reinforcement.

4.3 Longitudinal Bent Cap Reinforcement

Description: When force reversal under seismic loading can be expected in the bent cap, the cap
reinforcement must be sufficient to resist these forces. In moderate to high seismic zones, this
may require that substantial bent cap longitudinal reinforcement, both top and bottom mats, be
continuous along the entire length of the cap. In California, all longitudinal cap reinforcement
must be continuous, and lap splices are not allowed. Therefore, butt welds or mechanical cou-
ples are required to splice the reinforcement. If it is physically impossible to place all bars con-
tinuously along the cap, the maximum possible percentage of both the top and bottom mat rein-
forcement should be made continuous. The AASHTO Seismic Specifications do not require
additional reinforcement than that required in the Standard Specifications to be made continuous

in the cap.

See Figures 3-1, 3-3, 3-4, 3-6, 3-8, and 3-15.
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Advantages: The positive moment capacity at the face of the column support is significantly in-
creased when all bottom mat reinforcement is continuous. In multiple column bents the increased
strength helps prevent plastic hinges from forming at this location during seismic shaking.

Disadvantages: Placing the bars may become very difficult, especially through the column core
area. Shifting of some column bars from their planned location may be necessary. Bar lengths
must be increased, which may require welds or mechanical connectors, in order to span across
the entire bent cap. In order to pass the cap longitudinal bars through the column core, bending
of the cap bars may be necessary.

Historical: After the 1989 Loma Prieta earthquake, it became apparent that most bent caps were
seriously under-reinforced at the cap bottom near the column. Under static load conditions,
negative moment exists in the cap on each side of the column. Therefore, most bottom cap bars
have traditionally been stopped at the face of the column in order to avoid conflicts with the col-
umn main longitudinal reinforcement. It is now known that large positive moments may develop
at this location of multiple column bents due to seismic loading. This may cause plastic hinges
to develop in the cap well before the column yields. On some bridges, this can lead to collapse
mechanisms forming well below the column demand moment.

4.4 Shear Reinforcement Within Column Intersection Area. (Joint Shear)

Description: Caltrans' Interim Memo to Designers 20-6 requires a minimum transverse rein-
forcement equal to 0.25% of the joint area within the column joint region, where the column core
frames into the bent cap. The joint region is defined as the region within the column core length
along the cap centerline, and the width of the cap. Typically, the stirrup groups in this region are
spaced at twelve inches on center. As many stirrup legs as necessary are placed across the cap to
produce the minimum reinforcement ratio. The AASHTO Specifications do not specify addi-
tional reinforcement requirements for joint shear.

See Figures 3-1, 3-3, 3-5, and 3-10.

Advantages: The increased stirrup reinforcement in the joint helps prevent the sudden and po-
tentially catastrophic failure of the joint.

Disadvantages: In addition to the column main longitudinal and spiral reinforcement, as well as
the continuous bent cap longitudinal reinforcement stated above, the requirement for additional
stirrups to be placed in the joint region creates a very congested area. Placement of all the rein-
forcement during construction becomes a very difficult, if not impossible, task.

Historical: The University of San Diego, under the direction of Dr. Nigel Priestly, performed
tests on joint vulnerability due to shear following the Loma Prieta earthquake. These tests indi-
cated that column-to-cap joints may be susceptible to sudden shear failure. In order to insure that
this type of catastrophic failure does not occur, Caltrans increased the required shear reinforce-
ment within the joint region. The current requirement of 0.25% reinforcement is still under re-
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view. When all ongoing testing and research is complete, Caltrans is planning to reevaluate the
minimum reinforcement requirements for the purpose of writing a final specification.

4.5 Torsional Reinforcement, Especially in Outrigger Bents

Description: In outrigger bents, large torsional moment in the cap can exist. Neither Caltrans or
AASHTO address torsion in their specifications. Therefore, requirements based on the American
Concrete Institute (ACI) code are followed for beam torsion design (ACE, 1995). In order to re-
sist the torsional moment, closed rectangular hoops are used in place of open leg shear stirrups.

Torsion can rarely be addressed without considering the combined effect of shear and moment.
The reinforcement percentage in the cap will be dependent on the torsion interaction with these
other forces.

Caltrans design is based on the columns hinging before the bent cap. Therefore, the bent cap tor-
sional moment capacity must be larger than the column longitudinal moment in order to force
plastic hinging in the columns. This may require outrigger bent caps to be quite large. Because of
the difficulties involved in forcing plastic hinges into the columns, and the complex interaction
of torsion with shear and moment forces, Caltrans discourages the use of outrigger bent caps.

See Figure 3-15.

Advantages: By following the ACI code, the torsional moment can be adequately accounted for
and resisted by the torsion reinforcement.

Disadvantages: Closed hoops are more difficult to install during construction.

Prleceding page blank
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SECTION 5
FOOTING DETAILING ISSUES

5.1 Minimum Top Mat Reinforcement Required in Footings

Description: All foundations, including spread footings supporting pinned columns, are re-
quired to have a minimum top mat reinforcement percentage.

See Figures 3-1, 3-2, 3-3, 3-4, 3-5, 3-8, 3-9, 3-14, 3-15, 3-18, and 3-20.

Advantages: This requirement is to prevent the footing from cracking during seismic loading.
When columns are fixed to the footings, sizable negative moments can be generated at the face of
the column. However, all footings must be able to resist column uplift forces, which also gen-
erate negative moments at the column face. By preventing the footing from cracking during
seismic activity, detrimental effects to the footing shear capacity is prevented.

Disadvantages: Slightly more reinforcement is required in the footing, as well as slightly more
difficult to construct.

Historical: The top mat reinforcement requirement was another of the detailing changes brought
about by the 1971 San Fernando earthquake. During this earthquake, column reinforcement
pulled out of footings at the I-5/14 Interchange. The addition of the top mat of reinforcement
was one of the steps taken, in addition to requiring column transverse reinforcement to continue
into the footing, to prevent a repeat of this failure type.

5.2 Footing Shear Stirrups

Description: The AASHTO specifications do not require footing shear reinforcement in the
footing. The Caltrans' Specifications require shear stirrups within the distance d (core diameter
of the column) from the face of the column. These stirrups must begin within 6 inches from the
column face. The maximum spacing is 12 inches, and minimum #5 bar must be used.

See Figures 3-1, 3-3, 3-5, 3-8, 3-14, 3-15, and 3-20.

Advantages: Most footings are designed for the concrete to completely carry the shear force in
the footing. The addition of the shear stirrups provides ductility in the footing during seismic
loading. The stirrups help prevent the footing from degrading, preventing potential footing shear
failure and possible loss of bond strength of the embedded column main longitudinal reinforce-
ment. An additional benefit is the footing reinforcement top mat can be easily supported by the
stirrups. For this reason, the stirrup bars are usually placed throughout the entire footing.

Historical: The footing stirrup requirement was also brought about by the 1971 San Fernando
earthquake. Prior to this event, stirrups were seldom placed in footings in California.
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5.3 Pile Tension

Description: The AASHTO specifications has some provisions for considering foundation up-
lift and proper development of the pile uplift forces into the footing cap. These provisions will
have to be supplemented to properly address the issue of tension in piles. AASHTO Standard
Specifications for Seismic Design of Highway Bridges 6.3.1(B) allows foundation uplift up to
one-half of an end bearing foundation pile group or up to one-half of the contact area of a spread
footing provided that foundation soils are adequate.

Caltrans' B.D.S. 4.3.4.6 allows friction piles to be considered to resist seismic tension loads up to
50% of the pile ultimate compression load. In order to rely on tension in the pile adequate pile
anchorage into the footing or cap, and adequate pile tensile strength and soil-column skin friction
must be present. '

See Figures 3-9, 3-22, 5-1 and 5-2.

Advantages: Since the piles carry both tension and compression forces, a fewer number of piles
can be used in the pile cap which produces the same total capacity as a footing with compression
piles only. This results in a smaller footing size as well.

Disadvantages: The total uplift force on the pile is difficult to predict and control. Therefore,
the pile-to-cap connection must be designed to resist the maximum possible tension force unless
the possibility of a load fuse (i.e. zero tension capacity) at the top of the pile has been considered
in the design. Not only must the connection be designed for the uplift load, but the pile itself
must be able to resist tension.

End bearing piles can only be relied on to resist the weight of the pile. Skin friction piles should
only be considered tension piles if they are placed in cohesive soils, but not if placed below the
water line. Testing may be required to insure that the piles can resist the tension force assumed
in design.

5.4 Design Footings for Lesser of Plastic Hinge and Unreduced Elastic Earthquake Forces
(AASHTO Standard Specifications for Seismic Design of Highway Bridges 4.8.6, Cal-
trans' B.D.S. 3.21.7)

Description: The required footing seismic capacity may be based on either the plastic moment
capacity at the base of the column and the unreduced elastic earthquake forces. The smaller of
these two forces is recommended to be used in design. The controlling seismic force is com-
pared to service load forces for the final footing design.
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Advantages: The footing is kept to the smallest possible size required to resist the maximum
potential load. Caltrans has recognized that there is no benefit to designing footings for elastic
earthquake forces if the column plastic capacity can not transfer this force to the footing.

Historical: Along with the detailing changes implemented after the 1971 San Fernando earth-
quake, this footing design philosophy was implemented.

Preceding page blank
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SECTION 6
CONSTRUCTION MATERIAL ISSUES

6.1 A 706 Steel Reinforcement is Primarily Specified for 60 ksi Bars (Caltrans' Special
Provision 52.60 B)

Description: Recently, Caltrans' is requiring reinforcement bars in most concrete components to
be low alloy steel designated by ATM A 706. This is especially required for the larger size bars,
No. 11 or larger.

Advantages: The A 706 steel is approximately 50% more ductile than A 615 steel for No. 11,
14 and 18 bars, based on ASTM testing. This will obviously lead to more ductile columns and
joints. In addition, the A 706 steel is easier to weld, and due to its greater ductility fewer bars
are broken during fabrication bending and field rebending.

Disadvantages: The major drawback is the substantially increased cost of the A 706 steel. The
steel is also not as widely available as the traditionally used A 615 steel. However, with the in-
creased demand for A 706 steel, it is becoming more readily available.

History: Following the 1971 San Fernando earthquake, Caltrans began to investigate and rec-
ommend the use of A 706 steel in place of A 615 steel. However, only No. 6 reinforcement bars
and smaller were available at the time. Therefore, Caltrans did not pursue the issue further. Fol-
lowing the 1989 Loma Prieta earthquake, Caltrans again began to investigate the use of A 706
steel. In order to promote and eventually require its use, Caltrans contacted reinforcement sup-
pliers and requested that the A 706 steel be made available for larger size bars. Now that the re-
inforcement is being required, its availability is increasing.
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SECTION 7
CONCLUSION

The requirements for seismic design of bridges in the western states, which are in moderate to
high seismic zones, are more rigorous than those used for the design of eastern bridges. Many
bridges in the West fall into Seismic Performance Categories C and D.

Seismic design of bridges in the western United States currently follows the AASHTO Specifi-
cations for Seismic Design of Highway Bridges in conjunction with state specific policies. Cal-
trans has developed a seismic design specification which it uses for California bridge design.
Caltrans has been conducting research and intensely studying earthquake effects on bridges since
the 1971 San Fernando (Sylmar) earthquake, the 1989 Loma Prieta earthquake, and the 1994
Northridge earthquake. The lessons learned from these earthquakes, and subsequent research,
have shaped Caltrans’ current seismic design requirements. California’s experience and detailing
requirements influenced the development of the AASHTO Standard Specifications for Seismic
Design of Highway Bridges.

The bridge pier types, details and issues outlined in this report are representative of the practices
and seismic policies in the western U.S. Typical highway bridge designs in the West are differ-
ent from those in the East. Many western bridges have concrete superstructure that are cast
monolithically with single or multi-column bents. Some states that construct those types of
bridges are Arizona, California, Oregon and Washington. However, many western bridges like
those in the east, construct steel or concrete superstructures supported on bearings. The pier caps
are supported on piers, single or multi-column bents. In this report, the column and pier design
and detailing issues were divided into these subdivisions:

e Column Spiral Reinforcement

e Column Shear Reinforcement, Within and Outside the Potential Plastic Hinge Zone
Spirals, Hoops or Tie Requirements to Continue into Bent Caps and Footings of Fixed Col-
umns

Column Reinforcement Lap Splice Restrictions

Column Reinforcement Recommendations through Knee Joints

Modification of Linearly Elastic Seismic Forces by R or Z Factors

Multi-column Bent and Pier Wall Foundation Support Conditions

Column Flares Reinforced with Minimal Transverse and Longitudinal Reinforcement
Fully Confined Column Flares

Pier Wall Confinement Reinforcement

Discourage Partial Height Pier Walls in Multi-column Bents

In addition, the report has included bent cap detailing issues, footing detailing issues and con-
struction material issues. The report gives comparisons between Caltrans and other western
states” seismic design procedures. For example, in designing the support condition at a founda-
tion, Caltrans recommends that multi-column bents and pier walls be pinned to the foundation.
Arizona and Washington recommends that columns and pier walls be fixed to the foundation.
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Other western states evaluate the support condition when a foundation is present on a case-by-
case basis. Also, advantages, disadvantages and historical background is given for each detailing
issue.
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Howard H.M. Hwang, 6/15/87, (PB88-134267, A03, MF-AO01). This report is only available through
NTIS (see address given above).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration
Excitations,” by Y. Yong and Y.K. Lin, 6/10/87, (PB88-134309, A03, MF-A01). This report is only
available through NTIS (see address given above).

"Frequency Response of Secondary Systems Under Seismic Excitation,"” by J.A. HoLung, J. Cai and Y.K.
Lin, 7/31/87, (PB88-134317, A0S, MF-AO01). This report is only available through NTIS (see address
given above).



NCEER-87-0014

NCEER-87-0015

NCEER-87-0016

NCEER-87-0017

NCEER-87-0018

NCEER-87-0019

NCEER-87-0020

NCEER-87-0021

NCEER-87-0022

NCEER-87-0023

NCEER-87-0024

NCEER-87-0025

NCEER-87-0026

NCEER-87-0027

NCEER-87-0028

NCEER-88-0001

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and A.S. Cakmak, 8/25/87, (PB88-134283, A08, MF-A01). This report is only
available through NTIS (see address given above).

"Detection and Assessment of Seismic Structural Damage,” by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712, A05, MF-AOQ1). This report is only available through NTIS (see address given above).

"Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB88-163720,
A03, MF-A01). This report is available only through NTIS (see address given above).

"Digital Simulation of Seismic Ground Motion,” by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87,
(PB88-155197, AO4, MF-A01). This report is available only through NTIS (see address given above).

"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Truncation
of Small Control Forces,” J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738, A08, MF-A01). This
report is only available through NTIS (see address given above).

“Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation,"” by J.N.
Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851, A04, MF-A01).

"A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746, A03, MF-A01).

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by A.S. Veletsos and
K.W. Dotson, 10/15/87, (PB88-150859, A04, MF-AQ1).

"Seismic Damage Assessment of Reinforced Concrete Members,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867, A05, MF-A01). This report is available only through NTIS (see
address given above).

"Active Structural Contro! in Civil Engineering,” by T.T. Soong, 11/11/87, (PB88-187778, A03, MF-
A01).

"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W.
Dotson and A.S. Veletsos, 12/87, (PB88-187786, A03, MF-A01).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and
Engineering Practice in Eastern North America,” October 20-22, 1987, edited by K.H. Jacob, 12/87,
(PB88-188115, A23, MF-A01).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987," by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752, A03, MF-A01). This report is available only through NTIS (see address
given above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel, 12/30/87, (PB88-187950, A05, MF-A01). This report is only available through
NTIS (see address given above).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480, A(4,
MF-A01).

"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics," by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760, A03, MF-AO01). This report is only
available through NTIS (see address given above).
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NCEER-88-0018

"Optimal Control of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772, A06, MF-A01).

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780, A04, MF-A01).

"Iterative Seismic Analysis of Primary-Secondary Systems," by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798, A04, MF-AQ1).

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806, A03, MF-A01).

"Combining Structural Optimization and Structural Control,"” by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PB88-213814, A05, MF-A01).

"Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PB88-219423, A04, MF-A01). This report is only available through NTIS (see address
given above).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards," by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471, A07, MF-A01). This report is only available through NTIS
(see address given above).

"Seismic Fragility Analysis of Shear Wall Structures," by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867, A04, MF-A01).

"Base 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,
A06, MF-AQ1). This report is only available through NTIS (see address given above).

"Seismic 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, A03, MF-A01).

"A New Solution Technique for Randomly Excited Hysteretic Structures,” by G.Q. Cai and Y.K. Lin,
5/16/88, (PB89-102883, A03, MF-A01).

“A Study of Radiation Damping and Soil-Structure Interaction Effects in the Centrifuge," by K. Weissman,
supervised by J.H. Prevost, 5/24/88, (PB89-144703, A06, MF-A01).

"Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam," by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-144711, A04, MF-A01).

"Damage Assessment of Reinforced Concrete Structures in Eastern United States," by A.M. Reinhorn,
M.J. Seidel, S.K. Kunnath and Y.J. Park, 6/15/88, (PB89-122220, A04, MF-A01). This report is only
available through NTIS (see address given above).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils," by S.

Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891, A04, MF-AQ1).
"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers," by R.C. Lin,

Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212, A05, MF-A01). This report is available
only through NTIS (see address given above).
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"Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
A.M. Reinhorn, 5/27/88, (PB89-122204, A04, MF-AO1).

"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, A04, MF-AQ1).

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196, AD4, MF-A01). This report is only available through NTIS (see address given
above).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188, A05, MF-AO1). This report is available only
through NTIS (see address given above).

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.K. Bhartia and E.H.
Vanmarcke, 7/21/88, (PB89-145213, A05, MF-A01).

"Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170, A06, MF-A01). 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. Reinhorn, 7/10/88, (PB89-122600, A04, MF-A01).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by J.S. Hwang, K.C. Chang, G.C. Lee and
R.L. Ketter, 8/1/88, (PB89-102917, A04, MF-A0Q1).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes," by F. Kozin and
H.K. Zhou, 9/22/88, (PB90-162348, A04, MF-A01).

"Seismic Fragility Analysis of Plane Frame Structures,” by H.H-M. Hwang and Y.K. Low, 7/31/88,
(PB89-131445, A06, MF-AOI).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88,
(PB89-174429, A04, MF-A01).

"Nommormal Accelerations Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
9/19/88, (PB89-131437, A04, MF-AO01).

"Design Approaches for Soil-Structure Interaction,” by A.S. Veletsos, AM. Prasad and Y. Tang,
12/30/88, (PB89-174437, A03, MF-AO1). This report is available only through NTIS (see address given

above).

"A Re-evaluation of Design Spectra for Seismic Damage Control,” by C.J. Turkstra and A.G. Tallin,
11/7/88, (PB89-145221, A05, MF-AO01).

"The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,” by
V.E. Sagan, P. Gergely and R.N. White, 12/8/88, (PB89-163737, A08, MF-A01).

"Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88,
(PB89-145239, A04, MF-A01).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by A.M. Reinhorn,
S.K. Kunnath and N. Panahshahi, 9/7/88, (PB89-207153, A07, MF-AOQ1).

A-4



NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-0041

NCEER-88-0042

NCEER-88-0043

NCEER-88-0044

NCEER-88-0045

NCEER-88-0046

NCEER-88-0047

NCEER-89-0001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-89-0005

“Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring," by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/31/88,
(PB89-207146, A04, MF-A01).

"Optimal Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846, A0S, MF-A01).

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling," by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, (PB89-218457, A10, MF-A01). This report is
available only through NTIS (see address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area,” by P. Weidlinger and M.
Ettouney, 10/15/88, (PB90-145681, A04, MF-A01).

"Evaluation of the Ea:thquake Resistance of Existing Buildings in New York City," by P. Weidlinger and
M. Ettouney, 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, A05, MF-A01).

"Modeling Strong Ground Motion from Multiple Event Earthquakes," by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445, A03, MF-A01).

"Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617, A04, MF-AQ1).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452, A08, MF-A01).

"First Expert Panel Meeting on Disaster Research and Planning," edited by J. Pantelic and J. Stoyle,
9/15/88, (PB89-174460, A0S, MF-AO1). This report is only available through NTIS (see address given
above).

"Preliminary Studies 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, A05, MF-A01).

"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,
A04, MF-A01).

"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically
Excited Building," by J.A. HoLung, 2/16/89, (PB89-207179, A04, MF-A01).

“Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187, A05, MF-A01).

"Hysteretic Columns Under Random Excitation," by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513, A03,
MF-A01).

"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, A03, MF-AQD).

"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, A04, MF-A01). This report is available only
through NTIS (see address given above).
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"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M.
Subramani, P. Gergely, C.H. Conley, J.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465, A06, MF-
A01).

"Liquefaction Hazards and Their Effects on Buried Pipelines," by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481, A09, MF-A01).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211, A04, MF-A01).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89-207229, A06, MF-A01).

"NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352, A05, MF-A01). This report is replaced by NCEER-92-0018.

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
Part I - Modeling,” by S.K. Kunnath and A.M. Reinhorn, 4/17/89, (PB90-114612, A07, MF-AO01).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648,
Al5, MF-A01).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading,” by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885, A06, MF-A01).

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-A0Q1).

"Response of Frames With Bolted Semi-Rigid Connections, Part 1 - Experimental Study and Analytical
Predictions," by P.J. DiCorso, A.M. Reinhorn, J.R. Dickerson, J.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, A03, MF-A01).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools," Edited by K.E.K. Ross, 6/23/89, (PB90-108606, A03, MF-AQ1).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895, A012, MF-A02). 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. Cozzarelli, 6/7/89, (PB90-164146, A04, MF-A(1).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936, A06, MF-A01). This report
has been replaced by NCEER-93-0011.

“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, A04, MF-A01).

"Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437, A03, MF-A01).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J.
O'Rourke, 8/24/89, (PB90-162322, A10, MF-A02).
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"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424, A03, MF-A01).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169, A04, MF-A01).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944, A07, MF-A01). This report is available
only through NTIS (see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,”
by A.M. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173246, A10, MF-AQ2).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699, A07, MF-A01).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures,” by
H.H.M. Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633, A05, MF-A01).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330, A04, MF-A01).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658, A08, MF-A01).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951, A04, MF-A01).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89,
(PB90-209388, A22, MF-A03).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Bracci,
A.M. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89, (PB91-108803, A06, MF-AQ1).

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak,
8/15/89, (PB90-173865, AO5, MF-AOl).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-A01).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455, A04, MF-AQ1).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294, A03, MF-A01).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping," July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923, A04, MF-AQl).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887, A06, MF-A01).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H.
Prevost, 5/10/89, (PB90-207879, A07, MF-A01).
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"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,"” by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943, A07, MF-A01).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco," by
T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596, A05, MF-AQ1).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure," by D.C.K. Chen and L.D.
Lutes, 2/28/90, (PB90-251976, A07, MF-AC1).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-251984, A05, MF-
AQ5). This report has been replaced by NCEER-92-0018.

"Catalog of Strong Motion Stations in Eastern North America,"” by R.W. Busby, 4/3/90, (PB90-251984,
A05, MF-AQ1).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),"
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062, A04, MF-AO1).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake, "
by H.H.M. Hwang and C-H.S. Chen, 4/16/90, (PB90-258054, A04, MF-AOl).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by H.H.M. Hwang and C.S.
Lee, 5/15/90, (PB91-108811, A05, MF-A01).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka, 5/25/90, (PB91-108837, A06, MF-
A01).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829, A04, MF-A01).

"Active Isolation for Seismic Protection of Operating Rooms,” by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205, A05, MF-A01).

"Program LINEARID for Identification of Linear Structural Dynamic Systems,” by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A08, MF-A01).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams," by A.N. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197, A13, MF-AQ2).

"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. Reinhorn, 7/1/90,
(PB91-110320, A0S, MF-A01).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795, A11, MF-AQ2).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393, A04, MF-AQ1).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback," by J.N. Yang and Z. Lj,
6/29/90, (PB91-125401, A03, MF-AOQ1).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377, A03, MF-A01).
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NCEER-90-0018

NCEER-90-0019

NCEER-90-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

NCEER-90-0025

NCEER-90-0026

NCEER-%90-0027

NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0005

"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, (PB91-125427, A09, MF-AQ1).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385, A06, MF-
AO01). This report is available only through NTIS (see address given above).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with a
Spherical Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419,
A0S, MF-A01).

"Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381, A0S, MF-AQ1).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322, A06, MF-A01).

"Study of Site Response at a Selected Memphis Site,"” by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857, A03, MF-A01).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272, A03, MF-AOl).

“A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170399, A09, MF-A01).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters,"
Gomez and E. DiPasquale, 9/30/90, (PB91-171298, A04, MF-A01).

by S. Rodriguez-

"SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez,
Y.S. Chung and C. Meyer, 9/30/90, (PB91-171280, A05, MF-A01).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561, A06, MF-AQ1).

"Soil Effects on Earthquake Ground Motions in the Memphis Area,"” by H. Hwang, C.S. Lee, K.W. Ng
and T.S. Chang, 8/2/90, (PB91-190751, AO5, MF-A01).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M.
Hamada, 2/1/91, (PB91-179259, A99, MF-A(04).

"Physical Space Solutions of Non-Proportionally Damped Systems,"” by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242, A04, MF-A01).

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-1749%4,
A04, MF-AQ1).

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91,
(PB92-197235, A12, MF-A03).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part II," by S.

Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553, A07, MF-AO1). This report
has been replaced by NCEER-93-0011.

A-9



NCEER-91-0006

NCEER-91-0007

NCEER-91-0008

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

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

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364, A04, MF-A01).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930, A08, MF-A01).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828, A05, MF-A01).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142, A06, MF-
AO01). This report has been replaced by NCEER-92-0018.

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356, A04, MF-A01).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C.
Chang, G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648, A06, MF-AQ2).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers," by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816, A05, MF-A0Q1).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures,” by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885, A09, MF-
A02).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures," by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602, A1l, MF-A03).

"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, 7/15/91, (PB92-129980, A07, MF-A02).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB92-222447, A06, MF-A(02).

"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, 2/28/91, (PB93-116630, AO8, MF-A02).

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. Wu,
7/31/91, to be published.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems,” by J.N. Yang, Z. Li and
A. Danielians, 8/1/91, (PB92-143171, A06, MF-A02).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742,
AQ06, MF-A02).

"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, 7/23/91, (PB92-129998,
Al12, MF-A03).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235, A09, MF-AQ2).
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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

NCEER-92-0006

NCEER-92-0007

NCEER-92-0008

NCEER-92-0009

NCEER-92-0010

NCEER-92-0011

NCEER-92-0012

NCEER-92-0013

NCEER-92-0014

NCEER-92-0015

"Experimental Verification of a Number of Structural System Identification Algorithms,” by R.G.
Ghanem, H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577, A18, MF-A04).

"Probabilistic Evaluation of Liquefaction Potential,” by H.H.M. Hwang and C.S. Lee," 11/25/91, (PB92-
143429, A0S, MF-A01).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
JI.N. Yang and Z. Li, 11/15/91, (PB92-163807, A04, MF-A01).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A.
Kartoum, A.M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973, A10, MF-A03).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese
Case Studies,” Edited by M. Hamada and T. O'Rourke, 2/17/92, (PB92-197243, A18, MF-A04).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250, A20, MF-A(4).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (PB92-222389, A07, MF-A(2).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by I.G. Buckle, 2/4/92, (PB94-142239, A99, MF-A(6).

"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.

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201, A04, MF-
A0l).

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,” by
M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421, A13, MF-A03).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and J.O. Malley, 4/2/92, (PB92-222439, A20, MF-A04).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding ‘
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282, A06, MF-AQ2).

"Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by A.J.
Durrani and Y. Du, 5/18/92, (PB93-116812, A06, MF-AQ2).

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhorn, 5/20/92, (PB93-116655, A08, MF-A02).

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing," by P.R. Witting
and F.A. Cozzarelli, 5/26/92, (PB93-116663, A05, MF-A01).

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J.

O'Rourke, and C. Nordberg, 6/15/92, (PB93-116671, AO8, MF-A02).

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling‘ Theorem," by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496, A05, MF-A01).
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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

NCEER-92-0025

NCEER-92-0026

NCEER-92-0027

NCEER-92-0028

NCEER-92-0029

NCEER-92-0030

"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. Reinhorn
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-AQ2).

"Observations on Water System and Pipeline Performance in the Limén Area of Costa Rica Due to the
April 22, 1991 Earthquake,” by M. O'Rourke and D. Ballantyne, 6/30/92, (PB93-126811, A06, MF-A02).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ross, 8/10/92,
(PB93-114023, A07, MF-A02).

"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction," Edited by M. Hamada and T.D. O'Rourke, 8/12/92, (PB93-
163939, A99, MF-E11).

" Active Bracing System: A Full Scale Implementation of Active Control,"” by A.M. Reinhorn, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512, A06, MF-
A02).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads,” by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241, A06, MF-A(2).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures,” by S.K. Kunnath,
A .M. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-A02).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O'Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266,
A08, MF-AQ2).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I: Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests," by A. Beres, R.N. White and P. Gergely,
9/30/92, (PB93-227783, A0S, MF-AQ1).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings," by A. Beres, S. El-Borgi, R.N. White and P. Gergely, 10/29/92, (PB93-
227791, A0S, MF-A01).

" A Generalization of Optimal Control Theory: Linear and Nonlinear Structures,” by J.N. Yang, Z. Li and
S. Vongchavalitkul, 11/2/92, (PB93-188621, A05, MF-A01).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Design and Properties of a One-Third Scale Model Structure,” by J.M. Bracci, A.M. Reinhorn and J.B.
Mander, 12/1/92, (PB94-104502, A08, MF-AQ2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A.M. Reinhorn,
12/1/92, (PB94-104510, A08, MF-A0Q2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part III -
Experimental Performance and Analytical Study of a Structural Model," by J.M. Bracci, A.M. Reinhorn
and J.B. Mander, 12/1/92, (PB93-227528, A09, MF-AQ1).

“Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part I - Experimental
Performance of Retrofitted Subassemblages," by D. Choudhuri, J.B. Mander and A.M. Reinhorn, 12/8/92,
(PB93-198307, A07, MF-AQ2).
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NCEER-92-0031

NCEER-92-0032

NCEER-92-0033

NCEER-92-0034

NCEER-93-0001

NCEER-93-0002

NCEER-93-0003

NCEER-93-0004

NCEER-93-0005

NCEER-93-0006

NCEER-93-0007

NCEER-93-0008

NCEER-93-0009

NCEER-93-0010

NCEER-93-0011

NCEER-93-0012

NCEER-93-0013

NCEER-93-0014

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part II - Experimental
Performance and Analytical Study of a Retrofitted Structural Model," by J.M. Bracci, A.M. Reinhorn and
J.B. Mander, 12/8/92, (PB93-198315, A09, MF-A03).

"Experimental and Analytical Investigation of Seismic Response of Structures with Supplemental Fluid
Viscous Dampers," by M.C. Constantinou and M.D. Symans, 12/21/92, (PB93-191435, A10, MF-A03).

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB93-188621, A03, MF-A01).

"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. Jacob, 12/28/92, (PB93-188217, A07, MF-A02).

"An Experimental Study on the Seismic Performance of Brick-Infilled Steel Frames With and Without
Retrofit," by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, A07, MF-AQ2).

“Social Accounting for Disaster Preparedness and Recovery Planning,” by S. Cole, E. Pantoja and V.
Razak, 2/22/93, (PB94-142114, A12, MF-A03).

"Assessment 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, (PB93-188639, A06, MF-A02).

"Evaluation of Static and Response Spectrum Analysis Procedures of SEAOC/UBC for Seismic Isolated
Structures,” by C.W. Winters and M.C. Constantinou, 3/23/93, (PB93-198299, A10, MF-A03).

"Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake Science and
Safety for Educators,” edited by K.E.K. Ross, 4/2/93, (PB94-103066, A09, MF-A02).

"Inelastic Response of Reinforced Concrete Structures with Viscoelastic Braces,” by R.F. Lobo, J.M.
Bracci, K.L. Shen, A.M. Reinhorn and T.T. Soong, 4/5/93, (PB93-227486, A05, MF-A02).

"Seismic 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, A07, MF-A02).

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

"Seismic Behavior and Design Guidelines for Steel Frame Structures with Added Viscoelastic Dampers,”
by K.C. Chang, M.L. Lai, T.T. Soong, D.S. Hao and Y.C. Yeh, 5/1/93, (PB94-141959, A07, MF-A02).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers,” by J.B. Mander, S.M.
Waheed, M.T.A. Chaudhary and S.S. Chen, 5/12/93, (PB93-227494, A08, MF-A(2).

"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base
Isolated Structures,” by S. Nagarajaiah, C. Li, A.M. Reinhorn and M.C. Constantinou, 8/2/93, (PB9%4-

141819, A09, MF-A02).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water," by O.J. Helweg and
H.H.M. Hwang, 8/3/93, (PB94-141942, A06, MF-A02).

"Simplified Procedures for Seismic Design of Nonstructural Components and Aésessment of Current Code
Provisions," 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 Analysis and Design of Secondary Systems," by G. Chen and T.T.
Soong, 8/6/93, (PB94-142767, All, MF-A03).
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NCEER-93-0015

NCEER-93-0016

NCEER-93-0017

NCEER-93-0018

NCEER-93-0019

NCEER-93-0020

NCEER-93-0021

NCEER-93-0022

NCEER-93-0023

NCEER-94-0001

NCEER-94-0002

NCEER-94-0003

NCEER-94-0004

NCEER-94-0005

NCEER-94-0006

NCEER-94-0007

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary- of the Loma Prieta Earthquake," Edited by F.E. Winslow and K.E.K. Ross, 8/16/93, (PB%4-
154275, Al16, MF-AQ2).

"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October 12,
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